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1 Introduction

Throughout the latter half of the twentieth century, the dominant paradigm for probing
the fundamental laws of nature was high-energy particle physics: the construction of ever-
larger colliders provided access to progressively shorter length scales, culminating in the
discovery of the Higgs boson at the Large Hadron Collider in 2012 [39] and the completion
of the Standard Model. At the same time that the last pieces of the Standard Model were
being found, a parallel revolution was about to happen. The opening of the gravitational-
wave (GW) window, with the first direct detection of a binary black-hole (BH) merger by
the Advanced LIGO detectors in 2015 [1], implied a profound shift in phenomenological
focus: from the microscopic to the cosmic. This happened at the same time that cosmol-
ogy became a precision science, with no longer a scarcity of data. Both developments
have changed the methods of the phenomenologist: new observations and challenges
keep coming, and fundamental physics can no longer be disentangled from astrophysics
and cosmology, since the universe itself is our laboratory. GWs are not merely a new
channel of observation; they are the echoes of some of the most energetic events since
the Big Bang [51]. BH mergers, neutron-star coalescences, and the stochastic background
imprinted by processes in the very early universe all encode information that is fundamen-
tally inaccessible to electromagnetic telescopes. In this sense, GW astronomy completes
a programme that began with the opening of the radio, X-ray, and infrared windows: it
does not merely extend our reach, it changes the nature of what we can see.

s e e g 0 ‘\ ‘

Figure 1: First sketch of the orbits around a “dark star”, the precursor of the BH concept. Reproduced
from Michell (1784) [99], Philosophical Transactions of the Royal Society; public domain.

The early incarnation of a BH, i.e. the concept of a body so compact that light can-
not escape its gravitational pull, was contemplated as early as 1783 by John Michell [99],
who claimed “If there should really exist in nature any bodies, whose density is not less
than that of the sun, and whose diameters are more than 500 times the diameter of the
sun, since their light could not arrive at us [...] we could have no information from light
about their existence” and, independently, by Pierre-Simon Laplace at the close of the
eighteenth century. The modern mathematical framework for such objects emerged from
Schwarzschild’s exact vacuum solution to Einstein’s field equations, obtained in 1916 only
months after the publication of general relativity (GR) [122]. The astrophysical reality of
BHs became firmly established over the following decades, first as the engines powering
quasars and active galactic nuclei [92], and later as the remnants of massive stellar evo-
lution, revealed through radio, X-ray, and optical observations. Today, the existence of
supermassive BHs (SMBHSs) at the centres of virtually all massive galaxies, with masses
ranging from ~ 10° to ~ 10'° M., is considered a cornerstone of observational cosmol-
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ogy [86, 117].

GWs have an equally rich history. Einstein himself demonstrated in 1916 and 1918 that
linearised GR admits wave solutions propagating at the speed of light, carrying energy
away from accelerating mass distributions [47, 48]. Indirect evidence for their existence
arrived in 1974 with the discovery of the Hulse-Taylor binary pulsar, whose orbital de-
cay matched the GR prediction for energy loss by gravitational radiation with exquisite
precision [90]. Yet direct detection had to wait until the twenty-first century. The mile-
stone observation of GW150914 by Advanced LIGO, a signal consistent with the merger of
two stellar-mass BHs, inaugurated GW astronomy as an observational discipline [2]. Since
then, the LIGO-Virgo-KAGRA (LVK) collaboration has catalogued more than one hundred
compact binary coalescences [6].

Figure 2: Aerial view of the LIGO Hanford observatory. Image credit: Caltech/MIT/LIGO Labora-
tory [33].

The frequency of a GW signal is set by the orbital dynamics of the source: the more
massive the binary, the lower the frequency at merger, since two heavier BHs collide at
a wider orbital separation. The LVK detectors were designed to target stellar-mass BHs,
but a new generation of experiments operating at much lower frequencies is opening
additional windows onto the BH mass spectrum. In particular, pulsar timing arrays (PTAs)
have recently reported strong evidence for a stochastic GW background in the nanohertz
band [10, 16, 144, 116]. This signal is consistent with the inspiral of the heaviest SMBH
binaries in the local universe, though contributions from exotic early-universe sources
cannot be excluded. Interpreting this background requires both a detailed model of the
SMBH binary population and a precise understanding of how those binaries evolve and
eventually merge, topics that are central to this thesis.

At the same time, the advent of the James Webb Space Telescope (JWST) [66] has
transformed our ability to probe the high-redshift universe, opening an unprecedented
infrared window onto the epoch of reionisation and beyond. Looking to greater cosmo-
logical distances is equivalent to looking further back in time, and with JWST we are wit-
nessing the formation of the first SMBHs and galaxies. Among the most consequential
results of this new observational era has been the discovery of a population of SMBHs at
redshifts z 2> 4-10 that challenges the conventional picture of SMBH formation [28, 95].
These objects appear over-massive relative to their host galaxies compared to local scaling
relations, and their very existence at such early cosmic times challenges standard seeding
and growth scenarios.
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This goes to the heart of one of the deepest open questions in astrophysics: what is the
origin of SMBHs? Two broad classes of formation mechanism have long been debated. In
the light-seed scenario, SMBHs grow from ¢(102-10°) M, remnants of Population Il stars
that collapsed at z 2 15[94]. In the heavy-seed scenario [142], ﬁ(lOS)M@ BHs formin the
cores of protogalaxies and subsequently merge into the giants observed today. The high-
redshift population uncovered by JWST appears to favour either a heavy-seed origin or
exceptionally high merger efficiency for light seeds, a conclusion that constitutes another
important result of this thesis. Additional complexity arises from the possibility of super-
Eddington accretion [20], which could lead to systematic overestimates of SMBH masses
inferred from broad-line luminosities, and from the enigmatic little red dots [98], compact
red sources identified in JWST imaging that defy standard assumptions about high-redshift
galaxies and whose connection to SMBH activity remains actively debated.

These questions will converge with the Laser Interferometer Space Antenna (LISA) [15],
a proposed GW space detector for the 2040s that will cover the frequency range between
PTA experiments and terrestrial detectors. With its extraordinary sensitivity, LISA will de-
tect the majority of BH mergers occurring across cosmic history in the mass range between
stellar and the heaviest SMBHs, allowing us to compare GW observations with electro-
magnetic data from JWST and ultimately uncover the seeding and growth history of the
SMBHs we observe at the centres of galaxies today.

Underlying all of these questions about BHs and GWs lies a deeper unsolved problem:
the nature of dark matter (DM). The existence of a non-baryonic, gravitationally domi-
nant component of the universe has been inferred from a converging body of evidence
accumulated over nearly a century. The anomalous rotation curves of spiral galaxies, first
systematically studied by Vera Rubin and collaborators in the 1970s, demonstrated that
visible matter alone cannot account for galactic dynamics at large radii [119]. The spatial
offset between the X-ray gas and the lensing mass in systems such as the Bullet Cluster
provided further compelling evidence that the dominant mass component is collision-
less and dark [40]. At the largest scales, the acoustic peaks of the cosmic microwave
background (CMB) power spectrum, as measured by the Planck satellite, require a DM
density Qpmh? ~ 0.120, accounting for roughly 26% of the total energy budget of the
universe [12]. Despite this overwhelming indirect evidence, the microscopic identity of
DM remains one of the most pressing unsolved problems in fundamental physics.

\

Figure 3: JWST image of the Bullet Cluster. Image credit: NASA, ESA, CSA, STScl [103].

The long-favoured Weakly Interacting Massive Particle (WIMP) paradigm [25] has faced
increasingly stringent direct-detection constraints without a confirmed signal, now ap-
proaching the solar-neutrino floor, motivating renewed interest in a wide landscape of al-
ternative candidates spanning many orders of magnitude in mass: from ultra-light axions
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atm, ~ 10722 eV [76] to primordial BHs [35] with masses potentially reaching &'(10%) M.
Beyond what constitutes DM microscopically, there is the question of how it behaves
on large scales, which is the focus of this thesis. The standard picture, embodied in the
ACDM cosmological model [126], is cold DM (CDM), in which the DM particles became
non-relativistic early on, have no pressure and do not interact with any other field. A key
prediction of CDM is the existence of many light DM halos, < 10 M., that do not contain
stars [84]; they are one of the main targets of cosmological searches, since they hold the
key to how DM behaves on small scales.

GWs offer a uniquely powerful probe of this landscape, precisely because they travel
unimpeded through matter and interact with DM structures only gravitationally. Unlike
light, which does not couple to DM or does so only negligibly, GWs respond to DM in ex-
actly the same way as they respond to any other form of mass-energy. A compact binary is
a highly coherent GW source for which we possess precise theoretical templates, making
small waveform deviations due to DM effects potentially detectable. When a GW prop-
agates through a mass concentration whose Schwarzschild radius is comparable to the
wavelength of the signal, diffraction and interference effects become significant and the
waveform acquires frequency-dependent modulations, a regime known as wave-optics
lensing [129]. This is qualitatively distinct from the geometric-optics limit appropriate for
electromagnetic radiation, where lensing simply magnifies or demagnifies a source. The
wave-optics lensing signal depends sensitively on whether DM is distributed in relatively
non-dense CDM halos or concentrated in compact objects such as PBHs, providing a new
handle on the DM distribution on small scales.

The evolution of the SMBHs themselves encodes complementary information about
DM. The seeding and growth history of SMBHs is tightly connected to the underlying DM
model, for a reason that is easy to state. SMBHs grow primarily through two channels:
accretion of baryonic matter and mergers with other BHs. Both processes are governed by
the large-scale structure, which is in turn dominated by the DM properties. Because BHs,
unlike stars, live essentially forever, they retain imprints of their formation conditions deep
in the high-redshift universe, when the universe was assembling its first low-mass halos;
precisely the regime in which different DM models diverge most sharply. This avenue for
probing DM has not been widely explored and, as we shall see, it leads to one of the main
results of this thesis.

It is within this rapidly evolving observational landscape (nanohertz GWs from PTAs,
infrared light from JWST, and the prospect of millihertz signals from LISA) that the present
thesis is situated. The work addresses three interconnected themes: the modelling of
the SMBH binary population and its GW emission as constrained by PTA data, the forma-
tion and evolution of SMBHs in the high-redshift universe and its dependence on the DM
model, and the use of wave-optics GW lensing as a probe of DM structures. Together,
these threads constitute a unified programme: using GWs and their sources as precision
tools to illuminate some of the most fundamental open questions in modern cosmology.

1.1 Research objectives of this thesis

The overarching aim of this thesis is to use GWs and their sources, in particular BHs, as
precision probes of the nature of DM. This aim is pursued through four concrete research
objectives, each of which is addressed by a subset of the publications listed on page 7 and
referred to below by their Roman numerals.

01 Wave-optics lensing of GWs as a probe of DM structures. To compute the wave-
optics amplification factor for realistic DM lenses (point masses, uniform spheres,
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NFW and FDM halos, and PBHs dressed with particle DM halos), to determine which
of them can be detected or constrained with present and future GW detectors, and
to identify the fundamental limitations of such searches (Papers I, Il and IIl).

02 An analytic, DM-model-agnostic description of structure formation. To extend the
extended Press-Schechter (EPS) formalism, through ellipsoidal collapse, improved
conditional first-crossing distributions and a new smoothing filter, so that the halo
mass function, the halo merger rate and the evolution of the baryonic and BH con-
tent of halos can be followed consistently in CDM, WDM, FDM and models with
enhanced small-scale power, without resorting to Monte Carlo merger trees (Pa-
pers IV, V, X and XI).

03 The SMBH binary population and the nanohertz GW background. To build a model
of the SMBH binary merger rate anchored to local SMBH observations and to the
EPS halo merger rate, to confront it with the PTA measurements, to quantify the role
of environmental effects in the binary evolution, and to extrapolate the model to
the lower masses and higher frequencies probed by LISA and atom interferometers,
including the imprint of the SMBH seeding mechanism (Papers VI, VII, VIIl and IX).

04 SMBH and galaxy formation in the first billion years as a test of DM. To interpret
the JWST observations of high-redshift galaxies and SMBHs within the framework of
02, to determine which star formation, feedback and seeding scenarios are com-
patible with the data, and to establish whether the SMBH population constrains
deviations from CDM more strongly than the galaxy population does (Papers IV, V,
IX, X and XI).

The main results obtained for each objective and the conclusions of the thesis are col-
lected in Section 6.

1.2 Structure of the thesis

The introductory part of the thesis reviews the theory on which the publications are built.
Most of it does not represent original contributions but the theoretical background needed
to read the articles; the exceptions are the improvements to the EPS formalism in Sec-
tions 3.10-3.13 and the modelling of the SMBH population in Section 5, which were devel-
oped in the publications. Sections 2-4 deal with different applications of gravity, from the
more fundamental to the more elaborate: we start with the basic theory of GWs and their
detection, we follow with structure formation in different DM models, and we end with
the wave-optics lensing of GWs by DM structures. Section 5 is about the astrophysics of
SMBHs in the local and in the high-redshift universe, which connects structure formation
to the GW merger rates and to the JWST observations. Section 6 summarises the original
results of the publications and states the main conclusions of the thesis. The abstract, the
Estonian summary and copies of the eleven publications close the thesis.
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2 Gravitational wave phenomenology

We will start with the most fundamental aspect of this thesis, GWs, one of the most pro-
found predictions of Einstein’s GR Theory. Spacetime itself can carry energy in the form
of propagating curvature waves; they are to gravitons what classical light is to photons.
But unlike any other force, GWs do not propagate through spacetime: they are spacetime
oscillations. The complete solution is encoded in the Einstein equation

Guv == _Sn«-GT#V7 (1)

where Gy = Ryyy — %Rguv is the Einstein tensor built from the Ricci tensor R, and Ricci
scalar R = g“VR,W, and Ty, is the stress-energy tensor of all matter and radiation fields.
The Riemann curvature tensor,

R'uvoc[i = aarléﬁ - 8[31—‘5(1 + Fﬁareﬁ - FﬁﬁF’v)a, (2)

is constructed from the Christoffel symbols I'}}, = %g""’ (Ov8up + ugvp — pguv)- Inthe
flat Minkowski background, g,v = Ny = diag(—1,1,1, 1), the Christoffel symbols vanish
identically. To study linearised GWs we consider a small perturbation 4, away from the
Minkowski metric

guv = Nuv +hyy, lhuv| < 1. (3)

Expanding the Christoffel symbols to first order in /i,y and substituting into the Ricci ten-
sor, the Einstein equations (1) become the linearised Einstein equations:

Ohyy — 0*uhyy — 04 dyhyyy + dudvh’; = —167G Tyy, (4)

where [0 = n#Vdy, dy is the flat dAlembertian and Tuv =Tuy — %nule/l is the trace-
reversed stress-energy tensor. The first term almost looks like a wave equation, but we
will need to absorb the remaining terms via a gauge transformation. Under an infinites-
imal coordinate transformation x* — x* = x* + EH (with |9y E#| < 1) the perturbation
transforms as

hyy = huy — Iy — A&y (5)

Any two solutions related by such a transformation describe the same physics. A particu-
larly convenient choice is the Lorenz gauge, defined by

where fz“v = huy — %nuvh% is the trace-reversed perturbation. In this gauge, the lin-
earised equations can be reduced to a wave equation:

This single equation shows immediately that small perturbations of the metric obey a
wave equation with propagation speed equal to the speed of light. GWs are therefore
massless and travel at ¢ — a prediction confirmed to exquisite precision by the multi-
messenger observation of GW170817, which constrained the difference between the GW
and electromagnetic propagation speeds to be less than 7 x 10~1° relative to the speed
of light. In vacuum (7}, = 0) the wave equation becomes [, = 0, whose plane-wave
solution can be written as

v (1,%) = / Phegy(K) e Lec, Ky, =0, (8)
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where e,y is the polarisation tensor. The null condition k’"‘k” = 0 implies that the wave-
vector is light-like: k* = (@, k) with @ = [Kk|. The Lorenz gauge condition 2k* e, = kye*
further reduces the ten independent components of the symmetric tensor e, from ten to
six. Exploiting the residual gauge freedom one can always pass to the transverse-traceless
(TT) gauge, in which

hg]T =0 (spatial), RTT, =0 (traceless), 8“hﬂ =0 (transverse). (9)

These three conditions completely fix the gauge and leave only two physical, propagating
degrees of freedom — the two polarisations of the GW. For a wave propagating in the
z-direction they are described by the unit polarisation tensors

00 0 0 000 0
01 0 0 0010

+ _ _

w=1o 0 -1 of° =|o1 0 0| (10)
00 0 0 0000

corresponding to the plus (+) and cross (x) polarisations, respectively. The general TT
waveform is then

hfg, (t,2) = /da) [e:[\,h+(a)) +enyhx ()] 09 4 cc. (1)

The physical effect of a passing GW is most easily illustrated by computing the proper
distance between two freely falling test particles. For a 4+-polarised wave propagating in
the z-direction, particles separated by L. along the x-axis experience an oscillating proper
distance

Ly(t) = Le(1+ hy cos[o(t — z)]), (12)

while test masses separated along the y-axis experience L (t) ~ L.(1 — h cos[®(t — 2)]).
The two arms are therefore squeezed and stretched in opposite phase — precisely the
effect exploited by laser interferometric detectors. This result, together with the helicity
argument (a rotation by an angle y around the propagation axis maps 4 — ™2V,
confirming that the graviton is a spin-2 particle), shows that GWs carry genuine physical
information about the dynamics of their sources. This is the main principle to detect GWs,
tiny differences in the space-time between two test masses.

2.1 Generation of gravitational waves
Solving the inhomogeneous wave equation, Eq. (7), with a retarded Green'’s function gives
the formal solution

Tuv(x' 1 — |x—X/])

(13)
[x —x']

By (X,1) = 4G/d3x/
Projecting onto the TT gauge via the Lambda tensor A;j (%) = Py Pj, — %P,-jle, where
P,; = ;j — %i%; is the transverse projector, one obtains

Tlm(X/vt_ |X_X/|)
x—x|

BT (%,1) = 4G Ajj i (2) / Pr )

For a source localised near the origin, observed at a large distance r = |x| > |X/|,1/ @, we
can expand |x —x'| ~ r —x’- £. Retaining only the leading multipole term, one can use the
equation-of-motion identity

[V Tus,1-1) = 3 Gl 1), ()
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where
Oim(t) = /d3x/x}x,'n Too(X,1) (16)

is the mass quadrupole moment tensor. Substituting (15) into (14), the far-field GW ampli-
tude in the TT gauge is the very elegant

2G .
T (60) % =2 A (8) O (1 =) W

This is the celebrated quadrupole formula: in the slow-motion, weak-field (Newtonian)
approximation, GWs are sourced exclusively by the second time derivative of the mass
qguadrupole moment. A crucial consequence is that no monopole or dipole GW radia-
tion exists: the monopole is forbidden by mass-energy conservation, and the dipole by
linear-momentum conservation. In the next sections, we will elaborate on how to use
this formula on binaries to estimate the production of GWs.

2.2 Circular binaries in the Newtonian approximation

The archetype source of GWs is a binary system of two compact objects (BHs or neutron
stars) of masses m; and m, moving on a circular orbit. We work in center-of-mass coordi-
nates. The positions of the two bodies at time ¢ are

ry = ri(cos[@(t —19) + o], sin[®(t —19) + Do), 0), (18)
ry = rp(cos[@(t —19) + 7 + Do), sin[o(t —19) + 7+ Do), 0), (19)

where r; = (my/M)R, ry = (m;/M)R, M = mj + my is the total mass, R is the orbital
separation, o the angular frequency, and @ the orbital phase at the reference time ¢,.
The quadrupole tensor (16) evaluates to Q,, = Y. jm;r; r;» and its second time derivative
is

—cos[2(w(t —to) +Do)] —sin2(o(t —1)+DPo)] O
0 =2uR*0® | —sin2(o(t —t0) +@g)]  cos[2(w(t —to) +Po)] 0], (20)
0 0 0

where u = mym, /(my +m;) is the reduced mass. Applying Kepler’s third law, R* = GM / w?,
and projecting onto the TT gauge for a wave propagating toward the observer at inclina-
tion 1 with respect to the orbital angular momentum, one obtains

2
ho () = %(G///C)Sﬂ 03 LECOSTL (e —10) + %o, 21)
hy(t) = 4 (G..)> 0% cost sin[20(t — to) + W) , (22)
r

where .#, = M*/313/5 is the chirp mass, arguably the most important parameter ex-
tracted from a compact binary coalescence signal, and ¥y = 2(®( + ¢ — or) is the fiducial
phase. We will denote these two waveforms as

COS2
o) = A cosfo )], (23)
hy(t) = costA(t) sin[@(7)]. (24)

Several important physical features emerge from Egs. (21)-(22). First, the GW frequency is
twice the orbital frequency, fow = ®/7. Second, a face-on binary (1 = 0) emits circularly
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polarised waves (k. /hy = 1), while an edge-on binary (1 = ©/2) emits linearly polarised
waves (hy = 0). As expected, since the amplitude scales as ,//15/3/r, the more massive
and the closer the system is, the easier it is to detect. The GW energy flux, obtained from

the stress-energy tensor of the gravitational field at second order in h,y, is

dEgw _
dt

<Q,, 0"y, (25)
For a circular binary this gives

dEGgw 32G7/3 t%10/3w10/3
a 5 '

(26)

By energy conservation, the orbital energy Eyinary = —Gmim;/(2R) must decrease at the
same rate. Using Kepler’s law to eliminate R in favour of @, one derives the chirp equation
governing the secular evolution of the GW frequency:

dfew _ 96 £8/3
dt 5

(G% )5/3f11/3. 27)

Integrating from some reference time ¢ to coalescence at 7, gives

3/8
(G.a,)™® (tst) . (28)

1
fow(t) = e
The frequency increases monotonically as the binary loses energy, diverging ast — ¢,.: this
is the chirp that gives both the signal its characteristic morphology and the chirp mass
its name. Observationally, the time-frequency track (28) encodes .#_. with remarkable
precision because it is set entirely by the binary’s dynamics. Combining (26) with Kepler’s
law yields the evolution of the orbital separation

302
dR _ 64 G 29)
dr 5 R
whose solution is R(t) = [R} — (256G uM? /5)(t —19)]'/*, and the coalescence time from
an initial separation Ry:

5 R
el = 556 G

Let us consider an example: for two 1.4 M, neutron stars initially separated by Ry ~ 1 AU
the coalescence time is of order the Hubble time; for a stellar-mass binary detected by
LIGO the residual lifetime at entry into the LIGO band (~ 10Hz) is of order minutes to
seconds. It is worth noting that ¢, — ¢ decreases as only a quarter power of R, so the
inspiral accelerates dramatically during the final moments. This is the famous chirp of
GWs. Notice that we can now understand why BHs emit GWs efficiently, but stars do
not. Imagine a face-on binary of two stars like the sun orbiting each other, and let us
compare the amplitude of the GW at the moment of maximal emission, that is, when the
two objects are about to touch, to the same mass binary but made of BHs

hy (teol)BH _Ro __ Ro
hy (tcol)sun R; ZGM\)/CZ

(30)

~24%10°, (31)

where R; is the Schwarzschild radius and R, is the solar radius. We can clearly see how a
solar-mass BH binary emits a GW amplitude 10° times larger than a binary of stars of the
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same mass, and this is assuming that the stars will hold their shape until the collapse. In
reality, tidal forces will destroy them much earlier.

For the analysis of a signal using a GW detector, it is convenient to work in the fre-
guency domain. A particularly simple expression for the waveform can be achieved in the
stationary phase approximation (valid when the GW phase ®(¢) evolves slowly compared
to a single cycle), the Fourier transform ofA(t)ei‘P(’) is

h(f) = / th(t)eiW')*fwaL(f) et (32)

V fow
where 7 is defined such that ¢ (f) = 27 fw (f) and the frequency-domain amplitude is

i 5 (G%C)5/6 -7/6
Al = 24 g3y ’ (33)
gives the important chirp-mass power law f’7/6. Notice that A(¢) is dimensionless, whereas
A(f) has units of time. On the other hand, the GW phase is
W(f) - 3 g T
(f)y=2nft.+ (nG.A.f) Y. ——. (34)
128 4
The leading-order (Newtonian) term o< (///cf)_s/3 in the phase is the primary carrier of
chirp-mass information, while the characteristic amplitude A(f) o< £ ~7/¢ spans the entire
sensitive band of a broadband interferometer. Post-Newtonian corrections to the phase
(34) enter at successive powers of (v/c)? o< (GM f)?/3 and encode the component masses,
spins, and tidal deformabilities, topics we return to later. The formulae above assume cir-
cular orbits, valid when GW emission has been the dominant driver of binary evolution for
long enough to circularise the orbit. For eccentric orbits, Peters [109] derived generalised
expressions; most notably, the energy-loss rate becomes

E 2 42M3
dEgw 32 G'u ( 73 5 374)’ (35)

@ s a-eayr\ T T’

where a is the semi-major axis and e the eccentricity. Since e decreases during inspiral

according to
d 4 G3um? 121
c_ 3Gy e(l—ez)fs/2 <l—|—ez>, (36)

a - 15 & 304

binaries circularise efficiently before entering the LIGO band, making the circular approx-
imation well justified for stellar-mass BH mergers.

2.3 Beyond the Newtonian approximation

The adiabatic approximation underlying the derivation of (27), i.e. that the orbit evolves
slowly compared to the orbital period, is quantified by the fractional change in the orbital
separation during one orbital period:

5/8 5/8
%%3x10’3 (f) (t 5-;) . (37)

This shows that, for r < t.., the adiabatic condition is excellently satisfied: the orbit changes
by less than a percent per cycle over most of the inspiral. However, when

te—1 <028 (Mo /M) 3, (38)
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the velocities of the binary components approach v ~ 0.1 ¢ and the Newtonian approxi-
mation breaks down. Near coalescence, the objects move at a substantial fraction of the
speed of light, and post-Newtonian corrections become essential. Even during the inspi-
ral, such corrections are required to produce waveform templates accurate enough for
matched filtering against LIGO data.

The quadrupole formula can be systematically augmented by a post-Newtonian (PN)
expansion of both the equations of motion and the radiation field in powers of (v/c)>.
At nPN order, corrections to the GW phase scale as (GM7rf)2”/3 relative to the leading-
order term. By 3.5PN order (i.e. seven powers of v/c), the inspiral template is accurate
enough to confidently model LIGO detections. For illustrative purposes, we quote the 2PN
waveform in the frequency domain [42]:

. [5 ° 16wy
h(f) = ﬁEZ/;DLf 7/6e‘I’(.f)’ (39)

where Dy = (1+z,)2Dy is the luminosity distance, .#, = (1+z,).# is the redshifted chirp
mass, and the GW phase reads

W(f) =20 ft— b~ Tt 2 (o f)

47128
20 /743 11\ , \
2220 41
x[+9<336+4n)v + (4B —16m)v
3058673 5429 617 , )
o 22220 22, 0 e 4
+ 0(1016064+ 10081 " 142" G>V } (40}

with v = (m.,1n 73/ f)!/3. This waveform is characterised by seven parameters: the red-
shifted chirp mass ., the symmetric mass ratio
mimy
77 - (ml +m2)2 9 (41)
the luminosity distance Dy, the spin-orbit and spin-spin coupling parameters 8 and &, the
coalescence time 1., and the coalescence phase ¢..

A physically important feature of this template is that the GW amplitude falls off as
the luminosity distance Dy, rather than as the flux o< r—2 familiar from electromagnetic
radiation. As a consequence, GW detectors are absolute distance indicators in three-
dimensional comoving volume, and compact binary mergers can serve as standard sirens:
by combining the luminosity distance inferred from the waveform amplitude with a spec-
troscopic redshift of the host galaxy, one obtains a measurement of the Hubble constant
that is entirely independent of the cosmic distance ladder [121].

The 2PN inspiral template remains valid up to the innermost stable circular orbit (1ISCO),
beyond which the perturbative expansion breaks down. The corresponding frequency is

-
fisco = [63/271///17773/5 : (42)

Beyond fisco the binary enters the merger phase, in which the two objects plunge to-
gether on a dynamical timescale. The GW emission during this phase can no longer be
described analytically and requires numerical relativity. Nevertheless, phenomenologi-
cal models provide accurate closed-form approximations calibrated to numerical simula-
tions. The merger is followed by the ringdown: the newly formed remnant, typically a
Kerr BH, oscillates in its quasi-normal modes and radiates damped sinusoidal GWs whose
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frequency and damping time are uniquely determined by the mass and spin of the rem-
nant, providing a direct test of the no-hair theorem of general relativity. A complete
phenomenological amplitude envelope covering the three phases—inspiral, merger, and
ringdown—is given by [14]

f77/6 f < fmerg ’
5
6 —1/2 ,_
A(f;e) — i '//[Z X mer{g f 2/3 fmerg < f < fringv (43)
V 24 E%DL , o2
e frd? fringgf<fcut-

merg Jring 4(f_fring)2+0_2

The inspiral segment (f < fmerg) reproduces the standard chirp power law. The merger
segment (fmerg < f < fring) transitions to a shallower power law, reflecting the rapid in-
crease of GW emission as the objects plunge together. The ringdown segment (f;, < f <
feut) is modelled as a Lorentzian centred on the quasi-normal mode frequency Jring With
width o, encoding the exponential damping of the remnant’s oscillations in the frequency
domain. The transition frequencies fmerg, fring, feut, and the width o are parameterised
as

£ 3 (an? +bjn +c)) (44)

J 7[,%1 ’

where the coefficients a;, b;, and c; are obtained from fits to numerical relativity wave-
forms and are tabulated in Table | of [14].

2.4 Detectability by designed detectors

Now we will turn to the phenomenology of detecting GWs. We will differentiate between
human-made GW detectors, for which there is good control of the noise (examples are
LIGO, the proposed LISA, and atom interferometers), and detectors based on natural phe-
nomena. For these detectors, it is possible to understand the spectral sensitivity properly
and compute the properties of a binary if the signal-to-noise ratio (SNR) is high enough.
On the other hand, we also have more indirect ways to detect GWs that make use of natu-
ral phenomena, like pulsar timing arrays (PTAs), for which the noise and the signal cannot
be disentangled and at the present moment, we do not have the sensitivity to detect an
individual binary but rather a stochastic background. We will focus first on the detectabil-
ity of the first class of detectors.

Let’s consider a GW propagating from direction N(G, @) with polarisation angle y. An
L-shaped laser interferometer of arm length L measures the differential strain

CAL(r)  SLy(r) - SLy(1)
L L ’

h(t) (45)

where 6L, , are the length changes induced in each arm. In general, the measured strain
is a linear combination of the two GW polarisations,

/’l([):F+(6,¢,l[/)h+(l‘)—|—F><(9,¢,l[/)h><(l), (46)

where the antenna pattern functions of an L-shaped interferometer are
1
F, = 5(1 +cos? 0) cos2¢ cos 2y — cos Osin2¢ sin 2y,
: (47
F. = 5(1 +cos? 0) cos 2¢ sin 2y + cos O sin2¢ cos 2y,
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with0 < F, , <1and Ff +FX2 < 1. For a compact binary inspiral at inclination 1, the
signal arriving at the detector can be written compactly as

h(t) = 7(0,9,y,1)A(t) cos[P(1) — op(0, 9, ¥, 1)], (48)
where
21)\2
7= ey, (@9)

and A(z) is the slowly varying amplitude driven by the chirp dynamics described in the
previous section. The factor .% encodes the sensitivity loss due to the sky position and
polarization of the source. Because real sources are distributed isotropically, one must
average over all angles; this averaging gives

L
1672

/dcosldl//d(f)dcos@ 9’2:24—5, (50)
so the rms detector response is reduced by a factor of \/4/25 relative to its maximum
value. This geometric averaging is the origin of a prefactor @ = 4/25 appearing in (58)
for L-shaped detectors such as LIGO; for a triangular-shaped detector like LISA, the corre-
sponding factor is @ = 3/25. The output of a GW detector contains instrumental noise
n(t) and, possibly, a signal A(t),

s(t) =n(t) +h(1). (51)

The standard technique to extract a weak, known-waveform signal from noisy data is
matched filtering: one convolves the detector output with a filter function ¢(¢) to form
the statistic

C(r) = / dr s(t) gt — 7). (52)

Assuming stationary Gaussian noise with one-sided power spectral density S, (f), defined
through (ii(f)ii* (f')) = 3S.(f)8(f — f'), the signal-to-noise ratio (SNR) is maximized by
the Wiener filter G(f) = h(f)e™2™/7/S,(f), which yields

SNR =/ (&[R), <a|b>E2/0fcmdfa*(f)b(f)+b*(f)a(f). (53)

Su(f)

This inner product is the natural scalar product in the space of GW templates weighted
by the inverse detector noise. The SNR quantifies the detectability of a given signal: a
source is deemed confidently detected when SNR 2 8 for a single detector, or when a
consistent SNR is observed in a coincident multi-detector network. For a lower SNR, the
detectability is going to depend on the orientation of the binary, as we will explain further
below.

Let us now pause for a moment before continuing and elaborate on what we have
found so far by looking at a couple of examples. We can see in Fig. 4 a comparison be-
tween the dimensionless characteristic strain of the waveforms we have described, given
by |(f)/+/f|, and compare it to the strain sensitivity expected for LIGO run 5. We see the
different power-law behaviour of the inspiral, merger and ringdown and how the merger
happens at higher frequency for lighter binaries. For the LIGO frequency range, we can
detect the merger of binaries like the ones we have here at 60 M, the heavy end of the
stellar mass distribution. As we have anticipated, the heavier the binary, the louder the
signal is. In the other extreme of the mass range at 5 M, which could be a neutron star
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Figure 4: Characteristic strain of three benchmark binaries at a luminosity distance of 400 Mpc,
compared with the expected sensitivity of Advanced LIGO in its fifth observing run (O5).

binary, we can see only the inspiral phase, and the amplitude is much smaller than for
the heavy BH binary. For illustrative purposes, we also show a light BH binary at 10 M.
All the binaries are shown at a fixed luminosity distance of 400 Mpc, this is the relevant
distance for LIGO, although the majority of binaries are detected at lower redshift. In cos-
mological scales, this is the local universe, but it does not correspond to our own galaxy.
For reference, the local group is around 3 Mpc, and the local supercluster is 250 Mpc,
so with advanced LIGO, we can see binaries from structures which are gravitationally in-
dependent from ours but still in the local universe. We will see that for LISA the target
binaries can be detected even in the first galaxies in the history of the cosmos. For these
benchmark binaries, the SNRs are 47, 85 and 300, respectively. We will explain later how
this translates into the prospect to detect these binaries.

Once a signal has been detected, one wishes to infer the physical parameters 6 of the
source from the waveform 7(f;0). In the high-SNR limit, the posterior distribution on
parameters is approximately Gaussian, and the parameter covariance is captured by the
Fisher information matrix [111],

Lij = (9h|0;h), (54)

where the partial derivatives are taken with respect to the waveform parameters. The
Fisher matrix provides a lower bound on the variance of any unbiased estimator, and its
inverse gives the parameter covariance matrix. For spin parameters, prior information
can be incorporated via the replacement I';; — I';; + (G(O))‘Z&-j, with Géo) = 8.5 and

J
O'C(,O) = 5.0 following [111]. The standard deviations of the parameter measurements and

the correlation matrix then read

;!
. —1 R )
A]—\/Fjj , CU_AiAj' (55)

Another technique for inferring the parameter posterior is to use the matched-filtering
framework. Consider data that consists of a GW signal ¢ and noise that we characterize by
the noise power spectral density S, (f). The standard matched filtering analysis searches
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for the parameters 6 of a given template ¢ that maximize the log-likelihood [81]

InAr(9) = (6107(60)) — 5 (9r(0)]9r(0)). (56)

For an optimal template ¢7 = @opc We can find parameters for which ¢ = @p. If we know
the optimal template, we can calculate how well another template ¢7 fits the signal by
maximizing the log-likelihood (56) over the parameters of the template and compare it to
the optimal template by calculating the log-likelihood difference

Axt=2 [lnAopt((j)) - mglxlnAT((]))
= min [(97(6)[97(6)) = 2{dopt|¢7(8)) + (dopt/op)) ]
= mein <¢opt - ¢T(6)|¢opt - ¢T(9)>

“[’Opt(f) - (ﬁT(f§9)|2
Sn(f)
Given a detected waveform (ﬁ(f; 0,) with true binary parameters 6;, we compare it to

our template ET(f;B) using the parameters 6, the log-likelihood ratio quantifying the
evidence for our estimation is

(57)

:4ngn/df

(58)

where the minimisation is over the parameters of the template, S,,(f) is the noise power
spectral density of the detector, and @ is the sky- and inclination-averaged geometric fac-
tor discussed above.

2.5 Merger rates and detectability of binaries

We will now introduce another key object in GW phenomenology, the binary merger rate.
It gives the rate per comoving volume and binary properties of the merger formation. For
the LIGO population, which comes from stellar-mass BHs and neutron stars, we will use
the following parametric form

dR
dm 1 dmz

= 2008 () wloms) SFR(2), (59
s

where the redshift evolution is taken to be proportional to the star formation rate [21].
At z < 2 this behaves roughly as o< (1 +z)2'7, in good agreement with the LIGO-Virgo
observations [7]. The normalisation factor Zy is chosen such that R(z =0) = Ry. For the
BH mass function we adopt a broken power-law shape,

W (m) o {sz)% e (60)

(m/mp)%, m>my,
with the break points fixed at m; = 3 M, and m; = 55 M, corresponding to the lower and
upper edges of the BH mass gaps. The lower mass gap separates neutron stars from stellar-

mass BHs, while the upper mass gap arises from pair-instability supernova processes that
inhibit the formation of BHs in the mass range ~ 55-130 M. The free parameters of the

26



model, Ry, B, 71 and p», are fitted to the BH binary merger catalogue from the first three
LIGO-Virgo observing runs [3, 5, 6] following the procedure described in Ref. [78]. The
resulting best-fit values are

Ry=15yr 'Gpc™3, B=48, yn=-18, p=-6.0. (61)

The expected differential rate of compact binary mergers per unit comoving volume ele-

ment is then | AR dv
— dm; dmy dz;, (62)

dA=——
14z, dmydmy dz,

where the factor (1 +z,)~! converts from the source-frame rate to the observed rate,
accounting for cosmological time dilation. The number of detectable events given the
merger rate and a given detector is

_ SNR.
Nevents = 7/dl Pdet () , (63)

SNR(6,)
where .7 is the observation time, pqe is the detection probability [67], SNR is the signal-
to-noise ratio [63] we have introduced before. The probability of detection accounts for
all the possible orientations of the binary with respect to the detector and it is computed
at the optimal SNR, SNR, is normally assumed to be 8, so that pge;(x < 1) saturates to 1,
making the detection of binaries with SNR > SNR. almost certain.

As discussed earlier, BH binaries can generate two qualitatively distinct classes of sig-
nal: long, nearly monochromatic signals from the slowly-evolving inspiralling phase and
relatively short signals from the merger and ringdown. The detections of these two types
of sources need to be considered separately. The method we have described so far does
not take into account the observation time and works very well for LIGO, in which almost
all the binaries end in the merger and the observation time is much longer than the sig-
nal duration. The reason is that to see an inspiral with LIGO, it should come from a lighter
compact object, and we do not expect compact binaries lighter than neutron stars nearby,
except for PBH binaries, which have not been detected.

As we will see, a big focus of our work is going to be to predict merger rates for heavier
BHs in lower frequency detectors. In this case, there can be a wide range of masses and
we expect to detect both the mergers of the heaviest BHs that a given detector can probe
and the inspiral of those which are lighter. In this case, the observation time needs to be
taken into account. The number of BH binaries at redshift z emitting in a given frequency
band can be estimated from the time the binary spends in that frequency band, which
gives [124]

dN ~da dt
d.#,dndzdInf  d.#,dndz |dInf

where, assuming circular orbits and orbital decay via GW emission [108], the coalescence
time of an inspiralling binary emitting GWs with frequency (1+z)f is

) (64)

5 8

T(f) = f3. (65)

=—s
25673 .M,

Notice that it is the same as Eq.(30) after some algebra and plugging values suitable for
cosmological scales. From this, it follows that the number of detectable nearly monochro-
matic GW signals that arise from inspiralling binaries is then given by

° SNR.
Ninsp = dr [ dA —_— 66
insp /9+Tmin / Ddet [SNR(Lz)} ) (66)
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where T, is the arbitrary time to merge that defines an “inspiral” and the SNR for a
detector characterised by the noise power spectrum S, (f) is given by

T —
(e = o 2 o

Sa(f(T—1,2))

If we performed a similar exercise as the one we did for the neutron star binary, we would
see that the timescale for an SMBH binary quickly reaches the Hubble time. The timescale
for a circular binary to coalesce is given by
Egw
tow = — =41(f),

68
Eow (68)

for example, a binary of .#,. ~ 108 M., will take a Hubble time to merge if the binary is
separated at only 0.04 pc. This is, together with the merger rate, the second key ingredient
for GW predictions of heavy binaries. A mechanism to lower the timescale and allow for
efficient merger is necessary. In the next section, we will introduce structure formation,
which is going to be key to predicting the merger rate of heavy binaries, and we will later
turn back to the binary timescales when comparing to the PTA observations. But first, let
us introduce another kind of detector, PTAs.

2.6 Pulsar timing arrays

The frequency range of the detectors is essentially set by their arm length. As we have
shown, designed detectors fall at the stellar-mass compact binaries for the case of LIGO
and can be extended to heavier binaries in LISA when they are broadened in space. How-
ever, as we showed in Eq. (30), the coalescence time of a circular binary scales as 7, «
R*/(G3*uM?): so for the SMBH binaries with total masses M ~ 108-10'° M., the ones at
the centres of the heaviest galaxies, which could form as a by-product of galaxy mergers,
the GW frequency at coalescence falls in the nanohertz regime, fow ~ 10~ Hz. These are
plainly inaccessible to terrestrial detectors, since the arm length should be of the order of
10 parsecs. Fortunately, nature has already deployed a network of cosmic clocks that are
sensitive to exactly this frequency band: an ensemble of millisecond pulsars distributed
across the Milky Way, monitored as a PTA.
Millisecond pulsars (MSPs) are neutron stars that have been spun up by accretion from
a companion star to rotation periods P ~ 1-10ms. After this recycling phase they set-
tle into an extremely stable rotational state, with fractional period derivatives P/P <
1079571, making them among the most precise natural clocks known. The emission
mechanism of a pulsar channels electromagnetic radiation into a narrow beam that sweeps
across the sky once per rotation; an observer aligned with the beam records a sharp radio
pulse with each rotation. A precise model of the pulsar ephemeris, encoding the rotation
period and its derivatives, the pulsar’s astrometric position, proper motion, parallax, and,
for pulsars in binary systems, the Keplerian and post-Keplerian orbital elements, allows
one to predict the arrival times (ToAs) of future pulses with sub-microsecond accuracy
over baselines of years to decades. The timing residual is defined as the difference be-
tween the observed and predicted ToA,
Ra (t) = tgi)s - t;ed(t) . (69)
A passing GW perturbs the spacetime metric along the line of sight between the pulsar and
the observatory. This stretches or compresses the null geodesic of the photon, inducing a
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non-zero timing residual. The redshift of the pulse train due to the GW is obtained from
the geodesic equation [46]

3
ZMOiRMO/é;;;EﬂBMOﬁ% (70)

where the antenna pattern function for a pulsar with sky position p and a GW propagating
along k is o
w . PP

BN = ik 9 7
This expression holds in the limit Agw < dq, where d, is the distance to the pulsar. Since
PTA frequencies are set by the inverse of the observation time (7,,s ~ 10-30yr), the cor-
responding wavelengths are Agw ~ ¢/ f ~ 10pc, comfortably shorter than the kpc-scale
distances to the monitored MSPs [46]. Consequently, the so-called pulsar term, which
encodes the phase of the GW at the pulsar location, is incoherent across different pulsar
pairs and averages away in the cross-correlation analysis described below. This simplifi-
cation — the Earth term dominance — is the key structural difference between PTAs and
interferometers.

The contrast with laser interferometry cannot be overstated. In a broadband interfer-
ometer, the signal from a compact binary coalescence is a transient event: it lasts seconds
to minutes, and the instrument records a clean stretch of noise before and after the event.
This allows one to characterise the noise power spectral density S, (f) directly from the
data stream, without the GW signal present, and to then search for an excess power above
this floor using the matched-filtering framework of Section 2.2. Signal and noise are, in
principle, cleanly separable.

In a PTA, no such separation exists. The lowest accessible frequency is approximately
Smin = 1/Tobs, and the highest is fmax ~ 1/(2A¢), where At ~ 2-4 weeks is the typical ca-
dence between observations. The entire spectrum from nHz to uHz is therefore probed
over the duration of the experiment. A low-frequency GW with a period comparable to
Tops is permanently present in the data: one cannot wait for it to switch off. Moreover, any
unmodelled deterministic process in the pulsar — stochastic spin noise, dispersion mea-
sure variations due to the interstellar medium, instrumental systematics— will appear as
a red noise process in the timing residuals, mimicking the spectral shape of a GW back-
ground. The fundamental challenge of PTA data analysis is therefore not to detect a signal
above an empty noise floor, but to disentangle several simultaneously present stochastic
processes with similar spectral shapes. As a consequence, even after acommon-spectrum
process (CSP) has been identified in the PTA data, it cannot be interpreted as a GW back-
ground without an additional discriminator. That discriminator is the spatial correlation
of the timing residuals across different pulsars, to which we now turn.

2.6.1 The Hellings-Downs correlation

One of the most important results in PTA analysis is the classical Hellings-Downs correla-
tion. Consider two pulsars o and 3 at sky positions pq and Pp. separated by an opening
angle y defined by cos Y = pq - . If both timing residuals are driven by the same stochas-
tic GW background, their redshifts z4(¢) and zg () will be correlated because both pulsars
sample the same spacetime metric perturbation at the solar system barycentre (the Earth
term). The cross-correlation is

sap = cal1)3p0) = [P, (K) [ £ PRI B D), 72)
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where P) (k) is the GW power spectrum, defined through
(I ()3, (K)) = (27)* 81208 (k+K') Py (K], (73)

for an isotropic, unpolarised background. Performing the angular integral over the GW
propagation direction k analytically, using the antenna pattern functions (71), yields the
celebrated Hellings-Downs (HD) curve [74]:

4+12 2

Tup(y) = 1 icosj/Jr %(1 cos}/)ln(l_cosy> (74)

Several features of this function deserve emphasis. First, I'yp(0) = 1/2 for a pair of coin-
cident pulsars (excluding the trivial self-correlation at y = 0 for @ = 3): even for pulsars at
the same sky position, the correlation is not unity, because the independent pulsar terms
introduce uncorrelated noise. Second, the function is not monotone: it has a zero cross-
ing near ¥ =~ 49° and a minimum near ¥ ~ 90°, producing the characteristic quadrupo-
lar pattern. Third, and most importantly, the functional form (74) is a direct and unique
consequence of the tensor nature of the metric perturbation: any alternative theory of
gravity that predicts additional polarisation modes (scalar, vector) would yield a distinct
angular correlation pattern. The HD correlation is therefore the smoking gun signature
of general-relativistic GWs; it cannot be mimicked by any pulsar-intrinsic or instrumental
noise process, because those sources of noise are by construction uncorrelated across dif-
ferent pulsars. This is the key point: while the total power in the timing residuals may be
dominated by noise, the angular pattern of the cross-correlations is the clean observable.

Instrumental noise processes, clock noise, radiometer noise, and polarisation calibra-
tion errors are uncorrelated between different telescopes and different pulsars, contribut-
ing zero to 54 for o # B. Astrophysical noise processes intrinsic to the pulsar itself, rota-
tional irregularities and spin noise are also uncorrelated between different MSPs.

2.6.2 The gravitational wave background spectrum

In the same way that for LIGO we have introduced the observed merger rate, we will do
the same for the PTAs. A big focus of the thesis is going to be to improve upon this simple
estimate, but by introducing it, we will have a grasp of the fundamental properties of a
stochastic background. Although, as we will see, it is connected to the merger rate, it is
also fundamentally different. While the merger rate was about computing the differential
number of binaries per unit of time, a stochastic background is a time-independent en-
semble of many sources contributing to form a background of GWs. The amplitude of the
background is normally defined with respect to the critical density given by

1d 212
Qaw(f) = pGw

— 242
= o dinf 3H§f h(f).- (75)

For a stochastic GW background (SGWB) sourced by an incoherent superposition of GW
emitters, the characteristic strain spectrum can be conventionally parametrised as a power
law,

f (B3-1/2
he(f) =Acws <> ; (76)
Sy
where fy = 1yr~! ~ 31.7nHz is the reference frequency and Agws is the amplitude at
that frequency. Equation (76) follows from Phinney’s theorem [110], which expresses the

present-day GW energy density as an integral over the cosmological emission history of a
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population of compact binaries. Its derivation rests on a set of assumptions that should
be made explicit before the spectrum is used as a benchmark. (i) Statistical stationar-
ity: the differential merger rate density is treated as a smooth, time-translation invariant
function of the chirp mass and mass ratio over the observation timescale and over the
light-crossing time of the relevant frequency bin; (ii) incoherent superposition: the num-
ber of binaries per logarithmic frequency interval is large enough that Poisson fluctuations
from individually bright sources are subdominant; (iii) continuous chirp, (iv) circular, GW-
driven inspirals. Departures from any of (i)-(iv) modify the spectral index, so the value
v = 13/3 should be regarded as a benchmark expectation rather than a robust predic-
tion. In fact, as we will see, a great part of the content of this thesis is about going beyond
this approximation and showing why it is not a good ansatz.

The spectral index ¥ encodes the physics of the source. An ensemble of SMBH bina-
ries hardening solely by GW emission on circular orbits is expected to produce a back-
ground with [110], Qgw (f) < f2/3 corresponding to the characteristic frequency evolu-
tion df/dr o< £11/3 from the chirp equation (27). This can be seen immediately: since each
binary contributes dEgw /dIn f o< fz/3 (from the quadrupole formula and Kepler’s third
law), and the number of binaries per logarithmic frequency interval scales as dN /d1n f o<
|Taw (f)]~" o< £~8/3 (from Eq. (65)), the total energy density per logarithmic frequency
interval Qgw (f) o (dEgw /dIn f) x (AN /dIn f) o< £2/3 follows. At the frequencies acces-
sible to PTAs, the effective dimensionless GW amplitude is

he(fyr) =Agws ~ 10712 =107 (77)

corresponding to timing residuals of order 8¢ ~ h./f ~ 10-100ns, comparable to the
timing precision of the best-monitored MSPs. This remarkable coincidence of signal and
sensitivity is what makes PTAs viable GW detectors.

2.6.3 The 2023 PTA signal and the current observational status

In 2023, four independent PTA collaborations simultaneously announced evidence for a
stochastic GW background through the detection of the HD spatial correlation [10, 17,
116, 144, 9]. The NANOGrav 15-year data set (NG15) reported a signal with characteristic
strain amplitude Agwg = 2.4707 x 10713 at f,, and spectral index ¥ = 3.2 £ 0.6 [10]. The
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Figure 5: Left panel: Posteriors on Agwg and y from a fit of the power law of Eq. (76) to the
NANOGrav 15-year measurements; the dashed line marks the value y = 13/3 predicted for a
GW-driven population of inspiralling SMBH binaries. Right panel: Best-fit power law (solid) com-
pared with the NANOGrav 15-year measurements (violins); the dashed line shows the best fit when
y=13/3 is imposed. Adapted from Paper VII [53], © 2024 American Physical Society.

spectral shape of the signal is of particular importance for identifying the source. Pure
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GW-driven circular SMBH binaries predict ¥ = 13/3 in the power-law parametrisation of
the timing residual spectrum P(f) o« f~7. We can see in Fig.5 the posteriors on Agwp and
vy from fitting a simple power-law parametrisation to the NANOGrav data, which is com-
patible with a softer spectrum (y < 13/3 at 99% confidence level), hinting that the SMBH
binaries may be experiencing additional environmental energy losses beyond GW emis-
sion at the frequencies probed by the PTA band. Binaries at separations above the “final
parsec” — the separation below which GW emission dominates the inspiral — interact
with their stellar and gaseous environments through dynamical friction, stellar harden-
ing, and viscous drag from circumbinary discs [52]. These processes accelerate the binary
evolution, depleting the low-frequency end of the GW background and steepening the
spectral tilt, precisely consistent with the NG15 observations [52]. We will return to this
point later, where we model the SMBH binary population and its environmental evolu-
tion. On the right panel of Fig.5, we can see how the best fit looks compared to the data.
It is especially relevant to see that the reason why the GW-only evolution, shown with a
dashed line, cannot reproduce the observations properly is that it is too flat and cannot
match the lowering of the amplitude at smaller frequencies. It compensates for it with a
lower amplitude but a worse overall fit.

2.7 Detector landscape

Now that we have introduced the basics of GWs, and we have shown the difference be-
tween LIGO binaries and stochastic backgrounds such as those detectable with PTAs, it is
going to be useful to introduce the landscape of planned detectors. We can see in Fig.6
the sensitivity of the different detectors as compared to the extension of the model we
will develop to fit the PTAs. We are getting ahead of ourselves here, but the point is just
to compare the frequencies that each detector is sensitive to and what kind of BH mass it
approximately corresponds to.
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Figure 6: The GW energy density spectrum Qgaw as a function of frequency for merging SMBHs of
different mass ranges (coloured bands), compared with the design sensitivity curves of a represen-
tative set of current and future GW observatories. Reproduced from Paper VI [54], © ESO 2023.

At the lowest frequencies, f ~ 1072-10"7 Hz, PTAs — represented here by the In-
ternational PTA (IPTA30) sensitivity curve — are sensitive to GWs with periods of order
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years to decades. The characteristic frequency scale of a merging binary is set by its total
mass; binaries in this band correspond to the final inspiral of the heaviest SMBHs, with
total masses M > 10° M., and it is precisely this population that is responsible for the
stochastic GW background recently detected at nHz frequencies [11, 52].

Bridging the gap between PTAs and ground-based detectors, the space-borne laser in-
terferometer LISA will operate in the millihertz band, f ~ 1075-10~! Hz. The arm-length
of 2.5 x 10° km, set by five-million-kilometre laser links between three free-falling space-
craft, optimises sensitivity around f ~ 103 Hz and makes LISA the natural observatory
for mergers of SMBHs in the mass range 10* M, < M < 107 M., reaching SNRs of order
10* for the heaviest events.

Filling the so-called “mid-band” between LISA and the ground-based network, f ~
0.01-10Hz, are the proposed atom interferometers AION-km and AEDGE. These detec-
tors exploit the quantum-mechanical interference of laser-cooled atomic clouds rather
than macroscopic mirrors, and their baseline lengths, from one kilometre on the ground
(AION-km) to a thousand-kilometre satellite separation (AEDGE), place their peak sensi-
tivity squarely in the frequency window where intermediate-mass black hole (IMBH) bina-
ries with 103 M., <M < 10° M., radiate most of their GW energy. As the figure illustrates,
AEDGE has superior reach for the lower end of this mass range, while LISA and AEDGE
have complementary and overlapping coverage around M ~ 10° M.

At the highest frequencies, f ~ 1-10% Hz, ground-based laser interferometers, LVK
network and the proposed Einstein Telescope (ET), are sensitive to GW emission from
stellar-mass and light intermediate-mass compact binaries with M < 10° M. The ET, a
cryogenic underground instrument with 10 km triangular arms, will extend the accessi-
ble volume by roughly two orders of magnitude in luminosity distance relative to current
detectors.

Taken together, the ensemble of detectors depicted spans more than twelve orders
of magnitude in binary total mass, providing a continuous spectroscopic window onto
BH populations from stellar remnants to the most massive objects in the Universe. We
note that the PTA frequency band naturally connects to the lower-frequency regime of
space-based interferometers such as LISA, which will be sensitive to GWs in the tHz-mHz
band. LISA will be able to resolve individual SMBH binary coalescences at high redshift,
while PTAs measure the incoherent background from the entire unresolved population.
Together, the two probes provide complementary windows on the SMBH mass function
and its cosmological evolution, a point that we will explore in this thesis. In order to do
this, we will introduce structure formation, which informs us about the galactic mergers.
LIGO binaries are a function of the star formation rate since they reflect the stars that
die and become BHs, but the SMBH merger and evolution cannot be disentangled from
structure formation and as we will discuss, the DM model.
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3 Structure formation in different dark matter models

Galaxy mergers drive the coalescence of the SMBHs residing at their centres, and the
gravitational evolution of large-scale structure that governs these mergers is itself dictated
by DM, which dominates the gravitational mass budget of the universe. Beyond the two-
body problem, gravity admits no closed-form analytical solution, and one must resort to
numerical methods. N-body simulations have risen to this challenge over the past few
decades with spectacular success, resolving the hierarchical assembly of structure across
cosmic time with ever-increasing fidelity. Yet a complementary and remarkably powerful
analytical approach exists.

The universe emerged from the epoch of recombination at z ~ 1100 as a nearly fea-
tureless matter distribution, with tiny density fluctuations imprinted on the CMB. The sta-
tistical properties of these primordial perturbations are encoded in the CMB anisotropies,
and under the assumption of linear growth their subsequent evolution offers a surprisingly
accurate window onto cosmic structure— a striking instance of an inherently gravitational
problem yielding to a far simpler, non-gravitational perturbative treatment. In this sec-
tion, we develop the analytical framework for structure formation: beginning with linear
perturbation theory and the matter power spectrum, proceeding through the spherical
and ellipsoidal collapse models, and culminating in the Press-Schechter and extended
Press-Schechter (EPS) formalisms for the halo mass function (HMF). We further improve
upon the classical EPS treatment by introducing a revised window function and a new fit-
ting form for the ellipsoidal collapse barrier. From this foundation, we derive the HMF,
the halo-halo merger rate, the accretion rate onto forming BHs, and the evolution of the
baryonic matter and BHs across cosmic time.

3.1 The Linear Density Field and its Statistics

Let us begin with the description of the original density fluctuations of matter, which will
seed the first structures. Inflation predicts that the primordial density perturbations form
a Gaussian random field with a nearly scale-invariant power spectrum. In the matter era,
the fractional density contrast 8(x,7) = [p(x,7) — p(¢)]/p(¢) evolves according to the lin-
earised continuity, Euler and Poisson equations, which in comoving coordinates give

S +2HS —4nGp S =0, (78)

where H = d/ais the Hubble parameter and a(z) is the scale factor. This equation admits a
growing solution 8(x,¢) = D(t) dy(x), where D(¢) is the linear growth factor, convention-
ally normalised to unity at present #p, and &y (x) is the density field linearly extrapolated to
z=0. In ACDM, D(¢) must be obtained by numerical integration of Eq. (78), but it scales
approximately as the scale factor in the matter-dominated era. Because the density field
is a Gaussian random field, its statistical properties are completely characterised by the
two-point function, or equivalently by the power spectrum P(k), defined through

(8(k) 8" (K)) = (27)° P(k) 85 (k —K'), (79)

where 6 (K) is the Fourier transform of (x) and 6p is the Dirac distribution. The variance
of the density field follows as
I 0 dk
= ()= Pkkzdk:/ A*(k) — 80
0?=(8) =53 | PORa= [ 20T, (80

where A?(k) = k3P (k) /(27?) is the dimensionless power spectrum. A central quantity in
what follows is the smoothed density field. For a window function W (x; R) of character-
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istic scale R, the smoothed field is
S(x;R) = /S(X/)W(x—x’;R)d3x/, (81)

which in Fourier space reduces to &(k;R) = & (k)W (kR). The three most commonly em-
ployed filters are the real-space top-hat (for which the corresponding massis M = g—‘nR3[)),
the Gaussian, and the sharp k-space filter; their Fourier transforms are, respectively,

Wrn (kR) = (k%ﬁ [sin(kR) — kRcos(kR)] , (82)
W (kR) = exp ( ("’;)2) , (83)
Wi (kR) = ©(1 —kR), (84)

where O is the Heaviside step function. We will elaborate later on the problems of these
window functions when considering exotic DM models, and we will motivate our pro-
posed window function. The mass variance of the smoothed field is then

1

c*(M)=c*(R) = 5

/0 P(k)W2(kR) K> dk, (85)
and it plays a fundamental role in the Press-Schechter formalism. The cosmological pa-
rameter oy is defined as the root-mean-square of the linearly extrapolated density field at
z =0 when smoothed with a top-hat filter of radius R = 8 h~! Mpc; its currently favoured
value is og ~ 0.81[13]. In hierarchical CDM cosmologies, o (M) is a monotonically decreas-
ing function of mass: small scales are more strongly fluctuating than large ones, which
implies that low-mass structures collapse first and subsequently merge into progressively
more massive haloes — the bottom-up, or hierarchical, picture of structure formation.
This is not always true and we will explore both fuzzy dark matter (FDM) and warm dark
matter (WDM), for which there is a hard cut-off of the small scales because there are pro-
cesses preventing the collapse of the lightest halos. We will elaborate on this further in
the next sections.

3.2 Suppressed small-scale structures

The hierarchical build-up of structure described above is a hallmark of the standard CDM
paradigm, in which the DM power spectrum extends to arbitrarily small scales. Two well-
motivated alternatives predict a sharp suppression of structure below a characteristic
mass scale, and both play an important role in the analysis presented later in this the-
sis.

The first is FDM, in which the DM is a coherent condensate of an ultra-light bosonic
field with mass mppy = ﬁ’(lO_22 eV). The quantum nature of FDM modifies the pertur-
bation equations at the level of the field’s equations of motion. The DM field y obeys the
Schrodinger-Poisson system,

2

ihoy=— VY +mppn @y, V@ =47Gpa’$§, (86)

ZmFDMa

where a is the scale factor and @ is the Newtonian gravitational potential. Writing v =
\/P/mepm €’ and defining the velocity field v = (71/mgpma) V8, the Schrédinger-Poisson
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system is exactly equivalent to the continuity and Euler equations for a pressureless fluid
plus an additional quantum pressure term. The resulting fluid equations read

3+2V-[(1+6)V}=0, (87)

i1 1 n? V2
V+gv+f(v~V)v:——VCI>+ 5 3V< \Fp>, (88)
a a a 2mpva VP
where the last term in Eq. (88) is the quantum pressure, sometimes called the quantum
Bohm potential. In the linear regime 6 < 1, Fourier transforming and working to first
order yields the linearised equation for the density contrast,

N . B2t

5]( + 2H5k = <47'EG[3 - 424) Sk. (89)
Mepmd

The first term on the right-hand side is the familiar gravitational instability term, while the

second is the quantum pressure contribution. The two balance at the Jeans wavenum-

ber, defined by setting the bracket to zero. Evaluating this condition at matter-radiation

equality one obtains [97]
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Modes with k 2 kjy oscillate rather than grow, so the power spectrum is exponentially sup-
pressed on scales below the corresponding Jeans mass. Equivalently, the effective sound
speed of the FDM fluid is ¢? =~ 1°k? / (4m?p,a?), which is scale-dependent and vanishes
in the limit mgpy — oo, recovering the pressureless CDM limit. Because the linearised
Eq. (89) does not capture non-linear effects and the mismatch between the Schrédinger-
Poisson and fluid representations at high densities, in practice one employs an effective-
fluid approximation whose parameters are calibrated against the full solution of the Klein-
Gordon equation [75, 106]. We employ the fitting formula of [106],

sinx" k
Te(k) = ——— —A— 91
F( ) x”(l +B)C67n) ) X k] 5 ( )
where A = 2,22} T1/1000m2) (B 16 }/%°, and myy = mepy/10-22€V. An ad-

ditional feature of FDM that distinguishes it from CDM at the non-linear level is the for-
mation of solitonic cores at the centres of DM halos. These are coherent, quasi-stationary
solutions of the Schrédinger-Poisson system whose central density is roughly constant
and whose radius scales inversely with the halo mass. While the mass within the soli-
ton can be a non-negligible fraction of the total halo mass, the soliton is generally less
dense than the NFW cusp that CDM simulations predict, and this difference in the central
concentration has consequences for GW wave optics effects.

The second class of models features Warm Dark Matter (WDM), in which the DM
particles are semi-relativistic at production, with a characteristic thermal mass mwpy =
O (keV). Unlike FDM, the suppression of structure in WDM is a purely classical, kinetic
effect: the finite thermal velocity of the particles prevents them from clustering on scales
smaller than their free-streaming length. At the level of the Boltzmann hierarchy, the
WDM phase-space distribution f(x,p,?) obeys

of  pi of 0P af _

- — -— = 92
ot anmwpm oxi WDM ox! 8p,» ’ (92)
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i.e. the collisionless Boltzmann equation in the expanding universe. Unlike CDM, whose
distribution function is effectively a cold delta function in momentum space, WDM pos-
sesses a thermal Fermi-Dirac spectrum. The non-zero velocity dispersion damps pertur-
bations on scales below the free-streaming length

mwpm \ ~4/3
Ao~ (F) T Mipe, (93)

which washes out structure on the corresponding scales. In a similar way as with FDM,
computing the precise cut-off requires tracking the relativistic-to-non-relativistic transi-
tion through the full Boltzmann equations. This yields the well-known transfer function [27,
71, 140]

Ty (k) = [1+ (k)] > (94)
with 4 =1.12 and
mwom1-111 [Qom 191 [ 5 112
— 0.04 2 ! Mpe. 95
@ =00 9[ keV } [0.25] 0.7 pe (93)

Unlike the FDM Jeans scale, which depends on the field equations of motion and is there-
fore a dynamical cut-off that evolves with redshift, the WDM free-streaming length is set
at production and is essentially a geometric property of the primordial phase-space dis-
tribution. Both physical mechanisms thus lead to the same qualitative consequence, a
plateau in 6%(M) and a truncated halo mass function at low masses, but they differ in
the slope of the transition, the shape of the transfer function, and the nature of the halo
cores they produce.
In both models, the modified matter power spectrum takes the form

gzsup(k) = TJ(k)2 @CDM(k)7 (96)

where Zcpm (k) is computed using the transfer function of [49]. The practical effect is to
flatten o (M) below the respective Jeans or free-streaming mass scale, suppressing halo
formation in a regime that is precisely the target of the observational probes discussed in
Sections 5.2 and 4.

3.3 Enhanced small-scale structures

Certain DM models predict the opposite behaviour: a significant excess of power on small
scales relative to CDM. We consider two such scenarios that are relevant to the work in
this thesis. In axion-like particle (ALP) models where the global U (1) symmetry is bro-
ken after inflation, the Kibble mechanism generates large-amplitude small-scale density
fluctuations that seed the formation of axion mini-clusters [85]. This mechanism imprints
a white-noise contribution to the matter power spectrum [60, 62, 50], and the overall
spectrum can be approximated as

Penn(k) = Pepm(k) + Pepm(ke) (97)

where the single parameter k. encodes the scale above which the white-noise contribu-

tion dominates. For ALPs this characteristic scale is related to the particle mass by [77]
m 0.6

k. ~3hMpc~! [7”} , 98

¢ Pe [ To18ev (58]
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with an upper cutoff at ke, ~ 300Mpc ™! (m, /10~18eV)!/2 set by the horizon scale at the
onset of axion oscillations. Throughout the parameter space we explore, this cutoff lies
well above k..

A similar white-noise enhancement arises in scenarios where a significant fraction of
DM resides in heavy primordial BHs (PBHs). Each PBH acts as a discrete, massive seed that
imprints a Poisson-noise contribution to the power spectrum [79, 44]. The characteristic
scale of this contribution is determined by the mean comoving separation between PBHs,

fpBHMPBH
10* M,

1/3
104M@] / 99)
MpBH ’

—04
ke ~ 6hMpc ! { } ; keut = 900 Mpc ™! [fPBH

where fppy is the DM fraction in PBHs. Below k., there is, on average, fewer than one
PBH per comoving volume element, and the seed effect [37, 36, 34] drives the growth
of DM overdensities. The white-noise regime is realised when k. < k., which requires
feBH > 10_4(mpBH/104M@)_0‘09.

3.4 Spherical collapse

We have started showing the statistics of density perturbations and how they change for
different DM models. Now, we will turn to how these densities can collapse into virialised
objects and essentially decouple from the expansion. The simplest model for the forma-
tion of a gravitationally bound DM halo is the spherical top-hat collapse model. Consider a
spherical region of uniform overdensity §; > 0 embedded in a uniformly expanding back-
ground. The evolution of the shell at radius r enclosing mass M is governed by

GM

A
2+*

e (100)

i': =
;
where the cosmological constant term A/3 is negligible during matter domination. Com-
bining this with energy conservation, one obtains the parametric solution in an Einstein-
de Sitter (EAS) universe, Q,, = 1
i
0)=—=(1- 2] 101
r(0) = 55 (1-cos6)., (10)
T 6 —sin6
(0) = S
2H(1+ )12 (1+8)1/2

(102)

where 6 € [0,27] is a development angle and r;, H;, §; are the initial radius, Hubble pa-
rameter and overdensity, respectively. The shell detaches from the Hubble flow at turn-
around when 7= 0, which occurs at 0 = &, after which it re-collapses. Formally, the sphere
reaches zero radius at 8 = 2x. The physical picture is that shell-crossing and violent re-
laxation convert the ordered infall into a virialised, quasi-equilibrium DM halo before the
singularity is reached. By the virial theorem, the final virialised radius is ryi. = ri, /2, where
rta is the turn-around radius. The mean density inside the virialised object can be com-
puted from the parametric solution, giving a characteristic overdensity

A, = Phalo 1972 1178 (103)

in an EdS universe. In ACDM the virial overdensity is a weak function of redshift and
cosmological parameters; a common approximation is A.(z) =~ 187> +82(Q(z) — 1) —
39(Qn(z) — 1), which approaches the EdS value during matter domination.
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The key quantity from the perspective of the Press-Schechter formalism is the criti-
cal linear overdensity for collapse, o.. If we linearly extrapolate the initial overdensity 6;
forward to the time 7., at which the sphere formally collapses, we obtain the overdensity
that the density field would have if it had continued to evolve linearly. For an EdS universe
one finds the remarkable result that this linearly extrapolated overdensity is a universal
constant

8 = Sinlteol) = %(127:)2/3 ~ 1.686. (104)

This value is largely insensitive to the background cosmology: in ACDM, &, changes by
less than 1% over the redshift range 0 < z < 5. The universality of d. ~ 1.686 is the
cornerstone of the Press-Schechter formalism. A region in the linear density field with
60(x) > 8./D(t) will have collapsed by time 7 to form a virialized DM halo; equivalently,
using the convention in which the linear density field is held fixed and the collapse barrier
evolves, 6.(t) = 6,/D(t).

3.5 The Press-Schechter Formalism

With the spherical collapse model establishing a universal collapse threshold 6. ~ 1.686,
and the linear density field providing a probabilistic description of the initial conditions,
Press & Schechter (1974) [112] proposed a remarkably elegant framework for computing
the abundance of DM haloes as a function of mass and redshift.

3.5.1 The Basic postulate

Let &p(x) be the density field linearly extrapolated to the present day, and let & (x; M) be
the same field smoothed on a mass scale M using a top-hat filter. Since &y (x) is a Gaussian
random field, the smoothed field 8 (x; M) is also Gaussian at each point x, with zero mean
and variance GZ(M). The probability density function of § at a given location is therefore

1 5?

The Press-Schechter postulate states that the fraction of mass that at time ¢t is locked up
in haloes with mass greater than M is equal to the probability that the smoothed linear
density field exceeds the collapse threshold &, (t):

F(>M.1) = 2P[8(x;M) > 8.(¢ / (8:M) d5—erfc(\/§c(2w)) . (106)

where erfc(x) = 1 —erf(x) = (2/y/7) [ ¢~""dt is the complementary error function. The
factor of two is a fudge factor introduced by Press & Schechter themselves to correct
for the fact that, as noted above, integrating the Gaussian only over positive § accounts
for only half the total mass. Underdense regions are surrounded by larger overdense
regions and will eventually be swept up into virialised objects; the factor of two is meant
to account for this mass. Below, we will see that the excursion set formalism provides a
rigorous derivation of this factor.

3.5.2 The Halo mass function
The HMF n(M, 1), the comoving number density of haloes with massesin the range [M, M +
dM], follows from the Press-Schechter fraction by

OF (> M,t)

_F
n(M.1)dM = ‘ S| M (107)
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where p is the mean matter density of the universe. Substituting Eq. (106) and using the
chain rule,

aF N (9 55 do o 2 6¢ 75.2/(20.2) do
oM 0 erfc(ﬂg-) ‘am~ Vro2© dm’ (108)
so that
25 & 5 \ |dlno
n(M1) = 7tMZG(M)eXp<_262(M)> ’dlnM : (109)

This is the Press-Schechter mass function. It is conventional to introduce the peak-height
variable v = 6.(¢t) /o (M) and the multiplicity function f(v), such that

dMm, Sfrs(v) = \/EVe"z/z . (110)

Note that v encodes both the mass and time dependences through §.(t) o< D~!(¢) and
o (M); the time evolution of the halo abundance is thus encoded entirely in the single
parameter v. Several important features follow immediately from Eq. (109):

dinv
dlnM

n(M,t)dM = %fps(v) ‘

e Low-mass end (M < M,, v < 1): Since o(M) increases as M decreases in a CDM
cosmology, v — 0 as M — 0, and n(M) M~2 modulo logarithmic corrections.
The mass function rises steeply towards low masses, predicting an abundance of
sub-galactic and sub-stellar haloes.

e High-massend (M >> M,, v > 1): The exponential factor e*Vz/2 causes an exponen-
tial suppression of the halo abundance above M,.. Massive haloes are rare precisely
because the probability of finding a region with § > J. decreases rapidly with the
mass scale.

e Mass normalisation: The mass fraction [;” fps(v)dv/v = 1 (by construction, once
the factor of 2 is included), ensuring that all matter is eventually locked up in col-
lapsed haloes.

The factor of two in the Press-Schechter formalism, while empirically motivated, lacks a
rigorous derivation within the original framework. Moreover, the PS ansatz suffers from
an internal inconsistency known as the cloud-in-cloud problem: if a mass element at posi-
tion x lies above the threshold 6. when the field is smoothed on scale M7, but below the
threshold when smoothed on a larger scale M, > M, to which halo does it belong? These
difficulties were resolved by Bond et al. (1991) [29] through the excursion set formalism,
also known as Extended Press-Schechter (EPS) theory.

3.6 The extended Press Schechter formalism

The EPS ansatz states that the fraction of mass elements whose trajectory first upcrosses
the barrier &, at a value of S between S and S1 + dS equals the fraction of mass that at
timet resides in haloes with masses between M and M +dM, where M and S are related by
S=o02 (M). This prescription resolves the cloud-in-cloud problem elegantly. A trajectory
that crosses the barrier at S = S; and then returns below it at S > S| is interpreted as a
mass element that is incorporated into a halo of mass M, at time ¢ and has not yet been
incorporated into a larger halo. The first upcrossing picks out the smallest enclosing halo,
which is the physically relevant one.
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For a flat barrier 8. and Markovian random walks, the first-upcrossing distribution
Sfru(S, &) can be computed analytically. The key insight is that, for a Markovian walk, any
trajectory that crosses d,. at some Sy < S and then returns to 6 < 6, at S| has an equally
likely mirror image that starts above &,. The fraction of trajectories with first upcrossing
between S and S +dS is

16 5?2

This is related to the PS multiplicity function by fry(S,d,) = Zisfps(v) with v = §./V/S.
Substituting into the EPS mass function
ds

— |dM (12)

n(M.1)dM = % fro(8,8.) | 5

reproduces exactly the Press-Schechter mass function Eq. (109), but without any fudge
factor: the factor of two arises naturally from the method-of-images argument, which ac-
counts for trajectories that were previously above the barrier (i.e., mass elements that
were once part of a larger collapsed structure at an earlier time and have since been dis-
persed, only to re-collapse into a smaller halo).

20

15¢

20 40 60 80 100
S

Figure 7: Random path demonstration to illustrate the EPS formalism, the dashed lines represent
the spherical collapse and the moving barrier, the elliptical collapse.

To make the argument explicit, consider the ensemble of all random-walk trajectories,
like in Fig.7 by looking at the dashed uniform barrier. A trajectory B that, at variance S,
lies below the barrier but has previously crossed it at S < S, is a missed trajectory in the
naive PS counting: the mass element appears to be uncollapsed at scale M, but it has a
history of having been part of a larger halo. The mirror image B’ of B reflected across &, is,
by the Markovian property, equally probable. Counting B’ alongside B effectively doubles
the counting of trajectories that cross the barrier at S, precisely providing the factor of
two.

3.7 Conditional probabilities

Although the EPS formalism is a convenient way to derive halo merger trees and thereby
BH histories, it has its drawbacks, mainly that halos with masses below ~ 108 Mg, are too
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abundant and computationally expensive to include (although this can be improved by an
adaptive resolution [131]). For this thesis, | have aimed to overcome these drawbacks by
applying the EPS formalism directly to the evolution of halos without invoking the halo
merger tree step, which breaks the math behind the EPS formalism.

As we have started by describing in this section, in CDM, the variance of matter per-
turbations S(M) is a monotonically decreasing function of the halo mass M: S(M) — 0 as
M — oo. Thus, we can replace M by § = S(M) and the matter overdensity field § around
each spatial point evolves along a path in the (S(M), d) plane that originates from (0,0).
If the path is not initiated in (0,0) but instead at (S, d), the probability to get to the point
(§,8"), §' > S becomes P(6'|8,S,58") = P(6' — §|S" — S). The probability for a path start-
ing at (S, &) to cross the threshold 8’ = 6.(z) > & = &.(z) at variance larger than §' is, in
the same way as before but given by

6 -6
§5.516,8)=1—erf | ———— 113
PFC( ) | ) ) er [ 2(Sl—S)‘| ) ( )

and the probability for the path to cross the threshold &’ in the range (8,8 +dS’) is

dPFC(5/7S/|61S)

prc(8',5'8,8)ds" = i ds’
I_s)2 (114)
— ﬂei (26(5’2) ds’.
2r(S' —S)3

From this one can compute what fraction of the mass M of a halo at z on average comes
from a halo of mass M’ in the past, 7 > z. If instead, we want to compute how the mass
of the halo M’ at 7 is going to be distributed in heavier halos M > M’ in some later time
z < 7/, we need to invert the conditional probability (114). This gives the probability that
a path that starts at (§’,5’) crosses the threshold § in the range (S, S+ dS) (see Eq. (2.16)
in [88]):

prc(6,5(0,0)
ppc(6/,S/‘0,0)

3
'\ 2 n 52
— prc(8',5']5.5) (SS> (g) e

ppc((s,S|5/,S/)dS:ppc(5/,S/|5,S) ds

(115)

A change of variables then gives the probability that the halo whose mass at 7’ is M’ ends
up being a part of a halo in the mass range (M,M +dM) atz < 7"

ds
— |dM. (116)

dP(M,z|M',7') = prc(8,5|8',5) o

This allows us to compute the evolution of the HMF forward in time from 7/ > zto z as

dn(z) _/M ydn(2') M" dP(M z|M",2)
0

: (117)
dM dM’ M dM

It is easy to check that this formula holds by inserting the HMF in the right-hand side and
performing the integral. We will elaborate on a similar formula to track the evolution of
baryons and SMBH inside galaxies.
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3.8 Ellipsoidal collapse and the moving barrier

The spherical collapse model is a powerful conceptual tool, but it rests on the assumption
of perfect spherical symmetry, which is never realized in a generic cosmological density
field. In reality, the tidal field of the surrounding large-scale structure breaks spherical
symmetry, and the collapse of a generic overdense region is expected to be triaxial, or
ellipsoidal. While the PS mass function was in acceptable agreement with the N-body
simulations available up to the late 1990s, the Millennium Simulation [127] and subse-
quent runs with improved statistics revealed systematic discrepancies: the PS mass func-
tion over-predicts the abundance of low-mass haloes and under-predicts the abundance
of massive haloes, with the discrepancies growing at higher redshifts.

The ellipsoidal collapse model was developed by Zel'dovich [145] and subsequently
cast in a form directly applicable to Press-Schechter theory [125]. The starting point is
the observation that the initial tidal field at a given point can be decomposed into its
eigenvalues A; > A, > A3 (with A; + A, + A3 = &), which determine the collapse rates
along the three principal axes. Zel'dovich’s approximation for the displacement field,

x(q,t) =q—D(t)V¢(q), (118)

where q is the Lagrangian (initial) position and ¢ is the potential, predicts that collapse
first occurs along the axis with the largest eigenvalue. The first collapse produces a sheet
(Zel'dovich pancake), followed by collapse along a second axis to form a filament, and
finally along the third axis to form a compact knot, i.e. the DM halo.

The ellipsoidal collapse of an object characterised by overdensity 6 and tidal ellipticity
e and prolateness p (defined from the eigenvalues of the tidal tensor) requires a higher
overdensity at the moment of final collapse than the spherical case. To see this quantita-
tively, note that an oblate body with A3 < A, ~ A; has its longest axis resisting collapse;
the extra tidal stretching must be overcome by a larger initial overdensity. Sheth, Mo &
Tormen showed that the critical linear overdensity for ellipsoidal collapse is well approxi-

mated b
Y 5((32 ipz) 0.615
1+0.47 () , (119)
02/c? ]

wheree = (A —A3)/(20) and p = (A —2A,+ A3)/(20) are the ellipticity and prolateness
of the tidal field. The critical overdensity is always larger than §, = 1.686, and increases
for more asymmetric configurations. In the spherical limit e = p = 0, Eq. (119) reduces to
the standard result.

The distributions of ¢ and p are determined by the statistics of the Gaussian density
field. Since the tidal tensor is a symmetric 3 x 3 matrix, its eigenvalues follow from the
joint distribution of a Gaussian random matrix (the Wigner-Dyson distribution). For a
Gaussian random field, the distribution of e at fixed 0 is

5282
p(e]8) ezem(—zdz ) 7 (120)

and similarly for p. Averaging over the most probable values of ¢ and p conditional on the
variance S = 6(M), Sheth, Mo & Tormen arrived at an effective moving collapse barrier:

S 0.615
1+o.47(62> ] (121)

where S = ¢? (M) is the mass variance defined in Eq. (85). This is the central result of
the ellipsoidal collapse model as applied to Press-Schechter theory, for reference it can

(sec(evpvs) ~ 60

Oec(S) =~ O,
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be compared to the spherical one in Fig.7. Crucially, the barrier d.c(S) is not constant
but increases as S increases (i.e., as halo mass decreases). Less massive structures, which
reside in regions with larger mass variance, require a higher overdensity to collapse than
more massive ones, because their tidal environments are more asymmetric on average.
This moving barrier is qualitatively distinct from the flat barrier &, of the spherical collapse
model, and as we shall see, its introduction substantially improves the agreement of the
analytic mass function with numerical simulations.

It is instructive to compare the two barriers visually as in Fig.7. At the mass scale
M = M, where S = §2, both barriers coincide: .. = &, = 1.686. At a scale one dex below
M., where S ~ 582, the ellipsoidal barrier gives 8. ~ 1.686 x [1 +0.47 x 5%615] ~ 2.3,
compared to 1.686 for the spherical case. This ~ 30% upward shift in the collapse thresh-
old suppresses the abundance of low-mass haloes relative to the spherical collapse pre-
diction, a correction that is in better agreement with N-body simulations.

3.9 Ellipsoidal collapse and the Sheth-Mo-Tormen mass function

The natural improvement is to replace the flat spherical-collapse barrier with the moving
ellipsoidal-collapse barrier d.c(S) of Eq. (121). For a moving barrier, the first-upcrossing
statistics can no longer be computed analytically, and Sheth, Mo & Tormen (2001) [125]
used Monte Carlo random-walk simulations to determine the multiplicity function. Their
result is well approximated by

fee(v) =0.322 (1+\7(1)-6> fos(V),  V=084v, (122)

where the normalisation 0.322 is set by requiring [;° fec(v)dv/v = 1. The resulting
Sheth-Mo-Tormen (SMT) mass function is

dinv

_— 123
dinM |’ (123)

nsmr(M,t) = %fEC(V) ’

which compared to the PS prediction suppresses the abundance at low masses and en-
hances it at high masses, in much better agreement with N-body simulations. Specifically,
when compared to the Millennium Simulation data using a friends-of-friends halo finder,
the SMT mass function reduces the fractional residuals from ~ 30-50% (PS) to < 10-20%
(SMT) across four decades in halo mass.

A particularly important physical interpretation of the SMT improvement concerns the
role of the tidal environment. The moving barrier encodes the fact that less massive ob-
jects need to overcome a higher effective collapse threshold because their environments
are, on average, more asymmetric and subject to stronger tidal shear. In physical terms,
small-scale overdensities are embedded in larger-scale structures (filaments, sheets) that
resist collapse along some directions; it is the competition between self-gravity and tidal
stretching that sets the effective barrier height and thus the mass function at low masses.

The SMT mass function, along with various further calibrations against simulations,
form the basis of modern semi-analytic and semi-numerical models of structure forma-
tion. Crucially, it is the HMF that sets the initial conditions for the semi-analytic models of
SMBH seeding and growth that we employ in this thesis.

3.10 Improving the Sheth-Mo-Tormen approach

With the two collapse models and the range of DM power spectrain hand, we can now dis-
cuss the technical improvements to the EPS formalism that are developed and exploited
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throughout this thesis. These improvements concern two related issues: the accurate
computation of conditional first-crossing probabilities for a moving barrier, and the choice
of a smoothing filter that performs well across both CDM and non-standard DM models.
Although the improvement seems small, it is conceptually very important for different DM
models because it allows us to compute the evolution of the halos in non-standard DM
models in a systematic and unified way.

3.10.1 Conditional first-crossing distribution in the ellipsoidal model

1
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Figure 8: Left panel: Unconditional first-crossing distribution v ppc (V) for the spherical (PS) and el-
lipsoidal (SMT) barriers. Other panels: Conditional first-crossing distributions pgc (S|So) for random
walks starting at So = 10, for different values of zg and z — zy. The red histograms are Monte Carlo
random walks; the black solid, orange dashed and grey dotted lines are the ellipsoidal-collapse esti-
mates with ¢ = 0.80 and g = 0.707 and the spherical-collapse (PS) result, respectively. Reproduced
from Paper V [133], © ESO 2025.

For the conditional mass function, we require first-crossing statistics for random walks
that begin at a non-zero starting point (So, 8) with 8 = 0.11(S0,z0). The simplest ap-
proach, used by Sheth, Mo & Tormen [125], is to shift the barrier and variance by &, (z) —
Osp(z) — Osp(20) and S — S — So. However, as illustrated in Fig. 8, this ansatz does not ac-
curately reproduce the distribution of first-crossings obtained from explicit Monte Carlo
random-walk simulations, particularly when the redshift interval is large. A substantially
better estimate is given by

, Vv e V2
S.z| S =A"|l PN 124
PFC( 7Z‘ Oazo) [ +(aV) } o S*S() 3 ( )
where 5
v 8ip(2)? 7 v [8eit (2, S0) — &en(z0,S0)] 7 (125)
S S—So
and the normalisation constant in the limit z — zg is
-1
S . 2 P
A= |14 (a “’(ZO)) ] . (126)
So

Here a = 0.707 and p = 0.3 as in the standard SMT barrier. This expression recovers
the analytical estimate of [146] in the limit z — z9, and crucially also agrees well with
numerical results for large redshift separations z — zy > 0, a regime not captured by the
earlier approximation. From the first-crossing probabilities one constructs the probability
density that a halo of mass M’ at redshift 7 ends up as part of a halo of mass M > M’ at
alatertimez < 7,

dP(M,z|M',2)
am

ds

dm

prc(S5,2)

= prc(S.7 ]S,
pFC( Z ‘ Z) PFC(S/,Z/)

: (127)
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which in turn gives the mean halo mass accretion rate

ds |

dM (2 d8a(S(M),2) | dS
dM

© =V i S(M)—S(2M). (128)

This estimate improves upon that of [41] in two respects: it incorporates the correction
from ellipsoidal rather than spherical collapse, and it is based directly on the expected
halo mass growth rather than the expected mass of the main progenitor. Both estimates
agree to within a factor of two across a broad range of halo masses and redshifts.

3.10.2 A new smoothing filter
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Figure 9: Variance S = o2 of matter perturbations (upper panel) and halo growth rate (lower panel)
in the models considered in this work: CDM (dashed black line), FDM (green line), WDM (orange
line), and an enhanced matter power spectrum (red line). Reproduced from Paper V [133], © ESO
2025.

A second improvement concerns the choice of window function used to define 62 (M).
The standard real-space top-hat filter is natural for CDM, but it performs poorly for DM
models with a modified power spectrum: its sharp boundary in configuration space gives
rise to unphysical oscillations in o(M) when the power spectrum is truncated, which in
turn distort the predicted HMF at masses near the suppression scale. We therefore adopt
the smooth filter proposed by [89, 139],

- 1

W(k|R) = (kR (129)
where R is the filter scale related to the enclosed mass by M = 47pR? /3. The two free
parameters c¢; and ¢, determine the shape of the filter in Fourier space. In models with
a suppressed power spectrum, the resulting HMF scales as dn/dInM o< M<2/% on scales
well below the suppression mass, and the halo growth rate satisfies dM /dz M!'—2/6,
We fix ¢, = 6 throughout, which ensures that the halo growth rate increases with mass
in all models considered, including WDM and FDM. The parameter ¢; = 0.43 is fixed by
requiring that the variance GZ(M) computed with this filter agrees with that obtained
from the standard top-hat filter in CDM, consistent with the simulation calibrations [120].

This choice also provides a good match to the HMF found in FDM simulations [120],
though it slightly underestimates the halo mass at which the WDM HMF departs from
the CDM prediction [91]. An alternative choice ¢; = 1/3.3, suggested by [89], recovers
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the low-mass WDM behaviour but fails to match CDM predictions at high masses. As a
practical resolution, we retain ¢; = 0.43 in the window function and compensate for the
offset in the WDM case by rescaling the parameter o in the WDM transfer function by a
factor of 3.3¢ = 1.4, which yields a consistent description across the full mass range.

The consequences of these choices for the variance 6%(M) and the halo mass accre-
tion rate are illustrated in Fig. 9. In FDM and WDM, the variance asymptotes to a con-
stant at low masses, reflecting the hard suppression of small-scale power; the transition
is sharper in FDM, where the Jeans scale provides a more abrupt cutoff than the free-
streaming length of WDM particles. In models with enhanced perturbations, the variance
grows rapidly toward low masses, driving faster early growth of the smallest haloes. The
resulting HMFs at various redshifts are shown in Fig. 10. For suppressed-power models,
the HMF grows as dn/dIn M « M below the suppression scale, while for enhanced models
the imprint of the white-noise contribution is progressively diluted at lower redshifts as
mini-clusters merge into more massive host haloes.
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Figure 10: HMF at various redshifts z in the FDM (left) and WDM (middle) models, and in models
where white noise dominates the matter perturbations at k > k. (right). The dashed contours show
the HMF in the CDM model for comparison. Reproduced from Paper V [133], © ESO 2025.

3.1 The halo merger rate

The EPS formalism not only predicts the abundance of haloes as a function of mass and
redshift, but, as we have shown, can be used to derive many more properties that we are
going to explore, starting with the halo merger-rate. The classical derivation, due to Lacey
& Cole [88], proceeds from the spherical-collapse conditional first-crossing probability and
yields the following expression for the probability per unit time that a halo of mass M,
accretes a companion of mass M, to form a halo of mass My = M + M>:

dp(M15M27t) _ 1 2
drdM, o My V

) o&) =P {‘522 <a2<5wf> B o%lM])) } ‘

It is customary to absorb the ratio of this quantity to the HMF of the companion into a
merger rate kernel,

8

5.

ding [ o>(Mp)] "
dInM;y Gz(Ml)

(130)

Q(M],Mz,[) (131)

dp(My1,Ma,t) [dn(M>,1)] ™!
dtdM, dm, ’
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so that the differential halo merger rate per unit comoving volume takes the compact form

dRy, . dl’l(Ml,t) dl’l(Mz,t)
dM,dM, —  dM, dm,

O(M,My,1). (132)

As noted by [23], the kernel Q is not symmetric under the exchange M; <+ M>, an ar-
tifact of the asymmetry inherent in the EPS conditional probability. Nevertheless, [59]
demonstrated that restricting to M; < M, — i.e. always treating the lighter halo as the ac-
creted object — closely reproduces the symmetrised result of the Benson-Kamionkowski-
Hassani (BKH) theory [23], which derives the merger kernel from the Smoluchowski coag-
ulation equation and explicitly preserves the EPS HMF under time evolution. We adopt
this convention throughout.

While the Lacey-Cole result has proven to be a remarkably useful workhorse, it rests
entirely on the spherical collapse barrier §, = const. As we have seen in the previous
sections, the more realistic ellipsoidal collapse model leads to a mass-dependent, mov-
ing barrier 81(S,z), and the improvements to the conditional first-crossing distribution
described in Section 3.10 make it possible to extend the merger rate to this setting in a
fully consistent way. The derivation starts from the inverse conditional probability: given
a halo of variance S at redshift z, what is the rate at which it transitions into a larger halo
of variance Sy < § at a slightly later time? Applying Bayes’ theorem to the conditional
first-crossing distributions of Egs. (114) and (124) yields

dPrc(S0,20(S,2) _ dPre(S,280,20) dPrc(So,20)/dSo BV,

dSo ds dPec(S,z)/dS (133)

where /
A 14 (av)P][1+ (gvo) 7] V/Se~(VHavo—av)/2

V2r [1+(qv)~7] So(S—So0)

with vo = &,(20)?/So and V' as defined in Eq. (124). Expanding in the limit zo — z gives
the instantaneous transition rate

B=

(134)

dP(S — Solz) _ B(zo =2) |d8eu(z,S0) (135)
dSpdz VS—=580 dz ,

which is proportional to the rate of change of the collapse barrier with redshift and is
suppressed as (S — So)*l/2 for small mass-ratio mergers. Converting to halo masses and
cosmic time,

dP(M — My |z)
dMydr

as,
dMy

dP(S — So|z)

136
dS() dz ( )

= (1+Z)H(Z)‘

The improved merger rate then follows directly, with the parent mass identified as M,, =
min(Mi,M,) and the final mass as My = M| + M,:

dR,  dn(Mp,z) dP(M), — My |z)

= 137
dM, dM, de dedt (137)

This expression reduces to the BKH-consistent Lacey-Cole result in the limit of a flat spher-
ical barrier, and extends it in two respects: it incorporates the ellipsoidal collapse correc-
tion through 8.1, and it uses the improved conditional first-crossing probability of Eq. (124),
which as shown in Section 3.10 accurately reproduces Monte Carlo random-walk results
even for large redshift separations. The dependence on the DM model enters entirely
through 62(M) and its logarithmic slope.
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3.12 The halo dark matter accretion rate

Now we want to turn our attention to another important quantity, the rate at which a DM
halo accretes DM. Within the EPS framework, this mean accretion rate can be derived di-
rectly from the conditional first-crossing probability without constructing explicit merger
trees, by asking how much mass a halo of mass M is expected to accumulate in an in-
finitesimal redshift step dz. The expected mass increase of a halo of mass M at redshift z
over a step dz is obtained by integrating the inverse conditional probability Eq. (136) over
all final masses M, > M:

dm M dP(M — My|z)
- = dMy My — M) ——= 138
dz M 0 (Mo ) dMydz (138)
Evaluating this integral in the limit dz — 0, using the transition rate of Eq. (136), yields the
closed-form expression

dM  [2 déw(S(M),2) -

aM a5
dz V= dz

| VS0 =sM). (139)

Converting to physical time gives the halo mass accretion rate

-1
IVIham(M,z)=(1+z)H(z)\/zd(sdl(iliM)’Z> (;1% VS(M)—S(2M). (140)

This result generalises the estimate of [41] in two important respects. First, it uses the
ellipsoidal barrier & rather than the spherical threshold &, = const, ensuring consistency
with the SMT mass function used throughout. Second, it is derived from the expected
mass increase of the halo, whereas the Correa et al. estimate is inferred from the growth
of the most massive progenitor in Monte Carlo trees, which can differ systematically at
high redshift.

The DM model dependence of Eq. (140) enters entirely through the variance GZ(M)
and its mass derivative. In CDM, S(M) is a monotonically decreasing function and M0
increases with M at fixed z. In WDM and FDM, 6%(M) asymptotes to a constant at masses
below the free-streaming or Jeans scale, so that the factor \/S(M) — S(2M) — 0 and small
haloes grow more slowly than their CDM counterparts. Conversely, in models with an
enhanced small-scale power spectrum — such as axion miniclusters or scenarios with a
significant PBH fraction — the variance rises rapidly at small M, driving accelerated early
growth of low-mass structures.

3.13 Evolution of baryons and black holes through mergers

Our final derivation, and one of the most important aspects of this thesis, is the rate at
which a DM halo accretes baryons, stars, or SMBHSs, because the EPS conditional probabil-
ity derived in Section 3.7 does not only describe how the DM HMF evolves; it also provides
a self-consistent framework for tracking the mean baryonic and BH content of haloes as
they merge hierarchically. The key observation is that the baryonic matter— stars, gas,
and the central SMBH — shares the same merger history as the DM halo that hosts it.
Consider a population of haloes of mass M’ at redshift z/, each hosting a mean mass
M;(M',7') of component J € {BH, %, gas}. As structure formation proceeds from 7’ to a
later time z < 7/, these progenitor haloes are incorporated into larger haloes of mass M.
The mean mass of component J in a halo of mass M at redshift z receives a contribution
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from mergers given by

MM, (141)

dn(z)]"! /MdM, dn(Z) dP(M,z|M',2)
dm Jo dam’ dm

MJ(M’ Z) ’merg = [

where dP(M,z|M',7')/dM is the inverse conditional probability that a halo of mass M’ at
7 ends up as part of a halo of mass M at z < 7/, derived in Eq. (115) for the case of spherical
collapse. Substituting explicitly,

M
fMJ(M/,ZI)

M
My (M, 2) | e = /0 dm’

6c(2') — 6c(2) exp (_ [8c(2) — 8 (2))? >
V2r[S(M') = S(M)]3 2(S(M") —sm)))

(142)

For a better estimate, the ellipsoidal-collapse conditional probability of Eq. (133) should
be used instead; we do not write out the resulting expression explicitly. The instantaneous
merger growth rate is obtained by taking the limit 7 — z:

merg M, (M7 Z)

(143)

- merg . MJ(M7Z)|
M;"=(M,z) = (1+2)H(z) Alzlm0 Al
— 4

which is driven by the same transition rate that governs the halo merger rate of Eq. (136),
evaluated at the baryonic content of the progenitors rather than their DM mass.

Several features of Eq. (142) deserve emphasis. The integral runs over all progenitor
masses M’ < M, weighted by the EPS probability that a halo of mass M’ at 7’ is incorpo-
rated into a halo of mass M by redshift z. The prefactor M /M’ accounts for the fact that
each progenitor of mass M’ contributes a fraction M’'/M of the final halo mass, so the
integral correctly conserves the total baryonic mass budget. Another way to understand
it is that the new halo gains the properties of all the progenitors, which are lighter and are
going to be accreted. The DM model dependence enters through the variance ¢%(M):
in WDM or FDM, the suppression of S(M) at small masses narrows the progenitor distri-
bution and delays the hierarchical assembly of baryonic structure, while enhanced small-
scale power broadens it and accelerates early merging. In this way, the same modification
to the matter power spectrum that shapes the HMF and merger rate propagates directly
and self-consistently into the assembly histories of stars, gas and SMBHs.
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4 Wave optics lensing of gravitational waves

We have started this thesis with an introduction to GWs, its phenomenology, and then we
moved to the EPS formalism and structure formation. Now we will explore a consequence
of the two. GWs interact with matter, but more specifically with DM in a very interesting
way. Gravitational lensing is one of the most direct consequences of GR: the spacetime
curvature produced by a massive object deflects the trajectories of all propagating fields,
including GWs. For electromagnetic radiation, except for extreme cases, the wavelength
is so short compared to the Schwarzschild radius of any astrophysical lens that ray optics
provides a complete description; image positions, magnifications, and time delays are all
encoded in the geometrical path.

For GWs the situation is qualitatively different. The wavelengths accessible to cur-
rent and planned detectors range from fractions of a kilometre to fractions of a light-year,
which are comparable to, or even larger than, the Schwarzschild radius of compact DM
structures. In this regime, diffraction and interference become essential, and the full wave
treatment must be applied. On the phenomenological side, electromagnetic sources in
the universe are incoherent, whereas GW sources tend to be highly coherent. This allows
us to also look for precision, tiny deviations in the waveform induced by DM structure.
This section reviews the theoretical foundations of wave-optics gravitational lensing of
GWs and its application to DM searches.

4.1 The amplification function

Let us consider a GW propagating in the weak gravitational field of a massive object. The
background metric is

ds* = —(142U0) 2 d* + (1 —2U)dr?, (144)

where U(r) (|U| < 1) is the Newtonian gravitational potential of the lens. The GW is again
treated as a linear perturbation £, on this background. Under the transverse-traceless
Lorenz gauge (h*, =0, hi*Y.,, = 0), the perturbation satisfies

hyvia'® +2R% Py hp =0, (145)

where the semicolons denote covariant derivatives with respect to the background met-
ric gg)v), and R‘xuﬁv is the background Riemann tensor. In the limit where the GW wave-
length A is much smaller than the curvature radius of the background, the Riemann term
is negligible, R ~ 0. Writing i,y = ¢ e, where ey, is a polarisation tensor that is parallel-
transported along the null geodesic [100], the change in polarisation due to lensing is of
order U < 1 and can be neglected. This means that we will only consider the effect on
the amplitude of the GW, and we will not need to work in the polarisation basis. The
amplitude ¢ then satisfies the scalar wave equation

(V24 0?9 =40°U¢, (146)

where o = 27xf is the angular frequency of the GW in the observer frame. This reduction
to a scalar problem is valid whenever the fractional change in polarisation per wavelength
is small compared to ¢ itself, which is amply satisfied for any astrophysical lens.

We solve Eq. (146) using the Kirchhoff diffraction formalism. The position vector of the
source in the source plane is n; the impact parameter in the lens plane is £. We adopt the
thin-lens approximation, in which the lens is characterised solely by its projected surface
mass density £(&) and the GW is deflected only at the lens plane. Defining the volume V
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enclosed between the lens plane and a large sphere centred on the observer, and applying
Green’s theorem to the Helmholtz equation (V2 + ®*)¢ = 0 that holds within V (since
U = 0 there by assumption), when ¢ = A¢’”, the lensed amplitude at the observer is

Pobs (@, M) 27rD /d2§ explio?y (&, n)], (147)
where the arrival-time surface 1,(£, 1) is
_Dibg (& m\ 1, ‘
g = 2 (= ) = L) ). (149

The first term is the geometrical time delay arising from the longer path of the deflected
ray; the second is the Shapiro delay produced by propagation through the lens potential.
The deflection potential {r(&) is related to the surface mass density by

Vi) = Zl5(g). (149)

The reference time #,.¢(1) is a constant chosen so that ¢, is zero for the unlensed ray path.
In a cosmological setting, the results above remain valid provided the angular-diameter
distances are used, and the frequency  is replaced by @ (1 + z1.), where z; is the redshift
of the lens [19]. The lensed amplitude then reads

60(1 +ZL)DS

¢0bs(w7 77) = ZEiDLDLS

/dzéj explio(1+2z.)1,(E,m)]. (150)

It is natural to define the amplification factor as the ratio of the lensed to the unlensed
amplitude:

lensed( n)
Flon) =~ D00 (151)
obsl d(wun)
From Eq. (150) this is
Flom) = S0t (26 explioft +2) (G (152)

normalised so that |F| = 1 in the no-lens limit (U = { = 0). This is the amplification factor,
and it is going to be the most important object in GW lensing, since the lensed waveform
in the frequency domain is then simply

h(f) = F(f)ho(f), (153)

where /ig(f) is the unlensed waveform. It is convenient to introduce dimensionless vari-
ables. Choosing a reference length & in the lens plane, we define the dimensionless im-
pact parameter and source position:

¢ Drn
X= = = ) (154)
&o YT & Ds
a dimensionless time delay
. DLDS 2
T(x,y) = D5 &2 5 ctq(§ox, §oDsy/Dr) = Ix—yl = V() +On(y), (155)
0
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and a dimensionless frequency
Dy &o(l+z) 8aGM.f
- DLDLS C o C3
where My, = M (1 + z1) is the redshifted lens mass and we have chosen &, = &g =

(4GMLZDLDLS/DS)1/2 (the Einstein radius) as the reference length. The dimensionless
lensing potential y(x) satisfies

; (156)

Viy =2(|&x]) /Zer , (157)
Y = Ds/(4nGDDys), (158)

where X, is the critical surface density. The constant ¢,,(y) is chosen so that min, 7 = 0.
In these units the amplification factor takes the elegant form

F(w,y) = % /dzx expliwT (x,y)]. (159)

The single parameter w controls the relative importance of wave vs. geometric effects: for
w > 1, the phase varies rapidly, and the integral is dominated by the stationary points,
recovering geometric optics; for w < 1 the phase is nearly uniform and the integral con-
verges to unity, meaning the lens starts to become transparent to long-wavelength GWs.
For axially symmetric lenses, y(x) = y(|x|), and the azimuthal integral can be performed
analytically, reducing Eq. (159) to a single integral over the radial coordinate x = |x|:

F(w,y) = —iweiw(»"2/2+¢m(y))/ dxxJo(wxy) exp[iw (3% — w(x))], (160)
0

where Jj is the Bessel function of zeroth order and y = |y|. The integrand is a rapidly os-
cillating function for large w, which requires careful numerical treatment. This oscillatory
behaviour is the key to separating wave-optics from geometric-optics.

4.1.1 Geometrical-optics limit
In the limit w >> 1, the stationary-phase approximation to Eq. (159) is valid. The stationary
points of T'(x,y) satisfy

V,T=0 <— y=x—V,y(x), (161)

which is the lens equation of standard gravitational lensing; it is nothing but Fermat’s prin-
ciple applied to the time-delay surface. Each solution x; corresponds to one image. Ex-
panding T'(x,y) to second order around x; and performing the resulting Gaussian integral
gives

T
Fueolwy) = ¥ lug /2 exp (i Ty —in; 5 ). (162)
J

where Tj = T(x},y) is the time delay of the j-thimage, it; = 1/det(dy/dx;) is its magni-
fication, and nj € {0,1/2,1} is the Morse index, equal to 0 if x; is a minimum, 1/2 if it is
a saddle, and 1 if it is a maximum of the time-delay surface. In the time domain, Eq. (162)
becomes

o (t,r) = Y [ do(t —ta, 1), (163)
J

i.e. the sum of time-delayed, magnified copies of the unlensed waveform. The oscilla-
tory behaviour of |F(w,y)| at high w arises entirely from the interference between these
copies, and its period encodes the time delay Ar = (D5§§/DLDL5) x AT, where AT is the
difference in dimensionless time delays between the dominant pair of images. Now that
we understand the amplification function, we can turn to understanding different lens
models.

53



1072 gy

E ) T
E U
Mo
. i LIGO 05
I e~ sensitivity |
=] .
£ .
% 10—22:_ . \ .
Q E \x‘ \*‘ —“4 ]
8 [ Pointmass,y=1"~~eo_____oa--=-"""
Q
<
§ 107235_ — M =1M, §
N My =10 M \
r My =150 M
10—24 P | N N P | N N PR
10 102 103
fow /Hz

Figure 11: lllustrative example on the same binary as in Fig.4, but now lensed by point masses of
different masses at impact parameter y = 1. We can see how the lens produces a diffractive increase
in the amplitude, a wave optics oscillation and finally the geometric optics interference between
paths, the case of a 1 M, lens is indistinguishable by eye from the unlensed waveform.

4.1.2 Point-mass lens

The easiest lens profile is the size-less point-mass lens. The point-mass lens has surface
density Z(&) = My §®) (£) and dimensionless lensing potential y/(x) = In.x. This physically
means that the mass distribution can be parameterised by a Dirac delta. The normalisa-
tion length is the Einstein radius &y = &g. In this case the radial integral in Eq. (160) can
be evaluated analytically [129]

. . . . 2

w w w w w wy
F(w,y) =exp| =¥ —(l——z )1"1—— A(Z M) (64
(w,y) eXp{4+2 n> ¢m(y)} ( 2)11(2 2) (164)
where I' is Euler’s gamma function, | Fj is the confluent hypergeometric (Kummer) func-

tion, and
v+ T

T e— (165)

is the value of the dimensionless time delay at the image of minimum delay. The am-
plification factor depends on only two parameters, which should not be surprising given
that the lens has infinitesimal size: the dimensionless frequency w and the dimensionless
source position y. In the geometric-optics limit (w > 1), Eq. (164) reduces to Eq. (162) with
the two image magnifications

+ X )
(Pm(y) = % —Inx,,, Xm

1 242
U =+—-+—F——, (166)
2 29244
and the dimensionless time delay
2 4 2 4
AT = IV A VT Aty (167)
2 y:E+4—y

The point-mass lens model applies to any compact object whose physical size is much
smaller than the Einstein radius, including stellar-mass BHs, neutron stars, and PBHs. Now,
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Figure 12: The left panel illustrates the three lensing regimes of a uniform sphere described in the
main text. The modulus and argument of the amplification function F are shown in the middle
and right panels, respectively, as a function of the dimensionless frequency w for y = 1 and various
lens sizes b. The limiting case b = 0 recovers the point mass lens, while b =0.5,b=1,and b = 2.5
correspond to type |, type Il, and type lll lensing, respectively, as defined in the left panel. Reproduced
from Paper | [61], © IOP Publishing Ltd and Sissa Medialab 2023.

we will turn to a constant-density sphere, which will help us understand how lensing be-
haves for extended lens objects.

4.1.3 Uniform density sphere

The simplest extended lens model beyond a point mass is a sphere of uniform density.

Such an object is fully specified by its total mass M; and physical radius R, with a density

profile of the form

_3M
plr) = 4AR3

where 6 denotes the Heaviside step function. Projecting this density onto the lens plane

and solving Eq. (149), one obtains the dimensionless deflection potential

o) %1—§(§—Q+m@+¢w—ﬁ)7xgm
Inx, x>b.

O(R—r), (168)

(169)

Here b = R/ is the dimensionless sphere radius and &y = &g is chosen as the Einstein ra-
dius. The potential naturally reduces to the point-mass result v = Inx outside the sphere,
as expected from Gauss’s theorem applied to the projected mass distribution.

Since the potential outside the sphere is identical to that of a point mass, the ampli-
fication function can be computed by combining the known analytical expression for the
exterior region with a numerical evaluation of the integral only over the interior x < b. The
dimensionless frequency retains the same form as in the point-mass case, w = 8zM;, f.

The structure of the amplification function is governed by the number and nature of
the extremal paths of the time-delay surface. Paths crossing the lens plane at x > b behave
exactly as in the point-mass case, while additional extremal paths threading through the
interior of the sphere may or may not exist depending on the geometry. A systematic
analysis reveals three distinct regimes, illustrated in Fig. 12:

e Typel: if
1-5°

b
two extremal paths cross the lens plane outside the sphere and one additional path
passes through its interior. This configuration supports interference between three
images.

0<b<1 and y< (170)
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e Typell: if

1)
b

asingle exterior extremal path exists. In a narrow region just above the lower bound

on y, two further paths cross the interior of the sphere, but they produce only a

subdominant contribution to the interference pattern.

b>0 and y> (171)

e Type lll: if
-1
b
there is one interior extremal path. For b < 1/3/2 two additional interior paths
appear in a small sub-region of this regime.

b>1 and y< (172)

The observational consequences of these three regimes are illustrated in the middle
and right panels of Fig. 12. For compact spheres falling in the Type | regime, the amplifi-
cation function closely resembles that of a point mass, with the interior path capable of
producing an additional boost in |F|, as visible when comparing the b =0 and b = 0.5
curves. In the Type Il regime the interference effect is weaker, since only a single exte-
rior path contributes oscillatory behaviour, and |F| saturates to a constant deep in the
geometric-optics limit. In the Type Il regime, all extremal paths are interior and the lens
causes only a mild, smoothly varying amplification with no pronounced oscillatory pat-
tern. Nevertheless, even this featureless frequency dependence could in principle per-
mit detection through matched filtering. The Type Ill behaviour marks a natural bridge
between the analytically tractable point-mass model and the more physically motivated
NFW profiles considered next.

4.1.4 Navarro-Frenk-White halo
The density profile proposed by Navarro, Frenk and White [104] provides a more realistic
description of DM halos than the uniform sphere. It is characterised by a scale radius ry

that separates a central cusp scaling as p o< r~! from an outer envelope falling as p o< r—3:

3
75 Ps

=5 3
r(rs—i—r)2 (73)

The cylindrical mass enclosed within projected radius r in the lens plane takes the form

r r r
M., =4rn Xr? In <> +—2 arcoth | —2— , (174)
“ Pt [ Ts rz—r2 \rE—r?

and yields the dimensionless deflection potential

(x)=x ln2< a ) artanh? |/ 1 2 (175)
x) = — ] — - =

v % P

where k = 27p,rl /M, encodes the normalised central concentration and b = r,/& is
the dimensionless scale radius. Throughout, distances are scaled by & = Rg(M,), the
Einstein radius evaluated at the halo virial mass M,,, and the corresponding dimensionless
frequency is w = 87t(1 +z;)M, f. The two NFW parameters r; and p, are not indepen-
dent: given the virial mass M,, both are fixed by the halo concentration relation, so x is
determined by M, alone, while b carries an additional dependence on the source and lens
distances through &.
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Figure 13: The modulus and argument of the amplification function F for an NFW halo lens are
shown as a function of frequency for various halo virial masses. Solid and dashed curves correspond
toy = 1andy = 0.3, respectively, with source and lens luminosity distances fixed to Ds;, = 5 Gpc and
Dy, = 2.5Gpc. Vertical lines mark the frequency at which |F| is maximised. The frequency bands
relevant to different experiments are indicated for reference. Reproduced from Paper | [61], © IOP
Publishing Ltd and Sissa Medialab 2023.

The amplification function is evaluated numerically using the strategy of [128], with
results displayed for a range of virial masses in Fig. 13. For M, < 10'°M_, one typically
finds k¥ < 0.3 and b > 2, a regime in which the time-delay surface admits only a single ex-
tremal path, located approximately at x ~ y. The resulting amplification function mirrors
the Type Ill behaviour of the uniform-sphere model: the modulus |F| rises smoothly with
frequency and shows no clear interference oscillations. In the geometric-optics limit, this
single-image configuration means that the NFW halo acts primarily as a magnifier, shift-
ing the apparent luminosity distance to the source without introducing detectable fringe
patterns. The transition frequency from the wave-optics to the geometric-optics regime
occurs at wgeo ~ 2/y2, corresponding to a physical frequency

1

S 176
4my2(1+2)M, (176)

Saeo &
which also locates the peak of |F| visible as the vertical lines in Fig. 13. This peak defines
the characteristic scale of the lensing signature. Ground-based detectors such as LIGO and
the Einstein Telescope, which are sensitive above ~ 1 Hz, cannot resolve the frequency-
dependent modulation of the NFW lensing signal for halos with M, < 10*M., except in
the unlikely case of a near-perfect alignment with y < 1. At still lower halo masses the
induced magnification, of order ﬁ(10*3) for realistic impact parameters, falls well below
the detection threshold of any current or near-future ground-based instrument. The nat-
ural arena for NFW halo lensing therefore shifts to space-based and atom-interferometry
detectors operating below 1Hz, namely LISA, AEDGE, and BBO, which are sensitive to the
wave-optics regime for halos with M, > 104M@. We will return to this point in the second
half of the lensing discussion, in which we turn to the cumulative effects of the lenses
instead of the single lens effects.

4.2 Single lens effects: Computing the cross section

Having established the theoretical framework for wave-optics lensing and characterised
the amplification factor for different lens models, we now turn to the question of de-
tectability: what is the probability that a given GW event is lensed in a way that leaves an
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observable imprint? Since all GWs are subject to some degree of lensing as they propa-
gate across cosmological distances, we restrict our attention to configurations where the
lensing signature is both significant and measurable. Assuming a Poisson distribution of
lenses along the line of sight, the probability that a given event is lensed is

P=1-¢", (177)

where 7 is the optical depth associated with the lensing cross-section, defined as

_ " oDy _ [+ n(z)o(z)
(%) = ) dvn(D’)sz%/ lem, (178)

where dV = 47rD12le is the differential comoving volume element, D; and z; are the
angular diameter distance and redshift of the lens respectively, n is the number density
of lenses, and H is the Hubble expansion rate. The key ingredient encoding detectability
is the lensing cross-section,

0= Eén%ax = ﬂé()zyrznax ) (179)

where Epnax = EoYmax is the maximum impact parameter for which the lensing effect re-
mains detectable. The threshold yn.x can be determined either via the mismatch method
or through a Fisher matrix analysis, as introduced in the preceding section.

The first approach for computing the maximal cross-section is via the mismatch method
that we introduced in the first section. The idea is to find the maximal value of y as a func-
tion of the lens parameters so that we can separate the waveform from the unlensed one
up to some confidence level. To quantify this more precisely, we consider the lensed GW
signal Gopt(f) = F(f301.0p)A(f3 Bop)e Y 00m) where F(f; 6, o) is the lensing ampli-
fication factor evaluated at the optimal lens parameters 0, . We then assess how well
this signal can be recovered by an unlensed template by evaluating Eq. (57), minimising
over the four unlensed waveform parameters. In practice, we find that the minimum is
always attained at .# ~ #qp and 1. = tcopi, 5O the scan reduces to two parameters:
A= (DL/DLW[)*l and 8¢, = ¢. — Pc opt- The discriminating statistic then takes the form

A(f; eopt)z ‘F(f’ el.opt) B leii&lﬂz

520) (180)

Ay?=4 ‘/d
x=amn Y

Note that when the merger falls outside the observatory’s sensitivity window, Ay? o
33 | D} Another approach, which we also introduced at the beginning, is to do a Fisher
forecast. Now, the idea is that we compute the Fisher matrix including the lens parame-
ters. For the point-mass lenses in the geometric optics limit, approximate analytical ex-
pressions for the measurement errors were derived in [129]:

5
AM;, 1 \y(y?+2) (y* +4)3

M;, ~ SNR 21 ’

. (181)
Ay 1 Y4202 +4)3
y  SNR 2,y ’

where T = At;/(4M,;). A conclusion emerges from both approaches, although it is clearer
with the second method that the lens parameters can be measured inversely proportional
to the SNR of the signal.
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Now that we have explored the importance of the cross section, we can move to the
lens distribution and connect it to the structure formation. If the lens is the fundamental
element of DM, if for instance DM is made of BH or other compact objects, then

n(z) = (1+z)* fosupom/mesn, (182)

where ppu is the density of DM, mpgy is the mass of the lens and fpgy is the fraction of
DM in the form of these compact objects; as we will see, this is an interesting scenario to
explore with ground detectors like LIGO. In the case that the lenses you are interested in
finding are the DM halos, then the optical depth becomes

dn O'(Z[,MV)

; (183)

s
7(z5) :/0 dzz/dloglon

where one integrates over the HMF instead of the constant-density DM distribution. Now
that we have the probability for lensing, one can take two different approaches. One can
take an existing catalogue of binaries for which we know that no lensing effect has been
detected and compute bounds on the DM abundance, or make prospects for future GW
detectors. For the latter case, we can integrate over the expected merger rate:

SNR,

N;(mpgH, feu) = g/d/lpz(es)l?det<SNR(9S)> , (184)

where .7 is the observation time, pqe is the detection probability [67], SNR is the signal-
to-noise ratio [63], and

1 drR dV,

dA = ——
14z, dmydmy dzg

dmdmydz, (185)

is the differential merger rate that we introduced before. If we instead want to get con-
straints from existing observations, we should compute how many of those observations
should have been lensed, and by assuming that the distribution of the lensing events
should be Poisson, we can get bounds. The expected number of lensed events from an
existing set of observations is given by

N
Ny (mpgw, fesu) = Y Pi(6;), (186)

where N is the number of observed events. This is what | will use to constrain DM models
using existing observations from LIGO.
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5 Massive black holes in our universe

As we have established in the introduction, BHs have evolved from a mathematical curios-
ity into one of the central pillars of observational cosmology. The centres of virtually all
massive galaxies harbour SMBHs, objects with masses in the range 10°-10'° M, [86], and
the correlations that the SMBH properties have with the host galaxy have a clear implica-
tion: whatever mechanism assembled galaxies also, inextricably, assembled their central
BHs.

Understanding these observations requires a coherent theoretical picture connecting
the cosmological growth of DM halos, the star-formation history of their baryonic con-
tents, and the co-evolution of the central BH. We therefore structure this section around
two complementary regimes. In the local universe, the SMBH population is largely as-
sembled, and the scaling relations between BH mass, stellar mass, and halo mass are well
established; these relations, combined with the EPS halo merger rate, provide the astro-
physical input to the GW background relevant for PTAs and future high-frequency GW
observatories. The local existence and properties of SMBH are tightly connected to the
observations by the Hubble Space Telescope (HST). In the following section, we turn to
the high-redshift universe, a far more dynamic epoch in which mergers cannot be disen-
tangled from the very formation and growth of SMBHSs, and whose exploration has been
transformed by a newer telescope, the JWST.

5.1 Local Universe

While theoretical arguments and the energetics of quasars and AGNs had long pointed
to the existence of compact, accreting objects with masses Mgy ~ 10°-10'9M, direct
dynamical confirmation required resolving the gravitational sphere of influence of the BH,

defined as
GMpgy

o2
where o is the stellar velocity dispersion of the host bulge, the central galactic region that
surrounds the BH. For typical SMBH masses in nearby galaxies at distances D ~ 1-20 Mpc,
rinfi Subtends only ~ 0.1”-1.0" on the sky [86]. This angular scale placed the earliest dy-
namical searches firmly at the resolution limit of ground-based optical spectroscopy, mak-
ing the first detections possible only from the mid-1980s, when charge-coupled devices
became routinely available on high-dispersion spectrographs.

The tight correlations between the stellar mass and BH mass that we review in this sec-
tion are derived from a sample of galaxies in which both the BH mass and the bulge mass
can be measured independently with high precision. For active galaxies hosting broad-line
AGN, the BH mass can be estimated through virial techniques: the broad-line region (BLR)
is assumed to be virialised under the gravity of the BH, so that Mgy =< Rpi r AVZ/G, where
AV is inferred from the width of a broad emission line (typically Hat or HB) and the BLR
radius is calibrated through reverberation-mapping campaigns via the radius-luminosity
relation [24]. Dynamical measurements, on the other hand, can be obtained via stellar dy-
namical modelling: spectroscopic measurements of the absorption-line-of-sight velocity
distribution in the nuclear region are fit with axisymmetric or triaxial Jeans models or orbit-
superposition Schwarzschild models to infer the central mass concentration. They can also
rely on gas dynamical modelling, in which the rotation curve of a nuclear emission-line
disc is fit to a Keplerian model dominated by the SMBH potential. The third and most pre-
cise method, where applicable, is megamaser astrometry: water masers orbiting in a thin,
edge-on, Keplerian disc around the central BH—as in the prototypical case of NGC 4258 —
can be monitored with very-long-baseline interferometry (VLBI) to measure the orbital

) (187)

Tinfl =

60



T T T T 2
]}l] 101 1]
local AGNs local IGs o J
10° Serid ol
).59,0.73] L -

Msnipu/M,,

104 -7 Al \‘ L L R
107 108 10° 100 10" 10"

M, /M,

Figure 14: The left panel shows the posteriors of the fit of Eq. (188) to the local AGNs of Ref. [118],
and the central panel the posteriors of the fit to the local dynamically measured SMBHs in inactive
galaxies (IGs) [86]. In the right panel we show in orange the dynamically measured SMBHs and in
grey the local AGNs, compared with their respective fits. Adapted from Paper IX [55], © ESO 2024.

acceleration directly, yielding Mgy with sub-percent precision [86].

In the landmark study exploiting ~ 67,000 emission-line galaxies from the Sloan Digital
Sky Survey (SDSS) at z < 0.055, Reines & Volonteri [118] assembled a sample of 244 broad-
line Seyferts selected via narrow-line diagnostic diagrams (BPT classification), together
with 79 galaxies with dynamical BH masses and a supplementary set of dwarf galaxies ex-
tending the sample down to M, < 103 M,,. We can see these observations summarised
in Fig. 14. We will fit the probability distribution of the SMBH mass, m, for a given stellar
mass, M., by the magnitude, a, and logarithmic slope, b, of the mean and the width, o,
of the distribution:

dP(m|M.,0) m
S Y) g (1og, e
dlog;om ( 8100,

M,
a+blog10m,6> 5 (188)

where 6 = (a,b,0) and .4 (x|%, ) denotes the probability density of a Gaussian distribu-
tion with mean & and variance 6. As we anticipated, the heaviest SMBH are the dynami-
cally measured ones, while the AGNs are the lightest and have a much shallower relation
with respect to stellar mass. The posterior on the fit, as well as a comparison to the data,
can be seen in Fig. 14. This is going to be a key step for being able to predict the merger
rate of the local SMBHs. In order to do that, we should connect the stellar mass to the
DM halo mass, since, as we have laid out, the fundamental merger rate comes from the
merger of the DM halos, which triggers the subsequent merger of the galaxies.

5.1.1 PTA merger rate model

The connection between a galaxy’s stellar mass M, and the mass M), of its host DM halo
is encoded in the stellar-to-halo mass relation (SHMR), which provides a practical and
physically motivated bridge between the outputs of dark matter N-body simulations and
observable galaxy statistics. The foundational method for deriving the relation statistically
is halo abundance matching: under the assumption that stellar mass increases monoton-
ically with halo mass, a one-to-one correspondence between halos and galaxies is estab-
lished by rank-ordering the cumulative HMF n(> M) and the cumulative galaxy stellar
mass function ®(> M, ), and equating the two at each number density [69].

Once the SHMR has been derived in each redshift bin through this matching proce-
dure, it is convenient to describe it with an analytic fitting function. Following Moster et
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al. [101], Girelli et al. [69] adopt a double power-law parameterisation of the form

-1
M, M\ P M\
TN l(m) T (Ml) ] , (189)

where M| is a characteristic halo mass scale, N sets the overall normalisation (the peak
efficiency), B governs the slope at halo masses below M;, and ¥ controls the decline at
halo masses above M [69]. The ratio M, /M), therefore has a bell-shaped dependence on
M,,: it rises as a power law at low masses, peaks at M), ~ M, and falls off again toward
cluster scales. Across all redshifts from z = 0 to z ~ 4 the peak efficiency M, /M,, is always
well below the cosmic baryon fraction, reaching at most ~ 5% at the halo mass M;, ~
10'2 M., where star formation is most efficient [69].

As we have discussed, the SHMR in the form of Eq. (189) serves as the key ingredi-
ent connecting the halo merger rate, computed from the extended EPS formalism, to the
galaxy and SMBH merger rate. The scatter in the stellar mass halo mass relation, log-
normal with a dispersion of Giogpr, ~ 0.15dex at fixed halo mass, propagates into the
predicted SMBH mass function and ultimately into the amplitude and shape of the pre-
dicted stochastic GW background, a source of systematic uncertainty. So given a halo of
virial mass M,, at redshift z, the probability distribution of hosting a central SMBH of mass
mpy is encoded in the occupation fraction pocc(mpu|M,,z). Combining the halo-stellar
mass relation M, (M,) with the empirical stellar-mass-BH-mass relation, and modelling
the intrinsic scatter as a log-normal distribution, yields

1 (lnm—lanz(M*))2
7\/ﬁcmexp - 552 .

Once we have this we can compute the SMBH merger rate by changing the variables of
the halo merger rate in the following way

dRBH
dm1 dm2

(190)

pocc(m‘Mvz) =

dR,,
dM, dM,

where we have added pgy, which is the probability that a halo merger results in the even-
tual coalescence of the two central SMBHs. This parameter encodes a great deal of com-
plex microphysics: following the merger of their host halos, the two SMBHs must first sink
to the centre of the new potential well through dynamical friction on the stellar and gas
background, form a bound binary at separations of order a parsec, and harden further by
three-body scattering against the stellar loss cone, and finally coalesce by emitting GWs.
Each of these stages can be affected by environmental processes, and the overall effi-
ciency of the sequence is captured by pgy. High merger efficiency, pgy =~ 1, might be
a good approximation if the SMBH is surrounded by a nuclear star cluster, which is very
effective at lowering the orbital timescale [102]. However, it might be too optimistic for
a more general case and should be considered an effective upper value. Studies of the
efficiency of mergers induced by BH or three-body effects indicate a reduced BH merger
efficiency pgu ~ €/(0.1) [147], although with a big uncertainty.

Now that we have the merger rate, we can turn to computing a stochastic background.
The stochastic GW background at nanohertz frequencies detected by PTAs arises from the
incoherent superposition of GW emission by all SMBH binaries across cosmic time. The
GW energy density per logarithmic frequency interval contributed by such a population is

= ppHu(mi,m,z) /dMl dM, Poce(M1|M1,2) pocc(m2|M>,z),  (191)

1 dA 47'ED% dEC,w

Qowlf) =2 [ 1527 dmy, (192)
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where Dy, is the luminosity distance, f,. = (1+z) f is the rest-frame frequency, and dA is
the differential merger rate in comoving volume. For binaries driven purely by GW emis-
sion, the characteristic strain spectrum follows a power law A, f’2/3, corresponding
to Qgw o< f2/3 in the frequency range probed by PTAs. As we saw in the first section,
where we discussed PTA results, the NANOGrav 15-year data set [10] shows evidence for
a spectral tilt shallower than f2/3 at low frequencies, which can be partially explained
by environmental coupling: at separations larger than the GW-dominated regime, the bi-
nary loses energy to dynamical friction with gas, stars, and DM, modifying the effective
hardening timescale and thus the spectral shape. This is natural since the timescale from
GWs can easily reach the Hubble time. What this implies physically is that the two halos
merge, the galaxies can also slowly merge, but the final binary never gets to the separa-
tion that is small enough for the GW emission to become efficient, and the merger never
happens. Now we will review the processes that make the binary lose energy at different
separations.

5.1.2 The binary timescale

As the two host halos merge and the central SMBHs sink toward the common potential
well, their orbital energy is dissipated through a sequence of physically distinct mecha-
nisms, each dominant over a characteristic range of binary separation [82], as illustrated
in Fig. 15. The dynamics at each stage can be captured through a single effective timescale,
defined as t.s = |E|/E, where E is the total orbital energy of the binary. Because the
energy loss from GW emission and from the surrounding environment proceed simulta-
neously, the effective timescale satisfies

—1 —1 -1
tef‘f = tGW +tenv ) (193)

where tgw and t.,y denote the characteristic timescales of GW-driven and environmentally-
driven orbital decay, respectively. For a circular orbit, the binding energy is E = —mym; /d,
where d is the binary separation, so the separation evolves as

d=—dty . (194)

At separations of order kiloparsecs, the binary is not yet gravitationally bound and its
dynamics are governed by dynamical friction: the SMBHs experience a gravitational drag
as they plough through the surrounding stellar and gaseous medium, transferring angular
momentum to the background and causing the orbit to shrink. The associated timescale
is [26]

(195)

_20Myr < M 7' d7?
“m = TIhA - 200kms | {1091&4@] [kpc} ’
where InA is the Coulomb logarithm and o is the stellar velocity dispersion of the host
galaxy. Once the binary becomes sufficiently hard, that is, once its binding energy per
unit mass exceeds the typical kinetic energy of the surrounding stars, dynamical friction
becomes inefficient, because the binary sweeps out the reservoir of stars on intersecting
orbits faster than it can be replenished. The orbital decay then transitions to the regime
of loss-cone scattering, in which stars on nearly radial orbits pass close to the binary and
are ejected, carrying away energy and angular momentum. The associated hardening
timescale is [113]

-1 -1

c c p d

b~ —— ~300M — 196
fsh Hpd Y 200kms—! {IOM@pc3] [pc] ’ 196)
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where H ~ 15-20 is the dimensionless hardening rate, and p and o describe the local
stellar mass density and velocity dispersion in the vicinity of the binary. It is the efficiency
of this loss-cone replenishment — through collisional relaxation, non-spherical perturba-
tions, or gas-driven inflows — that largely determines whether a binary can survive the
so-called final parsec problem and progress to separations at which GW emission becomes
dominant.

At small separations, GW emission takes over as the primary driver of orbital decay.
The corresponding timescale,

(197)

5d* 14Myr[ M }*{ d ]4
IGw ~ 5

T 1024nM T n [10°M.] [0.1pc

decreases extremely steeply with separation and becomes shorter than a Hubble time
only at sub-parsec scales. For a binary with chirp mass .Z, ~ 108 Mg, the GW-only co-
alescence time from a separation of 0.04 pc is of order the age of the universe. This un-
derlines a fundamental challenge: without an efficient environmental channel to harden
the binary well below the parsec scale, the vast majority of SMBH binaries would never
merge within a Hubble time. At intermediate separations, we parametrise the combined
environmental effects with

d —30/2
tint = IGw [} ; (198)
dref
where d,¢f is a reference separation related to the reference frequency by
dive = 8M /(T fres (M) 10° M) P )2 (199)

The full picture of the timescales is shown in Fig. 15: the PTA band corresponds to the
regime where environmental effects, most plausibly through a circumbinary gas disc, be-
come active and can substantially shorten the effective orbital decay time with respect to
the GW-only prediction. To see how this affects the GW emission, one proceeds as follows.
Since the binary binding energy is E = —(nf,)2/3///f/3/2, where f; is the rest-frame GW
frequency, differentiation with respect to time gives the frequency evolution

dinfr 3, <1+IGW) : (200)

d 26V feny

Combining this with the GW power dEgw /dr yields the energy spectrum per logarithmic
frequency interval,
dEgw _ 1 (nf,) 4" (201)
dlnfr B g 1+tGW/tenv ’
In the limit 7gw < feny, ONe recovers the standard GW-driven spectrum. Environmental
effects suppress the emission at frequencies below the GW-dominated regime, precisely
the range probed by PTAs. Since PTAs observe a narrow frequency window, it is practical

to expand In(feny /7Gw) around a reference frequency fow:

P o+ In(fr/ fow)+-..
env.__ <fr) 7 (202)
tGw fow
where the coefficients are defined by
n
o, = 1 ( d > In Jem . (203)
n! \ dln f, IGw fr=faw
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Figure 15: Effective orbital decay timescale to¢s of SMBH binaries of different masses as a function of
the orbital separation, taking into account dynamical friction, loss-cone scattering, gas effects from
a circumbinary disc and, finally, GW emission from a circular orbit. The separations at which the
binaries emit GWs in the PTA band are indicated. Adapted from Paper VII [53], © 2024 American
Physical Society.

Retaining only the leading-order term o, = a results in a power-law parametrisation of
the environmental contribution, which has been widely adopted in the literature [70, 123,

82, 871:
few _ ( fr )a
fow fow)

My \ 7P
wa(///c,n,Z)—ﬁef<1()9M®> )

B o
Tenv :tGW(=//c,*,f*) (ZC ) (]J:r) .

Here fi.f and a > 0 are phenomenological parameters to be constrained by the NG15
data (noting that 7.,y grows with f, whenever o > 8/3, implying that the environmental
timescale is longer at higher frequencies). The mass slope f reflects the underlying phys-
ical mechanism: studies in the literature consider B = 0.2-0.8 depending on whether
the dominant effect is stellar hardening or gas-driven dissipation [123, 87, 70]; following
Ref. [87], we adopt B = 0.4, a choice whose impact on the predicted background is ex-
pected to be modest given that the PTA signal originates from a relatively narrow range
of BH masses. Through Eq. (201), the environmental parametrisation directly shapes the
spectral form of the stochastic GW background in the PTA band. We also see in Fig.15, how
the relevant masses that merge close to the PTA band are the ones that correspond to the
dynamically measured local SMBHs that are inactive today. This is an important result of
our analysis of the nanohertz stochastic GW background.

(204)

5.1.3 Imprints of the seeding process at low redshifts

As we have stated, one of the central open questions in SMBH research concerns their
origin. The massive, locally observed SMBHs believed to drive the nanohertz stochastic
background have grown through accretion by many orders of magnitude since their for-
mation, effectively erasing any memory of their initial seeding conditions. The situation is
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Figure 16: Left panel: The occupation probability p; as a function of BH mass for selected values of
the low-mass cut mgyt, with width parameters w = 1 (solid) and w = 2 (dashed). The error-function
ansatz provides a smooth transition between zero and the asymptotic fraction f;, capturing the
crossover from halos too shallow to retain a seed to those hosting a fully formed BH. Right panel:
The halo mass-BH mass plane, colour-coded by the occupation fraction pocc for a two-component
seeding model with fi = fo» = 0.5, wi = wy = 1, mcy,1 = 100Me), and mey 2 = 10° M. The figure
illustrates how the coexistence of light and heavy seed populations gives rise to occupation in distinct
regions of the M,,-mgy plane. Reproduced from Paper VIII [57], © AAS 2024.

markedly different at high redshift, where the seeding mechanism leaves a direct imprint
on the predicted SMBH population. Among the local observables, perhaps the most in-
formative probe of SMBH origins is the occupation fraction of the lightest galaxies, which
host the lowest-mass BHs closest in mass to the original seeds.

The principal seeding channels that have been proposed in the literature can repro-
duce the properties of the observed SMBH population for appropriate choices of assem-
bly parameters such as accretion rates, yet they differ substantially in their predictions
for the spectrum of intermediate-mass BH mergers across cosmic time; see [143] for a
comprehensive overview. These mechanisms generically predict either light seeds with
masses ~ 102—103M@, associated with Pop Il remnants, or heavy seeds with masses
~ 10*-10° M, associated with direct collapse, at z < 10. At low redshifts, z < 7, the
imprint of the seeding scenario manifests primarily in the low-mass tail of the BH occupa-
tion fraction. This is captured through the functions p(mgy, 0 ;), for which we adopt the
parametric form

(205)

pj(mpu,0;) = 5 <1+ rf[loglO(mBH/mcut,j)D7

Wj

where 0 = (fj, mcu,j, wj). Here f; is the fraction of SMBHs produced by seeding mecha-
nism j, mey, j characterises the minimal SMBH mass associated with that channel, and w;
controls the sharpness of the transition. The condition }°; f; = 1 is imposed. The function
p; is shown in the left panel of Fig. 16 for different values of m., and w. The occupation
fraction entering the merger rate is then obtained by convolving p; with a log-normal
distribution over halo mass,

Pocc(mBH|Mv;Z 6) = (206)
pj(mpu, 0 1“(’"3}1/’?'01
exp|——————|, (207)
Z \/anBH o p{ 202

which allows for scatter in the mass relation between DM halos and their central BHs, as
illustrated in the right panel of Fig. 16. The occupation fraction enters the BH merger rate
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directly. Following the formalism introduced earlier, the differential merger rate gener-
alised to include seeding-dependent occupation is

dRgu(pBH, 0)

~ dM, dM.
dmy dmy PBH/ 1AMy ————

X H Pocc mj| ,0), (208)

dM dM2 =iz

where pgq is the probability that a halo merger leads to the coalescence of the central
BHs. The expected number of binaries detectable by a given gravitational-wave observa-
tory over an observational period is

N(B) = /0 “dr / dA(0,%) pae|SNR. /SNR(x, 7)), (209)

where SNR(x) is the signal-to-noise ratio of the gravitational-wave signal from a binary
with parameters x, pge is the detection probability that accounts for source sky location
and inclination [64, 67], and SNR, = 8 is the threshold for detection. The differential
event rate per unit comoving volume is

1 dVC dRBH(pBH76)

dA(6 —
(6,%) 142z dz dmydmy

dmdmydz. (210)

This framework provides a direct link between the low-redshift SMBH population and
the expected event rates at higher-frequency gravitational-wave detectors such as LISA,
thereby connecting the seeding physics accessible at high redshift to future observational
prospects at lower redshifts.

5.2 Supermassive Black Holes in the first billion years of the universe

In this section, we will elaborate on how to model the BH at high redshifts, which is much
more complicated, as the situation is more dynamic. We have more mergers and bigger
overall accretion and star formation. The question of how much or how is not yet settled.
Given a seed BH of mass mgeeq, the maximum rate at which it can grow through radiatively
efficient accretion is set by the Eddington limit: the luminosity at which radiation pressure
balances gravity, Lgaqq = 4nGMpum,c/0r, where m,, is the proton mass and oy is the
Thomson cross-section. Assuming a radiative efficiency &4, the corresponding accretion
rateis M = LEdd/(eradcz), which leads to exponential growth on the Salpeter timescale of
~ 45Myr for g,q = 0.1. Starting from a stellar-mass remnant of mgeeq ~ 10> M., at red-
shift z ~ 20, reaching ~ 10° M, by z ~ 7 requires uninterrupted Eddington-limited accre-
tion, leaving no margin for periods of sub-Eddington growth. Quasars observed at z 2 7,
however, prove that ~ 10° M., SMBHs do exist at lookback times exceeding 13 Gyr, press-
ing hard against this limit [80, 45]. The problem is further sharpened by the recent JWST
findings, which have revealed an abundant population of high-redshift AGN and candidate
SMBHs at z 2 4-10 that appear systematically over-massive relative to their host stellar
masses when compared to local scaling relations [73, 96]. Understanding the origins and
early growth of these objects requires a framework that simultaneously tracks the assem-
bly of DM halos, the formation of stars within them, and the feeding and feedback of the
central BH, all against a background cosmology that may or may not be the standard cold-
DM (ACDM) paradigm. It is precisely this kind of unified semi-analytic framework that
motivates the two works on which this section draws.

The universe at z 2 5 is in the midst of reionisation: the first sources of UV photons
are ionising the intergalactic medium, and galaxies are assembling rapidly in a bottom-up
hierarchical sequence driven by the gravitational collapse of DM density fluctuations. At
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Figure 17: IWST/NIRCam images of broad-line AGNs at z = 4-7. Reproduced from Harikane et al. [ 73],
© AAS 2023.

these redshifts, the HMF is dominated by objects far below the non-linear mass scale at
z =0, and the observational windows on this population remained very limited before
the advent of JWST. The telescope’s near-infrared sensitivity allows it to reach rest-frame
UV wavelengths for sources at z ~ 5-25, making the UV luminosity function (UVLF) —
the comoving number density of galaxies per unit UV absolute magnitude — the primary
statistical observable for constraining both the galaxy population and its host DM haloes
at these epochs. In addition, the detection of AGN at z = 4 by JWST provides a comple-
mentary constraint on the BH mass function, enabling, for the first time, a joint analysis
of stellar and BH growth histories in the high-redshift universe. The rest of this section
builds up the theoretical ingredients needed to exploit these two observational handles.

We start by describing the minimal physics of a high-z universe and what the physics
of the feedback and BH accretion are. We will then show how we can use the UV lumi-
nosity function as a tool to fix this feedback. Finally, we will show how the feedback fitted
from the UV luminosity function, plus the method for accretion via mergers we have de-
veloped in the first section, can be used to evolve the SMBH seeds and compare to the
JWST observations, while considering the DM model consistent along all of the processes.

5.2.1 Minimal high-redshift galaxy model

We have started by describing the DM halo abundance, their accretion and how they
merge in different DM models, using analytical estimates from the EPS formalism. Galaxy
formation and evolution are much more complicated to describe than the DM halo that
hostsiit. It involves the interplay between gas, star formation, and the energetic processes
through which newly formed stars and accreting BHs regulate their own growth. These
energetic processes are generically termed feedback, and their correct modelling is ar-
guably the single most important challenge in galaxy formation theory. The rate at which
these processes happen is assumed to be proportional to the overall accretion of gas by
the halo that hosts the galaxy. There is a fundamental difference between stars and BHs;
star formation requires cold gas, while BHs can also accrete hot gas. The gas is heated in
a galaxy because of the feedback from the accreting SMBH, and it is expelled from the
supernova (SN) feedback. Here, we outline the minimal set of feedback processes that
must be incorporated into any realistic model of early galaxy formation. We first briefly
review what are the physics behind both supernova and BH accretion feedback to moti-
vate the parametric form for star formation, which we will fit against the UV luminosity
function. The shape of the fit for star formation is expressed as M, = f.(M) feola(M) fM
where fp = Qp/Qy = 0.16 denotes the baryon fraction and f,. (M) is the fraction of gas
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that is converted into stars in a halo of mass M and f.qa(M) is the fraction of the gas
that remains cold. We express this product as a broken power-law with an exponential
suppression
a+ B oMM

(M/M.)=%+a(M/M.)B ’
in the next sections, we will see how we can learn a great deal by interpreting this paramet-
ric function. The first and most fundamental feedback channel at high redshift in light DM
halosis driven by core-collapse supernovae (Type Il SNe). When massive stars (M, = 8 M)
exhaust their nuclear fuel after a few million years, they explode and impart kinetic en-
ergy to the surrounding gas. The physical mechanism of SN feedback is as follows. When
a stellar mass M., (z) is formed at redshift z, the total SN kinetic energy imparted to the
interstellar medium is

f*fcold:‘gﬁ (211)

Esn = fwEs1 VM. (2) = £ v M. (2). (212)

For this energy to eject all the remaining gas from the halo, it must exceed the binding
energy of the ISM in the DM potential well. The escape velocity from the halois v, = v/2 v,
where v, is the circular velocity, so the energy required to unbind and expel the gas not
converted into stars is |

Eej = 5 [Myi(2) = M (2)]; (213)
where M, ;(z) is the initial gas mass available at that time step. The ejection efficiency f;,
the minimum star-formation efficiency required to blow away all remaining gas, is found
by setting Esn = Eej, which yields [43]

ve(z)

v2(z) + fuwv?’ (214)

fej =

This expression encodes a crucial physical insight: because v, o« M,t/3(1 +z)'/2 for virial-
ized halos, the ejection efficiency is smaller for low-mass halos and decreases as a function
of redshift at fixed mass. In other words, the shallower the potential well, the easier it is
for SN energy to expel the gas. To follow this model exactly does not produce a good fit
to the UV luminosity function but it provides a toy model for the relevant physics. We
instead parametrise the feedback from the fitted star formation rate as a function of the

halo mass
1, M < M.
Jeod =19 . . ‘<, (215)
M*/(ngM)a M>M,

and the SFR efficiency

(216)

f*zg{M*/(ngM), M <M.
1 M>M,

)

The suppression of f, at M < M, arises because, as we have described, SN feedback de-
pletes the cold gas, halting further star formation, the remaining gas after it has been
expelled by the SN feedback can be expressed as

fejE(l—f*)(l—fSN){lé M <M.

. (217)
cold M 2 MC

The quantity fsn is the fraction of the gas left after star formation that is not expelled
by the SN feedback. The motivation for introducing this parameter is to allow for some
inefficiency in SN feedback and left gas to fuel the SMBH in light DM halos.
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Figure 18: We show the relevant functions in our minimal high-z model of galaxy formation and
evolution, for this case fsn = 0, so the fraction of available gas below M, vanishes, which implies
that all the gas below that halo mass is either used for star formation or expelled by SN feedback. In
practice, we fit these parameters as a function of redshift to the UV luminosity function; this figure
is only for illustrative purposes. Reproduced from Paper XI [58], © 2026 American Physical Society.

The second major feedback channelis associated with accretion onto the central SMBH,
collectively referred to as active galactic nuclei (AGN) feedback. While SN feedback is pri-
marily relevant for regulating star formation in low-mass haloes, where the shallow poten-
tial well makes gas retention difficult, AGN feedback operates predominantly in massive
haloes where the SMBH has grown sufficiently large to couple its energy output to the
galaxy-scale gas reservoir. We parametrise, in terms of the star formation rate, the com-
bined fraction of hot and cold gas available for the SMBH to accrete, fiem,

frem =1- (fej +f*)fcold- (218)

We will return later in more detail to the SMBH accretion model. Notice that if fsn = 0,
it implies that below M < M, no halo can have an accreting SMBH. Physically, this is mo-
tivated because winds from SN feedback eject a large portion of the available gas in light
DM halos but also because efficient accretion requires the SMBH to reside stably at the
centre of the gravitational potential, where the gas density is highest. In massive, well-
relaxed systems this condition is naturally satisfied: the BH sinks rapidly to the centre
through dynamical friction, and random gravitational perturbations are small compared
to its binding energy. In low-mass halos, however, the situation is qualitatively different.
When the BH mass is comparable to or smaller than the characteristic stellar mass within
the influence radius, the restoring gravitational force is weak and stochastic kicks from the
surrounding mass distribution impart a random walk to the BH trajectory [18]. The result-
ing Brownian motion displaces the seed from the density cusp and therefore suppresses
accretion. This wandering regime constitutes an additional, purely gravitational barrier to
early SMBH growth that is absent in the more massive haloes.

5.2.2 The UV Luminosity Function at high redshift

The UV luminosity function is going to be the main tool to learn about the co-evolution
of SMBHSs and stars. In its rest frame, a galaxy emits over a wide range of frequencies,
and over cosmological distances this light is redshifted to lower frequencies. For a galaxy

70



at, say, z ~ 10 to be observed in the near infrared, it needs to emit in the UV range. The
main sources of UV light are the heaviest stars in the universe, which are hotter and have
short lifetimes. In conclusion, the UVLF is so powerful because it is the primary statistical
observable for the galaxy population at high redshift and encodes, in a single function of
two variables, the combined effects of DM structure formation, gas physics, stellar popu-
lations, and feedback.

The advent of JWST has pushed direct measurements of the UV LF to z ~ 25 [107, 38],
complementing the more precise lower-redshift legacy data from HST [31, 72]. Together,
these datasets span more than twelve billion years of cosmic history and provide the most
direct observational window available on the evolution of star formation in the first billion
years. In this subsection, we explain how the feedback model developed in the previous
section translates the DM halo distribution into a prediction for ®(Myv,z), and what the
shape and high-redshift evolution of the observed luminosity function imply about the
physics of early star formation and the nature of DM.

The theoretical UVLF is constructed by connecting the HMF to the star formation rate
and thence to the UV luminosity of each galaxy. The observed UVLF receives two system-
atic corrections with respect to the intrinsic luminosity distribution: gravitational lens-
ing by intervening large-scale structure, which boosts the apparent brightness of distant
sources, and dust attenuation, which suppresses the observed UV flux. Including both
effects, the observed luminosity function is written as

(Lobs|L) dP(L‘M) dn
dLops dL  dinM’

CI)UV(Lobs) = /dL/dlnM dp (219)

where dP(L|M)/dL is the distribution of intrinsic luminosities emitted by galaxies in halos
of mass M, and dP(Lobs|L)/dLobs is the distribution of observed luminosities given an
emitted luminosity L, which encapsulates lensing magnification and dust attenuation:

AP(Lops|L) dP(u) dP(B) u
il / dwdB =3~ ~ap (Lo —5L)- (220)

where p is the lensing magnification and B is the dust attenuation factor. Following stan-
dard practice, the variance in dust attenuation is neglected and dP(B)/dB ~ 6(B — B) is
adopted, so that the UV LF simplifies to
B dP(u) dP(LIM) dn
Syy(Lops) = [ dudInM — . 221
UV (Lobs) / v L du i dinid (221)
It is convenient to express the UV LF in terms of the absolute AB magnitude, defined
through [105]

L
log;, (ergUSV_1> =0.4(51.63— Myy), (222)

from which ®yy (M,ps ) follows by the appropriate Jacobian, with the effective magnitude
shift Myy = Myps — Ayv + 1.0861n 1 encoding both dust attenuation and lensing [133].
Gravitational lensing by intervening DM halos magnifies the apparent flux of distant sources,
boosting the bright end of the observed UV LF with respect to the intrinsic distribution.
The magnification u is related to the line-of-sight convergence x by [130]

pe(l—x)2. (223)
The total convergence is built up as a sum over all intervening lenses j,
8D ;D;
k=rxp+) k1(8;), ;<<‘>(9j):D7’”Ej(rj), (224)
i N

J
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where £;(r;) is the projected surface mass density of the j-th lens at angular diameter
distance D; and transverse separation r; from the line of sight, D is the angular diameter
distance of the source, D; ; the distance between lens and source, and kg = —(Zj K(1)>
is the empty-beam convergence introduced to ensure (k) = 0. The distribution of lens
halos along a line of sight to a source at redshift z, is

2
dn(e) /ZdeI /’max dr 21(142)°r dn(z) ’ (225)
dinM 0 0 H(z/) dlnM
where the upper limit rmax (M, z;) is set by the condition k(M) > K, for a sufficiently small
threshold ki, In practice, lensing magnification at these redshifts is dominated by halos
of mass M > 10'9M,,, and is therefore largely insensitive to the modifications of small-
scale structure that distinguish different DM models. Dust attenuation suppresses the
observed UV flux, most significantly at low redshift and bright magnitudes where the dust-
to-gas ratio in galaxies is highest. The mean attenuation magnitude Ayy = 2.5log,, B is
estimated through the empirical relation

Aypy = lln [es(COJrO.Zln 10(Cy 65)2+C1/§UV) + 1} , (226)
S

where s =3,Cy =4.4,C; =2.0 and op = 0.34 are fixed parameters, and the mean UV

slope is

0.17(19.5+ Myv)
1.5440.075z

Buv = —exp ( ) (1.54+0.075z), (227)
obtained by fitting the observational results of [30] with an exponential scaling in Myy.
The softplus form of Eq. (226) replaces a piecewise function, with the sharpness param-
eter s = 3 chosen to reproduce numerical sampling results from the literature [141]. At
z 2 15, where the dust-to-gas ratio of early galaxies is expected to be negligible, dust at-
tenuation is switched off.

The UV luminosity function probes the star-formation rate (SFR) because the rest-
frame ultraviolet continuum is dominated by massive, short-lived stars with lifetimes 7 <
10Myr, which act as near-instantaneous tracers of ongoing star formation. This connec-
tion is quantified through the UV conversion factor gy, defined by

- M
Luyy = —, (228)
Kuv

so that a higher SFR M, produces a proportionally higher UV luminosity. The value of kv
is set by the shape of the stellar initial mass function (IMF): more top-heavy IMFs, in which
massive stars contribute a larger share of the total stellar mass, yield a lower kyy and thus
a higher UV luminosity per unit SFR [93, 65]. For the standard Salpeter IMF, appropriate for
the Pop I and Pop Il stellar populations observed in the local and intermediate-redshift Uni-
verse, one obtains kyy = ko = 1.15 x 10722 M, serg~ ! Myr~! [93]. Population Il (Pop Il)
stars, forming from pristine, metal-free gas in the first generation of halos at z 2 10, are
instead expected to be characterised by a distinctly top-heavy IMF, with typical masses
of order 6”(10—103)M@ [32, 83]. This shift in the mass spectrum results in kyy < Ky,
meaning that a Pop lll-dominated stellar population produces more UV photons per unit
of stellar mass formed than its metal-enriched counterpart, and can therefore account for
an observed excess in the UV luminosity function without necessarily requiring a higher
SFR or a more abundant halo population. This will play a very important role when fitting
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the JWST observations at the highest redshift. The emitted magnitudes Myy in a given
halo are assumed to follow a Gaussian

dP(Myv|M) 1 exp (_ (Myv _MUV)2> (229)
dMyy V27 ouy 202y

The SFR is assumed to be proportional to the halo mass growth rate computed from the
EPS formalism,

where fp = Qp/Qy 2 0.16 is the cosmic baryon fraction. The proportionality coefficient
f+(M) encodes the reduction of the star-formation efficiency by SN and AGN feedback as
a function of halo mass. The shape and properties of Eq. (230) have been introduced and
motivated in the previous section.

5.2.3 Black hole co-evolution

Having established the UV luminosity function as a probe of the star-formation rate and
the HMF, we can now turn to the co-evolution of SMBHSs and their host galaxies. The key
insight behind the approach is that the same EPS formalism developed in Section 3.13 to
track the baryonic assembly of halos can be applied directly to the BH mass, without the
computational overhead of explicit merger-tree realisations. Because an SMBH residing
in a halo of mass M at redshift z has, on average, followed the same hierarchical assembly
history as any mass element of that halo, the EPS conditional probabilities describe the
stochastic history of the BH just as faithfully as they describe the DM distribution. The
result is a set of coupled ordinary differential equations for the mean BH mass Mgy (M, z)
and the mean stellar mass M. (M, z) in a halo of mass M at redshift z, which can be solved
numerically at a computational cost orders of magnitude lower than hydrodynamic sim-
ulations or Monte Carlo merger trees. To track the growth of the SMBHs, we need to
introduce the growth via mergers, which is subdominant for stars but very relevant for
the BHs. The total rate of change of each component is written as the sum of a merger
contribution and a growth contribution from baryonic processes

Mpu(M) = My & (M) + MES (Mg, M) , (231)
M. (M) = M (M) + M (M), (232)

where M;**® denotes the growth rate driven by halo mergers, M is the BH growth by
gas accretion, and M?! is the stellar mass growth by star formation. The two components
Mgy and M, are coupled through the gas budget: the same baryonic gas reservoir that
feeds star formation also supplies the material for BH accretion, and both channels are
regulated by the SN and AGN feedback processes discussed in Section 5.2.1. The merger
contribution to the BH and stellar mass growth rates follows directly from the EPS frame-
work developed in Section 3.13. The mean mass of component J € {BH, *} in a halo of
mass M at redshift z that has been inherited from progenitor halos at redshift 7/ > z is
given by Eq. (141), and the instantaneous merger growth rate is obtained by taking the
limtAz=7—z—0:

dN
dm’

M
AM;®(M,z,7) = / dM' —M;(M',7) —M;(M, 7). (233)
0

The merger growth rate M;"# (M, z) is obtained from Eq. (233) via the relation in Eq. (143).
Physically, the integral sums the contribution of all progenitor halos of mass M’ < M
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whose BH or stellar content M, (M’,7') is incorporated into the halo of mass M as structure
builds up hierarchically.

A key difference between stars and SMBH growth via mergers is that not every halo
merger results in the prompt coalescence of the two central SMBHs. Following the dy-
namical processes we have previously described, the two BHs must sink to the centre of
the merged potential through dynamical friction, form a bound binary at parsec separa-
tions, and harden via stellar loss-cone scattering before GW emission can drive the final
coalescence. Each of these stages may stall or proceed at different rates depending on the
environment. This complexity is captured by a single efficiency parameter 0 < pgy < 1,
which multiplies the BH merger growth rate:

Myii®(M) — penMpy*(M). (234)

The stellar mass merger rate, My "%, proceeds without such a penalty since stars partici-
pate in the galactic merger regardless of what the central BHs do.

The accretion channel couples BH growth directly to the gas available in the host halo
after star formation and internal feedback have acted on the baryonic reservoir. The BH
accretion rate is the minimum of the available gas supply and a fraction of the Eddington
rate:

155 (Mpr, M) = min | fgag Mgaa (M), frem f8 (1M + f3°M)] (235)
where the Eddington rate is

Lgaa 4nGMgum,,

236
€rad €2 Erad COT ( )

with &4 the radiative efficiency, and fgqq is a dimensionless parameter that allows for
accretion up to or beyond the classical Eddington limit. The second argument of the min-
imum contains two physically distinct contributions. The term ffCCM accounts for the
fraction of freshly accreted baryons that reach the central region after star formation and
feedback, with f7°“ a dimensionless efficiency; the term f3°° M describes accretion from
the ambient gas already present in the halo, with f3°° carrying units of inverse time. Both
contributions are modulated by fi.m, Which encodes the feedback history.

This parametrisation incorporates the AGN feedback loop self-consistently. Once the
BH has grown to the point where fgqq Meqq dominates the accretion rate, the luminosity
Lgqq heats and removes the surrounding gas, reducing f..1q and hence fier,. Above M., this
heating is the primary driver of the cold-gas suppression in Eq. (214), so that the accretion
and star-formation histories are tightly coupled through the shared gas reservoir. The
competition between merger-driven and accretion-driven growth then shapes the Mgy -
M, relation across halo masses: in halos below M., where fiem = fsn < 1, BH growth is
dominated by the merger channel, while in massive halos, the Eddington-limited accretion
term takes over.

The coupled equations from Eq.(235) must be supplemented with an initial condition:
the mass of the first BH seeds, mge.q, planted in every halo above a minimum mass Meeq
at a formation redshift zs.eq. This initial condition encodes the unknown physics of the
very first generation of massive BHs, which cannot be derived from the EPS formalism
alone. As we have discussed, two broad families of seeding scenarios are considered in
the literature: light seeds with mg.eq ~ 10?-103 M., planted in relatively low-mass ha-
los (Meeq ~ 10° M), corresponding to Pop Il stellar remnants; and heavy seeds with
Mgeed ~ 10*-10° M, planted in more massive halos (Meeq ~ 10°-10% M), corresponding
to direct-collapse BHs or the products of dynamical processes in dense stellar systems.
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FDM/WDM

Figure 19: In this sketch, we illustrate the difference in growth through mergers in CDM versus DM
models for which there is suppressed small-scale structure like in FDM or WDM.

The DM model enters the BH co-evolution equations through the same channel as
in the UVLF: the variance 6%(M) and its derivative with respect to mass, which control
both the halo growth rate and the merger rate in the EPS formalism. In CDM, 62(M) is a
monotonically decreasing function of mass and the merger rate is a smooth function at
all relevant mass scales. In FDM and WDM, the suppression of (M) below the Jeans or
free-streaming scale reduces both the abundance of low-mass halos and the rate at which
they merge into more massive systems. This has a twofold effect on the predicted Mgy -
M, relation. First, the reduced number of merger events at the low end of the halo mass
function means that BHs in low-mass galaxies have fewer merger partners, suppressing
the merger-driven growth channel that is dominant for M, < 1010M®. Second, the re-
duced halo growth rate at small masses translates into a smaller gas supply and hence a
lower star-formation rate, which reduces the stellar mass at fixed halo mass relative to
CDM.

The magnitude of this shift depends on the DM particle mass. For FDM with mgpy ~
10722 eV, the suppression of structure begins at halo masses M, ~ 10°-10'° M., precisely
the range that dominates the merger history of the low-M,, AGN population detected by
JWST. For WDM with mwpm ~ keV, the corresponding suppression mass is similar, as the
free-streaming length and the FDM Jeans scale are comparable in the observationally rel-
evant parameter space. The comparison between the CDM predictions, which reproduce
the observed Mgy-M, relation at all redshifts, and the FDM or WDM predictions, which
produce a systematic deficit of BH mass at high redshift, is thus a direct probe of the
nature of DM on sub-galactic scales. This sensitivity makes the stellar mass-BH mass re-
lation at high redshift a particularly powerful cosmological probe. Unlike the UVLF, which
depends on the number density of halos and is therefore sensitive to the DM model pri-
marily through the HMF, the BH mass at fixed stellar mass depends on the merger his-
tory of halos, which is encoded in the conditional EPS probabilities. The merger history
is a more direct probe of the shape and amplitude of 6%(M) at small scales, because it
depends on how many and how massive the progenitors were at each step in the hier-
archical assembly. In WDM and FDM, the suppression of progenitors below the Jeans or
free-streaming scale truncates this merger history in a way that is visible in the Mgy-M,
relation even when the UV LF shows only a mild deviation from CDM. As we will show in
the papers, this constitutes one of the main results of this thesis.
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6 Summary and conclusions

The introductory part of this thesis has reviewed the generation and detection of GWs, the
analytic description of structure formation in different DM models, the wave-optics lens-
ing of GWs and the astrophysics of SMBHs in the local and in the high-redshift universe.
This section summarises the original results of the eleven publications on which the the-
sis is based, organised according to the four research objectives formulated in Section 1.1,
and states the main conclusions of the thesis.

6.1 Wave-optics lensing of gravitational waves by dark matter (O1)

Paper | [61] presented the first systematic treatment of GW lensing by extended DM struc-
tures in the wave-optics regime. The amplification factor was computed numerically for
uniform spheres, NFW halos and FDM halos with solitonic cores, none of which admits a
closed analytical expression, and the lensing signatures were classified according to the
number and nature of the extremal paths of the time-delay surface, as reviewed in Sec-
tion 4. The detectability of these signatures was quantified for LIGO, ET, LISA, AEDGE and
BBO through the waveform mismatch and the lensing optical depth. A central, and ini-
tially surprising, result was that more sensitive detectors do not substantially improve the
prospects of detecting individual DM halos.

Paper I [138] extended the microlensing analysis of Ref. [136] to PBHs dressed with ha-
los of particle DM. It provided the first fully consistent treatment of such dressed lenses,
and its methodology was subsequently adopted by the LIGO-Virgo-KAGRA collaboration
in its search for microlensing signatures [4]. Constraints on the PBH abundance were de-
rived from the absence of lensing signatures in the LIGO-Virgo catalogue, and projections
were made for ET. An important implication is that ET will observe the stellar-mass BH
population twice, through the mergers themselves and through the microlensing of GWs
by the same population, which opens the possibility of testing the DM profile around
these objects and of discriminating between a stellar and a primordial origin even for PBH
fractions well below the total DM abundance.

Paper Il [137] explained why individual DM halos remain undetectable with LISA re-
gardless of its sensitivity: the accessible lens mass is bounded by the Fresnel volume of
the GW, a fundamental wave-optics limitation rather than a technical one. The same pa-
per showed that the cumulative effect of the many light halos contained in the Fresnel
volume, the “dark timbre” of the GW, is a guaranteed signal in CDM and constitutes a
new class of DM observable.

6.2 Structure formation beyond cold dark matter (02)

The analytic framework of Section 3 was developed across Papers IV, V, X and XI. Pa-
per IV [77] computed the variance of the matter perturbations and the HMF in models
with a white-noise enhancement of the small-scale power, as arises from axion miniclus-
ters or heavy PBHs. Paper X [134] introduced the key technical advance of following the
evolution of the halo population and of its baryonic and BH content with differential equa-
tions derived from the EPS conditional probabilities, rather than with Monte Carlo merger
trees; this makes the computation orders of magnitude cheaper and allows the HMF to be
followed down to arbitrarily small masses. Paper V [133] extended the formalism to ellip-
soidal collapse, providing a conditional first-crossing distribution that reproduces Monte
Carlo random walks even for large redshift separations, and introduced a smooth win-
dow function that yields a consistent HMF and halo growth rate in CDM, WDM, FDM and
enhanced-power models. Paper Xl [58] combined these ingredients into a single model
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in which the dependence on the DM model enters only through the variance 6%(M) and
its derivative.

6.3 Supermassive black hole binaries and pulsar timing arrays (03)

Paper VI [54] built the SMBH binary merger-rate model of Section 5.1, anchored to the
local SMBH-stellar mass relations and to the EPS halo merger rate, fitted its amplitude to
the NANOGrav 12.5-year data and extended it to lower masses to predict the event rates
for LISA and atom interferometers. It also established that the distribution of Qgw is more
efficiently computed from the merger rate and then convolved than by simulating individ-
ual binaries, and that this distribution is strongly non-Gaussian, with a tail towards large
Qgw and a mode well below the mean, so that individual realisations of the background
can be markedly spiky. Paper VII [53] confronted an improved version of the model with
the NANOGrav 15-year data, which for the first time provided information on the spectral
shape. The spectrum requires environmental hardening of the binaries in the PTA band,
and the population responsible for the signal was identified with the inactive galaxies
hosting the heaviest, dynamically measured SMBHSs. Paper VIII [57] extended the model
self-consistently to lower masses and showed that the minimum mass of the SMBH oc-
cupation fraction, a low-redshift tracer of the seeding mechanism, can be recovered with
LISA and with atom interferometers. Paper IX [55] connected the merger rates and envi-
ronmental effects inferred from the PTA data to the JWST observations of little red dots
and dual AGN, interpreted as merging SMBHs.

6.4 Supermassive black holes and galaxies in the early universe (04)

Paper IV [77] showed that the first, photometric JWST galaxy candidates could not be
explained in CDM even with maximal star-formation efficiency, and explored an enhance-
ment of small-scale structure as a remedy. Paper V [133] revisited this question with the
much larger and spectroscopically calibrated UVLF data set that is now available up to
z ~ 25, and with the full model of Section 5.2, including feedback, dust attenuation and
lensing magnification. Enhanced small-scale power does not improve the fit; instead, the
data require a rapid transition to Pop Il stars and reduced SN and AGN feedback at the
highest redshifts, and they constrain FDM and WDM. Paper IX [55] showed that the over-
massive SMBHSs observed by JWST are a natural continuation of the high-mass end of the
local relation of dynamically measured SMBHs, and that it is the local AGN sample that is
the outlier. Paper X [134] evolved light and heavy seeds with the differential EPS model and
found that light seeds can reproduce the JWST SMBHs only if the merger efficiency is high,
whereas heavy seeds provide a more natural fit. Finally, Paper Xl [58] fitted the feedback
parameters to the UVLF and the remaining astrophysical parameters to the SMBH obser-
vations, and found that the SMBH population constrains deviations from CDM significantly
more strongly than the UVLF alone, the constraints becoming stronger for lighter seeds.

6.5 Main conclusions

The main conclusions of this thesis are the following.

1. Wave-optics lensing of GWs by individual DM halos is limited by the Fresnel volume
of the wave and not by the detector sensitivity. Individual NFW or FDM halos will
not be detected with LISA or with ground-based detectors, whereas the cumulative
lensing by the many light halos within the Fresnel volume is a guaranteed signal in
CDM (Papers | and Ill).
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2. The absence of microlensing signatures in the LIGO-Virgo catalogue constrains the
abundance of PBHs, including PBHs dressed with particle DM halos. ET will observe
the stellar-mass BH population both through mergers and through microlensing,
which will allow the DM profile around these objects to be probed and a primordial
origin to be distinguished from a stellar one (Paper II).

3. The EPS formalism, extended to ellipsoidal collapse and equipped with a smooth
window function, provides an accurate and computationally efficient description of
the HMF, the halo merger rate and the accretion of DM, baryons and BHs in CDM,
WDM, FDM and enhanced-power models, without the need for merger trees (Pa-
pers V, X and XI).

4. The nanohertz GW background measured by PTAs is consistent with a population
of SMBH binaries whose merger rate is inherited from the EPS halo merger rate
and whose masses follow the relation of the inactive, dynamically measured local
SMBHEs. Its spectral shape requires environmental hardening of the binaries in the
PTA band, and the background is strongly non-Gaussian (Papers VI and VII).

5. The same population model, extrapolated to lower masses, predicts the event rates
for LISA and atom interferometers and shows that the low-mass cut-off of the SMBH
occupation fraction, an imprint of the seeding mechanism, is recoverable with these
detectors (Paper VIII).

6. The JWST UV luminosity function up to z ~ 25 does not require an enhancement
of small-scale structure. It requires instead a rapid transition to Pop Ill stars and re-
duced feedback at the highest redshifts, and it constrains FDM and WDM (Papers IV
and V).

7. The over-massive SMBHSs observed by JWST at high redshift continue the local rela-
tion of dynamically measured SMBHs, the local AGN sample being the outlier. Light
seeds can reproduce them only with a high merger efficiency, whereas heavy seeds
provide a more natural fit (Papers IX and X).

8. Because SMBHs retain the imprint of the mergers that took place in light halos at
high redshift, the SMBH population constrains deviations from CDM more strongly
than the galaxy population does, and the lighter the seeds, the stronger the con-
straint (Paper XI).

6.6 Outlook

The tools developed in this thesis are directly applicable to the data that will arrive in the
coming years. On the GW side, the growing PTA data sets and, eventually, LISA and the
atom interferometers will test the SMBH population model of Section 5 at the level of in-
dividual binaries, and the dark timbre of the GWs detected by LISA will offer a first look at
the population of light DM halos. On the electromagnetic side, spectroscopic JWST sam-
ples of SMBHs at z 2> 5, and in particular a clarification of the nature of the little red dots,
will sharpen the constraints on the seeding mechanism and, through it, on the DM model.
The EPS-based framework of this thesis, in which the DM model enters only through the
variance of the matter perturbations, is well suited to confront all of these observations
consistently.
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Abstract
Black Holes and Dark Matter in light of new infrared and grav-
itational wave observations

The aim of this thesis is to use gravitational waves and black holes as precision probes of
the nature of dark matter. The thesis is organised around four interconnected research
programmes, each addressing a distinct direction in the observational and theoretical
study of supermassive black holes, dark matter and gravitational waves, and correspond-
ing to the four research objectives formulated in the introduction: wave-optics lensing of
gravitational waves by dark matter structures; an analytic description of structure forma-
tion valid beyond cold dark matter; the supermassive black hole binary population and
the nanohertz gravitational wave background; and the formation of supermassive black
holes and galaxies in the first billion years as a test of dark matter.

The first program concerns the gravitational lensing of gravitational waves as a probe
of dark matter. In Paper | [61], we studied the detectability of NFW halos and fuzzy dark
matter cores via GW microlensing, presenting the first systematic treatment of NFW pro-
files, which lack a closed analytical expression for the amplification factor F, and the first
inclusion of fuzzy dark matter halos with their characteristic cores. The techniques devel-
oped in that work have since become standard in the community. A notable and initially
surprising finding was that more sensitive future detectors did not substantially improve
detectability prospects; as we later understood, this reflected a fundamental physical lim-
itation rather than a technical one. In Paper Il [138], we extended the results from [136]
to primordial black holes, deriving constraints from LIGO and the Einstein Telescope. We
incorporated waveform mismatch, the effect of particle dark matter halos around PBHs,
and the possibility of detecting such halos directly. Our treatment of particle dark matter
halos around PBHs was the first fully consistent one in the literature, and the methodol-
ogy was subsequently cited by the LIGO collaboration [4] in their search for microlensing
signatures. An important implication of this work is that the Einstein Telescope will ob-
serve the binary black hole population twice, once through mergers and once through mi-
crolensing of gravitational waves from the same population, enabling independent tests
of the dark matter profile around these objects and, in principle, a discrimination between
stellar and primordial origin even for primordial black hole fractions well below the dark
matter abundance. Finally, in Paper Il [137] we returned to the question of why dark mat-
ter halos are undetectable with LISA, tracing the bottleneck to a fundamental wave-optics
effect: the Fresnel volume limits the accessible dark matter regardless of detector sensi-
tivity. We then showed that the cumulative lensing signal from many lighter dark matter
halos within this Fresnel volume is, in contrast, guaranteed in the CDM framework, and
constitutes a new class of detectable signal.

The second direction of research concerns the high-redshift galaxy and black hole ob-
servations from JWST and their implications for fundamental physics. In Paper IV [77], we
computed the variance of matter perturbations in the presence of axion minicluster en-
hancement, showing that even maximal star formation efficiency, all baryons converted
to stars, was insufficient to account for the observed galaxy masses, and that an enhance-
ment of small-scale structure was required. This paper captures the attitude of the early
post-JWST community, in which non-standard physics appeared necessary to explain the
observations. Over the following years, spectroscopic confirmation of galaxy samples and
improved photometric calibration revised some of those early results. In Paper V [133], we
carried out a considerably more sophisticated analysis incorporating realistic star forma-
tion, dust attenuation, and weak lensing, using the substantially enlarged dataset of UV
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luminosity function measurements now available up to z ~ 25. The result was perhaps
counterintuitive: the inclusion of primordial black hole or axion minicluster structure en-
hancements did not improve the fit, and significant deviations from CDM, including fuzzy
dark matter and warm dark matter scenarios, were constrained. What the data required
instead was a rapid transition to Pop Il stars and reduced supernova and AGN feedback
at very high redshifts, with which an excellent fit to the full dataset was obtained.

The third program addresses gravitational wave predictions from supermassive black
hole binaries in the local universe. In Paper VI [54], we fitted the amplitude of the stochas-
tic gravitational wave background from SMBH mergers to the NANOGrav 12.5-year dataset,
and extended the model to lower masses to produce predictions for LISA and for atom
interferometers. Although the observational constraints at the time were limited to a
measured amplitude, this work established an important methodological advance: it is
significantly more efficient to compute the distribution of Qgw from the merger rate and
simulate the total signal by convolving this distribution, rather than generating individual
binaries directly. This approach also revealed that the true distribution of the background
is highly non-Gaussian, with a tail towards large Qgw and a mode displaced well below the
mean, implying that individual realisations of the background can be markedly spiky. In
Paper VII [53], we applied an improved version of this framework to the NANOGrav 15-year
dataset, which for the first time provided spectral shape information in addition to am-
plitude. This new observable revealed that environmental effects are necessary to repro-
duce the observed spectral shape, and by identifying the population responsible for the
signal with inactive galaxies, we obtained an excellent fit to the data while simultaneously
constraining the environmental hardening mechanisms. In Paper VIl [57], we extended
the PTA model self-consistently to lower masses and demonstrated that the minimum
mass of the SMBH occupation fraction, a low-redshift tracer of the seeding mechanism,
is recoverable with both LISA and atom interferometers.

The fourth and final program concerns the formation and early evolution of SMBHs
from their seeds in the first billion years of cosmic history. In Paper IX [55], we inves-
tigated the SMBH-galaxy scaling relations observed by JWST, arguing that the apparent
tension with local AGN scaling relations is resolved once one recognises that the high-
redshift observations are a natural continuation of the high-mass end of local SMBH scal-
ing relations, and that it is the local AGN sample that is the outlier. We also connected
the merger rates and environmental effects inferred from PTAs to JWST observations of
little red dots and dual AGNs, interpreted as merging SMBHs. In Paper X [134], we devel-
oped a semi-analytical model to evolve SMBH seeds, introducing the key improvement
of tracking halo mergers via differential equations rather than merger trees, substantially
increasing computational efficiency and allowing the halo mass function to be followed
down to arbitrarily small masses, which is critical for constraining the light seed scenario.
A likelihood scan over seeding parameters showed that light seeds can reproduce the
observations provided merger efficiency is high, while heavy seeds provide a more nat-
ural fit. The final paper of this thesis, Paper Xl [58], synthesises and extends many of
these threads. It combines an improved elliptical-collapse EPS formalism with feedback
parameters fitted directly to the UV luminosity function, rather than fixed, and fits all re-
maining astrophysical parameters directly to the SMBH observations. This constitutes the
most parameter-complete model to date fitted directly to data. Its central finding is that
SMBH observations place significantly more stringent constraints on deviations from CDM
than those derived from the UV luminosity function alone. The physical reason is clear:
whereas the UV luminosity function probes structure formation at the epoch of obser-
vation, SMBHSs, which live practically forever, carry imprints of mergers reaching back to
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their formation in light dark matter halos at high redshift, precisely the regime most sen-
sitive to departures from the cold dark matter paradigm. A further consequence is that
the lighter the seeding mass, the more stringent the resulting constraints on non-standard
dark matter models.

94



Kokkuvote
Mustad augud ja tumeaine uute infrapuna- ja gravitatsiooni-
lainete vaatluste valguses

Kaesoleva doktorit66 eesmark on kasutada gravitatsioonilaineid ja musti auke tumeaine
tappisuuringuteks. T66 pohineb neljal omavahel seotud uurimissuunal, mis vastavad sisse-
juhatuses sonastatud neljale uurimiseesmargile: gravitatsioonilainete laineoptiline mur-
dumine tumeaine struktuuridel; struktuuritekke analtiitiline kirjeldus, mis kehtib ka val-
jaspool kiilma tumeaine (CDM) mudelit; tlimassiivsete mustade aukude kaksiksiisteemide
populatsioon ja gravitatsioonilainete foon nanohertsi sagedusalas; ning tumeaine oma-
duste analliis tilimassiivsete mustade aukude ja galaktikate tekke abil universumi esimese
miljardi aasta jooksul.

Esimene uurimissuund holmab tumeaine uuringuid gravitatsioonilainete gravitatsioo-
nilaatsedes murdumise abil. Artiklis 1 [61] uurisime Navarro-Frenk-White ehk NFW-halode
ja haguse tumeaine (FDM) tuumade avastatavust gravitatsioonilainete mikrolatseefekti
abil, esitades esimese slistemaatilise kasitluse NFW-profiilidest, mille véimendusteguri-
le F puudub analiitiline avaldis, ning esmakordselt analiiiisides haguse tumeaine halo-
sid koos neile iseloomulike tuumadega. Selles t66s valja tootatud meetodid on vahepeal
saanud kogukonnas standardiks. Tahelepanuvaarne ja esialgu Ullatav tulemus oli, et tu-
levased tundlikumad detektorid ei paranda avastamisvaljavaateid oluliselt; nagu hiljem
moistsime, peegeldab see pigem fundamentaalset flilisikalist kui tehnilist piirangut. Ar-
tiklis Il [138] laiendasime t66 [136] tulemusi Urgsetele mustadele aukudele (PBH), tule-
tades piirangud Laserinterferomeetrilise gravitatsioonilainete observatooriumi (LIGO) ja
Einsteini teleskoobi jaoks. Votsime arvesse lainekujude ebakdla, PBH-sid imbritsevate ele-
mentaarosakestest koosneva tumeaine halode méju ning voimaluse selliseid halosid otse
avastada. Meie kasitlus PBH-sid (imbritsevatest tumeainehalodest oli kirjanduses esimene
taielikult kooskdlaline kasitlus ning LIGO kollaboratsioon viitas sellele metoodikale hiljem
oma mikrolaitseefekti signatuuride otsingus [4]. Selle t66 oluline jareldus on, et Einstei-
ni teleskoop ndeb mustade aukude kaksiksiisteemide populatsiooni kaks korda: {iks kord
mustade aukude (ihinemiste kaudu ja teine kord sama populatsiooni gravitatsioonilainete
mikrolaatseefekti kaudu. See voimaldab séltumatult testida tumeaine profiili nende ob-
jektide Umber ning péhimétteliselt eristada musta augu tahelist voi tirgset paritolu isegi
siis, kui Girgsete mustade aukude osakaal tumeaines on vaike. Loépuks pédrdusime artik-
lis 111 [137] tagasi kiisimuse juurde, miks tumeainehalod jaivad Laserinterferomeetrilisele
kosmoseantennile (LISA) nahtamatuks, ja naitasime, et kitsaskoht tuleneb fundamentaal-
sest laineoptika efektist: Fresneli ruumala piirab ligipaasetavat tumeaine hulka séltumata
detektori tundlikkusest. Seejarel naitasime, et paljude kergemate tumeainehalode kumu-
latiivne gravitatsioonilainete murdumis-signaal Fresneli ruumalas on CDM-i raamistikus
seevastu garanteeritud ning moodustab uue avastatavate signaalide klassi.

Teine uurimissuund hélmab James Webbi kosmoseteleskoobi (JWST) suure punanih-
kega galaktikate ja mustade aukude vaatlusi ning nende tdhendust fundamentaalfiitisika
jaoks. Artiklis IV [77] arvutasime ainehairituste dispersiooni aksioni-miniparvede pohjus-
tatud véimenduse korral ja naitasime, et isegi maksimaalne tahetekke efektiivsus, mille
puhul kéik barlionid muutuvad tahtedeks, ei olnud vaadeldud galaktikamasside selgita-
miseks piisav ning vajalik oli vaikesemastaabilise struktuuritekke voimendus. See artikkel
peegeldab teadlaste hoiakuid parast esimesi JWST vaatlusi, mille kohaselt nais vaatlustu-
lemuste seletamiseks olevat vaja mittestandardset fiilisikat. Jargnevatel aastatel korrigee-
risid galaktikavalimite spektroskoopiline valideerimine ja tdpsem fotomeetriline kalibree-
rimine osa neist varastest tulemustest. Artiklis V [133] viisime 13bi oluliselt péhjalikuma
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analiitsi, mis hélmas realistlikku tahetekke kirjeldust, tolmu pohjustatud neeldumist ja
norka gravitatsioonilist |adtseefekti ning kasutas UV-heledusfunktsiooni méotmiste mar-
kimisvaarselt laienenud andmestikku kuni punanihkeni z ~ 25. Tulemus oli mdnevorra
ootamatu: Urgsete mustade aukude voéi aksioni-miniparvede pohjustatud struktuuritek-
ke voimenduse lisamine sobivust ei parandanud ning ei esinenud olulisi korvalekaldeid
CDM-ist, kuna haguse ja sooja tumeaine stsenaariumidele seati piirangud. Selle asemel
noudsid andmed kiiret tGleminekut Il populatsiooni tahtedele ning nérgemat supernoo-
vade ja aktiivsete galaktikatuumade (AGN) tagasisidet viaga suurtel punanihetel; nendel
eeldustel saavutati kogu andmestikuga suureparane kooskola.

Kolmas uurimissuund hélmab tlimassiivsete mustade aukude kaksiksiisteemidest pa-
rinevate gravitatsioonilainetest jarelduvaid ennustusi Iahiuniversumi kohta. Artiklis VI [54]
sobitasime Ulimassiivsete mustade aukude Ghinemistest tekkiva stohhastilise gravitatsioo-
nilainete fooni amplituudi NANOGravi 12,5 aasta andmestikuga ning laiendasime mudelit
vdiksematele massidele, et teha ennustusi LISA ja aatomi-interferomeetrite jaoks. Kuigi
tollased vaatluspiirangud piirdusid moddetud amplituudiga, toi see t66 olulise metodo-
loogilise edasimineku: on marksa tdhusam arvutada Qgw jaotus mustade aukude tihine-
missagedusest ja simuleerida kogusignaali selle jaotuse konvolutsiooni abil kui generee-
rida Uksikuid kaksikslisteeme otse. See lahenemine naitas Ghtlasi, et fooni tegelik jaotus
on tugevalt erinev Gaussi jaotusest, pika sabaga suurte Qgw vaartuste suunas ja moodiga,
mis jaab keskvaartusest tunduvalt allapoole, mistéttu fooni tiksikud realisatsioonid voivad
olla vaga teravate tippudega. Artiklis VII [53] rakendasime selle raamistiku tdiustatud ver-
siooni NANOGravi 15 aasta andmestikule, mis andis esimest korda lisaks amplituudile ka
teavet spektri kuju kohta. See uus vaadeldav suurus naitas, et vaadeldud spektrikuju taas-
esitamiseks on vajalikud Umbritseva keskkonna efektid, ning oletades, et signaali pohjus-
tab mitteaktiivsete galaktikate populatsioon, saime andmetega suurepéarase kooskéla, pii-
rates samal ajal kaksikslisteemi orbiidi kahanemist pohjustavaid keskkonnamehhanisme.
Artiklis VIII [57] laiendasime PTA-mudelit kooskdlaliselt vaiksematele massidele ja néita-
sime, et Ulimassiivsete mustade aukude hdive tdendosuse minimaalne mass, mis on jalg
mustade aukude algete tekkemehhanismist vaikesel punanihkel, on leitav nii LISA kui ka
aatomi-interferomeetritega.

Neljas ja viimane uurimissuund holmab Glimassiivsete mustade aukude teket ja varast
arengut nende algetest kosmilise ajaloo esimese miljardi aasta jooksul. Artiklis IX[55] uuri-
sime JWST vaadeldud Ulimassiivsete mustade aukude ja galaktikate mastaabiseoseid ning
vaitsime, et néiline vastuolu lokaalsete AGN-ide mastaabiseostega laheneb, kui mdista, et
suure punanihke vaatlused on lokaalsete (ilimassiivsete mustade aukude mastaabiseoste
massiivse otsa loomulik jatk ning et erandiks on hoopis lokaalne AGN-ide valim. Samu-
ti seostasime PTA-dest tuletatud tGhinemissagedused ja keskkonnaefektid JWST vaikeste
punaste tappide vaatlustega ja kaksik-AGN-idest, mida tolgendatakse Uhinevate Ulimas-
siivsete mustade aukudena. Artiklis X [134] to6tasime vilja semianaltdtilise mudeli Gli-
massiivsete mustade aukude algete arengu jalgimiseks, mille peamine uuendus on halo-
de Gihinemiste kirjeldamine diferentsiaalvorrandite, mitte (ihinemispuude abil. See suu-
rendab oluliselt arvutustohusust ja voimaldab jilgida halode massifunktsiooni kuitahes
vaikeste massideni, mis on kergete algete stsenaariumi piiramiseks kriitilise tahtsusega.
Toeparafunktsiooni skaneerimine lle algparameetrite naitas, et kerged alged suudavad
vaatlusi reprodutseerida vaid siis, kui Ghinemiste efektiivsus on suur, samas kui rasked
alged sobivad andmetega loomulikumalt. Doktorit66 viimane artikkel XI [58] slinteesib
ja laiendab paljusid neist suundadest. See (ihendab taiustatud, elliptilisel kollapsil pohi-
neva laiendatud Press-Schechteri formalismi tagasisideparameetritega, mis on sobitatud
otse UV-heledusfunktsiooniga, mitte fikseeritud, ning sobitab koik Ulejaanud astrofiilsi-
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kalised parameetrid otse Ulimassiivsete mustade aukude vaatlustega. Tegemist on seni
koige taielikumalt parametriseeritud mudeliga, mis on sobitatud otse andmetega. Selle
keskne tulemus on, et Glimassiivsete mustade aukude vaatlused seavad CDM-ist kdrva-
lekalletele oluliselt rangemad piirangud kui ainutiksi UV-heledusfunktsioon. Fiilsikaline
pohjus on selge: kui UV-heledusfunktsioon testib struktuuri teket vaatlushetkel, siis (li-
massiivsed mustad augud, mis elavad praktiliselt igavesti, kannavad endas jalgi ihinemis-
test, mis ulatuvad tagasi nende tekkeni kergetes tumeainehalodes suurel punanihkel, st
just sellesse reziimi, mis on kiilma tumeaine paradigmast korvalekallete suhtes kdige tund-
likum. Sellest jareldub htlasi, et mida kergem on alge mass, seda rangemad on piirangud
mittestandardsetele tumeaine mudelitele.
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Abstract. Gravitational lensing of gravitational waves provides a potential new probe of dark
matter structures. In this work, we consider the microlensing effect on gravitational wave
signals from black hole binaries induced by low-mass dark matter halos that do not retain
enough baryonic matter to hold stars. We clarify systematically when this microlensing effect
is relevant and study in detail its detectability by future gravitational wave observatories.
We consider lensing by cold dark matter halos and by solitonic cores that reside in fuzzy
dark matter halos. Our results show that although the effect can be detectable at relatively
large impact parameters, the probability of detecting such lensed events is low. In particular,
we find that the expected number of events lensed by cold dark matter halos is (0(0.01) per
year for BBO and the expected number of events lensed by solitonic cores inside fuzzy dark
matter halos is 0(0.01) per year for ET. In the case that a significant fraction of dark matter
consists of O(100M) objects that are relatively compact, R < O(0.1pc), we show that the
expected number of lensed events per year for ET can be very large, O(1000).
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1 Introduction

Gravitational wave (GW) observations have opened a new window into the Universe and may
uncover deep questions in modern physics. With the LIGO-Virgo observations we have, for
example, learned about the black hole (BH) population [1], tested general relativity in the
strong regime [2], constrained the graviton mass [2], the speed of GWs [2] and the nuclear
matter equation of state [3]. Cosmology with GWs is also promising. Already LIGO-Virgo has
been able to measure the Hubble constant [4] and put constraints on GW backgrounds [5-8].
The new more sensitive observatories, including ET [9], CE [10], AEDGE [11, 12], LISA [13],
and BBO [14], will in the near future expand the frequency band providing more precise
measurements and potentially answer further questions.

One of the most puzzling aspects of cosmology is the elusive nature of dark matter (DM).
In this regard, one of the ways that GW observatories may be capable of detecting DM is
through the gravitational interaction of GWs with DM substructures. For example, the cold
dark matter (CDM) paradigm predicts an abundance of light halos which may act as lenses
for a GW passing nearby [15]. Halos lighter than about 10 M, do not retain enough baryonic
matter to hold stars [16] so their detection with conventional techniques is very challenging.
Deviations from CDM, which appears to work well down to this mass scale, may appear at
these lower masses.

At these low mass scales, structure can be wiped out due to a large free streaming
length in the early Universe caused by the DM having a non-zero kinetic energy (i.e. being
warm) during structure formation [17]. Similarly, in ultralight DM scenarios, the Compton
wavelength of DM can become comparable to astrophysical distances and the formation of
halos with characteristic size below this length scale is suppressed in a way closely analogous
to the suppression of structure on small scales in warm DM scenarios [18, 19].



There are two other ways that dense dark objects created in fuzzy (ultra-light) DM
scenarios are different from those created in traditional CDM scenarios which will be particu-
larly relevant for this work — The first is the fact that above that suppression length/mass
scale, the necessarily high occupation number of ultra-light DM in dense regions leads to the
formation of solitonic cores at the center of dark halos [18, 20, 21]. While such halos host
almost constant density cores with lower central densities than might occur in CDM scenarios,
the mass as a function of radius can be slightly higher close to the edge of the central solitonic
region which can affect gravitational lensing.

The second is related to the particle physics of the situation in the early Universe — In
models where the ultra light DM is a Nambu-Goldstone boson of a broken U(1) symmetry,
as is the case for axion-like particles if the symmetry is broken after inflation, the Kibble
Mechanism results in large differences in field expectation values from Hubble volume to
Hubble volume. This scaling with the Hubble volume continues until the resulting energy
differences are converted into dense halos at the moment where the mass of the boson becomes
comparable to the Hubble expansion rate, and these halos posses larger density contrasts
which start to grow earlier than conventional CDM structures emerging from small adiabatic
fluctuations on larger scales [22-24].

The evolution of these halos and their subsequent mergers is still a subject of debate,
current thought being that they form a spectrum around the characteristic mass imprinted at
the stage where the scaling halts [24, 25]. Across a broad mass range, the existence of such
cores can be probed through optical microlensing [25, 26].

What is clear is that studying these smaller objects may shed light on the nature of
DM and the community is advocating for the importance of finding new ways to probe DM
structures at these lower masses by observing the disruption of stellar streams [27, 28] and
the detection of smaller halos through lensing of photons [29-31]. In this work, we aim to
investigate the possibility of probing such halos using their lensing of GWs.

The theory of gravitational lensing of GWs was originally addressed in [32, 33], and
further developed in [34-40]. The interest in this topic has grown in the recent years [41-71]
although the searches performed by the LIGO-Virgo collaboration have not shown evidence
for lensing signatures [72]. In [62] the non-observation of microlensing effects by LIGO-Virgo
was used to derive a new constraint on the abundance of compact DM objects. The major
motivation for the lensing studies, however, arises from the proposed new GW observatories.
These observatories will detect orders of magnitude more events than LIGO-Virgo, in a wider
range of masses and up to much longer distances, and, consequently, several lensed events
are expected.

In this paper, we focus on the prospects of detecting microlensing imprints caused by
light, M, < 108 M, DM halos in the GW signals from black hole binaries. Similar studies
done recently in [65, 67] have shown optimistic results with several detectable lensed events
per year even in the traditional CDM scenarios. Our work introduces several improvements
over the previous studies. First, we clarify in a systematic way what are the conditions under
which microlensing effects are relevant. Second, we considered realistic profiles for the lenses,
including for the first time the effect of a constant density profile, which is relevant for the
fuzzy DM cores. Moreover, instead of the often used singular isothermal sphere (SIS) profile,
we consider the more realistic NFW and Einasto profiles for the CDM halos. Third, we
perform a systematical matched filtering analysis of the detectability of the microlensing effect
and calculate the probability at which a given source is lensed in a way that is detectable
accounting for realistic halo mass functions. With these improvements, we find that the



probability of seeing events that are microlensed by halos or their solitonic cores is in general
very small for all future GW observatories. This is a new and important result for the planning
of new gravitational wave observatories.

2 Lensing by dark matter structures

Consider a binary emits GWs at the angular diameter distance Dg, that on their way to the
detector pass by a DM structure at the angular diameter distance D;. The DM structure
curves the spacetime causing gravitational lensing of the signal. In this work, we consider
microlensing effects that modify the waveform due to interference of the different paths that
the GW takes around the DM structure.! In the frequency domain the lensed GW signal is
oL(f) = F(f)o(f), where ¢(f) denotes the signal that would be seen without the lens and
F(f) is the amplification factor. The latter can be written in the thin-lens approximation
as [76]

Plwy) = 5 / Qg T @) 2.1)

where the integral is over the lens plane. Using a characteristic length scale &y of the system,
the dimensionless vectors x and y are defined as @ = £/& and y = Din/(Ds&) and the
dimensionless frequency w and the dimensionless time delay function 7' as

(1 + Zl)

ZaDegions,  Tlay) = plo—ul - vla) — 6(0). 22)

w

where f is the signal frequency, and Dis = Ds — Dy(1 + z;)/(1 + z5) the angular diameter
distance between the lens and the source.? The vector 17 determines the displacement of the
source from the line of sight to the lens, y is its dimensionless projection to the lens plane, and
the vector £ is in the lens plane and determines the point through which the path crosses it.
We call y = |y| the impact parameter. The function ¢(y) is defined such that the minimum
of T(zx,y) with respect to @ is zero, ming T'(x,y) = 0.3

The dimensionless deflection potential ¢ () is obtained from the gravitational potential
U(r) of the lens by integrating over the direction perpendicular to the lens plane. For a
spherically symmetric lens potential, ¥(z) can be integrated from [78]

_ 4D Dy Mcyl(x)

Oy = 2.3
i) = "t e (23)
where x = |x|. The projected mass in the lens plane within radius z is given by
Mep(z) = 27r/ dx'/ dza'p(2, 2), (2.4)
0 —00

where z denotes the direction perpendicular to the lens plane and p(x, z) the mass density of
the lens. The constant of integration from (2.3) can be included in ¢(y).

In the geometric optics limit, i.e. the limit which roughly holds when the wavelength of
the signal is much smaller than the Schwarzschild radius of the lens, the amplification factor

!For simplicity, we consider isolated spherical lenses. We note, however, that non-sphericities of the lens
and larger structures surrounding the lens may affect the observed signal [73-75].

2The expression for Dy, is justified since the Planck and BAO observations indicate a very low cosmic
curvature [77).

3¢(y) gives only an overall phase factor for F' but ensures that the phase of the signal is same for all potentials.



can be approximated by accounting only for the paths that extremize the time delay function,
VT (xzj,y) = 0 or equivalently y = x; — Vytp(x;). The amplification factor in this limit
reduces to
Flw,g) = 3 )| /2 T i (25)
(2

The magnification of the extremal path that crosses the lens plane at * = x; is given by

1 1
H23) = Gt 00T (w5, 9]~ Aot Ban — Duib(a)]

(2.6)

and a; is 0, 1/2 or 1 depending on whether x; is a minimum, saddle point or a maximum of
T, respectively.
If the time difference between different paths is small, they will interfere at the detector.
This happens if
t(w,y) |df

<1 (2.7)

where t(x,y) = wT(x,y)/(2nf). As the largest contribution to the integral comes from
the paths near the paths x; that extremize the time delay function, we can estimate if the
interference condition (2.7) is satisfied by considering the differences between the paths ;. If
the interference condition (2.7) is not satisfied, we enter the strong lensing regime where two
or more signals from the same source can be distinguished.

In this work we will focus on the microlensing case where eq. (2.7) is fulfilled. To study
the detectability of the lens we look for deformations of the unlensed signal (see section 3).
Our analysis is therefore considerably different than in the strong lensing case where we should
study whether we can confidently say that the two or more signals are lensed counterparts of
the same event [79]. The prospects of seeing strongly lensed GW signals have been studied
e.g. in refs. [41-43, 61]. In the following, we will show that the microlensing case is relevant
for a broad range of lens and source masses.

2.1 Point mass

In order to get a rough estimate of the lens and source masses for which the interference effect
is detectable, we start with the simplest case where the lens can be approximated as a point
mass. In this case My(x) = M; is a constant, and, using eq. (2.3), we get ¢)(x) = Inx by
choosing &y to be the Einstein radius,

b= HDP — Ry (2.8)

The dimensionless frequency is w = 8w M, f, where M;, = (1 + z)M;. For a point mass lens
the amplification factor F(f) depends only on two parameters: y and Mj,.

The point mass lens potential supports one path that minimizes and one that is a
saddle point of the time delay function. These are at x4 (y) = tx1(y)y/y, where x4 (y) =
(+y + 42 +4)/2. By taking ¢é(y) = (z4(y) — ¥)?/2 — Inz (y), the time delay function for
the former path is zero. The integral over  in F' can be done in terms of the gamma function
and the confluent hypergeometric function of the first kind as [37]

F(w,y) = exp {% + z% (ln% — 2¢>(y)>] r <1 — %) 15y (2%, 1; %wy2> . (2.9)
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Figure 1. In the light blue region the left-hand side of the interference condition (2.13) is larger than
one, and the dotdashed contour indicates where it is 0.1. In the light gray region |F(feut)| < 1.0001.
The symmetric mass ratio of the source binary is fixed to n = 0.23.

The magnifications for the geometric optics paths crossing the lens plane at @ = x4 are
pux(y) =1/24 (2 + %)/ (2yv/y? + 4), and their dimensionless arrival time difference is

2 2
N B A (2.10)
2 Vyi+4—y

The geometric optics approximation works for w > 1/AT(y). The time delay difference
between the geometric optics paths is At = 4M;, AT.

Let us check when the interference condition (2.7) is fulfilled. During the inspiral phase
of a compact binary coalescence, the frequency of the GW signal evolves as

af _ 3f
dt  8(te—t)’

AT (y)

(2.11)

where t. denotes the time of coalescence of the binary. The frequency changes most rapidly
at the end of the inspiral phase which we approximate by the innermost stable circular
orbit (ISCO),

3/

feut = M
where 7 denotes the symmetric mass ratio of the binary. Thus, at the ISCO frequency, the
interference condition (2.7) for a point mass lens is given by

(2.12)

8 A5 Mz
e AT SE <1 (2.13)
In the light blue region in figure 1 the left-hand side of eq. (2.13) is larger than one, and
therefore the interference assumption is violated at the end of the inspiral. As shown in the
right panel of figure 1, for y = O(1) and the sources similar to those that LIGO-Virgo has
observed, the interference condition (2.13) is fulfilled as long as M, < 102Mg,. For heavier
sources, the interference condition holds up to higher lens masses, as shown in the left panel.
For the lensing to be potentially detectable the mass of the lens cannot be several
orders of magnitude lighter than the binary as in that case the amplification factor would



not significantly deviate from unity. In figure 1 we show by the color coding ||F(feut)| — 1]
in logarithmic scale. Along the red dashed contour in the left panel this quantity equals
1072 and in the gray region it is smaller than 10~%. The further we go toward the upper left
corner of that plot, the more challenging the detection of the microlensing effect becomes.
The boundaries of both “no interference” and “not detectable” regions scale as M o< My, and
there is a broad range of lens masses that can potentially be probed through microlensing
of GW signals from binaries. Notice also, that at times much before the binary reaches the
ISCO, the interference condition is satisfied even in the light blue region but if the merger is
outside of the sensitivity range of the detector, then also the region that is not detectable
moves to higher lens masses.

2.2 Uniform density sphere

A uniform sphere is characterized by its mass M; and radius R, and the mass density of the

lens is
3M;

T nR3
where 6 denotes the Heaviside step function. The projected mass within radius r in the lens
plane is

p(r) O(R—r1), (2.14)

5 \3/2
Akﬂﬁ)—ﬂﬂ[1—<1—;?> O(R —r) (2.15)

Using eq. (2.3), choosing &y in the same way as for a point mass lens and defining b = R/&,
we find that the deflection potential for a uniform density sphere is

wu)_{; 1% (5 -4) +mb+ VP —a2), x<b, (216)

B Inx, x>0b.

As expected, the deflection potential coincides with that of the point mass lens for z > b. The
dimensionless frequency is the same as in the point mass case, w = 8w M, f. The amplification
function can be computed utilizing the analytical result of the point mass approximation (2.9),
so that the integral over the lens plane needs to be performed numerically only up to = = b.4

There can be at most two extremal paths that cross the lens plane outside of the sphere
(z > b). These are the same paths as for the point mass lens. The amplification factor for
the sphere is heavily influenced by whether these paths exist. Also extremal paths that pass
through the interior (x < b) of the sphere can exist. These can be easily found numerically.
We find that the following three cases can be realized:

e Type L. if
-0
0<b<1 and y< 5 (2.17)
there are two extremal paths at x > b and one at x < b.
o Type II: if
10|
b>0 and y> 5 (2.18)

there is one extremal path at > b. In a narrow range just above the lower bound of y,
there is also two extremal paths at = < b.

“Notice that ¢(y) still needs to be calculated with the full lens potential (2.16). Given y and b, we resolve
¢(y) numerically.
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Figure 2. The left panel shows the regions corresponding to the three types of lensing by a uniform
sphere discussed in the main text. The middle and right panels show the modulus and argument of
the amplification function F' as a function of the dimensionless frequency w for different lens sizes b
and y = 1. The b = 0 case corresponds to the point mass lens, b = 0.5 is what we refer to as type I,
b =1 as type II, and b = 2.5 as type III lensing, as shown in the left panel.

o Type III: if

b -1
b

and there is one extremal path at x < b. In a small region at b < 1/3/2 two additional

extremal paths at exist at = < b.

b>1 and y< (2.19)

In figure 2 we illustrate these cases: For the most compact objects type I is realized and the
amplification function is very close to that of a point mass. The path crossing through the
interior of the sphere may, however, boost the amplification, as can be seen by comparing
the blue and yellow curves. Instead, for type II, shown by the green curves, the interference
effect is smaller than for a point mass lens and the amplification converges to a constant deep
in the geometric optics limit since the lens potential supports only one extremal time path.
Finally, in the type III case, shown by the red curves, the amplification function does not
have any significant oscillations, and the lens causes only a small overall amplification of the
signal. However, even in this case the small increase in the amplification as a function of the
frequency may give a chance to detect the lens. In the narrow band shown in gray shading in
the left panel two additional extremal paths exist that cross through the sphere.

2.3 Navarro-Frenk-White halo

The Navarro-Frenk-White (NFW) density profile is characterized by the scale radius r; which
separates the central p oc 1/ scaling from the outer p oc 1/r3:

3
75 Ps
p(r)y=—>="—. 2.20
e (2.20)
The projected mass within radius r in the lens plane for the NFW profile is
_ 3 r Ts Ts
Mcyl = 47rp37‘s |:].Il (78) + W arcoth (TE_TZ>:| 5 (2.21)

and, using eq. (2.3), we find that the NFW deflection potential is given by

, (2.22)
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Figure 3. The modulus and the argument of the amplification function F' for NFW halo lens as a
function of frequency for different virial masses of the halo. The solid and dashed curves correspond to
y =1 and y = 0.3, respectively, and the source and lens luminosity distances are fixed to Dy, = 5 Gpc
and Dy, = 2.5 Gpc. The vertical lines indicate the position of the maximum of |F|. The frequency
ranges relevant for different experiments are also indicated.

where we have defined dimensionless parameters k = 2mpsr3 /My and b = ry/&. The
distances are scaled by £y = Rg(M,) and with this choice of &y the dimensionless frequency
is w = 87(1 + z) M, f. For example, for a halo of mass M, = 10° M, at luminosity distance
Dg1, = 1 Gpc and a lens at luminosity distance Dy, = 0.5 Gpc, we get { ~ 2 pc.

The NFW parameters r; and ps are related, and can be expressed as functions of the
halo viral mass My, rs = r4(M) and ps = ps(M,). Consequently, the prefactor x is fixed by
M, . The parameter b instead depends on M, and the distances to the source and to the lens.

We calculate the amplification function for the NFW lens using the numerical strategy
described in [80]. The modulus and the argument of the amplification function are shown for dif-
ferent halo viral masses in figure 3. For M, < 10'°M we find that x < 0.3 and b > 2. For these
values of k and b there is only one path that extremizes the time delay T'. This path crosses the
lens plane at  ~ y. As shown in figure 3, the amplification function is similar to the Type III
case for a uniform-density sphere lens, showing no clear interference pattern at the detector.

In the geometric optics limit, the effect of the halo is a constant magnification of the
signal that biases the apparent distance of the source. The magnification of the signal can be
approximated by finding numerically the path that minimizes the time delay function using
eq. (2.6), and the frequency above which the wave optics effects are no longer important is
Wgeo ~ 2/y? which implies feeo & 1/(47y*(1 + 21)My). This frequency gives approximately
the position of the maximum in |F|, as indicated by the vertical lines in figure 3.

For M, > 10*M, the wave optics regime is at f < 1.6 Hz/(y?(1 + 2)). Therefore, LIGO
and ET, which are sensitive at f > 1Hz, can not distinguish the lensed signal from the
unlensed one if the virial mass of the lens halo is M, < 10*M, unless y < 1 which makes
the probability of such events very low. Instead, for M, < 10*M the magnification that the
NEFW halos can generate is for realistic distances and impact parameters, at most O(1073).
This effect is so small that neither LIGO nor ET can distinguish the lensed signal from an
unlensed one. Therefore, in the case of NF'W halos, we will focus on LISA, AEDGE and BBO,
which are sensitive at frequencies f < 1 Hz, and can probe the wave optics effects caused by
halos with M, > 10* Mg,



High-definition galaxy simulations tend to prefer the Einasto profile, especially for
low-mass DM halos [81]. The Einasto profile is

p(r) = p—gexp {f% ((é)a - 1)} ; (2.23)

where r_9 and p_o denote radius and density where the logarithm scale slope of the profile
is —2. In the same way as for the NF'W profile, these are functions of M,. For the shape
parameter we consider the value a = 0.158. The relevant quantities for lensing can be
analytically expressed in terms of Fox H function [82]. We have, however, simply computed
them numerically. We have found that the Einasto and the NF'W profiles are sufficiently similar
to not produce any significant differences in the scales relevant to GW lensing. Therefore, in
the following we consider only the NF'W profile for the CDM halos.

3 Differentiating the lensed signal from unlensed one

Consider data that consists of a GW signal ¢ and noise that we characterize by the noise power
spectral density S, (f).> The standard matched filtering analysis searches for the parameters
6 of a given template ¢r that maximize the log-likelihood [84]

InAr(9) = (6l6r(0)) — 5(6r(8)/6r(8)), (31)
where (a|b) denotes the noise-weighted inner product,
(alt) =2 [as d*(f)b(fs)j(ffz)(f)b*(f) _ (3.2)

For an optimal template ¢ = @opt We can find parameters for which ¢ = ¢opi. If we know the
optimal template, we can calculate how well another template ¢ fits the signal by maximizing
the log-likelihood (3.1) over the parameters of the template and compare it to the optimal
template by calculating the log-likelihood difference

AxE = {ln Aopt (¢) — max In Ar(¢)
= mein (¢opt - ¢T(0)|¢opt - ¢T(0)) (33)

 de |bopt(f) — dr(f;0)]?
= 4m61n/df P S0 .

Assuming Gaussian statistics, if Ax? > 4.00,6.18, 8.02, 9.72 for one, two, three or four param-
eter model, respectively, we can differentiate the templates ¢ and ¢opt at 20 confidence level.

We use eq. (3.3) to quantify the detectability of the lens effect in the GW signal from a
black hole binary.6 In this case we take @opt as the lensed signal with given lens and source
parameters, and try to fit that with the unlensed template. The unlensed template is given by

5In addition to the detector noise, we account for the noise coming from the unresolved white dwarf and
black hole binary backgrounds [83].

5The same method can be used also to study whether different types of lenses can be differentiated from
each other. We leave that analysis for future studies.



or(f;0) = A(f;0)e V(9 We consider the lowest order approximations for the amplitude
A(f;0) and the phase ¥U(f;0):

5 M5/6 1

3 _5
simip ! WO =2 te—det He (RMP) TS (34)

A(f;0) = 198

This template is defined by 4 parameters: § = {M, Dr,t., ¢.}. The luminosity distance is
related to Dy via Dy, = (1 4 z5) Dy, and the binary chirp mass is related to the binary total
mass M and the binary mass ratio ¢ by M = (1 + z5)M(q/(1 + q))%/°.

The lensed GW signal is given by éopt(f) = F(f; 0170pt)A(f;Oopt)e*“'(fﬁm), where
F(f; 0 0pt) is the lensing amplification factor defined by the lens parameters 6; = 0; p. To
quantify how accurately this signal can be fitted with the unlensed GW template, we evaluate
eq. (3.3) finding the minimum over the 4 parameters of the unlensed GW template. We find
in all cases that the minimum is reached for M ~ Mgy, and for t. = t.opt. In practice we
therefore scan only over A = (Dy,/ DL70pt)_1 and 0¢c = ¢ — deopt- In this case, we can write
Ax? as ,

AX2 — 4 min /df A(f7 Oopt)z‘F(f; el,opt) - /\67Z6¢C|2
X, 6¢c . Sn(f)
Notice that if the merger does not happen within the sensitivity window of the observatory,
then Ay? oc M®/3/D?.

We evaluate Ax? in the frequency range corresponding to at most a year of inspiralling
observation finishing at the ISCO orbit. Once Ax? is computed as a function of the impact
parameter y, it is possible to invert the relation to find the maximum impact parameter
Ymax that leads to a detectable lens effect. We define y.x so that for y < ymax the lensed
template can be separated from the unlensed one by more than 20 confidence level. As the
unlensed template, eq. (3.4), includes 4 parameters, this means that Ax? > 9.72 for ¥ < Ymax-
The maximal detectable impact parameter is relevant as it determines the detectable lens
cross-section and consequently the probability that the lens effect can be detected in a given
GW signal. We return to this in section 4. In the following, we compute ymax for different
lenses, sources, and detectors.

(3.5)

3.1 Cold dark matter halos

For CDM halos, we consider the NFW density profile described in section 2.3. As discussed
in the Introduction, the most interesting mass range is M, < 103M as these halos don’t
include many stars and their detection is challenging by conventional techniques. As shown
in section 2.3, this in fact is the mass range where the effect of lensing of GW signals by DM
halos is within the frequency window of the future GW interferometers.

In section 2.3, we show why LIGO and ET cannot probe the NFW halos through
gravitational lensing. Instead, as LISA, AEDGE and BBO are sensitive at lower frequencies,
they can probe the lens effects from DM halos of virial mass M, > 1020, for which the lens
effect can be relatively strong, about a 1% effect over the unlensed signal. We have computed
Ax?(y) for differentiating the lens effect from the unlensed template for these experiments,
and the corresponding maximal impact parameter ymax. As shown in figure 4, each of these
observatories can detect the lens effect for sources up to O(Gpc) distances with a reasonably
large Yymax- The mass ranges in both the chirp mass and the virial mass reflect the frequency
ranges of these experiments. The lens effect becomes easier to detect the closer the source is,
as for such sources the signal is stronger. The Einstein radius of the system vanishes at the
lens distances Dy, = 0 and at Dy, = Dy, and consequently such cases are not detectable.
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Figure 4. The maximum value of the impact parameter ymax that allows for detection of the lens
effect by an NFW halo as a function of the binary chirp mass M, the lens halo virial mass M,, and
the source and lens luminosity distances Dy, and Dj,. The symmetric mass ratio of the binary is fixed
ton =0.23.

3.2 Fuzzy dark matter halos

DM halos consisting of fuzzy DM are expected to have relatively compact cores. We approxi-
mate them with the uniform density sphere deflection potential. In figure 5 we show in the
mass-radius plane of the uniform density spheres the maximum impact parameter ymax that
is detectable with LIGO and ET. If the radius R, of the object is much smaller than the
Einstein radius of a point mass lens of the same mass M., R, < Rg(M), then the object
behaves as a point mass and ymax does not depend on R.. For R, 2 Rg(M) the lens effect
becomes suppressed, but as shown in figure 5, ET can detect objects whose radius is almost
an order of magnitude larger than Rg(M).
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Figure 5. The color shading shows the maximum value of the impact parameter ym,.x that allows
for detection of the lens effect by a uniform density sphere of mass M, and radius R.. The binary
chirp mass and luminosity distance are fixed as shown in the plot, the symmetric mass ratio of the
binary is fixed to n = 0.23 and the lens distance to Dj;, = 0.5Dgy,. The lines show the M. — R, relation
for DM core for different axion masses m,, following eq. (3.6). Right from the red dashed curve
Ymax 1S set by the interference condition, and the black dashed curve shows the point mass Einstein
radius, R, = Rg(M).

The properties of the cores have been studied by numerical simulations of structure
formation of fuzzy DM [20, 85, 86]. These simulations give us predictions for the mass-radius
relationships of cores in these halos as well as the core mass/halo mass ratio. There is
some uncertainty with regards to the expected ratio between the core and halo mass but
the predictions for the mass-radius relations of the cores themselves are more settled and
neglecting the scatter found in these mass-radius relationships, we use the fit provided in [20]
which gives

-2 —1
Mg M,
B =5.0pc (W) (M@) : (36)

where m, denotes the fuzzy DM particle mass. We overlap in figure 5 this mass-radius
relationship for different fuzzy DM masses. We can see that LIGO is sensitive, assuming some
realistic impact parameters, to DM masses from 10716 to 3 x 107!8eV. ET can instead probe
a wider range of masses going down to 107!8 eV and lighter less compact cores.

In figure 6 we show the maximum impact parameter as a function of the source parameters
and the core mass for a fixed DM mass mg = 10717 eV. The maximum impact parameter
monotonically decreases with the distance and has a maximum in the chirp mass at around
100M. This is expected because if the binary is heavier the GW frequency starts to be too
low to be detected with ET. The maximum impact parameter grows up to M, 2 100M
where the paths take too much time two arrive at the detector and the interaction is no longer
satisfying the interference condition.
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Figure 6. Maximum value of the impact parameter ymyax for which ET can detect microlensing by
a fuzzy DM core for the DM mass m, = 10~'7eV as a function of the luminosity distance and the
binary chirp mass (left panel) or the core mass (right panel).

4 Prospects for gravitational wave experiments

The probability for an event to be lensed assuming a Poisson distribution is

P=1-—¢T, (4.1)
where 7 denotes the optical depth associated with the lensing cross-section. The optical depth
is given by

o(Dy) /25 n(z)o(z1)
dV n(D = dzj——"— 4.2
7(2s) / n( 1)4 D= A ) H () (4.2)

where dV = 47TD12le denotes the differential volume element, D; is the angular diameter
distance of the lens and z; the corresponding redshift, n is the number density of the lenses
and H the Hubble expansion rate. The cross-section for detecting the lens effect in a given
GW signal is
g = ﬂfrznax =m 3y12nax7 (43)

where {nax = £0Ymax 18 the maximal impact parameter of the source-lens-detector system for
which the lens effect is detectable.

Accounting for the present-day halo mass function, dng/dlogoMy, and assuming that
the cross-section depends directly on the virial mass of the halo, we get

dn o(z;, My)
dlo glOM (1 + ZZ)H(ZZ) ’

() = / dz / dlog, M, (4.4)

In the case of lensing by the cores of fuzzy DM halos, we also need to account for the spread
in the halo mass — core mass relationship [86], and the optical depth is given by

(Zl7 Mc)

(1+2)H(z)’ ol

T(zs):/o dzl/dlogloM Tow M. 10M /dloglOM f(Me, My)

where f(M,, M) denotes the probability distribution function of the core mass M, for a halo
of virial mass My, which is normalized such that [ dlog,oM. f(Mc, M) =1
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From the lensing probability and the rate of GW events, we can calculate the expected
number of events that a given detector will see:

N=T / A pae P (4.6)

where T denotes the observation period and pget is the detection probability that accounts for
averaging over the binary sky location, binary inclination, and polarization of the signal [87].
The differential merger rate per unit time is given by

1 drR dV,

—Sdmydmadzs, (4.7)

dAA=——
1+ zg dmidmsg dzs

where V, is the comoving volume. Without the P, factor eq. (4.6) gives the expected total
number of detectable GW events.
4.1 Cold dark matter halos

In the case of CDM halos, which we describe with the NFW profiles we adopt the EPS
formalism [88, 89] to calculate the galactic halo mass function,

(2 2
dn(M: t) Po 2 dlno 60(2) e 2?2((1)\/1) , (4.8)

dinM — MV zrdlnM o(M)

where po is the background matter density today, ¢2(M) is the variance of the matter
fluctuations, d.(z) is given by the linear growth function D(z) as é.(z) ~ 1.686/D(z) [90].
Using the results for ymax shown in figure 4 we calculate the probability P; for a given GW
source and detector by eqs. (4.1) and (4.4).

The probability of an event to be lensed and detected by LISA, AEDGE and BBO is
shown in figure 7. Although ymax increases with decreasing source distance as the signal
becomes stronger, the maximal lensing probability is reached at a finite source distance
because the number of lenses grows with volume. The maximal probability of detecting
lensing by halos of mass M, < 108Mg is P, = 0.8 x 1073 for a source of mass M ~ 10° M, at
Dq1, =~ 4 Gpc for BBO, P, ~ 5 x 107 for a source of mass M ~ 3 x 10°M, and Dg, ~ 3 Gpc
for LISA, and P, ~ 10~° for a source of mass M ~ 2 x 10*M, at Dy, ~ 3 Gpc for AEDGE.
For BBO we also show the probability of lensing by halos smaller than 10°M,, which is at
most 0.8 x 1073,

The merger rate of intermediate-mass BHs (IMBHs) that we have considered as sources
is uncertain. The observed dynamics of gas accretion and tidal disruption events provide
possible candidates for nearby IMBHs [91-96], but the merger rate and population properties
of IMBHs will be known only after enough binaries are detected with GW observatories.
The component masses of the heaviest binary seen so far by LIGO-Virgo, GW190521, are
m1 ~ 85Mg and mg = 66 Mg [97]. Searches have been performed for binaries of total mass
up to 800M and the non-observation of such binaries indicates an upper bound on their
merger rate. For binaries consisting of two 100M; BHs, the merger rate is smaller than
0.2 Gpc3yr! [98]. Merger rates have been proposed at the local universe due to repeated
merges in dense stellar environments like globular and nuclear clusters [99-103], but these are
mostly mergers of IMBHs with stellar mass BHs. In this work, we have focused on the merger
of BHs of a similar mass. Halo mergers may generate such IMBH binaries and consequently,
their merger rate follows from the halo merger rate [104-106]. Using the expected merger
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Figure 7. Probability P, that a GW signal emitted by a binary of chirp mass M and symmetric mass
ratio n = 0.23 at distance Dy, is lensed by a NFW halo. The probabilities are integrated over the
virial mass range shown in each panel with the CDM halo mass function.

rate for IMBHs predicted by halo merger theory in ref. [104], we find that LISA is expected
to see 3 x 1077, AEDGE 1 x 107° and BBO 1 x 1072 events per year that are lensed by halos
of mass M, < 108M. When integrating the probability over those halos that contain hardly
any baryonic matter (M, < 105M), the number of expected events drops to 1 x 1073 events
per year for BBO.

4.2 Fuzzy dark matter halos

In the fuzzy DM scenarios, the halo mass function may deviate significantly from the CDM
case. First, the small scale fluctuations are suppressed which results in a low mass cut-off of
the halo mass function at M, ~ (mq/1071%eV)~3/2M, (see e.g. [107]). Second, in addition to
the structures formed after matter-radiation equality, which we assume to follow the mass
function (4.8), miniclusters that can have formed before matter-radiation equality contributes
to the total halo mass function. This is relevant for the axionic fuzzy DM scenarios where the
Peccei-Quinn symmetry breaks after the cosmic inflation [22]. Using the results presented in
ref. [25], we find that the present day the DM halos generated from these miniclusters give
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Figure 8. Left panel: The present-day fuzzy DM halo mass function from [25] with a bump caused
by miniclusters formed before matter-radiation equality. The dashed line shows the CDM halo mass
function (4.8). Right panel: The spread in the fuzzy DM core mass — halo mass relationship from [86].

rise to a bump in the halo mass function at M, ~ 5 x 10°(m,/10~%eV)~3/2 M, (more than
5 orders of magnitude above the cut-off mass) that exceeds the halo mass function (4.8) by
factor o~ 10(mq/1071%¢V)%15. In the left panel of figure 8, we show this bump in the halo
mass function for different values of the axion mass m,.

Moreover, the fuzzy DM halos have solitonic cores that we approximate with a sphere of
constant density and radius given by eq. (3.6). The core mass M, can have a range of values
for a given halo mass M,. We estimate the scatter of the core masses using the results of
ref. [86] assuming that the distribution of the core masses is uniform in logarithmic scale in
the range M1 < M. < M. given by the fitting formula

M. ; Ma —3/2 Ma 3(a;—1)/2 M, a;
L =B ( —17 ) T ( -7 ) ( 6 ) (4.9)
Mg, 10-17eV 10-17eV 105M,

with oy = 0.33, 1 = 0.062 and v; = 26, and oy = 0.64, S = 0.19 and v = 2.1 x
103. We show this mass range for a benchmark value of m, in the right panel of figure 8.
For comparison, the black dashed line shows the relationship obtained in ref. [20], M, =
31(ma /1071 7eV) "1 (M, /106 M) /3.

As discussed in section 2.1, the microlensing effect is negligible if the binary is much
heavier than the lens. So, even if there are solitonic cores inside fuzzy DM halos, we will
take into account only the lensing by the DM halo when considering heavy binaries that can
be seen with LISA, AEDGE and BBO. For DM masses between 10713 eV up to 10716 eV
the halo mass function is bumped at scales that can be probed with these observatories (see
figure 3 and the left panel of figure 8). In figure 9 we show the lensing probability for BBO for
the halo mass function containing both the CDM halos and the bump from miniclusters for
three different DM masses m,. By comparing to figure 7, we see that the minicluster bump
in the halo mass function increases the lensing probability by O(1) factor.

We focus on LIGO and ET to detect the cores inside the fuzzy DM halos since they
are sensitive to the masses where the cores may be more abundant. The effect of the halo
surrounding the core is negligible since for the frequencies of LIGO and ET the effect is in
the geometric limit and the constant magnification of the signal would bias the luminosity
distance by less than 1073 (see figure 3). The lighter m, is, the heavier the cores are per halo
so there is more abundance of heavy cores. In figure 5 we can see that for m, < 10718 ¢V
the cores are not compact enough to be detectable. We show in figure 10 the probability
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Figure 10. Probability to detect the lensing by fuzzy DM cores for m, = 10717 eV as a function of
the source parameters.

to detect the cores for mg = 107176V, both with LIGO and ET. Roughly, this DM mass
leads to the biggest microlensing probability because if DM mass is lighter, then the cores are
not compact enough and if it is heavier then the lensing quickly enters the regime where the
interference condition is violated.

We have a good understanding of the merger rates of the BBH that LIGO and ET may
detect. To estimate the merger rate, we use the results from the most recent LIGO-Virgo
catalog [1] and assume a redshift dependence that follows the star formation rate [108],

(1 + 2)2.7

1+ [(1+2)/2.9>¢" (4.10)

SFR(z) x

which is in excellent agreement with the data. The expected number of detectable lensed
events for m, = 107176V is 0.0017)393, for LIGO and 0.03%)5; for ET during a year of
observation. The uncertainties in the expected number of detectable lensed events reflect the
uncertainties in the LIGO-Virgo merger rate.

4.3 Dark matter stars

In order to demonstrate The reason why the expected number of lensed events in the above
cases is small is that there isn’t sufficiently many lens halos. To demonstrate that an increase
in the abundance of lens objects indeed leads to large number of detectable lensed events, we
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Figure 11. Left panel: Expected number of lensed events assuming that all DM is in the form of
compact objects of radius R and mass M; = 100M, during a year of observation with ET (yellow)
or with LIGO (blue). The error bands reflect the uncertainties in the BH merger rate. Right panel:
Projected constraints from the non-observation of microlensing signatures.

consider a scenario where fraction fpyr of all DM is in objects that can be approximated by a
constant density sphere profile, that is, a fraction of DM constitutes DM stars.

From figure 5, we see that the best case to detect the microlensing effect induced by
such objects is at M; ~ 100M, for ET and at M; ~ 300M for LIGO. Taking these values as
benchmark cases, we show in the left panel of figure 11 the expected number of detectable
microlensed events assuming they constitute all DM, fpy = 1, as a function of their radius R.
Here we have used again the merger rate indicated by the LIGO-Virgo observations. We see
that if these objects are sufficiently compact LIGO will in this case see O(1) lensed event per
year and ET ©(1000) lensed events per year.” The finite size of the lens becomes relevant at
R > 0.01 pc for LIGO and at R > 0.1 pc for ET, and the expected number of lensed events
quickly falls to zero. In the right panel of figure 11 we show the projected sensitivity of these
experiments on the fraction of DM in these DM stars as a function of their radius. If ET will
not see any events, it will be able to put a strong constraint, fpy < 1072, on the abundance
of such objects if their radius is R < 0.37pc. The projected constraint from LIGO in its
design sensitivity may reach fpy =~ 0.5, depending on the BH merger rate.

5 Conclusions

In this work, we have considered microlensing of GWs from BH coalescence events by small
dark halos along the path of the wave as a probe of small scale DM structures. We have shown
that for the consistency of the microlensing formalism, the classical paths that the GW takes
around the DM structure should get to the detector at approximately the same frequency.
This imposes constraints on the values of the impact parameter y and the lens mass M;,, as
shown in figure 1 when we impose the microlensing interference condition up to the ISCO
orbit. For the microlensing effect of the lens to be relevant, we have also shown in figure 1
that the mass lens cannot be much lighter than the chirp mass of the binary M, as otherwise,
the classical paths do not produce any interference effect at the detector. The combination
of both effects imposes a range of lens masses for a given y and M where the microlensing

"Notice that, our analysis includes only the inspiral phase, whereas, in particular for LIGO, the merger and
ringdown phases are important and including them would increase the expected number of detectable events.
We leave a study going beyond the inspiral phase for future work.
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formalism describes an interference effect that could be detectable. The interference can
happen in the geometric limit or in the wave optics regime. The former correctly describes
the effect roughly when the wavelength of the GW is smaller than the Schwarzschild radius of
the lens.

First, we have considered microlensing by CDM halos. This search is relevant for halos
lighter than 1080, where the number of stars is small enough to challenge conventional
techniques. We have approximated the CDM halos by NFW profiles, which we have checked
to be close enough to the Einasto one that is slightly preferred from numerical simulations.
Such light spherically symmetric DM halos are not compact enough to make more than one
classical path around them and in this case only the wave effects around the shortest path
may produce a detectable effect. We have checked that only AEDGE, LISA and BBO are
going to be sensitive to the wave effect for halos of virial mass in the range from 10*M to
108 M, see figure 3. For these detectors, we have computed, assuming the CDM halo mass
function, what is the probability for an event to be lensed. We have shown in figure 7 that
the maximal probabilities for LISA, AEDGE and BBO are, respectively 5 x 107°, 1075, and
1.3 x 1073, There are big uncertainties in the merger rate of IMBHs that these observatories
may detect. We show that for current estimates, even for BBO the number of lensed events a
year is small, O(0.01/year).

Second, we have considered fuzzy DM halos, which are expected to host solitonic cores
that we have approximated by uniform density sphere profiles. Although it is not possible to
find analytical expressions for the microlensing effect of the cores, we have found three main
lensing types depending on how many classical paths exist outside the sphere. The different
regimes are shown in figure 2. The finite size effects are relevant for the interaction with the
cores if their radius is larger or comparable to the Einstein radius. In particular, we have
shown in figure 5 that ET can probe the microlensing effect for lenses with sizes up to an order
magnitude bigger than their Einstein radius. The relevant fuzzy DM masses for detecting the
microlensing effect by LIGO or ET range roughly from 107'¥eV to 1071%eV. We have shown
that the maximal probability to detect the microlensing is 1076 for LIGO and 3 x 107> for
ET, realized for DM mass m, ~ 10717¢V. Using the merger rate of O(10My) BHs indicated
by the LIGO-Virgo observations and assuming that the redshift dependence follows the star
formation rate, we have estimated the number of events lensed by the cores. For the best case
DM mass, the expected number of lensed events is 0(0.01/year). If fuzzy DM is in the form
of axion-like particles and the PQ symmetry was broken before matter-radiation equality, we
expect to see deviations from the CDM halo mass function since there are contributions also
of axion miniclusters. This, however, induces only an O(1) increase in the expected number
of lensed events.

Third, we have considered microlensing by DM stars. We have shown that, assuming
their mass is in the range detectable with LIGO or ET (see figure 5), the expected number of
detectable microlensed events can be large, O(10%) for ET and O(1) for LIGO. The finite
radius of these stars becomes relevant for ET at R > 0.1 pc and for LIGO at R > 0.01 pc, and
the microlensing effects become undetectable if the radius is significantly larger than that. As
shown in figure 11, the large expected number of lensed events turns into a strong constraint
on the abundance of these objects, in case such microlensing events will not be observed.

This work shows that probing dark structures through microlensing of GWs is difficult.
With developments in future sensitivity, it may be possible to discover compact dark structures,
and DM scenarios that predict compact objects in the stellar mass range can lead to predictions
using this methodology. In the case of relatively compact DM objects, such as fuzzy DM
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cores, the lensing probability is limited by imposing the microlensing interference condition.
This implies that accounting for the strong lensing regime may help in detecting such objects.
We leave the study of the detectability of the lens effects ranging from microlensing to strong
lensing due to compact DM structures for future work. Moreover, whereas the probability of
seeing any individual events lensed by NFW halos is very low, it may be possible to see the
lensing effects statistically, in the way of weak lensing, by studying the whole population of
gravitational wave events. We leave also such studies for future work.
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We study gravitational wave microlensing by primordial black holes (PBHs), accounting for the effect of
a particle dark matter minihalo surrounding them. Such minihaloes are expected when PBHs make up only
a fraction of all dark matter. We find that current LIGO-Virgo detections disfavor dark matter in the form of
PBHs heavier than 100M, at 1.40. The next generation observatories can potentially probe PBHs as light
as 0.01M¢ and down to 2 x 10~* fraction of all dark matter. We also show that these detectors can
distinguish between dressed and naked PBHs, providing a novel way to study the distribution of particle
dark matter around black holes and potentially shed light on the origins of black holes.

DOI: 10.1103/PhysRevD.108.023507

I. INTRODUCTION

Primordial black holes (PBHs) as a potential dark matter
(DM) candidate, have gained renewed interest due to their
testability through gravitational wave (GW) observa-
tions [1,2]. Given the existing constraints on PBH [3],
they may comprise all of DM only in the asteroid mass
window 10719M o < mpgy < 107" M. Yet, heavier PBHs
may be related to the seeding of cosmic structures [4—6]
including the high redshift surprisingly luminous galaxies
observed by the James Webb telescope [7-9].

After the first detections of black hole (BH) binaries
by LIGO [10], speculations of their possible primordial
origin were presented [11-13]. The subsequent analyses
of the observed binary population [14-16] indicate that
many of these BHs are likely to have an astrophysical
origin [17-20], while the observed merger rate suggests
that stellar mass PBHs cannot account for more than a
percent of all DM [17,21-26]. The next-generation GW
observatories can probe PBH binary populations across a
broad parameter range [27,28].

Gravitational lensing has provided important probes of
PBH DM, with 107""My < mpgy < 30M, PBHs con-
strained by stellar microlensing [29-36] and heavier PBHs
by the lensing of type Ia supernovae [37,38] or GWs [39]. At
high masses, mpgy =z 100M o, the most stringent constraints
arise from the accretion of baryons into PBHs [40—46].

“juan.urrutia@kbfi.ee
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The search for PBHs and other compact astrophysical
objects in the stellar mass range can be conducted through
GW lensing, with next-generation GW observatories, such as
the Einstein Telescope (ET), having the potential to confirm
or exclude the primordial origin for the observed BH
mergers [39,47-51]. Conventional optical microlensing
searches rely on the lens transiting through its Einstein
radius and become challenging when the transit time exceeds
the duration of the experiment. GW microlensing, on the
other hand, relies on the interference of the multiple paths the
GW takes around the lens [52], allowing for the detection of
much heavier lenses. Although various different DM sub-
structures have been considered as lenses [53-57], the
expected rate of such events has been shown to be low [58].

In this paper, we constrain the abundance of PBHs using
GW microlensing and the LIGO-Virgo observations and
examine the capabilities of current and future GW detectors,
including LIGO OS5 (A+) [59] and ET [60]. We include the
effect of a particle dark matter (PDM) minihalo surrounding
the PBHs, which is expected to form when PBHs make up
only a fraction of DM. These PDM minihaloes have been
extensively studied as they are relevant for precise predic-
tions of lensing surveys, WIMP annihilation signals, and
PBH accretion [35,36,40,46,61-69].

Our work incorporates several key improvements when
compared to existing literature. On top of considering the
well-motivated effect of the DM dress around the PBHs in the
context of GW lensing, we do so in full detail without relying
on approximations of the lens profile. We use GW waveform
templates that include the inspiral, merger, and ringdown
phases, and employ a log-likelihood analysis to accurately
assess the detectability of lensing. These considerations

© 2023 American Physical Society
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allow us to place reliable constraints on the PBH abundance
from existing LIGO-Virgo data and to derive prospects
for the upcoming LIGO observational runs and ET.
Additionally, we discuss the ability of the next-generation
GW detectors to differentiate between BH environments. We
show that ET will be able to identify the presence of DM
minihalos around BHs. This would provide a new way to
gain insight into the origins of binary black hole populations
that is independent of the merger rate and could also shed
light on the nature of DM.

II. DM DRESS OF PBHs

For GW microlensing, the details of the inner profile
slope are not crucial, and we can adapt the density
profile [64,68],'

B
r\

pu(r) = PPDM eq (r—) O(R,— 1)
eq

0.4M, ifr]-s
20 1= o) [ oy, ()

~

where pppyeq = (1 = fppr)Peg@pM/ R0 is the average
proper cold particle DM energy density at matter-radiation
equality, fppy is the fraction of DM in the form of PBHs,
Teq = 0.4(mpBHpeq)1/ 3 is the turnaround radius at matter-
radiation equality, and R, denotes the proper size of the
minihalo. As can be seen in Fig. 1, this profile is in good
agreement with the results of N-body simulations of
isolated PBHs [46,65], but it predicts a less dense and
thus, a less massive PDM minihalo than was estimated by
approximate analytic arguments [40,62,63].

To determine R;,, we first note that the PDM minihalo
mass M, is limited by the available amount of PDM in the
Universe. This implies that fpgyM;, < (1 — fppy)MppH-
This bound is saturated in the idealized case when all of
the PDM is contained in PBH minihaloes. A stronger
condition for R, however, arises from the formation of DM
structures—as the minihaloes grow via secondary accretion
in the matter-dominated phase [61], one expects that the
minihalo growth is halted once the PBHs are absorbed into
nonlinear DM structures.” If fppy is large, the PBHs
themselves can begin to form small clusters of a few
PBHs at the onset of matter domination [22,25,45,65]. We
estimate that this effect stops the minihalo growth when
half of the PBHs have formed structures containing two or
more PBHs. This happens at 14 zyy = 5500fpgy [65].
Additionally, we expect that the usual CDM cosmology

'Geometric units ¢ = G = 1 are used throughout this paper.

Virial velocities can be quite large even in small early PBHs
clusters and stifle the binding of PDM to PBHs. In general,
minihalo formation is poorly understood in this regime. Thus, to
be conservative, we make the assumption that the minihalo
growth stops at the onset of nonlinear structure formation.

10°
* Serpico et. al.
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FIG. 1. The PDM minihalo profile (1) (solid lines) at redshifts
z=1000 and z = 100 compared to the estimate in Ref. [63]
(dashed lines) and profiles of isolated PBHs obtained via N-body
simulations [46,65] (points).

holds at larger scales so that nonlinear structure formation
becomes relevant not later than at redshift 30, which
sets the lower bound on zy. Defining the size of the
PDM minihalo by the radius at which the density of the
minihalo matches the ambient PDM density, we find that

Ph(Rh) ~ PPDM (ZNL), which gives

1
R, ~ 14 pc {@]xmin(l, 10‘3f;§,_|). (2)
Mo

Consequently, the minihalo mass is

My, % (1 = fppu)mpgy min (50,0.28/54y). (3)

Therefore, the PDM minihalo can be at most 50 times
heavier than the central BH, and at most 28% of PDM can
be bound to PBHs.

The minihalo profile is not well understood for large
fpey and at small z. N-body simulations [65] indicate that
the minihalo around isolated PBHs becomes steeper at
larger fppy, potentially due to the tidal effects that the
neighboring PBHs have on the outer shells of the PDM
minihalo. On the other hand, clusters of several PBHs
possess much shallower PDM minihaloes. In this paper, we
consider the region of the density profile that was formed
when most PBHs were isolated. By the above arguments,
most PBHs were isolated at z 2 100 when fppy 2 0.02,
that is, at the epoch when the profile (1) has been
numerically tested. Moreover, if fpgy 2 0.2, the PBHs
are heavier than the minihalos surrounding them, so the
GW microlensing is only mildly affected by the latter. In
summary, we expect that a more detailed description of the
PBH dressing would not strongly affect our results.

III. MICROLENSING FORMALISM

We consider a compact object binary emitting GWs at
the angular diameter distance D, which, on their way to the
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detector, pass by a PBH surrounded by a DM minihalo
at the angular diameter distance D;. The microlensing
effect on the Fourier transform of the GW signal ¢(f) can
be characterized by the amplification factor F(f) so
that the Fourier transform of the lensed GW signal is
d.(f) = F(f)¢(f). In the thin-lens and point source’®
approximation [71],

F(w,y) = %/dzxe””(”), (4)

where the integral is over the lens plane and y is a vector
in the lens plane that determines the displacement of
the source from the line of sight to the lens. The dimen-
sionless frequency w and the dimensionless time delay
function T are

(] + Zl)Ds 2
— &,
DDy

Tley) =3k -yP =yl ~duly).  (5)

w="2xf

where D;; = Dy — Dy(1 + z;)/(1 + z,), & is a character-
istic lens scale, y(x) denotes the deflection potential and
the function ¢,,(y) is defined so that the minimum of
T(x,y) for a fixed y is zero. The lens potential is determined
by the density profile of the lens (see, e.g., [72]).

We choose the characteristic lens scale &, to be the
Einstein radius of the naked PBH,

4mPBHDlDlr MppYy D? DlDIY
=/ ———"x0.014 - - (6
el \' D, P "My Gpe D? (©6)

which generally is smaller than the PDM minihalo radius
(2). The deflection potential induced by the PBH dressed
with the DM minihalo with a density profile of Eq. (1) is
w(x) = In(x) + y;(x), where the first term corresponds to
the contribution from the PBH, which we describe as a
point mass, and the second term is the contribution from the
PDM minihalo around the PBH,

iR, 3
wi(x) ~ 12(1 = fpy) [WEBH} [—h}
0]

pc
3
{%]4, x¢) <Ry,
X . (7)
31n | %60
1 +41n[Rh“], xE > R,

For the numerical computation of F, we use the method
described in [73], and for wy > 5, we switch to the
geometric limit (see, e.g., [52]).

*As shown in [70], the point source approximation is very
good in the parameter range considered in this work.

1072! T T
Z.
= @)
g \\\ JeBH
2 ¢ R -1
RZ] -22 L 7 "W
5 10 COO f\ \\ — 05
g N * AN
N |
=
@) M, =30M_, n=0.23, D;=1Gpc 0.1
mppy =300 M, y=1 /i
10723 L N L li
5 10 50 100 500

fHz

FIG. 2. The dimensionless characteristic GW strain, /f|$(f)],
from a BH binary merger. The black dashed curve shows the
unlensed signal and the solid curves show the effect of a 300M
PBH lens dressed in a PDM minihalo for different fractions of
PBHs as DM. The shaded regions show the LIGO-Virgo O3 [16]
and LIGO O5 (A+) [59] sensitivities.

In Fig. 2, we show examples of the lensed signal for
various values of fpgy. The variations in the interference
effect that modulates the amplitude of the signal are clearly
visible when compared to the unlensed signal shown by the
dashed curve. Moreover, we see that this effect depends on
the fraction of DM in PBHs, as it, together with the PBH
mass, determines the size of the PDM minihalo around
the PBH.

IV. ANALYSIS

A. Detectability of the lens

The Fourier transform of the GW signal can be expressed
as G(f) = A(f;0)e 9. We compute the amplitude
A(f;0) of the unlensed signal using the inspiral-merger-
ringdown template [74],

5 M
~ V24zp,
f < Fmere
1
X fmzergf_% fmerg <f< fring (8)

2 )
fmzergfrgﬁgm Sring S < feu

A(f30)

and the phase as

3

M)

Y(f:0) =2zft.— .+
Here, M, denotes the redshifted chirp mass of the binary,
M. = (1 + z)(mymy)3/(my + my)3, and Dy, its luminosity
distance. The frequencies fierg, Jfrings feu» @and o are
parameterized as f; = rﬁ(ajnz +bn+c;)/(aM,), where
n denotes the symmetric mass ratio of the binary,
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n=mymy/(m; +my)?, and a;, b;, and c; are coefficients
whose fitted values are given in Table 1 of [74]. This
unlensed GW template includes five parameters: 6 =
{MZ’ n, DL? tw 4)(‘}

‘We determine the detectability of the lens by computing
the log-likelihood difference (see, e.g., [58]),

570,) = 4omin [ of (10)
where ¢, (f;0,) is the lensed GW signal, ¢7(f;0) the
unlensed GW template, the minimum is taken over the
parameters of the unlensed GW template, and S,(f) is
the noise power spectral density, including the intrinsic
detector noise and the noise from undetectable compact
object binaries [75]. The prefactor @ accounts for the sky
location and the inclination of the binary, and the polari-
zation of the signal. Averaging leads to @ =4/25 and
@ = 3/25 for L- and triangular-shaped detectors.

We compute Ay?*(6,) numerically and find the maximal
impact parameter y,.(0,) so that Ay*(@,) > 11.31 for
¥ < Ymax (0y). This implies that for y < y;..(0,) the lensed
template fits the signal better than the unlensed template at
the 20 confidence level.

‘We can further use the log-likelihood test (10) to analyze
whether different lens profiles can be experimentally
resolved. To do this, we consider the lensed waveform
characterized by the parameters @ = {M_,n, Dy, 1., .,
y, mppn, fepu} as the template ¢7(f;@). For this eight-
parameter fit, the 20 confidence level corresponds
to Ay*(0,) = 15.79.

B. Lensing probability

The computation of y,.. () is of crucial importance
since it determines the lensing cross section o(6;) =
7E Y max (05)%. The probability of a GW signal to be lensed
follows from the probability of a lens object lying within
the cross section ¢ from the line-of-sight to the GW source.
It is given by P;(0,) = 1 — e~"®) where

o e®n(z)
«0)= | S 2 HG) (1

is the optical depth. The number density of the lens objects
is n(z;) = (14 2))* fenpom/ Mmesn-

‘We note that in (11) we have assumed that PBHs were
uniformly distributed in space. However, they would
have inevitably clustered during the structure forma-
tion [22,25,45,65]. Studies of the effect of PBH clustering
on optical microlensing [76,77] suggest the effect is
negligible on the resulting constraints, except in cases
where PBHs were initially formed in very compact clusters.
The latter case would, however, clash with Lyman-a
observations [78]. In short, our results remain robust also

in the presence of observational allowed relatively mild
PBH clustering.

The expected number of lensed events from existing
observations is given by

N
Ny(mppss. fosn) = Y _ Pi(6)), (12)
=

where N is the number of observed events. The prospects
for future observations, on the other hand, can be obtained
by integrating the expected number of lensed events from a
model of the merger rate,

_ SNR,
N (mpgy, fepn) = T/d/lpl(as)pdet (SNT(HL)> (13)

where 7 is the observation time, py. is the detection
probability [79], SNR is the signal-to-noise ratio [80] and

1 drR dv,
"1+ z,dmydmy dz

dm;dm,dz; (14)

is the differential rate of compact binary mergers. We use
SNR, = 8 as the threshold SNR. The SNR is computed for
an optimally oriented source-detector system and the
averaging over the binary sky location and inclination
and the polarization of the signal is accounted for by the
detection probability p .

We parametrize the merger rate of stellar mass BH
binaries as

dR R,
= b FR 1
dmdm,  Z Py (my )y (m;)SFR(z), (15)

W
assuming redshift dependence proportional to the star
formation rate [81]. At z <2, this behaves roughly as
o (14 z)%7, which is in good agreement with the LIGO-
Virgo results [82]. The factor Z, is chosen such that
R(z = 0) = R,. We consider a cut double power-law shape
for the BH mass function,

my<m<m,

wm o { 7 (16

m > m,,

and fix m; = 3M and m, = 55M, corresponding to the
lower and higher mass gaps. We fit the rest of the
parameters, Ry, S, 7y, and y,, to the LIGO-Virgo BH
binary merger data [14-16] following Ref. [17]. In the
following, we use the best fit values Ry = 15 yr~! Gpc~3,
p =438,y =-138, and y, = —6.0.

When assessing prospective sensitivities, we assume that
the astrophysically motivated model (15) can describe the
GW sources. However, if the abundance of stellar mass
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PBHs is sufficiently large, fpgy = 107, detectable PBH
merger events are expected [17,19]. As we fix the magni-
tude of the merger rate from existing observations, a
partially primordial origin of the GW sources would mainly
imply that the merger rate grows monotonously with
redshift, unlike the star formation rate. We will, however,
not consider this possibility to ensure conservative con-
straints that are independent of the PBH merger rate. We
stress also that the uncertainties related to the merger rate
model do not apply to our analysis of the observed LIGO-
Virgo events.

V. RESULTS AND DISCUSSION

During the first three observing runs, the LIGO-Virgo
network detected a total of 90 compact binary coalescence
events. We take source parameters and the corresponding
sensitivity curves of the detectors from the LIGO-Virgo
catalogs [14—16]. For each event, we scale the sensitivity
S,,(f) so that the computed SNR matches the mean network
SNR value reported in the catalogs. Then, using the scaled
S, (f) and taking @ = 1 in Eq. (10), we compute the lensing
probability for each of these events as a function of mppy
and fpgy, including the DM minihalos around the PBHs.
This procedure accounts for the sky location, polarization
and inclination of the binary, and uncertainties in our
estimate of S,(f). When summing over the LIGO-Virgo
events, we find that the expected total number of lensed
events is N; ~ 1.75 if mpgy > 100My and fpgy = 1, and
N;~0.5if fpgy = 0.2 or if fpgy = 1 and mpgy ~ 20M .
The LIGO-Virgo Collaboration has searched for lensing
signatures in its catalog with negative results [83]. So, the
expected number of lensed events implies a mild 1o tension
with fpgy > 0.7 for mpgy > 100M 4, for dressed PBHs and
frea = 0.8 for naked PBHs and fpgy < 1 for mpgy >
50M, in both scenarios, as shown by the orange curves in
Fig. 3. Our constraint is weaker than estimated in Ref. [39],
but can reach lower masses. This is because the analysis
in [39] was based on the accuracy at which the lensed
waveform parameters can be measured, but it did not
consider whether a lensed template gives a significantly
better fit than an unlensed one.

We estimate the sensitivity of the LIGO OS5 and ET to the
PBH abundance by using the BH binary merger rate model
(15).* The prosg)ects are shown by the green and blue
curves in Fig. 3.” We find that LIGO OS5 can probe fppy >
0.1 for masses mpgy > 10M, and ET can reach abun-
dances fppy = 1073 and subsolar mass PBHs with masses
mpgy % 0.01M . Importantly, abundances of the order

“As a cross-check, we derived the LIGO-Virgo O3 constraint
using the merger rate (15) instead of the observed individual
events and found a very good agreement between the results.

5Figure 3 is derived assuming a monochromatic PBH mass
function. The results for extended PBH mass functions can be
computed using the method described in Ref. [84].

0.1
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Merger rate
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1072 0.1 1 10 102 103
mppH /M,

FIG. 3. The blue and green curves show the projected sensi-
tivities of LIGO OS5 and ET, and the orange curve shows the
region disfavored at lo by the current (O3) LIGO-Virgo
observations. The gray curves show PBH constraints from
microlensing [30], merger rate measurements [17], and accre-
tion [46]. The solid and dashed curves show the results with and
without the effect of the PDM minihalo. The red dot corresponds
to the scenario in which all observed BH mergers would be
primordial [17-19].

feeu = 1073 correspond to the scenario in which a sig-
nificant fraction of the observed BH-BH merger events
were primordial [17-19]. So, GW lensing with ET can
provide a robust independent probe for PBH scenarios of
the observed BH binary mergers.

As shownin Fig. 3, the PDM dress enhances the sensitivity
to fpgu by a factor of O(1-10) and the effect is slightly
stronger at higher prH.6 Notably, the enhancement in the
sensitivity at fpgy < 1072 is smaller than one would naively
expect from the PDM minihalo mass (3) because PDM
minihalo is much larger than the typical Einstein radius for
low fppy. We remark that our constraints can also be
extended to sufficiently compact extended objects, like
DM stars, as was discussed in [58].

Finally, we investigate whether a heavier point mass can
mimic a dressed PBH. In previous studies, the dressed PBH
was modeled as a point mass lens whose mass was equal to
the integrated mass up to the Einstein radius [35]. If this
approximation fails, analyzing a lensed event could poten-
tially reveal information about the environment surround-
ing the BH. We find that LIGO OS5 is unlikely to see events

®We find that the PDM minihalo has a much weaker effect than
was suggested in the recent strong lensing study [35]. Apart from
differences in the simplifications, this discrepancy is mostly
because a much denser PDM minihalo was used in [35].
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FIG. 4. Sensitivity of ET to the lens profile for two benchmark
cases with M, =40M g, n = 0.23, D; =5 Gpc, mpgy = 20M ¢,
and y = 5. The GW signal is assumed to correspond to a naked
PBH lens (fpgy = 1) in the left panel and to a dressed lens (with
fpen = 0.1) in the right panel. The shading shows parameter
regions in which ET can distinguish the assumed waveform
(black dot) from a lensed signal characterized by (mppy, fpp) at
the 26 — 5o confidence levels.

for which dressed and naked lenses can be distinguished.
On the other hand, ET is expected to see several sufficiently
high SNR events allowing it to resolve the lens profile. Two
realistic benchmark cases where ET would be able to
measure the PDM dress of a PBH lens are shown in Fig. 4,
illustrating that the presence or absence of the dress may be
excluded at the 40 confidence level. Such events can shed
light on the origin of BHs in the Universe and, if the lens is
interpreted as a PBH, would give a probe of fpgy through
the measurement of the PDM minihalo properties. In this
way, GW lensing can be a powerful tool in constraining
potential PBH scenarios, especially when combined with
other observables such as the PBH binary merger rate.

VI. CONCLUSIONS

We have examined gravitational wave microlensing by
primordial black holes, accounting for the effect of the
particle dark matter minihalos when primordial black holes

make up only a fraction of dark matter. We have further
improved the existing analyses by including the full lens
profile, employing a more complete waveform that contains
the inspiral, merger, and ringdown phases, and performing
a matched filtering analysis of the detectability of the lens.

We find that the existing LIGO-Virgo observations dis-
favor fpgy > 0.7 at 1o in the mass range mpgy 2 S0M .
Moreover, we have shown that future observing runs of
LIGO will be sensitive to fpgy < 0.1 and mpgy > SM and
next-generation gravitational wave observatories like ET will
be sensitive fpgy = 2 x 107 and mpgy = 0.01M . In par-
ticular, they have the potential to rule out or confirm the
primordial origin of the observed black hole merger events
independently of the black hole binary merger rate mea-
surements. We have also shown that ET can differentiate
between dressed and naked black holes through gravitational
wave lensing, providing an independent probe of the origins
of black holes in the Universe and the particle dark matter
properties, in case a lensed gravitational wave event would be
detected.

Our results are expected to remain valid even if the
standard minihalo profile and primordial black hole cos-
mology are modified in realistic ways (e.g., mild initial
clustering). In summary, our study offers new insights into
GW lensing by primordial black holes and opens up new
avenues for exploring the phenomenology of dark matter
and primordial black holes.
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Gravitational wave timbre, the relative amplitude and phase of the different frequency harmonics, can
change due to interactions with low-mass halos. We focus on binaries in the LISA range and find that the
integrated lens effect of cold dark matter structures can be used to probe the existence of M, < 10M halos
if a single binary with eccentricity e = 0.3-0.6 is detected with a signal-to-noise ratio 100 — 103 and it

is at z; = 0.5.

DOI: 10.1103/PhysRevD.111.123047

I. INTRODUCTION

Gravitational waves (GWs) are often associated with
sound because they are characterized by waveforms, and
in general there is a poorer angular resolution than with
electromagnetic signals. Like with sound, for GWs there is
also the notion of timbre since eccentric binaries emit GWs
in different harmonics simultaneously. The relative powers
of the harmonics are determined by the binary eccentricity
and the harmonic numbers [1].

GWs are sensitive to wave optics interactions with small
halos, which can leave detectable imprints on the wave-
form [2-11] or a phase difference with respect to an
electromagnetic counterpart [12—15]. Both methods rely
on frequency-dependent effects for detectability. Moreover,
in the case of strong lensing, the lensed image can deviate
from unlensed waveforms in the presence of higher
harmonic modes, precession or eccentricity [16,17].

In this work, we propose a novel probe of the wave
optics effects: measurements of the timbre of the GW signal
from an eccentric binary. We study if the measurements of
the timbre can be used to probe the low-mass end of the
dark matter (DM) halo mass function (HMF) where
deviations from the cold dark matter (CDM) predictions
may appear. For example, the small-scale structures are
suppressed in warm or ultralight DM models [18-20].

We focus on signals whose frequency does not change
significantly. In the LISA sensitivity range, such signals
can originate, e.g., from white dwarf (WD) binaries,
intermediate-mass black hole (IMBH) binaries, or extreme
mass ratio binaries [21-26]. The signals from WD binaries

“Contact author: juan.urrutia@Xkbfi.ce
Contact author: ville.vaskonen @pd.infn.it

2470-0010/2025/111(12)/123047(8)
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are weak and only sources in the Milky Way can be seen
individually. Such signals can get lensed by Milky Way
substructures. As we are interested in lensing by DM halos,
the most relevant sources are IMBH binaries that produce
the strongest extragalactic signals.

We compute the integrated effect of the DM halo
population and show that very light halos, which are
integrated out in weak lensing studies as a constant density
field [27], induce changes in the amplitude and phases of
the different harmonics of a mHz GW signal, effectively
changing the timbre. The effect is detectable with LISA in
the first harmonics, for example, if a binary is at z; = 0.5
with a signal-to-noise between 100-10* and has eccentric-
ity e = 0.3-0.6. We find that the effect mainly comes from
halos of O(10M,).

The reason for the dark timbre effect is that lensing
by DM halos in wave optics causes a small frequency-
dependent enhancement of the GW amplitude that
accumulates as the GW encounters several halos over
cosmological distances. While the probability of detecting
lensing by a single heavier halo is too low [3,11], the
integrated effect of small halos is always present if such
halos exist. The CDM model predicts a large abundance of
light halos that have so far eluded observations [28].
Therefore, the detection of dark timbre would provide a
probe of the low-mass tail of the HFM and severely
constrain deviations from CDM at small scales.

II. LENSING BY A SINGLE HALO

Consider a binary whose orbital frequency remains
almost constant during the observation. We denote the
angular diameter distance of the binary by Dg =
d.(z,)/(1+z,), where z, is the corresponding redshift
and d, is the comoving distance, and assume that the GW

© 2025 American Physical Society
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signal emitted by the binary interacts with a halo at angular
diameter distance D;. In the frequency domain, the lensed
waveform is ¢, (f) = F(f)¢p(f), where ¢(f) denotes the
unperturbed GW signal. The amplification factor F(f)
under the thin lens, Born, and eikonal approximations, is
given by [29,30] (see Appendix A)

F(f) = M/deeiW(ﬁT(UX (1)
2im

The integral accounts for all the paths that the GW can take
through it. The prefactor ensures that ' = 1 in the absence
of lenses. The dimensionless vectors x and y are defined as
x=¢E/& and y=Dm/(D,&y), where & denotes a char-
acteristic length scale of the lens, and n and y are
dimensionful vectors that give, respectively, the position
of the source in the source plane and the position at which
the GW crosses the lens plane. The dimensionless fre-
quency w and the dimensionless time delay function T are
given by

_ (L+2)Dy
w(f) =5 2. )
Tay) =3k —we)-d0). )

where Dy = D, — (1 + z;)/(1 + z,)D; and ¢(y) is defined
such that min, 7'(x,y) = 0.

We approximate the halos by the Navarro-Frenk-White
(NFW) profile p(r) = rip,/[r(r, + r)?], which corre-
sponds to the lens potential (see, e.g., [3])

w(x) =« |:1n2 (;—b) —artanh?{ /1 — Z—z:| ) (4)

where x = |x| and k =2zp,r3/M, and b=r/§ are
dimensionless parameters. The distances are scaled by
&y = Rp(M,), where Ry denotes the point mass Einstein
radius, so the dimensionless frequency simplifies to
w = 8x(1 4+ z;)M,f. The NFW profile is parametrized
by the scale radius r,; and the corresponding density p,
which are both functions of the halo virial mass M, through
Joeo drrp(r) = 200p.R3y0/3 Where Ry = C(M,)r, and
p. denotes the critical density of the Universe. For the
concentration parameter C(M,) we use the fit provided
in [31], which agrees with cosmological simulations in the
relevant range of masses for this study [32]. For halos as
light as the ones we will consider, interactions with stars
can affect the profile. However, the survival rate is expected
to be high [33-39] so we can safely use the NFW profile.

In the geometric limit, the GW follows a single classical
trajectory, the minimal time path, around the NFW halo.
The interaction lacks interference patterns and induces a
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FIG. 1. Upper panel: the absolute value of the lensing ampli-

fication as a function of the halo mass and the projected distance
of the source in the lens plane, for a source with fgw = 2 mHz at
z, = 0.5 and a lens at z; = 0.25. Lower panel: the magnitude of
the relative amplification factor (7) for the same source-lens
configuration as in the upper panel.

frequency-independent amplification [2],
|[F| = (det [0,0,T (x;.y)]) %, (5)

where y = |y| and x; corresponds to the classical path.
However, in the wave optics regime, the amplification
becomes frequency dependent, and numerical computation
of Eq. (1) is necessary.'

In the upper panel of Fig. 1, we show the amplification
|F| for different halo masses and distances in the lens plane.
We have fixed the signal frequency to fgw = 2 mHz,
the source redshift to z; = 0.5, and the lens redshift to
z; = 0.25. For a fixed halo mass in the wave optics regime,
the interaction is independent of the projected position

'We do the numerical computation using the method intro-
duced in [40].
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r; = &yy of the source in the lens plane. In the geometric
optics regime, the amplification effect rapidly decreases
with r, roughly as |F| — 1 « 7%, but increases with the
lens mass,” roughly as |F| — 1 « M7/®. The dividing dis-
tance between the wave optics and geometric optics
regimes, on the other hand, increases very slowly with
M, remaining slightly below r;~ 10 pc in the shown
mass range.

Whereas a circular binary emits GWs only at twice its
orbital frequency f,4, an eccentric binary emits at all
integer multiples of it [1],

fn = nfom- (6)

These different harmonics get amplified by different
amounts because the lensing effect is frequency dependent.
This is the dark timbre effect. In the lower panel of Fig. 1,
we show the magnitude of the ratio of amplification factors
that characterize the shift in the timbre,

|F(fz)‘ iAD:
F.. = t ‘i’u7
SR

between the second and the fourth harmonic of an eccentric
binary with orbital frequency f., = 1 mHz As expected,
there is no difference in the geometric optics regime’s
amplification factor for high-impact parameters. Only the
halos in the wave optics regime, r; < 10 pc, modify the
timbre of the signal. The phase difference is similar in
magnitude to the amplification factor ratio.

A¢i,j =¢;i— d)js (7)

III. TOTAL LENS EFFECT

The effect of a single lens is characterized by the lens
redshift z;, the projected distance of the source in the lens
plane r;, and the halo mass M,. We estimate the modifi-
cation of the timbre caused by all of the halos the signal
encounters in the wave optics regime on its way from the
source to the detector by generating configurations of the
heaviest lenses and estimating the expected effect from
the light halos.

We consider only halos inside the wave optics regime,
71 < Fmax (27, M), since those are the only ones causing a
frequency-dependent effect. The total number of halos
within that radius is

2 e 2(1 + z;)?rdn(z)
N= [ dMm dz drj———— . (8
o o o e

where dn(z;)/dM, is the HMF which we compute using
the Sheth-Tormen approximation [41-43] with the CDM

’Linear scaling |F| — 1 « M, at a fixed frequency is expected
if x and b didn’t change with M,. We find a slightly stronger
scaling mainly because the compactness of the halos mildly
decreases with decreasing M.

power spectrum [44]. From Eq. (8), we can identify the
probability densities of the lens parameters:

P(Z M ) 7”(1 +Zl)2r12naxdn(zl)
PEYTUUNH(z) M,

2r
P(rl‘thV) :a(r/_rmax)z_l‘ (9)

max

We generate realizations of the lenses with mass M, >
0.01M, that the signal encounters by sampling the prob-
ability distributions (9) and approximate their total effect by
taking a product of the amplifications caused by each of the
lenses (see Appendix B):

Ny
Fu(f) =~ HF(f|Mv,js 21,j> rLj)
=1
Ny,
~1+ Z [F(fIMyj 21 r) = 1] (10)
=1
Here N}, is sampled from a Poisson distribution with mean
N in the mass range M, > 0.01M, and the approximation
holds because F(f|M, ;, z;;.r;;)~ 1. We generate 10
realizations to estimate the distribution of F(f).

For light halos with M, < 0.01M, the Poisson fluctua-
tions are negligible because their number inside the wave
optics regime is very large. Therefore, the effect they cause
does not change significantly between different paths, and
the distribution of the total lensing factor

Folf) = Fu(NFL(f) = Fu(f) + FL(f) =1 (11)

can then be estimated by convoluting the distribution of F;
with §(F — F; + 1), where

Fu(f) =Y [1+ (F(f) = ;N (1= eMs)] - (12)

J

is the expected effect of the light halos.” The sum in (12) is
over mass bins, (F(f) — 1); is the expected deviation of the
lensing factor from unity for halos in the mass bin j,
and Ny, ; is the number of halos in the wave optics regime in
that bin. This results in a translation of the distribution
from heavy halos by adding the integrated effect of the
light ones.

In the upper panels of Fig. 2 we show the effect of adding
the lightest halos. In the left panel, we can see that halos
heavier than 100M do not contribute significantly. The
reason is that they are too rare to fill the wave optics lensing
tube. The main effect comes from halos in the range

The HMF scales at small masses roughly as
dn/dIn M, « M7%°. So, since |F| -1 MY the total ampli-
fication effect integrated over all halo masses is finite.
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FIG. 2. Upper panels: the left plot shows the expected value for |F;,| — 1 for the third (dark) and seventh (light) harmonic when
integrating the halos from M, ;. The right plot shows how the distributions from the heavy halos, M, > 1072M, (dashed curves)
change when adding the contribution from the light ones. Lower panels: the probability distributions of |F;,| — 1 and Arg(F;,) for
i=3,5,7 and a source with f, =2 mHz at z;, = 0.5 (solid) and z; = 1 (dashed).

0.01M ¢ — 10M . Below 0.01M, the effect increases very
slowly and we have explicitly checked that it converges.
Halos lighter than 0.01M change the total lensing effect
by an O(1) factor. In the right panel, we can see that the
distributions are shifted by adding the contribution from the
lightest halos.

In the lower panels of Fig. 2 we show the probability
distribution of the modulus and the argument of the
amplification ratio between the second and the third, the
fifth and the seventh harmonic for the same benchmark case
as in Fig. 1, for z; = 0.5 (solid lines) and z; = 1 (dashed
lines). In the left panel, we see that the differences are of
order 3 x 1073 for z; = 0.5 and up to 107 for z; = 1. The
distributions of the phase differences, shown in the lower
right panel, scale similar to the distributions of the
amplifications.

Previous GW microlensing studies have focused on
searches of halos with M, = 106Mo, which cause larger
effects. However, for realistic DM halo profiles, such as
Einasto or NFW, the effect in the geometric limit is simply a
constant amplification [3] that is degenerate with the source
properties. The lensing tube where wave optics effects are
relevant is fixed by the frequency of the GW and the
mass of the halo. For LISA frequencies and halos with

M, Z 106MO, the expected number of halos in the wave
optics tube is very small and, consequently, it is not
expected that LISA would see any such lensed events [3].
In this study, we instead consider much lighter halos M, <
10M , which are expected, assuming the CDM model, to
induce wave optics effects in all of the GW events that
LISA will see. The next section discusses the precision
necessary to test and detect this effect.

IV. DETECTABILITY AND PROSPECTS

To detect the dark timbre effect, we require that the
signal with the shifted timbre cannot be fitted well with a
template using the standard timbre. In general, the wellness
of a template fit is given by [45]

amin [ ap PO = Inr O
g amin [ 4 BESEESE )

where h(f) refers to the GW signal and A(f, 5) the
template parametrized by 6. For a binary that evolves very
slowly, the waveform is approximately a sum of delta
functions and Eq. (13) simplifies to
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FIG. 3. Upper panel: the SNR of the second harmonic (SNR,)
necessary for detection of the shifted timbre as a function of the
eccentricity of a binary orbiting at | mHz. The dark line is for a
source at z; = 1 and the light blue line for z; = 0.5. Lower panel:
The relative powers g,(e) of some of the lowest harmonics.
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where A characterizes the amplitude of the signal and SNR,
is the signal-to-noise ratio of the second harmonic. The
template is parametrized by an amplitude 4 ~ 1, an eccen-
tricity ¢’ ~ e, and a phase ¢ ~ 0. The function g, (e) gives
the relative power radiated in the nth harmonic by a binary
with eccentricity e [1]. We show g,(e) for some of the
lowest harmonics in the lower panel of Fig. 3.

We use the expected LISA spectral sensitivity S(f)
[46,47] and include noise arising from the galactic and
extragalactic foregrounds [48]. We considered sources at
z, = 0.5 and at z, = 1 with f, =2 mHz. To assess the
detectability of the shifted timbre effect, we consider only
the harmonics n = 2-7 that dominate the signal for e < 0.6,
as seen in the lower panel of Fig. 3. We determine how
much SNR; and e are required to detect the shifted timbre.
We use the threshold Ay? > 8.02 corresponding to 26

Ay? = 4min

Py
e n=1

2
B

Confidence Level (CL) for a template with three param-
eters. The results are shown in the upper panel of Fig. 3. For
example, for z;, =0.5 and e = 0.3 the dark timbre is
detected if SNR, = 3000 while for e = 0.5 it is enough
to have SNR, < 500. For z; = 1, approximately factor four
smaller SNR; is sufficient. An example of a source with
approximately these properties could be an IMBH binary
with M = O(10%/M) and 7 ~ 0.1. In scenarios with light
supermassive BH seeds, the number of detectable binaries
of this type would be O(100)/yr and they would enter the
LISA band at O(years) before merger [49]. For some time,
they would be approximately monochromatic with SNR of
O(10%). As shown in [50], also the referred eccentricities
are realistic.

The precision at which the amplitudes of a harmonic i
can be resolved is approximately

Oa, 1

A, T SNR;’ (15)
which is easy to show from the Fisher analysis [51]. This
implies that a higher SNR, is necessary to resolve the
relative amplification factors F; ; rather than to detect the
dark timbre. Optimistically, if a population of eccentric
binaries is detected with SNR; ~ 103 it would be possible to
reconstruct the Probability Density Functions (PDFs) of F; ;
and probe the HMF down to M, < 10Mg. However,
already the detection of one sufficiently eccentric binary
with SNR, > 102 at z, = 0.5 would tell about the existence
of halos with M, < 10M,.

We note that since the dark timbre effect is very small,
corrections beyond the Newtonian order [1] in the different
harmonics coefficients may become relevant, although we
assume that the binaries are very far from merging, further-
more considering more realistic waveforms with higher
modes would potentially help in the detectability [4].
Moreover, detecting the dark timbre requires identifying
the frequency harmonics. LISA is expected to observe
several nearly monochromatic GWs simultaneously at differ-
ent frequencies. Some of these GWs may be harmonics from
an eccentric IMBH binary, while others may originate, e.g.,
from galactic WD binaries [52]. Consequently, resolving
which of these GWs are harmonics emitted by the same
source can be challenging. The effects of higher modes and
the identification problem of the frequency harmonics are
left for future studies.

V. CONCLUSIONS

We have estimated for the first time the integrated
lensing effect of light halos on the mid-frequency (mHz)
GW signals. We have proposed to test these effects using
the different harmonics of an eccentric binary. We have
shown that the wave optics effects due to the low-mass DM
halos, M, < 10M, induce frequency-dependent changes
in the amplitude and phase of the harmonics—the timbre
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of the signal. This shifted timbre is detectable in the seven
dominant harmonics of the signal for signal-to-noise ratios
between 100-10° if the binary eccentricity is e = 0.3-0.6
and it is z; = 0.5. If such binaries exist, LISA could probe
the dark timbre. This would open a new avenue to test low-
mass DM halos and thus provide new insights into the
nature of DM.
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APPENDIX A: VALIDITY OF THE BORN AND
EIKONAL APPROXIMATIONS

In the following, we make explicit the assumptions
behind the formula of the amplification factor F used in
the main text and showcase their validity.

To compute the scatter of a GW from the DM halo we
will consider the metric around the halo to be given by

ds? = —(14+2U(x))d* + a*(1 = 2U(x))dx?, (A1)
where U is the gravitational potential of the halo and a
denotes the scale factor that we consider as a constant fixed
by the halo redshift. Under the Born approximation, we
consider only the leading order terms in U < 1. Moreover,
we neglect the change in the polarization of the GW which
is of the order U < 1 and consider only its amplitude
¢(t.x). Then, the Fourier transform ¢(w, r) of the scalar
wave follows the wave equation:

(a2V2 + 0?)p(w.x) = 40*Ud(w, x). (A2)
We want to express the solution as
(Zz(w,x) = F(Cl’?x)quL(w»x)? (A3)

where the ¢y (0, x) is the solution of Eq. (A2) for U = 0.
Plugging (A3) into the equation of motion (A2) we get that
the amplification function F(w, r) has to fulfill

1 | *F  2iwdF
——V2F+—— +"——=40’UF. (A4
(ar)? L TR e (a4)
Assuming that
1 &*F 2iw oF
S| << |— = AS
a® or? a or (A45)

1073
1074k 7, =05, =025 i
15 M, = 100M,
g 107
EIZ 106
R R 10
(}'bk £ 10—7
— ‘ 3
(9] 1078
-9 . ) )
10 10~ 1073 1072 0.1 1
r [kpe]
1010} ;
10—11 3
10—12 3
S 10713 3
10714 ]
1015 ]
10710F" ]
10717 ’(“ ! ! ! ! . . . .
102 01 1 10 102 103 10* 10° 10°
M, /M,

FIG. 4. Upper panel: comparison of the second and first
derivatives of F. Lower panel: values of U for the typical impact
parameters that contribute to the dark timbre.

Eq. (A4) simplifies to

i oF 1 )
aor 2war? V,F + 20wUF, (A6)
which is a Schrédinger equation that can be solved with the
path integral approach that gives the formula of F we use
throughout the paper.

In the lower panel of Fig. 4 we plot the NFW gravita-
tional potential,

4 3
U(r) = =407 10 (HL),
r Fg

to show that the Born approximation is valid for the impact
parameters we typically consider for the dark timbre. In the
upper panel we demonstrate the validity of the eikonal
approximation.

(A7)

APPENDIX B: MULTILENS COMPUTATION
The solution of Eq. (A6) is given by the path integral

(B1)

123047-6



DARK TIMBRE OF GRAVITATIONAL WAVES

PHYS. REV. D 111, 123047 (2025)

where 6 = 0(cos(¢), sin(¢)) parametrizes the paths that

the GW can take from the source at r =0, @ = 0 to the
observer at r = ry 1, § =0y, =0 and
1 .
L= ia)(ar)2|6‘(r)\2 - 2wU. (B2)

We divide the path into N slices perpendicular to the radial
vector from the source to the detector at distances r = r; of
thickness ¢, so that ry,; = (N + 1)e. Some of these slices
include a lens. In the thin lens approximation, we project
the gravitational potentials of each lens to a plane,

N
g r—r

and consider paths that change direction only at the lens
planes,

U(r,0) (B3)

NI'—

N rjr/-H
Z r=r))0(rj . —r) are 0,11 -0;, (B4)

where 8; denotes the position where the path crosses the jth
lens plane and r;; = r;r;/(r; = r;). Then the integrated
Lagrangian can be expressed as

N
IN+1 ririyg
drL=w E e
A j=1 |: 2

and THE amplification function as
r;r;
- 117w,
i 2rzie

exp|io( 520,01 -0, <009 | (BO)

aj_0j+| 2

€

—\pj(oj)}, (B5)

Here y; = 0 for those slices that do not include a lens.
Assuming that for all relevant paths wy; < 1, we can
expand to the lowest order in powers of oy ;:

Wrirjt1 j+1
/H sz d%0; exp {za) ,2, 10, -0, }
x [1 = icwyr;(0;)]

Onri g WOrjFj1 o
~1- d-6
th/ 2rie |:,#] 2rie :|

N
. rirjti
x y(6)) exp {lw ) %‘ajﬂ _0j2:|-
=

(B7)
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FIG. 5. Comparison between the amplification function for a
single lens computed without (solid contours) and with (dashed
contours) the expansion in wy ;.

The integrals for j </ give unity and [53]

- TiTj+1 2 TIrN+1 2
2726 1011 =0 =e——— Oy, - 0]
=1

T N+1

> Ml j41
+ Z Tas |0 —u,;, (BS)
Jj=1+1
where 7 ; =r;—r; and wu;; = [r@; + (j = [)rjs10,41]/

(jrij+1)- So, all integrals except that over @, are trivial
and give eryy1/(ri 17 n41)- This results in

~1- le/ NN 29 ACH:

27ir; Ny

X exp {iw TN Oni1 - 01|2}
TIN+1
N
=D (F; -

=1

(B9)

In Fig. 5, we show that the expansion in wy; < 1 works
well for the NFW lenses. The solid and dashed contours are
computed without and with the expansion and their
excellent agreement is evident.
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The James Webb Space Telescope has detected surprisingly luminous early galaxies that indicate a
tension with the A cold dark matter. Motivated by scenarios including axion miniclusters or primordial
black holes, we consider power-law modifications of the matter power spectrum. We show that the tension
could be resolved if dark matter consists of 2 x 107! eV axions or if a fraction fpgy > 0.005 of dark
matter is composed of compact heavy 4 x 106M g (fppy/0.005)~! structures such as primordial black hole

clusters. However, in both cases, the star formation efficiency needs to be significantly enhanced.

DOI: 10.1103/PhysRevD.107.043502

I. INTRODUCTION

The long-awaited next-generation space telescope—the
James Webb Space Telescope (JWST) [1]—is finally deliv-
ering data. Arguably the most intriguing result so far has
been the detection of high-redshift galaxies with surprisingly
high stellar masses [2-7]. This is somewhat reminiscent of
what happened almost three decades ago with the Hubble
Space Telescope (HST) [8] discovering the unexpected
richness of galaxies in the Hubble Deep Field. These early
hints indicated severe challenges for the then standard
Einstein—de Sitter cosmology and together with subsequent
observational data (most importantly cosmic microwave
background (CMB), type Ia supernovae and large-scale
structure data from the large redshift surveys) led to the
establishment of the current standard cosmological model—
the ACDM model. If true, the new results from JWST might
similarly call for a significant modification of the ACDM.

There have been several attempts in trying to make the
concordance A cold dark matter (CDM) cosmology com-
patible with JWST measurements. For example, reduced
dust attenuation in high-redshift galaxies makes them
appear brighter [9,10]. However, it seems that altering
the dust production alone is not enough to relieve these
tensions—one also has to make the star formation signifi-
cantly more effective [11]. Even then, by pushing the star
formation efficiency to the extremes, it is still hard to
accommodate these new observations within the ACDM
cosmology [12,13]. Moreover, a high star formation

*

_gert.hutsi@kbfi.ee

V“mami.raidal @cern.ch
":juan.urrutia@kbfi.ee
%Ville.vaskonen @pd.infn.it

lhardi.veermae @cern.ch

2470-0010/2023/107(4)/043502(7)

043502-1

efficiency leads to a high abundance of ionizing photons
that may contradict the measurements of the cosmic
reionization history. A potential solution was proposed
in [14] within fuzzy DM models that suppress the abun-
dance of small-scale structures.

Although there are significant uncertainties involved in
pushing the Lyman-break technique to so high redshifts—
difficulties in interpretation of spectral breaks or additional
contamination due to emission lines [15,16]—in this paper
we assume these observational inferences to be true and
investigate beyond the ACDM physics that could resolve
the tension. Different modifications to the small-scale
physics boosting the abundance of O(10'" )M, dark matter
(DM) halos at high redshifts z > 9 have been already
proposed. These proposals include heavy primordial black
holes (PBHs) [17], non-Gaussianities in primordial fluctua-
tions [18], and modified dark energy equation of state [19].

In this paper, we focus on scenarios, including axion
miniclusters or heavy PBHs, which boost the matter power
spectrum at k > 34 Mpc~'. Our analysis uses extreme
value statistics (EVS) [20,21] and considers two of the
most extremal galaxies observed so far by JWST: CEERS-
1749 of stellar mass log,o(M,/Mg) = 9.6 & 0.2 at redshift
z=16+0.6 [2] and Galaxy 14924 of stellar mass
log,o(M,/Mg) = 10.9 £ 0.3 at redshift z = 9.9 £ 0.5 [3].

II. MATTER POWER SPECTRUM

The matter power spectrum is strictly constrained at scales
k <3h Mpc! by measurements of galaxy clustering,
Lyman-alpha forest data and the UV luminosity function
[22-24]. The latter is obtained using data from the HST
and will improve with the JWST observations [25,26].
These observations agree well with the predictions of the

© 2023 American Physical Society
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k [hMpc™ B

FIG. 1. The matter power spectrum for standard ACDM (black
dashed) and for three values of k. with n = 0 (solid) and n =1
(dashed). The points with errors correspond to SDSS measure-
ments of galaxy clustering from luminous red galaxies (purple)
[22] and Lyman-a forest (black) [23] and HST measurements
of UV luminosity function (blue) [24]. The blue dashed curve
shows the maximal cutoff scale for k* growth of the adiabatic
curvature power spectrum from COBE/Firas bound on y and y
distortions [28].

standard ACDM model. At smaller scales, significant
deviations from the CDM matter power spectrum are
possible and affect the abundance of M < 10''M, halos.
In particular, a matter power spectrum that exceeds the
ACDM prediction at scales O(10)h Mpc~! gives rise to an
increased abundance of massive early galaxies, perhaps
being compatible with the JWST observations.

We consider power-law modifications to the matter
power spectrum at small scales:

P = Peon(®) + Peom(t) () (1)

where Pcpy (k) denotes the standard ACDM matter power
spectrum, k. > 3h Mpc~! the scale above which the power-
law behavior takes over and n the spectral index of the power-
law. The power-law part is cut at some scale k., > k.. As
discussed later, our results are insensitive to the exact value as
long as kg, = 30k Mpc~!. For the CDM matter power
spectrum we consider a nearly scale-invariant curvature
power spectrum with the spectral index n; = 0.96 and the
fitted transfer function from Ref. [27]. In Fig. 1 we show the
CDM matter power spectrum and examples of the modified
matter power spectra (1) together with the constraints from
measurements of galaxy clustering [22], Lyman-alpha forest
data [23] and UV luminosity function [24].

Deviations of the form of Eq. (1) from the standard
ACDM matter power spectrum can arise, for example, in
the following scenarios:

(1) In axionlike particle DM models, in which the global
U(1) symmetry is broken after the cosmic inflation,
large amplitude small-scale fluctuations are gener-
ated via the Kibble mechanism leading to the

formation of axion miniclusters [29]. This corre-
sponds to an n = 0 contribution to the matter power
spectrum with an amplitude [30-34]

4 672
= gm ks (2)

where D(z) denotes the growth factor (normalized
so that D(0) = 1) at matter-radiation equality and
key the cutoff given by the scale that entered the
horizon at the moment when the axion of mass m,
began to oscillate (i.e., 3H = m,, at aH = kqy),'

[ m
key =300 Mpc! m. (3)

Using a power law approximation for Pcpyy around
k. = O(10)h Mpc~!, we find that the scale k., at
which Peppm(k.) = A, is given by

m 0.6
k. ~3h Mpc™! (41 0718‘1 eV) , (4)

thus k., > k, is satisfied in the relevant k. range.

(2) In models with heavy PBHs the graininess associ-
ated with the discrete Poisson distribution of
PBHs [35,36] or PBH clusters [37] (but possibly
also other compact structures) generates an n = 0
contribution to the matter power spectrum with an
amplitude [38,39]

1 f|2>BH 76”2]‘-12)31-1 -3

A= =2 ey
D(Zeq)2 cut

B pgH D(Zeq)2

(5)

where fppy denotes the fraction of DM in PBHs,
mpgy the PBH mass and ppy; the DM density. The
cutoff scale of the spectrum is given by the average
separation of PBHs,

eyt = (6”2nPBH) 1/3

3 4 1/3
= 900k Mpc™! (M) . (6)
MppH

Below this scale, one expects a single PBH in the
volume of the corresponding comoving sphere and
thus the seed effect [35,36,40-42] begins to domi-
nate over the Poisson one.” The scale k, is

'"We assume, for simplicity, that the axion mass is temperature
independent. For further discussion, see e.g. Refs. [30,33].

Tmportantly, the usual Press-Schechter formalism breaks down
above k., as the fluctuations in the PBH density are non-Gaussian.
Note that the scale at which the PBH-induced density fluctuations
become non-linear, ko N ~ (npp/fran) "> > key is smaller.

043502-2
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o/ feaum —0.4
k. ~ 6h Mpc 1(131‘?;71\4? ) (7

As Eq. (4), the latter approximation works well
at k. = O(10)h Mpc™'. We find that k. < ke if
freeu > 107 (mpgy/10*M ;). Because CMB
observations constrain fppy < 1078 for mpgy =
104Me [43’],3 explanations for the JWST observa-
tions relying on the Poisson effect from heavy PBHs
are not viable. However, the accretion constraint can
be softened if lighter PBHs were formed in dense
clusters (as described e.g. in [45-49]) with masses
above 10*Mg. Such clusters would then act as
sources for the Poisson fluctuations instead of the
individual PBHs [37].

‘We must stress that here we focused on the Poisson
effect. As massive BHs may play an important role in
the formation of the first galaxies [50], we cannot rule
out the so-called seed effect from PBHs with fpgy <
1078 as a potential explanation. Assuming a mono-
chromatic mass distribution, the expected number of
PBHs of initial mass Mpgy in the JWST light cone
[see Eq. (13)] at redshifts 15 < z < 17 is

Mppy \ 7!
NppH,15<:<17 = 2.8 X <—P13H> ( - (8
<= 10 ) \10°m,,

However, the number of massive PBHs cannot be
straightforwardly translated into the number of lumi-
nous galaxies (such as CEERS-1749). Due to its
nonlinear nature and dependence on uncertain bar-
yonic physics, the PBH seed scenario requires a
dedicated study.

(3) Enhanced adiabatic power spectra can be generated,
for example, in single field inflation if the inflaton
potential has features which slow down the inflaton
field [51-53]. Such scenarios are relevant for PBH
formation [54,55] and are thus mostly studied in that
context. However, they could be realized without
any relation to PBHs. In typical models of single-
field inflation, a curvature power spectrum with a
constant spectral index ng at k < k. can grow as
k5=l at k > k. [56]. For n; = 0.96 this translates
in Eq. (1) to n = 0.68 for k.~ 1h Mpc™" and n =
0.14 for k. > 100~ Mpc~!. Although an k* growth
of the curvature power spectrum is typical [57],
steeper spectra can be realized in inflationary sce-
narios with increasingly fine-tuned features [58]. In
the following, we consider at most n = 1.

In the first two cases, the power-law contribution to the

matter power spectrum constitutes an isocurvature compo-
nent to the matter fluctuations. The COBE/Firas constraint

3For a review on constraints on PBHs, see e.g. [44].

shown in Fig. 1 applies to the adiabatic component, while
the constraint from u and y distortions on the isocurvature
component is much weaker [28]. In particular, the cutoff
scales in the first two scenarios are far below that constraint.

In the third case, the fluctuations are adiabatic, and the
COBE/Firas constraint excludes PBH formation if k. <
10?h Mpc™! unless the growth of the curvature power
spectrum is relatively slow, less than « k°, which translates
ton < 01in Eq. (1). However, steep growth of the curvature
power spectrum at scales k, = O(10)h Mpc™' that termi-
nates with amplitude less than four orders of magnitude
above the CMB amplitude is not excluded.

III. HALO MASS FUNCTION
The halo mass function can be expressed as

dlnv
dlnM’

dn Pom

dinM Mf()

©)

where p,, denotes the average present mass density and
v=6,(z)*/03,. The critical overdensity required for
collapse is 6.(z) =1.686/D(z), where D(z) is the growth
factor [59],4

b wnE) [Te o)

normalized such that D(0) = 1. In the Press-Schechter

formalism [60] with corrections from ellipsoidal
dynamics [61]

) = Al + @7y e, )

where p = 0.30, A = 0.322 and g = 0.75 [62]. The vari-
ance o3, at the mass scale M is

Q
(S

1
=—2/dkaP(k)Wz(kR)\R:R(M>, (12)
21

and the comoving smoothing scale R is related to the halo
mass by M = 4zp,,R>/3. We use a real space top-hat
window function W(x) = 3(sinx — xcos x)/x>.

In Fig. 2 we show the halo mass function corresponding
to the modified power spectra shown in Fig. 1. We see that
the deviation of the halo mass function from the standard
ACDM prediction at the relevant scales depends mostly on
the scale k. and less on the slope n. This indicates that the
exact shape of the modification in P has a relatively minor
impact on our results and that the two-parameter model (1)
is sufficient to capture the relevant qualitative features.

*“This growth factor is for adiabatic fluctuations. While it is
slightly different for isocurvature fluctuations [38], we find that
this does not make a significant difference in our results.
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FIG. 2. The halo mass function for the matter power spectra
shown in Fig. 1 at redshifts z = 15 and z = 0. The thin line shows
the CDM halo mass function at z = 0.

Moreover, we find that the halo mass function at the relevant
mass scales does not significantly depend on the cutoff scale
of the power-law part as long as k., = 30h Mpc~!.

IV. ANALYSIS AND RESULTS

The expected number of halos in the mass range M ;, <
M < M., observed in the redshift range zi, < z < Zmax
is given by the light-cone integral

Zmae AV, [ Mmax dn
N = f, d ¢ dM —, 1
o [T [ g 09

where f g is the fraction of the sky being observed and V.
is the comoving Hubble volume at redshift z. For the JWST
observations, the relevant quantity is the stellar mass of the
halo, related to the halo mass M via [12]

M, :f*.thv (14)

where 0 < f, < 1 is the star formation efficiency and f; ~
Q,/Q,, ~0.16 is the fraction of all matter in baryons. For
example, taking the CDM halo mass function and a typical
optimistic efficiency according to lower redshift observa-
tions f, = 0.1 [63], we find that the expected number of
halos similar to CEERS-1749 whose stellar mass is M, >
10%6M at redshift z > 15 within fy, = 40 arcmin® is
N~7x1078.

To compute the distribution of the heaviest halo expected
to be seen in an observed light-cone volume we utilize EVS
[64,65]. The EVS probability density function (PDF) in the
full mass range 0 < M < oo is [64]

(M) = Nf(M)F(M)N!, (15)
where

AV, dn
M d c—
U )“/ZM “dz M

F(M) = /) " amr o)
(16)

CEERS-1749, z>15, n=0
T

M./M

10 20 30
k. [hMpc']

FIG. 3. The yellow and red bands show the 1o (dashed) and 2o
(solid) stellar mass EVS confidence intervals at z > 15 for star
formation efficiencies f, = 0.1 (yellow) and f, = 1.0 (red) and
the spectral index n = 0. The gray region is excluded at 2¢ by the
constraints on the matter power spectrum from Lyman-a cluster-
ing [23] and the blue line shows the conservative 2¢ constraint
from the UV luminosity function [24]. The green band indicates
the stellar mass estimate of CEERS-1749 at z > 15 from [2].

are the normalized PDFs of halo masses within the redshift
range Zyin < Z < Zmax and the corresponding cumulative
distribution.

In Fig. 3, we show the 16 and 26 confidence intervals of
the EVS PDF as a function of k. for fg, = 2.7 x 1077 and
z > 15. As expected, the distribution prefers larger stellar
masses at smaller k.. Moreover, the mean of the EVS
distribution deviates by less than 10% from the M, value
corresponding to N(M > M, /f.f,,z> 15) =1 within
Sfoy =27 % 1077 The green shaded region indicates
the stellar mass of CEERS-1749, the gray shaded region
is excluded by the Lyman-a constraints on the matter power
spectrum and the blue line indicates the conservative
constraint from the UV luminosity function.® We see
that with the commonly used efficiency f, =0.1 the
CEERS-1749 observation is in more than 2¢ tension with
the model even at the smallest allowed value of k.. With the
maximal efficiency f, = 1.0 a good agreement is evident
if k. <10k kpc™!.

Even though the widely used condition N = 1 provides a
reasonably accurate mass scale it does not provide similarly
evident treatment for the accompanying stochasticity. This is the
main reason to use EVS, which equips us with a complete
statistical framework.

The dominant UV luminosity function constraint a, =
0.6610:3 in Ref. [24] is given for the relative enhancement over
the ACDM in the bin 0.5 Mpc™! < k < 2.25 Mpc™!. As the
constraint depends nontrivially on the shape of the power
spectrum and has not been computed for the parametrization
(1), we estimate the corresponding constraint on k. by comparing
the amplitude relative to the ACDM at the lower edge of the bin,
k=0.5 Mpc~!.
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CEERS-1749, z>15, n=0

-
-
.

1.0

JWST
0.8 /

k. [hMpc™']
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.

JWST
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1.0 Galaxy 14924, z>9, n=0
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FIG. 4. The green bands indicate the 1o and 26 confidence intervals of the likelihood averaged over the EVS PDF. The left panels are
for the stellar mass estimate of CEERS-1749 at z > 15 and the right panels are for the stellar mass estimate of Galaxy 14924 at z > 9.

The final results of our analysis are summarized in Fig. 4.
The green bands show the 16 and 20 ranges in k. computed
from the likelihood

[ amonpmm), (17)
assuming a log-normal distribution, p(M|M.) =
exp[—In(M/M,)/26%/V2nc?, for the measured mass
M. The left panels show these ranges for CEERS-1749
and the right panels for Galaxy 14924. We find that a
significantly enhanced star formation efficiency and a
modification over the CDM matter power spectrum at
scales k. = O(10)h Mpc~! would be required to alleviate
the tension below the 2o level. A high star formation
efficiency may lead to tensions with the CMB measure-
ments of reionization history [14]. The lowest f,, still
compatible with both the Lyman-a and UV luminosity
function constraints at the 26 confidence level, is obtained
for k, = 5h Mpc~!. This can be reached if

(1) DM consists of axions of mass m, ~2 x 10718 eV

and the Peccei-Quinn symmetry is broken after
inflation so that axion miniclusters are formed. The
mass range 107'% eV < m, < 107! eV is, however,

potentially excluded by black hole superradiance’ and
the observed spins of superheavy black holes [67-69].
For m, > 107'% eV we get k., > 50h Mpc~', which
does not affect the halo mass function at the relevant
scales.

A fraction fpgy > 0.005 of DM consists of
PBHs or PBH clusters of mass mpgy ~ 4 X
10°M o (fppn/0.005)~". However, accretion con-
straints [43] exclude the explanation from the
Poisson effect from uniformly distributed individual
PBHs, but the explanation with heavy clusters of
subsolar mass PBHs may be viable.

The curvature power spectrum grows steeply at
4h Mpc™' and the growth terminates before the
COBE/Firas bound. This case is possible though
not well motivated. In particular, it is nontrivial to
realize such growth at those scales while simulta-
neously remaining in agreement with the CMB
constraints.

@

3

"The constraints can be alleviated in self-interacting scenario
where the superradiant growth of the axionic cloud may be
suppressed [66].
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V. CONCLUSIONS

We have performed a careful analysis of whether a
modified matter power spectrum could explain the exist-
ence of two of the most extreme galaxies observed so far
by JWST, CEERS-1749 and Galaxy 14924. Considering
power-law modifications to the matter power spectrum and
extreme value statistics, we have estimated the distribution
of the heaviest galaxies expected to be seen by JWST above
a given redshift. We have found that both a high star
formation efficiency and a modification of the matter power
spectrum at the smallest scales allowed by the Lyman-a and
UV luminosity function constraints are needed for this
distribution to be compatible with the observed stellar
mass, in particular for Galaxy 14924.

We have shown that extreme stellar masses consistent
with the JWST observations can be obtained in cosmolo-
gies containing axion miniclusters, but the relevant range of

axion masses is potentially excluded by superradiance
constraints. Explanations relying on isocurvature perturba-
tions from heavy Poisson-distributed PBHs are instead in
conflict with existing accretion constraints on PBH abun-
dance. However, such conflicts can be resolved in PBH
scenarios with initial spatial clustering.
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ABSTRACT

We compared the star formation rate in different dark matter (DM) models with UV luminosity data from JWST up to z ~ 25 and
legacy data from HST. We find that a transition from a Salpeter population to top-heavy Pop III stars is likely at z ~ 10, and that
beyond z = 10—15 the feedback from supernovae and active galactic nuclei is progressively reduced, so that at z ~ 25 the production
of stars is almost free from any feedback. We compared fuzzy and warm DM models that suppress small-scale structures with the
CDM paradigm, and find that the fuzzy DM mass >5.6 x 1072? ¢V and the warm DM mass >1.5keV at a 95% CL. The fits of the star
formation rate parametrisation do not depend strongly on the DM properties within the allowed range. We find no preference over
CDM for enhanced matter perturbations associated with axion mini-clusters or primordial black holes. The scale of the enhancement
of the power spectrum should be >25 Mpc™" at the 95% CL, excluding axion mini-clusters produced for m, < 6.6x 10-'7 eV or heavy
primordial black holes that constitute a fraction fpgy > max[105 M /mpgy, 10~*(mpg/10* M)"%] of DM.

Key words. cosmology: theory — dark matter

1. Introduction

An important target for James Webb Space Telescope
(JWST) observations is to measure the UV luminosity
function at high z (Naiduetal. 2022b; Castellano 2023;
Donnan et al. 2023; Morishita & Stiavelli 2023; Bouwens et al.
2023; Pérez-Gonzalez et al. 2023; Harikane et al. 2023, 2024;
Pérez-Gonzalez et al.  2025; Castellano et al. 2025). These
observations complement the more precise lower-z observa-
tions from the Hubble Space Telescope (HST) (McLeod et al.
2016; Oesch et al. 2018; Bouwens et al. 2021; Finkelstein et al.
2022; Leethochawalit et al. 2023; Bagley et al. 2024). The high-
z observations serve as a probe of galaxy dynamics and the star
formation rate (SFR) at early epochs of the universe, constrain-
ing the abundance and masses of the conjectured first-generation
Pop III stars (Maiolino 2024; Vanzella et al. 2023; Ventura et al.
2024; Fujimoto et al. 2025). The frontier of UV luminosity func-
tion measurements has been pushed back to unprecedented early
times with recent measurements at z ~ 25, opening a window on
the epoch before reionisation took place (Pérez-Gonzilez et al.
2025; Castellano et al. 2025).

The number density of Pop III stars depends on the abun-
dance of early galaxies. This depends in turn on the nature
of dark matter (DM) since galaxies populate DM halos. The
UV luminosity function is therefore a valuable source of
insights into DM models (Sabti et al. 2022b; Hiitsi et al. 2023;
Parashari & Laha 2023; Liuetal. 2024; Winchetal. 2024;
Sipple et al. 2025). As the redshift increases, the halo mass func-
tion (HMF) becomes more sensitive to the physical properties of

* Corresponding author: juan.urrutia@kbfi.ee

DM since fewer halos are built via hierarchical growth and the
imprints from the physics before the CMB are more noticeable.

Our understanding of structure formation and the star forma-
tion process in models of DM with suppressed small-scale struc-
ture formation at high z > 10, such as fuzzy dark matter (FDM)
and warm dark matter (WDM), or in models with an enhanced
matter power spectrum is very limited. Therefore, the very high
redshift abundance and distribution of Pop III stars, made of pris-
tine gas from the Big Bang, are topics of hot debate. The roles
of external radiation, internal fragmentation of the gas clouds
and the dynamics that form the stars are highly uncertain, so the
environments where these first stars were born and their mass
function are as yet unknown (see Klessen & Glover 2023 for a
review). The UV luminosity function measured with JWST has
proven to be higher than anticipated, even when considering only
the galaxies that are spectroscopically confirmed (Harikane et al.
2024). This suggests either that the feedback mechanisms pre-
venting star formation were less restrictive (Susa & Umemura
2004; Dekel et al. 2023; Fukushima & Yajima 2021) or that the
Pop III stars were very top-heavy, and therefore more lumi-
nous (Hirano et al. 2015; Steinhardt et al. 2023; Hirano et al.
2014; Chakraborty & Choudhury 2024). This tension has been
exacerbated by the measurements of starlight at z ~ 25, which
are higher than the predictions from many semi-analytical mod-
els in the literature (Pérez-Gonzalez et al. 2025).

The objectives of this work are to parametrise the essen-
tial physics of high-z star formation and to understand the fea-
tures necessary to reproduce the UV luminosity function back
to z ~ 25 in different DM models. We took into account possi-
ble degeneracies and features of modified DM models, feedback,
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and changes in the stellar population. To this end, we connected
the HMF obtained using the excursion set formalism (Bond et al.
1991), with the early Universe microphysics of DM, and com-
bined this with a phenomenological parametrisation of star for-
mation. We also discuss the effects of gravitational lensing and
dust attenuation, neither of which seems to be very significant
for the interpretation of the z > 15 UV data.

To extrapolate the results of DM simulations from low to
high z and to obtain reliable bounds, we improved on existing
techniques in the literature in two key aspects. First, we derived
a new estimate of the DM halo growth rate that accounts for the
ellipsoidal collapse correction, and used it consistently for dif-
ferent DM models. To this end, we recomputed the first-crossing
probability distributions of the paths with a moving barrier and
found a better fit than that originally proposed by Sheth et al.
(2001). The conditional mass function in the Sheth-Tormen
approach is divergent for very small steps, as has been pointed
out by Jiang & van den Bosch (2014) and Zhang et al. (2008).
Our fit is divergence-free and reproduces analytical estima-
tions of Zhang et al. (2008). Second, we provide new values
for the parameters the smooth-k window function that, unlike
those proposed in Leo et al. (2018), consistently match the CDM
prediction.

We find that, under the assumption that the star formation
rate (SFR) is proportional to the halo growth rate, the observa-
tions of the UV luminosity function up to high z indicate two
interesting effects that change the luminosity function. First, at
z > 10, the stars need to be more luminous and/or the SFR
needs to be higher. This transition is relatively sharp and might
be caused by a top-heavy Pop III-dominated star population. We
find that the evidence for this effect is above the 95% CL. In addi-
tion, the SFR needs to be further enhanced at z > 15. This can be
achieved by reducing the feedback from supernovae (SNe) and
active galactic nuclei (AGNs) on the SFR. We find that to explain
the z > 15 observations, this feedback needs to be significantly
reduced to match the UV luminosity function, and at z =~ 25 the
production of stars should be almost free from feedback effects.
In agreement with Yung et al. (2025), with these changes in the
stellar population and feedback effects, we find that the JWST
data can be explained within the CDM model.

An important focus of this work is whether different DM
scenarios require different star formation physics to fit the high-
redshift data. Interestingly, we find very little sensitivity to DM
properties that differ from CDM, with only a small change in star
formation rates favoured for WDM, and no change for FDM.

‘When marginalizing over the SFR parametrisation, we find
a lower bound of mppy > 5.6 X 10722eV for the case of FDM
and mwpm > 1.5keV for the case of WDM. The new JWST
data push the observations to much earlier galaxies, and yet they
are still not precise enough to put much stronger bounds than
the HST data, as also found in Winch et al. (2024). We also find
that enhanced small-scale matter perturbations are not preferred
over changes in the star formation, due to the presence of Pop
III stars and changes in the feedback in the pre-reionisation era.
We are able to put bounds on the scale of white-noise enhanced
perturbations at k. > 25Mpc™', excluding, for example, the pos-
sibility of axion mini-clusters produced for m, < 6.6 x 10717 eV
or heavy primordial black holes (PBHs) that constitute the frac-
tion fpgy > max[105 My /mppy, 10~*(mppg/10* Mp)~%%°] of
DM. In a forthcoming paper, we will leverage these findings
to compute the growth of SMBHs in non-CDM scenarios and
obtain, for the first time, even more competitive bounds on devi-
ations from CDM using the measurements of high-z SMBHs by
JWST.

A109, page 2 of 12

Throughout this work, we use the Planck 2018 CMB best-fit
values for the cosmological parameters (Aghanim et al. 2020):
Qv = 0.315, Qp = 0.0493, zq = 3402.0, 05 = 0.811, h = 0.674,
Ty =2.7255K, and n, = 0.965.

2. Halo mass function and growth rate

In the excursion-set formalism (Bondetal. 1991), the con-
ditional and unconditional HMFs are obtained from the first
threshold crossing distributions of uncorrelated random walks
in the (S,6) plane, where S = o(M)? denotes the variance of
matter perturbations at mass scale M, and § is the matter density
contrast around a given spatial point. The unconditional mass
function is obtained from the first-crossing distribution pgc(S, z)
of walks starting from (0, 0)

dn(z) _p |dS
dM ~ M |dM

prc(S,2). (€]

For spherical collapse in a universe with CDM, the density con-
trast threshold is 84,(2) = 3(37/2)*/(5D4(2)) (Dodelson 2003),
where the CDM linear growth function D,(z) does not depend on
S and the first-crossing distribution prc(S,z) can be computed
analytically. In the extension to include ellipsoidal collapse, the
threshold becomes S -dependent

—-0.615

Oei(S,2) = \/55sp(z)

6>p (Z)z
T) , )

1+0.485 (a

with @ = 0.707 (Shethetal. 2001), and ppc(S,z) cannot
be calculated analytically. The standard Sheth-Tormen ansatz
for the first-crossing distribution with ellipsoidal collapse
is (Sheth & Tormen 1999)

—qv/2 65 ,2
PEc(S,2) = A[1+(gv) "] ,/%eT, y= pS(Z) , 3)

where the normalisation factor A is given by A = [1+277T(1/2—
p)/ V7™, p=0.3,and g = a = 0.707". In the left panel of Fig. 1
we show that random walks tend towards a slightly higher value
of ¢ = 0.80. The histograms shown in Fig. 1 are obtained by
generating 2 X 10° random walks with step size Av/v = 1074,
The Seth-Tormen halo mass function has been found to closely
match the results of numerical simulations (see e.g. Reed et al.
(2003), Zheng et al. (2024)).

For the conditional mass function, we studied random walks
starting from So > 0 and 6y = Jen(So,z0) > 0. The simplest
ansatz for the first-crossing distribution prc(S, z|S ¢, z0), as con-
sidered by Sheth & Tormen (2002), among others, is obtained
by the shift 6p(z) — 5(2) — d5p(z0) and § — § = S in (3).
As seen in Fig. 1, comparing the orange dashed curves with the
histograms, we find that this ansatz does not reproduce well the
results of the random walks. A better estimate, shown by the
solid black curves in Fig. 1, is given by

) ) v e
prc(S,2S0,20) = A [1 + (av) "] 7S =Sy’
4
_ 34p(2)? o= (6en(z,S0) — Sen(z0, S0))?
s NE ’

! The spherical collapse model corresponds to p = 0,¢ = 1, and A =
1/2.
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Fig. 1. Left panel: Unconditional first-crossing distribution for walks starting from § = 0, 6 = 0. The histogram shows the results of random
walks; the solid black and dashed orange curves show the ansatz (3) with ¢ = 0.80 and ¢ = 0.707, respectively; and the dotted grey curve shows
the spherical collapse result. Other panels: Conditional first-crossing distribution at z > zj for walks starting from S > 0 and 6.(z9,S¢) > 0 as
indicated in the plot. The histogram again shows the results of random walks, the solid black curves show the ansatz (4), the dashed orange curves
show the ansatz (3) with 64,(z) — 04p(2) — 64p(20) and S — S — S, and the dotted grey curve shows the spherical collapse result.

where, as in Eq. (2), a = 0.707 and the normalisation factor A’
in the limit z — zg is

S\ |
1+(a Sy ) ] .

In the limit z — zg, our formula (4) agrees well with the ana-
lytical estimate derived by Zhang et al. (2008). However, our
expression also matches the numerical results for large redshift
differences z — zg > 0.

From the first-crossing probabilities, we can construct the
probability density that a halo whose mass at ' is M’ ends up
being a part of a halo of mass M > M’ atz < 7:

A=

®

dP(M,zM’",2)
dm

Prc(S,2)
Prc(S’,7)

ds

= prc(8’,71S.2) il

©)

This, in turn, directly gives the halo mass growth rate:

M MM — M AP(M,zZ| M,z + A7)
— = lim dm
dz A0y Az dm’ 7
2 d5eu(5(M),Z)'dS - NI
= L2 =R S(M)-S2M).
\/; dz dM (M) - S2M)

Unlike the estimate derived by Correa et al. (2015), our esti-
mate (7) accounts for the correction from ellipsoidal collapse.
Moreover, our estimate is based on the expected increase in the
halo mass, while the estimate of Correa et al. (2015) is based on
finding the expected mass of the main progenitor. However, we
find that these estimates agree within a factor of two across a
broad range of halo masses and redshifts.

3. Dark matter models
3.1. Suppressed small-scale structures

We considered two DM models that predict suppression of
small-scale structures: 1) FDM where the DM is provided by
coherent waves of an ultra-light bosonic field with mass mgpy =
0O(102°¢V) and 2) WDM where the DM is provided by semi-
relativistic particles with masses mwpym = O(keV). The changes
in the matter power spectrum in these cases can be described by

2 The ellipsoidal collapse thresholds at different redshifts can intersect;
however, this occurs only at very small halo masses, M < 10*M,, which
are not relevant for our study.

transfer functions T;(k)?, where J labels the model. The result-
ing matter power spectrum is given by
Paup(k) = T,(k)* Peom(k), ®)
where Pcpm(k) denotes the CDM matter power spectrum that
we compute with the transfer function from Eisenstein & Hu
(1998).

In the case of FDM, the speed of sound is modified by quan-
tum pressure, so that ¢, ~ k/ (4a2m§DM). Consequently, the Jeans
scale is non-zero (see e.g. Marsh (2016)),

MFDM ]2
10-22evV]

©)]

66.5 Mpc™! [QFDM 2 ]
-

T (L+zeg ] 012

and perturbations at small scales k > k; are suppressed. This sup-
pression can be estimated using an effective fluid approximation
that is accurately matched to the solution of the Klein-Gordon
equation (Hu et al. 2000; Passaglia & Hu 2022). We use the fit-
ting formula provided by Passaglia & Hu (2022):

sin x k
Tp= ———— =A— 1
F= (1 + Bxo )’ * ky’ (1o
where
A =2.20my[ 10002 and B = 0.16m3,* 1n

with my, = mFDM/IO’ZZ eV.

In the case of WDM, a thermal production mechanism is typ-
ically assumed, and the particles are lighter than typical CDM
particles and remain relativistic for a longer time. This implies
that the free streaming length of WDM particles can be long,
Ags ~ (mwpm/keV)™3Mpc. In order to compute the resultant
damping of the small-scale structures, it is necessary to track
accurately the transition between relativistic and non-relativistic
behaviour by solving the Boltzmann equations. This yields the
fit (Bode et al. 2001; Hansen et al. 2002; Viel et al. 2005)

Tw = [1+G@h™] ™", (12)
with g = 1.12 and

B mwon 171 [ Qpag 11 [ 1 112 .
@ = 0.049 [W] [W] o5l e (13)
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3.2. Enhanced small-scale structures

For the enhancement of small-scale structures, we also con-
sidered two cases: 1) an axion DM model that includes axion
mini-clusters and 2) a scenario where heavy primordial black
holes (PBHs) constitute a fraction of the DM density. In both
cases, we model the enhancement of the matter power spectrum
as (Hiitsi et al. 2023)

Pean(k) = Pepm(k) + Pepm(ke).

This parametrisation includes one parameter, the scale k. above
which the power spectrum is dominated by a white noise con-
tribution. We performed the analysis in terms of k., which is
related to the parameters of the underlying DM models as dis-
cussed below.

In axion-like particle DM models, where the global
U(l) symmetry is broken after cosmic inflation, signifi-
cantly small-scale density fluctuations arise due to the Kibble
mechanism. These lead to the formation of axion mini-
clusters (Kolb & Tkachev 1993). This scenario results in a white
noise contribution to the matter power spectrum (Fairbairn et al.
2018; Feix et al. 2019; Ellis et al. 2022). The resulting power
spectrum can be approximated by Eq. (14) with

14

P [ m, ]().6
= C | — s
¢ P To ey
where m, denotes the axion-like particle mass. The white noise
contribution is cut at scales that re-entered the horizon when the
axion began oscillating:

~ I L
kcm ~ 300 MpC m

However, in the relevant part of the parameter space, the cut is
far beyond the enhancement scale, k. < kq,. We also note that
the Jeans scale is larger than the cutoff scale, k; > kcy.

In scenarios involving heavy PBHs there is a

(15)

(16)

white noise contribution to the matter power spec-
trum (Inman & Ali-Haimoud 2019; De Lucaetal. 2020)
with

) ~0.4
k. ~ 67 Mpc™! | ZPBHPBH (17)

10 M, ’

where fppy is the DM fraction in PBHs, mppy is the PBH mass,
and ppy is the dark matter density. The cutoff is set by the aver-
age separation of PBHs (Hiitsi et al. 2023):

10°M, "

mppH

(18)

keue = 900k Mpc™ [prH

Below this scale, one expects roughly one PBH per correspond-
ing comoving volume, and the seed effect (Carr & Silk 1983,
2018; Cappelluti et al. 2022) becomes dominant. The condition
ke < key is satisfied for fppy > 10™*(mppp/10* M)~

3.3. Window function

In order to convert the matter power spectrum into the HMF, it is
necessary to specify a window function to be used in conjunction
with the excursion-set formalism. The window function is used
to compute the variance of the matter perturbations,

2R =A f dk k2 P(k)W?(KIR), (19)
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Fig. 2. Variance S = ¢ of matter perturbations (upper panel) and halo
growth rate (lower panel) in the models considered in this work: CDM
(dashed black line), FDM (green line), WDM (orange line), and an
enhanced matter power spectrum (red line).

where the normalisation factor A is chosen to match the Planck
measurement of o = o(R = 8§/hMpc) = 0.811 (Aghanim et al.
2020). We used a window function of the form (Leo et al. 2018;
Verwohlt et al. 2024):

1

W(kIR) = T4 kR

(20
where R is related to the mass of the overdensity by M =
47pR3/3. In the case of a suppressed matter power spectrum,
the HMF scales as dn/dIn M o M/® and the halo growth rate
as dM/dz o« M'=¢2/% at scales far below the suppression scale.
For all models, we used ¢; = 6 so that also for WDM and
FDM models the growth rate increases with the halo mass, and
fixed ¢; = 0.43 so that the resulting variance in CDM closely
matches that computed using the standard real space top hat
window function, in agreement with simulation results. We find
that this choice also reproduces well the simulation results in
the FDM model (Schive et al. 2016), but it underestimates the
halo mass where the HMF found in WDM simulations deviates
from the CDM prediction (Lovell et al. 2014). On the other hand,
the choice ¢; = 1/3.3 suggested by Leo et al. (2018) reproduces
the low-mass part, but it does not match the CDM prediction at
high masses. To reproduce the simulation results in WDM and to
match CDM predictions at masses much above the suppression
scale, we used ¢; = 0.43 in the window function and multiplied
« in the WDM transfer function by 3.3¢; ~ 1.4.

We show in the upper panel of Fig. 2 how the variance of
the density perturbations in the models described above differs
from that in the CDM model. For FDM and WDM, the variance
asymptotes to a constant value at low masses. The break from
the CDM-like behaviour at high masses is sharper for FDM than
for WDM. This reflects the fact that the free streaming length
does not make as abrupt a transition as the Jeans scale. For the
case of enhanced perturbations, we see the opposite effect and
the variance of the perturbation grows rapidly at low masses. In
the lower panel of Fig. 2, we show the change in the DM halo
growth rate for the different scenarios. In cases with suppressed
small-scale structures, we find that the growth rate exceeds that
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Fig. 3. HMF at various redshifts z in the FDM (left) and WDM (middle) models, and in models where white noise dominates the matter perturba-
tions at k > k, (right). The dashed contours show the HMF in the CDM model for comparison.

of CDM, while the halos grow more slowly in the case with
enhanced small-scale structures.

The HMFs are shown in Fig. 3, where they are compared
with the CDM predictions. For the case with suppressed small-
scale structures, the HMF grows oc M at low masses. This power-
law behaviour does not significantly affect the fits to the UV
luminosity observations discussed below. For the enhanced per-
turbations, we can see how the enhancement gets weaker at low
z as the mini-clusters merge with heavier halos and their original
imprint is diluted.

4. UV luminosity functions

After discussing the DM structures, which provide the potential
wells that trap baryons, we now turn to the source of the UV
light, namely the stars that populate galaxies. The stellar mass
in a galaxy increases not only via mergers, but mainly via the
formation of new stars from cold gas. At high z, the star forma-
tion rate (SFR) can be probed using the UV luminosity function,
which quantifies the number density of galaxies as a function of
their UV luminosity. The UV luminosity of a galaxy is directly
proportional to the SFR because the sources that dominate this
emission are massive O(10 M) stars that are short-lived at cos-
mological scales, with T 5 10 Myr>.

The observed UV luminosity function can be computed from
the HMF as

dP(Lovs|L) dP(LIM) dn

, 21
dLobs dL  dInM @n

(DUV(Lobs) = dedln M

where dP(L|M)/dL denotes the distribution of luminosities emit-
ted by galaxies in halos of mass M and dP(Lobs|L)/dLobs
is the distribution of observed luminosities if the emitted
luminosity is L. The latter is affected by gravitational lens-
ing magnification (Takahashietal. 2011) and dust attenua-
tion (Wang & Heckman 1996):

- dP(u) dP(B) u
Nfd hdB=3 == 5( obs BL).

dP(Lobs|L)
_— 22

dLnbs ( )
Here dP(B)/dB denotes the distribution of the dust attenuation
B, and dP(u)/du denotes the distribution of the lensing magnifi-
cation u.

3 The timescale is further reduced if the Pop III mass function is more
top-heavy.

4.1. Lensing magnification

The first correction to the observed luminosity that we consider
is gravitational lensing. This correction is relevant for the bright
end of the UV luminosity function, which receives contributions
from magnified distant galaxies lensed by intervening structures.
As shown by Takahashi et al. (2011), the magnification can be
approximated as*

u~(1-172 (23)

where « denotes the convergence given by the Laplacian of the
lens potential. For multiple lenses, the convergence is obtained
by summing the contributions from the different lenses j and
subtracting the empty beam convergence «g,
8nD;D;
k=kp+ y k0@, V@)= —""
J

Zj(ry, (24)

Dy

where X(r;) denotes the projected surface mass density of the
Jjth lens, D; the angular diameter distance of the lens, Dy the
angular diameter distance of the source, and D;; the angular
diameter distance between the lens and the source. The conver-
gence of the jth lens depends on the mass of the lens M;, the
lens redshift z;, and the distance of the lens from the line of
sight to the source r;, 8; = {Mj,z;,r;}. As the mean conver-
gence is (k) = 0, the empty beam convergence can be written as
ke = (X, £1(8))).

We compute the distribution of i by generating numerically
the distribution of «, converting it to dP(u)/du using Eq. (23)
and applying a 1/u factor to transform the image-plane distri-
bution into the source-plane distribution. We model the lenses
by NFW halos whose spatial distribution follows a uniform dis-
tribution and use the halo mass-concentration/redshift relation
derived by Ludlow et al. (2016). We account for the finite source
sizes by averaging the surface density over a sphere of radius R;
that we obtained by projecting the source size to the lens plane.
We fix the source size to 10kpc (see in Takahashi et al. (2011),
Ferrami & Wyithe (2023) how the result is affected by the source
size). The distribution of lenses is given by

dN(9) f f g A+’ 2)%r dn(z)
dinM © H@z) dinM’

To limit the number of lenses N, we impose an upper limit on
the distance r of the halo from the line of sight, r < rm.(M, z/),

(25)

4 This approximation underestimates the high- tail of the distribution.
However, this tail is damped by the finite sizes of the lenses.
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Fig. 4. Distributions of lensing magnifications at different source red-
shifts.

so that k" > ky,. We checked that our choice of ki, is suffi-
ciently small that our results are insensitive to it. The distribution
of contributions «V is given by

dPO(k)
dNn(e e
TN f N(6) 5(x - k(8)) o0
lfd 4 e ™" danNe)
== r .
N J Y dmM|  din Mdgdr . wo-

We compute the distribution of the convergence by picking ran-
dom numbers from dPV(k)/dk to generate multiple realisations
of 3; x1(8)) and shifting the resulting distribution by «g so that
its mean is zero®.

The resulting distributions of lensing magnifications at dif-
ferent source redshifts are shown in Fig. 4. The distributions
have a characteristic long tail towards high magnifications. This
amplifies the high-luminosity (low-magnitude) tail of the UV
luminosity functions, as seen in Fig. 5 by comparing the dashed
and solid curves. We note that the lensing amplification is dom-
inated by relatively heavy structures, M > 10'° My, and is not
significantly affected by the changes in the small-scale structures
that we consider in this work.

4.2. Dust attenuation

Following the literature (see e.g. Trentietal. (2015),
Vogelsberger et al. (2020)), we neglect the variance in the
dust attenuation B and approximate dP(B)/dB ~ 6(B — B). This
gives

BdP(u) dP(LIM) dn

2
du  dL dinM’ @

q)Uv(Loba)—fdﬂdl nM—

where L = BLys /-

The UV luminosity functions are commonly presented in
terms of the absolute magnitude instead of the luminosity. The
associated absolute magnitude Myy is defined by (Oke & Gunn
1983)

1310[L ] 04(51.63 - Myy). 28)

> A similar approach of finding the distribution of a sum of random
variables was introduced by Ellis et al. (2024) for the computation of
the gravitational wave background from a population of supermassive
black hole binaries.
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Fig. 5. UV luminosity function at z = 4 (black) and z = 17 (blue) with
and without corrections due to lensing magnification and dust atten-
uation. The cyan and pink points show respectively the HST z = 4
data from Bouwens et al. (2021) and Harikane et al. (2022), and the
brown and grey points the JWST z = 17 data from Pérez-Gonzilez et al.
(2025) and Castellano et al. (2025).

where the normalisation is chosen to match the luminosity of
the star Vega. Dust attenuation shifts the absolute magnitude by

Ayy = 2.5log,, B, which we estimate as
Ayy = l In [eS(C0+0-21ﬂ 10(Cy05)*+C1Buv) + 1] , 29)
s
with s =3,Cp =4.4,C; =2.0, 05 =0.34, and
_ 0.17(19.5 + Myy)
=- —————~1(1.54 + 0.0752). 30
Puv e"p[ T54+0075; |24 +0070 ©0)

The last is obtained by fitting the results shown in Table 3
of Bouwens et al. (2014), assuming that Syy scales exponen-
tially with Myy. We note that, in Eq. (29), instead a piecewise
function, we use a softplus function with sharpness parameter
s = 3 chosen so that the resulting dust attenuation roughly
matches that obtained by numerical sampling shown in Fig. 1
of Vogelsberger et al. (2020).

In terms of absolute magnitude, the UV luminosity function
is given by

Dyy(Mobs) = q)UV(Lobs)

- [ [amm

where Myy = My — Auv + 1.0861n 1. Comparing the short-
and long-dashed curves in Fig. 5, we see that dust attenuation
suppresses strongly the high-luminosity tail of the luminosity
function at low redshifts, but at very high redshifts its effect is
almost negligible. However, we note that the dust attenuation is
calibrated to observations at z < 8 (Bouwens et al. 2014) and we
have simply extrapolated these results to z > 8.

dMobs
dn dP(MU\/|M)
dinM dMUV

(€2Y)

4.3. Star formation rate

We assume that the emitted UV magnitudes Myy in a given halo
of mass M follow a Gaussian distribution:

dP(MuylM) 1 exp _ (Myy - MUV)Z] 32)
dMyv V2royy 20y
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Fig. 6. Upper left: Best-fit UV conversion factor (35) as a function of
redshift (thick purple curve) and the 68% range in f, (purple band).
Upper right: Best-fit SFR (34) as a function of halo mass at different
redshifts. Lower left: SFR density with (solid) and without (dot-dashed)
the suppression (36) of the feedback effects. Lower right: Best-fit mean
UV magnitude as a function of the halo mass at different redshifts.

The scatter in the Myy — M relation, oy, is taken as a free
parameter. The mean emitted UV luminosity, Myy, is directly
proportional to the SFR:
_ M,
Lyy = —.

Kuv

(33)

As mentioned in the Introduction, we assume that the SFR is
proportional to the halo growth rate (Bian et al. 2013), M, =
faf(M) M, where fz = Qp/Qu ~ 0.16. We parametrise the pro-
portionality coefficient f,(M), which models the feedback eftects
from SNe and AGNs, as a broken power law around M = M,
with an exponential suppression in halos with M < M, < M,,

a+p oMM
BM/M)= + a(M/M. ) ’

f(M) =€ (34)
where a, B, € > 0. A similar parametrisation is used in the
GALLUMI code (Sabti et al. 2022a), for example. The difference
is that in our parametrisation the maximum of f.(M) is at M =
M, for M; << M,.. We find that z-independent values of a, (3, €,
and «yy give a good fit to the observations up to z ~ 10, but that
the data prefer higher luminosities at z > 10.

To accommodate this enhancement in the luminosities of the
early stars, we introduce a parametrisation in which the conver-
sion factor kyy changes around z = z,

1 K 1- K Lk
Kuv = Ko ;f - 2f tanh(Z yz )],

where ky = 1.15x 107 Mg serg™ Myr~!,0 < f, < 1,andy > 0.
The conversion factor depends on the initial stellar mass function
and the value of k, corresponds to the Salpeter initial mass func-
tion (Madau & Dickinson 2014). We allow for a wide range of
possibilities in the transition to Pop III stars: z, determines the

(35)

redshift at which the change of kyy starts, y parametrises how
sharp the transition is, and f, is the fractional change in «, such
that at z > z,, kyy = feko. We show kyy as a function of z for
the best-fit values in the CDM model in the upper left panel of
Fig. 6.

In order to fit the highest-z UV data, we find that the feedback
effects, which we parametrise with f,.(M), need to be reduced.
To allow for such a reduction, we parametrised the powers X =
a, 3 so that they can approach zero linearly with z above some
redshift zg,:

e — 2
Zx — b

Xoszp = X max [O, . (36)

In this parametrisation, @ and 8 become zero at z > z,, and f.(M)
is mass independent at M > M,, as shown in the upper right
panel of Fig. 6 for the best-fit values. This implies that in all
halos with M > M,, the baryons that the halo accretes are con-
verted into stars with efficiency €.

In total, our parametrisation of the SFR, the UV conversion
factor, and the distribution of the UV magnitudes includes 11
free parameters: {M,, M., €, a, 3, ¥, fvs Zk> Zfb> Zxs OUV])-

5. Results

We considered UV luminosity function measurements
derived from both HST observations (Bouwens et al. 2021;
Harikane et al. 2022) and JWST observations (Donnan et al.
2024; Pérez-Gonzilez et al. 2025; Castellano et al. 2025). The
latter are based on high-z photometric measurements, most of
which are not spectroscopically confirmed. This can lead to
errors in the estimation of redshift. Most notably, a photometric
measurement of CEERS-93316 indicated that this galaxy
was at z = 16 (Naidu et al. 2022a), but a later spectroscopic
measurement revealed it to be at z =~ 5 (Arrabal Haro et al.
2023). However, the redshifts of some of the high-z galaxies
have been confirmed spectroscopically by Donnan et al. (2024).
We performed a Markov chain Monte Carlo (MCMC) anal-
ysis of the models. For each scan over the model parameters, we
generated eight MCMC chains, each consisting of 12000 sam-
ples of which the first 2000 are discarded as burn-in. We used
the Metropolis-Hastings sampler with Gaussian proposal distri-
butions whose widths we chose so that the acceptance rate is
around 10%. The model parameter priors are given in Table 1.
We assumed that the data follow a split normal distribution
N(u,oy,07), where ¢ denotes the mode and oy, the left- and
right-hand side standard deviations. The likelihood is given by

L= [Newmd, ) -, o), o), 37
J

where j represents the measurements and the function ®(Myy, z)
is the model prediction. The code used in the analysis is available
at GitHub.

5.1. Cold dark matter

The full posteriors for our CDM fit parameters are shown in blue
in Fig. 7 and the best-fit values are given in Table 1. We checked
that the Gelman-Rubin statistic R (Gelman & Rubin 1992) is
very close to 1 for each of the parameters. This indicates good
convergence of the MCMC chains. The highest value, R = 1.09,
was obtained for log,,(M;/Mo).

Most of the parameters, in particular those parametrising the
broken power-law shape of f.(M), are well constrained by the
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Table 1. Parameter range and best-fit values.

Parameter Prior Best fit
M,/M, LogU(6, 10) 107
M,/10" M, U(@3,5) 4.0
€ U(0.36,0.42) 0.39
a U(0.6,1.1) 0.88
B U(0.2,0.6) 0.40
b% U(0.05,0.6) 0.27
fe U(0.05,0.7) 0.29
2 U9.8,11.4) 10.7
Zfb U(7,25) 12.7
Zs U(20, 36) 22.9
ouv U(0.05,0.2) 0.068

Notes. Prior ranges and best-fit values of the parameters in the CDM
model. The parametrisation is given by Egs. (32), (34), (35) and (36).

data, and the posteriors show only a mild negative correlation
between « and S, and between « and M,. The fits of a, 8, and
M, are similar to those found by Harikane et al. (2022), but we
find about a factor of two higher SFR. Compared to Sabti et al.
(2022a), we fixed the cosmological parameters to the Planck
CMB values, and we are able to constrain M, and S better
because the HST data we consider extend to higher luminosities.

From the posteriors of y, f;, and z,, we see a clear (>95%)
preference for a relatively rapid change in xyy around z, =
10—-11 by factor of ~3. The posterior of z, shows that the pref-
erence for a high-z change in the powers « and f3 is less signifi-
cant, <95%. This is expected, since the change is driven by the
measurements at z = 17 and z = 25 that have relatively large
uncertainties and ® = 0 is within the 95% range. Moreover, we
see a correlation between f; and zp¢, indicating that the enhance-
ment of the UV luminosity can be partly reduced by changing the
powers « and 8. The data prefer a narrow scatter in the UV mag-
nitude, oyy < 0.15 at the 95% CL, and give an upper bound on
the scale of the exponential SFR suppression, M; < 10° M, at
the 95% CL. This implies that the explanation for the UV excess
as a consequence of a large constant scatter in the (Myy, M) is
disfavoured when compared to the Pop III star hypothesis®. This
result should be treated with caution, however, since selection
effects, which are not considered in the likelihood analysis, could
modify the conclusion.

The evolution of kyy for the best fit is shown in the upper
left panel of Fig. 6. The range shown in grey corresponds to esti-
mates of the conversion factor for Pop III stars with top-heavy
initial mass functions (Harikane et al. 2023). We see that the best
fit prefers a sharp transition from Pop I and Pop Il stars with stan-
dard Salpeter profiles up to z ~ 10 to a top-heavy Pop III popu-
lation at z > 10.8. The upper right panel of Fig. 6 illustrates how
the feedback effects are suppressed for the best fit. This strongly
enhances the SFR density,

dn .

pSFR:fdM_M*(M),

dmM (38)

at high z, as shown in the lower left panel of Fig. 6. The lower
right panel of Fig. 6 shows the relation between the mean UV
magnitude and the halo mass at different redhifts.

In Fig. 8 we show the best-fit UV luminosity function in
the CDM model (in black) compared with the HST and JWST

¢ However, a mass-dependent scatter that increases at small halo
masses could enhance the UV luminosities at high z (Gelli et al. 2024).
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observations at different redshifts. The change in the tail shape
at Myy < —22 is primarily driven by the lensing magnification.
The slight turn seen in the last panel at Myy > —18 is due to the
exponential term in (34) that becomes relevant in the shown Myy
range only at the highest z, as seen from the lower right panel of
Fig. 6. The fit without the suppression of the feedback effects is
shown by the dashed lines, and undershoots the measurements
at z = 17 and 25. The dot-dashed curve shows the fit when the
high-z enhancement in the luminosities is also removed. We see
that this case undershoots the observed luminosity function at
redshifts z > 10. Moreover, we see that our model does not pro-
vide a good fit of the brightest objects at z = 17. This may reflect
a limitation of our parametrisation, but it is also possible that
the luminosities of some of these objects are contaminated by
AGNs (Castellano et al. 2025).

5.2. Suppressed small-scale perturbations

We also see in Fig. 8 the comparison between the UV data
and the predictions with suppressed small-scale structures in the
FDM (green) and WDM (orange) models. For FDM we show the
case where the model parameters correspond to the CDM best fit
and the FDM mass is at the 95% CL lower limit, while for WDM
we show the best fit case, which is slightly better than in the
CDM model. We see that the predictions are indistinguishable
for z < 10, and up to z ~ 15 the suppression is at lighter halos
(bigger Myy) than the observations can probe. At the highest
redshifts, z > 15, we see that the model predictions undershoot
the observations. However, since the uncertainties in the data are
large, the observations at high z are compatible with a strongly
suppressed UV luminosity function.

For the FDM model, the parameters for the star formation
rate, the enhancement of the UV luminosity and the suppression
of the feedback effects remain the same as in the CDM model,
as seen in the posterior plots in Fig. 7. This reflects the fact that
the FDM prediction deviates sharply from the CDM prediction
at the suppression scale. The main difference between FDM and
CDM models is seen in z,, which determines when the feedback
effects are fully removed. For low FDM masses the feedback
effects can be fully removed at lower z because the luminos-
ity function is suppressed by the FDM quantum pressure, which
causes the peak in the posterior of the FDM mass shown in the
top panels of Fig. 9. The posterior also shows a lower bound
on the FDM mass, mgpm > 5.6 X 10722eV at 95% CL. The
UV luminosity function has been previously studied in the FDM
model (Bozek et al. 2015; Schive et al. 2016; Corasaniti et al.
2017; Winch et al. 2024). Our constraint on the FDM mass is
somewhat stronger than that obtained by Winch et al. (2024)
using the HST data and JWST data from Harikane et al. (2024).

The deviation from the CDM prediction is smoother in the
WDM case, and starts far above the half-mode mass. Conse-
quently, the WDM fit at small mwpy moves to smaller values of
« and larger values of 8 than in the CDM model, as seen in the
posterior plots in Figs. 7 and 9. Due to the degeneracy between
a and mwpy;, in particular, the WDM model favours a narrow
mass range around 2 keV. The maximum likelihood in the WDM
model is slightly higher than in CDM, Aln.L ~ 2.7, and the
Bayesian information criterion (BIC), which accounts for the
increase in the number of parameters, indicates a mild (insignif-
icant) preference for WDM over CDM with ABIC = —0.4. As
seen from Fig. 8, the fit improves in particular at z = 17.

The posteriors of the WDM mass shown in the middle pan-
els of Fig. 9 show a lower bound mwpm > 1.5keV at 95%
CL. Several previous works have derived constraints on WDM
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Fig. 7. Posteriors of SFR fits to the UV luminosity function observations in different models. The contours indicate the 68% and 95% credible
regions. The marginalised 68% credible ranges and the 95% credible constraints are shown for CDM at the top of each column.

from UV luminosity function observations (Menci et al. 2016;
Corasaniti et al. 2017; Rudakovskyi et al. 2021; Hibbard et al.
2022; Maio & Viel 2023; Liu et al. 2024). Although we used
a larger set of JWST data, the bound on the WDM mass is
weaker than that found by Liuetal. (2024). This difference
arises because Liu et al. (2024) uses a low-z fit of the HMF to
numerical simulations derived in Stiicker et al. (2021), while we
estimate the WDM HMF using the transfer function and the
smooth-k window function.

5.3. Enhanced small-scale perturbations

Enhancing the small-scale structure has the opposite effect to
WDM or FDM, but the conclusions are very similar. We see in
Fig. 8 that for z < 10 the predictions resemble those of CDM,
and only at the highest redshifts do we see a small enhance-
ment of the UV luminosity function that grows at lower scales,
Myy < —20. This reflects the fact that the higher the redshift,
the more deviations from CDM one can expect to see, especially
for low-mass halos. When fitting the star formation parameters,
the results are independent of the enhancement of the scales

and very similar to CDM, as seen in Fig. 7. We conclude that
enhancing the matter power spectrum does not help to explain
the excess in the UV radiation at high z when other possibilities
(e.g. Pop III stars) are taken into account. The fit favours a sharp
transition to Pop III stars and such a feature cannot be repro-
duced by enhancing the matter power spectrum. The fit gives a
lower bound of k. > 25 Mpc‘l at 95% CL, as seen in the bottom
panels of Fig. 9. The excluded region corresponds to axion mini-
clusters produced with m, < 6.6 x 10717 eV or PBHs that obey
fosu > max[105My/mpgy, 107*(mpgy/10* M) 991, where the
second bound comes from the requirement that k. < kcy.
Our constraint on k. is significantly stronger than that implied
by the measurements of the matter power spectrum at scales
0.5 < k/Mpc™" < 10 derived by Sabti et al. (2022b) and that
implied by the analysis of Irsic¢ et al. (2020), both using the
HST data alone. For PBHs, our constraint is stronger than that
derived by Murgia et al. (2019), which considered the limit on an
enhanced small-scale power spectrum imposed by the Lyman-
a forest observations. In Fig. 10, we show a compilation of
previous PBH constraints together with our new constraint in
red.
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Fig. 8. UV luminosity function at different redshifts in the cold (black), fuzzy (green), and warm (orange) DM models and in the model with
enhanced matter power (red). The best fit is shown for CDM and WDM cases, while for FDM the mass corresponds to the 95% lower bound.
The dashed and dot-dashed curves show the CDM UV luminosity function without the suppression of the feedback effects and without the change
in the UV conversion factor kyy. The points with errorbars show the HST measurements from Bouwens et al. (2021) (cyan) and Harikane et al.
(2022) (pink) and the JWST measurements from Donnan et al. (2024) (blue), Pérez-Gonzdlez et al. (2025) (brown), and Castellano et al. (2025)

(grey).

Yo o ls e Yo

RPEIRS
SEREORCENY

logo(Mi/M.)

D N 2
[SESENENENS

M, /10" M,

SRICICIRIRS
NS

logyg[mrpa/1072eV]

¥ o8 O O
NN

&
NN
[N

S
N SN
€ a v

N
P

R X LR
AN NN

&
&

I o RS
FFE § o

logyg[mwpni /keV]

RIS
ISR

PSP
AR

=]

logo(M; /M) M, /10" M,

NI
KOS

logyglke/Mpe™]
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and the enhancement scale (bottom panels). The contours indicate the 68% and 95% credible regions.

6. Conclusions

‘We have investigated in this work the implications of the high-z
UV luminosity function observations with HST and JWST for
star formation and different DM models. We have revisited the
excursion-set formalism to compute the unconditional and con-
ditional halo mass functions and derived a new estimate of the
halo growth rate. We have also proposed a new window func-
tion, inspired by the smooth-k Leo et al. (2018) window func-
tion, which reproduces well the numerical results and matches
better the CDM predictions at high masses.

We have found that, assuming that the SFR is proportional
to the halo growth rate, the observations of the UV luminosity
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function indicate two interesting effects that change the luminos-
ity function at high z. First, we find evidence at more than 95% CL
for a sharp enhancement in the luminosity function around z =~ 10.
This can be explained by a transition from a Salpeter mass func-
tion to a top-heavy Pop III mass function. Beyond z = 10— 15 the
luminosity function needs to be further enhanced, in particular to
match the JWST observations atz = 17 and 25. This enhancement
can be achieved by reducing the feedback from SNe and AGNs.
The evidence for this second effect is, however, less than 95% CL.
We have also considered the effect of dust attenuation and lensing,
and shown that they are relevant for the bright end of the luminos-
ity function at z < 10, but do not play a significant role in fitting
the higher-redshift data.
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Fig. 10. Constraints on the fraction of the DM density provided
by PBHs from the OGLE microlensing survey (Mroz et al. 2024),
accretion limits from CMB observations (Serpico et al. 2020), SNe
lensing (Zumalacarregui & Seljak 2018), the population of X-ray
sources (Inoue & Kusenko 2017), Lyman-a data (Murgia et al. 2019),
survival of wide binaries (Monroy-Rodriguez & Allen 2014), the pop-
ulation of gravitational wave (GW) sources (Andrés-Carcasona et al.
2024), and GW lensing (Urrutia et al. 2023). The red line shows the
upper limit derived in this work from measurements of the UV lumi-
nosity function.

We have considered departures from CDM in two direc-
tions, suppressing the small-scale structures via either warm or
fuzzy DM and enhancing the matter power spectrum with white
noise, which could happen in scenarios that include axion mini-
clusters or PBHs. When marginalising over the SFR parametri-
sation, we find a lower bound of 5.6 x 10722eV for the FDM
mass and 1.5keV for the WDM mass, at 95% CL. Because
the new JWST data at high z still have significant uncertain-
ties, we find that the DM bounds are not much stronger than
those obtained using the HST data alone. Another important
conclusion is that enhanced matter perturbations are not pre-
ferred over changes in the star formation rate due to the pres-
ence of Pop III stars and changes in the feedback in the pre-
reionisation era. We have found that the data constrain the scale
of the enhancement to k. > 25 Mpc’1 at 95% CL, exclud-
ing, for example, the possibility of axion mini-clusters pro-
duced for m, < 6.6 x 1077 eV or heavy PBHs that constitute
a fraction fpgy > max[105My/mpgy, 10’4(mpBH/104M®)’0‘09]
of DM. As JWST gathers more data and the uncertainties are
reduced, the bounds on DM will become significantly stronger
and our knowledge of star formation at high z will improve. In
a forthcoming paper we will leverage our findings to compute
the growth of SMBHs in non-CDM scenarios and obtain more
competitive bounds on deviations from CDM using the measure-
ments of high-z SMBHs by JWST.
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ABSTRACT

NANOGrav and other Pulsar Timing Arrays (PTAs) have discovered a common-spectrum process in the nHz range that may be due
to gravitational waves (GWs): if so, they are likely to have been generated by black hole (BH) binaries with total masses >10° M,
Using the Extended Press-Schechter formalism to model the galactic halo mass function and a simple relation between the halo
and BH masses suggests that these binaries have redshifts z = O(1) and mass ratios 210, and that the GW signal at frequencies
above O(10) nHz may be dominated by relatively few binaries that could be distinguished experimentally and would yield observable
circular polarization. Extrapolating the model to higher frequencies indicates that future GW detectors such as LISA and AEDGE

could extend the PTA observations to lower BH masses 210> M,,.
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1. Introduction

The discovery (LIGO Scientific & Virgo Collaborations 2016)
of gravitational waves (GWs) by the LIGO and Virgo exper-
iments, in the O(100)Hz range of frequencies generated by
mergers of black holes (BHs) with masses of O(10-100) M,
(LIGO Scientific, Virgo & KAGRA Collaborations 2021), has
opened a new window onto both astrophysics and cos-
mology. Supermassive black holes (SMBHs) with masses
of O(10°-10'"Y M, are known to be present in galactic
nuclei, and the immediate surroundings of two of them
have recently been imaged by the Event Horizon Tele-
scope (Event Horizon Telescope Collaboration 2019, 2022).
However, information on intermediate-mass black holes
(IMBHs) with masses in the range O(10°~10°) M, (Greene et al.
2020) is less complete. Observations of IMBHs and their merg-
ers would cast light on the uncharted mechanisms that must be
presented for SMBHs to form.

A prerequisite for BH mergers is the formation of tightly
bound binaries that can radiate GWs efficiently. While there
are several well-understood paths for forming compact stellar-
mass BHs binaries (e.g., common envelope evolution or dynam-
ical capture in dense stellar environments), the final stage of
SMBH binary formation in galaxy mergers is still not fully
understood and is commonly known as “the final parsec prob-
lem” (Begelman et al. 1980). However, observations of quasar
optical variability provide indirect evidence for the existence
of some tight binary SMBHs in the regime where the emis-
sion of GWs must already have a noticeable effects on their
orbital evolution (Rieger & Mannheim 2000; De Paolis et al.

2002, 2004; Valtonen 2008; Boroson & Lauer 2009; Iguchi et al.
2010; Graham et al. 2015; O’Neill et al. 2022; Kovacevic et al.
2022)'. The GW data will be essential for a better understanding
how SMBHs overcome the “final parsec” obstacle, and how the
assembly of the SMBH population proceeds in general.

Pulsar timing arrays (PTAs) are potentially sensitive to GWs
in the nHz range, while NANOGrav and other PTAs have
recently reported evidence for a common-spectrum stochas-
tic process (Arzoumanian et al. 2020; Goncharov et al. 2021;
Chen et al. 2021; Antoniadis et al. 2022). Their signals have
power spectra that are consistent with predictions based on inspi-
ralling binary SMBH models (Phinney 2001)?, but they have not
(yet) detected the Hellings-Downs quadrupolar signature that is
characteristic of GWs (Hellings & Downs 1983)°.

The BH merger interpretation of the PTA measurements
does not provide direct information on the masses of the
infalling BHs, which requires the modelling and measure-
ments of this stochastic GW background in different frequency

! However, alternative scenarios for quasar optical variability may

also be considered, such as intrinsic variability in the accretion
disc (King et al. 2013).

2 A similar signal could be generated by primordial
BHs (Vaskonen & Veermie 2021; De Luca et al. 2021; Kohri & Terada
2021; Ashoorioon et al. 2022), but might require modifications of
models based on simple cosmic string networks (Ellis & Lewicki 2021;
Blasi et al. 2021; Buchmuller et al. 2020): see, e.g., Blanco-Pillado
et al. (2021).

3 We note in passing that binaries capable of generating the PTA nHz
background could not explain the year-like quasi-periodicity seen in
blazars (Holgado et al. 2018).
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ranges (Sesanaetal. 2008). The purpose of this paper is
to illustrate how future measurements of the GW spec-
trum due to unresolved infall sources and individual binary
mergers at frequencies between the PTAs and LIGO/Virgo
will be able to extend the PTA measurements to lower
black-hole mass ranges, probing models for the assembly of
SMBHs, and perhaps obtaining direct evidence for the merg-
ers of IMBHs. We take as the amplitude of the common-
spectrum process measured by the PTAs A = 2‘8’:5% X
107 at a reference frequency of 1/yr, as found by the
International Pulsar Timing Array (IPTA; Antoniadis et al.
2022) assuming the spectral index of @ = -2/3 expected
from inspiralling SMBHs, which is consistent with other
measurements.

We use examples of next-generation GW detectors the
planned LISA laser interferometer (Berti et al. 2006), whose
peak sensitivity is at frequencies O(10™#~102) Hz, the proposed
ET laser interferometer (Sathyaprakash et al. 2012), whose peak
sensitivity is at frequencies O(1-10?)Hz and the projected
AION-km and AEDGE atom interferometers (Badurina et al.
2020; El-Neaj et al. 2020), whose peak sensitivities would be in
the range of O(1072—1) Hz. We show that, while none of these
detectors would observe a signal from the binary black holes
weighing >0(10°) M, that would probably be responsible for
most of the PTA signal, LISA would observe a merger signal
from binary black holes weighing O(10°~10%) M, that might
contribute part of the PTA signal, while AEDGE would observe
a merger signal if there is a population of binary black holes
weighing O(103-10°) M, with a formation history similar to the
heavier BHs responsible for the PTA signal.

Throughout this paper, we use natural units with ¢ = 1,
Gy =1.

2. BH merger rate

As a first step towards estimating the BH merger rate, we use the
Extended Press-Schechter (EPS) formalism (Press & Schechter
1974; Bond et al. 1991) to calculate the galactic halo mass
function,

dn(M,1) _po [2 dIno 6.(z) ,j‘;ffh
dnM M NzdnMon®

where py is the background matter density today, (M)
is the variance of the matter fluctuations and 6.(z) is the
critical overdensity for collapse. The latter is given by
0:.(z) = 1.686/D(z) where D(z) is the linear growth func-
tion (Dodelson 2003). We calculate o>(M) from the cold
dark matter power spectrum with the Planck 2018 cosmologi-
cal parameters (Planck Collaboration VI 2020) and the transfer
function derived in Eisenstein & Hu (1998). The EPS formalism
also gives an estimate for the probability per unit time for a halo
of mass M| to merge with another one of mass, M,, at some red-
shift, z, and become a halo of mass M = M+M, (Lacey & Cole
1993):

dp(Ml,Mz,z)_Lﬁg ding [ M)
didM, — My Nr|6.|dInM, o2(M))
52 1 1
X — -= -——].
(M) eXp[ 2 (rﬂ(Mf) 02<M1>)] @
Defining the halo merger rate kernel:
dp(My, Mo, ) [dn(Ma, )|
drdM, M, ’
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OM,, M>,1) = 3)

A38, page 2 of 13

o
)
S

0.010

0.001 ¢

Rgu/pen [Gpe2year™!]

3
8

S
b

Fig. 1. BH merger rates calculated as functions of the redshift z in three
ranges of the total merging BH mass M and normalized relative to the
merger probability ppy discussed in the text.

the halo merger rate is

drR, _ dn(M,,1) dn(M,, 1)
dM\dM, ~  dM, dM,

As discussed by Benson etal. (2005), the merger rate ker-
nel Q(M;,M,,t) in the EPS formalism is not symmetric
in the exchange of M, and M,. However, it was shown
by Erickcek et al. (2006) that taking M; < M, in the merger ker-
nel aptly approximates the result of the Benson-Kamionkowski-
Hassani (BKH) merger theory (Benson et al. 2005) where the
merger rate kernel is computed from the Smoluchowski coag-
ulation equation and preserves the EPS halo mass function. We
will, therefore, require that the first argument of Q is smaller than
the second.

In order to estimate the merger rate of central BHs, we must
estimate the probability poc.(m|M, z) that a BH of mass m occu-
pies a halo of mass M, as well as the probability pmerg (111, 112)
that the galactic merger leads to a merger of their central BHs.
The resulting BH merger rate can be expressed as

dRpy
dmdm,

O(My, My, 1). “

:fdM]szpmerg(ml»mZ)

dR),

—_ 5
dM,dM, )

X pocc(ml |M1 B Z)pocc(m2|M2’ Z)
We assume the following simple redshift-dependent relation
between the halo mass and the BH mass (Barkana & Loeb 2001;
Wyithe & Loeb 2003):

M, o [QuOART,
1072, _IO'S[QM(Z) 18712I (1+2)

where A.(z) = 187% + 82[Qu(z) — 1] — 39[Qu(z) — 117 is
the critical overdensity at virialization, which corresponds to
Pocc(MIM) = pocc(m)d(m — mgy(M)). It is generally expected
that SMBHs inhabit most large galaxies, and X-ray observa-
tions (Miller et al. 2015) constrain the SMBH occupation frac-
tion pocc(m) to be > 20% for early galaxies with lower stellar
masses 107 < M,/My < 10'°. It has been estimated that an ini-
tially small occupation fraction may grow at low redshifts (see,
e.g., Lippai et al. 2009), which we neglect in this analysis. As
we show later, the PTA GW signal is dominated by events in a
range 1 < z < 3. The estimated z dependence of p,.. would shift
this range towards lower redshifts when compared to a constant
Poce» increasing the observability of BH mergers.
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Fig. 2. Mean GW energy density spectrum from massive BH mergers compared with the sensitivities of different experiments. The black dashed
curve shows the case where all mergers of galaxies produce a GW signal for BHs heavier than 10° M, (pgy = 1). The colored bands show the
spectra from SMBHs heavier than 10° M, (dark blue), from SMBHs in the range (10° M, 10° My,); light blue), and from IMBHs with masses in

the range 10°~10° M, (green), assuming a universal efficiency factor pgy = 0.17+58.

8. The shaded regions show the prospective sensitivities of

IPTA30 (Chen et al. 2017; Kaiser & McWilliams 2021), LISA (LISA Collaboration 2017), AEDGE (El-Neaj et al. 2020; Badurina et al. 2021),
AION-km (Badurina et al. 2020, 2021) and ET (Sathyaprakash et al. 2012).

In view of the paucity of information about the merger prob-
ability pmerg(m1,mz), we model ppere by a constant for the sake
of simplicity. After the galactic merger, various dynamical mech-
anisms must decrease the size of the SMBH binary below sub-
parsec scales in order for a GW emission-driven merger to take
place (Begelman et al. 1980). The crossing of the final parsec
is determined mostly by binary hardening via stellar loss-cone
scattering (Merritt 2013), which can currently be considered
the largest source of uncertainty in pper. The numerical study
of Kelley et al. (2017a), based on a population of 10°—10'° M,
BH binaries in the I1lustris simulation (Vogelsberger et al.
2014), found for a wide range of model parameters that the coa-
lescing fraction is nearly independent of the total mass of the
binary but decreases with the mass ratio. Neglecting the lat-
ter dependence should not significantly affect our results, since
extreme mass ratio inspirals contribute subdominantly to the GW
background. With these assumptions, we obtain:

dRgy
dm 1 dmz

My dM, 4R,
¥ P g Ay AMydM,”

)

where peH = Poce(1)Poce(M2) Pmerg denotes the probability that
the halo merger leads to a merger of the central SMBHs.

We show in Fig. 1 the BH merger rates as functions of the
redshift z, calculated using this approach in three ranges of the
total merging BH mass M and normalized relative to the merger
probability ppy discussed above. We see that mergers with total
masses M > 10° My, occur typically at z = O(1), those with total
masses M € (10°, 10°) My, occur typically at z = O(3), and those
with total masses M € (103, 10°) M, occur typically at z = O(5).

In this paper, we use the IPTA measurement
(Antoniadis et al. 2022) to normalize pgy for large BH
masses, which circumvents the astrophysical uncertainties
related t0 pocc and pmerg, and extrapolate it to smaller BH
masses. We also comment on the potential mass dependence of
per, Which is relevant for the GW phenomenology when we

extrapolate from the frequency band relevant for PTAs to those
to be explored by next-generation GW detectors.

3. Analysis
3.1. The GW energy spectrum
The mean GW energy density spectrum from the SMBH binary
population can be estimated as (Phinney 2001):

14 27 AR
Qow(f) = —Fow _ [ g9 20/
Pc dIn f 5 Pc

where |A(f)| denotes the optimal amplitude of the Fourier trans-
form of the GW strain, p. = 3H§/87r,

®

dz dV. dRgu(1)
dA = dmdm, —— R
mnm: 1 +z dz dmdm,

)]

is the differential merger rate and V. denotes the comoving vol-
ume available at redshift z. We compute |i(f)| using the inspiral-
merger-ringdown template (Ajith et al. 2008):

N 5 M
W) = | = 5=
I(f) ‘/24H;DL

[ F < fonere

_1 2
X fmezrgfii Jmerg < f < fring
1 2

B — 2
fmezrgfrinzgm Jring < f < Jaus

(10)

where the redshift-dependent chirp mass, M_, is given in terms
of the total mass , M, and the symmetric mass ratio n =
myniy /M? of the binary by M, = (1+2)My = (1+z)M17%, and D;,
denotes the luminosity distance of the binary. This implies the
canonical Qgw o« f 3 scaling during the inspiral phase (Phinney
2001). The frequencies fmerg, fring, fou» and o~ are parameterised
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Fig. 3. Distributions of the binary parameters for a sampling of the BH binary population with 0 < z < 3, InHz < f < 30nHz and M, >

10°(f /nHz)’g. The symmetric mass ratio is integrated with the lower bound 7 > 0.001. In the right panel, the black curve shows the NANOGrav
95% CL constraint on continuous GW sources (Arzoumanian et al. 2023) and the projected sensitivity of IPTA30 at SNR = 8.

as f; = n3(an® + b+ cj)/(mM,) where a;, bj, and c; are coef-
ficients whose fitted values are given in Table I of Ajith et al.
(2008).

We comment briefly on potential uncertainties in the GW
energy density spectrum. If orbital decay is driven by other pro-
cesses in addition to GW emission, such as viscous drag, then
the coalescence time is shortened and the total GW spectrum
is suppressed by a factor of T /TGw, Where Ty, Tgw denote
the characteristic hardening timescales (Kocsis & Sesana 2011;
Kelley et al. 2017a). Here we omit this effect, assuming that the
signal is dominated by binaries for which the hardening is driven
mainly by GW emission. Additionally, we consider only circular
binaries, which, in the inspiral phase, radiate monochromatically
at twice the orbital frequency. We note, however, that the GW
spectrum of eccentric binaries would contain higher harmon-
ics, with the fundamental harmonic (at the orbital frequency)
becoming dominant at eccentricities e > 0.4 (Taylor et al. 2016).
In addition, the GW luminosity would be enhanced by a factor
of (1 +73/24¢% + 37/96¢*)/(1 — %)% (Peters & Mathews 1963;
Enoki & Nagashima 2007; Kelley et al. 2017b).

Figure 2 shows the GW energy density spectrum from BH
binaries in different mass ranges. The black dashed curve cor-
responds to pgy = 1, namely, the assumption that each galac-
tic merger would produce a BH merger with my > m; >
10° M. This naive assumption leads to a spectrum exceeding
that observed in the PTA band.

We stress that the spectrum in Eq. (8), which is displayed
in Fig. 2, does not necessarily correspond to a stochastic GW
background as it does not distinguish between individual resolv-
able events and unresolvable events that would contribute to a
GW background. The Qgw o f73 tail at low frequencies arises
from nearly monochromatic signals generated by inspiralling
BH binaries. Because of this, Qgw will fluctuate depending on
the specific realization of the binary population, so the spectrum
in Fig. 2 should be interpreted as the mean Qgw obtained by
averaging over many potential realizations of the binary popula-
tion. We return to the probability distribution of Qgw in the next
subsection and in Appendix A.

The grey band in Fig. 2 was obtained by choosing a fixed
value of ppy so that the amplitude of the total GW spectrum from
BH binaries matches the IPTA observations in the nHz range,
which requires pgy = 0.17’:8:(1)2. The colored bands show the
contributions to the total IPTA spectrum from different ranges
of the BH masses. In comparing the dark blue, light blue, and

A38, page 4 of 13

green bands, we can see that the largest contribution to the GW
spectrum in the PTA window comes from M > 10° M, SMBH
binaries, consistent with earlier studies (Wyithe & Loeb 2003;
Sesana et al. 2004, 2008, 2009; Enoki et al. 2004; Kelley et al.
2017a; Izquierdo-Villalba et al. 2021; Bécsy et al. 2022).

Some characteristics of these binaries are shown in Fig. 3.
The left panel shows that the total masses are <10'?, and the
redshifts are typically O(1). The middle left panel shows that
the typical masses increase with decreasing frequency and the
middle right panel shows that the binary lifetimes are only
weakly correlated with their emission frequencies, with life-
times >10* yr being generally favored. The right panel shows
the GW strain from these binaries, together with the upper
limit on continuous GW sources from NANOGrav 12.5 years
data (Arzoumanian et al. 2023) and the projected sensitivity
of IPTA30 (Chen et al. 2017; Kaiser & McWilliams 2021) at
a signal-to-noise ratio of SNR = 8, which is similar to that
expected for SKA (Janssen et al. 2015).

Returning to Fig. 2, we see that the GW energy spectrum in
the LISA frequency range is dominated by lighter BH binaries
in the mass range of M € (10°, 10°) M, shown in light blue, and
the contribution in the AEDGE band is dominated by IMBHs
with masses in the range of M € (103, 10%) M, shown in green.
The low-frequency GW emissions from the early stages of the
inspirals of these binaries also contribute in the lower-frequency
bands, but these contributions are subdominant compared to the
signals from higher-mass SMBH mergers®.

We recall that the estimated spectrum in Fig. 2 assumes a
constant pgy. Clearly, the relative contribution from binaries
with lighter BH masses <10° M, could be enhanced (reduced)
by increasing (decreasing) ppy for these binaries. In order for
mergers of BHs with masses in the range (10°, 10°) M, to dom-
inate the PTA signal pgy =~ 1 would be required in this mass

4 In addition to the experiments shown in Fig. 2, we have also con-
sidered the prospective sensitivities to GWs using the astrometric data
from the Gaia and Nancy Grace Roman space telescopes (Wang et al.
2021). Their nominal sensitivities lie well above the black dashed line
in Fig. 2 corresponding to pgy = 1, but a possible improvement of
the Roman sensitivity might enable the detection of SMBH binary sig-
nals at frequencies €(1077, 107°) Hz. Moreover, while the prospective
power-law integrated sensitivity to GWs through binary resonance by
laser ranging of the Moon (Blas & Jenkins 2022) reaches the gray band
shown in Fig. 2, the most likely signal at f ~ 107 Hz is well below that
(see Sect. 3.2) and consists of a few nearly monochromatic sources.
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Fig. 4. Expected number of SMBH binaries heavier than M,,;, and with
symmetric mass ratio n > 0.01 emitting GWs in the indicated frequency
range for pgy = 0.17. The vertical dashed lines indicate the fractions of
the total GW signal in each frequency band generated by binaries with
larger masses.

range, but even this maximal enhancement would be insufficient
for mergers with M < 10° M, to contribute significantly to the
PTA signal. That said, we emphasize that the GW spectrum in
either the LISA or AEDGE frequency range could reach the
black dashed line if pgy =~ 1 in the relevant mass range, and
could also be enhanced if Population III stars make a significant
contribution to the BH spectrum. Conversely, the spectrum could
be suppressed in these ranges if pgy is smaller than the value that
fits the PTA data.

3.2. Distribution of sources

The number of BH binaries at redshift z emitting in a given fre-
quency band can be estimated from the time the binary spends
in that frequency band, which gives (Sesana et al. 2008)

dN o dr
dM.dndzdIn f ~ dM.dndz |d1n f

, an

where, assuming circular orbits and orbital decay via GW emis-
sion (Peters 1964), the coalescence time of an inspiralling binary
emitting GWs with frequency (1 + 2)f is’

5
—
256m3 M?

w(f) = It (12)

We show in Fig. 4 the expected numbers of binaries with total
masses of M > My, and mass ratios g > 0.01 that emit GWs
in several frequency bands in the range 1nHz < f < 30nHz
(corresponding to the sensitivity ranges of PTAs). As seen in
Fig. 2, SMBH binaries generate the dominant contribution to
the GW signal in this frequency range. The fractions of the
total GW signal in each frequency band that are generated by
binaries with larger masses are indicated by the vertical dashed
lines. For example, we see that almost 10° (10?) binaries with
M > 3 x 10° M, generate 80% of the calculated GW signal
in the InHz < f < 3nHz (10nHz < f < 30nHz) fre-
quency band, whereas 50% of the calculated GW signal in the
3nHz < f < 10nHz band may be generated by just one source.

> We remark that, in Eq. (11), the observed time spent in a given fre-
quency band is redshifted when compared to the time in the binary rest
frame. This redshift has been accounted for in Eq. (12).

These examples indicate that the expected signal, particularly
in higher-frequency bins, may be comprised of a limited num-
ber of nearly monochromatic signals from heavy SMBH binaries
(>10° M), implying sizeable fluctuations around the smooth f 3
spectrum that would be obtained in the limit of a large popula-
tion of heavy inspiralling binaries.

In order to study the prospective SMBH binary population in
the PTA band via a Monte Carlo approach, we generated real-
izations of the population from the probability density function
of binaries emitting at a given frequency. We divide the fre-
quency range into bins (fj, fj+1) populated with N(f;) binaries.
A realization of the GW background from each bin can then be
obtained as (see Eq. (A.6)):

N(fj)

- N am .
WaTh) 2 S @

Qew(f)) 13)

where the contribution from an individual binary emitting in this
frequency band is given by

dr
(1)
Qaw(0) = dln 7 I;

21 PIR(HP

14
5 (14)

and 0 = {M_,z,n, f} are parameters describing the binary. The
number of binaries N(f;) in this frequency bin is drawn from a

fi+1
P dN

and the binary parameters are generated randomly according to
the distribution

Poisson distribution with the expectation value N(f;) =

dN

pPMe,m, 2, f) « m .

(15)

This is the expression that was used to calculate the distributions
of binary parameters shown in Fig. 3 for a sampling with pgy =
0.17 of 4 x 10° SMBH binaries with redshifts 0 < z < 3, mass
ratios 7 > 0.01, and GW frequencies 1 nHz < f < 30nHz. We
display only binaries with chirp mass My > 10°(f /IIHZ)_%, S0
that N( fi) > O(10%) for each 1 nHz frequency bin.

In order to generate the statistical distributions of Qgw, it is
sufficient to consider a smaller set of parameters, and the distri-
bution Eq. (11) for the full population can be reduced to a sim-
pler distribution P(Q", f) for individual sources Qg\)v emitting
at a frequency f, which can be expressed via two one-parameter
functions depending on the merger rate model, as discussed in
Appendix A.

The upper left panel of Fig. 5 illustrates the frequency spec-
tra found in 1600 Monte Carlo realizations of the SMBH binary
population drawn from a statistical distribution similar to that
shown in Fig. 3. The black solid curve shows the mean of the
spectra, the grey bands show the 1o and 20 CL regions of the
GW spectra, and the red line is the spectrum found in one rep-
resentative realization. We note the importance of fluctuations,
particularly at higher frequencies where fewer SMBH binaries
contribute, with individual binaries becoming distinguishable at
frequencies f > 10nHz. We find that the median spectrum,
shown by the dashed line, has a somewhat lower slope than the
analytic result shown as the green line. Although the numerically
obtained mean spectrum (black), lies below the analytic expec-
tation, it will approach it slowly if the number of Monte Carlo
realizations is increased. The tendency of the mean spectrum to
lie along the upper side of the 1o~ CL range is due to the fact
that the spectrum has a long tail at high values of Qgw gener-
ated by occasional nearby binaries: the median spectrum always

A38, page 5 of 13
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Fig. 5. GW energy spectrum Qgw and the fractional circular polarization P, calculated from 1600 Monte Carlo realizations of the SMBH
binary population. In the left panels, the black solid curve shows the mean and the gray bands the 68% and 95% CL regions of the Monte Carlo
realizations, and the red curve corresponds to one of the realizations shown in Fig. 3. In the upper left panel the green line shows the mean GW
energy density (8). The distributions of Qgw and Pgw at 1 nHz (blue) and at 30 nHz (orange) calculated from the Monte Carlo realizations are

shown in the right panels. In the upper right panel, the dashed lines show P o Q-3 and in the lower right panel, the dashed curves show Gaussian
fits to these distributions of width o~ = 0.13 (blue) and o~ = 0.23 (orange). In this figure, pgy = 0.17 is assumed.

lies within the 1o CL range. All in all, consistently with ear-
lier Monte Carlo studies of the GW signal (Sesana et al. 2008;
Kocsis & Sesana 2011), we find that typical spectra tend to fall
below the Qgw o f 3 expectation in higher frequency bins, while
a few bins display sharp peaks.

As there are a finite number of sources, Eq. (8) is subject
to statistical fluctuations, which arise mostly from the possibil-
ity of having a few strong sources nearby. To obtain an order-
of-magnitude estimate, we focus on the closest binaries and
ignore the redshift dependence. In this case, Q(Gl\),v o« D;2, by
Eqgs. (8) and (10), and the probability of finding an event at D is
PO(Dy) oc D2. Thus (QU,) o D”Lm dDLP(DL)QW), o Dy s
where, in this simplified approach, Dy max is some large lumi-
nosity distance at which ngv gets suppressed, and Dy min is
the distance to the nearest possible source. On the other hand,
((Qg\)y)z) oc 1/Dyp min. Therefore, we expect the mean of the GW
signal to be determined by faraway sources, while the variance is
set by a few close-by binaries. Moreover, we can estimate from
P‘;)(DL) that QY has a relatively flat power-law tail at large
values,

PO@Q) o« O3, when Q — co. (16)

Since the closest distance E(l)) massive BH binaries is constrained,
Lo ) : .

this tail will be cut of.f at QGW,ma)_( oc DL’min. Even with this cgtqff,

the mean and the variance are still not very useful characteristics

of the uncertainties, and we find it more illuminating to estimate

the confidence intervals around the median value.
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The upper right panel of Fig. 5 displays the distributions of
Qgw at 1 nHz (blue) and at 30 nHz (orange) found in 1600 Monte
Carlo realizations of the SMBH binary population. We note that
the distributions at both frequencies have tails that approach the
analytical result P o Q2 (Eq. (16)), as indicated by the dashed
lines. These tails exhibit explicitly why the mean (black solid)
line in Fig. 5 tends to lie above the 68% CL band, while the
median (gray dashed) line lies within it at all frequencies. We
note that the overall shapes of the distributions resemble the ana-
lytic calculations shown in the left panel of Fig. A.1. In sum-
mary, even if a bin has a high number of contributing events
(i.e., N — o), the distribution of Qgw does not converge to a
Gaussian because it retains its Q(_}i,(,z tail. Since the variance is
not well behaved, we define the width of the distribution Aq,,
as the width of the 68% confidence interval, as in Fig. 5. The
width-to-mean ratio scales as:

Aagy ! (Qow) « N3, a7

when N > 1, as is shown in Appendix A. This scaling is slower

than the typical 1/ VN scaling predicted by the central limit the-
orem.

3.3. GW polarization

Recent studies have argued that the circular polarization of
the signal can be used to estimate whether the SGWB
comes from a handful of sources or a relatively large pop-
ulation of binaries (Kato & Soda 2016; Conneely et al. 2019;
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Hotinli et al. 2019; Belgacem & Kamionkowski 2020; Sato-
Polito & Kamionkowski 2022; Valbusa Dall’ Armi et al. 2023).
We recall that the left and right circular GW polarization ampli-
tudes from a binary with inclination angle 6 are

1
lhr g (PP = Tg(1 £ cos 0 Ih(H)P, (18)
where
()l = M; (ﬂf)‘ (19)

is the max1mal GW strain from an inspiralling binary, and the
gravitational Stokes parameters are defined by

1) = e (HP + lhr(PP,
V(f) = lh(HP = ()P

The fractional amount of circular polarization of the SGWB can
be characterized by the quantity

2i Vi(f)
Sili(f)’
where the sums are over all binaries in a fixed frequency range.
If the GW signal is dominated by a single source, then Py
depends only on the inclination angle and large circular polar-
izations are preferred, with P, > 0.87(0.2) at the 68§% CL
(95% CL). On the other hand, if the GW signal is dominated
by several (Ngom 2 10) sources of comparable strengths, then
the P.irc(f) will be approximately Gaussian with a width deter-
mined by fluctuations in oy. Since oy /(I)g = 1.17 for a single
source, we can estimate that (see Appendix A for details)

Tp. = 0v/[{Dg = 1.17/ \/Ngom. (22)

The lower-left panel of Fig. 5 illustrates the distributions of
the circular polarization P..(f) found in the sample of 1600
Monte Carlo realizations of the SMBH binary population with
M > 10° My, and 17 > 0.01 whose frequency spectra were illus-
trated in Fig. 5. We see that the mean value of Pg.(f) =~ O,
as expected, but large statistical fluctuations are possible even
at the 1o level. This phenomenon is visible in the red curve,
which shows results from one of the Monte Carlo realizations.
The large fluctuations reflect the fact that the observable GW
spectrum could be due to a very limited number of sources, par-
ticularly at higher frequencies.

The lower-right panel of Fig. 5 displays the distributions
of Peire at 1 nHz (blue) and at 30 nHz (orange) found in 1600
Monte Carlo realizations of the SMBH binary population. We
note that the statistical distribution is indeed broader at the higher
frequency, as expected. The dashed curves are Gaussian fits
to polarization distributions with widths oo = 0.13 (blue) and
o = 0.23 (orange). These fits are very accurate as also demon-
strated in the right panel of Fig. A.1.

As the variance of the circular polarization of the signal
depends on the number of binaries that dominate the signal, it
would be suppressed if the merger rate of the heaviest binaries
were suppressed, which could be the case if pgy is not universal.
By suppressing ppy, for instance, at M > 10° M, and enhancing
peu for 10°My > M > 10°M,, we can accommodate the IPTA
common-spectrum effect. In this case, the GW energy spectrum
Qcw becomes smoother and approaches the naive Qgw o« f 3
behavior while suppressing the circular polarization .. More-
over, in this case, pgy for the lighter binaries would be enhanced,
which would increase the number of signals in the sensitivity
range of LISA and possibly AEDGE.

(20)

Peire(f) = @n

3.4. Prospects for future GW observatories

As discussed earlier, BH binaries can generate two qualitatively
distinct classes of signal: long, nearly monochromatic signals
from the slowly-evolving inspiralling phase and relatively short
signals from the merger and ringdown. The detections of these
two types of sources need to be considered separately.

The number of detectable nearly monochromatic GW signals
that arise from inspiralling BH binaries is

SNR.
ll'l - d/l
» j; f P de‘[SNR( =1k

where we account only for binaries whose coalescence time 7 is
longer than 7, = 1 day and we estimate the SNR for a detector
characterized by the noise power spectrum S ,(f) as

(23)

2lh(r - 1, 2))?
SNR(t,2) = f dt ——— 24)
\/ Su(f(r—1,2) (
The optimal time-dependent inspiral strain |h(2)] = |h(f(?))| is

given by Eq. (19) and the GW frequency as a function of time
is given by Eq. (12). Analogously, the expected number of BH
binary merger events is

SNR.
Nmerg = de/lpdel[SN—R(Z)] P (25)
where
“ 4h(f)P
SNR(z) = d . 26
O\ 55 0

The cut at f(Tmin) here implies that we only consider the SNR
only from the last day of the signal. In both cases, the detection
probability pger accounts for the detector’s antenna patterns and
includes the average over the binary inclination, sky location,
and polarization (Finn & Chernoft 1993; Gerosa et al. 2019), the
noises S, include the foregrounds from stellar mass BH binaries
and white dwarf binaries (see e.g., Lewicki & Vaskonen 2021).
Furthermore, we used SNR, = 8 for the detection threshold and
T = 1yr for the observation time.

In the monochromatic limit, Eq. (24) is simplified to SNR =
[R(HI 2T /S »(f). Using this, we can convert the prospected
noise S,(f) of IPTA30 to a lower bound on the strain |h(f)|
for which the SNR exceeds the detection threshold. As indicated
by the very long coalescence times in the middle right panel of
Fig. 3, the signals in the IPTA30 band can be adequately approx-
imated as monochromatic. In the right panel of Fig. 3 the dashed
black curve shows the GW strain |(f)| that for 20 year observa-
tion time with IPTA30 gives SNR = 8. We see that IPTA30 can
potentially resolve several, O(10), monochromatic GW signals
from SMBH binaries.

At higher frequencies, f > 107 Hz, we find that LISA is
the only detector capable of measuring the near-monochromatic
sources arising in the early stages of the inspiral phase, namely,
more than one day from the beginning of the merger phase.
It is clear that AEDGE is not able to observe these near-
monochromatic sources because the coalescence time of bina-
ries heavier than 103 My, is less than a day when they enter the
AEDGE sensitivity window®. Figure 6 illustrates the prospects

% In this work we have cut the AEDGE sensitivity at 3 mHz.
This cut is motivated by the potential Newtonian gravity back-
grounds (Hogan et al. 2011; Graham et al. 2017). We note, however,
that dedicated studies of these backgrounds for AEDGE have not been
performed.

A38, page 7 of 13



Ellis, J., et al.: A&A 676, A38 (2023)

B S ~ - v
insp
8 LISA 0.1
[ N,=27 2.25
6 1072 1.75
(¥ =
47 125
1073+
2r 0.75
o —, ] 04 025
10°3 104 103 106 103 104 103 106
M()/MG M()/Mo

Fig. 6. Expected numbers of near-monochromatic GW signals generated more than a day before the merger that would be detectable in a year of
LISA observation, as functions of the chirp mass M, and redshift z (left panel) and of the chirp mass and symmetric mass ratio 5 (right panel).
The merger rates assume the abundance of IMBHs described by Eq. (6) for BHs heavier than 10° M, and a universal merger efficiency factor of

peu = 0.17 inferred from IPTA data, as discussed in the text.

to detect the inspiral signals with LISA. The shading in the pan-
els correspond to the number of events whose parameters fall
within each rectangular bin. The distribution peaks below M, =
10*M,, reflecting the binary population, that increases towards
lower masses, and the cut-off at 10° M, Similarly, because the
GW signal (Eq. (10)) from inspirals does not explicitly depend
on 7, the n distribution in the right panel of Fig. 6 arises solely
from the binary population. The binary merger rate peaks at
4 < z < 6 (see Fig. 1) but LISA cannot spot the majority of
the binaries beyond z ~ 4.

We find that, at z < 10, there are a total of O(107) near-
monochromatic sources in the frequency range of 10 Hz <
f < 0.1HZz’. As only a small fraction of these can be resolved
by LISA, we expect that the rest constitute a significant stochas-
tic GW background. It should be noted that the potential red-
shift dependence of ppy introduces additional uncertainties in
the merger rate at higher redshifts (z > 3), which is not well
probed by the PTA measurements. We leave a detailed study of
this background and its detectability with LISA for future work.

Figure 7 illustrates AEDGE and LISA prospects for observ-
ing GW events from BHs less than a day after the merger. The
expected total number of detectable events is slightly larger for
LISA than for AEDGE. Due to the different frequency ranges,
LISA can spot heavier binaries, My > 10* M, while AEDGE
can see lighter binaries, My < 2 X 10*> M. LISA could (in prin-
ciple) detect even heavier mergers, namely, of My < 108 Mo, but
since such mergers are so rare it is unlikely that LISA will see
any mergers above 10® M. The expected number of detectable
mergers peaks at 4 < z < 6 for both of the experiments. For
AEDGE, the z distribution of the detectable mergers reflects the
binary merger rate (see Fig. 1) while for LISA the z distribution
peaks at slightly lower z because the SNR of M, ~ 10* binaries
for LISA is not as high as it is for AEDGE. The lower panels
show that, for all detectors, the BH mass ratio peaks at the high-
est values. For AION-km and ET we find that the total expected
number of events per year is less than three.

We note that most of the IMBH events detectable by AEDGE
during the last day prior to the merger (see the left panels in
Fig. 7) will also have been detected by LISA during the previ-
ous infall stage, as seen in Fig. 6. This opens up prospects for

7 We emphasize, however, that there could be lower-mass BHs that are
remnants of Population III stars, which are not included in our analysis.
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using LISA data to predict when and in what direction AEDGE
will observe IMBH mergers, sharpening tests of general relativ-
ity and giving advance warnings for searches for possible multi-
messenger signals.

We caution that there are observational uncertainties in
the low mass cut-off in Eq. (6), due to the difficulty of
measuring very faint active galactic nuclei (AGNs) or inac-
tive BHs in dwarf galaxies. As mentioned above, surveys
such as eRASS and AMUSE (Miller et al. 2015) are already
constraining this low-mass region and are compatible with
the assumed cut-off, although a heavier mass cut-off may
be favored (Chadayammuri et al. 2023). This could easily be
achieved in models with modified initial fluctuation spec-
tra (Hiitsi et al. 2023).

The cut-off mass is tightly related to the SMBH forma-
tion mechanism since a BH in the halo centre cannot be
lighter than the seed that originated the growth. For a full
review, we refer to Volonteri et al. (2021). In this sense, the
cut-off we have considered assumes the existence of some
light seeds, which augment the possible GW signal. Indepen-
dently of the growth through halo merging, IMBHs can also
be born inside dense stellar media like nuclear and globular
star clusters. The growth from stellar masses happens because
of repeated encounters inside these dense environments. Esti-
mating the GW emission from such encounters is an active
field of research (Fragione & Kocsis 2018; Fragione et al. 2019;
Fragione & Loeb 2023) and their signals may contribute signifi-
cantly to the expected number of IMBH mergers.

4. Conclusions

Here, we describe the results from a model for the PTA nHz
common-process signal based on a simulation of massive BH
mergers. The magnitude of the signal depends on the merger
probability, pgy, which is a product of the probabilities that a
pair of halos contain massive BHs and the probability that they
will merge. We sidestepped the considerable uncertainties in
modeling these probabilities by fitting a mass-independent value
of ppy to the PTA signal, finding pgy = 0.17, with a factor of
two uncertainty. With this assumption, the dominant contribution
to the PTA signal is made by mergers with total masses >10° M,
and about 10% from masses <10° Mg, The PTA mergers would
have redshifts O(1) and have mass asymmetries >10.
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Fig. 7. Expected numbers of detectable GW events generated during the last day before the merger in a year of observation by LISA (left panels)
and AEDGE (right panels) as functions of the chirp mass M and redshift z (upper panels) and of chirp mass and symmetric mass ratio n (lower
panels). The merger rates assume the abundance of IMBHs described by Eq. (6) for BHs heavier than 10° M, and a universal merger efficiency

factor of pgy = 0.17 inferred from the IPTA data.

The number of mergers contributing most of the PTA signal
at frequencies O(10) nHz is limited. Consequently, the frequency
spectrum becomes quite irregular, the spectral index may devi-
ate from the analytic value of 2/3, individual mergers may be
distinguished, and there may be detectable circular polarization.
These will be interesting targets for future experiments in the
nHz range, including PTAs and SKA.

Assuming the same mass-independent value of pgy as for
the PTA signal, there would be observable signals from mergers
with total masses €(10°, 10%) My, in the LISA experiment and
from mergers with total masses €(10%,10°) M, in the AEDGE
experiment. Data from these experiments will be able to check
the accuracy of the constancy of pgy. In principle, their signals
could be even larger than our estimates if ppy is closer to unity
for masses below the PTA range, or if there is a significant GW
contribution seeded by Population IIT stars. However, a lower
value for pgy and, hence, a lower event rate cannot be excluded.
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Appendix A: Statistics of the GW energy spectrum
and circular polarization

A.1. Distribution of Qgw(f)

The GW energy spectrum arising from a population of BH
binaries can be expressed as the sum of the contributions from
individual binaries. We first consider the contribution to Qgw
coming from a single inspiralling binary:

dr
dn f

where 0 = {M_, z, f} are parameters describing the binary. The
GW energy spectrum arising from the inspiralling binary popu-
lation (or any of its subpopulations) arises from the sum of nearly
monochromatic components

- 21 PIRHP

ol
w(0) = 5 o

(A1

Qaw(H) > ) Q8000 f/1).

i

(A.2)

This approximation is valid as long as the change in frequency
over the observation period is smaller than the spectral resolu-

tion. The parameters 6; as well as Q( Gw are independent and iden-
tically distributed. Thus, the statistical properties of Qgw(f) can

be inferred from the distribution of Qm w(/f), which is given by

POQIf) = o f 5(9-9&)
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where we define the following function:
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and the spectral source density:
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We see that, for circular inspiralling binaries, the four-parameter
distribution (11) can be reduced to two functions of a single
parameter. Further reductions are unlikely, as these functions
depend on the model of the binary merger rate, which we assume
to stem from the merger rate of galaxies.

The average energy spectrum in a frequency bin (f;, fj;1) can
be obtained from

1 fi1
Qew(0; Hdl
Wl J, Cov@ndns

T
111(f,+1 117) 4 Z GW o

Qaw(f)) =
(A.6)

where the number of binaries N(f;) is drawn from a Poisson dis-
tribution with the expected value,

fis1
N(f)) = f dln fn(f),

i

(A7)

and the Q(lw are drawn from a random distribution P1(Q, H=
P(”(Qlf)n(f)/N(fj) with f € (f}, fi+1). In the following, we

suppress f;.
The moment generating function of Qgw is given by:

Maqyg,, (s) = (exp (sQcw))

];)p,v rll (exp ng‘),v))
’ . (AS8)

3 31 (Mg )

N>0
= exp [1\7 (MQ(G.& *) - 1)] .
Thus, the cumulant generating function of Qgw(f), that is,

KQGW(S) =1In MQGW(S)

= ffl dN [exp(s Q) - 1] -
;

i

(A9)

is proportional to the generating function of My (s), implying
GW
that the nth cumulant of Qgw is

fis1
Qo] = N(QU") = f an @)y

Ji

(A.10)

Therefore, the mean «;(Qgw) = (Qgw) matches the expectation
value given in Eq. (8), while the variance,
K2(Qaw) = ((6Q0w)*) = N(Qgy)) (A1)
is divergent due to the long PV(Q) o« Q2 3 tail (16), unless a
minimal distance to the closest BH binary is imposed. In partic-
ular, as we will demonstrate briefly, this long tail is preserved in
the distribution of Qgw, i.e., the higher cumulants are not dimin-
ished when summing several instances of P(Q) o« Q3

The moment-generating function Mq, (—s) is a Laplace
transform of the probability distribution. Thus as an alternative
to the Monte Carlo approach adopted in the main text, the prob-
ability distribution of Qgw(f;) can be obtained by an inverse
Laplace transform of the moment generating function given in
Eq. (A.8). It can be expressed as

1 0 : T
P(Qcw) = - f ds eV

X exp (]\7 <exp( sz“) /N) - 1>)

(A.12)

where the average is taken over the single event distribution PV,

The large N limit. — The central limit theorem (and Eq. (A.11))
dictates that when N — oo, then the distribution (A.6)
should approach a Gaussian with its relative width scaling as
Tagw /[{Qaw) « 1/ V/N. However, this is not the case when the
second cumulant diverges. Considering a generic distribution
with a tail (droping the "GW" subindex for the sake of brevity):

Q-0

POQ) cQ 3, (A.13)

where C is a constant. The second moment (Q?) diverges. We
assume that the small Q behavior is such that the first moment
QM = (QM)y is finite. The N — co asymptotic of the average in
Eq. (A.12) can then be computed by separating it into the mean
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and a term for which the expectation value can be determined by
approximating the distribution by its tail (A.13):

_ Q®
Ni{exp|—is— | -1
< p( N ) >
_ _ QM o)
=—isQW + N{exp|—is—| -1 +is—
N N

L \T4C
ind \/_”—_Cs% . (A.14)
3VN

In summary, the N — oo distribution asymptotes to

N2 _ isQW + e

P(Q) ~ (CN)’%P((CN)’%(Q - Q)) , (A.15)

where Q = NQ® denotes the expectation value of Q and

Lﬁs%)

(A.16)

T 3

eizr/ﬁ 00 .
P(x) =Re f ds exp (ie’”/ﬁxs -
0
is a universal function that is independent of the single event
distribution — all information about the latter enters through Q(
and C. This limiting case reveals a few crucial features:
1. Since P(x) ~ x> when x — oo, the power-law behavior of
the tail is preserved in the large N limit:

a CN

P 20—
Q-0)

(A.17)

2. When the number of contributing events N is increased by a
factor of A to AN, the distribution evolves as

PAN@©Q)=ATT PV (475 (Q-QU) + QW) (A.18)

3. Although the variance diverges, we can define the width of
the distribution Aq = Q, — Q_ from the confidence interval
(Q_,Q,) centred around, e.g., the median. Eq. (A.18) then
implies the scaling

Ao o« N?13 . (A.19)

So, the relative width Aq/Q will approach zero, but at a
slower pace than when the central limit theorem applies.
4. Using the method of steepest decent, we find that

Q-Q
2nCN

_ @0
N2
e 1Ny |

P (v T (A20)
implying values smaller than the mean, that is Q < Q, are
much less likely than for Gaussian distributions, as they are
suppressed by an exponent of a cube.

As an illustration, we consider a population of sources for
which individual signals follow the simple long-tailed distribu-
tion
POQ) « Q30(Q — Quuin) , (A21)
which mimics the statistics of Qgw from a realistic BH popu-
lation found in section 3.2. In Fig. A.1, we show the resulting
distributions of Q/Q if the signal consists of 10, 100, and 10°
sources. The mean is given by Q = 3NQ,. The distribution
is computed by generating random realizations of the source
populations (shown by points) and by using (A.12) (shown by
solid lines). These two approaches are in excellent agreement.
As expected, one can observe that the total signal will inherit the
long Q7572 tail from the distribution of individual sources (shown

A38, page 12 of 13
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Fig. A.1. Distributions of the total signal strengths from 1, 10, 100, and
10° sources whose independent signal strengths have identical Q% tails
(left). Distribution of P, for 1, 10 and 100 identical sources (right).
The dashed line shows the distribution from a single source, the solid
lines show the analytic estimates, and the distributions obtained from an
explicit Monte Carlo analysis are shown by the points.

by the dashed line). At large Q, the tail approaches Eq. (A.17) in
all cases, while the asymptotic (A.15) works well for N = 10°,
but predicts a slightly too wide peak for N < 10°. As predicted,
the peak gets narrower and moves closer to the expectation value,
when N is increased. We note, however, that although the shape
of the simplified distribution in Fig. A.1 resembles the distribu-
tion in Fig. 5 obtained from a model of the heavy BH binary
population, the shape around the peak in the latter depends also
on the z dependence and the binary mass distribution.

A.2. Distribution of P

Considering now the distribution of the circular polarization

PR
Z,{\il Ii

which depends on the distribution and number N of sources. We
denote the contributions from individual sources by V;, I; given
by Egs. (18-20). As above, we are working in a fixed frequency
bin and, thus, suppressing the frequency dependence in the argu-
ments of the functions.

The polarization will vanish on average, that is, at (Pgirc) =
0, but polarization measurements can provide information from
the size of the deviation from that expectation. For a single dom-
inant source, the contribution from the amplitude drops out and
we find

Pcirc = (A22)

dcy(1 + )

b A.23
1+ 605 + cg ( )

circ =

where ¢y = cos(d). The corresponding probability distribution
is shown as the dashed curve in Fig. A.1 and can be seen to be
dominated by the region |Pire| = 1.

If the signal is dominated by several sources, the analytic
treatment of P, is complicated due to correlations between V
and /. The mean and variance of / and V are given by

4,00
= g(lhl )s (V)=0,

(A24)
284 92

617y = ——(GIhP)?), (6V*) = ——((GIhP)?),
(or1°) 315((II)) A% 105<(||)>
where we used the fact that the inclination is independent of
other parameters of the binary and the fluctuations in |A]*> are
computed as in (A.11). The latter is expected to be large. To
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estimate the fluctuations in $ in the limit when the number
of sources is large, we first assume that / can be replaced by its
average over inclinations (I)y = (4/5) 3; |h;|2, but not over signal
strengths, so that

N
Poe ¥ VI = Y Pifv(ea). (A.25)
i=1

where p; = (4/5)|hil>/{I}y € [0, 1] is the fractional contribution
to the signal from source i and fy(cg) = (5/4)co(1 + cg) contains
the inclination dependence of V. In this way, it is possible to
contain the effect of the large fluctuations in (/) in the random
fractions p;, which vary only in the range [0, 1]. We find:

(OP2e) = gzvqpﬁ (A.26)
‘We note that N(Ip,-|2) takes values in the range [1/N, 1] and could
be interpreted as a measure of the effective number of domi-
nant sources 1/Ngom. For instance, in the limiting case where the
signal is sourced by N binaries that contribute equally, that is,

pi = 1/N, we would obtain

op,. =117/VN,

cire

(A.27)

as also stated in Eq. (22). In the right panel of Fig. A.1, approx-
imate Gaussian distributions with a width given by (A.27) and
shown as solid lines are compared to distributions obtained from
explicitly generated random populations of P, arising from
exactly 10 and 100 sources of equal strength (shown by points).
We see an excellent agreement between the naive Gaussian
approximation and the Monte Carlo estimate already for N = 10.

Finally, we remark that the approximation (A.25) above can
be improved by expanding Pgir. in 81 = I — (I), that is, Peire =
VI{I)g(1=61/{I)e+...). This allows us to account for correlations
between V and 41, for instance, when computing the variance
(A.26),

115 2855
5P Y = —N{pily = —=N{p;’) + ...
(0P o {pil™ 1386 {pil’y +
The corrections arising from higher powers of §1/(I)y are sup-
pressed by increasing powers of 1/N.

(A.28)
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The NANOGrav and other pulsar timing arrays (PTAs) have recently announced evidence for nHz
gravitational waves (GWs) that may originate from supermassive black hole (SMBH) binaries. The spectral
index of the GW signal differs from that predicted for binary evolution by GW emission alone, and we show
that environmental effects such as dynamical friction with gas, stars, and dark matter improve the
consistency of the SMBH binary model with the PTA data. We comment on the possible implications of
environmental effects for PTA observations of fluctuations in the GW frequency spectrum and

measurements of GWs at higher frequencies.

DOI: 10.1103/PhysRevD.109.L021302

Introduction. Several ongoing pulsar timing array (PTA)
projects—the North American Nanohertz Observatory for
Gravitational Waves (NANOGrav), the European PTA,
the Parkes PTA, and the Chinese PTA—have recently
released their latest data [1-4]. Most importantly, the
NANOGrav Collaboration has found evidence [5] in
NANOGrav 15-year (NGI15) data for the Hellings-
Downs quadrupolar correlation [6] (see also [4,7,8])—a
key characteristic of gravitational waves (GWs)—in
the common-spectrum process observed previously by
them [9] and other PTAs [10-12]. This is a landmark in
GW astronomy, of significance comparable to the first
indirect detection of GWs emitted by binary pulsars [13]
and the first direct observation of GW emissions from
stellar-mass black hole (BH) binaries [14]. This discovery
of a nHz stochastic GW background opens a new window
on astrophysical processes that were previously unob-
served. We assume here that the origin of the PTA signal
is a population of supermassive black hole (SMBH)
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binaries (see also [15,16]) and explore the astrophysical
implications of this possibility.

Accretion around SMBHs drives active galactic nuclei
(AGNs) and is thought to play a role in the formation of
SMBH binaries [59,60]. At an early stage, the binary
evolution is driven by dynamical friction with gas, stars,
and dark matter [61]. However, a prerequisite for SMBH
mergers is the formation of tightly bound binaries that can
radiate GWs efficiently. It is not yet understood how this
stage of SMBH binary evolution is reached, an issue
commonly known as the “final parsec problem” [61]. If
the binaries can overcome it, an important source of
evolution at subparsec scales is energy loss via GW
emission until it is the main driver of the evolution close
to merging. SMBH binaries driven only by GW emission
are naively expected to produce an almost flat background
with a spectral index y = 13/3 [62]. The recent NG15
data [5] on GWs, although compatible with this value at the
99% CL, prefer a lower value of y. This hints that the GWs
may be emitted by SMBH binaries that are experiencing
additional energy loss via environmental effects, which

'Numerous interpretations of the NANOGrav 12.5-year
data [9] based on cosmological sources have been put forward,
including cosmic strings and domain walls [17-27], first-order
phase transitions [28-37], and primordial fluctuations [38-57].
Many of these models with a spectral slope y > 13/3 are
disfavored by the current data [58], for instance, cosmic strings
or primordial black hole seeds for SMBHs.

© 2024 American Physical Society



JOHN ELLIS et al.

PHYS. REV. D 109, L021302 (2024)

might be related to whatever dynamics overcomes the final
parsec problem.

In this Letter, we follow [63] in using the extended Press-
Schechter (EPS) formalism to estimate the SMBH binary
formation and merger rates. We go beyond [63] by
including scatter in the SMBH-halo mass relation and by
modifying the evolution of the SMBH binaries to include
energy loss via environmental effects as well as GWs. Our
analysis improves existing SMBH interpretations [15] of
the NG15 data by accurately modeling the long-tailed
statistical fluctuations in the GW spectrum without relying
on Gaussian approximations. We find that the best fit to the
NGI15 data [5] is given by a phenomenological model of
SMBH binary evolution that includes environmental
energy loss, with a log-likelihood difference of 10 com-
pared to purely GW-driven evolution, and hence is favored
by more than 2¢. Within this framework, we find that the
efficiency for the production of SMBH mergers pgy is
probably quite high and close to the maximal allowed
value. These results provide important constraints on
astrophysical scenarios for the interlinked dynamics of
SMBHs and their host galaxies, and suggest promising
rates for observing mergers of lower-mass BHs in detectors
sensitive to GWs with higher frequencies.

SMBH background with environmental effects. The mean
of the GW energy density spectrum generated by a
population of SMBH binaries can be estimated as [62]

1 dogw 1

vt =) dn s ‘pc/dl
where D; denotes the source luminosity distance,
dEgw/d In f, gives the energy emitted by the source
per logarithmic frequency interval, and f,=(1+2z)f
denotes the frequency in the source frame, i.e., at the time
of emission. The differential BH merger rate in the observer
frame is

1 +z dEgw
4zD¥*d In f,’

(1)

1 dV, dRgy
14z dz dMdy’

d = dMdndz 2)
where M denotes the binary chirp mass, # its symmetric
mass ratio, V. the comoving volume, and Rpy the
comoving BH merger rate density. It is given by

dRBH / dRh
= My, dMdM ) ———F—
dmydm, peu(my, my, z) 1 sz]sz
X pocc(ml‘Ml-Z)pocc(m2|M2’ Z)’ (3)

where m; , are the masses of the merging BHs, M , are the
masses of their host halos, R}, is the halo merger rate that we
estimate with the EPS formalism [64-66], and ppy <1
combines the SMBH occupation fraction in galaxies with
the efficiency for the BHs to merge following the merging
of their host halos. For simplicity, we assume a constant
value for ppy, which we treat as a free parameter to be

determined by fitting the NG15 data. As the GW back-
ground arises from a relatively narrow range of SMBH
masses and redshifts, we expect that extending the para-
metrization by letting pgy vary would have a minor effect
on our conclusions. The halo mass-SMBH mass relation
is encoded in p, that is the probability distribution of the
SMBH mass.” We model the spread in the mass relation with
a log-normal distribution:

1 1
Poce(m|M, 2) = \/Z_rcmaexp |:_
with log,o(m/My) = 8.95 + 1.4log,y(M,/10''"My) and
o = 1.1 following the fit to observations of inactive galaxies
in [67,68], and relate the stellar mass M, to the halo mass
M., using the fit provided in [69]. The effect of using the fit
to AGN and not including the scatter is discussed in the
Supplementary Material [70].

The GW spectrum from an inspiraling binary is
determined by its orbital evolution, and following
NANOGrav [5] we assume circular binaries. The eccen-
tricity of the orbits (considered, e.g., in [78]) would affect
the GW spectrum by introducing higher harmonics,
increasing the total power emitted in GWs, and modifying
the frequency spectral index [79]. However, big eccen-
tricities e > 0.9 would lead to an attenuation of the back-
ground due to the acceleration of the binary inspiral [80].

The binary may lose energy through a combination of
GW emission and dissipative environmental effects:

E= _EGW - Eenw (5)

where the dot denotes differentiation with respect to time.
This energy loss causes orbital decay and growth in the
orbital frequency. SMBH binaries are thought to go through
several stages as they harden, starting with dynamical
friction, followed by hardening due to close stellar encoun-
ters with stars populating the so-called ‘“loss-cone”
orbits [81], and finally, dissipation caused by viscous drag
due to circumbinary gas disks [61]. The crossing of the
final parsec is determined mostly by these last two effects,
with the latter being the dissipation mechanism that is
commonly thought to remain active after the GW emission
has become significant (see, e.g., [82—84]), thus leading to
faster binary hardening compared to the GW-only case.
The impact of the gas is not fully established;
e.g., [85,86] argue that accretion from circumbinary disks
might have quite the opposite effect; instead of hardening
the binary, it might lead to the expansion of the orbit. More
recent work predicts, however, inspiraling for more realistic
cooler, thinner disks [87], nonzero eccentricities [88], and
unequal masses [89]. Any slowing of the infall of binaries
contributing in the low-frequency bins would worsen the

2Compared to Eq. (5) of Ref. [63], the normalization of p,. is
absorbed into ppy.
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SMBH fit, whereas extra dissipation improves it, as we
show below.
The characteristic timescales for the above processes are

lcnv = ‘E‘/ECHV7 (6)

where 7= (5/256)(xf,)"83 M=/ denotes the coales-
cence time of the binary assuming GW emission alone.
The effective timescale for the binary evolution is then
5k = 1gh + o). Since the binding energy of the binary is
E = —(nf,)*>M>?3/2, where f, is the frequency of the
emitted GW, it follows that

tow = |E|/Egw = 4r.

dIn fr 3 1 tGW
=Zrh (1 , 7
=1+ ™)
and thus,

= == . 8
dln f, dt dlnf, 31+ 1tw/leny ®)
When gy < t,,y, we obtain the usual spectrum for
GW-driven coalescence. As the PTAs observe only a
narrow range of frequencies, environmentally driven decay
can be approximated by

Leny < f, )“1+"Z In f,/fow+

- : ©)

Iow Sfaow

where fgw denotes a reference frequency above which GW
emission becomes dominant, and a,, are coefficients series
expansion of In 7., /fgw in In f,. At leading order, we can
drop a,.; terms and define a; = a, so that the environ-
mental effects are parametrized by a power-law dependence
on the orbital frequency (cf. [90-93]) and choose’

M\
109MO> ' (10)

fGW(Mv , Z) = fref(
where f ¢, @ > 0 are phenomenological parameters that we
constrain with the NG15 data (we note that 7., increases
with f, if a > 8/3). Depending on the environmental
mechanism for orbital decay, the range f = 0.2-0.8 has
been considered in the literature [90,91,93]. Following
Ref. [93], we fix f = 0.4. As the signal is generated by
binaries in a relatively narrow BH mass range, we expect
our results to be only weakly dependent on f.

Analysis. As reported by NANOGrav, a power-law fit of the
form Qgw = A(f/fyr)s‘y excludes the y = 13/3 scaling
naively expected for a background of SMBH binaries
whose evolution is driven by GW emission at the

*This parametrization of the environmental effects does not
account for the ratio between the masses of the components of the
binary. However, the majority of the binaries are expected to have
mass ratios close to unity [63]. An analogous power-law model
was used in the NANOGrav analysis [5].
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FIG. 1. The best-fit GW energy density for GW-driven binaries

(left) and GW and environmentally driven effects (right), com-
pared to the best power-law fit to the NG15 data (orange). The
mean energy densities (1) are shown as full lines, and the most
probable values as dashed lines, and in each case one random
realization is shown in red and the 95% CL ranges are shaded.
The gray curve shows the NG15 upper limit on signals from
individually resolvable binaries [94].

95% CL.* However, as shown in Fig. 1, due to the
stochastic nature of the signal, the power law fails to
capture many of its properties, and it could differ signifi-
cantly from any one particular realization of the back-
ground. Moreover, due to the environmental effects, even
the mean GW background is not a simple power law.
Therefore, we use the full information provided in [5] for
the probability distribution functions at each frequency bin
P (Q, f;) represented by the orange “violins” in Fig. 6 of
Supplementary Material [70].

Following [63], we generate Monte Carlo realizations of
the stochastic GW background using the same frequency
binning as the NANOGrav Collaboration, f;. A realization
of the SMBH background in a specific frequency bin is
given by

Loy
Qew(f)) = TG > Qon@). (1)
J 77 k=1

where 5,, ={M,z,n,f} denotes the parameters of a
binary, and N(f;) is drawn from a Poisson distribution
determined by the expected number of binaries N(f;) =
ffe o) dAdz contributing to each bin. The contribution
from an individual binary emitting at some frequency is

1 - l+z dE
Ui 10 = =1 (12)

To decrease the computation time, rather than generating
realizations of the binary population, we instead generate
values of Qgyw(f;) directly. Assuming that there are no
correlations between the frequency bins, i.e., no binaries
cross between bins during the period of observation, the

‘As a consistency check, we repeated our analysis for a
power-law ansatz and reproduced the posteriors reported by
NANOGrav [5].
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statistical properties of Qgw(f) can be inferred from the
distribution of Qg\))v (f.6,), which is given by’

dr
dln f,

P(1>(Q|f,5f)cx/d/1' s@-al). (13)

and depends only on the parameters of the merger rate and
binary evolution éf = (P> & B, fret)-

Finally, the distribution P(Q|f;,6,) of the total GW
energy density (11) in each bin is estimated by dividing
the signal into two pieces: the signal from the strongest
sources and the rest (see the Supplementary Material [70] for
details). The first component is modeled using a Monte Carlo
approach simulating 4 x 10° realizations of the signal from
these strong sources using single event distributions (13).
The rest of the signal follows a narrow Gaussian distribution
and can be simply modeled by its average. The probability
distribution of Qg (f ;) possesses along tail which it inherits
from P(.° Such long tails are expensive to resolve with the
Monte Carlo approach, so we use P() to construct the large Q
tail analytically. This improves the statistical modeling of
Qgw(f;) at large amplitudes for which a single source is
expected to dominate the signal. We represent the probability
distributions of Q with and without the environmental effects
for the best-fit parameter values in Fig. 6 of Supplementary
Material [70] by the green and blue violins.

Our approach provides an accurate and fast’ way
of resolving the distribution P(Q|f;,6;) of spectral fluc-
tuations in each frequency bin. This makes it feasible to
perform accurate scans over a wide range of model
parameters 5f, and is thus a step forward from earlier
analyses that relied on Gaussian process interpolation for
SMBH population synthesis [15] or a relatively small
number of realizations of the full SMBH population [78].

The likelihood of a given model 0y is

18 [ [ a@ru(ri@p@ir.dy. (4

where the effective number of variables of éf depends on
the hypothesis made for the population: If the energy loss
due to GW emission dominates—corresponding to very
slow environmental energy loss (f,, — co)—the only
parameter is ppy, Whereas environmental energy loss is

The binary inclination can be exactly accounted for by
including the inclination-angle-dependent prefactor in Qg&, and
integrating over the inclination angle in P("). We have checked that
including the inclination angle in P(!) has a negligible effect, and
thus we use the inclination angle averaged ng)v

®It asymptotes to P(Q|f, 0r) ~ Q7 as Q — oo, thus implying a
divergent variance [63]. R

"It takes O(1) seconds per bin to compute P(Q|f;.6;) on an
Apple M1 Pro 8-core processor.
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FIG. 2. The NG15 data on the energy density of GWs Qgw
(shown in orange) compared with the best fit assuming energy
loss by GWs only (shown in blue), and the best fit including also
energy loss by the environmental effects (shown in green). The
posteriors for the parameters of the fits are shown in Fig. 3.

characterized by two additional parameters, f.; and a.
Finally, to compare the fits, we define the likelihood ratio

maxérl(éﬂH,)

(15)

max

max;, 1(6,|H) '

Results. We see in Fig. 2 that the NG15 data (shown in
orange) are better fitted by the model including environ-
mental effects (shown in green) than by the model where
binaries evolve purely by emitting GWs (shown in blue). In
particular, the fit including environmental energy loss
captures better the dip in the lowest frequency bin at
f =2 nHz, whereas the GW-driven model has to balance
the tilt by lowering the overall merging efficiency. We note
that suppression of the signal at low frequencies is expected
also when the binaries are eccentric [95].

We find that the best-fit value of the merging efficiency in
the case of purely GW-driven binaries is pgy = 0.07f8_‘8§,
where the uncertainties are reported at the 68% CL. For the
model including environmental effects, the fit prefers
largervalues of ppy. In this case, we show in Fig. 3 the
two-dimensional marginalized projections of the three-
dimensional parameter space featuring the 68%, 95%,
and 99% CL regions with different shades of green and
the best fit as a white dot. The marginalized distributions of
the three parameters are also shown. The best-fit values are
Py = 0.84, a = 2.0, and f.; ~ 34 nHz. We note, how-
ever, that there are significant correlations between the
parameters, and the marginalized probability distributions
are broad and asymmetric. The preferred value of a is
consistent with previous model estimates and the value
a = 8/3 for which t.,, would be frequency independent.
The central value of f,; corresponds to the apparent break
in the spectral index seen in Fig. 6 of Supplementary
Material [70].

The model that includes environmental effects gives a
larger best-fit likelihood but also has more parameters,
namely, (ppy, @, fret). The likelihood ratio with respect to
the best fit for the purely GW-driven binaries (i.e., the limit
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FIG. 3. Fit of the SMBH binary model with environmental
effects parametrized by f.; @, and ppy to the NG15 data [5],
for f=2/5.

frer = 0) corresponds to Ay? ~—210g7p = 11. In a
Gaussian approximation, since the difference in the number
of degrees of freedom between the hypotheses is 2, the
model including environmental effects is favored over the
model with pure GW evolution at the 26 CL.

‘We note that the lower bound on Qgy in the eighth bin at
f =16 nHz is relatively high. Large upward fluctuations
are a feature of the long-tailed distribution of the GW
spectra from SMBHs [63] and are not penalized heavily in a
likelihood analysis. Relatively nearby SMBH binaries can
generate such peaks. Specifically, the best fits for the GW-
only and GW + environment models shown in Fig. 1
predict that 0.44 and 0.85 SMBH binaries are expected
to be resolved with the current NANOGrav sensitivity,
respectively. Intriguingly, we find that in both cases the
individually resolvable binaries are most likely to be
found in the 4-7 nHz frequency range, which coincides
with a potential monochromatic GW signal seen by
NANOGrav [94] and EPTA [96].

Discussion. The PTA results open an exciting new way to
probe the environments of SMBH binaries. We show in
Fig. 4 the effective timescales for the evolution of the
binaries that best fit the NG15 data. We see that at the
smallest radii, the binaries evolve by emitting GWs,
whereas at larger distances the binary timescales are close
to being flat. This suggests that at these distances the main
mechanism driving binary evolution is viscous drag.
Simulations show that in this regime the combination with
other effects, e.g., loss-cone scattering as well as GW
emission, leads to a distribution that is close to flat,
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FIG. 4. Effective timescales . for fits to the NG15 data shown
as functions of the separations at which binaries are emitting
GWs in the NANOGrav band (1-30 nHz), and for chirp masses
Me(10%,10')Mg, which is the range found in [63] to
dominate the stochastic GW background. The dashed lines are
for energy loss by GWs alone, and the shaded regions are those
favored at the 68% CL for a combination of energy loss by
environmental effects and GWs. The two lower lines are
computed with a < 4 and a < 6 as priors.

although the uncertainties are large. In general, we find
that the phenomenological fit is consistent with the
expected evolution of binaries in galactic environments.

As discussed in [63], although there are large uncer-
tainties, extrapolation of the model predicts that GWs from
mergers of lower-mass BHs should be observable in the
higher frequency ranges where the LISA mission [97] and
proposed atom interferometers such as AION [98] and
AEDGE [99] are most sensitive, as well as other projects
targeting the dHz frequency band [100,101]. LISA would
be most sensitive to mergers of BHs with masses
(10%,10")Mg and AEDGE to the (10% 10°)M, mass
range. Observations of binaries of such intermediate-mass
BHs could cast light on the mechanism for the assembly of
SMBHs as well as probe strong gravity in a range beyond
the reach of terrestrial laser interferometers. To the extent
that the results of this Letter suggest a high merger
efficiency pgy ~ 0.5, the merger rates might be greater
than was estimated in [63], improving the prospects for
seeing inspiraling intermediate-mass BH binaries by LISA
and AEDGE to O(10%) and by km-scale terrestrial atom
interferometers to O(10).
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Abstract

The process whereby the supermassive black holes (SMBHs) populating the centers of galaxies have been
assembled remains to be established, with the relative importance of seeds provided by collapsed Population III
stars, black holes formed in nuclear star clusters via repeated mergers, or direct collapses of protogalactic disks yet
to be determined. In this paper we study the prospects for casting light on this issue by future measurements of
gravitational waves emitted during the inspirals and mergers of pairs of intermediate-mass black holes (IMBHs),
discussing in particular the roles of prospective measurements by LISA and the proposed atom interferometers
AION and AEDGE. We find that the expected number of detectable IMBH binaries is O(100) for LISA and
AEDGE and O(10) for AION in low-mass seeds scenarios and goes down to O(10) for LISA and below one for
AEDGE and AION in high-mass seed scenarios. This allows all of these observatories to probe the parameters of
the seed model, in particular, if at least a fraction of the SMBHs arises from a low-mass seed population. We also
show that the measurement accuracy of the binary parameters is, in general, best for AEDGE, which sees very

precisely the merger of the binary.

Unified Astronomy Thesaurus concepts: Intermediate-mass black holes (816); Gravitational waves (678);

Cosmology (343); Supermassive black holes (1663)

1. Introduction

Most galaxies contain supermassive black holes (SMBHs)
heavier than 10° M., (Kormendy & Ho 2013), and the existence
of black holes (BHs) with masses between a few and ~80 M, has
been established by observations of X-ray binaries (Remillard &
McClintock 2006) and by the measurements of gravitational
waves (GWs) with frequencies ~100Hz emitted during their
mergers (Abbott et al. 2019, 2021a, 2021b). Various other
observations point to the existence of intermediate-mass black
holes (IMBHs) with masses in the range 10%-10° M., but their
mass function and redshift distribution is known only very
poorly (Greene et al. 2020). This lack of information about
IMBHs impedes our understanding of how SMBHs have been
assembled (Reines 2022).

The main possibilities for seeding SMBH assembly include
collapsed Population III stars (Madau & Rees 2001; Bromm &
Loeb 2003), BHs formed in nuclear star clusters via repeated
mergers (Atakan Gurkan et al. 2004; Portegies Zwart et al.
2004; Natarajan 2021), or direct collapses of protogalactic
disks in which fragmentation is suppressed (Sesana et al. 2004;
Begelman et al. 2006; Mayer et al. 2007; Volonteri et al. 2008;
Tanaka & Li 2014; Inayoshi et al. 2015; Izquierdo-Villalba
et al. 2023). All of these mechanisms are capable of
reproducing the properties of the observed SMBH population
for suitable values of assembly parameters, such as accretion
rates, but can differ significantly in their predictions for the

Original content from this work may be used under the terms

5 of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

spectrum of IMBH mergers at different redshifts; see Volonteri
et al. (2021) for an overview. Signatures of these mechanisms
may include either light seeds, with masses ~10°-10°> M, or
heavy seeds, with masses ~10°-10° M, at z < 10. These are
currently unconstrained by data, but can in principle be probed
by future GW and other measurements (Sesana et al. 2011;
Hartwig et al. 2016; Krolik et al. 2019; Mangiagli et al. 2020;
Volonteri et al. 2020; Haidar et al. 2022; Dong-Pédez et al.
2023).

The purpose of this paper is to investigate what progress can
be made in distinguishing between the SMBH assembly
scenarios with planned future GW experiments at frequencies
larger than 0.1 mHz in light of recent data on nHz GWs from
pulsar timing array (PTA) experiments, highlighting the
potential capabilities of atom interferometers. Whereas PTAs
are sensitive to the early inspiralling phase of the SMBHs
heavier than 10°M_, the future GW experiments will probe
directly the infalls and mergers of binaries lighter than 10’M....

NANOGrav (Agazie et al. 2023a) and other PTA
experiments (Antoniadis et al. 2023a; Xu et al. 2023; Zic
et al. 2023) have recently reported the observation of a
stochastic background of GWs at frequencies in the nHz range,
for which the most conservative astrophysical interpretation is
that binary systems of SMBHs are emitting them with masses
~10° M., (Agazie et al. 2023b, 2023c; Antoniadis et al. 2023b;
Ellis et al. 2023). Naive extrapolation of binary merger models
to lower BH masses suggests that GWs from IMBH binaries
may be observable at higher frequencies between 0.1 mHz and
1 Hz, for example by the LISA spaceborne laser interferometer
experiment or atom interferometer experiments (Ellis et al.
2024). In principle, there are two regimes where the formation
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channels of the SMBHs may be distinguished. Either at z > 7
when the seeds are assembling and scaling relations are not that
strong (Treister et al. 2013; Ricarte & Natarajan 2018a), or by
observing the low-mass occupation fraction of dwarf galaxies
and dark matter halos at more recent times (Ricarte &
Natarajan 2018b; Volonteri et al. 2021). The extrapolation to
higher frequencies of a model that can fit the NANOGrav
background (Ellis et al. 2023) predicts that the majority of
detectable binaries will be at z < 7, so the focus of this study is
to constrain the latter. Our work complements analogous
studies that have been performed with electromagnetic
observations of active galactic nuclei (AGNs; Kelly &
Shen 2013; Miller et al. 2015; Gallo & Sesana 2019;
Chadayammuri et al. 2023).

To extend these observations to the GW spectrum and establish
a multimessenger signal, we estimate how well the spaceborne
laser interferometer experiment LISA (Amaro-Seoane et al. 2017)
and the atom interferometers AION-1 km (Badurina et al.
2020, 2021) and AEDGE (El-Neaj et al. 2020; Badurina et al.
2021) could recover the occupation fraction and the weight of the
different channels contributing to the formation of the SMBHs.”
Our approach is to generate populations of the IMBH binaries,
estimate how well the binary parameters could be recovered,
and then construct posteriors for the parameters of the merger
rate. To extend the deduced merger rate from the NANOGrav
observations, we assume that the scaling relation extends to
lower masses in a light-seed scenario. Although there is
evidence for this assumption (Baldassare et al. 2020), there
is no consensus among simulations and semianalytical
models (Fontanot et al. 2015). However, under this assumption,
we predict that laser and atom interferometers will be to place
new and competitive constraints after their first years of
observation, shedding light on the origin of SMBHs.

2. Model

We use the extended Press—Schechter formalism (Press &
Schechter 1974; Bond et al. 1991; Lacey & Cole 1993) to
estimate the rate R, of coalescences of galactic halos of masses
M, ». Assuming conservatively that each of the halos includes
at most one BH and that the BHs merge with the halos with
probability pgy (Ellis et al. 2023), the merger rate of BHs can
be written as

dRgn(pgy» 0)

= dM,dM.
dmldmz Peu f ! ?
dRh
X — mi|M;, z, ), 1
M, _;1_1[,2 Poce (mj|M; ) )]

where pocc(mpu|M,, z, 0) is the occupation fraction of BHs of
mass mpy in halos of mass M, at redshift z, and the
mechanisms for SMBH formation are characterized by a set
of parameters 8. We fix the value of the merging efficiency pgy
to 0.84, which corresponds to the best fit of the SGWB
measured by the NANOGrav collaboration (Ellis et al. 2024).
This fit was obtained by including environmental effects on the
binary evolution. Such effects are preferred by the fit but will
not affect the binaries at the frequencies considered in this
study.

7 See also the related discussion of the capability of the proposed TianQin

experiment in Wang et al. (2019).
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We model the occupation fraction poc.(mpu|M,, z, 8) by a
sum over different SMBH seed channels:

p;(mgy, 6) In (mpp/m)>
mgulM,, 2, 0) = ) ~————exp| -—————— |,
Poce (ma ) Z, V2rmgno 20°

@

where the lognormal distribution parameterizes the halo mass—
BH mass relation and p; parameterizes the low-mass cut of the
massive BH population. We compute the latter by using the
observed halo mass—stellar mass relation M, (M,) (Girelli et al.
2020), the mean stellar mass—BH mass relation obtained from
observations of inactive galaxies8 (Kormendy & Ho 2013; Reines
& Volonteri 2015), log, (/M) = 8.95 + 1.4log,,(My/10''M),
and the observed scatter of o= 1.1 in the latter.’

At low redshifts, z < 7, different SMBH seed scenarios are
reflected in differences in the low-mass end of the occupation
fraction. This is accounted for by the functions p(mgy, 6;) for
which we consider the following parametric form:

pi(mBH! 0) = Q(l + erf[lOglO(mBH/mcut‘,-) ]) 3)
' 2 wj

with the parameters 6; = (f;, Mcy» w;), where f; is the fraction
of SMBHs produced by a given mechanism j, mcy
characterizes a cut on the minimal SMBH mass, and w; is the
spread with which the minimal-mass cut is applied.'® We fix
>_f;=1. The function p; is shown in the left panel of Figure 1
for different values of m., and w. In the following analysis, we
consider two cases: (1) a one-component model where the
SMBH population arises from one seed population and (2) a
two-component model that includes a population arising from
light seeds, e.g., BH remnants of Population III stars, and a
population arising from heavy seeds, e.g., BH nuclei of
protogalaxies. We show an example of the occupation fraction
Poce in the latter case in the right panel of Figure 1."!

We emphasize that the above estimate of the BH merger rate
is subject to various uncertainties. In particular, we neglect the
additional delays related to the binary evolution following a
halo merger (Hao et al. 2024) as well as possible difficulties for
the SMBH to shrink to the galactic cores in dwarf
galaxies (Dayal et al. 2020; Dunn et al. 2020), and we
extrapolate the halo mass—BH mass relation to much lower
masses than where it is currently measured. However, since our
goal is mainly to illustrate and compare the capabilities of
LISA, AION, and AEDGE, a detailed discussion of overall
uncertainties is beyond the scope of this work.

8 Another measurement of the stellar mass—BH mass relation comes from

AGN observations. As discussed in Ellis et al. (2024), this relation might not
reflect the full low-z massive BH population but only its low-mass tail.
Notice that we use the lognormal distribution in Equation (2), so this scatter
corresponds to 0.47 dex as in Reines & Volonteri (2015).
10 qualitatively similar parameterization of the occupation fraction was
adopted in Miller et al. (2015) and in Chadayammuri et al. (2023) for studies of
SMBH seed models with electromagnetic observations of AGNs.
! There may be other BH binary populations that can complicate the searches
of the population related to the assembly of SMBHs. In particular, IMBH
binaries may form in dense stellar clusters (Rasskazov et al. 2020; Fragione
et al. 2022). The merger rate of this binary population, however, depends
differently on redshift than the merger rate we consider and may become
relevant only at z < 1.
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Figure 1. Left panel: the low-mass cut on the massive BH population for different values of i, for w = 1 (solid) and w = 2 (dashed). Right panel: the halo mass—BH
mass relation. The color coding shows the BH occupation fraction p,. as a function of the halo mass M, and the BH mass mgy for a scenario with f; =f, = 0.5,

wy =wy =1, mgy = 100 M, and mey > = 10° M....

3. GW Data Analysis

For each specific SMBH formation model, characterized by
the parameters 8, we generate n Monte Carlo (MC) realizations
of the expected binary populations using Equation (1). The
number of binaries N; in any given MC realization follows a
Poisson distribution whose mean is the expected number N (0)
of detectable binaries during one year of observation. The latter
is given by

NO) = [ dr [drO0.3) pil(S/N/(S/N G, 7). )

where S/N(x) is the signal-to-noise ratio of the GW signal from
a binary with parameters x in an optimal source-detector
system for a given GW detector, p,,, is the detection probability
that accounts for the source location and orientation (Finn &
Chernoff 1993; Gerosa et al. 2019), and S/NC =8.

To characterize how well the parameters of the formation
mechanism can be measured, we compute the likelihood for
each of the MC realizations (Mandel et al. 2019; Hiitsi et al.
2021):

N
£0) x e VO [ f AN(O, x) P, (xi[x), o)
i=1

where x; = (m, ;, my;, z;) are the parameters of the ith binary in
the generated population, x = (m,, m,, z) are the integration
variables and

1 dV. dRgu(pgy. 0)
1+2zdz

d\(0, x) = dmydm, dz. 6)

dmydm,

The distributions p,(x;|x) account for the accuracy with
which the parameters of the binary i can be measured. We
assume that p;(x;|x) follows a multivariate Gaussian distribu-
tion centered around the true values x; and estimate the
covariance  matrix  from the Fisher information,
Yulx) = F;,l(xi). Finally, we compute the expected likelihood

as
1 n
HOEESNAC) )
niZ

and use that to estimate the expected accuracy at which the
model parameters 0 can be measured.

We express the optimal S/N and the Fisher matrix I',(x) of a
signal as (Poisson & Will 1995)

S/N(x) =  (h(x)|h(x))

Lu(x) = (0xh(x)|0h(x)), ®)

by defining the inner product of two complex functions a(f)
and b(f) as

a"(Hb) + b*(Half)
Su(f)

where 7 denotes the observation time and S,(f) is the noise
power spectral density of the considered GW experiment. The
partial derivatives in the Fisher matrix are taken with respect to
the parameters of the template. We take into account the binary
component masses m; and m,, its redshift z, the phase of the
GW signals ¢, and its coalescence time 7, but not the binary
sky location or inclination, over which we simply average. To
estimate the Fourier transform of the GW strain, /(x), we use
the inspiral-merger-ringdown template (Ajith et al. 2008).

fa=7)
(a(Hlb(p) =2 j; Lo O

4. Results
4.1. Binary Population

We perform the analysis for LISA, AEDGE, and AION-
1 km. As can be seen in the left panel of Figure 2, LISA is
expected to observe more binaries than AEDGE. For low-mass
seed scenarios, this difference is small but it grows with
implying that LISA will perform much better than AEDGE for
heavy-seed scenarios. In particular, the expected number of
binaries observable with AEDGE is less than one for heavy-
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Figure 2. Left panel: the expected numbers of binaries detectable by AION-1 km, AEDGE, and LISA during 1 yr of observation, as functions of m,. The solid curves
show all detectable binaries whereas the dotted curves show only those for which the last 1 minute of the merger is seen. Middle and right panels: explicit examples of
the detectable binaries for a light-seed and a heavy-seed scenario. The sizes of the dots are o< In[S/N~] with the minimum size corresponding to S/N = 10* and the

maximal to S/N = 10. The darker dots correspond to binaries for which the last 1 minute of the merger is seen.

seed scenarios with mcy > 10° M@.12 For Figure 2 we have
fixed the width of the mass cut to w = 1, but we have checked
that small changes to w do not alter significantly these results.
Focusing on binaries that can be observed within 1 minute of
the merger, the number of events for LISA is reduced to only
approximately five events for the light-seed case. In the heavy-
seed case, LISA will not see the last 1 minute of the binaries if
Myt > 10° M. On the other hand, AEDGE would detect most
of the binaries until within 1 minute of the merger, except for
those with M. < 100 M. AION-1 km has a similar range to
AEDGE but, because it has less sensitivity, the number of
events is decreased to around 10 if m ~ 102M® and further
reduced to one event on average for 2 x 10* M.,

An explicit realization of the binary population in a light-
seed scenario with (mgy = 10? M) is shown in the middle
panel of Figure 2, and in a heavy-seed scenario with
(Mewe = 10° M) in the right panel of Figure 2. We see that
AEDGE and, to a lesser extent, AION-1 km will probe IMBH
binaries over a range of masses that are too light for LISA,
covering the mass range covered by terrestrial laser inter-
ferometers from M, < 100M, to ~10* M. LISA, as
expected, will probe heavier binaries up to M, ~ 107 M.
The types of events each experiment can detect are quite
different. Considering the final stages within 1 minute of a
merger, AEDGE binaries can explore the range
M € (10>-10*) M, out to redshifts z ~ 7. LISA, on the other
hand, observes only the last minutes of heavier binaries with
M € (10*-10% M,, and z < 4. Finally, AION-1 km will detect
a handful of events for m, < 10* M., at low redshifts, z < 4,
and mainly in the (103°~10%) M, mass range, mostly in the last
moments before the merger.

4.2. Binary Parameters

In Figure 3 we display the accuracies with which LISA,
AEDGE, and AION-1km can measure the binary parameters
for two representative choices of the binary component masses,
a lighter binary with (m,, m,) = (500, 300) M., (upper panels)

12 We have cut the AEDGE sensitivity at 0.01 Hz. Depending on the orbit of
the satellites, the Newtonian gravity backgrounds may affect the sensitivity at
frequencies below that (Hogan et al. 2011). If these backgrounds do not affect
the sensitivity, the expected number of binaries for AEDGE will increase
significantly, especially in the heavy-seed scenarios. For AION-1 km we have
considered the low-noise model (Badurina et al. 2023).

and a heavier binary with (m;, m,) = (10*, 5 x 10*) M, (lower
panels), as functions of the binary redshift z (left panels) and
the time to merge 7 (right panels). In general, the measurement
accuracy of the binary parameters m,, m,, and z are similar, and
the measurement accuracy is best with AEDGE. The lighter
binary enters the AION/AEDGE sensitivity band about a day
before the merger. Consequently, the binary is not observable
for AION/AEDGE fif its coalescence time at the beginning of
the experiment is longer than the observation time (7 =1 yr).
LISA instead sees only the inspiralling part until less than 1 day
from the merger and can see binaries whose coalescence time is
7 < 10 yr. The heavier binary is seen with AION/AEDGE for
an even shorter time, but since the signal is strong the
measurement accuracy is very good. In this case, also LISA
sees the merger but the measurement with AEDGE is still more
accurate unless the redshift of the binary is high, z >4, or its
coalescence time is longer than the observation time.

For many binaries, the measurement accuracy with AEDGE
or LISA is excellent. The probability distributions of the binary
parameters can then be approximated by delta functions in the
computation of the likelihood Equation (5) so that the integrals
over the binary parameters become trivial because the merger
rate is essentially constant over such small parameter ranges.
This reduces significantly the computational time for the
likelihood. We adopt the delta-function approximation when all
binary parameters are measured with better than 10% accuracy.

4.3. Seed Scenarios

To estimate how accurately i, could be measured with 1 yr
data samples, we have generated n =20 realizations of the
detectable binary populations for a given value of iy
considering a single SMBH seed population. The left panel of
Figure 4 shows on the vertical axis the 95% confidence level
(CL) ranges of my,, estimates for mg, € [10?, 10% M., and
taking a flat prior for logme, over the range mgy € [10%,
10°] M.... The solid and dashed curves correspond to w = 1 and
w =2 and show that the measurement accuracy of m.,, in these
two cases is very similar. We see that the seed mass is best
recovered with LISA with a small uncertainty of a factor ~2.
For my < X 10° M, the accuracy with AEDGE is similar to
LISA, but the 95% CL range for AEDGE grows for heavier
masses. When mey > 10° M., only a lower bound is obtained
with AEDGE because the expected number of detectable
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accuracy with which LISA, AEDGE, and AION-1 km could measure the fraction of light seeds, f;, assuming an input mixture of seeds with masses 10> and 10° M,
and f, = 1 — f;. The solid and dashed curves in both panels correspond, respectively, to w = 1 and w = 2.

events is less than one in the heavy-seed scenarios. On the
other hand, already AION-1km could measure mq, <3 X
10* M, within 1 order of magnitude at 95% CL and could place
a 95% CL lower bound of mey >4 X 10°M,, if Moyt 2,
3% 10* M.,

In the right panel of Figure 4, we have considered the
possibility that there are two different SMBH seed populations,
a light one with mg, ; =100 M., and a heavy one with
Moy = 10° M.,. We have again generated n = 20 realizations
of the detectable binary populations for a given value of f; with
f=1—f. In the right panel of Figure 4, we show how
accurately f; can be recovered at the 95% CL. We see that

LISA could measure f; with an accuracy ~10%, whereas
AEDGE could measure fjign, With an accuracy ~10%-20%.
AION-1km has a much bigger uncertainty but it would be
precise enough that it can differentiate at the 95% CL a pure
light-seed from a pure heavy-seed scenario.

For the right panel of Figure 4, we have assumed delta-
function priors on mic,; and m, > that might be theoretically
motivated. Instead, in Figure 5, we consider a benchmark case
with m; = 10* M, my = 10> M, and f; =f, = 0.5, and show
the one- and two-dimensional posteriors for their measurements
with AION-1km (top panel), AEDGE (middle panel), and
LISA (bottom panel) assuming the log-uniform priors
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Figure 5. The one- and two-dimensional posteriors of the merger rate parameters (f;, My 1, Mew,2) for a two-component seed model with mg,; = 10> M.,
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2 < logyg(mew,1/Mz) < 3 and 3 < log,y(mew,2/ Mo) < 6 for
the cutoff masses. For simplicity, we keep w; =w, =1 fixed.
We see that AION-1 km provides a good estimate of m1, ;, but
provides only limited information on m » and f;. If we would
take the prior mey 22 X 10* M., then we would reproduce
the lower bound on f; with AION-1 km seen in the right panel
of Figure 4. On the other hand, AEDGE provides good
estimates of both m,; and f; but also does not constrain gy >
significantly while LISA not only provides good estimates of
both mc,; and f; but also constrains me,» significantly. The
marginalized posteriors of f; for AEDGE and LISA roughly
match to the results shown in the right panel of Figure 4.

5. Conclusions

We have described in this paper the capabilities of the
planned spaceborne laser interferometer LISA and the
proposed atom interferometers AEDGE and AION-1km to

observe mergers of intermediate-mass BHs, measure their
parameters, and discriminate between different seed scenarios
for the assembly of SMBHs. We have considered the extended
Press—Schechter to model the coalescences of galactic halos
and estimate a rate for mergers of SMBHs that is compatible
with the PTA signals for GWs in the nHz range. We have
extrapolated this model to different SMBH seed scenarios by
parameterizing the low-mass cutoff of the massive BH
population. Using this parameterization, we have estimated
the possible rates for IMBH mergers and assessed their
detectability and measurability.

We have found that, although LISA has a high rate for
observing the early infall stages of IMBH binaries for all the
masses studied, this detector loses many binaries as the merger
time approaches. Both AEDGE and AION-1 km have higher
rates than LISA for detections within 1 minute of the merger.
We have shown that AEDGE has the best perspectives for
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detecting mergers of IMBHs weighing < 10* M, whereas
LISA has better perspectives for IMBHs weighing > 10° Mo,
The better detection rates translate into smaller uncertainties in
the measurements by AEDGE of binary parameters for IMBHs
weighing < 10° M....

We have estimated the accuracy with which a lower cutoff
on the BH seed mass, myg, could be extracted from the
prospective GW data. We find that both LISA and AEDGE
could determine me,, with precision <20% if mey < 10 Mo,
whereas LISA could determine m,,, with better precision than
AEDGE if my 2, 10* M.,. We also find that both LISA and
AEDGE have interesting capabilities for distinguishin%
between scenarios with different mixtures of seeds with 10
and 10° M. AION-1 km could also provide some information,
particularly in scenarios with a population of low-mass seeds.

Our results indicate that the spaceborne laser interferometer
LISA and atom interferometers AEDGE and AION-1 km have
interesting and complementary capabilities for measuring
IMBH mergers and distinguishing between different seed
scenarios for the assembly of SMBHs. We should emphasize
that our study has been exploratory and should be comple-
mented by an improved modeling of the SMBH seed scenarios
and more detailed studies of the instrumental capabilities of
GW interferometers. It would also be interesting to extend the
analysis to assess the prospects for multimessenger observa-
tions and study the prospects for measuring higher-order
multipoles of the GW signals that would allow, for example,
for new probes of strong gravity.
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ABSTRACT

JWST observations have opened a new chapter in supermassive black hole (SMBH) studies, stimulating discussion of two puzzles:
the abundance of high-z SMBHs and the fraction of dual active galactic nuclei (AGNs). We argue that the answers to these puzzles
may be linked to an interpretation of the data on the nanohertz gravitational waves (GWs) discovered by NANOGrav and other pulsar
timing arrays as SMBH binaries whose evolution is driven by interactions with their environments down to O(0.1 pc) separations. We
show that the stellar mass—black hole mass correlations found in JWST data and in low-z inactive galaxies are similar, and present a
global fit to these data, excluding low-z AGNs. Matching the NANOGrav and dual-AGN data requires that binary evolution due to
environmental effects at separations below O(1 kpc) be rapid on cosmological timescales. According to this interpretation, the SMBHs
in low-z AGNSs are the tip of the iceberg of a local SMBH population in mainly inactive galaxies. This interpretation is consistent with
the ‘little red dots’ observed with JWST being AGNs, and would favour the observability of GW signals from black hole binaries in

LISA and decihertz GW detectors.

Key words. quasars: supermassive black holes — cosmology: theory — early Universe

1. Introduction

There has been some surprise at the number of supermassive
black holes (SMBHs) discovered with JWST at high redshifts, z
(see Ubler et al. 2023; Larson et al. 2023; Harikane et al. 2023;
Bogdan et al. 2024; Ding et al. 2023; Maiolino et al. 2024a;
Yue et al. 2023). Prior expectations for the number of SMBHs
in the early Universe were largely based on empirical relation-
ships between the SMBH mass—halo mass ratio and the SMBH
mass—stellar mass ratio, such as that found by Reines & Volonteri
(2015, hereafter RV 15) in the local (low-z) population of active
galactic nuclei (AGNs). From a statistical analysis, Pacucci et al.
(Pacucci et al. 2023, hereafter P23) conclude that there was a
>30 discrepancy between the SMBH mass/stellar mass ratios,
Mgy /M., of a subset of the high-z JWST data and this fit to
local AGN data. We note, however, that RV15 also analysed a
sample of local inactive galaxies (IGs), finding higher values
of Mgy/M.. Moreover, larger values of Mpy/M. had also been
found by Izumi et al. (2021, hereafter 121) in a compilation of
high-z SMBHs observed previously by JWST.

Another surprise in the JWST data was the discovery of sev-
eral close pairs in a sample of AGNs (Perna et al. 2023), whereas
cosmological simulations generally predicted at least an order
of magnitude fewer dual AGNs. This observation was used in
Padmanabhan & Loeb (2024) to study SMBH binary evolution.
JWST observations have also revealed a population of ‘little red
dots’ (LRDs) in the redshift range z ~ 2—11 that are interpreted
as previously hidden AGNss that trace black hole (BH) growth in

* Corresponding author; juan.urrutia@kbfi.ee

the early Universe (Labbé et al. 2023b; Akins et al. 2023; Barro
et al. 2024; Labbé et al. 2023a; Matthee et al. 2024; Kocevski
et al. 2024).

In parallel with the emergence of JWST data, pulsar timing
arrays (PTAs) have detected the existence of a stochastic gravita-
tional wave background (SGWB) in the nanohertz range (Agazie
et al. 2023c; Antoniadis et al. 2024; Reardon et al. 2023; Xu
et al. 2023), whose most plausible astrophysical interpretation is
gravitational wave (GW) emission by SMBH binaries. Analysing
their data under this assumption and guided by astrophysical pri-
ors, the NANOGrav Collaboration (Agazie et al. 2023b) found
that their data were best fit by a Mpy/M. ratio that was sig-
nificantly higher than that found in the RV15 analysis of local
AGNSs. In parallel, in Ellis et al. (2024a) we found — using the
extended Press-Schechter formalism (Press & Schechter 1974;
Bond et al. 1991) to estimate the halo merger rate and assuming
a fixed probability, pgy, for a halo merger to yield a BH merger
— that a good fit to the NANOGrav data was possible with the
Mg /M, ratio found by RV 15 in their analysis of local IGs. It
was also found in Ellis et al. (2024a) that using the RV15 fit to
local AGNs significantly degraded the fit to the NANOGrav data:
Ax* = 43 compared to the fit based on local IGs (see Fig. 9 of
Ellis et al. 2024a and the discussion in the accompanying text, as
well as the analysis below).

It has been suggested recently that the Mpy /M. relationship
may evolve with z (Pacucci & Loeb 2024), or that selection
biases and measurement uncertainties (Li et al. 2024) may
account for much of the tension between the JWST high-z
SMBH data and the data on local AGNs considered in RV15.
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However, we took the prima facie evidence at face value to be
able to compare the information on SMBHs provided by the
high-z SMBH data and NANOGrav measurements. The puzzle
of the masses of JWST BHs may be linked to the somewhat
unexpected strength of the GW signal reported by NANOGrav
and other PTAs (Agazie et al. 2023a), and can be reframed as a
question as to why both datasets correspond better to the data on
local IGs than to local AGNs.

In this paper we quantify in more detail the consistency
between (i) the NANOGrav nanohertz GW data and (ii) the
JWST data and previous data on high-z SMBHs, discussing both
the SMBH mass/stellar mass ratio and the fraction of dual AGNs
in the JWST data. The paper is organised as follows: In Sect. 2 we
analyse the BH mass-stellar mass relations found in recent high-
z data from JWST and other observations, showing that they
are quite consistent with data on low-z IGs. In Sect. 3 we show
that the high-z SMBH data are also consistent with our analy-
sis of the NANOGrav data on the nanohertz GW background
(Ellis et al. 2024a). In Sect. 4 we show that our interpretation
of the NANOGrav and JWST data can also accommodate the
unexpectedly high fraction of dual AGNs observed with JWST
(Perna et al. 2023), if the hardening timescale due to halo-halo
interactions is short on cosmological timescales. We also show
that our interpretation of the JWST and NANOGrav data is con-
sistent with the population of LRDs reported recently (Matthee
et al. 2024; Kocevski et al. 2024), assuming that they are AGNs
triggered during mergers. We present our conclusions in Sect. 5.

2. Analysis of the BH mass-stellar mass relation

We considered the 33 high-z AGNs observed by JWST compiled
in the appendix. In addition, we also considered a sample of
21 high-z AGNs observed previously, extracted from the obser-
vations compiled in I121. Both samples are shown in Fig. 1.
The errors in the BH masses were reported in 121, but not the
uncertainties in the stellar masses: we estimated them to be
approximately 0.3 dex. The figure also shows the local IG and
AGN measurements compiled in RV15. For clarity, we do not
show the error bars for these points, but we take the uncertainties
reported in RV 15 into account in the following analysis.

The new JWST SMBH observations have been interpreted by
P23 as inconsistent with the local mass relationship, prompting,
for example, the proposals that the SMBH-stellar mass rela-
tionship evolves with redshift (Pacucci & Loeb 2024) or that
selection biases and measurement uncertainties in the high-z
population may be largely responsible for the apparent ten-
sion with the local relationship (Li et al. 2024). As mentioned
earlier, rather than pursuing these hypotheses, we recall the
tension between different local active and inactive SMBH pop-
ulations RV15 and emphasise the consistency of the JWST
measurements with the local IG measurements as well as the
other high-z measurements.

As commonly done in the literature, we assumed a power-
law form for the relation between the SMBH mass and the
stellar mass of the host galaxy, with a log-normal intrinsic scat-
ter. The probability distribution of the SMBH mass, m, for a
given stellar mass, M,, is then parametrised by the magnitude,
a, and logarithmic slope, b, of the mean and the width, o, of the
distribution:

dP(m|M., 0)

m
= N|log,.—
dlog,ym N( ©810

Mo

M,
a+b10g10m,0'), )

where 0 = (a, b, o) and N(x|x, o) denotes the probability density
of a Gaussian distribution with mean % and variance o->.
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Fig. 1. Measurements and fits of the BH mass—stellar mass relation.
The data points with errors are from JWST measurements (red; see
the appendix) and other high-z measurements (yellow) from 121. The
local AGN measurements (green) and the local IG measurements (blue),
both from RV 15, are shown without errors, but the errors are taken into
account in the analysis. The dashed lines show the best fits to each of the
datasets separately, and the solid black line shows the best fit combining
the high-z data and the local IG data. The grey band shows the scatter
in the latter fit.

We fitted the parameters a, b, and o to the measured data.
The likelihood function is

dP(m|M, 0)
dlog,qm 2)
X N(logym|log g mj)N(log g M|log g M;),

L) ]_[ fdloglomdlogmM
J

where the product is over the data points, m; and M; denote
the mean measured BH and stellar masses, and we assumed that
the posteriors of the BH and stellar mass measurements are log-
normal and uncorrelated. We used flat priors for a, b, and o with
b>0.

As seen in Fig. 1, the high-z AGN measurements are largely
consistent with each other and with the fit to the local IGs,
though the latter prefers a slightly stronger tilt. The posteriors
in a and b found in a global fit that includes all observations
except the local AGNs, marginalised over o, are shown in the
upper panel of Fig. 2, and the posteriors of the fits to individ-
ual datasets are shown in the appendix. The lower panel of Fig. 2
displays uncertainty ellipses for the individual datasets as well as
that for the global fit (shown in grey) that omits the local AGN
data (shown in green). The global best fit is
a=86, b=08, oc=038, 3)
and the 68% CL parameter ranges are indicated by the vertical
dashed lines in the upper panel of Fig. 2. The fit to the local AGN
population prefers, instead, much lower a values but has a slope
b similar to that in the global fit. We note that the linear relation
(b = 1) is compatible with our global fit at the 68% CL.
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Fig. 2. Upper panel: corner plot showing the posteriors for the global
fit to JWST (Ubler et al. 2023; Larson et al. 2023; Harikane et al.
2023; Bogdan et al. 2024; Ding et al. 2023; Maiolino et al. 2024a;
Yue et al. 2023) and previous high-z SMBH data from 121 as well as
low-z RV15 data on SMBHs in IGs. Lower panel: 68, 95, and 99.8%
CL contours (grey) of the posteriors for a and b defined in Eq. (1),
obtained in a global fit that includes all observations except local AGNs
by marginalising over o~. For comparison, the 68 and 99.8% CL of indi-
vidual datasets are shown: JWST high-z measurements (red; Ubler et al.
2023; Larson et al. 2023; Harikane et al. 2023; Bogdan et al. 2024; Ding
et al. 2023; Maiolino et al. 2024a; Yue et al. 2023), other high-z mea-
surements from 121 (yellow), local IGs (blue), and local AGNs from
RV15 (green). The fits were performed using flat priors and including
the uncertainties in the observations. Corner plots showing the posterior
distributions for these fits are displayed in the appendix.

We quantified the overlaps between the posteriors for the fits
to the different datasets i and j using the overlap coefficient

0, = f domin | L£,(6), L;(6)|. v

For example, for two Gaussian distributions of similar width o
with a mean separation of 40 the overlap coefficient is O =~ 0.05.

Table 1. Overlaps Eq. (4) between the posteriors obtained in the fits to
different datasets.

JWST Other Local

7224 726 AGNs Local Global

AGNs AGNs IGs fit
JWST z > 4 AGNs 1 0.07 106 0.007 0.3
Other z > 6 AGNs 1 10°  0.02 015
Local AGNs 1 107 107°
Local IGs 1 0.08
Global fit 1

Notes. The cells of the table are colour-coded for clarity.

The overlap coefficients are tabulated in Table 1. We see numeri-
cally that the fit to the JWST data has better overlaps with the fits
to the other high-z SMBHs and local IGs, as well as the global
fit, than with the fit to local AGNs. The local AGN data overlap
only slightly with the other high-z SMBHs, the local IGs, and
the global fit.

3. Analysis of NANOGrav observations

We performed the analysis of the NANOGrav GW signal in
the same way as in Ellis et al. (2023, 2024a,b). We summarise
here the main features of the model: We related the SMBH
merger rate to the halo merger rate, R, estimated from the Press-
Schechter formalism (Press & Schechter 1974; Bond et al. 1991;
Lacey & Cole 1993), as

dRBH f dRh
~ dM, dM, ) ——F—
dmldmz e 'l 2 dMV' 1 dMV,Z
. dP(m,IM.(M, ;. 2)) &)

=12 dm j

where ppy characterises the BH merger efficiency and
M.(M, ;,z) is the halo mass-stellar mass relation that we took
from Girelli et al. (2020). We included environmental effects
parametrised by a spectral index, a, and a reference frequency,

3

. ©)

fint = IGwW
fow

where f, is the frequency of the emitted GW. The environ-
mental effects drive the binary evolution at frequencies above
fow, which we parametrised as fow = fief(M/Mo)™”. We fixed
B =5/8, corresponding to binary evolution by gas infall (see the
discussion below Eq. (12)).

In Ellis et al. (2024a) we found that the local IG fit also gives
a much better fit to the NANOGrav GW observations than the
local AGN fit, and we now develop this point further. Figure 3
displays in a corner plot the posterior distributions for the param-
eters of this fit: @, fir and ppy. The posterior for @ is compatible
with models of environmental effects and the fit prefers large val-
ues of fi.f 2 10nHz. The preferred range of pgy is [0.16,0.38].
The best fit is achieved at pgy = 0.37, fief = 27nHz and @ = 3.3.
In particular, the value @ = 8/3 expected for gas infall agrees
well with the data. By fixing @ = 8/3, we find that the best fit is
given by ppy = 0.37, fier = 30nHz.

In the upper panel of Fig. 4 we compare our global fit Eq. (3)
with the NANOGrav SGWB data (Agazie et al. 2023c) and the
best fit SMBH binary GW signals obtained with the BH mass-
stellar mass relations derived in P23 and Li et al. (2024). The

A270, page 3 of 9
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Fig. 3. Posterior distributions of the parameters for a fit to NANOGrav
GW data (Agazie et al. 2023c¢) including energy loss due to interactions
with the environment.

data and the best-fit simulations are represented by ‘violins’
whose widths represent the posteriors as functions of the GW
density: following Ellis et al. (2024a), we calculated the overlaps
between the violins to assess the qualities of the fits. For both P23
and Li et al. (2024), the best fits saturate at pgy = 1 (i.e. every
galactic merger leads to a GW signal), which is an indication
that the generated SGWB is insufficient. Comparing the best-
fit likelihoods, we find that the PTA GW background favours the
global fit mass relation at higher than the 30 CL compared to the
scaling relations proposed in Pacucci et al. (2023) and Li et al.
(2024).

We show in the lower panel of Fig. 4 100 random realisations
of the strongest binary contributing to the first NANOGrav bin,
fow € (2—4) nHz, for each of the three scenarios. In the case of
Li et al. (2024), who advocated for a strong bias in the scaling
relation, we can see that the SMBHs are too light, whereas in
the case of Pacucci & Loeb (2024), who advocate for a steep
z dependence, the heavy SMBH are merging mainly at z > 1,
which also decreases the amplitude significantly.

Furthermore, in the lower panel of Fig. 4 we also see that
BHs with mgy < 10° My are very unlikely to be among the
strongest sources contributing to the SGWB. Given that the mass
and z range probed by NANOGrav coincides with the dynam-
ically measured SMBH masses, the high merger efficiency
necessary to explain the observed GW background implies that
the local IG population is not significantly biased. The local
AGNs lie in a lower mass range, and it is an open question
whether that population is biased. However, given the consis-
tency between the high-z AGN measurements and the local IG
measurements and the fact that at high z the AGN fraction is
close to unity but drops quickly at z < 1 (Aird et al. 2018;
Georgakakis et al. 2017), it seems that the local AGN population
reflects the intrinsic low-mass tail of the full BH mass-stellar
mass relationship.
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Fig. 4. Upper panel: best-fit nanohertz GW signals found using the
BH mass—stellar mass relations proposed in Pacucci & Loeb (2024),
Li et al. (2024), and our global fit (3) compared to the signal measured
by NANOGrav (grey). We imposed « = 8/3, as expected from gas infall
(see the discussion below Eq. (12)). Lower panel: chirp masses and red-
shifts of 100 realisations of the strongest binary contributing to the first
bin of the upper panel for the scenarios proposed in Pacucci & Loeb
(2024), and Li et al. (2024) compared with our analysis (Ellis et al.
2024a). Contours of log,, Qgw are shown for comparison.

Comparing the local AGN population to the global fit in
Fig. 1 we see that most of the local AGNs lie more than 20
below the mean of the global fit. Hence, according to this anal-
ysis, the AGN fraction in the local SMBH population can only
be <5%, in agreement with X-ray observations (Aird et al. 2018;
Georgakakis et al. 2017). To conclude, in contrast to Li et al.
(2024), our analysis indicates that the local AGN population rep-
resents the tip of the iceberg of the local SMBH population.
As discussed in Ellis et al. (2024a,c), our interpretation of the
NANOGrav and JWST data would favour the observability of
GW signals from BH binaries in space-borne laser interferom-
eters, for example LISA (Amaro-Seoane et al. 2017), TianQin
(Wang et al. 2019), and Taiji (Ruan et al. 2020), and deci-
hertz GW detectors, for example AION (Badurina et al. 2020),
AEDGE (El-Negj et al. 2020), and DECIGO (Kawamura et al.
2021).

4. Dual AGN fraction

We found in Ellis et al. (2024a,c) that the quality of the SMBH
fit to the NANOGrav data is improved by allowing for the
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Fig. 5. Upper panels: expected total number of AGNs at z > 2 and the
expected dual fraction at z > 3 as a function of the reference frequency,
below which the binaries are driven by GW emission, assuming pgy =
0.2, @ = 8/3, Agyn = 0.001, and Ay, = 1. The dashed and solid curves
are with and without galaxy mergers and where one of the galaxies does
not contain an SMBH. Lower panel: illustration of the timescales of the
environmental energy loss mechanisms of SMBH binaries as functions
of their separations for the same parameter values as in the upper panels.
The vertical bands illustrate the separation ranges probed by the PTAs
and by the JWST dual AGN observations. The colour coding of the
curves matches that shown in the upper panels.

evolution of the binary system to be affected by interaction with
the environment as well as the emission of GWs. A similar con-
clusion was reached by the NANOGrav Collaboration (Agazie
et al. 2023b). We discuss now the extent to which the unexpect-
edly high fraction of dual AGNs observed with JWST (Perna
et al. 2023) can be accommodated within our analysis of high-
z SMBH data and NANOGrav SGWB measurements including
environmental effects.

We estimated the numbers of dual AGNs and objects that
we identified as single AGNs assuming that the collisions of
galaxies trigger AGN activity. This is in agreement with numer-
ical simulations (Scudder et al. 2012; Callegari et al. 2011;
Capelo et al. 2015) and low-z observations (Treister et al. 2012;
Comerford et al. 2015; Donley et al. 2018; Koss et al. 2012),
except for a small number of objects (Liu et al. 2018; Micic¢
et al. 2023). In this way, the AGN observations are linked to
the NANOGrav observations and to the BH mass-stellar mass
relation through the galaxy merger rate. Environmental effects
determine the evolution of the separations of the components in
dual systems; therefore, to estimate the numbers of dual AGNs
and objects seen as single AGNs, we started by characterising
the effective timescales of different environmental effects.

Several such effects are expected to contribute to the binary
evolution in different ranges of the binary separation (Kelley
et al. 2017), as illustrated in Fig. 5. The effective timescale for
the binary evolution is defined as . = |E|/E, where E is the
binary total energy. The effective timescale can be expressed as

1,
lep = Igw T leny> @)

where fGw is the timescale of the GW driven binary evolution
and f.,y is the timescale of the environmental effects. For a circu-
lar orbit the binary total energy is given by E = —m;m,/d where
d denotes the separation of the BHs, so, in terms of the effective
timescale, the separation evolves as

d=-dt;. ®)

The dominant contribution to the binary evolution at small
separations arises from GW emission, whose timescale is

5d* 4Myr[ M
Iow

-3 4
= ~ d ©)
10243 M> n |10°Ms]| |01pc|”

where n and M denote the symmetric mass ratio and the
total mass of the binary. However, other energy-loss mecha-
nisms come into play at separations probed by PTAs and other
observations.

At kiloparsec separations, dynamical friction drives the
binary evolution (Kelley et al. 2017). Its timescale is (Binney &
Tremaine 2008)

20Myr o M 1'[d7T
InA 200km/s | 109M, kpc| ’

where In A is the Coulomb logarithm and o is the velocity
dispersion of stars.

Dynamical friction becomes inefficient at shorter distances
when the binary binding energy becomes larger than the kinetic
energy of the stars whose orbits pass close to the binary. The
binary evolution is then driven by loss-cone scattering, whose
timescale can be estimated as (Quinlan 1996)

10

Iqyn =

-1 -1
o o P d
fh > —— ~300Myr=————|—£ | [ £ 11
= Hpd yrZOOkm/s[lOMQ/pc3] [pc] an

where H ~ 15-20 is the dimensionless hardening rate, and p and
o denote the mass density and the velocity dispersion of stars in
the neighbourhood of the binary.

At intermediate scales between the GW-driven and loss-cone
scattering-driven phases, we used the parametrisation Eq. (6)
that is given in terms of the binary separation as

a1
fint = IGw 7 .
ref

The reference separation d,.r is related to the reference frequency
used in Eq. (6) by dfef = 8M/(nfiet(M/10° M) P)?. We esti-
mated the total timescale of the environmental effects as fe,, =
&+ D7 + tggn.

Effects that potentially determine the dynamics of binaries
at intermediate scales include gas infall and viscous drag. The
timescale of the binary evolution by gas infall can be esti-
mated from the accretion timescale (Begelman et al. 1980),
fogas = my /1y, where m is the mass of the heavier BH, and the
timescale of viscous drag has been estimated in Ivanov et al.
(1999) to scale as, t,q o Vd/M'/'*. These correspond, respec-
tively, to (a,8) = (8/3,5/8) and (a,B) =~ (7/3,3/4), while a
transition directly from the loss-cone scattering to GW-driven
evolution would correspond to (e, ) = (10/3,2/5). For the PTA
fit shown in Fig. 3 we fixed S = 5/8 after checking that the fit is
not very sensitive to the value of 8. We also find that the above
values of @ = 8/3 and @ = 10/3 provide good fits to the data.

(12)

A270, page 5 of 9



Ellis, J., et al.: A&A, 691, A270 (2024)

Given the estimates for the effective timescales, we can esti-
mate the expected number of dual and single AGNs detected by
JWST. As already noted, we assumed that AGN activity is trig-
gered only during major mergers where the stellar mass of the
heavier galaxy is not more than three times the stellar mass of
the lighter one. Single AGNs are generated in major mergers in
which one of the galaxies did not contain an SMBH. Moreover,
dual AGNs are seen as single AGNs if one of the AGNs is not
luminous enough or if their angular separation is too small to be
resolved.

The expected number of detectable dual AGNSs is

NagN2 = fky f dA2 paet(mi, 2) paed(m2, 2) pavar(d, 2), (13)
where fy is the sky fraction being observed, pge the probability
that the BH is luminous enough to be detectable, and pgyq is the
probability that a dual AGN is resolvable. Counting all mergers
where at least one of the galaxies is occupied by an SMBH that
becomes active during the merger and is sufficiently luminous to
be detected, the expected number of detectable AGNs is

NAGN,[O[ = 2f;ky fd/ll pdet(mv Z)
+ 2 fsky f dAz paec(ma, 2) (14)
= foxy f dA; paec(my, 2)pae(mz, 2).

The merger rate and the evolution of the BH separation enter
through

1 dv, dnjgy
dly = — — —=dmdzdd 15
"= T4z dz dmdd (15
and
1 dv.  dnigy
dly = — — —————dmdm»,dzdd, 16
2= T+ 2 dz dmydmydd 1" (6)
where
dnl 1-+/
__AGN _ ﬁ fde,lde,ZL
dmdd |d| dM,,dM, > a7
dpocc(mM.(M, 5,72))
My, My>,d)———mMm—————=
X pacN(My,1, My 2, d) am

is the number density of AGNs formed in galaxy mergers where
one of the galaxies did not contain an SMBH, and

dngon 1 dRy,
AN [ AM, dM,
dmdmydd ~ |d| f TN AM,,dM,

dpoce(m;1M.(M,,j,2))
X pacn(My, Mg, )] | === i
j=1.2 m./

(18)

is the number density of dual AGNs. The probability that a
galaxy with stellar mass M. is occupied by an SMBH with mass
m can be expressed as

dpoce(m|M..) _

dP(m|M.)
dm H s

VPB am

where the distribution dP/dm, given by Eq. (1), is normalised to
1, so +/ppH can be interpreted as the SMBH occupation fraction,

(19)
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Fig. 6. Left panel: detectability probability, pge, arising from the JWST
sensitivity threshold on the flux. Right panel: dual identification prob-
ability, pqua, at z = 3 arising from the JWST angular resolution, shown
by the red regions. The orange regions show the probability that both
galactic nuclei are active for mpy, = 108M, at z = 3.

which we took to be independent of M,.. The prefactor 1 — /pgn
in Eq. (17) gives the probability that one of the merging galax-
ies does not contain an SMBH. In this case, dynamical friction
drives this single SMBH towards the centre of the galaxy that
resulted from the merger. So, for Eq. (17) we estimated the
timescale as feg = fqyn. We assumed that the AGN activity starts
when the distance between the galaxies becomes smaller than
the half-stellar radius of the smaller galaxy. We approximated the
half-stellar radius as being 10% of the virial radius of the halo:

pacN(My,1, My, d) = ©(0.1 mjin Ryj—d)

i (20)
X ©(3 min M, j — max M, ).
J ’ J

In the right panel of Fig. 6 the shades of orange show the dual
AGN probability dnf\GN /dny; where dny is obtained from
Eq. (18) with pagn = 1.
We estimated the detection probability, pge, by setting a
threshold on the flux:
- F sens] s

where D; denotes the luminosity distance of the system.
We approximated the AGN luminosity optimistically as L =~
Lgqa/3 =~ 4.3 x 10 (mgy/10°My)erg/s and chose Fiyops =
10~ erg/s/cm?, which corresponds to the dimmest source
found in Perna et al. (2023). The threshold on the flux gives a
redshift-dependent lower bound on the BH mass, as shown in
the left panel of Fig. 6.

We estimated the probability, pgua, by assuming that the
duality of the AGNs is properly identified if its projected angular
separation,

d /
0d,z) = m 1 — sin? i sin? ?,

where D4(z) denotes the angular diameter distance of the sys-
tem and i and ¢ the inclination and phase of the dual, is larger
than twice the angular resolution 6, ~ 0.1” of JWST, and we
averaged over the angles i and ¢:

Pdet(mpH, 2) = @( (21)

2
4nD;

(22)

1
Pawa(d,2) = f di d¢ sini ©(0(d, 2) — 26res). (23)

The probability pgya is shown in the right panel of Fig. 6.
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We write the timescales of dynamical friction and stellar
loss-cone scattering as fayn = 20 Myr Aayn[M/10°Mo]~![d /kpc]?
and g, = 300 MyrAsh[d/pc]’1 (see Egs. (10) and (11)), and study
how the dual AGN fraction Nagn.2/Nacn ot and the total number
of AGNs Nagn ot depend on the parameters Adyn, Ash, PBH, fret
and @. We considered the observations reported in Perna et al.
(2023) of the GA-NIFS sample of 17 known AGNs at z > 3,
of which N; = 12 were identified as single AGNs, N, = 4 as
dual AGNs and one as a triple AGN. Based on these observa-
tions, we estimate that the dual fraction N, /(N; + N») = 0.25. We
also considered the JWST results of Kocevski et al. (2024) that
cover 587.8 arcmin?, corresponding to fiky = 4x 1078, revealing
341 LRDs in the redshift range 2 < z < 11. Interpreting these
LRDs as AGNs, we used this as an observation of the total AGN
number, Ny = 3411,

In the upper panels of Fig. 5 we show the dependences of
the numbers of AGNs and fractions of dual AGNs on f.s for
a = 8/3, corresponding to the gas infall timescale, Ay, = 1,
Agyn = 0.001 and ppy = 0.2. For these parameters, the lower
panel of Fig. 5 illustrates the timescales of the environmental
energy loss mechanisms, including GW emission, gas effects,
stellar loss-cone scattering and dynamical friction, as functions
of the binary separation. The different curves in the lower panel
correspond to different values of f..¢ indicated by the coloured
dots in the upper panel. The horizontal bands in the upper
panel show the 95% CL bands of the JWST LRD and dual
AGN observations calculated assuming the Poisson and bino-
mial distribution, respectively. The value of pgy is fixed so that,
neglecting AGNs that may form in mergers where only one of
the galaxies contains an SMBH, the expected total AGN num-
ber roughly matches the LRD observations for large fi.r. We see
in the right panel that, in this benchmark case, the dual fraction
is within the 95% range of the observed value for fi.; > 6 nHz
if only the AGNs that may form in mergers where both of the
galaxies contain an SMBH are considered. These values of ppy,
a and fir are within the 95% CL region of the NANOGrav
fit, illustrating that it is possible to obtain a coherent descrip-
tion of the evolution of binary systems that explains both the
NANOGrav GW signal and the JWST dual AGN and LRD
observations.

Figure 5 shows that the expected number of systems seen
as single AGNs would be much larger than observed if fier
is small, because in that case, the binaries would spend a lot
of time orbiting with d ~ 1pc separation. This is related to
the well-known final-parsec problem. Both the JWST and PTA
observations prefer large values of fir for which the final-parsec
problem is avoided. Then, the main contribution to the total num-
ber of AGNs comes from the same region as for dual AGNs,
d 2 1kpc, where the effective timescale is largest. In this regime,
both Nagn2 and Nagn o are proportional to the prefactor Agyn
of the dynamical friction timescale. For the benchmark shown
in Fig. 5 we have fixed Agy, = 0.001 so that the result is con-
sistent with the LRD observations for values of pgy consistent
with the NANOGrav observations. Larger values of Agy, or ppy
than those used in the above benchmark case would increase the

' The origin of the LRDs is debated because they are not detected
in X-rays (Ananna et al. 2024). However, the non-detection of X-rays
may be caused by high obscuration or intrinsic X-ray weakness of the
AGNs (Maiolino et al. 2024b). Our objective is to determine whether
the surprisingly high number density of LRDs can be accounted for
under the assumption that they are AGNs whose nuclear activity is trig-
gered during mergers. Determining, whether this mechanism could be
responsible for triggering local AGN activity, exceeds the scope of this
letter and is left for future work.

total AGN number while the dual fraction would remain roughly
the same. Larger values of Ay, would instead decrease the dual
fraction and increase the total AGN number.

5. Conclusions

We have presented a global analysis of the available data on
high-z SMBHs detected with JWST (Ubler et al. 2023; Larson
et al. 2023; Harikane et al. 2023; Bogdan et al. 2024; Ding et al.
2023; Maiolino et al. 2024a; Yue et al. 2023) and in previous
observations from 121, in conjunction with results from previ-
ous samples of SMBHs in low-z AGNs and IGs from RV15 and
measurements of the SGWB background by NANOGrav (Agazie
et al. 2023c), which are compatible with data from other PTAs
(Agazie et al. 2023a). The JWST data are compatible with previ-
ous high-z SMBH data, and both are compatible with a sample of
low-z IGs but incompatible with a low-z AGN sample (see Fig. 2
and Table 1). Moreover, we have shown that our global fit to the
high-z SMBH and local IG data also fits the NANOGrav data
on the nanohertz SGWB, whereas alternative interpretations of
the high-z SMBH data that evoke an evolution of the Mgy /M.
relationship evolution with z (Pacucci & Loeb 2024) or selection
biases and measurement uncertainties (Li et al. 2024) provide
only poor fits to the SGWB data, as seen in Fig. 4.

We have also shown how the dual AGN fraction reported
in Perna et al. (2023) can be accommodated within our global
analysis. Our interpretation of the data on the dual AGN fraction
(Perna et al. 2023) is related to the need for environmental effects
to accommodate the spectral shape of the NANOGrav data (see
Fig. 3 and the upper panel of Fig. 4 as well as Agazie et al. 2023b
and Ellis et al. 2024a). Figure 5 shows that an extrapolation of
these environmental effects to larger scales can accommodate
the fraction of dual AGNs detected with JWST, can be seen in
Fig. 5. Moreover, we also find that our global analysis is compat-
ible with the abundance of LRDs in JWST observations reported
recently (Matthee et al. 2024; Kocevski et al. 2024).

Observations of high-z SMBHs are still in their infancy, with
much more data to come from JWST and other sources. Like-
wise, PTA observations of the nanohertz SGWB will develop
rapidly in the near future. Doubtless, both sets of data will pro-
vide new puzzles. The central point of our paper is that these
datasets should be considered together and that these puzzles
may share common features. The resolution of these puzzles
may also require inputs from other observational programmes,
such as measurements of GWs at higher frequencies, interpreted
within an integrated approach.
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Appendix A: Compilation of JWST data and corner plots

In Fig. A.1 we present corner plots that exhibit the posteriors for the parameters a, b and o that were introduced in (1) to characterise
the BH mass-stellar mass relation for fits to various datasets discussed in the main text. These include the JWST high-z SMBH data
compiled in Fig. A.2 (upper left), the previous high-z SMBH data compiled in 121 (upper right), the RV 15 data on local AGNs (lower
left), and the RV 15 data on dynamically measured SMBH (lower right). The latter two fits agree with the fits found by RV15.
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Fig. A.1. Posteriors for fits to the JWST high-z SMBH data compiled in Fig. A.2 (upper left), previous high-z SMBH data compiled in 121 (upper
right), the RV15 data on local AGNs (lower left), and the RV 15 data on the dynamically measured SMBH (lower right).
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Fig. A.2. Scatter plot of the JWST data analysed in this paper. The following are the papers listed in the legend: Ubler+ (Ubler et al. 2023), Larson+
(Larson et al. 2023), Harikane+ (Harikane et al. 2023), Bogdan+ (Bogdan et al. 2024), Ding+ (Ding et al. 2023), Maiolino+ (Maiolino et al. 2024a),
and Yue+ (Yue et al. 2023).
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ABSTRACT

‘We present a new semi-analytical model for the evolution of galaxies and supermassive black holes (SMBHs) that is based on the
extended Press-Schechter formalism and phenomenological modelling of star formation. The model yields black-hole-mass — stellar
mass relations that reproduce both the JWST and pre-JWST observations. If the efficiency for BH mergers is high, the JWST data
prefer light seeds, while the pre-JWST data prefer heavy seeds. The fit improves for a smaller merger efficiency, O(0.1), for which
both data prefer heavy seeds, while also accommodating the pulsar-timing-array gravitational-wave background data.

Key words. cosmology: theory

1. Introduction

The origin of supermassive black holes (SMBHs) is (literally)
one of the biggest problems in astrophysics and cosmol-
ogy (Volonteri et al. 2021). It has been thrown into the limelight
recently by two sets of observations: the discovery of a (surpris-
ingly strong) stochastic background of nanoHertz gravitational
waves (GWs) by pulsar timing arrays (PTAs) (Agazie et al.
2023a; EPTA Collaboration and InPTA Collaboration 2024;
Reardon et al. 2023; Xuetal. 2023) and the discovery of
a (surprisingly heavy) population of SMBHs at high red-
shifts, z > 4 by the JWST (Ubler et al. 2023; Larson et al.
2023; Harikane et al. 2023a; Bogdan et al. 2024; Ding et al.
2023; Maiolino et al. 2024; Yue et al. 2024; Kocevski et al.
2023; Stoneetal. 2024). The PTA signal is commonly
thought to have been emitted by SMBH binary sys-
tems and points towards relatively high SMBH merger
efficiency (EPTA Collaboration and InPTA Collaboration
2023; Agazieetal. 2023b; Ellisetal. 2024a,b; Bietal.
2023; Raidal et al. 2024), although fundamental
physics sources are also allowed by the available
data  (EPTA Collaboration and InPTA Collaboration 2024,
Figueroa et al. 2024; Afzal etal. 2023; Ellis etal. 2024c). It
has been suggested that the JWST observations may indi-
cate a bias in either the high-z or local active galactic nuclei
(AGN) observations (Li et al. 2025; Ellis et al. 2024b) and a
preference for heavy SMBH seed scenarios (Bhowmick et al.
2024a; Pacucci et al. 2023; Natarajan et al. 2024). However,
it has also been shown that the JWST observations can be
explained by light seeds, as they may grow efficiently through
mergers Bhowmick et al. (2024b). An ongoing debate centres
on whether these SMBHs are accreting at super-Eddington
rates. If so, their masses may actually have been overesti-
mated (Lupi et al. 2024; Lambrides et al. 2024; Madau 2025).

* Corresponding author: juan.urrutia@kbfi.ee

In this paper, we address whether the puzzling JWST obser-
vations can be understood within the EPS formalism and, if
so, the preferred range of BH masses seeding the SMBH
assembly process. The co-evolution of SMBHs and galax-
ies has been studied in the literature with semi-analytical
approaches using merger trees (Marulli et al. 2008; Dayal et al.
2019; Piana et al. 2020, 2024; Trinca et al. 2022; Toubiana et al.
2025; Volonteri et al. 2008; Bhowmick et al. 2022) and with
large-scale N-body and hydrodynamic simulations (Croton et al.
2006; Schaye et al. 2015; Sijacki etal. 2015; Tremmel et al.
2017). Both of these approaches have a limited mass resolution
and are computationally expensive. To overcome these limita-
tions, we directly computed the growth rate of BHs and stellar
masses in halo mergers in the EPS formalism. This allowed us
to track the growth of BHs in small halos and explore the pos-
sible importance of light seeds. We also modelled the accretion
of baryonic matter, accounting for supernova (SN) feedback that
expels gas from light halos and AGN feedback that heats the gas
and prevents star formation. We constrained the star formation
rate to accommodate the measured galactic UV luminosity func-
tion. Our approach is computationally inexpensive, allowing for
systematic scans of the SMBH seeding models'.

The combined model of mergers and accretion yields a stel-
lar mass-BH mass relation that is at high masses similar to those
of the empirical relation found in a global fit to the high-z,
PTA GW, and local IG data. Consequently, it is in agreement
with the PTA GW observations (Ellis et al. 2024b), with a pre-
ferred merger efficiency? ppy ~ 0.1 as also suggested by mod-
elling the PTA background (Ellis et al. 2024a). The predicted
relation depends on the assumed masses of the BH seeds. We
find that the JWST data are best described by a scenario with

' The full evolution from z = 20 to z = 0, with Az = 0.1, takes ~2 min
on an eight-core M2 Apple processor, resolving the halos down to 1 M.
2 The merger efficiency ppy describes the probability of a halo merger
leading to a merger of the central BHs.
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light seeds weighing ~102~10° My, if the BH merger efficiency
is high, pgy ~ 1, and the rest of the SMBH observations can be
explained by SMBH seed masses ranging from 10%—103 M. If
the efficiency of merging is lower, pgy ~ 0.1, then heavier seeds
with masses of 10*~10> My, are preferred by both the JWST and
the pre-JWST data. We also find that our model fits are better
than power-law fits (Ellis et al. 2024b), and we discuss the effect
of a scatter in the model predictions in this paper: the fit quality
is improved, but the conclusions are not affected.

2. Co-evolution of SMBHs and galaxies

The evolution of the average BH mass and the average stellar
mass in the dark-matter (DM) halos of mass M is governed by

Mpu(M) = My ®(M) + My (Mgu, M),

M.(M) = MI"5(M) + M (M), W
where M;mg(M ): J = BH, *, denote the growth rates by mergers,
MECPC[(MBH, M) is the BH growth rate by accretion, and M(M) is
the stellar mass growth rate by star formation. The baryonic gas
sources the latter two terms, and, consequently, the evolution of
the BH and stellar masses is coupled through the SN and AGN
feedback processes that can heat or eject parts of the baryonic
gas (Bower et al. 2006, 2017; Dubois et al. 2015; Habouzit et al.
2017). We utilised a phenomenological fit to the star formation
rate shown by the yellow curve in Fig. 1 (see Appendix B for
details). This accounts for the SN and AGN feedback and is
based on the results of Harikane et al. (2022), which has been
tested successfully with new JWST data (Harikane et al. 2023b).
Following Dayal et al. (2019), we consistently accounted for the
effect of the SN feedback (Dayal et al. 2014), which strongly
suppresses the BH accretion in halos lighter than M =~ 5 X
10" My, so that only the fraction fi, shown by the red curve in
Fig. 1 is available for accretion. Moreover, we limited the aver-
age accretion to the Eddington rate®. According to Piana et al.
(2020) and Bower et al. (2017), these are approximately the con-
ditions necessary to explain the UV AGN luminosity function,
but rather than an ad hoc cut on the SMBH mass where accre-
tion is started, it is a consequence of the interpretation of the star
formation fit.

‘We used the EPS formalism to model the growth by mergers.
The growth rate by mergers is given by the Az = 7 —z — 0 limit
of (see Appendix A)

ds
dm’

M
AM(M, 2, 7) = f am’
0
(sc(zl) —06.(2)

X
V2nlS (M) = S(M)P?

where J = BH, %, S(M) denotes the variance of the DM per-
turbations and 6.(z) is the threshold DM density contrast for
halo formation. We assumed the cold DM model and computed
S (M) and 6.(z) following Dodelson (2003) and Eisenstein & Hu
(1998), with the cosmological parameters inferred from the
CMB observations (Planck Collaboration VI 2020).

We also considered the possibility that not all mergers are
efficient at forming a tight BH binary that merges quickly. We
parametrised this with an efficiency parameter, 0 < ppy < 1,

M ’
[ M)
[6e()=5c ()12 @)

e~ Mor-son — M;(M, 7)),

3 We note that the BH accretion can include periods of super-
Eddington accretion during galaxy mergers and periods of less efficient
accretion. In our model, the growth through both mergers and accretions
is described as an average over a long time.
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Fig. 1. Baryon fractions as functions of DM halo mass M. f,; is the cold
gas fraction that is ejected from the halo by SNe, f.oq is the fraction of
the remaining gas that is cold, fin is the fraction of gas available for
accretion, and f; is the fraction of cold gas that is used for star forma-
tion.

which multiplies the BH growth rate by mergers if it is positive®.
High merger efliciency, pgy =~ 1, might be a good approxima-
tion if the SMBH is surrounded by a nuclear star cluster, which is
very effective at lowering the orbital timescale (Mukherjee et al.
2025). However, it might be too optimistic for a more gen-
eral case and should be considered an effective upper value.
Studies of the efficiency of mergers induced by dark matter
or three-body effects indicate a reduced BH merger efficiency
peu ~ 0O(0.1) (Zhou et al. 2025), although with a big uncer-
tainty”.

We initiated the evolutionary process by planting a seed of
mass Mgeeq at a given redshift (zgeeq) in every halo that is heavier
than a given minimal mass, M;e.q, and we evolve the BH masses
and stellar masses by solving the coupled Equations (1) numer-
ically. We note that we only evolved the expected BH mass,
Mgy = f dP(mpy) mgy, and do not include the inevitable scatter
in the present computations. We therefore estimated the occupa-
tion fractions with Dirac delta functions:

dP(mgy|M., z) _ Mgu(M., z)

a 6 [mpu — mpu(M.,, 2)], 3)
MBH mgH

where

mpy (M., 7) = max [Mgeed, Mpu(M., 2)] “

corresponds to the proper BH mass. To explore how a spread
in the results could affect the comparison with the data, we can
replace the Dirac delta function in Eq. (3) with a log-normal
distribution,  N'(log,, mgul|log,, meu(M.,z),0)/mpu, where
N (x|x, o) denotes the Gaussian distribution with mean ¥ and the
variances o2, as discussed below.

4 This approach has been used in, for example, Ricarte & Natarajan
(2018). We emphasise that it is a simplification and could be improved
by including a time delay with some spread between the halo merger
and the merger of the central BHs, among other things. We leave such
improvements for future work.

> This is also consistent, within large uncertainties, with the merger
efficiency needed to explain the PTA GW background with inspiralling
SMBH binaries (Ellis et al. 2024a).
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right. The solid lines show the evolution of light seeds (11eeq = 100 Mg with M..q = 3 X 10* M), and dashed lines show the evolution of heavy
seeds (Mgeq = 10° Mg With Myeeq = 3 X 107 My,), both for pgy = 1. The right panel shows the predictions of the same two models at z ~ 0 as full

and dashed lines, respectively, compared to the local observations.
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Fig. 3. Fits to stellar mass-BH mass data as functions of seed
BH mass mgeq and minimal halo mass, M.q, Where the seeds are
inserted at zeeq = 20 with pgy = 1 in solid and pgy = 0.1
in dashed. The contours indicate the 68%, 95%, and 99% -credi-
ble regions. Upper left: High-z quasar data compiled by Izumi et al.
(2021). Upper right: High-z observations with JWST (Ubler et al.
2023; Larson et al. 2023; Harikane et al. 2023a; Bogdan et al. 2024;
Ding et al. 2023; Maiolino et al. 2024; Yue et al. 2024). Lower left:
Low-z AGNs as compiled by Reines & Volonteri (2015). Lower right:
Low-z IGs from Reines & Volonteri (2015).

3. Implications of the data

We used the stellar mass-BH mass data from previous
works (Ubler et al. 2023; Larson et al. 2023; Harikane et al.
2023a; Bogdanetal. 2024; Ding et al. 2023; Maiolino et al.
2024; Yue et al. 2024; Kocevski et al. 2023; Stone et al. 2024)
for the JWST AGNs, the high-redshift quasar masses compiled
by Izumi et al. (2021), and the data concerning local AGNs and

IGs (where SMBH masses are measured dynamically) compiled
by Reines & Volonteri (2015). Examples of our model predic-
tions for the stellar mass-BH mass correlation for pgy = 1
are shown alongside the data in Fig. 2. The benchmark cases
shown correspond to examples with light seeds (mgee.q = 100 Mg
and Mgeq = 3 x 10* M) and heavy seeds (mgeq = 10° My
with Meq = 3 x 107 M). The bend in the model predic-
tions at M, ~ 10'0 M, arises because SN feedback expels all
of the gas remaining after star formation below a critical halo
mass, preventing efficient BH accretion. Therefore, growth via
mergers is the dominant growth channel for BHs in such light
galaxies. Light-seed scenarios have enough light BHs to fuel
the growth of the AGNs observed by the JWST, but the heavy-
seed model predictions undershoot the JWST observations for
M., < 10° M. The high-z quasar data with M, 2 10'° M, com-
piled by Izumi et al. (2021) are, instead, fitted well by either light
or heavy seeds. In the right panel of Fig. 2, we see that both the
low-z IGs and the low-z AGN data are fitted well thanks to the
steep fall of the model predictions at M, ~ 10''~10'" My, arising
from the SN feedback.

We compare the qualities of our model predictions to the stel-
lar mass-BH mass observations using the likelihood function

dP(mgu|M., z;, 0)
dlog,, mpu

£0) e [ | f dlog,gmpndlog,, M,
! )

x N(log,y mpu|log,y mpH,j, OBH,;)
x N(log,y Mi|logy M. j, o)),

where the product is over the data points and the Gaussian prob-
ability densities N(x|X, o) account for the uncertainties in the
measurements of the BH masses and the galaxy stellar masses.
Fixing all the parameters associated with star formation by
observations, the free parameters are those associated with the
formation of the first generation of massive BHs and the effi-
ciency factor of the BH growth by mergers:

0 = (Mgeed » Mieed » Zseed> PBH) - (6)

We find that varying zgeq € (15—20) does not significantly affect
the likelihood. The following results were calculated for fixed
Zseed = 20.

We performed scans over migeeq and Meeq for fixed values
of pgy = 1 and pgy = 0.1, as mentioned above. In Fig. 3, we
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fit to the JWST data, and the grey posteriors show the fit combining the
low-z data and the high-z quasar data.
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show the posterior distributions for each of the different data sets,
ignoring a possible spread in the mass relation. The upper left
plot displays results for fits to the high-z quasar data compiled
by Izumi et al. (2021). We see that, whilst these data favour a
strong correlation between migeeq and Mieeq, they do not favour
any particular range of seed masses. This reflects the observation
that the predictions of both the light- and heavy-seed models pass
through the high-z SMBH data compiled by Izumi et al. (2021).
On the other hand, as seen in the upper right plot, the JWST
data show a preference for light seeds with masses of Mgeeq <
10° My, if pgy = 1 and heavier seeds with masses of 10* M, <
Myeea S 10° My if pgg = 0.1. The low-z observations, shown
in the lower panels, also show strong correlations between the
seed halo mass and the seed BH mass, with the contours scaling
roughly as Meeq o mgég 4> but they do not constrain the seed BH
mass significantly by themselves.

In Fig. 4, we compare the fit combining the low-z data and
the high-z quasar data with the fit to the JWST high-z data. We
note that the trend of the fit to the high-z quasar data is slightly
steeper than for the low-z data, Meeq o m‘::;;' , which is why the
fit combining the low-z data and the high-z quasar data shown
in grey in Fig. 4 has a preferred seed mass range. The JWST fit
shows a preference for lighter seeds than the combined fit. This
preference is stronger for pgy = 1 than for pgy = 0.1, but even
for pgy = 1 the fits overlap significantly within the 20 confi-
dence level. In Fig. 5, we show the evolution of the (mgeed, Meed)
relation for the best fits to JWST data and the rest of the SMBH
data for pgy = 0.1: parameter values are given in Table 1. We
see how the JWST-only fit, shown as solid lines, traverses the
data and has the correct z dependence. On the other hand, the
fit to the rest of the data, shown as dashed lines, reproduces the
local data better.

The JWST and other datasets exhibit significant scatter, with
objects both above and below the model predictions, while
the fits presented in Figs. 3 and 4. assume zero spread in the
model predictions. To explore whether our results are sensitive
to spread in our model predictions, we repeated the analysis
including a log-normal spread with o = 0.5 in the predicted
SMBH mass. The fits are shown in the supplemental material.
Our overall conclusions do not change, but the preference of the
fit moves to slightly smaller seed masses and the quality of the
fit improves. We collected best fits from the different scans in
Table 1, which also shows the best fits obtained for a power-law
fit as in Ellis et al. (2024b). Impressively, our model provides
significantly better fits than the power-law fit with the same num-
ber of degrees of freedom. Moreover, we see that a spread in the
model predictions clearly improves the quality of the fit, and the
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data prefer a lower merger efficiency of ppy = 0.1 over pgy = 1,
independently of the spread. However, we also see that, in par-
ticular for pgy = 0.1, the seed BHs need to be relatively heavy
compared to the minimal halo masses where they are planted; on
the other hand, the JWST data become more compatible with the
rest of the SMBH data.

Lambrides et al. (2024) (see also Pacucci & Narayan 2024)
raised the possibility that the masses of at least some of the
JWST SMBHs (Maiolino et al. 2024) may have been overesti-
mated. It has been argued that the non-detection of measurable
X-rays or UV emission lines suggests that these SMBHs may
be lower mass objects accreting at super-Eddington rates. As
seen in Fig. 2 of Lambrides et al. (2024), this argument would
reduce the estimated masses of some SMBHs observed with the
JWST (Maiolino et al. 2024) by perhaps an order of magnitude.
This would shift the preference of the JWST data towards seeds
planted in heavier halos.

4. Conclusions

In this paper, we presented a new semi-analytical model of the
co-evolution of SMBHs and their host galaxies. This model
is based on estimates of the growth rate of BH masses and
the galaxy stellar masses derived from the EPS formalism and
on phenomenological modelling of star formation, SN, and
AGN feedback processes and BH accretion. In particular, we
included the suppression of BH accretion in halos lighter than
~5x 10" My, due to SN feedback and a parameter that describes
how efficient the halo mergers are at forming a tight BH binary.
Our approach involves solving numerically coupled diftferential
equations for the evolution of the SMBH masses and the stellar
masses and is much faster than approaches based on merger trees
or numerical simulations. This allowed us to perform a system-
atic study of different SMBH seeding scenarios, including scans
of the model parameter space.

Our model predicts BH mass-stellar mass relations that are
compatible with the observations. We find that the heavy seed
scenarios where BHs of mass ~10% My, are planted in halos heav-
ier than ~107 M, undershoot the JWST observations because the
BHs in halos lighter than ~5 x 10'! M, grow predominantly by
mergers, but there are not enough BHs to merge with. Scenar-
ios with lighter seeds planted into lighter halos are preferred by
the JWST as they allow for more efficient growth of the BHs by
mergers.

We performed a likelihood analysis scanning over the seed
BH masses and the masses of the smallest halos into which they
are planted. As seen in Table I, our analysis suggests that the
JWST data prefer lighter seeds, mgeeq < 103 My, if the merging
efficiency is high, pgy = 1, but the preference moves to higher
masses, 10° My < Mgea < 10° Mo, for a lower merger effi-
ciency of pgy = 0.1. The other data from local observations and
observations of high-z quasars instead prefer the higher seed-
mass range, 10* My < mgeq < 10° My, for both ppy = 1 and
peu = 0.1. The fits have two non-trivial successes. First, the fits
are better for pgy = 0.1, which aligns with a fit to the PTA GW
background (Ellis et al. 2024a). Secondly, our model provides
a much better fit than those obtained with a simple power-law
parametrisation (Ellis et al. 2024b), as also seen in Table I.

Our model does not resolve the spread in the BH masses,
but we explored the effects of the spread by parametrising it. We
find that including the spread significantly improves the fit to the
observations, as also seen in Table I. This is expected given that
the data exhibit significant scatter. The inclusion of the spread in
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Fig. 5. Comparisons of model predictions for stellar mass-BH mass relation with high-z observations on the left and with low-z observations on
the right. The solid lines show the best fit for pgy = 0.1 to the JWST data, and the dashed lines show the best fit to the rest of the SMBH data. The

best-fit parameter values are given in Table 1.

Table 1. Likelihood comparison.

peu = 1 peu = 0.1 peH = 1 peu = 0.1 power-law power-law
no spread no spread o=0.5 o=05 no spread o=0.5
JWST Meed = 102 My 3 x 10* My 1M, 2x10* M, a=85 8.5
Mgeq = 10° My 5% 10° M, 10* M, 3x10° M, b=0.64 0.64
—2log £ = 200 200 70 60 —-2log £ =230 140
pre-TWST 3x10* M, 6x10° M, S5x10°M, 4x10°M, a=83 8.0
10° M, 2x100My 3x10°M, 2x10° M, b=138 1.4
1080 990 780 650 1100 970
all data 3x10* M, 2x10° My, 5x10° M, 10° M, a=83 8.0
10% M, 3x10°M, 3x10°M, 2x10°M, b=14 1.0
1290 1190 850 720 1820 1290

Notes. Four leftmost columns: Compilation of the best-fit and log-likelihood values of the model parameters described in the text. Two rightmost

columns: Best fits for a power-law mean BH mass-stellar mass relation of mgy

in Ellis et al. (2024b) are shown for comparison.

the model predictions also prefers slightly lower seed masses but
does not change the overall conclusions (see Fig. C.3).

Building on the success of our model framework to study
the scatter in the range of SMBH masses for any given value
of the stellar mass is clearly a priority. Another interest-
ing extension of this work would be to calculate the mag-
nitude of the stochastic GW background due to BH binaries
to higher frequencies than those explored by the PTAs that
could be explored by LISA (Amaro-Seoane et al. 2017) and
deciHz experiments (Badurina et al. 2020; El-Neaj et al. 2020;
Kawamura et al. 2021). However, these explorations lie beyond
the scope of this paper.
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Appendix A: Going beyond halo merger trees

Although the EPS formalism is a convenient way to derive halo
merger trees and thereby BH histories, it has its drawbacks,
mainly that halos with masses below ~ 108 M, are too abundant
and computationally expensive to include (although this can be
improved by an adaptive resolution (Toubiana et al. 2025)). In
this paper, we aim to overcome these drawbacks by applying
the EPS formalism directly to the evolution of SMBHs with-
out invoking the halo merger tree step. The key insight behind
this approach is that a SMBH inside a halo on average, has had
the same history as the average mass element of the halo. This
implies that the statistics from the random paths for the mass
elements of a halo at some (M, z) are the same as for the SMBH
inside that halo, which is the key assumption used when their
evolution is calculated using halo merger trees.

In the cold dark matter model, the variance of matter per-
turbations S(M) is a monotonically decreasing function of
the halo mass M: S(M) — 0 as M — oo. Thus, we can
replace M by § = S(M) and the matter overdensity field ¢
around each spatial point evolves along a path in the (S (M), )
plane that originates from (0,0). The first crossing of the
path across a threshold value §.(z) determines the halo mass
M around that point at redshift z. We compute the threshold
0.(z) as in Dodelson (2003) and the variance S (M) follow-
ing Eisenstein & Hu (1998), with the cosmological parameters
fixed by the CMB observations (Planck Collaboration VI 2020).

Assuming that the fluctuations are Gaussian, the probability
a path to get to the point (S,9) is P(|S) = 6-52/23/ V2nS and
the probability that the first crossing is at variance larger than §
is given by

5c(2)
Prc(S,2)=1- f dé [P(61S) — P(26c(2) — 61S)]
s (A.1)

6.(2)
=1-erf .
. [ \/25]

This is the cumulative mass fraction in halos lighter than M and
the EPS halo mass function (HMF) is simply

dn(z) _ ppm |dS | dPpc(z)

dMm| ds

dm M

_oou |85 5D g -y
T M |dM| \agss

where ppy is the present average DM energy density.

If the path is not initiated in (0,0) but instead at (S,0),
the probability to get to the point (S’,d"), S’ > S becomes
P('16,S,8") = P(6’ —3|S’ = S). The probability for a path start-
ing at (S, ) to cross the threshold &' = 6.(z') > § = 6.(z) at
variance larger than S’ is, in the same way as in (A.1), given by

Prc(¢',5716,8) = 1 (A.3)

0 =0
—erf | ————| ,
[ V(S-S )]
and the probability for the path to cross the threshold ¢” in the
range (S',S’ +dS’) is

dPrc(0',5"16,S)

ds’
’ _ g2
L
\2nr(S’ - 8)?
From this one can compute what fraction of the mass M of a
halo at z on average comes from a halo of mass M’ in the past,

prc(6’,8°16,5)dS” = ds’

(A4)

05F , , , , —
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Fig. A.1. Calculations of the growth rates of DM halos. The solid curves
are obtained using Eq. (A.8) and used in our analysis. The dashed curves
show for comparison the estimates derived in Correa et al. (2015),
which are based on finding the average mass of the main progenitor.

7’ > z. If instead, we want to compute how the mass of the halo
M’ at 7’ is going to be distributed in heavier halos M > M’ in
some later time z < 7/, we need to invert the conditional prob-
ability (A.4). This gives the probability that a path that starts
at (6’,S’) crosses the threshold § in the range (S,S + dS) (see
Eq. (2.16) in Lacey & Cole (1993)):

Prc(6,510,0)

6,516,8")dS = §,8'6,8)—————
prc(6, S| ) Prc( | )ch(5',S'|0,0)

=prc(6’, 8716, ) (S?) (g)e%-% ds .
(A.5)
A change of variables then gives the probability that the halo

whose mass at z’ is M’ ends up being a part of a halo in the mass
range (M, M +dM) atz < 7’:

ds
AP(M,2IM", ) = ch(rs,Sw’,S')'d—M'dM. (A6)

This allows us to compute the evolution of the HMF forward in
time from z’ > zto z as

M
dn(2) :f M
dm o

It is easy to check that this formula holds by inserting the
HMF (A.2) in the right-hand side and performing the integral.
We estimate the growth rate of the DM halos by computing the
expected growth of the halo through mergers with smaller halos:

,dn(@) M" dP(M, zIM’,2")

A.
M’ M dm (A7)

2M | o e dP(M 2| M z+A7)
fM dM M dm

2M Jxr dP(M .2 M,2+A2)
M M am

M = (14 DH() lim L

-M|. (A8
Z*)OAZ ( )

We show in Fig. A.1 DM halo growth rates calculated using
Eq. (A.8) (solid lines) and, for comparison, estimates derived
in Correa et al. (2015), which is based on finding the average
mass of the main progenitor. The agreement is generally good
over the range of halo masses M relevant for our study.
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Fig. B.1. The evolution of the halo mass-stellar mass relation given by
the star formation rate (B.5), the EPS estimate for the halo growth (A.8)
and the growth of stellar masses by mergers (B.3).

Appendix B: SMBHs and baryonic physics

The average BH mass and the stellar mass evolve according to
the coupled equations

Mgu(M, pgn) = My *(M, ppn) + Miy§(Mgu, M) ,

M.(M) = M5 (M) + M (M), ®-D
where M®(M), J = (BH, =, gas), denotes the growth rate by
mergers, M denotes BH accretion rate, and M*' is the star for-
mation rate. The baryonic matter (stars and gas) and the SMBH
have the same progenitors as the DM halo that hosts them. So,
considering only mergers, their expected masses, M/, evolve
from z’ to z in a halo of mass M as

MM, ')+ AM}"¥(M, z,') =

dn(z) | fM ,dn(@) dPM M2y
dM’ M;M',7) =
[ am ] A am’ aM 1,2
M (B.2)

[ o]

0 dM/
Mo,y —0D = 0D erar
o V2[S (M) = S(M)PP
The growth rate by mergers is given by the limit

. mer _ AMTE(M, 7,2+ A7)
MY®(M) = (1 + 2H(z) lim —f——""— (B.3)

Az—0 Az

For the growth rate of BHs by mergers, M{:;rg(M, DPBH), WE
considered the possibility that not all mergers are efficient at
forming a tight binary and the consequent BH is left orbiting
at very high separations and it is no longer efficient at accreting
or merging. In that case, we considered

My 8(M) <0

merg . B.4
PBH MBH b(Iu) >0 ( )

My 8(M, pg) = {

The part 1 — pgn of the accreted SMBH mass can be thought
of as an SMBH that is left wandering in the galaxy or becomes
ejected and does not play any significant role in future mergers.

Our aim in the following is to utilise phenomenological fits
as much as possible while combining the different components

A138, page 8 of 10

in a physically consistent manner. We start from the star forma-
tion rate found in Harikane et al. (2022), based on fitting the UV
luminosity function

6.4 x 1072[0.53 tanh (0.54(2.9 — 7)) + 1.53]
(/V[/A/[cril)_l‘2 + (/l/l//wcril)o'5
= fo(M, 2) foord(M) fsM

M (M, z) = M

(B.5)

with My = 10> M,,. Stars are formed from the cold baryonic
gas. In the second line of (B.5) we have factorised the fit into the
fraction of cold gas,

M < Muax

M> My, (B.6)

X L,
fcold(M) = {

1.83
(M/Mei)™ "2 +(M /M) 2

and the effective star formation efficiency, which determines the
fraction of cold gas that is converted to stars,

f«(M,z) = [0.33 + 0.12 tanh (0.54(2.9 — 2))] X

{(M/Mcm)-'11'33(1\4/114“)“5 » M < Mimax (B.7)

L, M > My

The mass Myax = 5.3 x 10! M, corresponds to the maximum of
M (M, 7). Finally, we define the fraction of the cold gas that is
ejected from the halo or pushed away from the central region so
it is not available for the SMBH to accrete, by supernovae (SNe)
as

L, M < Mmax
feold(M,2?, M > Mypay

This means that the cold gas used for star formation is sufficient
for the feedback from the resulting SNe to expel the remaining
gas. Star formation reaches its maximum at M = My, and the
SNe are no longer able to eject all the gas at M > M,,. There-
fore, for M > M, there is still gas available to fuel AGN activ-
ity, which has the effect of heating the gas in the galaxy, lead-
ing to a downturn in the star formation, as illustrated in Fig. 1.
The evolution of stellar masses is fixed by the star formation
rate (B.5), the EPS estimate for the halo growth (A.8) and the
growth of stellar masses by mergers (B.3). We show the result-
ing evolution of the halo mass-stellar mass relation in Fig. B.1.
The amount of gas left in the halo after the star forma-
tion period is available for accretion by the SMBH. Follow-
ing Dayal et al. (2019), we estimate the BH accretion rate as

feiM,2) = (1 - fu(M, 2)) x { (B.3)

MS(Mgy, M) = min{ frem(M, 2) f(fiM + f3<M),
freaaMeaa(Mzr)},

where f'°° = 5.5 x 10™* and fe=5x% 1073 /Myr is the fraction
of the available gas that can be accreted by the SMBH,

Jrem(M, 2) =1 = (f(M, 2) + fu(M, 2)) feora(M)

is the total fraction of gas left after star formation and ejection
of gas by SNe, frqq is the fraction of the Eddington rate at which
the SMBHs can maximally accrete and the Eddington accretion
rate is given by

(B.9)

(B.10)

47rGMBHmp

60T

Mpaa(Mpy) = ~ 2.2 X 10 mpy(Mpu)/Myr,

(B.11)
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where m,, is the proton mass and o is the Thomson cross
section. The physical interpretation is that in low-mass halos,
the SN feedback prevents efficient accretion, and in heavy halos,
the accretion is limited by the Eddington rate and the amount of
available gas.

We initiate the evolution by planting a seed of mass mgeeq at
some redshift zg.q in all halos that are heavier than some mini-
mal mass M..q. Note that we evolve only the expected BH mass,
Mgy = f dP(mgy) mgy, and do not include the inevitable scatter
in the present computations. We therefore estimate the occupa-
tion fractions with Dirac delta functions

dp M,, Mpu(M.,

M. 2) M) sy — (1,1, (B.12)
MBH MBH

where

mpu(M., ) = max [Mgeed, Mpu(M., )] (B.13)

corresponds to the proper BH mass. This is the BH mass that
enters the accretion rate in Eq. (B.11) and that we compare with
observations in the main text. For clarity, Table B.1 compiles the
parameters related to the accretion and growth of the BHs.

Appendix C: Effects of spread and astrophysical
implications for the seeds

As mentioned above, our model calculations are for means in the
distribution of SMBH masses, and do not include the inevitable
spread. Including this within the growth formalism we have
described would cause the simple additive process to become
a nonlinear convolution. In order to explore how a spread could
change the results, we include an ad-hoc spread in the distribu-
tion of BH masses only in the final comparison with the data,
but the evolution is computed only using the mean of the distri-
bution. We use the lognormal distribution

dP(ngulM.,2) _ MBH(M*,Z)X
dloglOmBH MBH
N(log,, mpyllog,y mpu(M., z),0)

(C.1H)

for this purpose, and assume o = 0.5. Results from modifying
the distribution in this way are shown in Fig. C.1 for pgy = 1,
in Fig. C.2 for pgg = 0.1 and in Fig. C.3 for the JWST and the
combination of all other data, and included in Table 1, and are
commented in the main text.

We also compare the results from our fit to astrophysically
motivated models for the seeds. In particular, we focus on Meeq,
the minimal halo mass to form SMBHs. The best fit to all the
data was achieved at pgy = 0.1 and, as seen in Fig. C.4, the halo
mass where the seeds are embedded aligns nicely with the simu-
lations from Schauer et al. (2021), Kulkarni et al. (2021), and is
compatible at the 20~ CL with the analytical estimation of atomic
cooling halos at z = 20. It is also compatible at the 30 CL with a
very light halo mass, which has been found by Naoz & Barkana
(2007) to be able to host Pop-III stars in simulations. This wide
range of results from the simulations is what has motivated our
prior range for Mg..q. The SMBH mass is the most uncertain
part of the seeding process. The best fit seems to be achieved
for “heavy" halos, close to the atomic cooling halos range, that
require heavy seeds with masses ~ 10° My, which could be asso-
ciated with a direct collapse scenario, see Latif & Ferrara (2016)
for a review. The typical light-seed scenario, in which heavy
Pop-III stars collapse to BHs of O(10*> M) (Klessen & Glover
2023) for a review, seems to be viable only if the Pop-III stars
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Fig. C.1. Fits to the stellar mass-BH mass data as functions of the

seed BH mass mg.q and minimal halo mass M..q where the seeds are

inserted at zieq = 20, for pgy = 1 without spread in the predicted rela-

tion in solid and with a log-normal spread (o~ = 0.5) in dashed.
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Fig. C.2. As in Fig. C.1 for pgy = 0.1.

can form in very light minihalos of O(10* My). For heavier val-
ues of the minimal halo mass to form the Pop-III stars, either
the Pop-III stars are very heavy O(10* M) or there are O(10%)
per halo that can merge efficiently, otherwise the direct collapse
scenario seems to be a more viable option.
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Table B.1. Parameters of the model

Parameter Value/Values Physical interpretation
©.1.1) Probability that the merger of halos leads to the merger of the
PH e central SMBHs.
r Fraction of baryons accreted by the DM halo that are not used
Jrem(M, 2) 1= (J(M, 2) + fo(M, D) feora(M) for star formation or ejected by supernovae, see Fig.1.
Jfrdd 1 Upper limit on the Eddington ratio of the SMBH accretion rate.
ace 555104 Fraction of baryons accreted by the halo that fall into the central
1 ) SMBH (Dayal et al. 2019).
. Fraction of free baryons in the galaxy that are accreted by the
acc 5
5 3.5 % 107 /Myr central SMBH per unit time (Dayal et al. 2019).

Notes. Compilation of the parameters related to the accretion and growth of the BHs and their physical interpretations.
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Fig. C.3. As in Fig. 4, allowing for a lognormal spread in the model
predictions with o= = 0.5 for pgy = 1 in the left panel and for pgy = 0.1

in the right panel.
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Fig. C.4. Comparison of our best fit to all the data, with pgy = 0.1,
with respect to different values from simulations on M4 (Schauer et al.
2021; Kulkarni et al. 2021; Naoz & Barkana 2007), as well as the
atomic cooling halo estimation at z = 20. The implications of the fit
for the viability of posteriors in astrophysical terms are discussed in
Sec. C.
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A semianalytical model for the evolution of galaxies and supermassive black holes within the cold dark
matter paradigm has been shown to yield stellar-black hole mass relations that reproduce both the James
Webb Space Telescope and pre-Webb telescope observations. Either fuzzy or warm dark matter would
suppress the formation of the smaller galactic halos that play important roles in the cold dark matter fit to
the high-redshift supermassive black hole data. Our analysis of the stellar-black hole mass relation
disfavors fuzzy dark matter fields with masses < 2.0 x 1072° eV and warm dark matter particles with

masses < 7.2 keV, both at the 95% confidence level.

DOI: 10.1103/njd2-3vdl

Introduction—The advent of the James Webb Space
Telescope (JWST) has enabled surveys to probe the infra-
red universe with unprecedented accuracy [1-8], facilitat-
ing exploration of the reionization era and before (see
Ref. [9] for a review). One of the most interesting develop-
ments has been new insight into proposed mechanisms
for the formation of supermassive black holes (SMBHs)
[10-12]. It had been suggested that they could have been
seeded by black holes (BHs) with masses O(10°~10*)M
that could be the remnants of population III (Pop-III) [13]
stars that collapsed at redshifts z 2 10 (light-seed scenario),
or by heavier BHs with masses O(10%)M, in the cores
of protogalaxies that subsequently merged to form the
larger galaxies seen at lower redshifts (heavy-seed
scenario) [14,15].

Using JWST, a new population of high-z BHs has
been discovered [16-24] that represent a challenge for
the conventional picture of SMBH formation [25-28]. The
high-z SMBHs seem to require either a heavy-seed scenario
[29-31] or a very high efficiency for mergers of light
seeds [32,33] in order for them to be a viable option.
The possibility of growth through mergers inside nuclear
clusters has also been tested against the JWST results [34].
An active topic of debate has been whether these
SMBHs are accreting at super-Eddington rates, in which
case their masses may have been overestimated [35-39].

“Contact author: john.ellis@cern.ch
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*Contact author: juan.urrutia@kbfi.ce
$Contact author: ville.vaskonen @pd.infn.it
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131001-1

In parallel, the discovery of “little red dots” [40-43] has
defied many astrophysical assumptions about galaxies at
high z [44-46]. There is an active debate centered around
the nature of these objects and the role that SMBHs play in
them [47-51].

This Letter explores the evolution of SMBH seeds in
cold dark matter (CDM), fuzzy dark matter (FDM), and
warm dark matter (WDM) universes, building on our
earlier results for the star formation rate [52] and our
semianalytical model for the coevolution of galaxies and
SMBHs [32]. We compare model predictions to the stellar-
black hole (BH) mass observations across a broad redshift
range and conclude that, despite its uncertainties, SMBH
evolution is a sensitive probe of dark matter (DM) proper-
ties, indeed more powerful than the stellar UV luminosity
functions that we studied previously [52]. The reason is that
the bright stars that dominate the UV emission are short-
lived, so the UV luminosity function serves as a cosmic
“snapshot” in which the lightest halos are too dim to be
probed. In contrast, SMBHs are long-lived, carrying
information from as early as z ~20 when they were first
formed in light halos, which are very sensitive to the nature
of DM.

We show here that the best-fit parameters for the
evolution of the SMBH population in the CDM model
are well within the ranges expected from simulations and
physical arguments, making the observed SMBH popula-
tion less surprising than previously thought. We further
conclude that the current population of SMBHs disfavors
FDM fields with masses < 2.0 x 1072 eV and WDM
particles with masses < 7.2 keV, both at the 95% confi-
dence level. Finally, for the light-seed scenario to be viable,

© 2026 American Physical Society
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TABLE I. List of the parameters in our model and their

interpretations.

Parameter Interpretation

Mgeeq Mass of the SMBH seed

M eeq Lowest halo mass that is planted with seeds

DPBH The probability that a halo merger ends in the
merger of the central SMBHs

fsn The fraction of gas that is not expelled after SN
feedback

SfEaa The maximal allowed accretion as a fraction of the
Eddington limit

fie The fraction of incoming baryons accreted onto
the SMBH

5 The rate of accretion of baryons in the halo
mgpmywpom DM mass, if not CDM

it requires the buildup of light halos, making the light-seed
case more sensitive to the nature of DM. This correlation
between the nature of DM and the origin of SMBHs will
provide an interesting phenomenology for future gravita-
tional wave detectors like those of the Laser Interferometer
Space Antenna [53] or Atom Interferometer Observatory
and Network [54] projects, which we plan to explore in
future work.

Methodology—For each DM model, we begin by embed-
ding a seed of mass M.y at some redshift z.q in every
halo that is heavier than some minimal mass M.,
and evolve the BH masses and stellar masses numerically
using the formalism derived in Refs. [32,55] and summa-
rized in Supplemental Material [56]. Our model includes
the eight parameters described in Table 1. We resolve
halos in the range M, = 10>~10'M, and plant the seeds
at Zgeq = 20. We have checked that our results are
insensitive to this choice, and that the redshift steps and
halo mass bins are small enough that the solutions are not
affected. (The complete SMBH-galaxy coevolution from
Zeeed 10 7 = 0 takes a few seconds in Mathematica on an
M2 MacBook Air.)

In Fig. 1 we show the resulting stellar-BH mass rela-
tion at different redshifts for a benchmark case with
logyg(mseea/ Mo) = 5, 10810(Meea/Mo) =7, logiofon =
-3.0, logofi* = —19.5, logo(f5°¢ Myr) = =3.0,
logofraqa = 0.5, and pgy = 0.1. We display results for
two different cosmologies, CDM and FDM, with mgpy =
102! eV. We see in the lower panel that both DM models
can approximately reproduce the observations at z = 0, but
at high z, shown in the upper panel, the prediction is very
sensitive to the DM model. There are two reasons for this.
First, the abundance of low-mass halos is suppressed at
the time of seeding for the non-CDM models [57], and,
second, at these masses, the supernova (SN) feedback
during reionization makes accretion inefficient, so mergers
at very high redshift can be the main channel for the growth
of these SMBHs [64], which is further suppressed. The
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FIG. 1. Stellar-BH mass relation in a heavy-seed scenario. Solid
lines show the CDM results and dashed lines the FDM result with
mepy = 10721 eV. The different colors in the top panel represent
the different redshifts, while the lower panel represents the local
universe.

effect of WDM (not shown) is qualitatively similar to that
of FDM. This example illustrates how the suppression of
small-scale structure abundance affects the evolution
of SMBHs.

In Fig. 2 we show the average evolution of an SMBH in
a DM halo whose mass today is M = 10"*M. The blue
curves show a heavy-seed case, with the same values as for
Fig. 1, and the orange curves are for a light-seed case where

1011
1010
10°
108
107
10°
10°
10*
10°
102
10

mpy [ Mg

FIG. 2. Growth of individual SMBHs in both the light- and
heavy-seed scenarios (orange and blue, respectively). CDM
calculations are shown with solid curves and FDM with dashed
(mppm = 10712 V) and dotted (mppy = 102! eV) curves. The
host DM halo mass at z = 0 is fixed to M, = 10°M,.
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we have taken lOglO(msccd/Mo) =25, 1OglO(]V[sccd/[MO) =
4.5, and pgy = 1. The solid, dashed, and dotted curves
correspond, respectively, to CDM, FDM with mppy =
107 eV and FDM with mgpy = 1072! eV. We see that
the growth curves are similar at low redshifts and that the
heavy-seed case grows steadily from z = 12, whereas in the
CDM model, the light-seed case shows more rapid growth
at the beginning. The reason is that a large number of light
halos are simultaneously trapped in a collapsing over-
density that becomes a heavy halo [65]. When looking at
the dashed and dotted curves, we see that the FDM model
leads to a slower SMBH growth at high z than the CDM
model, but that the predictions for low z are very similar.
The light-seed case is more sensitive to the DM model since
it relies more on the merging of light halos for the buildup
of the seeds. If lighter FDM masses are considered, the
same problem affects the heavy-seed case, as shown by the
dotted curve.

Results—We perform a Markov-chain Monte Carlo
analysis over the model parameters @ (see Table I), com-
paring the predictions in the mgy, M, plane at each redshift
to the observations [16-24,66,67]. In each case, we gen-
erate four Markov-chain Monte Carlo chains of 2 x 10*
steps with 5 x 103 steps burn in, and check the convergence
of the chains using the Gelman-Rubin statistic [68]. The
likelihood is given by

dP(mBH‘M*,Zj,o)
dlog ompy

L(0) H /leglOmBHdlogIOM*
I

x N (logompu|logiomp j. opu )

xN(loglOM*HogwM*‘_;, 0'*4./')7 (1)

where j labels the data points, the Gaussian probability
densities (x|, ) account for the uncertainties in the
measurements of the BH masses and the galaxy stellar
masses, and dP(mgy|M., z;)/dlog ompy denotes the occu-
pation fraction of BH masses in galaxies with stellar mass
M, at redshift z;, which we obtain from the numerical
computation described in the previous section. For each
parameter, we consider log-uniform priors.

‘When analyzing the stellar-BH mass relation in CDM we
see a strong correlation between mg.q and M4, Which is
qualitatively compatible with the findings of our previous
work [32]. The full posteriors can be seen in Supplemental
Material [56] in Fig. S2. Our results for the CDM case
are similar also to those of [69]: a wide range of model
parameters can reproduce the low-z SMBH population,
while the discrimination between different scenarios
becomes significantly more pronounced at redshifts z = 10.
Both the light- and heavy-seed scenarios can provide good
fits, but for light seeds of mg.q < 10*M they need to be
planted in very light halos, M..q < 10°M . Whether such
initial conditions are physical is up for debate [70]. Some

studies have found such light halos to be able to host
Pop-III stars [71] that could provide the BH seeds, although
the majority of studies find higher halo mass thresholds
[72,73]. The range of predictions from these studies falls
within our 68.5% CL region.

We found that light seeds require high merger efficiency
peu =~ 1, whereas for heavy seeds, the preference is
pea ~0.1. Low values of pgy < 0.1 are excluded at the
68.5% CL. This range, pgy 2 0.1, is consistent with that
required to reproduce the observed pulsar timing array
(PTA) gravitational-wave background [74]. If SMBH
binaries are driven solely by gravitational wave emission,
the PTA data prefer pgy =~ 0.17 [74], which, as mentioned
above, would indicate a preference for heavy seeds.

We find an upper bound of fgy < 10722! at the
68.5% CL on the efficiency of the SN feedback. If fqy
is too large, the SMBHs can accrete efficiently at all
masses. This results in a power-law stellar-SMBH mass
relation that does not give a good fit for the local active
galactic nuclei, as has been seen in simulations that
suppress the SN feedback [75]. The other accretion para-
meters i, f5°, and fgyq are less constrained. We find
that, as expected, there is a preference for either Eddington
or super-Eddington growth. The correlation with the seed
mass is not as strong as with pppy, but we find that the
heavy-seed case does not have a preference for super-
Eddington growth.

We perform similar analyses of the FDM and WDM
cases, in which we consider the effect on structure evolution.
‘We do not consider changes in the accretion model [76]. The
resulting posteriors are shown in Fig. 3. We find lower
bounds on the FDM and WDM masses that depend on the
SMBH seed mass: the lighter the seeds are, the higher
the FDM or WDM mass has to be. The same correlation
between mg.q and ppy that we found in the CDM case
holds here, and the smaller the merging efficiency, the
less stringent the DM mass bounds are. Marginalizing
all parameters, we find that mppy < 2.0 x 10720 eV and
mwpm < 7.2 keV are excluded at the 95% CL. If the correct
seeding scenario is light seeds, something that could be
tested with future gravitational wave detectors [54], then the
bounds would become much more stringent.

In the case of FDM, the bound is as stringent as the
bound coming from Lyman-a clouds, which implies
mepy > 2 X 10720 eV [79]. Other cosmological and astro-
physical bounds include mppy > 0.6 x 1071 eV from
Eridanus 11 [80], mppy =3 x 1071 eV from Segue 1
and 2 [81], mppy = 2.2 x 10*! eV from Cetus-IT [82],
and mppy > 4.4 x 10721 eV from gravitational lensing [83].
Some works suggest evidence for FDM with mppy <
10722 eV [84,85], which conflicts with these limits. As a
function of the SMBH seed mass, the lower bounds are
approximately mppy 2 10720 eV (1mgeeq/100M o) ~3/4,

As seen in Fig. 3, we find a very similar behavior in
the WDM case. The current SMBH population implies
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FIG. 3. Posteriors of the stellar-BH mass fit parameters as functions of the FDM mass (upper panels) and WDM mass (lower panels).
The vertical dashed lines are our 95% CL lower bounds on these masses. The gray band in the log,o(ngpy/eV) posterior shows the
most stringent 95%CL exclusion of mppy from a Lyman-a analysis [77], namely < 2 x 1072 eV, and the gray band in the
log o (mwpm/keV) posterior shows the most stringent 95%CL exclusion of mypy from a joint analysis of strong gravitational lensing,
the Lyman-a forest, and Milky Way satellites [78], namely < 6.0 keV. The full corner plots are shown in Supplemental Material [56].

mwpwm > 7.2 keV, which is slightly more stringent than
the bound coming from a combined analysis of strong
gravitational lensing, Lyman-a clouds, and Milky Way
satellites [78] of mwpy > 6.0 keV. Again we see a
correlation with the seeding mass of the form mwpy 2
1097 keV (myeeq/10°M )02, Other constraints include:
mwpm > 5.3 keV from Lya data [86], mypy > 0.8 keV
from lensing at z ~ 0.2 [87], mwpy > 5.6 keV from quasar
lensing [88], mwpy > 3.0 keV from quadruple-image lenses
[89], mwpm > 3.6 keV from Milky Way satellites [90], and
mwpm > 3.2 keV from JWST UV luminosity data [91].

Conclusions—We have found that SMBHs could be
better discriminators of DM scenarios than stars [52]. The
reason is that, while stars are short-lived, SMBHs live
practically forever. Consequently, the SMBH population
retains imprints of their seeding scenario. Since seeding
occurred at very high redshifts in low-mass halos, these
imprints are ideal for testing deviations from CDM.

Leveraging this insight, we have used the latest data from
the JWST on both the stellar population, which informs the
internal galactic processes, and the masses of the galaxies
that host the SMBHs, in conjunction with previous data, to
put new bounds on DM. We have found that FDM masses
of mepy < 2.0 x 10729 eV and WDM masses of mypy <
7.2 keV are excluded at the 95% CL.

We have also studied the plausibility of the SMBH
growth model against the observed SMBH population. We
have found that the JWST population can be accommo-
dated and that the best-fit parameters fall within the range
of expected values from simulations, physical arguments,
and the PTA gravitational-wave background strength. We
also find that the feasibility of light seeds does not depend
only on their ability to grow at super-Eddington rates
(which is favored but not required), but on whether they are
planted in sufficiently light halos. These protogalaxies will

eventually be trapped in an overdensity, which will cause
the small galaxies to merge into a bigger one. If the SMBHs
that take part can merge efficiently enough, they can
become viable seeding candidates. This makes the bounds
on DM dependent on the seeding scenario, and light seeds
provide more stringent bounds on deviations from CDM.
This is an interesting phenomenon that could be explored
with future gravitational-wave detectors such as those of
the Laser Interferometer Space Antenna [53] and Atom
Interferometer Observatory and Network [54] projects.
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