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Abstract: Primordial black holes (PBHSs) have long been considered a promising candidate or an important component of dark matter (DM). Recent
gravitational wave (GW) observations of binary black hole (BH) mergers have triggered renewed interest in PBHs in the stellar-mass (~ 10 - 100
Msun) and supermassive regimes (~ 10"7 - 1011 Msun). Although only a small fraction (? 1%) of dark matter in the form of PBHs is required to
explain observations, these PBHs may play important roles in early structure/star formation. We use cosmological zoom-in simulations and
semi-analytical models to explore the possible impact of stellar-mass PBHs on first star formation, taking into account two effects of PBHs:
acceleration of structure formation and gas heating by BH accretion feedback. We find that the standard picture of first star formation is not changed
by stellar-mass PBHSs (allowed by existing observational constraints), and their globa impact on the cosmic star formation history is likely minor.
However, PBHs do ater the properties of the first star-forming halos and can potentially trigger the formation of direct-collapse BHs in atomic
cooling halos. On the other hand, supermassive PBHs may play more important roles as seeds of massive structures that can explain the apparent
overabundance of massive galaxiesin recent JWST observations. Our tentative models and results call for future studies with improved modeling of
the interactions between PBHSs, particle DM, and baryons to better understand the effects of PBHs on early structure/star formation and their
imprints in high-redshift observations.

Pirsa: 24020082 Page 1/38



Pirsa: 24020082

EFFECTS OF PRIMORDIAL BLACK HOLES ON EARLY
STAR FORMATION

Boyuan Liu'
Collaborators: Volker Bromm?, Saiyang Zhang>*, Tibor Dome'>,
Annastasia Fialkov'?

February 28, 2024, P

institute of Astronomy, University of Cambridge

2Department of Astronomy, University of Texas at Austin

3Department of Physics, University of Texas at Austin

“Weinberg Institute for Theoretical Physics, Texas Center for Cosmology and Astropar-
ticle Physics

>Kavli Institute for Cosmology, University of Cambridge

Page 2/38



Background

First star formation with stellar-mass PBHSs
Cosmological simulation
Semi-analytical model

Future work

Massive galaxies seeded by supermassive PBHs
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FIRST STARS: POPULATION Il (PoP III)

- Molecular coolants: Hy and HD (Z <107% — 1073 Z)
- Formation sites: My, ~ 10°~8 My at z ~ 10 — 40
- Rees—-Ostriker-Silk criterion (t..o1 < tg) for H, cooling:
My 2> 1.54 x 10° Mg (1;‘?)_2'074 (Trenti & Stiavelli, 2009)
- Streaming motion (SM): My, > 10° M, (schauer et al., 2021)

- Lyman-Werner (LW) feedback (z < 15): My, > 3 x 10° M,
- Typical star-forming cores/clumps:

Jeans mass M; ~ 63/32—% ~ 3000 M ( T )3/2 ( n )—7/2

200 K 103 cm—3
- More massive than metal-enriched (Pop I/11) stars:

Broad, top-heavy initial mass function (dN/dm, o« m_")
- Unique stellar evolution: more compact, likely fast-rotating,
little mass loss from line-driven stellar winds

- Progenitors of supermassive (10* to a few 10°> M) BH seeds
(e.g, Vishal et al,, 2014; Wise et al., 2019; Reinoso et al,, 2023)
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PRIMORDIAL BLACK HOLES (PBHS)

Diverse formation mechanisms (collapse of inhomogenities of diverse origins at
different epochs) — vast parameter space of PBH models

Implications for a broad range of astrophysical phenomena —

various constraints/evidence subject to uncertainties (Carr et al.,, 2021, 2023)
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STELLAR-MASS PBHS HINTED BY GW OBSERVATIONS

Recent gravitational wave (GW) observations of binary black hole
mergers can be (partially ~ 20%) explained by stellar-mass PBHs
making up a small fraction fpgg ~ 10~% — 0.001 of dark matter with
mppH ~ 30 My (De Luca et al, 2021; Franciolini et al., 2022).

wo, GW190814
—— CE+GC+SMT+PBH
— w. GW190521

w.o, GWI190521

(Abbott et al., 2023) (Franciolini et al., 2022)
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EFFECTS OF PBHS' ON EARLY STAR FORMATION

- Cosmic structure formation (gravitational, Carr & Silk, 2018)

- ‘Seed’ effect (fppy < 1)

MB ~ Mpua/deq: Mass bound to an isolated PBH (mack et al, 2007)
- ‘Poisson’ effect (discreteness noise)
A% ... (R) = (R/R,)?: variance of primordial Poisson
(isocurvature) perturbations (per In k)
R, = (2m’Appy)"/3: critical scale of order the mean separation

between PBHS, npgy: cosmic average number density of PBHs

- BH accretion feedback (‘non-gravitational’)
- Radiative feedback
- Heating of gas by absorption of ionizing photons
- Dissociation of Hz by LW photons
- lonization and heating by X-rays
- Mechanical feedback
Jets, disk winds, shocks...
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FIRST STAR FORMATION WITH STELLAR-MASS PBHS
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COSMOLOGICAL HYDRODYNAMIC SIMULATIONS

- Simulation setup (Liu et al., 2022)
- Parent box: L ~ 200 kpe, Mpm (gas) ~ 140 (26) Mg, Zini = 300
- Zoom-in regions
- Case A: My ~ 3.7 x10° Mg, z ~ 28, 05 = 2.0
- Case B: My, ~ 6.1 x 10° Mg, Z~ 20, 05 = 1.6
- Resolution: Mpw (gas) ~ 2 (0.4) Mg
- PBH parameters: mpgpy = 33 Mg, feeu ~ 107* — 0.1
(fiducial model: fpgua = 0.001)
- Initial conditions deep in the matter-dominated epoch
(Oini ~ 1072 = 0.01> Geq)
- Linear perturbation theory
- Initial distributions of PBHs
- Perturbations of PBHs on particle dark matter (PDM)
- Sub-grid models for BH accretion and feedback
- Bondi accretion
- Thermal feedback

Page 9/38



Pirsa: 24020082

LINEAR PERTURBATION THEORY?

- Primordial perturbations:
dppm(a — 0) = 8ppy = 05q, dpu(a — 0) = 0ppy = dog + i,
(Adiabatic and isocurvature )

- Constant difference field: §_(a) = dpgu(a) — dppm(a) = 6% = 62
(assuming negligible velocities between PBHs and PDM)

- Evolution in the linear regime (Inman & Ali-Haimoud, 2019)

épm(a) = (1 — feeu)dppm(a) + frBESPBH(A)
= Taa(0)d54 + frerTiso (@)00,
dppm(a) = dpm(a) — frerdL,
= Tad ()07 + [Tiso(a) — 1frBHAR,
sper(Q) = dppM(A) + 62,
= Tad(a)daq + {1+ [Tiso(a) — 1] foBH}O0
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INITIAL DISTRIBUTIONS OF PBHS

Starting point: initial condition (IC) for ACDM where the standard
adiabatic perturbations (T,q(a)é%,) are captured in the density and
velocity fields of PDM

- Derive the overdensity field of PDM on a Cartesian grid where each
cell contains about one PBH in on average.
(The cell size corresponds to the scale below which the PBH

discreteness noise is important.)

- Given the overdensity d; of each cell 1, draw the number of PBHs In
it, N;, from a Poisson distribution with parameter
(0; + DfpeaMcen/Mpeu, Where M is the average mass of DM per
cell. If N; > 0, place N; PBHs randomly in cell I.

- Assign a velocity to each PBH as the velocity of its
nearest-neighbor PDM particle. Reduce the mass of each PDM
particle by a fraction of fpgy for mass conservation.
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PERTURBATIONS BY PBHS ([Tis,(a) — 1]fpud’,)

- Zel'dovich approximation: % = X, + (X)), V, = V, + AV¥(X)

- 2DpB1(Aini) i Qini DpRH(Gini) -
gy = el oo gy v = 50
3QmH3 =0 DppH(Cini)

X —X;
Véiso(X) = 47TGmPBHZ m
- =
I
- Growth factor (extrapolation):
DpBH(Cini) = Tiso(Qini) — 1= D4 (Qini} — 1 ~ Qini/0eq, 8IVEN Geq K Qinij K
(DpBH ~ Qini/0arec fOr gas particles)
- Treatment of non-linear perturbations close to PBHs (‘seed’ effect)
- @] 2 rforr < dy = [DpeH(Gini)/pEH]"?
- Tentative solution: ¥ = min (1, dppm/ z,!_)'|) W to ensure linearity at the initial
resolution scale, which suppresses the ‘seed’ effect at early stages

- Scale/range of PBH-induced perturbations
- Strong perturbations (SP): all PBHs in the zoom-in region
- Fiducial perturbations: at most the 64 nearest PBH particles within 2dpgy
- Weak perturbations (WP): only the nearest PBH
- No perturbation (NP)

dppM (PBH): average separation between PDM particles (PBHs)
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PBH ACCRETION AND HEATING

- Bondi accretion

o /) 2
Vi Vrel+CS

. EOAW rhacc
Pieat — ErEEMmacch sy €EEM — n= =
1+ An’ MEdd

- Heating rate

. m =
Mpaq = 2.7 x 1076 M, yr—1 ( BH ) ( it )

100 My / \0.1

- egMm: radiation efficiency with transition from thin disk to ADAF,
A = 100 (Negri &Volonteri, 2017), €g = 0.057 (for non-spinning BHs)

- ¢ = fapsfn=0.22: thermal coupling coefficient, f, = 1/3: fraction
of energy deposited as heat (raknistov et al, 2022), face = 0.66
(calibrated to radiative transfer results)
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COUPLING COEFFICIENT CALIBRATION

mpey =33.0 Mg, 7=10.0km s, I=1pc, f, =1/3

Radiative transfer —
Sub-grid, fyhs =0.66
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POSITIVE VS NEGATIVE EFFECTS (TIMING AND SITE)

Onset of first star formation (FSF): N max > 10° cm ™3

Fiducial model (fpgy = 0.001) in Case A (o5 = 2): FSF is slightly

delayed in NP (no perturbation), but significantly accelerated in NF

(no feedback) and with combined perturbations and heating.

CDM

feen =0.001 (NP)

Jeu =0.001 (NF)

Jen=10.001

z=303,7=97.9 Myr

z=28.2, 1=108.6 Myr

1 z=42.7, t=59.0 Myr

2=37.6,1=71.0 Myr

Mp=2.0x10° Mg

My=3.7x10°Mg | -

T My =13%10° Mg |’
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DEPENDENCE ON fpgr (TIMING AND SITE)

FSF is accelerated for fppy < 0.001, but delayed for fpry > 0.01.
FSF is shifted to more massive halos by PBHs except for fpgg = 10~

CDM foen =0.0001 Jfre=0.001 Jren=0.01
2=30.3,1=97.9 Myr z=31.6,1=91.8 Myr 2=37.6,1=71.0 Myr 2=27.0,1=115.4 Myr .

My =1.6x10° Mg Mn=4.3x10° Mg

18 ckpe

fepm = 0.1: 2= 22.5,t = 150 Myr, My, = 9.2 x 10° M
®
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DEPENDENCE ON fppr (INTERNAL STRUCTURE)
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DEPENDENCE ON IC (TIMING AND SITE)

FSF happens earlier when stronger perturbations from PBHs are
considered at larger scales (from right to left).

Sfeen=0.001 (SP)

fren=0.001

fern =0.001 (WP)

feen=0.001 (NP)

z=42.1, 1=60.2 Myr |

z=37.6,t=71.0 Myr

z=304, 1=97.1 Myr

z=28.2,r=108.6 Myr

My=3.1x10°My

18 ckpe

My=4.3x%10° Mg

Mn=40x10°M,

My=37%10°Mg | *

CDM: z =30.3,t = 97.9 Myr, M}, = 2 x 10° Mg
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DEPENDENCE ON IC (INTERNAL STRUCTURE)

The WP model better captures the substructures around individual PBHs. —
The concentration of PDM at FSF is significantly reduced.
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KEY FINDINGS FROM SIMULATIONS

- The typical condition for Pop Il star formation is fullfilled in all simulation with
similar gas density profiles within r < 1 pc, independent of fppu: At the moment
With Ny max > 10° cm 3, a dense (ng > 10% cm—3) cold (T < 10° K) gas clump of
~ 10° Mg has formed by run-away collapse in the central parsec. —

The ‘standard’ picture of Pop Il star formation is not changed by PBHs.

- PBHs tend to slow down cloud collapse and reduce the central density of PDM.
The effect is stronger with higher fpgy, caused by the accretion and dynamical
heating from PBHs and the PDM substructures around them.

- At the onset of FSF, PBHs are at least 1 pc away from the gas density peak (except
for NF): survivorship bias. The dynamical friction timescale for a PBH to sink into
the center is a few Myr, larger than the free-fall timescale tg ~ 0.5 Myr of the
star-forming clump, but comparable to the typical lifetimes of Pop Il stars and
relaxation timescales of Pop Il star clusters. —

PBHs are not expected to interact with Pop Il star-forming disks directly.
However, PBHs may still affect Pop Il stellar evolution and the dynamics of Pop IlI
star clusters.
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SEMI-ANALYTICAL MODEL

Halo mass function from the Press-Schecheter (PS) formalism?

- opm(a) = Taa(0)d2y + freaTis0 (A)00, —
linear power spectrum without any correlation between the
adiabatic and isocurvature modes:

PDM(’? G) Ld( )Pld( )+fPBH 130( )Plobo(f?)
IHO(}?) — 27T2AP018‘%011( )/kB = ﬁPBH ’ R > }?eq

A (heuristic) correlation term can be introduced to better
reproduce the halo mass functions in simulations:

Pom(kR, @) = Tag(a)Pog(R) + fonm Tio(@)Pio (R) 4 Peorr (R, Q)

PCOI'I'(}?ﬁ G) — fPBHTiSO(G)APOiSSOH(}?) ad(a) ad(,?)? qu < ”‘) < 3}?*

Pomaon(h) (/R ), ke = (2m2Rpgn)">, Req ~ 0.01 Mpec~L: horizon scale at matter-radiation equity
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LINEAR POWER SPECTRUM

The correlation term is most important in the intermediate
case with fpgy ~ 0.001.

10% - == . — — DM

2 feeu =0.0001
1 02 il N \ fPBH =(0.001
feeu=0.01

fren=0.1
w/ corT.

s w/0 COIT.
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PS FORMALISM VS SIMULATIONS (1)

Overproduction of small halos with My, < 0.5mpgu/frBE —
The tidal fields from PBH-induced halos suppress the formation of small-scale
(PBH-less) structures.

My dny/dMy [Mpe™]
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HALO MASS THRESHOLD M,,,; FOR STAR FORMATION

Rees—Ostriker-Silk criterion (for Hy cooling): teoo < te

- Timescales

(3/2)RsTvir : o
,  t=
Tyirs N )XH, — [PBH 32Gpgas

tcoo -
1 A (

- Cooling & heating rates (rrenti & stiavelli, 2009)

T 3.4 nH
AToie. Nig) =~ 10736 erg 51 [ —— ( )
(Tvir, Na1) R T 10-% cm—3

Tvir
1000 K

1.52
) x max[1,3(fppu/0.1)° "]

_ feeupmu(2m — Qp)
MpBu2p,

Xpo ~ 3.5 x 107% (

[PBH Prhey\ IEBH, fras V) 00— 1:22

- Characteristic gas density and velocity
Pgas — mHnH/X = Agasﬁgas_h Agas = 1300 X— (L76, Vo~ \/ GMh/Rvir
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PS FORMALISM VS SIMULATIONS (2)

Overproduction of massive haloes with My, = 20mpgy /fesa for fpea 2 0.01 —
Tightly bound PBH-seeded (sub)structures delay the assembly of larger halos.
The non-linear growth of large-scale fluctuations caused by PBHs is slower than
expected from the linear theory extrapolation (Inman & Ali-Haimoud, 2019).

108 108 10%
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ANALYTICAL PREDICTIONS VS SIMULATIONS

The effects of PBHs are overwhelmed by the environmental effects
from Lyman-Werner background (LWB) and baryon-DM steaming
motion (SM) in most regions of the Universe (Schauer et al., 2021).

CDM (feool = tfr) CDM

feer =0.0001 PBH4

fopn =0.001 PBH3

feen =0.01 PBH2

fopu =0.1 PBHI
== w/ LWB4+SM

Mmol [MO]
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COSMIC STELLAR MASS DENSITY

8 w4
Qb 10° Mg dnh
Px 11T = €& 111 ~— —Mhth s € III = const.
m Mrn()l th

w/o LWB+SM w/ LWB+SM

/

B

P~
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Jeen =0.01 w/ corr.

=
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P, TIL, PBH/ P2, 111, CDM

-1 i
10 Sfeer=0.1 m— /0 COIT.
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The variation is within a factor of ~ 3 at z < 30 for fpgu < 0.07
allowed by observational constraints®.

Pirsa: 24020082 Page 27/38



TENTATIVE CONCLUSIONS

- PBHs accelerate early structure formation but meanwhile increase
the halo mass threshold for star formation with heating. Given
these two competing effects, the global impact of PBHs on Pop |l
star formation is minor for PBH models allowed by current
observational constraints (fppy < 0.01). This is also true when
typical environmental effects from LWB and SM are considered, in
which case the heating effect of PBHs becomes unimportant.

- The PS formalism cannot fully capture the non-linear dynamics
and non-Gaussianity caused by PBHs in structure formation. It is
non-trivial to build an accurate analytical model for the halo mass
functions in PBH cosmologies.
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FUTURE WORK: OTHER FORMS OF BH FEEDBACK

- LW radiation: dissociation of Hy, —
increase of M,,,;, formation of direct-collapse BHs (DCBHSs)

- X-rays: enhancement of Hy formation —
decrease of M, and star formation efficiency
(with enhanced cooling and reduced accretion rates)

]

=0,10

J-\'A 21
F % Jua = 107 10"
J'\'- 21

a = 10° 10%, 10° __/'

coooo

o — Halo 1
I x -=- Halo2
4 - Halo 3

W wwnwon
O
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25 20 0 10° 10° 10" 102 107 10° 0 10° 10° 10* 107 107 10*
Redshift ]x-;j‘z'[ JK:).2}

(Park et al.,, 2021)
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LYMAN-WERNER FEEDBACK FROM PBHS

DCBH formation criterion with PBHs (in atomic cooling halos):
My = 3.3 x 107 (fper/0.01) ™ "° (mper/33 Mg )¢ Mg

10°
MpBH = 33 M@,fiaBH =0.001 » 2= 20

103_

0)

1 ]
10 = Paas X 12

Peas = Aﬁgas

10—1 ]

e
—
=
e
&
=~

1073 -

107 . . . -
10° 10° 107 108 10° 10

My [Mo]

Jn,erit ~ 1000: critical LWB intensity for DCBH formation (Sugimura et al,, 2014),}21_‘bg: LWB intensity from stars

(Greif & Bromm, 2006) 29
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X-RAY FEEDBACK FROM PBHS

The gas and PBH distributions matter a lot — We need radiative
hydrodynamic simulations to figsure out what's really going on!

104
HIpBH = 85 MO»fPBH 20001, Z=20

102 -

=0)

=
t

Pgas:Af)gai — —  Jx0,21, min

T
—
jusd
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!
a
=
H

T e o
My [Me]

Jx0,21,min: Minimum X-ray background intensity (at 0.2 keV) to significantly affect Pop |1l star formation (Park
et al, 2021)
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IMPROVING THE ICS OF COSMOLOGICAL SIMULATIONS

- Combining ‘seed’ and ‘Poisson’ effects (Liu & Bromm, 2023)

- Apply a new truncation for the perturbation from the nearest
PBH (at a distance of r):

—

1/) = min (’Iaf%hrinkr/wj) ?;a fshrink =1- A;;I/B ~ 0.822

This will create a uniform sphere of PDM with an overdensity of
A,y = 1872 ~ 200 and radius of ~ dy; around each PBH,
mimicking the non-linear structure seeded by it.

- Apply the original resolution-dependent truncation for the
displacement caused by the other PBHs.

- Growth factor of PBH perturbations
A smaller growth factor Dpgn ~ 0.180;,i/0deq 1S required to produce
Mp ~ mppua/aesq in simulations of structure formation around a
single PBH using Gizmo (Hopkins, 2015) and AREPO (Springel, 2010).
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TEST RESULTS FROM DM ONLY SIMULATIONS

=99 — =99
=300 % =300
;=999 7, =999
%=

mpppafey (Mack & Ostriker-+07)
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HIpPRH = 10'; M@ ,ﬁrmi =0.001 —— w/0 COIT. MpRH = 109 MD ,fl'Htl =0.001 /0 COIT.
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Isolated Unresolved
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MASSIVE GALAXIES SEEDED BY SUPERMASSIVE PBHS
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EVIDENCE FOR SUPERMASSIVE PBHS

Recent JWST observations have discovered a population of unusually
massive galaxy candidates atz 2> 8. —

Accelerated formation of massive structures by supermassive

(> 10° M) PBHs (Liu & Bromm, 2022)!?

The low-frequency stochastic GW background can be fully explained
by PBH mergers with mpgy ~ 108 — 10" M and fpgy ~ 0.071.

—— z=8HST+IRAC 10"
—— z-9HST + IRAC

u..__k_h_"' 4 E // o
JWST's interpretation: .-~
:=8and e, =03 -

Cumulative p, {>M,)(M_ Mpe3)

PTA’s interpretation:
IPTA DR2 (13 bins)
NG12.5 (14 bins)

Poissan effect

] [ Seed effect

L oL 10° 107108 107 100 10t 02 on
Limiting stellar mass (M) J[PBH [‘T‘l[ ]

(Lahbé et al, 2023) (Gouttenoire et al,, 2023) 5
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A MASSIVE GALAXY IN TENSION WITH ACDM

The observed spectrum of ZF-UDS-7329 is consistent with an old
stellar population formed at z 2 11 with a total mass of

M, ~ 2.5 x 10" Mg, not expected to occur until z ~ 6 in ACDM!
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(Glazebrook et al., 2023)
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THE PBH SCENARIO

Number density requirement: ng < Nppa X fppu/MpBH

Mass requirement: M, = e(Qp/Qm)Mp = €(Q2p/QUm)Mpeu/[(1 + 2)0eq]
PBH parameters: mpgu > 5.6 x 10" ©) My, fpgu = 107 (), given the
star formation efficiency e = 0.1 (1).

10
M, =25%x10" Mg
ng=6x10"" Mpc~?

e=1

mppu/Mp=(1+ z)aeq
DF+LSS

108 10°
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IDEALIZED SIMULATIONS

- A single PBH with mppg =5 x 10" My, ina L =10 h™"Mpc box

- AREPO with the IllustrisTNG sub-grid models (Pillepich et al., 2018)
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