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Introduction:

PBHs can from collapse of large density fluctuations in the early universe.
B. Carr and S. Hawking MINRAS 168, 399 (1974)

A general source is inflationary perturbations.

Modes re-enter the horizon after inflation.

Can collapse if exceed a critical amplitude.

For a Guassian distribution of variance oy;:
0(1)

B = j ( 5" >d5 Erf % ]
exp ~ Erfc
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PBH formation in a RD phase can happen for modes with:

k ~H™1

A very broad mass range:

106.75\ (1 GeV)?2
M= yM, = (2><1031g)(02)( ” )( =
T=10"GeV=>M~10g T=1MeV=>M ~ 100 M

PBH evaporation via hawking radiation:
tPBH OCM3 m;4 TH OCM_l mlzp

-M < 10° g Evaporate before BBN = No observational constraint

Could produce DM and/or baryon asymmetry
R.A., J. Dent, J. Osinski PRD 97, 055013 (2018)

- M = 10> g: Cosmologically stable

Tight constraints from CMB and EGBif M < 1017 g.
S. Clark, B. Dutta, Y. Gao, L. Strigari, S. Watson PRD 95, 083003 (2017)
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B. Carr, K. Kohri, Y. Sendouda, J. Yokoyama RPP 11, 116902 (2021)
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A mass window where PBHs can be the totality of DM:
10Y7g s M < 10% ¢

1035



Non-standard thermal histories :

Standard
1018GeV

101°GeV

103GeV

GeV

MeV

eV

A

G. Kane, K. Sinha, S. Watson 1JMPD 8, 1530022 (2015)

Non-standard

Planck 10%%GeV
Inflation 10*°GeV
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o fields/particles

a ﬁ

o . .

> Theoretilly well-motivated
BBN MeV
CMB ev

A

-1 Planck

- Inflation

BBN

CMB



An epoch of EMD affects the formation of PBHs:

(1) Subhorizon fluctuations can collapse due to the absence of pressure.

(2) Subhorizon fluctuations grow and can reach O(1) values.

N _p 13/2
B~2x1072q,

M. Klopov, B. Malomed, I. Zeldovich MNRAS 215, 575 (1985)
T. Harada, C. Yoo, K. Kohri, K. Nakao PRD 96, 083517 (2017)

It also affects the evolution of PBHs formed in a preceding RD phase:
(1) Mass growth due to accretion during EMD (no pressure!).

(2) Change in B due to different expansion history.

We focus on the latter in this work.



The Scenario:
PBHs form during RD and then accrete in a subsequent EMD epoch.
J. Dent, N. P. D. Loc, T. Xu JCAP 10, 026 (2025)

We consider a bump in the power spectrum (e.g., from USR inflation):

A In?(k/k,)
Pg(k) = \/m cXp (— 9072 L ) + AS Ti

PEH
formation




Accretion during EMD

Uexpan — H OTita

1/3
2M,
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2/3
) X a M(t) = M; (i)
Uesc = \/ZGMi/Tita

lo

£\ 1/3 t 8/9 OyTta
O',U(t) =o0po | — Tta f— Tita f_ . /Uf ~ . 'UKep == GM/T'
10

E. Bertschinger APJSS 58, 39 (1985)

Hg)/SA{iﬁ/fi _6/5 _r[b 8/5
t]i}dd ~ 4 W ﬂ/fma.x ~ Qﬂ/fl UII,O (’111) .

r=3rg r=3rg 01,0y

V. De Luca, G. Franciolini, A. Kehagias, P. Pani, A. Riotto PLB 832, (2022)



Accretion in the Bondi-Hoyle regime lasts for :

1/5 65
Hqy " M;

tB—H ~ 4 9/5 12/5
Oy,0Mp

The initial PBH mass is : ,
106.75\ {1 GeV
M = 2 x 107 9) () (257%) (457

. . . ~1
The maximum final mass is reached for tg_g < Hr " :

8/5
—6/5 (T
My ~ 2M; oy o] (T—O)

i

Note that:
O-H,O <K 1

The PBH mass can grow due to accretion by a large factor (more later).



The PBH population at }he end of EMD follows:
. 3/5

T;
Also:
GeV
.SR ~ 2.4 x ID_ID ( . c ) fPEH
IR
As a result:

. B/5 s, ;
9 ,» —6/5 (10 Tr 1;
fPE-H ~ 8.4 x 10 ;3 {TH (_Tl ) (_T{:}) (GE’V)

E — k_o = exp | —y/ —4021In (gwgz)lq OH.O
T; kp, 2 Al/2 ’

Fixing A, o leaves us with four parameters:

Ti ’ TO ’ TR ’ O-H,O

Two of these can be swapped with M¢ and fpgy .



GW Signal:
GWs inevitably produced from scalar perturbations at the second order.
K. Kohri, T. Trada PRD 97, 123532 (2018)

hip(n) + 2Hh (1) + k2hy (1) =4Sk (n)

d*q 4 ) )
Sk :/ (2 )Sﬁefj (k)qiq; (Q(bq‘l’k q+ 301+ w) (H 1@; + ) (H I@i{_q + ‘I’k—q)>
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¢ (1
4+ BH(L + )P+ (2H + (L +3E)H + k%) Dy = 768

1+1, A2 12 _ 2)2\ 2
Pr(n, k) —J;/ dv / (JEL (1+1 w) ) I*(v,u, T)Pe(kv)Pe(ku),

1—v| dou



I(v,u.z) = /DI{[EZEE,%G;E(?LF}) f(v,u,7)

a"(n)
a(mn)

Gﬂ%ﬁ%k@ﬁ— )Gﬂmﬁkzﬂﬁ—m

6(w—+1) 6(1+3w)(w—+1)

flo,u,2) == 75 @0)®ud) + == = (@02 (02)8(uz) + 20,2 (uz) 2 (v7))
" Liwi (;f ©) 520, (02) 0y D (u),

Two contributions to GWs in this scenario:
(1) The mode responsible for PBH formation (re-entry during RD).

(2) The modes that re-enter during EMD and grow.



The first contribution has a peak at:

kp

: To\ (Ta\Y? /GeV\ [ ¢
a8 [ L0 R g
Mpc—1 ~ 34710 (T ) (To) ( Tr ) (ﬂfi)

The corresponding frequency is:

i - 1n—15 k
g = 155X 1077

The GW spectrum follows:

Qewo ~ 1.58 x 107* g_"° Qgw; (“z)

1 k ’
Qaw,i(n, k) = 24 (a.(?;}H{?;)) Pr(n, k)



Second contribution most prominent for a sudden end to EMD to RD.
Scalar perturbations start to decay when there is a gradual transition.

For a sudden transition, there is a resonant peak:

(g2} === numerical result i
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K. Inomata, K. Kohri, T. Nakama, T. Trada PRD 100, 043532 (2020)



Results:
Our main interest is in the GW signal for PBHs in the DM window.

We therefore set:
10Y7g < Mf < 10%%g
fey =1

In order not get into nonlinear regime, we set:
o(tg) =1

This results in:

v (9-0 /4 3/
To

We also set the width of log-normal bump to 1.



Two sets of benchmark points:

M;(g) A To/T; Ms(g) | Tr(GeV) | k,(Mpc™1) | ko(Mpe™T)
1015 | 2.80 x 1072 | 3.07 x 10~2 | 1.91 x 107 77.3 1.3 x 101 | 3.9 x 10!
1017 | 3.1x1072% | 3.04x 1072 | 1.88 x 10" 76 1.3 x 10 | 38 x 10
102V | 3.44 x 1072 | 2.98 x 1072 | 1.82 x 10 0.2 4.7 x 10" | 1.4 x 107

O-H,O = 10_5

M;(g) A To/T; M¢(g) Tr(GeV) | ky(Mpe™) | ko(Mpe™)
1016 1201 x1072 ] 21x102] 1.6 x 1017 5194 1.3 x 10" | 2.6 x 102
1015 1311 %1072 | 2x1072 | 1.6 x 10" 511 1.26 x 102 | 2.6 x 10!
1041 [ 347 %1072 | 2x1072 | 1.5 x 10%2 16 3.9 x 1011 7.7 x 10°

O-H,O = 10_3

A mass growth factor of O(10)-O(100) from accretion during EMD.
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J. Dent, N. P. D. Loc, T. Xu JCAP 10, 026 (2025)
Two peaks in the GW spectrum:
low frequency (EMD), high frequency (RD, suppressed)
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J. Dent, N. P. D. Loc, T. Xu JCAP 10, 026 (2025)
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SNR for one year of observation:

= LISA, oyo =107 LISA, oy o = 1073

BBO, gy = 107 BBO, 0y = 107

101? 1013 1019 102[1 1021 1022

MpgH |g]

Solid: EMD peaks
J. Dent, N. P. D. Loc, T. Xu JCAP 10, 026 (2025)
Dashed: RD peaks



Conclusion & Outlook:

®* Mass of PBHs can grow significantly due to accretion during EMD.

®* An epoch of EMD can also make a significant contribution to SIGWs.

®* The resulting GW spectrum has two separated peaks.

®* For PBHs in DM mass window, both peaks detectable by LISA & BBO.

®* Computing GWs in the nonlinear regime (a prolonged EMD phase)?

N. Fernandez, J. Foster, B. Lillard, J. Shelton PRL 133, 111002 (2024)

* |Investigating a similar scenario for lighter PBHs?
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  𝛽 =  ∫   𝛿 c  O ( 1 )   1    2 𝜋  𝜎 H 2 exp  (  −    𝛿 2  2  𝜎 H 2 ) d 𝛿 ≃ Erfc  [     𝛿 c   2  𝜎 H ]


   𝜎 H


  𝛽 ≡    𝜌  PBH   𝜌  tot


   𝛿 c ≲ 0 . 42


  k ∼  H  − 1


  M =   𝛾  M H = ( 2 ×   10  31   g )  (   𝛾  0 . 2 )  (    106 . 75   g ∗ )    (    1   GeV T ) 2


  T =   10  15   GeV ⇒ M ∼ 10   g                   T = 1   MeV ⇒ M ∼ 100    M ⊙


           t  PBH ∝  M 3    m P  − 4            T H ∝  M  − 1    m P 2


  M ≲   10 9   g :


  M ≳   10  15   g :


  M ≲   10  17   g


  f ≡    Ω  PBH   Ω  DM


    10  17 g ≲ M ≲   10  22   g


    10  18 GeV


    10  15 GeV


    10 3 GeV


  GeV


  MeV


  eV


    10  18 GeV


    10  15 GeV


    10 3 GeV


  GeV


  MeV


  eV


  𝛽 ≈ 2 ×   10  − 2    𝜎 H  13 / 2


  𝛽


   k O


   T i


   k p


   T O


   t  B − H ≈ 4    H O  1 / 5  M i  6 / 5   𝜎  H , O  9 / 5  m P  12 / 5


   M i = ( 2 ×   10  31   g )  (   𝛾  0 . 2 )  (    106 . 75   g  ∗ , i )    (    1   GeV   T i ) 2


   t  B − H ≳     H R  − 1


   M f ≈ 2  M i     𝜎  H , O  − 6 / 5      (     T O   T i )  8 / 5


   𝜎  H , O   ≪ 1


     T O   T i =


  A , 𝜎


     T i           ,     T O       ,     T R       ,     𝜎  H , O            


   M f


   f  PBH


   Ω  GW , 0 ≈ 1 . 58 ×   10  − 4    g  ∗ , i  − 1 / 3


   Ω  GW , i  (     a O   a R )


      10  17 g ≲ M f ≲   10  22 g


   f  PBH = 1


    𝛿 ( t R ) = 1


   𝜎  H , O =   10  − 5


   𝜎  H , O =   10  − 3


   𝜎  H , O =   10  − 3


   𝜎  H , O =   10  − 5


   𝜎  H , O =   10  − 5


   𝜎  H , O =   10  − 3

