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Gravitational waves from PBH reheating 13 channels

Two routes: scalar-induced GWs (h o< ®?, two seeds below) + direct emission (PBH binaries, Hawking).
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Gravitational waves from PBH reheating

Two routes: scalar-induced GWs (h o< ®2, two seeds below) + direct emission (PBH binaries, Hawking).

Qawl(k) = / dv/ du K(u, v)
[1—v|
2)2

K(u,v) = [ 2=, 2

2 Po(uk) Po(vk) + Ps(uk)Ps(vk)

. kernels 2 set by the era; the two uncorrelated seeds add:

—— Adiabatic — ¢ from inflation, CMB—normallsed Arp ~ 2.1 x107?
----- Isocurvature — S ~ dpgy, PBH Poisson noise Ps = 3%(k/kpBH):'B

direct
from PBHs

form.

time <«

PBH formation (1) M Irreducible (2,6) / Universal (3) M eMD (4,5) M Poltergeist (7,3)
B PBH mergers (9-12: early/late, 2/3-body) B Hawking radiation (13)
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1  local maxima |
T counts volume fraction [ PBH O > O PBH
% [ 5H(176)>t(;c | ] = g Yon =Y -
© ~ | V28,>0
Oy ()?) = <5 (55) >H_1 (smoothed density contrast)

PRESS — SCHECHTER : PEAKS :
Press—Schechter: volume fraction with 6 > 4. | Peak theory: local maxima with § > §. (extra factor oc (§/0)3)
Both feed the same collapse law — critical (Choptuik) scaling fixes the mass:

M) =K Mg(d—46)™ | (K=~4, yv =~ 0.36) — M—0asd— 4.
Mass fraction (per In M); the ép leaves a Jacobian — count powers same Gaussian core, different prefactor:
- —6°/20° 5\3 ,—6°/20°
of M: dﬁ Oodé‘MPdd-l o PPSOCG /U, PpkOC(g)e /20
— —_ N ————
dinM [, 7 Mu (0)%p| In 75y
M

oo P()

— My |dinM
v v — P(6¢)

x M ~ M/ Y™

IR (M—0, so d—d6.): P— P(dc) const = only kinematic powers

SUFVIVE. every width A, PS (solid) & peak (dashed) = same
dﬁ/d InM o« M I/ — M3'78 M?-"® IR line; UV cutoff is model-dependent.

Universal: the IR slope is pure Choptuik kinematics, P(d.) sets only the amplitude, not the exponent.



ppea + 3# PpeH
+47Zp,

L'ppgy §

10 . I | R
107
2 1 [— M01'10(?1'11‘01'naticj
= 2
3 10
= 10"
S
E@ 10
10°°
10—10 A R o
10t 10 102 10t 1 0 102
M/M,
- I ' | ) .
1 : I, ............... — i

T IINIIII|

1071

Monochromatic

T IIIIIIII

KA
Lol

Ll

1071 N
- = Heaviside
—_— A =0.1

1071

10—13

10—16

oot vt vomd ook comed o ool o o ol o ol ol oo o o

TR T T
M/M,

104

Tensor perturbation equation

Po = Ok, — k)

-9 e AL
0 f—a |1
| T Semn |1 mono :
: o |11 e _g9p ]
1073 \ ) Tleq _
: k=M g e =350 pmene g z
Lo | oo ! Lo ! Lo ! I
107" 1 10! 107 10°

77/ Teq

g)adia(k)

2(£) S ()
2 k PBH kogr

—_
-
DO

Comoving scale k [Mpc ™|
10" 10" 10" 10 10% 107 107

e I TTTTIm llll:m] LRLBLLALLL L R L TTTIT lIIII|;|T| TTTTm T 11T
107§ Kewa!  keq 1BBN? kppm ) kyf "1
I I \ 1 1

: : )y /. |
Monochromatic, kyy = kpppy / /’} l

-9 :
10 ] “”(}//,‘I I
| . VK /) |
llltCl'f(‘/l'OIlll(‘t.CI'S / / :I 1
o 10—13‘ I I / il PR
= - I ? s I \
B: I F/’ o\
/ i 4 1 \
S 10717 — e Con
G Wwoe o S Co
= L
o : \
=10 )
Q : \
s A
= | \
> 1072 : \
o0 I \
: R
éﬂ 10—29 : ]
I
10-33 l
|
10—37 :
I ool ol vl 1 ol I|E|||||||| ] ||||uj]! Pl 1

GW frequency f [Hz]



— I'ppeh

: + 3H = d
v PPBH PPBH Jd InM Jen (all the equations leading to @ and hi->
, , 157 : dinM !
p,+47Zp,.=1ppgy | —
2 » [ PPBH Prad
k (I) —_— _% —5PBH + _51‘
Prot Prot
T TTTTTTg LR | T T T TTTTg LR | T T TTTTTTg L - |
10" . ‘ ' , , 107 .
102 E - = Heaviside E
-4 |—A=0.1
2 1 [— 1\10110("111‘01‘1‘1&1,‘(.1(] 2 1077¢ :
= 102 = _ﬁ 3
= 107* : T _1()E 1
o0 _ 2 107 :
s 107" — 1 E
= . S —13E :
107 10
—10 Ll - | K Ll Ll Ll Cond _16F ) A;l..l. o o o L o .%
10_4 10_3 10_2 10_1 1 10 102 10 10—4 10—3 10—2 10—1 1 7 10 102
M /M, M / M, Comoving scale k [Mpc ™|
1010 1012 101 1016 1018 1020 1022
- S S S , SR 107°F " kew.  keq, 1BBN?1 kepm / kr o 4
' : ! I \ ' |
1E E :r --------------- — 1 : . 10-9 Monochromatic, kyy = kppn % ’///i i
e . | R ] I I = Usy i I
- | . =N, . 1 VK S :
: : : W 18(1) : hl] al¢8]¢ c\]@ 10_13 Interferometers E / | ) ,’E\‘
= NG @) — | > = | /NG
10 ; I : g é? 10—17 .“‘|_ ‘‘‘‘‘‘‘‘‘‘ [ i \‘
- | Monochromatic ] 5 \
L | . B 10—21 : \
0-2L | v g)adla(k) 3 o
E_ — Qr : : —E — —_ - —25 : \
- | —q . : ‘@CD — ®(kcut k) 3 (7 \? fz £\ 5 |
i PBH | | | MONo ] — | — 3 I '
- d E i lleva _ _ 995 1 2\ k PBH kpBH S 107 |
107 e . E ™. |
- kL =%H : : Neq k/’neva = 350 77;1\13110 ~ Dose ] 10 i
Lol | I 11|1|||| | I R A | Lol I Lol 10_37 :
107} 1 101t 10° 10° s

77/ Tleq GW frequency f [Hz]



— I'ppeh

" .=1- _, g A TP RS
* + 3H — d
v pPBH PPBH Jd InM d{PB]I\{/I (all the equations leading to @ and hij)
, . n
/ —_— £
2 » [ PPBH Prad
k (I) =~ % 5PBH —+ 61.
Ptot tot
- E l TTTTTT] LI L T T T LI LB LR | '”!i
104 | 1 1 1 1 10 ! E - ~ P r
2 = | = = Heaviside p, :
v —1F | —A=0.1 \
2 1 [— Monochromatic] E 10 g ' 1 j
s S ]
= 107 — T L —10F | :
SO 2 1077 N
s 107° - r | E
= S -13F | E
10-8 107 7¢ “ 1
r ] 1
—10 . | =
: PR AT A TY S S AT W ETY SR R S AW R TT1 B S S E e il g —16 | E
\—4 -3 10-2  10-1 2 107 °¢ bl R E
M /M, M / M, Comoving scale k [Mpc ™|
T I [ I T T T T I I I | I | | [ I T T 1T | I | | I I I 10_5E k(‘\““}l“ilml I””m]k(l‘(l;n:ml I]l]l\quﬁﬂ' /Ir””r%]l)i;lll[: ‘ Il:.lfmi"] o I””WE
I o : | ! ! \ y A |
1k | 1 - . 10-9 Monochromatic, kyy = kppn |~ I '
E _ e —— N E I I == ).’,/ :I
: *I i _ | - VK /S /
i | : lS(I) i hl] - al¢0]¢ 13 llll(‘l‘ll‘l'()ﬂl:(‘((‘1'5 i //
| | N 10 1 1 /
| — Q - | |
10_1 = : : ---------- : ------------ E > G% 10—17 = E [
- | Monochromatic ] g f ) 5
I SO0 0E e .
10_ — | | = e I :
- — Lo . — —_ -2 ' '
S PN R : Po =0k =0\ 3 [ 72 ’ O\ = | |
- PBH | = mono . PO fPBH g : ;
= d Lo 77ev—a — 2925 E 2 k kPBH £3 107 | :
-3 ) Meq _ | |
s = Frjeva = 350 : 1075 P
- k=H\ 1 Neq Meva = T o Pose ] 3
L | L0 |I| || I Lol I Lo I R A 10_37 :...' : ""'. :E
10—1 ]. 101 102 103 ’... : "...‘ : INRTTTTT AR ETITT| BRI AT li

77/ Tleq GW frequency f [Hz]



' Peu T 37 PpH =
L p AT,

— I'ppgn |

dfeen
dinM

JdlnM

2D ~ 2 PBH rad
kO = —A"| —Oppy+— 0
tOt tot
104 ! ! I T T
10
2 1 [— Monochromatic]
= 9
3 10
= 107*
= 16
“@ 10 |
107°
10" 107 107 107" 1 10 107
M/M,
g S - U o T
1 IR N :

|
| |
| |
| |
| |

Ll

107" - : .
- Monochromatic | .
: — Choptuik : :
1072 ¢ - | :
[T | z
- — Qppu |1 (Neva) | ,
10—3 | P : i neq - 225 (I)<nosc) """""" :IY __
: k= % : : Teq kneva = 390 <(’7(,\\'1 : : ;
L1 ||||I|\| ! Lo Lo |"\ N
10~ 1 10! 102 10

77/ Teq

(all the equations leading to @ and hij)

—

_15_ ' RN T T Ty T
1075/ . |
= | = = Heaviside l
—4F |—A =01 \
5 0 :
E 10—7§ I
= 3 [
= e |
E 10_10E I
Y 3 |
= 107 |
10~ 168 1

}—k
CDl ,
NN

g)adia(k)

5<7> fPBH(kPBH>

Comoving scale k [Mpc_l}
1010 1012 1014 1016 1018 1020 1022
107 kova | k(‘q ! 7T BBN 1 rvzﬂPBHn Afl WE

' ' \ )y /.
Monochromatic, kyy = kpppy / /}

_9 o !
].O : I ( )3// lI
: : LVK / |
Interferometers | //
O (U : : ¢
= | | .
@) 1w E R S
S w0 | [
S —21 :
& | :
£ //\\
> 1072 | |
o0 | |
— I |
Qg) I ;
4 107 i |
10_33 E e ;
10797
| Lol il |

GW frequency f [Hz]



T ] B AL B & 102 s
10 s N 1 —2 -1
- = Heaviside /\ 1 = Lok — vy = 1077 — vy = 10 E
= 1074 |—A=01 o ] = §~~?fg{’\</3 — =036 —yy =1
= | E (2 I e =
— E @) -
— 1077 1 S 10
3 | E 107 TR G,
= 107 : g w0
Q@ 13 | ; % 10-3_ | — Analytical
— 3 —
10 | = . Analytical (high-F)
3 —4[ .
10—16 R Lol E US) 10 x Numerical
107 1070 107% 10 1 10 107 0 N
1 10 10 10 10
M /M, k(o)
1—I—’U 2
(RDz)[X] ( ) / d / 2 2 2]
v —(1+4+v°—u
eva ( ) X = {(I), S}
X TZ,(u,v) S (uk) Sq)(vk) ‘eMD”(uk) TMP)2 (vk) Py (uk) Px (vk),
Comoving scale k [Mpc_l]
10" 10" 1014 10" 10" 1020 107
" L A AR Tensor perturbation equation 107 ol TBBN)T AR
1L | Tosc B T ———— 9 Monochromatlc kuv = ke / //= :
: ' — 10 | : LVK..,:'()._}// !
| : S(I) lnt(\1*&!1‘011150(01‘5 //_/ ' ::
i - < |
10—1 - Lo : — > % {
- Monochromatic : Ci
I = Choptuik | S ’4%
102 — i ' ) adia(K) E
- = | | : Pp = Okey — k) 3 (H 2f2 £\’ %
. I 1| ] — — )
QPBH : : <neva> — 225 : : Y — 2 k PBH kPBH Lﬂg
1073 L ¢ . Meq O(Nosc) - "R |
F=H L g Fllea =350 (Meva) | |
N b Ll Ll R i R [ R : :
1071 1 10! 10° 10° ot Lt s cointond ot s oo it Bt o ot

77/ Tleq GW frequency f [Hz]



. UL L) | UL L LI | I LRl | ”!i
107 \ :
~ = Heaviside /\ E
E 10~* — A =0.1 - | :
- - |
= 107 | !
\ '§
= 1010 |
al [ 3
= | :
10 13 3
|
10_16 AT IR T B A R T T I] JH i :
0=t 10 10° 10t 1 10 10
M/M,
(RDz) [X] = (
X T2
" ] |
1 L I MNosc B
- : —
- Se
10_1 L I : _
- Monochromatic |
| = Choptuik : So
1072 o |
= | |
— (pBH : : <77eva> : :
10-3 | P I Neq 229 P (Nosc) -wweeeeer :"';""Y"' .
- k=%H, i Tleq Mleva = 350 (Meva) | | E
Lo |||I|\ Lo Ll I"J Lol ]
107} 1 10 107 10
77/77€q

o) [ o] e

2(u,v Sq,('u,k Sq,(vk) (eMD)z(uk) T)((eMD)z(vk) Px (uk) Px (vk),

Suppression factor S¢(k)

10721

- M

— M

=10"% — = 107"1
=036 — =1

— Analytical
-- Analytical (high-k)

x Numerical

_ u2)2]2

v? — (140

Tensor perturbation equation

10

Py = Ok, — k)

cut

L1 1 I| L1 11 L
102 10° 104
k (Neva)
X ={®d,S}
Comoving scale k [Mpc™]
1010 102 1014 1016 1018 1020 1022
o T T TR
ok |Choptuik, kyy = kPBH ‘ “ |
10 : :
I | 1
13 l11t(‘r1‘(‘1'()n1:(‘T(‘1's : 4 i: ‘:.
C\]'Q 10 : ,/_..7\[ :: ///:\\
@, 17 _ 7— ¥ o\
c 10 p ,
: o : Vs | : \
g Y # ! ,/ I 1 \
£ 1077 PP | / : | ‘\
% gt : : ,/ : : \
_ y i | \
i 1072 ‘ \ X 5 S
= ? i | A
= | ' ' R
m 10 E I PP T NP Ll J [
: : S Ot }é :
1075 | g e .
* "'-. ':’L B H |
' 3 s I:"’" I |
=37 | R |
1 i i e : ' 2
0° 10 10t 100 100 100 10

GW frequency f [Hz]



PBH energy fraction 3

—
=
B

—
=
J

—_
o
|

—_

o

—_
o
|

—

w

—_
o
|

—

[=p}

—_
o
|

—

Ne}

dprH / dln M

1 [— 1\~'Ionoc}1r01‘1'1a.ti(]

—_
5
Do

—_
5
oo

[
5

—_ =
©| o
’J;;-

M/M,

Inomata, Kawasaki, Mukaida,
Terada, Yanagida (2003.10455)

Papanikolaou, Vennin, Langlois 20'

Domenech, Lin, Sasaki 20’

Domenech, Takhistov, Sasaki 21'
Domenech, Trankle 24'

Bhaumik, Ghoshal, Lewicki 22"

PBH lifetime toy, [s]

10-% 10" 10”1 1077 107

Lol Lo el oo el L1 L Lo
0% 1072 107! 1 10 10?

10)

e
3 =
O =
2 -5 =
= vg
— (z 5
a : 2
A P2
=
" JE
2 :
= '.
[Monochromatic] v+ PBH
] -_formation\w
vl v e v il vl M e vl il TN
1 102 10 10° 10° 100

PBH mass MPBH [g]




PBH energy fraction 3

H
S
W

| —
T
~J

10—10

10—13

10—16

10—19

dprH / dln M

10
1 [— M01‘10('1‘11‘01‘1'1a.ti(]
1072
10~
107°
10°°
10_10 N R Y E Y E S Y R pooal e nd
10" 10 10 10t 1 10 107
M/M,
Inomata, Kawasaki, Mukaida,
Terada, Yanagida (2003.10455)
Papanikolaou, Vennin, Langlois 20'
Domenech, Lin, Sasaki 20’
Domenech, Takhistov, Sasaki 21'
Domenech, Trankle 24'
Bhaumik, Ghoshal, Lewicki 22"
PBH lifetime toy, [s]
10~ 10" 10~ 10 104 10
<_
3 2
@) =
2 -5 =
= .
X 7 Z
0 s —
A o
- =
= :
A ]
kuv = keen ". v GWs from
[Monochromatic] ,+ PBH
1 :formation\w
col o sl vl vl e oMl e vl ol L
1 102 10* 10° 108 1010

PBH mass MpBH [g]

y ~ 0.36
Mpgy = Myz(0 — 50)}/

dfPBH/d In M

Choptuik’s law
(Choptuik 93’)

- = Heaviside
1074 |—A =01
— A\ = 0.5
1077 |—A=1
10—1()
107"
107168 Al i o\
107 107 1072 107" 1 10
M/M,

5 E v oot ol o ol o ol o o s ol ool oo cod ol o
DO



PBH energy fraction 3

H
S
W

| —
T
~J

10—10

10—13

10—16

10719

].O;1 T T M T T 10_1 I(I”””, l l””:l L l””;z
.» - = Heaviside -
10
! _ 7/ it 036 1074, |—A=01 E
2 1 [— M01‘10('1‘11‘01‘1'1a.t1(] E A 05 3
o - -
= —2 — —_ 4 — 10" — A =1 E
3 10 MPBH MH(5 56) 3 N )0 ’ L
~ 6 o 10 {\\Q 4 E
“— 10 =1y S 7 E
S . Choptuik’s law = °,
10_10 _11 sl ‘31 y 1 sl 21 TEETN | ll Ll ETTT BT 5 (ChOthik 93,) 10_16 7 !;
10 10 10 10 1 10 10 10—4 10—3 10—2 10—1 1 10 102
M /M
/ * M/M*
Inomata, Kawasaki, Mukaida,
Terada, Yanagida (2003.10455)
Papanikolaou, Vennin, Langlois 20' Opening the Window of Ultra-Light PBHs by Exorcising the Poltergeist
Domenech, Lin, Sasaki 20’ n
(2605.21477)
Domenech, Takhistov, Sasaki 21' (TO appear in PRL)
| Yann Gouttenoire, Nicholas Leister, Pedro Schwaller
Domenech, Trankie 24 PRISMA+ Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany
Bhaumik, Ghoshal, Lewicki 22"
PBH lifetime toy, [s]
10~ 101 10~ 10 10 10
<_
> .
o =
©) =
& -5 =
(@) —
= g
X Z Z
A L &
an P
- '-.
kuv = kppn ". v GWs from
[Monochromatic] : + PBH
b formation\w
ol sl vl ol el w il il T L
1 102 104 10° 108 1010
PBH mass Mppy |g]




10_1 g "”II_I T ' ‘.'(i'll T T T TTTTT LR | T T T TTTTg “'_g
9 - = Heaviside 1
10 _ )4 ~ 036 1074 |—A=01 E
E 1 [— 1\IOIIO("]‘II‘OII’la.tl('] § A —05 :
— - = 0. L
22 — — Y — 107" ;
_4 -
~ 10~ - 1
s Choptuik’s law T
—10 L sl Ll Ll ) il | Coond (ChOthik 93,) 10_16 é

107 10 10?% 10" 1 10 10° 10-4 10-% 102 10~ 1 10 102

M/M, MM,

Inomata, Kawasaki, Mukaida,
Terada, Yanagida (2003.10455)

Papanikolaou, Vennin, Langlois 20'

Domenech, Lin, Sasaki 20’

Opening the Window of Ultra-Light PBHs by Exorcising the Poltergeist

(2605.21477)

(To appear in PRL)

Domenech, Takhistov, Sasaki 21'
Yann Gouttenoire, Nicholas Leister, Pedro Schwaller

Domenech, Trankle 24' PRISMA+ Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

PBH energy fraction 3

H
S
W

| —
T
~J

10—10

10—13

10—16

10719

Bhaumik, Ghoshal, Lewicki 22"

PBH lifetime toy, [s]

107 1014

10~ 1079 10~4 10)

> _

: EE dfpeH . .

- x din M all the equations leading to ® and hij
A R din M

[Monochromatic] + PBH

! formation\w
vl e vl vl M e el il TN LLL
1 102 10 10° 10° 100

PBH mass MPBH [g]




PBH energy fraction 3

—
—_
e
~—
-
~
=
107!
<+
—4
10 >
©)
0
1077 B
™
X
10710 B
A\
10—13 H
<+
10—16
10—19

1 [— M01‘10('1‘11‘01‘1'1a.ti(]

Lol Lo vl Lo vl [ B [N EET L1
107° 1072 107! 1 10 10°
M /M,

Inomata, Kawasaki, Mukaida,
Terada, Yanagida (2003.10455)

Papanikolaou, Vennin, Langlois 20'

Domenech, Lin, Sasaki 20’

Domenech, Takhistov, Sasaki 21'
Domenech, Trankle 24'

Bhaumik, Ghoshal, Lewicki 22"

PBH lifetime toy, [s]

10~ 10" 1014 107 104 10)

2
=
g -
5 W
o, ®
- Z
r e
JE
kuv = kean ! + GWs from
[Monochromatic] v+ PBH
] ;formation\N
vl v e v il vl M e vl il TN
1 102 10 10° 10° 100

PBH mass MpBH [g]

1)
y ~ 0.36 = 107 |—Aa=0l
_ _ Y = _7
Mppy = My(6 =6, = 1
— % 10_10
: <=

Choptuik’s law ASNRTNSE
(Choptuik 93’) T L A
107 107° 1072

PBH energy fraction (3

—_
3
=

—
=
B

—
T
~J

10—10

10—13

10—16

10—19

5 E v oot ol o ol o ol o o s ol ool oo cod ol o
DO

Opening the Window of Ultra-Light PBHs by Exorcising the Poltergeist

Yann Gouttenoire, Nicholas Leister, Pedro Schwaller

(2605.21477)

(To appear in PRL)

PRISMA+ Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

k.= ky; (conservative)

PBH lifetime tey, [S|

1072 10 102 10% 102 10 10

<
S
©
=
™
X
)
A
=
<

GWs from
PBH

kuv = kN1,

[Choptuik’s law (this work)]

[

I Nddg 4

7
(Surmgsnpo noyim)

1 o
+ formation

conl vl el vl vl vl el e vl il

1 102 10* 100 108
PBH mass MPBH [g]

1010



PBH energy fraction 3

—
=
B

—
=
J

10—10

10—13

10—16

10—19

10
E 1 [— h<'101‘1oc'l‘11‘0111e1,ti(]
= 9
3 10
= 107"
SO
10~
= 10
10~°
10_10 N R Y E Y E S Y R pooal e nd
10t 10° 10? 107t 1 10 107
M/M,
Inomata, Kawasaki, Mukaida,
Terada, Yanagida (2003.10455)
Papanikolaou, Vennin, Langlois 20'
Domenech, Lin, Sasaki 20’
Domenech, Takhistov, Sasaki 21'
Domenech, Trankle 24'
Bhaumik, Ghoshal, Lewicki 22"
PBH lifetime toy, [s]
10~ 10" 101 10 104 10
<_
3 2
@) =
& -8 =
o = o
X 7 Z
N\ A=
- =
= :
A ]
kuv = keen ". v GWs from
[Monochromatic] ,+ PBH
Vo formation\w
col o sl vl vl e oMl e vl ol L
1 102 10* 10° 108 1010

PBH mass MpBH [g]

= = [1CaV1Slide E
= V. —4f |—A=0.
7/ O 36 E 10 A =0.1 I :
— — 4 = —7 | -
Mpgy = My(6 =6,y < u |
S B —— i T |
- & '
Choptuik’s law T g ,
|
(Choptuik 93’) 16 ,
107 B gt o
10 10 10 10 1 10 10

M /M,

PBH energy fraction (3

—_
3
=

—
=
B

—
T
~J

10—10

10—13

10—16

10—19

Opening the Window of Ultra-Light PBHs by Exorcising the Poltergeist

(2605.21477)

Yann Gouttenoire, Nicholas Leister, Pedro Schwaller
PRISMA+ Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

(To appear in PRL)

k.= ky; (conservative) k.= kpgy (aggressive)

PBH lifetime tey, [S|

PBH lifetime tqy, |s|

-28 =24 -20 -16 -12 -8 -4 4
10 10 10 10 10 10 10 1 10 10—28 10—24 10—20 10—16 | 10—12 10—8 10—4 1
107! Ao > .34 "
<>_ | <« [ [ D int.eif Crometerg
P —4 PN L R =
8 § i\ 10 ?D') With C]ugten'ng) g
£ —5 g B B
= = SERUM © =
A = Z & X s g
= 5 - g 1071 B 2 %
A B 5 A JEsossin - =
H '0 : ~—— 5 13 E;T ""o g?/
— '.‘ - 10 - . 1 0.01
kuv = k Lo a Ar =24 4
Choptuik’s law (this work)| i i PBII : : L
[ optuik’s law (this work) ' '-formation\w [Choptulk’s law (this WOI‘k)] .+ PBH
vl el el el Al ‘I\ covnnl TN ‘l :forma’tlon\’\
10_19 T AR TT1 R AR TT1 RO SRR R TTTI N NI WUNTT] N RN NuTT RN EAREY 11 B T R ERTT BRI Ut A L

PBH mass Mpgy [g] PBH mass Mppy |¢]



PBH energy fraction 3

—
=
B

—
=
J

10—10

10—13

10—16

10—19

10
E 1 [— h<'101‘1oc'l‘11‘0111e1,ti(]
= 9
3 10
= 107"
SO
10~
= 10
10~°
10_10 N R Y E Y E S Y R pooal e nd
10t 10° 10? 107t 1 10 107
M/M,
Inomata, Kawasaki, Mukaida,
Terada, Yanagida (2003.10455)
Papanikolaou, Vennin, Langlois 20'
Domenech, Lin, Sasaki 20’
Domenech, Takhistov, Sasaki 21'
Domenech, Trankle 24'
Bhaumik, Ghoshal, Lewicki 22"
PBH lifetime toy, [s]
10~ 10" 101 10 104 10
<_
3 2
@) =
& -8 =
o = o
X 7 Z
N\ A=
- =
= :
A ]
kuv = keen ". v GWs from
[Monochromatic] ,+ PBH
Vo formation\w
col o sl vl vl e oMl e vl ol L
1 102 10* 10° 108 1010

PBH mass MpBH [g]

= = [1CaV1Slide E
= V. —4f |—A=0.
7/ O 36 E 10 A =0.1 I :
— — 4 = —7 | -
Mpgy = My(6 =6,y < u |
S B —— i T |
- & '
Choptuik’s law T g ,
|
(Choptuik 93’) 16 ,
107 B gt o
10 10 10 10 1 10 10

M /M,

PBH energy fraction (3

—_
3
=

—
=
B

—
T
~J

10—10

10—13

10—16

10—19

Opening the Window of Ultra-Light PBHs by Exorcising the Poltergeist

(2605.21477)

Yann Gouttenoire, Nicholas Leister, Pedro Schwaller
PRISMA+ Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

(To appear in PRL)

k.= ky; (conservative) k.= kpgy (aggressive)

PBH lifetime tey, [S|

PBH lifetime tqy, |s|

-28 =24 -20 -16 -12 -8 -4 4
10 10 10 10 10 10 10 1 10 10—28 10—24 10—20 10—16 | 10—12 10—8 10—4 1
107! Ao > .34 "
<>_ | <« [ [ D int.eif Crometerg
P —4 PN L R =
8 § i\ 10 ?D') With C]ugten'ng) g
£ —5 g B B
= = SERUM © =
A = Z & X s g
= 5 - g 1071 B 2 %
A B 5 A JEsossin - =
H '0 : ~—— 5 13 E;T ""o g?/
— '.‘ - 10 - . 1 0.01
kuv = k Lo a Ar =24 4
Choptuik’s law (this work)| i i PBII : : L
[ optuik’s law (this work) ' '-formation\w [Choptulk’s law (this WOI‘k)] .+ PBH
vl el el el Al ‘I\ covnnl TN ‘l :forma’tlon\’\
10_19 T AR TT1 R AR TT1 RO SRR R TTTI N NI WUNTT] N RN NuTT RN EAREY 11 B T R ERTT BRI Ut A L

PBH mass Mpgy [g] PBH mass Mppy |¢]



(To appear in PRL)

Opening the Window of Ultra-Light PBHs by Exorcising the Poltergeist Gravitational Waves from Black Hole Reheating Gravitational Waves from Black Hole Reheating

(2605.21477) The Scalar-Induced Component The High-Frequency Component
Yann Gouttenoire, Nicholas Leister, Pedro Schwaller (2605.21474) (260 X. XXXXX)

PRISMA+ Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

Yann Gouttenoire, Nicholas Leister, Pedro Schwaller Yann Gouttenoire, Nicholas Leister, Pedro Schwaller

1015
10°

—

Energy fraction Qgwh?
S o o

SooL L

) @) o

-

=
N
@)

—
=
@)
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

DMRadio
GUT .

voyager2050

He, Giri, Sharma, Mtchedlidze, Georgiev
2312.17636

Py *
+Moon-

L&.S”: P " t ranging',
: voyage2050 i SMBHB &
1 “PTA

Secondary
tensor mode

Hawking
radiation

—
=
— W
o O
AN
(o

106

PBH evaporation | | PBH evaporation

(Emission after evap.) | | (Emission before evap.) GW frequency f [HZ]

“Polteraeist” ‘eMD’




Energy fraction Qgwh?

Energy fraction Qgwh?

Energy fraction Qgwh?

10°°

10

10"

10717

1074

1075

1072

107
l(] 37
10"

10

10—]3 F

1077
1072

"

1075

0% ;

10°%

10—37

1077

107

10"y

10_”

1074

1075

1072

10°%

l(] 37

Comoving scale k [.\’Ipc‘l]

10%2 1ot 10'® 10

10!

Il

)

,.D

10%

bewat Keqt T BBNT Kkpnm

Kpo

Choptuik, kyy = kxy,
(this work)

A

LVK

1

1

L]

'

1 ]
Interferonfeters !
1
]
L]

N

T
!
U
|
|
|
I
1
!
'
'
'
I
I
|

R |

AT T

.......
o
P
o

-
0
K
B

sassasnnnnas

B e D . T &

ok o n s s n n o el Rk s R el il el ial el cnd snllanlaad snlliad

Gradual Reh., kpy = k| ®

D
)
T
L]
L]
'
L
L}
'
L}
L]
L]
'
L
L}
'
L}
L]
L]
L]
L]
L
L}
L}
L}
L]
L]
L]
L
L}
'
L}
"l
'
'
L
L
'
L}
L]
L]
L]
L]
'
'

Energy fraction Qawh?®

Energy fraction Qqwh?

Energy fraction Qawh?®

Comoving scale k [Mpc‘l]

Y10t 1ot 0% 1™ 10 10%

1077 Ceva » gy TBBNT Kppm / Kj)

- T L./ . T
10-9 Monochromatic, kyy = kpgu |}~ / E 1
: LO; 1
; v WK S/ ' W
13 Interferometers \ ,/ ! ' 1

- [ 1

0 : T v ‘
] 1 h ' 1
10717 B A \ E 1
L] 1 1] w
| ' 1
107 : ’ Lo 1
' . L ;

. ] ] 1]
1075 : i : ' 3
: ' : " 1

_m L] ¥ e 13

10 Y " '
2 I P 1

. L 3 '
1(]—-;3 l' ............. E : 1
g w
’ L] IE ' T
104 : ) : !
siied /- aammd “...1-'::._1 aomel aasnd 2onend 2o 5 s Lo nd Lt A

10" Veva 1 feqt T BBN T Kppm /Ky
E [Chopuik ke =] A7 Y |
10 (this work) : : :
T T LVK ' ' 1
. Interferonfeters i ! ' 1
l(]_l“ L ' :/ ' ' 1
' i ; : 1
' T
-17 ‘_)./\l ' 1
10 ; ! : : w
' [ ] ] 1
. ] . L] '1
—21 ' ' " - 1
]“ [ ] ] ' 1
: ' L 1

J 1 L}
107% 5 5 ]
' ' ]
10" H T Z
Y/ S| e . ,,:;:;:.:i ' .
+ : 1
10-% i ; )
» ' A
" ' 1
137 " ]
l(] ! 'H ' ) 1

1079

10°?

109K

10~ 17
1074
1075

1072

1('—33

TBBN T A~pPBH:

y Gradual Reh., kyy = kpgp |

4

Interferonweters

ol e o s ot et st ot s sl sd sl s

B e o I I

4444‘444_.4‘1_4_4444 "

Mpgy = 10" g

Br=58x1077

1077
1w 1w 1! 10 10 10° 107 1w 1w 1! 10 10 10° g
GW frequency f |Hz GW frequency f [Hz
1 A | A

Q(tOtal) I A 1. l t‘ SssnnEn I t ¥e
- = Qaw diabatic socurvature

Q(R.Dg.Polt..)

GW Q(eMD) Q(m)l) Q(form.)
Doirred) | 1T *fcw | Gw | GW
Q(R 2, (’(]]
T oW

PBH energy fraction 3

PBH energy fraction 3y

PBH energy fraction 3y

107"

101

107

10-10

10713

10716

10—19

107!

10°*

1077

10 10

10~13

1016

10719

107!

1074

1077

10 10

1013

1016

10719

eV 1

1
x

+ T > 5 % 10° G

<_
>
@
W/
=
X
i)
A
P.
—

+Tr > 5 % 10" GeV 1

PBH lifetime ¢y, [s]

107 10 1074 107 104 10

d vomd voomd soied el o ‘

1 ‘[JA

pmEEw

.—r“'"""'-
’,

kuv = kN

Monochromatic

| oomd oomd oo vl oo oo 1o

kuv = kni
Gradual Reheating]

107 10°

PBH mass Mppp [q]

10 10?

PBH energy fraction 3

PBH energy fraction 3y

PBH energy fraction 3

107"

101

1077

fa—
—
~
|

—

(=

10718

10716

10—19

107!

10~

1077

10~ 10

1013

1016

10719

107!

1074

1077

10—]"

1013

10716

1071

eV 4

1
|

+Tr > 5% 10" G

—
-

=
—
X
T
N
B
{—

eV T

Al
n

+T¢ > 5 x 10"

PBH lifetime #eyq []

107 10 104 107

Monochromatic

104

(Wi Eb .c ]

kuv = kppu
Choptuik’s law (this work)

kuv = kppn

Gradual Reheating

10°
PBH mass Mppp [q]

10 10°

Usterityg)”
——

10

| voomed sovmd vl voved oo sined o




The loophole in the BBN bound

Hawking lifetime o< M3:

3 3
Leva = MPBH ~ 4S(MP§1)3H)
4 — 7 10°g
3AM?,
teva(MpBH) < tBBN ~ 107%s V (meeiie/ Meps)
I clustering = myelic > MpBH / \
O - P time
o\ e S srols BBN
teva,(mrelic) — teva,(MPBH) (WE)

N e’
steep cube

— teva(mrelic) > BBN




Mechanism: clustering — runaway — relic

/ e O
/@ ° o
;@ 0“ contract e® o [lunaway
\ ¢ | —P « ° Myelic > MpBH
5 ®
\ / ¢
\ o of /
N 7

virialised halo

1. cluster (Poisson shot noise) r

core contracts

0

5; ~ % =2 > 5Vir ~ 1.69

2. runaway (capture vs. ejection)

rmerg X N_45/147 rej oc N=°/2

capture
wins

rrlferg x N7/7T 4 as N| = runaway
ej

= collapse in 7.1 >~ 39 7.1«
needs rich, dense clusters & 7.0 < teva; e€lse ejection wins, myciic = MpBH.



The sharpened bound

PBH lifetime ¢, [5]

10~ 10~ 10~ 1077 10~* 10
runaway completes before evaporation 10-1 | e |
7-col(Nm:ax) = teva -
w10 > =
|l heaviest relic 5 O =
: - 0 — —)
£ 1077 B c o
53 _ 19 < — - @
max 15 MpgH S teq - - | X 7 2
mrelic ~10 g (_].Ogg 10— 20 ’;D 1010 I.X g —
B - 3
. o o ~13 =
l cube amplifies - 10 “
"
pomax \3 10716 1~ 5 Choptuik’s law G\'\;g}‘;m
max \ __ relic i1 Monochromatic PBH
teva(mrelic) — teva(MPBH) (MpBH) < IBBN formation
10-19 :

10 103 10° 10 10? 101
PBH mass Mppy |g|

new exclusion in (MpgwH, Bf), far beyond naive teva(MpBH) < tBN; isolated Newtonian clusters, Amgw ~0.05M.



Backup — what is y;?

horizon @ to (1/keq)

LT TS ]
A T e ui € (0,1]: fraction of the Poisson contrast that
. " has grown by equality
\
v ¢ //
\ *

A {1 o %x, x <1 (sub-horizon)
I Hi=19 3, —4/3 -
small cluster C horizon large cluster DO horizon 7% ) X3> 1 (super—horlzon)
grown = u;~1 super-horizon = ;K1 Y = M1uster _ (keq) — x—1 k:keq
My eq k

SIGW language: /u; is the isocurvature density transfer; the LF

: : k 2
potential transfer is Tg = —% QpBH (ikq_) N



The Poltergeist GW signal — mono. PBH reheating: master formula & kernel

€) Master formula — scalar source ¢ at 2nd order = induced tensor h

(2R B+ Kby = Sx, Sap = 4]0:0 06® + 32 04(® + F) (@ + ) | T by = / i Ghlx; %) S
0

k? 1+V 4v2—(1—|—v2—u2)2_2 5
Qawl(k,n) = 5773 Ph, P = / dlv/1 | T I (x, u, v) Po(uk) Po(vk)
oL _
K(u, v)

Iq):/ d)?thq); XE/(?]Z/(/H, u:q/k, v:lk-Ql/k; seed Pq):(%)zAR(k/kCMB)ns_l.
0

€@ Sub-horizon limit k/H = kn=x>1 (k> ken) = Poltergeist kernel

mono.: all PBHs evaporate together = [ — o0; the frozen plateau crashes by S¢, the radiation fluid rings, and

the velocity term ®’®’ dominates the source S,.
2

®4(7) < So(q) Te™(q) sinfesq(T+ 252)], o= i Grocsinlk(n =i g ) = o x, Se(uk)Sw(vk) Ty™P (uk) TGP (vk) Zowe
RD 1 ° v MD MD
OGw el = () [ du s (1 2P T2, S3S3(TEMP)R(TEMDIY2 by p,
364 cva [1—v|
S keva. —
resonance (acoustic <+ tensor phase-lock) at u+ v =c; ' = V3: 72 Fheva , TC o(ct—u—v).

32 k >



The Poltergeist sighal — monochromatic limit

Comoving scale k [Mpc™']
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® frozen on a plateau through eMD, then crashes by S¢ at the Resulting resonant SIGW vs next-gen reach (Mpgpgu :104g,
sharp, simultaneous evaporation (7osc ™~ Neva )- Br=0.6 X 10_6).
Mechanism: monochromatic = all PBHs evaporate at once = e
. .. .. . 3
near-instant matter—radiation transition = the frozen sub-horizon QE?V]\D,Q) X (k/keva)
® resonantly drives the restored radiation fluid into GWs. 1/3 _
’ So— (V12/kneva) '~ k™13

Mild k—'/3 suppression = the (k/keva)® enhancement survives = the loud, standard Poltergeist (peaks near
keq; UV-cut kni,/kppr). Realistic extended (Choptuik) mass function: S x k—*/3 = orders-of-magnitude
weaker.

Inomata, Kawasaki, Mukaida, Terada & Yanagida (2020).



Gravitational waves from the early matter era (eMD)

Why Qaow keeps growing during the matter era: Comoving scale k [I\-f"Ipc‘l]
. 110 11 12 13 14 15 16
1 Frozen potential = frozen source: e we oo
, “)—5 ;“'tlr\fa ; | k“(l | T BBN 'T | l I
~ ~ ' | LVK \_ Oy
¢’'~0 = &) ~const g D v — s : —
Q “ |
v _ - = -13 Qv [, 9] ;
2 Constant source = strain stops redshifting: ! . |
S}\ — 10_1{ : = = Instant. Reh.
/1 / 2 — — S S Gradual. Reh.
W+ 2HH, +k2hy =85 = hy— "5 = const S R R ot
L:: o - =fe .
1 2 - 10 .
) k 20 10~% S
3 Insert into Qaw = > Ph: < ‘ )
12H M 1033 Mppy = 10"g
_ _ Br=0.6x 107"
Pp=const, H?’cxa"! (MD: p,oxa?) 10-37 - "
) pil rovov el L
1 10
1 GW frequency f [Hz]
Qow > X a
Grows through eMD, cut at k., — far below BBN & eve
g q ry

detector.

» Robust floor: only mildly reheating-dependent — the SIGW that survives the suppression that kills the

Poltergeist.



k 1+v S
Qow = 12772 Ph, P = 8/ dv/ du IC(u V) XE{Z(DS}\I%/ Px(uk) Px(vk)

kernel seed

flxed geometry

kernel IX:/ dx G, fx — fixed by the background w & the seed’s ICs; redshift to today via D( Teva, To).
0

2 RDy irr. [P] 6 RD; irr. [®] | 3 RDj univ. [S]
seed Py 5 o
what fluctuates AC (k / kCMB)nS —1 (inflation) 3— (k / kPBH )3 L ‘ Universal | s
S yi E 1077} Qw""[5] \ 1
kernel /5 o EN
sourcing efficiency adiabatic, radiation era ISOC.: Ig x K4 o —
window e l s
which modes form k > Keq k < keva keq < k< kpBH —w |
redgﬁi—ft . 107" 1077 107° 103 107!
dilution to today D—4/3D D (not dil.) 2,0D —4/3 Comoving scale k/ku,
Q universal [S] signal
spectrum 3., 12 A - .
what you observe | Q A2 ( )2(n5—1) same env. A2 - G(k) " rise, plateau o< (keq /kpBH)
kcMmB S kg -

» 2 & 6 — one inflationary floor, QGW~A§~10_I8: diluted in RD1, survives in RD».

[ Ananda, Clarkson & Wands '06 - Baumann, Steinhardt & Takahashi '07 - Kohri & Terada '18]

» 3 — PBH Poisson noise, extra (keq/kpau)* suppression; no RD; twin (source evaporated).

| Domeénech, Passaglia & Renaux-Petel '21 - Lozanov, Sasaki & Takhistov '23 - Doménech & Trankle '25]



GWs from PBH mergers HF - mergers

PBHs (Mpgy <10° g) dominate before BBN — cluster, pair, merge

Four channels = 2 routes X 2 bodies Comoving scale k [Mpc™']
107 10* ¥ w* 10* 1%
2-body 3-body e
s N\ [ N “
—z’g decouple + torque triple ejection S
S — eccentric — hard z :
- RN J ,;V (. 2003.10455 |
4 N\ N\ f;zo *E Mppy = 10°g
¥ 5 3=10"7
[ GW capture capture v —
8 3 in fly-by + hardening ; [‘“ }
O | )L ) 02 10° 1% 10t 10 107
GW frequency f [Hz]
3-body wins for heavy Mpgpy, v—1 merger background: disrupted (green) vs. undisturbed (dark)

[IR tail o f3] peak 0.75 frine ~ 1012 Hz disruption x1072
g

 mass function immaterial ] | above LVK/ET/CE | | ANqg & BBN ok




Merger rates R;(t)

2-Body 3-Body (y =1)
EARLY 5.6 X 10_7 '6}6/37 Sd. (t) 24 % 10—6 ,6?74/259
G188/37 M2/ 34/37 G186/37 Mpron/ 2> 6/7
 ATE . G11/63 M;)ggB o 52/35 3 x 1025 $332/63 r 104/35
£263/63 ﬁ§8/ °3 \ Ryir (;1340/63 M;‘gg/& ?40/63 R.:.

Bf formation abundance - Sgjs(t) disruption survival - r./Ryir cluster compactness - rate per PBH



d°N},

dtdp ~ 22 (ep/Temn — 1)

27T G,%, MPBH(t)2

Pa(p) p°

Hawking emission X spin-2 greybody: 1, ~p* (IR), %, — const (UV)

e one PBH evaporates
Y2(p)

emit

—

Hawking gravitons: peak ~

k

e redshift: \ oc a(t)

A stretches ox 1/a

N ANANS AN

eMD

k= a(t)p

RD today

= p = k/a(t)

frame: a(teva) = 1

9 broken power law

QHaWk
GW 5/
sum--
redshift
—_

B teva dzNh
B a(teva) MPBH dtdp

I only input: one mass Mpgq
——dt NpBH 1
a(t ~ M n = =
ok / a(t) (t) Ptot PBH NPBH oo Monm

TppHu redshifted to today (highest-f relic); robust to spin (ax ~ 0.02)

and mass function (mono =~ Choptuik). [Hawking '74; Page '76; MacGibbon—Carr '91; Hooper '20; Cheek '22]




