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Moduli displaced from their late-time minimum during inflation
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PBH dark matter [Carr, Kuhnel, 2021]
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Early Matter Domination

+

additional ingredients

gravitational waves
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Early Matter Domination

+

additional ingredients > fifth-force

gravitational waves

PBH dark matter [Carr, Kuhnel, 2021] T
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Early Matter Domination

+
additional ingredients > fifth-force
gravitational waves
PBH dark matter [Carr, Kuhnel, 2021] PR e, S,
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[Erickceck, Sigurdson, 2011]
[Georg, Sengor, Watson, 2016]
[Harada, Yoo, Kohri, Nakao, Jhingan, 2016]
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Fifth-force interactions Amendola. 1696, 2003

[Amendola, Rubio, Wetterich, 2018]
[Savastano, Amendola, Rubio, Wetterich, 2019]
[Flores, Kusenko, 2018]

Z —MpR+£Z + L) + L(P,w)
\/_—g y SM Y

qb = canonically normalized scalar field
= BSM fermion
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[Amendola, Rubio, Wetterich, 2018]
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Fifth-force interactions Amendola. 1696, 2003

[Amendola, Rubio, Wetterich, 2018]
[Savastano, Amendola, Rubio, Wetterich, 2019]
[Flores, Kusenko, 2018]
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v ¢ = canonically normalized scalar field
SM component = BSM fermion
p(¢)
T = T
G o/71%
energy-momentum transfer ) Ty = T(W)gﬂy
VT == = T
v Mp x 1 — 3Wl//

interaction stronger
than gravity
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[Savastano, Amendola, Rubio, Wetterich, 2019]
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F ifth -fo rce i nte ra Cti O n S [Amendola, Rubio, Wetterich, 2018]

[Savastano, Amendola, Rubio, Wetterich, 2019]

. p :
py+3H(py+py) = ﬁ(p"’ —3p,)¢
P
Background equations

p,+3H(p, +p,) = - %(pw —3p,)¢
p

¢ = M,/p ('=d/dN)

Scaling solution 1 | 1

Qw=3—ﬂ2 Q¢=6—ﬁz Qrad_l_z_ﬂZ

Note: radiation domination
during the scaling solution
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F ifth -fo rce i nte ra Cti O n S [Amendola, Rubio, Wetterich, 2018]

[Savastano, Amendola, Rubio, Wetterich, 2019]

. p :
py+3H(py+py) = ﬁ(pl,, —3p,)¢
P
Background equations

p,+3H(p, +p,) = - %(pw —3p,)¢
p

¢ = M,/p ('=d/dN)

Scaling solution 1 | 1

Qw=3—ﬂ2 Q¢=6—ﬁz Qrad_l_z_ﬂZ

Perturbations

7 / _ _ 1.62
5111 — 5111 — 5111 =0 — 9J,=9,(alay)

Note: the standard behaviour during the late matter domination is

5V/ — 51//,in

(alay,)

PBH and primordial DM halo
production
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Early matter domination
(due to a modulus or anything else)

hidden sector, sequestered from the SM

Dark sector fermion y

Scalar force mediator ¢
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and ,Bw = const. = O(10)



Setu p [Das, Maharana, Muia, 2021]

Early matter domination
(due to a modulus or anything else)

hidden sector, sequestered from the SM

Dark sector fermion y

Scalar force mediator ¢

Py
v _ b TPo IV
Vi, = 7 8pol vy V' P
vV TV = —ﬂ—g 172 V¥
1 (y) M, Po=(w)
2N b — ﬁ po 4 ﬂ‘// PG
(Dm0 = o+ 38T

« T"" and T”” are of perfect fluid form, with w,, = 0.

(b)

[Acharya, Maharana, Muia, 2019]

we take f, = 0
and ,Bw = const. = O(10)

e W makes a transition from relativistic to non-relativistic: w,, goes from 1/3 to 0.

« Decays of various components are governed by I}, FW, F¢.
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Background Dynamics

Background equations

P+ 3Hp, =0 2+ Py + M)
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HH'¢' + H2p" + mgp + 3H2p' = B,(1 - 3w,) p,

Y becomes
non-relativistic
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Fast Growth of Perturbations

Perturbation equations
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Fast Growth of Perturbations

Perturbation equations
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Fast Growth of Perturbations

Perturbation equations
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Analytical Result

1
In the limit  w,,,w,, , ~ 0 5, + 55&, -®,0,=0 —> decouples

0, => 0 . 3
! O + =0 = 2Q,0, ~ Qs =0 —> tracks g,

3
where @, = ng(l +24,)

1 .
solution 9, x exp(ysV) where Y3 = 1 <—1 + \/1 + 16a)w>




Analytical Result

- P S
In the limit  w,,,w,, , ~ 0 5, + 55"’ -®,0,=0 —> decouples
o, >0
v ’ o, + 15,; — igwéw - EQbéb =0 — tracksg,
2 2 2
.3 >
where @, = EQ"’(l +25,)
1 -
solution 9, x exp(ysV) where Y3 = 1 -1+ \/1 + 160,

)

numerical

5ana1ytical

For the parameters
considered in the paper

75 ~ 0(10 - 20)




Fast Growth of Perturbations

initial conditions
0 in — 5b,in

v,
(51;/,in’ 5[;,in) — (an)

o
WYY Y




Fast Growth of Perturbations

initial conditions

51,/,111 — 5b,in
(8} O i) = (0,0)

w,in’

approximation
breaks
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Decays

| becomes non-relativistic

decays occur

¢ becomes dynamical perturbations go non-linear BBN
N Nnr NS Nyec WS
| | | | |
H ~ my,

BBN constraint

Interesting phenomenology

—> I > Hpgy ~ 10724 GeV

— I'; S Hy
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background: I, ~ — —>
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Pri mord ial BIaCk H OIeS [Nazari, Cicoli, Clough, Muia, 2020]

when perturbations go non-linear PBH formation may occur

Y becomes non-relativistic decays occur
¢ becomes dynamical perturbations go non-linear BBN
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Primo

[Helfer, Marsh, Clough et al., 2016]
[Muia, Cicoli, Clough et al., 2019]

rd ia I B I a c k H O I es [Nazari, Cicoli, Clough, Muia, 2020]

when perturbations go non-linear PBH formation may occur
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¢ becomes dynamical perturbations go non-linear BBN
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Primordial Black Holes

[Franciolini, Maharana, Muia, 2022]
./‘Isco — EHz PHz
10'® 10"

100% of
dark matter

sub-lunar
range

+ Evapdrated

GHz MHz
10” 10°

Monochromatic

1076 1073
Mppn[ M)

kHz
10°

109

Hz

10()

103

mHz

1073




Gravitational Waves

growth of perturbations induces GW production
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Gravitational Waves

growth of perturbations ind

 becomes non-relativistic

uces GW production

decays occur

¢ becomes dynamical perturbations go non-linear BBN
N; Nxr Nai Niec NgBN
[ I lwn—-t I I
H;, ~ my, PBH formation

GW production

Amplitude of GW spectrum I;" = ap,

A =Alogk

647> PiNNL) 2

1927°Q5(Ny) a2

a <1

> a,A~1

Q o =
GW.p 3MZHE; (k,/(an HyNp))? A (ky/(any Hnp))* 4

4
> 7 Qg alky) 24X 107
0

Peak frequency  fy 2 <1

—> QGW,O = (
agp
my,

0-17GeV

) exp (Nyi — Nggpn) X 107 Hz

~ 6.5%x 1078

barely detectable with
LISA, BBO, CE

[Chatrchyan, Jaeckel, 2021]



Detectability
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Detectability

ISCO frequency See [Muia, Quevedo et al., 2020]
20 for a comprehensive review of
~ 105z [ 8
f= Z - Ultra-High-Frequency GWs physics

-15 -13 -11
logo(Mpen/Mo) = IR

ET

ARCADE
IAXO HET

A
ol
w2
®)
>
=

10~* 1072 10° 10% 10* 10° 10%® 10'° 10%2 10! 10'¢ 10%® 10%°
J [Hz]

Ultra-High-Frequency range



The Hunt for Light Primordial Black Hole Dark Matter
with Ultra-High-Frequency Gravitational Waves

Based on 2205.02153, with Gabriele Franciolini and Anshuman Maharana

Resonant Cavities
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DMR applies to mpgy = (107°,107°,1077,107%) M, at 400 MHz.
IAXO applies to nmpgy = (1075,107°,1071°,107") M at ~ 30 GHz.
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from light PBHs that constitute DM
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Equation of state

g 1
Parametrization: Wy = <—tanh (ANWW(N — (N\r = ON )))>

ON = arctanh(0.6/ ANWW)




Decays

| becomes non-relativistic decays occur
¢ becomes dynamical perturbations go non-linear BBN
A’in N NR NNL N, dec N BBN
| | | | |
H ~ my,
BBN constraint —> T, > Hgpy =~ 107 GeV
interesting phenomenology —> I, S Hy
_ 2\1/3
Mp min = (HBBNMp)
m; 3
background: 1, ~ 72 —> My, min S My, S My, iy €XP Z(NBBN =\ D
P
L D Y9y +h.c.
y2m¢ <, < 3
[y~ o — Ymin < Mp S Ymin €XP Z(NBBN — Ny Ngpn = Ny + 2

3
Ymin — V 87 cXp <_ZNBBN> 0.038 S y S 0.17




