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Abstract: The current progress in gravitational wave detection opened a new exciting window in cosmology. It is natural to ask ourselves how we
can best use this new tool to explore physics beyond the standard model. With this idea in mind, my collaborators and | asked what we could learn
from Cosmologica Gravitational Wave Backgrounds if they were to be detected to a certain accuracy. By drawing comparison to the cosmic
microwave background, we investigate the impact of elastic scattering on any cosmological background. Specifically, we focus on quantifying
spectral distortions in the energy density spectrum of CGWB attributed to interaction with beyond-the-standard-model particles. We will also
explore the effect that elastic scattering of graviton of Primordial Black holes would have on CGWB in the regime where PBHs account for all the
dark matter.

Zoom link https://pitp.zoom.us/j/984602683837?pwd=RytzZWHd5dU1lenRhWGINY XM 30V JpQT09
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{ An SZ-Like Effect on Cosmological |
Gravitational Wave Backgrounds

-

Tatsuya Daniel,” Marcell Howard,”! and Morgane Konig*

it

Elastic Scattering of Cosmological
Gravitational Wave Backgrounds:
Primordial Black Holes and Stellar

Objects
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Gravitational Wave Detectors
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(Emerges from the incoherent superposition of a large number of astrophysical or cosmological sources)

o Stationarity : <£*A(u)fzg(u’)> x d(v — V).

[0 Gaussianity : All n-point correlators are or can be
reduced to sums and products of
the 2-point correlation function.

o Isotropy : <?zj;1(u., f)hg (v, ﬁ’)> o 6%(f, fi')

o Polarization : <?:.jl(u, ﬁ}ﬁ.g(u*,ﬁ’)> o OaB

O Spectral density for the fractional density :

Qow (V) =

1 dpew _

pe dlog v

52(f1
4

=

!
)5.43

(Ra(v, )ha(, &) = (v~ v/) (2]

Chiara Caprini and Daniel G Figueroa 2018 Class, Quantum Grav. 35 163001
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o Linearized perturbations around the conformal FLRW spacetime in the synchronous gauge
2 2 2 Tr J '
o Equation of motion for the metric perturbation
R T (r,m) + 2HR T (r,n) — V2R (r,m) =0
O In Fourier space

Wy + 2Hhy + k*ha =0

o Primordial spectrum

k

P = Ar() ()
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o Observables of interest

/ £ 871G (4m)?
Qaw (v) = 1 doow _ (B0) v°Sp(v) Qew(v) = T(HS) vin(v)

~ pedlogy  3H?

o Primordial vs present day

Qaw (V) = |[Tow(¥)*Qhw (v, 2)

2
Qew (V) = 2 1 Taw@)*Pw)
0
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Cosmological sources

O Inflation
o Phase transition
o Topological defects

o Cosmic strings

Caldwell, R., Cui, Y., Guo, HK, et al. Gen Relativ Gravit 54, 156 (2022)
Kosowsky, Turner, and Watkins Phys. Rev. Lett. 69, 2026 - 1992
Jones-Smith, Krauss, and Mathur Phys. Rev. Lett. 100, 131302 - 2008

Astrophysical Contamination

o Binary Black holes
o Binary Neutron stars
o Super massive Black holes in galactic nuclei

o Binary stars in the galaxy

B.P. Abbott et al, (LIGO and Virge) Phys. Rev. Lett. 116, 061102 2016
B.P. Abbott et al. (LIGO and Virgo) Phys. Rev. Lett.119, 161101 - 2017
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o Distortion on the CMB by solving the Kompaneets equations 20
An  AJ e X | |
— = e R~ e, e O 80 100 =200 500
B g e* — 1 (tanh(x/2)

Frequency (GHz)

R.A. Sunyaev and Y.B. Zeldovich,
Distortions af the Background Radiation Spectrum,
Mature, 223 (1969) 721

Calstrom, Holder, Reese Annu. Rev. Astronomy & Astrophysics 2002 40
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Mroczkowski et al. 2019
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o Distortion on the CMB by solving the Kompaneets equations
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R.A. Sunyaev and Y.B. Zeldovich,
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Mature, 223 (1969) 721
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o The relaxation of a photon bath to thermal equilibrium via Compton scattering with electrons

on  kgT.n.o. (z.)" g_n e
Le

ot  m.c? c

(@) Stimulated emission [so VIET PHYSICS JETP VOLUME 4, NUMBER 5 JUNE, 1957

The Establishment of Thermal Equilibrium between

Affects the photons distribution n(k, t) Chintte i koo

A. 5. KOMPANEETS
Institute of Chemical Physics, Academy of Sciences, USSR
( Submitted to JETP editor October 15, 1955 )
J. Exptl, Theoret. Phys, (U.5.5.R.) 31, 876-885 ( November, 1956)

The role of the Compton effect in the establishment of equilibrium between gquanta and

O Compton Scattering electrons is considered in the nonrelativistic approximation.

Affects the photons+electrons distribution n(p, k;t)

Freire Oliveira, Maes and Meerts, Astroparticle Physics 133 (2021) 102644
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O Expressed as a function of a dimensionless parametery ~__In the limit of small z.
a

on 1 8 [ 0n ; ksT. ct / ksT.
b . = —= o1 df
Oy a2 oz, ©\ Bz, +M) w T T me A n JF  Mec?

o At low optical depth and low temperature i.e. when y is small

6:]5

@ -1

SZ Effect

An = xy x coth(z/2) — 4)

Birkinshaw Phys.Rept.310:97-195,1999
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o Master equation for photons and electrons :

g—?(P, k;t) = ]dgp’dgk’ {n(p’, K )w(p’, k' = p, k) (1 + n(k, 1)) — n(p, k; )w(p,k — p', k') (1 + n(K', t))]

MNon covariant transition rate

oTransition rate :

w(p, k — p', k) d’°p’ d°k’ = g—g(p, k)dQc (1 - — ﬁ)
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oElectrons are in thermal equilibrium
o Photons are soft i.e fw <€ m.c? but hw ~ kgT,

o Electrons are non relativistic ie |p| < m.c

oMaster equation

on 1
‘= [0:n + n(1l+n)|l + | =0zn+ (1 ~|~n)(§ +8.£n) I,
ot 2 2
with " T
Iy(z) = c/ d’p (1 e n) o NeallPNA’ where A = (z' — ) = 1)

.\ Momentum distribution of electrons
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o Cosmic Microwave Background o Cosmic Gravitational Wave Backgrounds
0 Photon Electron Compton scattering O Graviton BSM particle Compton scattering
o Solve the Kompaneets equations o Solve the Gravitational Kompaneets equations
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o Cosmic Microwave Background o Cosmic Gravitational Wave Backgrounds

0 Photon Electron Compton scattering o Graviton BSM particle Compton scattering

(o) Solve the Korw-f\-nnnn-l-r- ArniatiAane ~ CAaliin +hA EravitatiAanal Kompaneets equatlons
rom— " - - N
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0 BSM particles are in thermal equilibrium

o Compton scattering
o Gravitons are soft i.e fiw € m ¢ but hw ~ kT

o Stimulated emission
0 BSM particle are non relativistic ie [p| < m ¢

S. Boughn and T. Rothman Class.Quant.Grav. 23 (2006) 5839-5852

oMaster equation

on _ Jo(z,X;s) @ [On _ Jo(z, A;8) \ [On
R R %[%—i—n(l—l—ﬂ)] + (Jl(:c,)\,s)+—~———*2 £+Tz.(l+n)

2
e P” 3
B e[ — a
(2nmT)3/2 LXP( er) P

eumx ' = : 6‘ .
with Jo(z, X; 8) = 2 / sin§ do / d3p (1 - B -ﬁ) MA{W(p)A‘-(m,QJ
lgrnin {/\} m d(’?

Momentum distribution of BSM particles
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O Unique theory of a massless spin 2 particle

OEFT is a valid description for low Energy phenomenon below the Planck scale
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(- as an cr l
- . X X
o Graviton scattering T \
8 = ¢ ? g

Forward Scattering limit

= —(k— k)2 ~ 0
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E‘h‘ﬁw = QR,u,auﬁhaﬁ =0
huv(z) = (A (z) + €Buw(z) + ... eif(®)/ ¢

Geometric optics is valid in the following regime:

1 = =
55 > R = VK

The vicinity of an object can be described by a Schwarzschild metric

2 1_(;:-” i 2 Gm\* 2 2 3192 o T 2
ds? = — ?’— di“ + 1+2— [dr + r“df* 4 r° sin (G)df,o]
7T T
2r

‘/3

127
K(r) ~ .

1

Upper bound for wavelike effects Fiy = (2\/57’3/\?}0) :

G. Cusin, R. Durrer, P. G. Ferreira 2018
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A more pertinent length scale is the Compton wavelength :

Ts m2

Ao M3

Thus, we set the minimum angle at:

= B
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oProblems :
IR divergences (similar as the Coulomb divergences)

BIIIH.X ; 1 ? : g
Ji’(iﬂ, /\;S) - 271'/ sin 0 dé /d'jp (1 _P ﬁ) MJ\I‘;(](I’)AE(&T,Q)
Omin(A) m dé

12r2 :

: bmax(A) = Ry = (2\/57'3/\%;0) 3

oGeometric Optics approximation:  K(r) ~

: : ; ! r
(Defines a region for which wave like effects are relevant)

Garoffolo, arXiv e-prints (2022) arXiv:2210.05718

O Solution :
Setting the lower cutoff angle at the geometric limit

0. . (A)— AC B 2G'm i 1
e B bmax(}‘) - AGO Gm?

Cusin, Durrer, and Ferreira. Phys. Rev. D 99, 023534
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o Graviton scattering g ' P b N o \\ ’
M - N p / \\ // \"'_,".
\\\ F \\\ 4 i;.)
\\ // \?3./ ?
:,&_I]\'_\/'" f.‘é-—lt_q F _j“'ﬁ ‘-—=?L_1q b
..-.Ii""fr;l e ® . il iy . R
B = g |F'=Ir)-' -j'L'Tu
; 1 4 9.8
oThe scalarcase: S, ,= =£ /d z/=g(g" Vi xVux + m*x?)
do‘lq(p,ﬁ’ﬁ"')_ _ U?(’\) _ 1 w’(pﬂﬁ? ﬁf) 2|F|2 ) w'(p, fi, 1) _ E—p-f
dQ (47)2 (E — p - D)2 w *] - with w  E-p-d+uw(l-n i)
Moo? i m2(1 — A . /')? N [2(E—p-d)(E—-p-f)—m?(1—na-qi)*
TS @ -paP@E-p )P (I-a-A)2(E-p A2E-p-A)>
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oProblems :
IR divergences (similar as the Coulomb divergences)

Bnax ) 1 : . 0
Ji’(iﬂ, /\;S) - 271’/ sin 6 dé /d'jp (] _P ﬁ) Mﬂzq(p)ﬁg(:g,@)
0m'1|1{A) m dg

12r2 3

oGeometric Optics approximation: K (r) ~

: : ; ! T
(Defines a region for which wave like effects are relevant)

Garoffolo, arXiv e-prints (2022) arXiv:2210.05718

O Solution :
Setting the lower cutoff angle at the geometric limit

2/3
Sl Ny= AC (QGm) 1

bmax (A) - }\GO G-m2

Cusin, Durrer, and Ferreira. Phys. Rev. D 99, 023534
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ih‘.ﬂw e ZRpaVﬁha'B =0
hm’(m) = (A,uu(m) e EB#_,,(H,‘) + ... ) eie(m)!{‘f

Geometric optics is valid in the following regime:

1 = =
52 %\ Buaws o = VE

The vicinity of an object can be described by a Schwarzschild metric

2

; 1 —Gm , b . R ;

ds? = — (1 ; (f) de? + (1 + (;—T) [dr? + 72 d6? + r? sin®(0) dy?]
2

'/3

12r s
K(’r) B GL Upper bound for wavelike effects Ry = (2\/5713/\330) i

r
G. Cusin, R. Durrer, P. G. Ferreira 2018
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B e smee
JN. adsS dll L__j
o Graviton scattering i N o \-\\ r d
. - \\ - "__'_i'.
N 2~ S 3
— gy 3
i IJ::-J b_\&dﬂ ET"-‘IJT:-_ “-i:'ﬁL 1 (_(gj
.| L = = ™
= t""i"_ e = = e 'I'—'"-F_
B - - g ; ﬁ"fﬁr}l ITl
; 1 4 )
oThe scalarcase: S, o= _§/d zv/=g(g"' VX Vux + m3x?)
P P 2
dds(p_,lﬂli) — 0s(A) _ 1 w'(p, i, ') |F|? _ W'(p,A,A’) E—-p-f
dQ (47)2 (E — p - D)2 w Al ity w  E-p-@+twl—n- i)
Mo lgzrﬁ mP(1 —h-i')? +[2(E—p-ﬁ)(E—p-ﬁ’)—m2(1—ﬁ-ﬁ’)]4
=8 |(E-paE-p-A)? (1-4-2)X(E-p-A)*E-p-)
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s lvinian s S A St it esicn o ) e I gy N
Solving the Qravitational 5S4 etrect
o In the case of single field inflation :  n(x) = Apz® 0 = —2
O Master equation :
Average energy transferred Average energy2 transferred

L JP [Jl (@, 350) + 228:20) (RN + T i) | ofor— 1) B,

ot

2 T
with

Omax ¢ dos(p,z,0)
(z, X: 8) = 2 ingdd | &®p (1— B .5) 2Bl \r ()AL (2
Ty, X:8) w/mmsmgd /d p(1-2.4) BBy )A%(z,0)

: 2
[(p) d®p = N, PPp = T p( —-0— ) d
J\- [p}( P J L,;(lp”( P {Qﬁ_m;r-):}m X} 2IH,T P
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O Master equation :

Mp

16/ H \?| - 1= 2(J1(z, \; 8) + Jo(z, X Jo(z, \;
An(m,z;S):y;ﬁ( ) {J1($,/\;S)+2JQ($,/\;S)— (J1(=, =‘3);J2(5'5'v -3))+3Jsz(?2 8) | 2

AQew(z,2;8) _ 12m(G°mM Ngo) P HoTQ,, (z,258) = m 2o (z,2; 8)
Qawolz,2) 1/2 Hitre = e
GwW,olZ, Qr
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Relative Distortion in the Energy Density Spectrum
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Non thermal —— What temperature should we consider? —— What mass distribution should we consider?

|

{’ Monochromatic mass distribution

N(M,v) = o(Mp) exp(—#j’z@) exp(_%)

Press-Schechter mass distribution

M Kieban and C Norton 2023
-

Hawking Temperature: Ty = (87TGM) —1 J

For PBHs withamass M = 10_16M® It corresponds to a temperature TH ~ O( kBV)
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From PBHs as single “particles” to PBHs clusters

N : number of PBHs that the GW “sees” . . g/. . .

The mass is increased by: M — NM @ @ o o o
And the cross section by: gac — N2/30ac & O © & )
M O\ 1/3
The average spacing is ¢ = ( ) ~ 1073 pc o L] B
PCDM

e

the spectral distortion goes from\]

Coherent enhancement factor [ — AGTO ~ 70]

(With Aco = 0.1pe ) g k 0?% —m: 5%
e
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o e

0 BSM particles are in thermal equilibrium

o Compton scattering
o Gravitons are soft i.e fw < m ¢ but hw ~ kT

o Stimulated emission
0 BSM particle are non relativistic ie [p| < m ¢

S. Boughn and T. Rothman Class.Quant.Grav. 23 (2006) 5839-5852

oMaster equation

on _ Jo(z,N;s) O [On _ Ja(z, A;8) \ [On
- 9 %[%—i‘n(l—l—ﬂ)] +(J1($?/\,3)+———*2 %Jrfn(lJrn)

i exp | — p* &p
(2rmT)3/2 2mT

glllﬂx P ’ ;
with Jo(z, X; 5) = 271'/ sinadéfd-’p (1 - P n) MN&,(p)N(x.m
lgulin (A} m dg

Momentum distribution of BSM particles
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From PBHs as single “particles” to PBHs clusters

N : number of PBHs that the GW “sees” . . E/. . .

The mass is increased by: M — NM O (v} ® @ O
And the cross section by: gac — N2/30ac & & & & )
M O\1/3
The average spacing is ¢ = ( ) ~ 107 pc @ o @
PCDM
.

5

The spectral distortion goes from
Coherent enhancement factor { — AGTO M1, P

|
(With Aco =0.1pc ) / 03% — & 5%
T ——
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O Explore different CGWB sources
O Address the cutoff issue

O Look at astrophysical events

O DM composites

O Expands the formalism to other interaction processes
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Thank you




