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Abstract: After a short introduction to the stochastic GW background | will highlight how one uses currently available LIGO/Virgo/Kagra data not
only to learn about compact binaries and the large-scale-structure of our universe, but also to constrain particle physics models beyond the Standard
Model, modified gravity proposals, and even quantum gravity theories.
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Introduction

01 and O2 BBHs events

Abbott et al, Phys. Rev. Lett. 120, 091101 (2018)

» LIGO and Virgo have detected 10 GW signals from binary black hole (BBH) mergers and
1 from a binary neutron star (BNS) merger

* The BBH observations have told us that BH masses can be larger than previously expected

* Besides the detection of loud individual sources at close distances, we expect to see the
background formed by all the sources from the whole Universe

LIGO
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Stochastic GW Background (SGWB)

Produced by a superposition of many weak, independent and unresolved sources
of astrophysical or cosmological origin

Binaries, Supernovae, Neutron stars

Inflation Cosmic strings Cosmological phase transitions

ZINGS
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Stochastic GW Background (SGWB)
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Stochastic GW Background (SGWB)

Produced by a superposition of many weak, independent and unresolved sources
of astrophysical or cosmological origin

Binarieg) Supernovae, Neutron stars

Inflation
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SGWB from CBC: info about Compact Binary Objects (CBOs)

Abbott et al, Phys. Rev. Lett. 120, 091101 (2018)

Approximately one binary neutron star merger every 13 seconds and
one binary black hole merger every 223 seconds

but

most of these events are too faint to be individually detected

Mairi Sakellariadou LiGo
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SGWB from CBC: info about Compact Binary Objects (CBOs)

Abbott et al, Phys. Rev. Lett. 120, 091101 (2018)

vs = (14 2)v

7, Zmax R ( 7 9) —(IEG\N (Uq*{})
ITL N\~
Qaow (v,0) = / dz
0

dug
)O(':HO JC (1 S ?)E(SZI\I» ng& 3)

E(Qum, 0%, 2) = V(1 + 2)3 + Q4

High merging rate and large masses of observed systems implies strong SGWB
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SGWB from CBC: info about Compact Binary Objects (CBOs)

Abbott et al, Phys. Rev. Lett. 120, 091101 (2018)

vs = (14 2)v

Qaow (v,0) =

/ du

Pc HO 0 (QI\I» (2, 2)

E(Qum, 0%, 2) = V(1 + 2)3 + Q4

High merging rate and large masses of observed systems implies strong SGWB
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SGWB from CBC: info about Compact Binary Objects (CBOs)

Most important quantities describing each BBH are thend spins of each component BH

Use Bayesian techniques to infer them from GW observations

Truncated power-law BH mass distribution:

O Mynin < ma < my < Mmax Mmin = !1’”’\[
p(my,mg) oc { ™1~ Mmin’ mq + my < Max
0, otherwise Minax = 200M
Beta distribution for the BH spins: a,,
h(\ f) o< \'('l\_l (1 o "l'i)ﬁxil Mmax lnfrerrEdfrom
: : observed BBHs
Qlses Py

‘ Wysocki, Lange, O’Shaughnessy (2018)
The total energy density varies over nearly two orders of magnitude

‘ Monopole: a new probe of population of compact objects
‘ lenkins, Q’Shaughnessy, Sakellariadou, Wysocki, PRL 122, 111101 (2019)

ZINGS

Mairi Sakellariadou LiGo

l.‘:‘.h’;ij‘;‘
LONDON

Pirsa: 19110096 Page 11/48



SGWB from CBC: info about Compact Binary Objects (CBOs)

Abbott et al, Phys. Rev. Lett. 120, 091101 (2018)

vg = [l + zlv

v Zmax R ( i 9) —(IEG\N (Uq*{})
ITL N\~
Qcw (v, 0) = / dz
0

dug
)O(':HO JQ (1 S ?)E(Szl\h ng& 3)

E(Qum, 0%, 2) = V(1 + 2)3 + Q4

High merging rate and large masses of observed systems implies strong SGWB

LiGo
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SGWB from CBC: info about Compact Binary Objects (CBOs)

Most important quantities describing each BBH are thend spins of each component BH

Use Bayesian techniques to infer them from GW observations

Truncated power-law BH mass distribution:

O Mynin < ma < my < Mmax Mmin = !1’”’\[
p(my,mg) oc { ™1~ Mmin’ mq + my < Max
0, otherwise Minax = 200M
Beta distribution for the BH spins: a,,
h(\ f) o< \'('l\_l (1 o "l'i)ﬁxil Mmax lnfrerrEdfrom
: : observed BBHs
Qlses Py

‘ Wysocki, Lange, O’Shaughnessy (2018)
The total energy density varies over nearly two orders of magnitude

‘ Monopole: a new probe of population of compact objects
‘ lenkins, Q’Shaughnessy, Sakellariadou, Wysocki, PRL 122, 111101 (2019)

ZINGS

Mairi Sakellariadou LiGo

l.‘:‘.h’;ij‘;‘
LONDON

Pirsa: 19110096 Page 13/48



SGWB from cosmic strings: info about physics Beyond the Standard Model (BSM)

1dim topological defects formed in the early universe as a result of a PT followed
by SSB, characterised by a vacuum manifold with non-contractible closed curves
Kibble (1976)

Generically formed in the context of GUTs

G- = Gum Jeannerot, Rocher, Sakellariadou, PRD68 (2003) 103514
m (M) # 0
i0 L= (D,d)*(D"¢) _If Fhv _f_}f(;-s,lﬁ G
<P>=1,e \HuPp) LG dez M g ¢ s
2z
m Mairi Sakellariadou LiGo
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SGWB from cosmic strings: info about physics Beyond the Standard Model (BSM)

1dim topological defects formed in the early universe as a result of a PT followed
by SSB, characterised by a vacuum manifold with non-contractible closed curves
Kibble (1976)

Generically formed in the context of GUTs

Jeannerot, Rocher, Sakellariadou, PRD68 (2003) 103514 |

i (new physics scale)2
Planck scale

CS loops (length £ ) oscillate periodically (T = £/2) in
time emitting GWs (fundamental frequency (y = 477/(?)

(
Yd

T = va = I'Gpu ' ~ 50
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SGWB from cosmic strings: info about physics Beyond the Standard Model (BSM)

1dim topological defects formed in the early universe as a result of a PT followed
by SSB, characterised by a vacuum manifold with non-contractible closed curves
Kibble (1976)

Generically formed in the context of GUTs

Jeannerot, Rocher, Sakellariadou, PRD68 (2003) 103514

Kink VU
Cusp

GW in a highly concentrated beam

/’ N Image credit: Alex Jenkins

GW is isotropic

Kink=Kink Collision
S . .
LombN Mairi Sakellariadou
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SGWB from cosmic strings: info about physics Beyond the Standard Model (BSM)

1dim topological defects formed in the early universe as a result of a PT followed
by SSB, characterised by a vacuum manifold with non-contractible closed curves
| Kibble (1976) |

Generically formed in the context of GUTs
|jeanneror, Rocher, Sakellariadou, PRD68 (2003) 103514 |
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Lorenz, Ringeval, Sakellariadou, JCAP1010 (2010)
Ringeval, Sakellariadou, Bouchet, JCAPQ702 (2007)
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Detection of a SGWB

To first approximation, the SGWB is assumed to be isotropic (analogous to CMB)

It would appear as noise in a single GW detector

. = For a stochastic GW signal:
s(t) = nt¢) + h(2) n(t) >> h(t)

Signal from Noise GW strain
the detector

To detect a SGWB take the correlation between two detector outputs:

- <n, t) + h(t)) (na(t) + k(1))
(

ny(t) na(t)) + (n1(t) h(t)) + (h(t) na(t)) + (h(t) h(t))

Mairi Sakellariadou
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SGWB from CBC: info about Compact Binary Objects (CBOs)

dEqw _ (Gm)*’®  mimg il
— : _pmh
dv 3 (1 + mg)1/3
X
; PN a=2/3
SZGW(V) — Szref
Vyef
i = sl
10~ g — — — S —— —
s \ L
1'I 7‘- -/‘:— ’l’ — :::::I” il “.“‘I".:
Scalesas ~ 1/Vobs. time MRURIAN e — -
u;!!r'__;_‘:,-"-_f-"" —— .
I” 10 '
10! 1n? 10*
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| Qaw < 4.8 X 10°% at 25 Hz |
‘ LVC (PRD) arXiv:1903.02886 ‘
K& Mairi Sakellariadou e A':?’\:‘J LiGo

Pirsa: 19110096 Page 19/48



SGWB from cosmic strings: info about physics Beyond the Standard Model (BSM)

X

v a=0

Qaw (V) = Qe

Vyef

-9
ki A ‘ Q<79%10 at 25 Hz ‘

‘ LVC (PRD) arXiv:1903.02886 ‘
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SGWB from cosmic strings: info about physics Beyond the Standard Model (BSM)

X

v a=0

Qow (V) = Qrer
' Vyef

ki A

-9
‘ Q<79%10 ;xt,‘ZSllz‘

‘ LVC (PRD) arXiv:1903.02886 ‘
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SGWB from cosmic strings: info about cosmology beyond ACDM

SGWB depends on thermal history

Gu = 10=%

10 : - -
B 101 !
3 i kination at Ty = 10 MeV
2x10
G 0 kination at Ty = 1 GeV
E 10
= 10-11 MD at Ty = 10 MeV
o X ! 1
| N MD at T = 1GeV
T | BN
‘ i 1 \ — standard cosmology
) 5 , \ i
jom8" 109 dom*  {07? 10"
fliz
Auclair, ..., Sakellariadou,... arXiv:1909.00819 ‘ USA‘\J

CosWG-19-03
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Anisotropies in the Stochastic GW Background

To a first approximation, the SGWB is assumed to be isotropic (analogous to the CMB)

The afterglow radiation left over from the Hot Big Bang
" jts temperature is extremely uniform all over the sky

= tiny temperature fluctuations (one part 100,000)

G = [ dAPy(cost) (4T,0T,),

6000 R
5000 .' N
4000 ¥ .
EJDW y L]
SGWB w0
1000 Al et \
it B i
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Multipole
- 5 2 A “ ; L 2
CF = / d nPF(COS H) <6"(“)GW6‘(‘)GW>0 ‘ Image credit: Planck collaboration ‘
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Anisotropies in the Stochastic GW Background

gree]

Declination [de

Gravitational wave sources with an anisotropic spatial distribution lead to a SGWB
characterised by preferred directions, and hence anisotropies
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Anisotropies in the Stochastic GW Background

Focus on anisotropy due to source density contrast & neglect most of cosmological perturbations
Include peculiar motion of observer as this introduces a kinematic dipole that interferes with the
anisotropy statistics

Tl',lf3

Oow =312

s -
/ dn a° /(IC nR(1+ 6, + &+ vo) /2 d?o Jr_gh2
0 : S

Ce L — N

Anisotropy due to source density contrast 0,, = ——

Intensity of SGWB: -ngx-'(l"o- é”) = -(-)-gw(] iE fggw )

Ogw = r5g,'), +Dé, - v,

- e ‘(h‘) -~ _‘(.-é_) ~f
2PCF : ( g\\'(HU- ""n) = <hp"w(”ﬂ- en)"g\\-’(""u- eu)> Density contrast due to the source distribution
alone, with the kinematic dipole subtracted

o o 0, = cos~1(&, - &)

: 20+ 1/, ,
ot ) = C1(v )P (cos 6 : _
(B, v0) = TR (vo)Fi(cos bo) ‘fenkms, Sakellariadou, PRD 98, 063509 (2018)
=0
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SGWB from cosmic strings: info about physics Beyond the Standard Model (BSM)
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SGWB from CBC: info about Large Scale Structure (LSS)

CBCs are the loudest component Millenium mock galaxy catalogue
of the SGWB (N-body simulation)

_ 500 Mpc/h

{ ey “

‘ Spingel et al (Nature), arXiv:0504097

BBH / BNS / BHNS are within galaxies ‘ LSS

Mairi Sakellariadou =
t{f“? LiGo
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SGWB from CBC: info about Large Scale Structure (LSS)

Get galaxies from the Millenium catalogue —=> compute merger rate for each galaxy =>
superimpose to get a SGWB map

We have an explicit expression for 2w as a function of sky location

-(s) ¢(s it
(.f?p’-w .(.?gw> ‘ ("gw(ﬁn. M—;) = <(5£‘3r5£\3>~ Cilin) = 2% / d(costy) Pi(cos ty)Caw

J-1

-t i
gy overdensity 4,3

||' 2

P )
&~ 1079

HE+1)C

1022

1028

2 1.008+00
5 - — = T

Angular resolution: 13.7 arcminutes ---- 7.3 galaxies per pixel

Jenkins, Regimbau, Sakellariadou, Slezak, PRD 98, 063501 (2018)
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SGWB from CBC: info about Large Scale Structure (LSS)

m, " Mmin < Mg < My < Mipay Mmin = 5Mg
!)(’I}] i r,)?’) o mM1=—Mmin “.?l .+ f.”-z ‘:\: 1‘1[”1“3\-
: M, .. = 200M
max .
0, otherwise

Jenkins, O’Shaughnessy, Sakellariadou, Wysoacki, PRL 122, 111101 (2019)

A (v, =65.75Hz
™

" N\eFa(-6+1,1-2;1,2;1)
(o) né (L) sine(ny/2)

B, Vo = 65.75 Hz
7] i ! =
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SGWB from CBC: info about Large Scale Structure (LSS)

Probing LSS with LVK (LIGO/Virgo/Kagra)

1015
10-17 ! !

~—— Millennium prediction
¢ LIGO 01 95% upper limits

¢ LIGO 01+02 95% upper limits
J 0

&
-
|
w
e

2 i 3 I
/

Image credit: Alex Jenkins ‘
Cross correlations with galaxy surveys?

Canas-Herrea, Contigiani, Vardanyan, arXiv:1910.08353
Canas-Herrea, Contigiani, Jenkins, Sakellariadou, Vardanyan (in progress)
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SGWB from CBC: info about Large Scale Structure (LSS)

Finite number of CBC’s per observational time
=) temporal shot noise (scale-invariant bias term)

Mairi Sakellariadou . - Lico
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SGWB from CBC: info about Large Scale Structure (LSS)

Finite number of CBC’s per observational time
=) temporal shot noise (scale-invariant bias term)

@ — G ==y W G 0

Finite number of CBCs and very short time within LIGO/Virgo frequency band

mmmm=) angular power spectrum dominated by shot noise

without shot noise with shot noise
‘ Jenkins, Sakellariadou, PRD100 (2019) 063508

+ finite number of galaxies (spatial shot noise)
+ cosmic variance

Mairi Sakellariadou T ‘@ LiGo
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SGWB from CBC: info about Large Scale Structure (LSS)

Finite number of CBC’s per observational time
=) temporal shot noise (scale-invariant bias term)

C£_>C£_|_W W> G W oc

Finite number of CBCs and very short time within LIGO/Virgo frequency band

mmmm=) angular power spectrum dominated by shot noise

Exploit statistical independence of different
shot noise realisations at different times

Cross-correlate different time segments to build a (new)

minimum-variance unbiased estimator

i 1 Np.:in- 1 f :
G = Y = D ‘ lenkins, Romano, Sakellariadou, PRD100 (2019) 083501 ‘
Npairs HFEV e m=-—¢{

Mairi Sakellariadou e '@ LIGO
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SGWB from CBC: info about Large Scale Structure (LSS)

Projection effects:

£, =50 Hz £, = 200 Hz
0.3 === X = Den + Kaiser \\\ === X = Den 4 Kaiser
& X = Den + Doppler . \\\ X = Den + Doppler
sl e X = Den + Gravity 0.4 ARG iR s et X = Den + Gravity
~ 0.2 ~ N
5 i — X AL () G — X = Al
— = — S
g o1 b £ o &
o : S~ ) 0.2f P
e ~o A '
| 00 — | s
e g L R R e T S i bt mrTer
S 0 S)
02t
=(.2 L "
e 10! 10!
£

= Contribution of different effects is larger at lowest angular multipoles and depends on frequency of the signal

= All effects of same order with Kaiser term the most important at all scales
At largest scales, Kaiser, Doppler, gravitational potentials contribute up to a few tens of percent to the total amplitude

Pirsa: 19110096

Bertacca, Ricciardone, Bellomo, Jenkins, Raccanelli, Regimbau, Sakellariadou, arXiv:1909.11627
Bellomo, Bertacca, Jenkins, Raccanelli, Regimbau, Ricciardone, Sakellariadou (in progress)
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GWs: info about Modified Gravity (MG)

Parametrised tests of GW propagation

doubly special

Ao > 0 relativity

massive graviton
1/2, 2
m, = A%/

o =0,0.5,1,1.5,

2.5,3,3
h(v) = Av)e’®®) /

multi-fractal ST

2 2 @
E° = p°c” HAxp C -

Frequency dependence of speed of GWs

Horava-Lifshitz

; ; ) Ty & extra dim
h(v) = A(w)e (@62
i

.

depends on binary’s luminosity distance, binary’s detector—frame chirp mass, binary’s
redshift and a distance parameter (where cosmological parameters will also enter)

LVC (PRD) arXiv:1903.04667 ‘
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O
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GWs: info about Modified Gravity (MG)

Parametrised tests of GW propagation

E2 — p2c2 Aapa’c

90% credible upper bounds on the absolute value of the modified dispersion
relation parameter A”,

GW150914

SW151012 = s A A
E&;Z:g; I my < 5.0x 107 eV/c I at 90% credible limit

GW170104
GW170608
GW170729
sW170809
GW170814
GWI170818 LvVC (PRD} arXiv:1903.04667

GW170823

JINGS
B
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GWs: info about Modified Gravity (MG)

GR: Ry + 2H W,y + k*hgq = 4

iy To explain the current acceleration

of the Universe

Modified gravity: N ey

R +2[1 @”@H B+ @9 k2 4 @@] ha = T4 Brans-Dicke, f(R), covariant Galileon,...

* Degenerate higher order scalar-tensor
(up to cubic order to second derivatives of
This function modifies the friction scalar field and divided in 41 classes)
term and affects the luminosity
distance extracted from
observation of GWs from CBC

Mairi Sakellariadou
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GWs: info about Modified Gravity (MG)

Phenomenological proposal

d&% (a) To explain the current acceleration
15 — T — : ;
= ==+ a (1 —_ ,:,U) of the Universe

dEHl ((L)

=p = 1 corresponds to GR

* Hordenski

Brans-Dicke, f(R), covariant Galileon,...
‘ Belgacem et al (2018) ‘

= Construct simulated catalogues of LISA =

Degenerate higher order scalar-tensor
massive BH binaries with EM counterparts

(up to cubic order to second derivatives of
scalar field and divided in 41 classes)
*= Use these mock catalogues to constrain
modified gravity theories
=0 can be measured to an accuracy
that reaches 1.1% and even in the worst
scenario still is 4.4%

Belgacem,... Sakellariadou, JCAP 1907 (2018) 024 LISA =

ZING!

INGS
B

LONI Mairi Sakellariadou
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GWs: info about QG (brane/string theory)

Constraints on the number of spacetime dimensions

Damping of the waveform due to gravitational leakage into extra dim

2.(1 -1 -) 2z

=l
~

= JEEM
GR: hGl_{, X dj@,_ il Hy Hy

|24

Deviation depends on the number of dimensions D and would result to
s ©_ @ systematic overestimation of the source d7 inferred from GW data

N

@avitons

Extra dim models: assume that

1 1 dEbi -

Al

bulk

—(D-4)/(2n)

LIGo
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GWs: info about QG (brane/string theory)

Constraints on the number of spacetime dimensions

Damping of the waveform due to = \\ .V}
i | | fi ko
T

| b

b eurve from INTEGIRAL/SPLACS
B 120000 4 (> 100 keV)
i
g TH00
-
s
B 112500

GWI170817

LVC (PRD) arXiv:1811.00364
LiGo

Mairi Sakellariadou LISA o
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GWs: info about QG (brane/string theory)

Constraints on the number of spacetime dimensions

Damping of the waveform duetog '

10"

GWI170817

= Consistency with GR in D=4 dim
= Some models (e.g. the Dvali-Gabadadze-Porrati (DGP) model) are ruled out

‘ LVC (PRD) arXiv:1811.00364

LiGo
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GWs: info about Quantum Gravity (QG)

Tests of QG with GWs: gravitational wave luminosity distance

Can QG theories leave a signature in GWs?

NO: QG corrections will be suppressed by the Planck scale

quantum corrections are of the form ({p1H )" where n =2,3,....

but today are too small: (bp1Hp)™ ~ 1Q—%0n

* Nonperturbative effects beyond the simple dimensional argument

If there is a third scale L > f¢p;. quantum corrections may become
~ F?‘,]H"’L“ with a — b+ ¢ = 0 and NOT all these exponents are small

ZINGS

£ Mairi Sakellariadou LiGo
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GWs: info about Quantum Gravity (QG)

Long-range nonperturbative mechanism found in most QG candidates:
Dimensional flow (change of spacetime dimensionality)

1

0=

dov/— 9@ [huKCh™ + O(R2,) + T* k]

ST distorted by/QG effects characterized by ST measure (how volume scales)
and kinetic téerm (modified dispersion relations)

hx [doJ G

characteristic scale of geometry generic source term

- T G(t,r) ~ fa(t,?)r~ 1, where fg is dimensionless,
L) := dy (¢) _ dy (4) scaling parameter

o = e ==)> | W)~ fultir) (/o)

In radial coordinates, and in the local wave zone

Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, Phys.Lett. B798 (2019) 135000
Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, JCAP 1910 (2019) no.10, 012

JINGS
i B
LONI J({N

LiGo

Mairi Sakellariadou

Pirsa: 19110096 Page 43/48



GWs: info about Quantum Gravity (QG)

GWs propagating over cosmological distances:

dlih-i i
- GW __ JEM i
O(‘dc;wﬂ dL _dL L / ) 77&0
%
e=x(y-1)

If there is only one fundamental scale, ¢/, = (O(/p,), the above equation is exact
and ¥ = F[]\I

If ¢, isa mesoscopic scale, then the above equation is valid only near the IR regime
and B I‘Illt'..‘l!) ~ 1]

Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, Phys.Lett. B798 (2019) 135000
Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, JCAP 1910 (2019) no.10, 012
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GWs: info about Quantum Gravity (QG)

GWs propagating over cosmological distances:

dlil\-‘l G
> GW __ JEM ¢
o(‘dc.w? dL _dL L / ) 77&0
- %
g = j:(-’)-' 1)

Observations can place constraints on the parameters Cx and ”Y in a model-independent
way, by constraining the ratio diV(2)/d}"(2)  as afunction of the redshift of the source

Standard sirens: -- NS merger GW170817 (LIGO/Virgo & Fermi)
-- simulated z=2 supermassive BH merger within Lisa detectability

Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, Phys.Lett. B798 (2019) 135000
Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, JCAP 1910 (2019) no.10, 012
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GWs: info about Quantum Gravity (QG)

When ~ = TI'yy we cannot constrain the deep UV limit of QG, since ¢, = O({p)).

(deviations from classical geometry occur at microscopic scales unobservable in astrophysics)

The only theories that can be constrained in this way are those with I'jeso > 1 > I'yv

0 < I'peso =1 < 0.02

Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, Phys.Lett. B798 (2019) 135000
Calcagni, Kuroyanagi, Marsat, Sakellariadou, Tamanini, Tasinato, JCAP 1910 (2019) no.10, 012
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Conclusions

GWs offer a novel and powerful way to test:

iticle physics

Watter candidates @uxio 5

modified g/ravity models

—

quan{:um gravity theories

Image credit: SXS/LIGO ‘

Mairi Sakellariadou LISA‘?{’;‘J
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