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Characteristic Strain

Z,

Press release of June 29th 2023

The first evidence for ultra-low-frequency gravitational waves has been seen,
expected to come from pairs of supermassive black holes

18 papers in one shot !

5

> 40 follow-up papers in the last three months, mostly about cosmological implicatibhs /
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The International Pulsar Timing Array

EHT]

EPTA/INPTA,
PPTA
and

5 NANOGrav

publish
coherent
results !

« a low-
frequency
-\ quadrupolar

signal
common to
all pulsars »



Pulsar Timing Arrays : principles

— oP PN

The Earth and the distant pulsar are considered as free masses
whose position responds to changes in the metric of space-time

— The passage of a gravitational wave disturbs the metric
and produces fluctuations in the arrival times of the pulses

With timing uncertainties dt (~100 ns) and observation time spans T (~25 years)
— PTA are sensitive to amplitudes ~ dt/T and to frequencies f~ 1/T

Sensitivity ~ 100 10-° /25 x 3 107 — A~1.310-16
Frequency domain (25 years - 1 week) — 102 -10-%Hz
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Pulsar Timing Arrays : principles

1) Describe the pulsar rotation in a reference frame co- moving with the pulsar

v(t) = vo + Dot —to) + i (t —t0)” + -+

The observed parameters v and v' are associated
with the physical processes causing pulsars to spin down

™
2) Timing model T
i 2 o
tssB = ttopo+teorr — 0D/ fors+ Aro+Ar+Aso+Ape+Ar+As+Ag+ Ay
: . Solar System binary system
clock  dispersion Romer, parallax, Shapiro  Rémer, Shapiro, Einstein
and Einstein delays and Aberration delays
3) Full noise model Noise model (stochastic)
= = —.} P e~ — —
™ WN SN DM CN GW
observed — T T+ T+ T+ T T T+ T
Timing meas. pulsar DM clock GWB
MO(?G! | (Whlte) spin (red) + + (red)
(deterministic)  noise noise scatter ephem. noise

(red) noise (red) noise



SSE

GW

Analysis of foregrounds:
characterisation and separation of the noise components

« White noises » (un-correlated noise) o2 = (o - EFAC)2 + EQUAD2

Instrumental — telescope gain stability, pass band, backend used
Astrophysical — 'pulse jitter’ (pulse stochasticity, variations in pulsar magnetosphere)

« Red noises » (correlated noise) S A2 f—?’

Variations in the Dispersion Measure — changes « e- » content along line of sight
(chromatic : multi-frequency measurements)

Variations in the scattering — multi-path propagation
Intrinsic rotation noise — perturbation from small bodies disc ?
Variations in radiated energy ? series of micro-glitches ?
Clock variations — clock-telescope link — TAl — TT-BIPM
Solar System ephemerides  — position of SS barycentre — links to INPOP, JPL

Galactic motion of the Sun — LSR

Gravitational waves — indiv. sources, stochastic background, « bursts » events



Red noise : individual pulsar models
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Pulsar Timing Arrays : principles e |
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Pulsar Timing Arrays : principles
exp (—30tTC~14t)
v det(2wC)

we write the PTA likelihood as ~ p(dt|n) =

The covariance matrix is decomposed C ~ | 0 5i3‘|‘€i 5z'3+777; Oub 5ig“|"iaz‘5ab 57:3.
into a sum of « noises » whose spectrum

is described by a power law GW clock/eph. astro® indiv. rot./disp.
The GW term depends both on 3 . A
the amplitude of the signal as a function of Loy = 7 —(1+das) dQ P( Q) Z FI1(Q)F} ()
its sky position and on the «antenna pattern »

(overlap reductlon function)
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log10 (RMS residual, sec)
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Observed spectrum

29th June 2023
EPTA, NANOGrav and PPTA
show coherent results

amplitude, 0910AmD
A
N
un

Courtesy of Paul Baker IPTA GWA WG

—— EPTA+INPTA =

= NANOGrav
1554 — PPTA
— joint
—160 T T | — T
1 2 3 4 5

spectral index, yup




Correlation coefficient, I’
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How interpreting such a common signal in terms of astrophysics ?

The life cycle of Super Massive Black Hole Binaries:

Stellar Core
Merger

Coalescence,
Memory & Recoil

—
v" \\
J
5 :
. - > .

Galaxy Merger

3
NGC533j‘ ‘ NGC 17

Binary Formation Continuous GWs

D) 4c37.11

Dynamical Dynamical friction Stellar and gas Gravitational radiation provides Post-coalescence system
friction drives less efficient as interactions may Zf.qlilem mspn;{al.hC.lrl?lmbms.r 4 ey e‘xperllencell
massive objects to SMBH:s form a dominate binary inspiral? isk may track shrinking orbit. gravitational recoil.

central positions binary. HH * A

Orbital separation
0 0001 pc 0 pc

i ~3days : BURST!
Time spent in phase Burke-Spolaor 2018
Last parsec problem .
massive BH triplets (Bonetti et al 2018), monochro_matlc
PTA regime

circumbinary accretion disk (Tang et al 2017)
accretion of clumpy cold gas (Goicovic et al 2018),
triaxial potential/density of the nuclei refilling the loss-cone (Vasiliev et al 2015)

a large population of stalled binaries at low frequencies (Dvorkin&Barausse 2017)



Population synthesis ingredients
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Merger trees from cosmological N-body simulations (lllustris, TNG, EAGLE, Horizon-AGN, SIMBA ...)

Bulge to BH mass ratio from galaxies dynamical studies

Add dynamical friction with stars and gas to migrate the BHs towards the center

Three body interaction with stars from the loss cone region (when binary orbital velocity > stars)

GW
emission

) B o0 o0 d3N ) B
h,v,(f)_/0 dz/o dM dszdlnf,,h (fr) —m— hc(f)_A(

f
yr—1

—2/3
) (Phinney 2001)



Population of SMBBH : contribution from background & individual sources

10-14 I LI L II ' ] 1 I LI DL | II 1

« resolvable »
individual sources

10—16

stochastic
background ~ f -2/3

contribution from
unresolved sources

10-10 SRR

Hypothesis :
« circular orbits

- all the population reaches the
sub-pc GW emission regime

1017

[ T T | I 1 1 N B |
-8 -7 T .
Sesana (2013b 10 10 + uncertainties about :

fusion rate
observed frequency [Hz] BH — host galaxy mass relation

time to coalescence

GW 0 o0 N d3N 9 —-2/3
emission e(f) = . dz . dM dszdlnf,.h (fr) —— he(f) = A 1 (Phinney 2001)

yr



log1o (RMS/seconds)

The PTA signal vs SMBHB population models
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logi1pAcws

The PTA signal vs SMBHB population models
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—15yr: HD-w/MP+DP+CURN

T T T
% % >
YcwB

Kulier et
Simor
McWil
Ravi et a
Bonetti et a

Ryu et al., 2018

Ravi et al., 2015
Wyithe et al., 2003
Enoki et al., 2003
Roebber et al., 2016
Sesana, 2013

Sesana et al., 2009
Siwek et al., 2020
Sesana et al., 2016
Rosado et al., 2015
Sesana et al., 2008
Chen et al., 2019
Kelley et al., 2017
Rajagopal et al., 1995
Rasskazov et al., 2017
Jaffe et al., 2003

Zhu et al., 2019

Chen et al., 2020
Dvorkin et al., 2017

NANOGrav 15-yrs
Agazie et al 2023e

-16.0 -15.5 -15.0

log o (Ayoyr)

-14.5

-14.0




The PTA signal vs SMBHB population models

o) 00 1 5
d°N dt
W2 () = d dm d X
c(f) j(: Zj; lj; qdzdmldeEdtr dlan,r

hz(fK,r) Z g[n9 e(fK,r)]
n=1

(n/2)* |, =fa+2)/n



The PTA signal vs SMBHB population models

d°N dt
2 r
h U)‘F dzfm dmlf U S dmy dgdedr. dinfe, <

h2 . gln, e(.fK,r)]
(fir) Zl w2

Jrr=f(1+2)/n

I




The PTA signal vs SMBHB population models

N S
¢ 0 0 0 " dzdmdgdedt

h2 g L7, e(.fK,r ‘
(fk. Zl )

Jrr=f(1+2)/n

physical
gravitational wave processes

signal from the driving
various pairs BH pair

harmonics of

Crédit: A.Sesana



— nogthTe
7y = 020072

)56
a. = —0.17°21

1
h%(f)szdzfdmlf
0 0 0

fo =0.04*05%0
.

l(ilg“. M, = &.]()i" l!t
]

log, M.

/

‘&,x

BH mergder
timescale
<1Gyr

as . fa ay
shorter merger times high normalisation

for massive galaxies

The PTA signal vs SMBHB population models
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d - :

! Szdmydgded?. dinfi,
— gln, e(f )i
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high merger rate densities
short merger timescales

high normalization
for BH-bulge mass relation
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Antoniadis et al 2023e
(EPTA paper V)



Luminosity Distance Limit [(M/10° M)”* x Mpc]

A stochatic background

or
( } a unique source
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A stochatic background

or
a unigue source
or
both ?
Bayesian
A signal at 4.6 nHz Antoniadis et al 2023e
(EPTA)

poor sky position determination

very high Bayes factor
fo Intz] = 4.8075 3¢ Inference of the
1 1 nmnoni
1R frequency and
i amplitude
- _ of a putative CGW

Frequentist in the

CGW+CURN
model
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But also, some constraints on
the cosmology of the primordial Universe

Tolofo e
up charm top 2 - . N (s}
Cosmic strings emission o8 e e OB P W o & arh

down strange bottom
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gluon bodgn

photon
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electron muon tau Z boson ! ' l ‘
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- o .
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(Magneto)-hydrodynamic
turbulence during QCD

Big Bang
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Inflation

cosrmic string cusp

Quantum fluctuation
of the metric during inflation

Fluctuations




But also, some constraints on
the cosmology of the primordial Universe

Cosmological models (e.g. from EPTA - paperV)

The theory of cosmic strings
. . CS - BOS model
(tension, number of « kinks » or « cusps »)  _g4{ __. oq. RS model

= Turbulence model

=+« Inflation model

10~
Frequency [Hz]

Cosmic string background :

string tension — log,, Gy =-10.1/-10.6 i
features — Ncusp = 2 ; Nkinks = 0

unsmic stri ng cusp

— Loops are produced and emit GWs via dpsw 2GH2 o B S e nl—a 4z s
oscillation and burst emission (cusp, Kink, (lf = [ Z C(ab) = / 1+ :)’)H(;)n [(1 n :)fﬂ‘(s)]
kink-kink collision b CEa '

! InKCOTISIO ) summing over cosmic time Loop number density

(Courtesy H.Quelquejay) (two models used: BOS, LRS)



But also, some constraints on
the cosmology of the primordial Universe

Cosmological models (e.g. from EPTA - paperV)

The epoch of inflation
(tensor/scalar perturbation ratio,
spectral index of tensor perturbation)

----- CS - BOS model
—61 == CS- LRS model

= Turbulence model

=+ Inflation model

Inflation

b ' 10I—8
Fluctuations NS Frequency [Hz]

! Inflation model : i.e. tensor quantum quctuationi

Tensor spectral I of metric amplified by accelerated expansion :
Tensor to scalar index \ i :

perturbation ratio \

Qaw(f) ~ 1.5 % 10-16(

. tensor/scalar perturbation ratio — log,, r = -13.1 '
r ) ( f )”T | spectral index of tensor perturbation — n, =24 1

0.032/\ f.

N

/

not compatible with slow roll inflation ny =~ 0

CMB scale (~ 0.05 Mpc™)



But also, some constraints on
the cosmology of the primordial Universe

Quantum chromodynamics

Cosmological models (e.g. from EPTA - paperV)

= quarks-hadrons transition

CS - BOS model
CS - LRS model
= Turbulence model
Inflation model

n e et et

T=Te o
~100MeV s

e (10%)

Big Bang
¢ (&

Qaw(f) = 3 A2 (LH.) Fowo S wb (s f)

1078
Frequency [Hz]

GWB produced from vortical (M)HD turbulence
around QCD energy scale:

temperature scale T — 140 MeV

ratio of the turbulent energy density o — g3
to the radiation one

turbulence characteristic length scale A*H* — 1




Implications on ultra light (scalar-field) dark matter content

Well known issue with CDM at kpc scales : core-cusp problem

Travel time of pulsar radio beam is affected by the gravitational potential from ULDM
—> periodic oscillations ~ prominent in a single frequency bin (like CGW)

Density of ULDM over background value
(0.4 GeV/cm3)
log f(Hz)

lo 10 f(Hz - - - - -
03 91 88 8%y oo 76 s >3 o1 52 57 5>
—111 Correlated . 2.251 —— Relative density, correlated
—— Uncorrelated ’ 2004 Relative density, uncorrelated
194 —.— PPTA Bayes 2018 '
"""" NANOGrav 2018 : 1.75 -
----- ==== DM density P
1.50
S
Q
™ 1.25
1%
Q
1.00
0.75
0.50
—167 : : — 0.25
—24.0 —23.5 —23.0 —22.5 —220 -24.0 -23.8 -23.6 -23.4 -23.2
log1p mg(eV) log my(eV)
Antoniadis et al 2023e Smarra et al 2023

— ULDM < 30% of DM in mass range log(m) ~ [-24, -23] (eV)



Taiji

CE

PTA-+Taiji+CE

Compare CE, Taiji and PTA/SKA
Simulate 200 pulsars @ 20 ns precision (10 years)

050

0.45
()

Jin et al 2023

Simulate 35 bright SMBHB’s in PTA band

(28 sources x 5 years for Taiji)
(1000 sources x 10 years for CE)

wCDM

“Iw(z)=cste

03F

Q

0.2¢

PTA

Taiji

CE
PTA+Taiji+CE

(J.]_,

Hy [km s Mpe™!]

Prospects...

Gravitational waves
as standard sirens

Luminosity distances from GW
Redshifts from EM counterpart
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wCDM
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PTA+Taiji+CE




| w(2)=-1 PTA+ Taiji+CE
CMB-+PTA+ Taiji+CE

0.29 0.30 0.31 0.:’12 0.33 0.34 0.35
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Jin et al 2023

Compare CE, Taiji and PTA/SKA
Simulate 200 pulsars @ 20 ns precision (10 years)
Simulate 35 bright SMBHB’s in PTA band
(28 sources x 5 years for Taiji)

(1000 sources x 10 years for CE)

Prospects...

Gravitational waves
as standard sirens

Luminosity distances from GW
Redshifts from EM counterpart
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Arzoumanian et al 2021

Prospects...

Testing Gravity theories

GR predicts two (tensor-)transverse polarisations

general metric theories have
up to six GW polarization modes

Tensor-Transverse (+ , X)
Scalar-Transverse (1)
Vector-Longitudinal (x-vector , y-vector)
Scalar-Longitudinal (1)

each produces a different ORF

— PTA can probe many independent

projections of GW polarisation,
with better response to longitudinal modes






