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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
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- Relics of inflation
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- (M)HD turbulence during QCD
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or due to primordial magnetic field



The International Pulsar Timing Array 5
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Opportunities for detecting ultralong gravitational waves
M. V. Sazhin

Shternberg Astronomical Institute, Moscow
1 (Submitted June 14, 1977)
Astron. Zh. 55, 65-68 (January—February 1978)

The influence of ultralong gravitational waves on the agati ele gneti es_is_examined.
Conditions are set forth whereby it might be possible to detect grawtatlonal waves arriving from binary
stars. There are some prospects for detecting gravitational radiation from double superstars with masses

mlzfm -~ 10

PULSAR TIMING MEASUREMENTS AND THE SEARCH FOR GRAVITATIONAL WAVES

STEVEN DETWEILER
Department of Physics, Yale University
2 Received 1979 June 4, accepted 1979 July 6

ABSTRACT
Ise arrival time me ch for gravitational waves with

~Pulse arrival time measurements of pulsars mav be used to search for gravitational waves
periods on the order of 1 to 10 years and dimensionless amEIitudes ~10~*!, The analysis of
published data on pulsar regularity sets an upper limit to the energy density of a stochastic
background of gravitational waves, with periods ~ 1 year, which is comparable to the closure
density of the universe.

UPPER LIMITS ON THE ISOTROPIC GRAVITATIONAL RADIATION
BACKGROUND FROM PULSAR TIMING ANALYSIS'

3 R. W. HELLINGS AND G. S. DOWNS
Jet Propulsion Laboratory, California Institute of Technology
Received 1982 October 1; accepted 1982 October 20

ABSTRACT
A pulsar and the Earth may be thought of as end masses of a free-mass gravitational wave antenna
in which the relative motion of the masses is monitored by observing the Doppler shift of the pulse + spatial
arrival times. Using timing residuals from PSR 1133+16, 1237+25, 1604—00, and 2045—16, an quadrupolar

r n h n derived in :
upper limit to the spectrum of the lsotroplc g;awtanonal adiation background has been derived 1 sign ature

the frequency band 4 X 10~° to 1077 Hz. This limit is found to be S = 10?'f* ergs cm > Hz™',
where S; is the energy density spectrum and f is the frequency in Hz. This would limit the energy
density at frequencies below 10™® Hz to be 1.4 X 10~ * times the critical density.




Pulsars = fastly rotating neutron stars

Supernova explosion of a massive star (> 9 M

Sun)

Core collapse in a neutron star of 1.3-2.2 M_

Huge magnetic field: 10 ® - 10 * Gauss

Rotation periods: 0.001-10 seconds

FPIHE-Bonn Pulzar Group
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The art of timing

| — the de-dispersion problem
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The art of timing

| — the de-dispersion problem
The lowest frequencies are delayed
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Looking for extreme timing precision
the timing uncertainty can go down
to 10-20 ns for some pulsars.

Wwolas
0] XX
R Seen A JDT

Weak fluxes ~mJy (1 Jy = 10%° W/m?)

— requires wide band pass in frequency

Current instrumentation in Nancgay:

: : Coherent dedispersion over 512 MHz
— requires a large radio telescope 1 FPGA / 4 PCs / 8 GPUs (16 Gb / s flux)

NRT : Nancay decimetric Radio Telescope
7000 m? ~ 94 m circular dish
1.1- 3.5 GHz



Pulsar Timing Arrays : principles

oP

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



Pulsar Timing Arrays : principles

oP

t
Analysis of time residuals
L ov
’l“(t) — —(t,) dt’ pulsar-Earth
0 V distance
v 1 AR —: ~
7(75) = §1+—A(hw(t — L(1+k.n)) — hy(1))

dir pulsar wave amplitude wave amplitude

at the pulsar at the Earth

v ;ﬁ \

dir GW source

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



Pulsar Timing Arrays : principles

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 10’ —~ A~1310"
Frequency domain (25 years - 1 week) — 10° - 10°Hz
i 7]1909-3744, whitened = L |
r(t) *°

95 ns rms over 13 years
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Pulsar Timing Arrays : principles
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Pulsar Timing Arrays : principles

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

: 1.
(t) = vo + Do(t — to) + 5 i0(t — t0)2 4+ - -

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



Pulsar Timing Arrays : principles
1) Describe the pulsar rotation in a reference frame co-moving with the pulsar
. 1.
V(t) = 1y + I/o(t — to) + §V0(t — t0)2 + .-

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

2) Timing model (transfer from topocentric to inertial reference frame)

TTM
tSSB — ttopo +tcorr _5D/f3bs +AR® +A7r +AS® +AE@ + AR+AS+ AE +AA
clock  dispersion Solar System binary system

Romer, parallax, Shapiro  Romer, Shapiro, Einstein
and Einstein delays and Aberration delays



Pulsar Timing Arrays : principles

2) Timing model
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The NANOGrav 67-pulsars dataset

15 years data span

Agazie et al 2023a
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Pulsar’s parameters (paperI)
Pulsar Jname J1804-2717 J1843-1113 J1857+0943

Right ascension, a (J2000)
Declination, ¢ (J2000)

Spin frequency, v (Hz)

Spin frequency derivative, v

DM (cm ™ pc)

DMI1 (cm™3 pc yr 1)

DM2 (cm™> pc yr?)

Proper motion in a, y, (mas yr~!)
Proper motion in §, u; (mas yr~!)
Parallax, @ (mas)

Binary model

Orbital period, Py, (d)

Projected semi-major axis, x (s)

Epoch of ascending node (MJD), T,

X component of the eccentricity,
¥ component of the eccentricity, i
Orbital period derivative, Py
Derivative of x, x

Sine of inclination angle, sin i
Companion mass, M. (M)

18:04:21.13307(1)
~27:17:31.337(3)
107.031649219533(4)
~4.6812(2) x 10716
24.688(4)

0.0005(7)
~0.00012(9)

2.46(2)

~16.9(4)

1.1(3)

T2

11.1287119652(3)
7.2814511(1)
49610.1749842(2)
1.219(3)x10-5
~3.177(4) x 1075

18:43:41.261937(7)

—11:13:31.0684(5)

541.809745036152(5
~2.80559(3) x 1071

59.962(2)
~0.0009(3)
5(8)x10~5
~1.99(2)
~3.00(7)

18:57:36.390620(1)
09:43:17.20712(4)
186.4940783779890(9)
~6.20522(4) x 10716
13.2957(9)

0.00082(7)
~0.00012(2)

~2.670(3)

~5.428(6)

0.89(6)

T2

12.32717138285(5)
9.23078029(8)
46423.31409197(5)
~2.1565(9) x 105
2.454(5)x1076
2.6(7)x10713

0.9989(2)
0.258(5)




Pulsar Timing Arrays : principles
1) Describe the pulsar rotation in a reference frame co- moving with the pulsar
. 1.
V(t) = 1y + I/o(t — to) + §V0(t — t0)2 + .-

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

2) Timing model ™
tSSB — ttopo +tcorr _5D/f3bs +AR® +A7r +AS® +AE@ +AR+AS+AE +AA
. . Solar System binary system
clock . . y sy
dispersion Roémer, p_arall_aX, Shapiro Romer, Shapiro, Einstein
and Einstein delays and Aberration delays
3) Full noise model e NoisAe model —
™ WN SN DM CN GW
=1t "+t S+ +T T H+T T+
Timing meas. pulsar DM clock GWB
Moqle] | (white)  spin (red) + + (red)
(deterministic)  noise noise scatter ephem. noise

(red) noise (red) noise



DM

TSV

SN

CN
7SSE

GW

Analysis of foregrounds:
characterisation and separation of the noise components

« White noises » (un-correlated noise) 5'2 = (0' . EFAC)2 + EQUAD2

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

D —
« Red noises » (correlated noise) S oA f 4

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



Pulsar Timing Arrays : principles

Pulse jitter @

N[0)¢ DIVISION
=/

UNKNOWN PLEASURES

PSR B1919+21
P=13s



Pulsar Timing Arrays : principles

Pulse jitter

PSRJ1713+0747
P=457ms
LEAP Observations
'pulse to pulse' variations
(Bassa et al 2015)
1% in phase < ~100 ns over 1 h

oy
[
T
£
0
0
0
3
v
E
=
T
W
[
o
L
12
0
-
)
£
A

J1713+0747

0.46

0.5
Pulse Phase

0.9

1388 MHz

1000

500

Index



Residual (us)

DM (cm “pc)

61.25561.2661.26561

Red noise : dispersion noise or chromatic noise

500 1000

o

27861.275

= effects of interstellar medium

requires multi-wavelength observations
e.g. 500 MHz, 1400 MHz, 2.5 GHz

T Ay - |
L et
C oz — et ST o i
S RLY. . . A
i . k - i s ), e e o N, _
—t :! T it ,l - ‘f#:“{“:

PSRJ0218+4232
(P=2.3 ms)

d
DMz/ Nne dl
0

| 1995 |
Janssen 2015

1< Secular variation of the Dispersion Measure

(due to relative proper motion)



Rz [ps]

Raaoo [1s]

Red noise : dispersion noise or chromatic noise

= effects of interstellar medium

requires multi-wavelength observations

e.g. 500 MHz, 1400 MHz, 2.5 GHz

INTERSTELLAR MEDIUM EVENTS IN PSR J1713+0747

Year Year
2006 2008 2010 2012 2014 2016 2016.0 2016.5 2017.0
‘ o ' ' . T M T ' |

Lam et al 2018

DM events:

1) lense effect due to a plasma
bubble along the line of sight

2) local process in the pulsar
magnetosphere
(pulse shape change)



Intensity

-0.05

Red noise : dispersion noise or chromatic noise

= effects of interstellar medium

requires multi-wavelength observations
e.g. 500 MHz, 1400 MHz, 2.5 GHz

randomly
distorted
spatially wavefronts
coherent
radiation diffraction
. pattern
— (KN multi-path propagation
---------------------- =y A [ ' - through turbulent plasma
U ‘ + scattering variations
turFljalulsent J
asma
(ISM) Earth

(Cordes 2002)

0.20

0.15

- g ol Wea

o
=
o

00 05 1.0 15 2.0 Geiger&Lam 2022

Pulse Period (milliseconds)



Intensity

-0.05

Red noise : dispersion noise or chromatic noise

= effects of interstellar medium

requires multi-wavelength observations
e.g. 500 MHz, 1400 MHz, 2.5 GHz

Thin screen Thick medium

multi-path propagation
- through turbulent plasma
+ scattering variations

Cordes, Shannon & Stinebring (2016)
Orange: low frequency
Black: high frequency

0.25 ”

0.20

pulse
broadening

0.15

- e of s

o
=
o

00 05 L0 L5 20 Geiger&Lam 2022

Pulse Period (milliseconds)



Red noise : spin noise

P=1.55ms rms~34 5us <unc.>~60ns

B ' ' ' ' I ' ' ' ! I ' '
- J1939+2134
o L -
L0
of \
-
Lrl-] — | ] 1 1 1 I ] 1 1 ] I 1 1
1990 2000 2010

Small bodies disc perturbation ?

.. "
E dot variations?

Series of micro-glitches ?

P=29ms rms ~0.092 us

<INC%¢s> ~ 60 ns

c_ -

1909—-3744

Desvignes et al 2016

2010



Red noise : Impact of planetary ephemerides

PSR system

Uncertainties in the Romer delay
when transposing to the Solar
System barycentre induce

a correlated signal with a dipole
signature.

Conversely, we are sensitive to the
orbital parameters of the planets!



Red noise : Impact of planetary ephemerides

P ooy

Uncertainties in the Romer delay
when transposing to the Solar
System barycentre induce

a correlated signal with a dipole
signature.

Conversely, we are sensitive to the
orbital parameters of the planets!

fa

Ise detection of a common signal when uncertainties
are not taken into account in the model

-3

e DE42] === DE435
j0 = DE430 == DE436 ol

NANOGtrav 11-year dataset

|
p—
oo

17 " 16 15 _14
l01‘%101’4GWB Arzoumanian et al 2018



Red noise : Impact of planetary ephemerides

PSR system

Uncertainties in the Romer delay
when transposing to the Solar
System barycentre induce

a correlated signal with a dipole
signature.

Conversely, we are sensitive to the
orbital parameters of the planets!

covariance

covariance

'

\\ w

| | 1
covariance « Hellings&Downs »

oo

L
“qnv |‘“.|' quadlrupolar

s l |
covariance from ephemerldes errors

Y
..'\ o Jdipolar

angular separation

Tiburzi et al 2016




including timing model

Red noise : individual pulsar models
Y
2008 2010 2012 e2?);4 2016 2018 2020
log10(Arn) = —13.9918:23 20 ’
| - PSR J1600-3053 . 1
e Chalumeau et al 2021 0
e (EPTA)
L .
. — Van = 3.35:3% 8 20
h i : i gg\ZO
® i :
| =
o % I :
: ; . i i i log10(Apm) = —11.4678:0; ~10
I
© 1 i U : : : . : :
1 54000 55000 56000 57000 I 58000 59000
! : Mo :
b including timing model + noise model
& 1 . L
, | REN Vo = 2.14+313 e Spin noise
sl DM chromatic noise
> - - 14 * Scaterring noise
P « Band noise
o | - P « System noise
L +
e o > R & B R Nb of freq bins

; / to characterise each
[0910(ArN) YRN l0g10(Apm) Yom



Pulsar Timing Arrays : principles
1) Describe the pulsar rotation in a reference frame co- moving with the pulsar
. 1.
V(t) = 1y + I/o(t — to) + §V0(t — t0)2 + .-

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

2) Timing model TTM
tSSB — ttopo +tcorr _5D/f3bs +AR® +A7r +AS® +AE@ +AR+AS+AE +AA
. . Solar System binary system
clock . . y sy
dispersion Romer, parallax, Shapiro  Romer, Shapiro, Einstein
and Einstein delays and Aberration delays
3) Full noise model - Noi&model —
™ WN SN DM C
bseed = VN +T TV T+ T
Timing meas. pulsar DM Clock
Moc!e] . (white) spin (red) (red) Ephem.
(deterministic)  noise noise noise Astroph.

(red) noise



Pulsar Timing Arrays : principles
exp (—50tTC~16t)
v/ det(2mC)

The covariance matrix is decomposed
; . P C~ L'y pi0it€i0;71:0460i7H54i0ap0i;
into a sum of « noises » whose spectrum

is described by a power law GW clock/eph. astrog indiv. rot./disp.

we write the PTA likelihood as p(dtln) =

The GW term depends both on 3 A A AN g/ &
the amplitude of the signal as a function of Lop= Py (14 0ap) [ dS2 P(2) Z F1(Q)F] ()
82
g

its sky position and on the «antenna pattern »

PSR 1 PSR 2 PSR 3 PSR 4

o
»
———
|

PSR 1 GWB | GWB

Hellings & Downs Factor
o o
o )
| I
| |

PRSI B e v il BTSSR PR
0 50 100 150

pulsar angular separation [°]

PSR 3

10713 =

haracteristic strain

PSR 4 | Taylor et al 2022

M|
1078
frequency [Hz]

10714 =T
1077

|



Pulsar Timing Arrays : principles
exp (—50tTC~16t)
v/ det(2mC)

The covariance matrix is decomposed
; . P C~ L'y pi0it€i0;71:0460i7H54i0ap0i;
into a sum of « noises » whose spectrum

is described by a power law GW clock/eph. astrog indiv. rot./disp.

we write the PTA likelihood as p(dtln) =

the covariance matrix C depends both on 3 A A AN 1/ 6
the amplitude of the signal as a function of Loy = Py (1 4+ 0ap) de P(Q2) Z F1(Q)F] ()
S
g

its sky position and on the «antenna pattern »

————p Earth term: the stochastic signal is spatially correlated between all pulsars

0.6

as a function of their angular separation
0.5 2

0.4 |
0.3 |
02},

Cf Hellings & Downs 1983

01
o}
0.1}

Correlation

solution for an isototropic background :

0.2 | | R a 3
554 R (O IR
0.4 | i |

-05 |

COS G,
3

Hmn = ]
+ 41 — cos b, In (sin > )‘ (140

0 20 40 60 80 100 120 140 160 180
Angle between pulsars (degq)




logio ASD, (sec'/?)

FIH =)

=110

joint posterior median

-=1.5 - /
A

_2‘5 -
~3.0 -
~3.5 -
~4.0 -

—-4.5
102

10-8
frequency (Hz)

amplitude, logigAnp

Observed spectrum

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

Courtesy of Paul Baker IPTA GWA WG

I I
= =
W W
U o

L

-14.0 -
—~14.5

—15.0 "

| === NANOGrav

—— PPTA

1 2 3 4 5

spectral index, Yup




Correlation coefficient, "

1.00 1

0.50

0.25 1

0.00 1

0.6

Correlation coefficient

30 pulsars

0.4

Spatial correlation of the signal

~30
25 pulsars

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

EPTA ; Antoniadis et al 2023

ﬁ

PPTA ; Reardon et ’ 202

0 20 40 60 g0 100 120 140 160 180
Angular separation (deg)
67 pulsars
= | I I I I I I I I L] I ] | I I I I I I Ll | L] I I | ]
100 0.9 » ~40 y varied ]
- 80 0.6 | -
0 WF 03 |
—~ \

N = ‘n..\yl..--" :
03| NANOGrav ; Agaie et al 2023 Bl
i a | | | | I i1 i I | ] | | | | I | R i | b=
120 140 160 180 0 30 60 90 120 150 180

IUU

bk) separatlon angle, ¢ (degrees)

Separation Angle Between Pulsars, &y, [degrees]



Correlation coefficient, "

1.00 1

0.75 1

0.50

0.25 1

0.00 1

—1.00

Spatial correlation of the signal

e mma‘l
\¥ o 565““_5

e ¢
2 ® 29" June 2023
( EPTA, NANOGrav and PPTA

~30

e’t

YeF
iga

Eut show coherent results
abu 0.2 4
.~ yarp 1
m\c EPTA ; Antoniadis et &l 2023
cos -0.4 I ! I I ! | I | 1
0 20 40 60 g0 100 120 140 1e0 180
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Separation Angle Between Pulsars, &y, [degrees]



How interpreting such a common signal in terms of astrophysics ?

The life cycle of Super Massive Black Hole Binaries:

Stellar Core ; g q Coalescence
Galaxy Merger Binary Formation Continuous GWs &
Merger Memory & Recoil
S 4C 37.11
| ‘1\%"\; 1 g -
NGCSS'J‘ N @

‘ NGC 17
: Gravitational radiation provides Post-coalescence system

Dynamical Dynamical friction Stellar and gas P, bi .
friction drives less efficient as interactions may e .1uent inspiral. Circumbinary may experience
dominate binary inspiral? disk may track shrinking orbit. gravitational recoil.

massive objects to SMEBEHs form a
central positions binary. AH ﬁ% ﬂH
Orbital separation
0. l pC 0 0001 pc 0 pc

J'F. . ‘
4 :

-nnhnﬁnﬂﬂnh \th_—

|

~3 days . BURST!

_

GW Struin

Y

Time spent in phase
Burke-Spolaor 2018

monochromatic
PTA regime



Population synthesis ingredients

Relnes & Volonten (2015)

11C T T T
Broad Ilne AGN (thls work]
o . -
1‘ / v/ [ RGG118 },.
\ J," 10 = Pox 52 + P 7]
1T ‘tu.l [ Reverberation-mapped AGN . if’ . -~
i ¥ . - Elliptical galaxies % L% ¢ _
i ! B o, -
2 \ ]f V7 9 + ¢ 4 }(I“'_:+"_/ ]
/ 4 I $* o¥ l’** :
‘\ / Vi [ 2 RO
Vi i P 0 - b ]
14 N 4 1i E - » Y, */ L ] 4
o f .' = 8f P S 5
\ / ; \ N § L3SV e .
3.4 tf i ] - LTede $ §, 0. , ®
%/ VY " = I el (0X, YK 14 €32 ]
/ I! \ S— [ _ - - ¥ . .-: at s¥2% o ]
.: rl ;'| ! d \'/ 8’ 7 i -~ g - " . :/. :‘ 1 .\..l?..*'.‘ s o *
'.‘ ; I'er \\:'I_,ﬁ - L - /_/: '_A"t .‘q.fz ?.d"; :‘. sy o @
[ @e VT L N
X 1 ] S N At 7
'J'__ _'U" s a4 / ' . .
O IRY SR -
Yy’ Al 5F — — — Kormendy & Ho 2013, scaled —
Colpi & Dotti (= Q : . — — Kormendy & Ho 2013
2009 ~ [ e McConnell & Ma 2013 j
( ) ‘e at _—— Harmg & Rlx 2004 ]
s PR BT Loy w ey

85 9.0 9.5 100 105 11.0 11,5 12.0
|Og (Mstellar/M@)

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)



Population of SMBBH : contribution from background & individual sources

10-14 1 ] || I 1l I ‘___-' | || ] || | L L L] I 1
« resolvable »
individual sources

10-16

stochastic
background ~ f %3

contribution from
unresolved sources

10-10 SN

Hypothesis :

 circular orbits

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

10-17

1 | 1 IIII:"--' 1 1 1 1 1 IFII

Sesana (2013b) 107 10~ + uncertainties about :

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

stochastic background ~ f 2? time to coalescence

, oo 00 dgN ) f —-2/3
he(f) :/0 dz/g dM dszdlnfrh (fr) — hc(f)=A( ) (Phinney 2001)

yr—1




Pulsar Timing Arrays : principles

GW induced timing residuals (simulated data)
from Burke-Spolaor (2015)

£ PSR J0437-4715

El PSR J1012+5307

'fg’ ' : PSR J1713+0747

g10

|_.

20 [f (a) a GWB with h_= 10" and a = -2/3
0O 500 1000 1500 2000 2500 3000 3500
Day since observing start
(a) Gravitational Wave Background

- (b) a continuous wave

= (injected in the same sky location)

E from an equal-mass 10° M BSMBH

-fg’ at redshift z = 0.01.

£ distortion from a perfect sinusoid is caused
by the lower-frequency pulsar term

0 500 1000 1500 2000 2500 3000 3500
Day since observing start

(b) Continuous Wave



log10 (RMS/seconds)

The PTA signal vs SMBHB population models

_5 T
|
- EPTA 10.3 yrs
[
64 :
[
[
1
[
|
-7 1 .
S I
I
I
|
I
=84 |
I
I
I
MC realizations Comparing with the
" | L Wvr predictions of
1 astrophysical models
EPTA DR2new (EPTA paper V)
1 SMBHB models —2/3
~10 - he(f) =A( rf_l)
10-8 Y



l0g10 Atf=1/101)

The PTA signal vs SMBHB population models

|
b = -
|

Posterior (PTMCMC) —

Models —

EPTA 10.3 yrs

Comparing with the
predictions of
astrophysical models
(EPTA paper V)

—2/3
hc(f)=A( f )

yr—1




logipAcwe

The PTA signal vs SMBHB population models

NANOGrav 15-yrs
Agazie et al 2023e

Kulier et
1Mol F
will
1 eL i
Bonetti et a
“ \ Ryu et al., 2018
3 L}
— 15yr: HD-w/MP+DP+CURN \_G. ’ E Ri
o 4 ==*15yr: HD-DMGP s - Wyithe et al., 2003
/‘\,&" — Simulated: Phenom S| e Encki et al.. 2003
—- Simulated: GWOnly N A ) ., 2
T T T Mol £ Roebber et al., 2016
N R b “ © Sesana, 2013
YGWB Sesana et al., 2009

Siwek et al., 2020
Sesana et al., 2016
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cosmic
merger rate

The PTA signal vs SMBHB population models

nfK.r :
f — . physical
{ 1 4+ 2| processes
driving
harmonics of BH pair
gravitational wave
signal from the
various pairs

(Courtesy of Alberto Sesana
IPTA meeting 2023)




a, = =017 1

d

The PTA signal vs SMBHB population models

d*N

R2(f) = / dz [ dM,
Jo SO il

8 = 20350

C
1dz

fo = 00400

harmonics of
gravitational wave
signal from the
various pairs

]
i
'
i
]
'
I g
]
'
i
H
=
(] .
&
| EE - -
3
"
.

log, M. = 840105
]

dMydqdt);

\ nfx.r .
i f — . physical
: \k 1 + 2 | processes
driving

BH pair

(Courtesy of Alberto Sesana
IPTA meeting 2023)

(high merger rate densities)
short merger timescales

high normalization

logy, Gy = 0,251
= ...
: / : : F ot el ol WP
T [ e Ta &y | L g .+ s Jomy
BH, mefger shorter merger times high normalisation massive BH §ccentr1c1t“}5 dhd
timescale compared environment effects

for massive galaxies of pair fraction

<1Gyr to bulge mass  poorly constrained

\for BH-bulge mass relatiory

(EPTA paper V)



Distance limit skymap
(e.g. NANOGrav, Agazie et al 2023c)

SIS 163042355 e
2 ZS =
& 0) 287

Virgo

T, Jen. A M b 6 @
' e J ..

PG 1302-102

40 60 8 100 120 140 160
Luminosity Distance Limit [(AM/10° M®)5/3 x Mpc]

—— CURN+CW vs. CURN : : EE
—— CURN+CW vs. CURN (w/o J1713+0747) | |
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_ - 1jyr i .
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100_
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« detection map » @ 4.6 nHz (EPTA, Antoniadis et al 2023d)

A stochatic background

or

a unique source

Bayesian or

?
A signal at 4.6 nHz both *

poor sky position determination

very high Bayes factor
fo [nHz] = 4.80+34%
I ] 1 ni

" frequency and

Inference of the

1 1
1 1
i i ii i amplitude
....... Lo n of a putative CGW
Frequentist - in the
i i CGW+CURN
Lo model
1
5 2F, 209 o I log1o (ho) = —13.98%5:57
log h = [-16, -11]
log h = [-18, -11]
102 —— 1fyr

101 4

Bayes Factor o
spectral distribution W
CGW-+CURN model

T T
10-8 1077
Frequency (Hz)

Bayes factor




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

""" CS - BOS model
—61 == CS- LRS model
=== Turbulence model
=+ Inflation model

1078

Frequency [Hz]

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

temperature scale T* — 140 MeV
turbulence strenght Q* — 0.3
turbulence characteristic lenght scale A*H* — 1

Cosmic string background : )

:| string tension — log,, Gu =-10.1/-10.6
:L features — Ncusp = 2 ; Nkinks = 0 '

, Inflation model : i.e. tensor quantum quctuatlonI

of metric amplified by accelerated expansion : :

tensor/scalar perturbation ratio — log,, r=-13.1
spectral index of tensor perturbation — n. =2.4



For more details, please read :

arXiv:2306.16227v1

The second data release from the European Pulsar Timing Array

V. Implications for massive black holes, dark matter and the early Universe
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More interpretation papers :

17+ preprints published since last week on arXiv



Work in progress...

Expect interesting results in the coming year
using world wide combined IPTA data

e W
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