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» Supermassive black hole binaries

o Example:

- Chirp mass = 109 Ms,, , 1000 years before merger
=> f = 5x10-8 Hz : nanoHertz band
=> df/dt = 9x10-18 Hz/s : very slow evolution

logl0_A=-15.08, gamma=-0.67

e Very massive: masses > 107 Mgy, o] b (dicual sourcas
e (Close: distance z<2,

e Quasi-monochromatic

Strain amplitude

e Large number of sources:
- Individual sources

- “Stochastic” background built

© Mikel Falxa & Alberto Sesana Frequency (Hz)

from large number of non-resolved sources
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» Stochastic background from supermassive black hole binaries

e Modelling: red-process, power law approximation

Adws ( f \'" . .
19,2 1 yr Yows = 13/3 for circular & GW-driven SMBHBs
7 \yr ,‘

Sp P (f) =

? Credits: S. Chen

Frequency (Hz)

+ Hellings-Downs spatial correlations
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» Stochastic background from cosmological origin:

Dark Energy
Accelerated Expansion

e First order phase transition Aalosl XY, Windgew  Deveopmesto

e Primordial GWs | 4

Fluctuations W& | & J¢5 Rl L A

1st Stars
about 400 million yrs.

Big Bang Expansion V

Pulsars

13.7 billion years
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> Neutron star with high magnetic field

» Rotation axis # magnetic axis => lighthouse effect

~ magnetic axis

» Emission:

* radio beam

e Radio, gamma, etc
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Pulsar timing

> Precise timing of arrival time of pulses => Time Of Arrival (TOA)
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Pulsar timing

> Precise timing of arrival time of pulses => Time Of Arrival (TOA)

Radiotelescope Receiver (GHz
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Pulsar timing

> Precise timing of arrival time of pulses => Time Of Arrival (TOA)

Coherent dedispersion
(GPU)
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Pulsar timing =EoT
> Precise timing of arrival time of pulses => Time Of Arrival (TOA)

Y ol ke Reference clock Integrated pulse
00— | AN

Coherent dedispersion

Receiver (GHz (GPU)
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Pulsar timing

> Precise timing of arrival time of pulses => Time Of Arrival (TOA)
> One measurement point per observation (few minutes to few hours)

> Typically, one observation every week - every month
=> sampling cadence of the data (irregular)

> Very stable pulsars are milliseconds pulsars (MSPs)
> Timing with few tens nanoseconds precision
> More than 25 years of observation for some pulsars

» For example, Nancay Radio Telescope: 62 MSPs monitored with
timing precison better than 2 us and cadence better than 30 days
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» Example: MSPs observed at Nancay
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Pulsar timing

» TOAs are not perfectly reqgular due to many
effects:
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Pulsar timing

» TOAs are not perfectly reqgular due to many
effects:

e Pulsar itself:
- period,
- evolution of the period,

- sky position
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Pulsar timing
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Pulsar timing

» TOAs are not perfectly reqgular due to many
effects:

o Pulsar itself:
- period,
- evolution of the period,
- sky position
e Pulsar environnement:
- binary system,
- proper motion
e Beam propagation: interstellar medium

e Earth position (ephemerides of the Solar System)

e Gravitational waves ...

> Modelling of each pulsars
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Pulsar timing =EoT2

Error on sky position Error on period Error on period derivative
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» Examples:

e J1909-3744:

J1909-3744 prefit (rms=0.629 usec, 2503 toas)

o
1

residual (usec)

NRT.BON.1400
NRT.BON.1600
NRT.BON.2000

NRT.NUPP|.1202

NRT.NUPPI.1420 NRT.NUPPI.1T90 NRT.NUPPI.1962
NRT.NUPPI.1548 NRT.NUPP|.1918 4+ NRTNUPPI.2090
NRT.NUPPI.1676 + NRTNUPPI.2046 + NRTNUPPI22
NRT.NUPPI.1662

NRT.NUPP| 2346
4+ NRTNUPP|.2411
NRT.NUPPI. 2667

2006

2008 2010

2012
date (years)

2014

2016

2018 2020
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FO

F1

DM

DM1

DM2

PMRA

PMDEC

PX

PB

Al

PBDOT

XDOT

TASC

EPS1

EPS2

M2

JUMP1

JUMP2

JUMP3

JUMP4

JUMP6

prefit

5.01691 +/- 5.01691

-0.658641 +/- -0.658641
339.316 +/- 339.316
-1.6148e-15 +/--1.6148e-15
10.3906 +/- 10.3906
-0.000250904 +/- -0.000250904
1.48176e-05 +/- 1.48176e-05
-9.52683 +/--9.52683
-35.8098 +/- -35.8098

1.0623 +/- 1.0623

0.997779 +/-0.997779
1.53345 +/- 1.53345

1.89799 +/- 1.89799
5.1216e-13 +/- 5.1216e-13
-1.17023e-15 +/- -1.17023e-15
53114 +/-53114

4.93407e-09 +/- 4.93407e-09
-1.37334e-07 +/- -1.37334e-07
0.218395 +/- 0.218395
-8.5495e-05 +/- -8.5495e-05
-8.49454e-05 +/- -8.49454e-05
-8.34176e-05 +/- -8.34176e-05
-7.4828e-07 +/- -7.4828e-07

2.58546e-07 +/- 2.58546e-07




prefit
4.51091 +/- 451091

> Examples: 0.136027 +/- 0.136027

FO 218.812 +/- 218.812

e J17134074T: :

DM 15.9926 +/- 15.9926
J1713+0747 prefit (rms=0.253 usec, 5003 toas)

DM1 1.42664e-05 +/- 1.42664e-05

DM2 -9.12919e-06 +/- -9.12919e-06

PMRA 492273 +/-4.92273

PMDEC -3.91239 +/--3.91239

PX 0.92902 +/- 0.92902

PB 67.8251 +/- 67.8251

TO 48742 +/- 48742

Al 32.3424 +/-32.3424

oM 176.21 +/-176.21

residual (usec)

ECC 7.49383e-05 +/- 7.49383e-05

PBDOT 7.11226e-13 +/-7.11226e-13

M2 0.396039 +/- 0.396039
KOM 99.0463 +/- 99.0463

KIN 66.9501 +/- 66.9501
FFEBPP1360 EFF560.4357 NRT.BON.1600 WSRTP1.2273.C NRT.NUPPIL1676
FFEBPP1410 BO.DFB.1400 } NRT.BON.2000 5 NRT.NUPPI1662 "
FFEBPP2639 BO.DFE.1520 WSRTP1.840 SRTP2.1380 NRT.NUPPI1790 JUMP1 0.000593315 +/- 0.000593315
FFP200.1365 BO.ROACH.1620 WSRTP1.840.C SRT.P2 NRTNUPPI.1918
FFP200.1425 BOROACH. 1420 + WSRTP1.1380.1 NRT.NUPP|.1202 NRT.NUPPI.2046
FFP217.1365 BOMK2.1520 WSRTP1.1380.2 NRT.NUPPI.1420 NRTNUPPI 2411 JUMPZ 0.000592716 +/- 0.000592716
FFP217.1425 LEAP 1396 + WSRTP1.1380.2.C NRT.NUPPI.1548 NRT.NUPPI.2667
FFS110.2487 NRT.BON.1400

mimimmmmmm

JUMP3 0.000593452 +/- 0.000593452

2000 2005 2010
date (years) JUMP4 0.000619147 +/- 0.000619147
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hitps://arxiv.org/abs/2306.16225

> White noise :
. Gszcale q= EFAC? x Gc%riginal + EQUAD? .zwith Ggriginal the original errorbars
+
» Red noises:
A% K 7 yr?
= scale L Y with v the observation frequency
2 L —k
127> v lyr Tspan
e RN: standard red noise (k = 0) +9

e DM: Dispersion Measure variations (k =2) +9

e SV: scattering variations (k = 4) +]

» Specific features for some pulsar: exponential dips
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Pulsar timing and GWs
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Pulsar timing and GWs SEATA

> When gravitational waves (GWs) are passing between pulsar and Earth,
they will slightly modified the arrival time of pulses, i.e. the TOA

§

m“ TR

¥ PTA results - A. Pefiteau - Seminar DPhP - 10 July 2023 . ifoJ
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— Radio signal
t”* tn+ X tn+
| Time _
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> When gravitational waves (GWSs) are passing between pulsar and Earth,
they will slightly modified the arrival time of pulses, i.e. the TOA

18 PTA results - A. Petiteau - Seminar DPhP - 10 July 2023 = &2 irfu

_|



P T/

> When gravitational waves (GWSs) are passing between pulsar and Earth,
they will slightly modified the arrival time of pulses, i.e. the TOA

» We have a model for the TOA

T
Radio signal

—— Model
tn+
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> When gravitational waves (GWSs) are passing between pulsar and Earth,
they will slightly modified the arrival time of pulses, i.e. the TOA

» We have a model for the TOA
» If GWs => deviation from the model

=> GWs observed in the residuals = data--model

18 PTA results- A. Pefiteau - Seminar DPhP- 10 July 2023 < €22 irfUJ



Pulsar timing and GWs

» GWs => correlated fluctuations in TOAs of multiple pulsars

Observed & emitted pulsar spin frequency

\ \ Su(t) _ i i Ak,

t, ) — ta5 ¢ U ( R A)
Otow(t,) = J' )~ v dt’ = J\U( )dl‘/ ’ 2\ 1+, k
t, Lo t, Lo
/

Emission & reception times of pulses Pulsar & GW source sky location

Ahl] — hl_](te) - hl_](ta)

GW characteristic strain

S—A_ 1\

s ©D. Champion pru resuls. . Pefteay -Sominar P - 10.Juy 2023 | 22 irfu
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» For an isotropic GW background, characteristic spatial correlation:
Hellings-Down curve: specific relation between correlation of 2 pulsar
and their angular separation => signature of GW Background

3 x;;p 1 1 ]

c
B
©
®
=
o
o

40 60 80 100 120 140 160 180
Angle between pulsars (deg)
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» 3 potential types of signal correlated between pulsars:
e QQuadrupole:
- Gravitational waves
e Dipole:

- Systematic in the model of the position of the Earth, i.e. solar
system ephemeris

e Monopole:

- Clock time errors

91 PTA results - A. Pefiteau - Seminar DPhP - 10 July 2023 = &2

irfu
_|



EPTA

> European collaboration: pez

e Nancay RT (FR), o g

_‘& b & SR N g, R
70% of the data
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o Effelsberg RT (G),

e Jodrell Bank Obs. (UK),

o Westerbork Synthesis RT(NL),

e Sardinia RT (I).
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IPTA

» Two others collaborations
e Parkes PTA (Australia)

- Parkes radiotelescope

e NANOGrav (USA):
- Areeibe

- Green Bank

» Recent collaborations:
e INPTA: GMRT, ORT (Inde)
e CPTA: FAST, ... (Chine)
o MeerKAT (Afrique du Sud)

» Worldwide collaboration: International PTA

3 PTA results - A. Pefiteau - Seminar DPhP - 10 July 2023 =+ &2 irfu
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hitps://arxiv.org/abs/2306.16224

> 2 5 p u I Sa rS Telescope Receiver or Centre Frequency (MHz) Sub-bands Category Polarisation
(Abbreviation) Backend (MHz)
EBPP 1360, 1410 and 2639 - Legacy Full Stokes
Effelsberg 100-m P200 1380 1365 and 1425 Modern Full Stokes
> 2 5 yea IS Radio Telescope ~ P217 1380 1365and 1425  Modern  Full Stokes
(EFF) S110 2487 - Modern Full Stokes
S60 4857 - Modern Full Stokes
. Jodrell Bank Ob-
» b radio telescopes servatory (IBO)
1400 and 1520 - Legacy Full Stokes
+ Lovell Telescope 1520 1420and 1620  Modern  Full Stokes
> 1 4 ba C ke n d S + Mark IT 1520 - Modern Full Stokes
Nancav Radio 1400, 1600 and 2000 - Legacy Full Stokes
. Telegcz)’pe (NRT) 1484, 1854, 2154 and 2539 1292, 1420, 1548 Modern Full Stokes
d 1676; 1662,
» Observed frequencies snd 1676; 1662
2046; 1962,
f 300 M H t 2090, 2218 and
rom Z 10 2346, 2411 and
2667
3 G H Z Westerbork 323, 328, 367, 382, 840, 1380 and 2273 Legacy Dual
Synthesis Radio 350, 1380 and 2273 Modern Full Stokes

Telescope (WSRT)

The Large Euro- 1396 Modern
pean Array for Pul-
sars (LEAP)

Sardinia Radio ROACH 357 and 1396
Telescope (SRT)"

» Raw data = observations:

1 Data from SRT were only included as part of the LEAP mode of observations for this data release.

e Qutput of the coherent dedispersion system

e Time evolution of the 4 stokes values in multiple frequency channels (for
Nancay, band of 4 MHz)

25 PTA results - A. Petiteau - Seminar DPhP - 10 July 2023 = &2 irfuJ
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D) L > (us)  whitened (us) o J1455-3330 LA J1910+1256
J0030+0451  EFF, LT, NRT, WSRT, LEAP  51275-59294 22.0 4069 3.40 6.07 2.85 2.30 =
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71022+1001*  EFF, LT, NRT, WSRT, LEAP  50361-59294 24.5 2445 2.19 442 1.78 1.56 I
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11911+1347 EFF, LT, NRT 54095-59282 142 882 122 1.36 1.06 0.75 11738+0333 -
J1918-0642  EFF, LT, NRT, WSRT, LEAP  52095-59294 19.7 1361 204 4.14 1.78 1.31 o ShoemTEee s
J2124-3358* LT, NRT 53365-59213 16.0 2018 3.70 12.6 2.24 2.17 = . .
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EPTA data analysis

> ldeally, we would like to go from raw data to parameters directly but too
heavy (too much data, too many parameters).

> Analysis done by steps:

1. Construct one or several TOAs per observation:
a. Folding in time and frequency to obtain one profile
b. Compare to a template profile to obtain the reference time for the
observation = TOA
* For high SNR pulsar can be done in multiple frequency bands

2. For each pulsars using all TOAs collected:
a. Estimate the pulsar timing parameters with the pulsar model
b. ldentify the best noise model with its parameters
3. Using all pulsars with their timing parameters and noise model, search for
correlated signals putting constraints on spectral parameters and spatial
correlations.
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EPTA data analysis

> Multiple noise sources => single pulsar noise analysis

» Systematics: ephemerides, clock stability, ...

i 1 1
> I IS: p(or|0) = exp <——5tTZ_15t>
SEVENEEIEWAER NS, 3

N,

signals

e Continuous waves (i.e. individual sources): . o Z h
=3

e Stochastic: 2

- GW Background: common noise
- Noises:

o White noise: measurement errors + systematics
* Red noise: low frequency noise on pulsar rotation
e Dispersion noise due to the propagation through interstellar medium

e Timing parameters (pulsars parameters) also considered
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hitps://arxiv.org/abs/2306.16225

» For single pulsar analysis:

e Gaussian likelihood
e Bayes factor estimation to compare models

e Red Noise, DM variations and scattering variations:

- described as stationary Gaussian processes, following the Fourier-
sum with a discrete and finite set of sine/cosine basis functions
and a power-law power spectral density (PSD);

- Set of frequencies for each Gaussian process is chosen linearly
distributed 1/7, .2/ T, s Nepor/ T,

span’ span’ span

- Neoer 1s a free parameters (transition red noise - white noise)
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EPTA data analysis

htps://arxiv.org/abs/2306.16214

> For correlated signal analysis (GWB):

e For spectral parameters constraints:
- Similar to single pulsar analysis

- Many parameters to estimate (about 200): GWB parameters +
noises parameters of all pulsars

e For spatial correlation constraints:

- Search for generic spatial correlations and compare against
expected HD curves

- Several methods
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Y P T/
htps://arxiv.org/abs/2306.16214

DR2full DR2full+ DR2new
Model ENTERPRISE FORTYTWO | ENTERPRISE | ENTERPRISE FORTYTWO | ENTERPRISE

T -

PSRN + GWB
PSRN + CLK < 0.01 < 0.01 < 0.01

» Bayes factor:

e oo e o | e o1
s [mevecomveak |21 | a1 | os 2
Cesevocomvemm | o |01
e P I S N IS B AN TR
Cesmveowsecm | s |1 | w
Ceseveownemn |33 | a6 | m

> Acronyms:

e PSRN: Pulsar noise

e CURN: Common Uncorrelated Red Noise
e CLK: Clock Noise (monopole)

e EPH: Solar system ephemeris (dipole)

> Significance: when using only new backends, Bayes factor at 60, p-value of

~ 0.001, = 30 confidence => strong evidence for the existence of GWB
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htps://arxiv.org/abs/2306.16214

> Free spectrum Posterior for GWB parameters

@
n
=
o
o
—
o
o

Frequency (Hz)

—— DR2full HD DR2new HD

> GWB parameters (DR2new):

e logarithmic amplitude: log,, A = — 13.940%3 1 DR2new: Dipole

—0.48 =1 DR2full: Dipole

[—1 DR2new: HD
1+1.18 F =1 DR2full: HD
—0.73

DR2new: Monopole
DR2full: Monopole

e spectral index: a1/

> No dipole and no monopole

>
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htps://arxiv.org/abs/2306.16214
» Spatial correlation: overlap reduction function

e Binned

-15.0
-15.5

-16.0
60 80 100 120 140 160 180 0

Angular separation (deg)

— DR2full Binned ORF DR2new Binned ORF

e Optimal statistic

Correlation coeefficient

"0 20 40 60 80 100 120 140 160 180
Angular separation (deq)

—— HD %  DR2full DR2new
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htps://arxiv.org/abs/2306.16214

» Scrambling the sky position of pulsar, destroy the signal

— x? (df=4)
—-= Mean value noise margin Fe-stat
] Noise margin Fe-stat
Noise margin + sky scrambled Fe-stat

> Many other tests see https://arxiv.org/abs/2306.16214
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EPTA results: individual sources

htps://arxiv.orq/abs/2306.16226
» Continuous GW search = Super Massive Black Hole Binary

» GW described by 8 + 2 X Npgp parameters:

e Amplitude, frequency, chirp mass, sky position, inclination,
polarisation, initial phase, phase at pulsar, pulsar distance

» Frequentist analysis:

e Maximum F-statistic (equivalent to likelihood) at 4.6 nHz

35 PTA results- . Pefiteau - Seminar DPhP - 10 July 2023 22 "fUJ


https://arxiv.org/abs/2306.16226

“wEPT/

htps://arxiv.org/abs/2306.16226

» Bayesian analysis:
e Bayes factor PRSN+CURN+CGW vs PRSN+CURN

e Sky localisation:
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» Bayesian analysis:

“wE PT/
htps://arxiv.orq/abs/2306.16226

e Hard to distinguish between individual source and background.

Model comparison
CGW+PSRN vs PSRN
CGW+PSRN+CURN vs PSRN+CURN, 3 bins
CGW+PSRN+CURN vs PSRN+CURN, 9 bins
CGW+PSRN+GWB vs PSRN+GWB, 3 bins
CGW+PSRN+GWB vs PSRN+GWB, 9 bins

- Bayes factors:

- Simulations:

[ data:PSRN+CGW; model:PSRN+CGW
data:PSRN+GWB; model:PSRN+CGW
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» 67 pulsars during 15 years
» GW Background:

e Bayes factor: 200-1000 (about 4 sigma) ;

L 1 |l LI 1 1 1 Ll 1 1 1 1 T T 1 T 1 LI
| | |

=== Hellings—Downs spectrum
Power-law posterior
== == Median power-law amplitude; Y= 13/3
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arxiv.org/abs/2306.16222

» Continuous GW search

—— CURN+CW vs. CURN

—— CURN+CW vs. CURN (w/0 J1713+0747)
HD+CW vs. HD

-—- 1/yr
2/yr
J1713+4+0747 binary period

Bayes Factor

log1ofew
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https://arxiv.org/abs/2306.16215

» 32 pulsars during 18 years

N f ‘ |
“M‘ iih l Ul lllii'uﬂh. “w

I

1078
Frequency (Hz)

DE440

DE421

(@] (0¢]
S S
of pulsar pairs

,,_.__
S
I

umbper

Correlation coefficient, T’

40 60 80 100 120 140 160
Sky separation angle, ¢ (degrees)
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First EPTA interpretation

htps://arxiv.org/abs/2306.16227

> Implications of the EPTA results, DR2new:

— 0.23

| +1.18
* v =2.7177

> For:
e Supermassive black hole binaries

e Physics of the early Universe

e Dark matter
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SMBH: Formation & Evolution

= 0,10 Gyr

T = 0,80 Gyr

42

Galaxy mergers Formation Closed binary Merger

100 kpc — 100 pc 100 pc = sub-parsec  sub-pc—qq M (auv)

~ few Gyr ~ few Myr ~ few hours
* Dynamical friction /' G.uz :ricTion.
* Stellar formation HLircolarisotion * GW “burst”
) * Possible inversion of  Inspiral of the 2BHs , .~ ., '
* Tidal chocs e * Recoil
: angular momentum | due to Gravitational 4
* Gus aynegio * 3 bodies interaction Wave emission velocites of
ies i |
* Callegari & al. (2009) Ap) Dot & al. (2009) MNRAS remnant BH.
696 189 '
396-1640
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SMBH: Formation & Evolution

= 0,10 Gyr

T = 0,80 Gyr

42

Galaxy mergers Formation Closed binary Merger

100 kpc — 100 pc 100 pc —= sub-parsec | sub-pc—qq M (au)

~ few Gyr ~ few Myr ~ few hours
* Dynamical friction /' G.uz :ricTion.
* Stellar formation HLircolarisotion * GW “burst”
) * Possible inversion of | Inspiral of the2BHs , .= ., '
* Tidal chocs e * Recoil
: angular momentum | due to Gravitational 4
* Gus aynegio * 3 bodies interaction Wave emission velocites of
ies i |
* Callegari & al. (2009) Ap) Dot & al. (2009) MNRAS remnant BH.
696 189 '
396-1640
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Guluxie? merger free “M - o relation”: the speed of stars in
(cosmological simulation) bulge is linked to the central MBH mass
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~
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Gultekin 2009

cosmological
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Accretion and mergers Dynamical friction,

lookback time (Gyr)
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» Supermassive black hole binaries
e Amplitude higher than expected ...
e but some models are compatible with the data:

- Quasicircular orbits and no environmental interaction (y = 13/3)

l0g10 A(f=1/10y1)

- Toward no delays between merger of galaxies and merger of SMBHs
e Adding eccentricity and more complex effect helps to resolve the
small tension on y

e If SMBHBSs nature confirmed:

- First observation of merger of SMBHs

- Major breakthrough in observational astro. and galaxy formation
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https://arxiv.org/abs/2306.16227

> Physics of the early Universe

e Implications on a stochastic background of primordial (inflationary) GW
- "requires non-standard inflationary scenarios breaking the slow-roll consistency relation, leading
to a blue-tilted spectrum"

e Implications on a background of cosmic strings

- "Allow narrowing down the string tension to values of —11 < log,,Gu < — 9.5, depending
on the specific distribution of loops in the string network."

- "the number of kinks cannot be constrained."

CS - BOS model
- CS - LRS model

Turbulence model
- Inflation model

10-°
45 Frequency [Hz]
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> Physics of the early Universe

e Implications on background from turbulence around the QCD energy scale

- "can also potentially explain the common red noise, but requires either high turbulent energy
densities, of the same order of the radiation energy density, or a characteristic turbulent scale close
to the horizon at the QCD epoch."

e Implications on the 2nd-order GWB produced by primordial curvature perturbations

- "can be produced by the evolution of scalar perturbations at second order only if an excess of their
primordial spectrum is present at large wavenumbers, compared to the level derived from CMB
observations at small wave numbers.
Notably, such an excess will lead to

the production of PBHs which can CS - BOS model
- CS - LRS model

non-negligibly contribute to the Turbulence model
CDM density n == Inflation model

10-%
1 Frequency [Hz]



https://arxiv.org/abs/2306.16227

it PT/

_ . https://arxiv.org/abs/2306.16227
> Ultralight scalar-field dark matter (ULDM)

e Similar to a Continuous GW from a SMBHB, i.e. prominent only

in one frequency bin
e No ULDM

o U p p e r I i m it Correlated

Uncorrelated
PPTA Bayes 2018
NANOGrav 2018

- DM density
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» Next steps:

e Confirmed the strong evidence => observation

e Stochastic background or individual source or sources?
Combination of both?

o |f stochastic background, better identified the spectral shape.

» Future data:
e IPTA combination of the EPTA, NANOGrav and PPTA

e Add MeerKAT data
SE.AQ

o SKA
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