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Key concepts - L € Supermassive Black Hole Binaries (SMBHBSs)

(Super)massive black holes:
e M~10°-10""M
e Thought to be present in the center of all

massive galaxies
e Among them, binary systems might emit GWs

SMBHBs at the GW-emission stage are formed after

e The merger of their host galaxies

e Their sink to the centre of the remnant galaxy until the sub-parsec scales
o  Dynamical friction to parsec scales & (hydro)dynamical interaction with the dense background of stars and gas

They are expected to be the loudest sources of GWSs at sub-microhertz frequencies !




Key concepts - Pulsars

Neutron stars with strong magnetic fields that spin rapidly and emit radio beams along their magnetic axes
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Key concepts - Pulsars

Neutron stars with strong magnetic fields that spin rapidly and emit radio beams along their magnetic axes

Rotation axis Average pulse profile
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- Millisecond pulsars have the most
stable spinning frequency
P ~10%%s.s%, or ~ 102 s/10yr
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- More than 600 MSPs known today

Credits: NASA ¢ ki Credits: Observatoire de Paris

— With precise timing, we could use
them as cosmic clocks to probe for GWs !

Courtesy from L. Guillemot
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Pulsar Timing Arrays (PTAs) in a nutshell
A galactic-scale gravitational wave detector
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The SMBHB signal in the PTA band

From a large population of SMBHBs,
two main types of signals:

e The Gravitational Wave Background (GWB)
e The Continuous Gravitational Waves (CGWSs)

For a GW-driven population of circular SMBHBSs:

hSWB x f—2/3

Strain amplitude

Credits: M. Falxa
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Pulsar radio signal
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MSPs look very stable, but some effects impact the observed regularity...
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{ ... e.g., dispersion from the interstellar medium
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Pulsar Timing data

Flux

Frequency (MHz)
1300 1350 1400 1450 1500

T T T T T T T
JO751+1807

| Timing residuals = ToA , - ToA

o — pred

E 3 t data 1 N(O,1)
a4 \ ] Weighted residuals
. b A Rt R DA RE i AL ) :
z | R, I ) ‘Il i "“ ! 1\ ’H‘\‘il ¥ | T
0 i ' | "y ! | il ol I =
g ) : i i o o =
bl L
2 0 dssssied | ‘ ﬁ
4 i g
g i 1‘ u‘ .‘l \ “l i ‘-'\l ‘1\\\\!““ Ml\ —‘:f;':_
1 ' Wl i i =
F -2 | ‘ | I | | i ” [ ‘ ! —F‘_,—U

v] 0.2 0.4 Q.6 Q.8

Frequency {MHz)
1300 1350 1400 1450 1500

Pulse Phase

52000 53000 54000 55000 56000 57000 58000 59000
Epochs [MJD]

0 0.2 0.4 0.6 Q.8 1
Pulse Phase




Pulsar Timing data with GWs
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GWB modelling:

Red (long-term) process described with a
binned GP power-law Power Spectral Density
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Pulsar Timing data with GWs + noise
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Constraining the GWB with PTAS
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context- PTAS around the world
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Credits: ASTRON

context- TNe European Pulsar Timing Array (EPTA)

Credit: Anthony Hc‘y, Jodrell Bank
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Results from the European and the Indian PTAs in 2023

Paper 1: The EPTA DR2 & timing
analysis. DOL: 10.1051/0004-6361/202346841

Paper 2: The noise analysis.
DOL: 10.1051/0004-6361/202346842

Paper 3: GWB search.
DOI: 10.1051/0004-6361/202346844

Paper 5: Implications for SMBHB, DM

and the early Universe.
DOI: 10.1051/0004-6361/202347433

Paper 5: Continuous GW search.
DOI: 10.1051/0004-6361/202348568

[ ]
Paper 6: Ultralight DM search. .
DOL: 10.1103/PhysRevLett.131.171001

[ ]

The second data release from the European Pulsar Timing Array

lll. Search for gravitational wave signals

J. Antoniadis DDD, P. Arumugam D.L_LY’ S. Arumugam [hlily S. Babak: BD, M. Bagch ﬂm, A.-S. Bak Nielsen m,
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A. Gopakumar DD E. Graikol®™, J.-M. GrieBmeietd™™Y 1. Guillemotd™™Y 'y, . Gud®™** Y. Gupta =L
S. Hisano IEED‘ H. Hu DD, F. Iracmu, D. Izquierdo-Villalba EEBIIMZII’ J. Jang lIIIII’ J. Jawor IIDI, G. H. Janssen I])B]Ell,
A. Jessned@T B. C. Josh{@3BX F Kareen dF2EMT R Karuppusamy PV E F Kean¢® M. J. Keith &

D. Khdrbdnd A T, Kikunagz D N Kolhé e , M. Krdmepmu M. A. Knshndkumd]

K. Lackeod@®7, K. J. Le@B0 K [PV y j[d®B00 A G, Lyn& | J. W. McKe¢ Py, MaaP
R. A. Mai™?, M. B Mickaliger [m0 , I. C. Nity B K. Noblesor ML A K. Palad[d@® A, Pdrthdsdrdth IZIZEII
B. B. P. Pererd™0 D Perrodir mo , A. Petiteau mB""D, N. K. Poraykdnm. A. Possemp:m’, T Prabl.F[Iﬁ
H. Quel%%l Lecler®, P. Rand @™ A Samajdard®T | 5. A. Sanida®® | A. Sesan I
G. Shaifullah T 1. Singhd @@ L. Sperd®X R. Spiewak™™ | A. Srivastava@™ B, W. Stuppcr@ﬂ' ]
M. Surnist™®™@ . C. Susarld @0 A Susobhanar ™™ | K. Takahashi®SM  p. TarafdarM
G. Theureau™ @0 ¢ Tiburzf® E. van der Watererd P30 A Vecchid®™| V. Venkatraman Krishnan @™

J. P. W. Verbies(c®BRY j wang BB 1 wand and 7. Wi

Dataset made of EPTA DR2 + InPTA DR1

High contribution from France:

From APC: S. Babak, A. Chalumeau (+LPC2E), M. Falxa, A. Petiteau (+ CEA),
H. Quelquejay-Leclere, D. Steer

From LPC2E/OBSPM: A. Berthereau, I. Cognard, J.-M. Griessmeier, L.
Guillemot, G. Theureau

> 50% of data from Nancay Radio Telescope !
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EPTA+INPTA 2023 - Evidence for the Gravitational Wave Background

Power-law PSD Spatial correlations
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EPTA+INPTA 2023 - Evidence for the Gravitational Wave Background

Power-law PSD
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EPTA+INPTA 2023 - Evidence for the Gravitational Wave Background

“Free-spectrum”: Estimation of the PSD at each frequency bin
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EPTA+InPTA 2023 - Interpretation of the measurement

1. Comparison with empirical
models based on observations

324k MC realizations to capture - :
. . 1
signal variance & resolvable sources !
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EPTA+InPTA 2023 - Interpretation of the measurement

1. Comparison with empirical 2. SMBHB inference from PTAs
models based on observations

Signal is informative — SMBHB are massive and merge frequently

To=10:81805%
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EPTA+InPTA 2023 - Interpretation of the measurement

1. Comparison with empirical 2. SMBHB inference from PTASs 3. Comparison with
models based on observations semianalytical models

= hard to reproduce the observed amplitude
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log,y A

EPTA+InPTA 2023 - Interpretation of the measurement

Is it a continuous wave ?

—— CGW+PSRN+CURN with 9 bins
— CGW+PSRN+GWB with 9 bins

e CGW candidate around 5 nHz

e Chirp mass loosely constrained

e Adding HD correlated GWB absorbs
the feature
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EPTA+InPTA 2023 - Interpretation of the measurement

Implications for early Universe sources & Dark Matter

GWB measured with high amplitude —> Models generally needs to be boosted

2, =8
&
RS
=
& —10-

CS - BOS model
===+ (S - LRS model

= Turbulence model

==+ Inflation model

Cosmic strings

QCD phase
transition

————— ]

Primordial
inflationary GWs

10-8
Frequency [Hz]

Primordial
scalar curvature
perturbations

Fuzzy DM

= Data consistent with string
tension @ -11 < 10g10 Gu<-9.5

= Require high energy
density or scale close to the
horizon at QCD epoch

= Require non-standard
inflationary scenarios(not
consistent with slow roll inflation)

= Require excess at small scales
to not violate CMB constraints

= ULDM particles with mass —24eV < log,, m o < —23.4eV can only
make up at most 30-40 % of the total DM energy density.
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EPTA+INPTA 2023 - Comparing results against other PTAsS

Agazie et al. 2024 (10.3847/1538-4357/ad36be)
Perform rigorous checks from published results & re-analyzing data
Comparing

o GWB & noise measurements A

o GWRB sensitivity &
o  Significance for HD correlations , ,

EPTA+InPTA NANOGrav

Forecasting IPTA significance
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https://iopscience.iop.org/article/10.3847/1538-4357/ad36be

Current status and perspectives
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Current challenges for PTAS
Some crucial points to understand: Implications of non-homogeneous data sets
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Time delay [us]

Current challenges for PTAS
Some crucial points to understand: Complexe noise properties
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Time delay [us]

Current challenges for PTAS
Some crucial points to understand: Complexe noise properties
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The International Pulsar Timing Array Third Data Release

Global effort is now mainly focused on the upcoming IPTA DR3

That will combine > 120 pulsars from EPTA (w/ LOFAR & NenuFAR), InPTA, MeerKAT, NANOGrav (w/ CHIME), and PPTA

5000

More than 1e6 data points !
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Conclusion

e Strong evidence for a gravitational wave signal in the EPTA+InPTA data

o

o

BF ~ 65 ; p-val ~ 3.5, still not a formal detection
Main candidate is the stochastic GWB from SMBHBs
s But 1: It is hardly separated from a CGW source
s But 2: it is currently impossible to determine the exact origin of this GW signal

e Exciting future in the short and long terms for PTAs

©)

The IPTA DR3 will combine of all the main data sets to improve our sensitivity and help us going
further on understanding the origins of the signal
The SKA radio telescope will be a jump in data quality and number of pulsars

Measurements will be complemented by those from gamma-ray pulsar timing (Fermi) &

astrometric surveys (Gaia)
Multi Messenger Astrophysics could be done having a single source detection

Thank you for your attention !
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Annexe 1 - Intrinsic red noise

Timing Residuals [us]
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Magnetospheric variability
o Lyneetal. 2010
o  Tsang & Gourgouliatos 2013

Pulsar’s superfluid core / solid crust interactions
o  Cordes & Shannon 2010

Superfluid turbulence
o  Melatos & Link 2014

Influence of unmodelled objects in psr vicinity
o Planets (Cordes 1993)
o Asteroids (Shannon et al. 2013)
o Companion (Bassa et al. 2016, Kaplan et al. 2016)
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Annexe 2 - Time-varying dispersion
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[Cordes et al. 2016]

Annexe 3 - Time-varying scattering
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Intensity

Annexe 4 - Measuring GWs with PTAS

Gravitational waves disturb the metric and induce long term fluctuations
in pulses arrival times

T 1
— Radio signal
~—— Model
= = GW signal

Credits: M. Falxa

GW signal in arrival times

Obs. & emitted pulsar spin frequency

\ (thdt
te VO

Emlssmn & reception times of pulses

fs _
O tgw(tq) =f v(t) AALE I Lp
s

Ahij = h;j(te) — hij(ta)

Pulsar & GW source sky location GW characteristic strain
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Residual (ns)

-20

Annexe 5 - The Gravitational Wave Background

The stochastic GWB from the nearby population of SMBHBS

Time domain
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[Burke-Spolaor et al. 2019]
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