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>Pulsars as ultra-precise clocks for GW detection
> (super)massive black hole binaries (MBHBS)
> Evidence for a GW signal in PTA experiments

> Implications
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...we are here!
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Pulsars are neutron seen through their regular radio pulses

Pulsar timing is the art of measuring the time of arrival (ToA) of each pu
1-Observe a pulsar and measure the ToAs

2-Find the model which best fits the ToAs

3-Compute the timing residual R

R=ToA-ToA,

If the timing solution is perfect (and observations noiseless), then R=0.
R contains all uncertainties related to th€ signal propagation and detection, plu
151 7]
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Rotation axis ,
Mean Pulse Profile

A Reference clock

- ' TOA
' Telescope

(Kramer & Lorimer 2005)

Radio beam

Neutron slw \

_ De-dispersion &
On-line folding

Receiver

The N-th rotation of the pulsar is given in terms of the frequency as

| l
N:N()+1/T+§z'/7-2+81)73—|—...

Which can be inverted to get the time of arrival of the N-th pulse

1 1 ,
tar = VN — Ar(u) — Ag(u) + As(u) — 51’/1/_3N2 — 61)1/_4N3 + ...

tSSB=t, +t ot The timing model includes: (Will 2006)
arr CloC

-Roemer, Einstein and Shapiro delays.
tearn DMIF? -pulsar frequency and freq derivatives
(Hobbs+ 2006) -pulsar position and proper motion
-dispersion measure
-clock corrections and Earth position wrt SSB
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GENERAL FRAMEWORK: .
(Volonteri, Haardt & Madau 2003)

Galaxies form hierarchically through
a series of mergers and accretion events

Protogalaxies can host seed BH that
accrete mass and merge with each other

following galaxy mergers

(lMustris simulation)



(Izquierdo-Villalba+ 22) __ _ _
I The GW characteristic amplitude coming fr

hz(f) = B dz h dM &N ’lz(fr)
c . . dzdMdinf,

Olpkg (f) = he(f)/ (2T f)

Theoretical spectrum: simple power law (
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The signal is contributed by extremely massive (>10%M) relatively low
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We are looking for a correlated signal
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PPTA (Parkes Pulsar Timing Array)

+InPTA (India)
+CPTA (China)
+MeerKAT (South Africa)



EPTA/LEAP (L:

PPT

+InPTA (India)
+CPTA (China)
+MeerKAT (South Africa)



Correlation Coefficient
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—— EPTA data

0 20 40 60 80 100 120 140 160 180
Angular Separation (degrees)

20 40 60 80 100 120 140 160 180
Angular separation (deg)

— HD ' DR2new

(Antoniadis+23)
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Powerlaw fitted to 9 bins
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-4 dataset produced: using DR2new here (only new backend)
-HD correlated signal favoured with Bayes factor~60

-power constrained in few bins at low freq

-powerlaw fit: y~2.7 A~ -14 [A(y=13/3)~ -14.6]




Powerlaw fitted to 9 bins
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1 === f=1/yr
EPTA DR2new

-4 dataset produced: using DR2new here (only new backend)
-HD correlated signal favoured with Bayes factor~60

-power constrained in few bins at low freq

-powerlaw fit: y~2.7 A~ -14 [A(y=13/3)~ -14.6]

THINGS YOU HEAR: “too flat for SMBHBs [add your favorite early
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This is possible due to lack of frequency coverage in the old data (Ferranti et al.




Powerlaw fitted to 9 bins .
A- gamma plots broadly consistent

A normalized @1/10yr

-fits and mesurements depend on numbers ¢

-mesured flat value could be due to low SNR

=1/10yr)

logAs

(Valtolina+24)

Powerlaw fitted to 3 bins
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Model: BH151, MF102, PF101, TR1 M, [Mg]
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Model: BH151, MF102, PF101, TR1 M, [Mg]
L} llllll 1 LI | llllll I LI | llllll T L | llllll ¢
B : 108 10° 1010 101!
| €,=0.3 : 10-14

l

E ponl ol

-
J

: W
lllllll 1 1 lllllll 1 1 lllllll 1 [llllllll

eccentricity

DD s Tyl | I T TN T N TN NN N SN N N NN AN

10-¢ 0.5 1 1.5

e
10-9

frequency redshift
It might even be the dominant effect for flattening.




Model: BH151, MF102, PF101, TR1 M, [Mg]
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Qualtitative comparison with Rosado+15 n

Model 1001

-Merger rate determined observationally
(S13) via galaxy mass function, pair fractic

-constrained by observations
-adding hardening via stars and eccentrici
324k MC realizations

-captures signal variance
-capture resolvable sources
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Powerlaw fitted to 9 bins
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) results pretty compatible
(Agazie+23, Antoniadis+24)




Astro constrained models (Ch
-generalization of
-informed by observations:

-Galaxy mass function

-Galaxy pair fraction

-SMBHB merger timescale

-SMBH-galaxy relation

-eccentricity and environment
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70 = 020437
Astro constrained models (Ch
-generalization of

-informed by observations:

-Galaxy mass function
-Galaxy pair fraction

-SMBHB merger timescale

log1g M, = 8. 4 () ; -SMBH-galaxy relation

-eccentricity and environment

Best constrains:
-SMBHB time to merger
-SMBH - M- relation
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SMBHB are massive and merge frequently




SMBHB are massive and merge frequently

Astro constrained models (Ch
-generalization of

-informed by observations:
-Galaxy mass function
-Galaxy pair fraction

-SMBHB merger timescale
-SMBH-galaxy relation
-eccentricity and environment
Best constrains:

-SMBHB time to merger
-SMBH - M- relation

-Slight preference for eccentri




lBoliecBl) Adding a short phase of supereddington accretion in the mos

Ll LT

—

N
-
N

LI IIIIIII
Ll IlIlllI

—— Fiducial: A,,—1= 1.49 x 1071
Boosted: A,, 1= 2.59 x 10—1°
= SuperEddington: A,,-1= 2.14 x 101
Marconi et al. 2004 EPTA (Antoniadis et al. 2023)
‘1 ¢ o NANOGrav (Agazie et al. 2023)
Shankar et al. 2004 {> PPTA (Reardon et al. 2023)
Marconi et al. 2009 1 el L ol
T 10—9 10—8
+ Fiducial
Boosted f (Ol)SGI'VGd) [HZ]

SuperEddington

uﬂ 1|||1u|| Ll

Ll LIV

Ll

Shankar et al. 2013

Characteristic strain (h,)
o
|

1 IIIIIII
| IIlIIII

ﬂ‘ lIlIlml T

-

LILILLL

Fiducial SuperEddington
LI T LB LI = L L LB LI L 1 | - |
I | | - ; I I I P~

a Capuzzo et al _20T¢
/

Kokorev et al. 2024 (Active MBHs)

z=06.0

ll:nﬂl' llllm‘ TTT
NWER IO~ 00O

] Taiolino et al. 2023
m Harikane et al. 2012:

-
My o x

.‘*ﬁ-- -

* * -

1111|,u] 1|||uu| 1|||1m| lmud 1|||uu|

*

=7 N =7
=) Y

N Wk~ 00 O
|

}_l

6 7 3 9 0 e VR TP TN i S0 AT TR T I o e /2400 PO A
. g 7 8 9 10 11 127 &8 9 10 11 127 & 9 10 11 12
logl()(l\'[BH/l\[@) log10(Mstellar/Me )




(Phinney 2001, Sato Polito+23,24, Liepold & Ma24)
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-MBH buildup merger driven
-GWB mostly determined by the local mass function
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m (Mpy — X) = MM13

— (1‘1]_;“ - ‘Y) = KHI13 .
o N8| ~2 discrepancy (20):

— - GSMF = DS15 Sl -mild dependence on redshift and efficiency

Match he -effect of multiple mergers

Mz [Mo] PTA can determine the local mass MBH function?
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—— Corrected BHs, h¢, trye = 3.10-10713 E
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MpH [Mo ]

% mass grown
through mergers

%M = % mass grown
through gas
accretion

8 9 10
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The GWB from L-Galaxies
(Ferranti+ in prep.)

-The highest contribution to the GWB c:
-MBHs at low z grow mostly by mergers

-95% of the GWB comes from z<1



prediction single source
M prediction GWB

data
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Probability x < S/N >

[ Model 1001







The future

FAST, China



The future

Square Kilometre Array (SKA)



—— mean spectra
—— EPTA+InPTA sensitivity

’

Characteristic strain h,

#

108
Frequency [HZ]

-x10 sensitivity in the next 20 yrs  -sky mappisgriie SMRHBzdyWaskigs -tens of
% -AGN and accretion physics
-nHz multimessenger astronomy
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—— MPTA (10 yr)
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MBH binary + circumbinary disk A variety of possibilities:

Opt/IR steady . Optical/IR dominated by the
contipuum le UV/X

UV generated by inner streai
X rays variable from periodic
Variable broad emission line

104 5 Double Ka line Double fluorescence lines?

1043
Variablg

/ j
104 L broad -
loniz/ lines

041 g
0.0001 0.001 0.01

E [keV]
| et al. 2011, AS et al. 2012, Tanaka et al. 2012, Burke-Spolaor 2013,
Farris+, D’Orazio+, Haiman+, Tang+,...)
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erranti+2.

PTA sky localization is from hundre
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Identifying the host is going to be hard!!




WP1: New generation of PTA data analysis (DA) pipelines
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— EPTA data
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Similar results as NANOgrav, PPTA, CPTA



...we are here! ...and kind of here!
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DOGGYBAG
-EPTA DR2 show a signal consistent with a GW origin (HD correlation)

-signal broadly consistent with SMBHB origin
-SMBHB are massive and merge quickly

-Signal informative for galaxy formation models
-Future PTAs will identify tens of SMBHBs
-Counterpart identification is going to be challenging







