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It’s not a bird, it’s not a plane, definitely not LGM

Pulsars are giant flywheels in :
space, their compact masses give \ . «©

: . . . A .
rise to incredibly stable rotation.

On each rotation, the pulsar
beam produces a ‘pulse’ at Earth,
and the photons in that pulse can
be assigned a

time-of-arrival (TOA).

Discovered by
Prof. Bell-Burnell




Millisecond pulsars as stable clocks

Square root Allan Variance
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Models, models, models 1/48

TOASs can be predicted using a model with the
following (sets of) parameters:

e astrometric,
e pulsar rotation and
e binary (when applicable).

Apart from these pulsar emission is affected by:

e Dispersive delays due to the intervening
ionised plasma
¢ Red noise (low frequency) processes

e



Pulsar timing
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However, once we have
estimates of those
parameters, we can
predict wvery _precisely
when the next pulse will
arrive. Or the one after 20
million rotations.

When pulses are averaged
this precision quickly
tends to tens of
microseconds to

hundreds of
nanoseconds.

Time tagged to a precision of picoseconds

Observed
pulse train
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All of the light we canneot sce

n+3
Radwo signal

Intensity

Right Ascension [deg]

Time

Manzini, MSc thesis, 2023

Izquierdo-Villalba et al (2024),
Curylo et al (2023), Bromm & Loeb 2003, Cole et al 2000, Benson (2012)




Pulsar timing arrays

Ferranti, MSc thesis, 2023

GWs are expected to %
induce timing residuals
on the order of a few
tens of nanoseconds.

Residuals [us]
o
-~

TOA stability scales
with number of
rotations averaged - use
millisecond pulsars
(MSPs)!

. H [
2000 2005 2010 2015 2020

Single pulsars are
‘jittery’ and affected by
noise, use an array of
MSPs

© Danielle Futselaar/MPIfR
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What is the signal PTAs are looking for?
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Correlation Coefficient
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FregqBayes™ pulsar timing:
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Figure from Verbiest & Shaifullah, 2018, CQG

Observe a pulsar
De-disperse

Stack

Average

Make a template
Cross-correlate
Line up your TOAS
Repeat for another
20 - 100 sources
Sprinkle post-docs
for flavour

Bake for ~30 years,
turning 1t over once
or twice a decade.

J1643-1224 129 us

J1939+2134 416 us

J2145-0750 191 us
e ool

J0218+4232 415 us
J0610-2100 95 us

J1713+0747 384 us

— eyl
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Fe (MHz) § Legacy Backends
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WSRTPL840 *

Gitlab: https: / /epta.pages.mzll?».ﬁ'/epta—drz
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https://doi.org/10.5281/zenodo.8164424

PTA noise sources
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Intrinsic noise
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Figure adapted from Verbiest & Shaifullah, 2018, CQG
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The detection statistic and search algorithm e

e We assume that noise is Gaussian: the likelihood function (likelihood of the signal with
given parameters) is

P(3t, 9) = {1/V@nder(O)} exp(- % (3t - ) C1 (Gt - 5)
e ol - concatenated residuals from all pulsars in the array: total size n
e s -is amodel of deterministic signals (e.g. - GW signals from individually resolvable SMBHBs)

e (is the noise variance-covariance matrix (size n xn );

_ 4 RN + DM + GW +
C,z Ot O 8,0+ COM 5 o+ CMo 5+ ..
red dispersion stochastie
, (spin , noise GW
pulsar nolse toa noise

index index



Noise models & their validity

Time delay [us]

Time delay at 1.4GHz [us]
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PTAs inching up to the GWB 14 /48

On June 29, 2023 4 -13.07
PTAs announced
evidence for an HD -13.5 7
correlated process in <
their data. -14.0 - NN
S, N
The significance % s AN
ranges from~2to4.6 S 7 | CPIA
c; below the 56 2 PPTA |
detection threshold. -15.07
Further this -15.5 BELAHIRELA
amplitude is loud
(~2-3x 107) and the -16.0 . . . !
spectrum is flat (~3). 1 2 3 4 5

Spectral Index, y



The International Pulsar Timing Array checklist for
the detection of nanohertz gravitational waves

Bruce Allen,' Sanjeev Dhurandhar,? Yashwant Gupta,®> Maura McLaughlin,*
Priyamvada Natarajan,” ® Ryan M. Shannon,” 2 Eric Thrane,” '®© and Alberto Vecchio"

1 Max Planck Institute for Gravitational Physics, Leibniz Universitat Hannover, Callinstrasse 38, D-30167 Hannover, Germany
2 Inter University Centre for Astronomy & Astrophysics, Ganeshkhind, Pune - 411 007, India

3 National Centre for Radio Astrophysics, Pune University Campus, Pune 411007, India

4 West Virginia University Department of Physics and Astronomy, Morgantown, WV, 26501, USA

5 Department of Astronomy, 52 Hillhouse Avenue, New Haven, CT 06511

6 Black Hole Initiative, 20 Garden Street, Cambridge, MA 02138

7 Centre for Astrophyics and Supercomputing, Swinburne University of Technology, Hawthorn, VIC, 3122, Australia

8 OzGrav: The ARC Centre of Excellence for Gravitational Wave Discovery

9 School of Physics and Astronomy, Monash University, Clayton VIC 3800, Australia

10 OzGrav: The ARC Centre of Excellence for Gravitational Wave Discovery, Clayton VIC 3800, Australia

11 School of Physics and Astronomy & Institute for Gravitational Wave Astronomy, University of Birmingham, Birmingham, B15 2TT

“At the present time none of the PTAs have a detection claim.”

15 /48



frequency (Hz)

Do the PTAs agree? 16 /48
-5 ~13.0 The IPTA collabor'ation, 2023
_ joint posterior median ' .
U
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-9 -16.0 . ; e
10-° 1078 1 2 3 4 5 6

spectral index, yup



The astrophysical implications

The EPTA + InPTA result -
a loud background
SMBHB generated
backgrounds
Comparisons with
Semi-Analytical Models
Stellar hardening?
Biased by cosmic
variance?

Inflationary GWB

Cosmie Strings

Cosmic turbulence
Curvature perturbations

logyy (RMS/seconds)

010A-

Challenging the ultralight

dark matter paradigm
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The astrophysical implications
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The EPTA + InPTA result - a —6 1

loud background
SMBHB generated
backgrounds

logye (RMS/seconds)

Comparisons with =2

Semi-Analytical Models a0
Stellar hardening?

Biased by cosmic variance?
Inflationary GWB

MC realizations
—_——— f = 1/yr

EPTA DR2Znew
SMBHB models

10-°
fF[H=]

Powerlaw fitted to 9 bins

Cosmie Strings e

Cosmic turbulence o

Curvature perturbations

0930 1
\

Challenging the ultralight .

dark matter paradigm

T ¢ 1 ¢
Models —




The astrophysical implications 19 /48

o TheEPTA+InPTAresult-a <. | | % ;1
loud background o '

e SMBHB generated = e v R ST
backgrounds ] - -

e Comparisons with F §F F 5 F 5 F 5
Semi-Analytical Models R

e Stellar hardening? - < <

o Biased by cosmic variance? ...

e Inflationary GWB R B I I I 1 I

e Cosmie Strings Z .01 1 ¥t

e Cosmic turbulence .

¢ Curvature perturbations .

e Challenging the ultralight =<2 £ 2 2
dark matter paradigm ;i’;g T 322235522322

Z = 2

NModel (delays increasing left to risht)



The astrophysical implications
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The EPTA + InPTA result - a
loud background

SMBHB generated
backgrounds

Comparisons with
Semi-Analytical Models
Stellar hardening?

Biased by cosmic variance?
Inflationary GWB

Cosmie Strings

Cosmie turbulence
Curvature perturbations
Challenging the ultralight
dark matter paradigm

St

© 102
103

O 0
s 10
X 10-1
© 102
103
1.0
0.8
0.6
)]
0.4
0.2
0.0

100 200 300 400 500 600

time [Myr]

A GWB generated by stellar
hardening-affected SMBHB does NOT
explain the PTA result...



The astrophysical implications

The EPTA + InPTA result - a
loud background

SMBHB generated
backgrounds

Comparisons with
Semi-Analytical Models
Stellar hardening?

Biased by cosmic variance?
Inflationary GWB

Cosmie Strings

Cosmie turbulence
Curvature perturbations
Challenging the ultralight
dark matter paradigm

logA=110yn)

Y=3 - 2 = 3.10*3Z7Z @34

——————
o P

TS gt

-0.24
0 25 50 75 100 125 150 175
Yab 0.12
i I0g(A(r=1510yn) = —14.13%3-13

yY=—3 - 2«

log(Ar=1/10yn)

... but a biased consideration of the
uncertainties of the Hellings & Downs curve
might.




The cosmological implications
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The EPTA + InPTA result - a
loud background

SMBHB generated
backgrounds

Comparisons with
Semi-Analytical Models
Stellar hardening?

Biased by cosmic variance?
Inflationary GWB

Cosmic Strings

Cosmie turbulence
Curvature perturbations
Challenging the ultralight
dark matter paradigm

nr

logyr = —12.18775)

np = 2.2010%7

Quelquejay Leclere, Perrodin, Caprini et al



The cosmological implications 23 /48

<+ CS - BOS model
o TheEPTA + InPTA result -a ey
loud background N Inflation mod
e SMBHB generated €
backgrounds K

e Comparisons with
Semi-Analytical Models

Stellar hardening? Frequency 1[3;7

Biased by cosmic variance? sof T =3 BOS model
Inflationary GWB [ Bos SAIBHB moda
Cosmie Strings f‘f; 2.04 , ‘ £ LRS+SMBHB model
Cosmic turbulence <15 |

Curvature perturbations £ 10-

Challenging the ultralight " os .

dark matter paradigm 00 — 1":-:1- ’— 105 —100 —95 —90 -85

arXiv: 2306.16227: Quelquejay Leclere et al log,y Gp



The cosmological implications

The EPTA + InPTA result - a
loud background

SMBHB generated
backgrounds

Comparisons with
Semi-Analytical Models
Stellar hardening?

Biased by cosmic variance?
Inflationary GWB

Cosmic Strings

Cosmie turbulence
Curvature perturbations
Challenging the ultralight
dark matter paradigm

log;(€2.)

logyo(T./MeV)

D) o ™ AN N AN
G dp dp 2 200,00,

/

\“ Q% \x @' Q’ QQ" QB Qﬂ) Q’ NN R

210(AH.) log o (€2.) o(TL/MeV)

Quelquejay Leclere, Roper Pol et al

24 /48



The cosmological implications
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2nd order scalar induced GWB

<>

The EPTA + InPTA result - a

loud background T
SMBHB generated = A7
backgrounds - P
Comparisons with -
Semi-Analytical Models -
Stellar hardening?

Biased by cosmic variance?
Inflationary GWB -
Cosmie Strings o~
Cosmic turbulence E
Curvature perturbations =
Challenging the ultralight -

dark matter paradigm

Porayko,

FIRAS

logi,o (K/Mpc— 1)

cmMB
\

FIRAS

e vw

\

-

Postnov, Khizriev gt al

O_A\

logio (K/Mpc—1)

\

Braglia et al 2020



I. ULDM probes through timing data

¥(zg)

R(t) = r(zg,tg) — r(zp, tp), 7(zE,tg) = k(zg)sin(2nftg + a(zg))

2rf

Ultra-light axion dark matter:

1.  Very light axions with masses
ranging between 1023 and 102%eV

2. Solve some of the issues of CDM
associated with overproduction of
structures at galactic and
sub-Galactic scales

3. Perturb the space-time, so that
the regular flow of pulses deviate
from their regular flow

26



The astrophysical implications

_logho f(H=z)
=26 -=.3 -5 1

9.3 -9.1 88 -8 -78 -76 -7.3

e The EPTA + InPTA result - Comtna

a loud background _— T
e SMBHB generated =z

backgrounds =
e Comparisons with od

Semi-Analytical Models
e Stellar hal‘dening? 240 -238 -235 -2:'%.2 -23.0 \--}s 225 -22.2 -22.0
¢ Biased by cosmic Ui:):;;;/))

variance? T
o Cosmic Strings -

—=—= DA{ dexsity

e Curvature perturbations

e Challenging the
ultralight dark matter -
paradigm

—24.0 —23.5 —23.0 —22.5 —22.Q

arXiv:2405.01633 : Smarra et al, PRD (2024) logee Me(eV)



https://ui.adsabs.harvard.edu/link_gateway/2024PhRvD.110d3033S/arxiv:2405.01633

Il. ULDM with pulsar polarimetry

Credit;
NASA/JPL-Caltech

Ultra-light axions in the Milky Way:

1.  Very light axions with masses
ranging between 1023 and 10 eV

2. When interacting weakly with
photons, rotate the plane of linearly
polarised pulsar light

3. Plane of linear polarisation
oscillates with periods of several years
due to varying pressure

28



[. ULDM probes through timing data

R(t) = r(zE, tg) — m(zp, tp),

4} FDM effect
77
~N
e |
o A | T F{ b
2\
= l
S | Y,
AVI\Q/\_/\ ll

)
4

T(ZEE,tE) =

Prefit Residual (sec)

—4x107%2x107% 0

2x107% 4x1078

2rf

¥(zp)

k(zg)sin(2nftg + a(zg))

MSP J1012+5307

i

—2000

—1000 0] 1000

MJD—-52865.0
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Il. ULDM with pulsar polarimetry

If we assume non-renormolizable interaction

between fuzzy DM particles and photons:

1 " g 1
L= 1 i o %aFWF’“’ + 3 (@La@“a —m

(O+m2)a+ %aﬂwﬁ“” =]

Polarization properties of light are

altered
0, 1
Wi = ky/1 £ oy ~ k £ = gaydoa
k 2
ga'y
A(PA(t)) =

2m

2
al

)

Frequency

Before
medium

Faraday
rotation

Ultra-light
axions

\ NSNS NN NN N

% \ | /|7 ettt SIS N N

[p(t,zE) — P(tp; 2p)l, P(tE,zE) = +/PDMKE cos(mt + (zE))

\\ \ \\ \\ \\ \\ \\ \\ \\ K\ \\ \\ \\

See: lvanov et al 2018,
Castillo et al 2022




I. ULDM probes through timing data

\I’ TE .
R(t) = r(zg,tg) — r(zp, tp), r(zE,tp) = 2(7rf) k(zg)sin(2nftg + a(zg))
12
1.0 ; —~
5. 0.8
ey
A
B 4é .
A et i
o o R e
04 T s ot
; 2?* =y i 1‘:
02 z ;'%}3}_‘3\5 4
0.0

0.0 0.2 0.4 0.6 0.8 1.0 :
Correlation coefficient (averaged over pulsar pairs)
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Il. ULDM with pulsar polarimetry: data processing

/ ~
A //
_/ g

PA

&

Stokes |

-~ o

1
APA = 5 arcsin{ (UObS thpl _ QObS Utmpl}

-
Pulse phase .



Il. ULDM with pulsar polarimetry: systematics

0.5

0.4

0.31

Power

0.2 1

0.1

0.0

Post-corrected: rms=0.038 rad
Pre-corrected, rms=0.039 rad
Not corrected, rms=0.079 rad

10-9

10-8
Frequency, Hz

RMextract from Maaijke Mevius:
https://github.com/lofar-astron/RMextract
/tree/master/RMextract

i) lonospheric TEC maps (uqrg)

+

ii) Geomagnetic field model (WMM)

+

iii) Thin screen approximation
RI\"Iionc) — n("BLC)Sdr
RMjono ~ STEC X Bipp

33



' ’ —-—- template
-—- template emp

Nancay

-==- template




II. ULDM with pulsar polarimetry: challenges

PA(¢)

-

0.78

0.80
Pulse phase

0.82

APA(¢)

0.78 0.80 0.82 0.84
Pulse phase
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Il. ULDM with pulsar polarimetry: dataset

0.21

0.0

—0.2 1

PA, rads

0.21

0.01

—0.21

0.21

0.01

—0.21

B1937+21
rms=0.050 rad, y>=226.3 .
~ 5, o '..?.':.'.‘ 3 o:-.i:' 3
: v ol Al tegt ST
E Y b
56000 57000 58000 59000 60000
J1012+5307 4
ms=0.077 rad, x*=597.6 !.
J " © g% O o :"&'.
O A CHE I % : o
’ ot - ﬂu. ? ﬁ‘, s
f
t
56000 57000 58000 59000 60000
J1024-0719
rms=0.023 rad, ¥2=36.8
¢
8" El “& ‘ ’
. L] .
56000 57000 58000 59000 60000

0.21

0.0

—0.2 1

0.21

0.01

—0.21

0.21

0.01

—0.21

JO751+1807
rms=0.066 rad, y=65.8 %,
) ) \ { , ‘+ ‘é*. Y & u.+ }
rl ot b ¢ t 4 .‘ ¢ .
J # - 1 .} oo :.i 5“v€.
b K 4
T T T * T T
56000 57000 58000 59000 60000
J1022+1001
rms=0.027 rad, x>=105.0 %
Y (T e
° 4
56000 57000 58000 59000 60000
J1600-3053
rms=0.038 rad, y2=45.3 ¥
e X
% b obe o, o *‘b:,‘% ﬁ??
56000 57000 58000 59000 60000

36



Il. ULDM with pulsar polarimetry: dataset
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Il. ULDM with pulsar polarimetry: back to the
ionosphere
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Il. ULDM with pulsar polarimetry: back to the ionosphere
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Factorised upper limits and BFs
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IIl. ULDM with pulsar polarimetry: first

Mass of bosons, eV
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Porayko et al. (submitted) : arxiv2412.02232

Ultra-light axions in the Milky Way:

3. The effect is achromatic, so can be
distinguished from chromatic Faraday
rotation

4. Terrestrial ionosphere is the main
source of noise, when searching for
ultra-light axions in pulsar polarimetry

5. We plan to incorporate low-frequency

data from LOFAR(2.0) to independently
mitigate ionospheric Faraday rotation
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The true picture & a wider landscape

42 /48

So we are tantalisingly close to detecting the GWB, but what is the true

nature of this signal?
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IPTA DR3 dimensions
Tspan f
PTA Dataset PSRs P GWlow
(years) (nHz)
EPTA DR2/ 25/ 24.5 1.29
NANOGrav  15-yr 68 15.9 1.99
PPTA DR3 24 18.1 1.75
InPTA DR1 14 3.5 9.05

MeerKAT

283 - 5107

302 - 3988

704 - 4032

300 - 1460



IPTA DR3 dimensions

In total 121 pulsars in full DR3;
o The biggest / most sensitive PTA dataset ever made !

DECI[°]




Compare multi-PTA Diagnostic (chi-square,
List offTags for all timing params T2 Combination rms, jump values, etc). DM, red noise,
softwares \ ] scattering, ...

N Outlier Combined dataset, Single-pulsar
— analysis updated parfile noise analysis

unification |::> Jump fit

Temponest Noise models

Dataset
gathering

Flag __» Combined dataset,
unification updated parfile

Single-pulsar

noise analysis

Enterprise Noise models

F Enterprise Noise models

. Outlier Combined dataset, Single-pulsar
unification I::> I il analysis updated parfile noise analysis

PINT Combination




Current Status

Tempo2
70

\

Done ® NA  Inprogress ® Updated par file

61

EPTA+-InPTA
PPTA 31

29

NANOGrav
68 MPTA

W

® Done

TempoNest

Missing Tim waiting on config file @ NA

© config not found © Running tim par not copied
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GALAXY FORMATION MODEL - MULTIMESSENGER

L - GALAXIES

DARK MATTER MERGER TREES

e = CUIER Y Ly, = 100 Mpc/ h box = 900 ! L, = 50 Mpc, 100 Mpc, 300 Mpc
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Vi
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L, =500 Mpc/h

Galaxy physics +

Galaxy merger

sun

BARYONIC PHYSICS

Massive black hole physics

BH merger
. ~ kpc ~ pc ~102pc
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Triplets Bonetti et al. 2018
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