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Results from the search for very-low frequency gravitational
waves with the EPTA DR2 and InPTA DR1
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Characteristic Strain

Pulsar Timing Arrays (PTAS)

A very-low frequency gravitational wave detector
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Pulsars

Neutron stars with strong magnetic fields that spin rapidly and
emit radio beams along their magnetic axes
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Millisecond pulsars — Highly stable clocks !



Pulsar timing
Observation

Template Observation

Template matching
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Time of Arrival
(ToA)

Oa~10ns-1ps



Pulsar timing

Observation Data set (for 1 pulsar)
o Obsori T Data set Timing model
° Clock correction to the TT
° Transformation to the SSB
° Fit Rotational params
° Fit Astrometric params
ToA e  Fit DM params
° Fit Orbital params
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Timing residuals =ToA, __ .- TOA ing model
Template matching WRMS __~100ns -5 s

Y

ot 4 W MM W W’W Ft |

|

Residuals [us]
o

B ————

\ W «M

56000 56500 57000 57500 58000 58500 59000
M)D

Oa~10ns-1ps




Search for GWS that nd@e delays in observed ToAs/tlmlng resrduals :
= WhICh are coherent amon' aII ‘ ; \

@EPTA website



PTA -- Sources

Credits : Nicole Rager Fuller

Supermassive .»-'7
black hole binaries Ultralight dark matter

Image courtesy of Science, eredit: Nicolle Rager Fuller [modified]

Early Universe processes
. Cosmic strings
. QCD phase transition
. Curvature perturbation
. Inflation



Recent results from PTAS

On 29 June 2023, four series of papers by PTAs report
evidence for HD correlated GWB with differing significances

EPTA + InPTA

BHDICURN ~ 60, > 30

Dataset
Antoniadis et al. 2023, A&A, 678, A48

Noise analysis

Antoniadis et al. 2023, A&A, 678, A49
GWB search

Antoniadis et al. 2023, A&A, 678, A50
Continuous GW search

Antoniadis et al. 2023, arXiv:2306.16226
Constraints on MBHBs, DM & Early

Universe
Antoniadis et al. 2023, arXiv:2306.16227

ULDM search
Smarra et al. 2023, PRL, 131, 171001

NANOGrav

BHPICURN ~ 200, > 3.50

Dataset

Agazie et al. 2023, ApJL 951 L9
Noise analysis

Agazie et al. 2023, ApJL 951 L10
GWB search

Agazie et al. 2023, ApJL 951 L8
Continuous GW search

Agazie et al. 2023, ApJL 951 L50
Implications for potential sources

Afzal et al. 2023, ApJL 951 L11
Constraints on MBHBs

Agazie et al. 2023, ApJL 952 L37

Search for anisotropy in GWB

Agazie et al. 2023, ApJL 956 L3

Analysis pipeline
Johnson et al. 2023, arXiv:2306.16223

PPTA

BHD/CURN ~ 15, ~ 20

Dataset

Zic et al. 2023, PASA, 40, E049
Noise analysis

Reardon et al. 2023, ApJL 951 L7

GWB search
Reardon et al. 2023, ApJL 951 L6

CPTA
4.60

GWB search

Xu et al. 2023, RAA. 23 075024



Focus on EPTA & InPTA

This talk

e

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

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

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

Paper 4: Continuous GW search.
Submitted, arxiv:2306.16226

Paper 5: Implication for SMBHB, DM and
the early Universe. submitted, arxiv:2306.16227

Paper 6: Ultralight DM search.
DOI: 10.1103/PhysRevLett.131.171001

See Golam’s talk
right after

The second data release from the European Pulsar Timing Array

lll. Search for gravitational wave signals
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I. Cognard amo g Dandapat , D. Deb S. Desa/ @@ G, Desvignes DV N. Dhanda-Batrd
C. Dwivedic®@, M. FalxPDY, R. D. Ferdmar®¥ | A. Franchinl ™0, j. R. Gaitd®V[ B. Goncharov P2,
A. Gopakumat@®™ E_Graikod®™ J.-M. GrieBmeiet™ ™Y T Guillemot™™X v . Gud™** Y. Gupta® |
S. Hisand ™2, H. HU®7| F. IracP™9] [D. Tzquierdo-Villalba P . Ja%m, 3. Jawo- ¥ G, H. Janssen @
A. Jessner DD, B. C. Joshi®=PW 'E Kareem (-I—HT R Karuppusamy , E. F. Keane [IllEII, M. J. Keith m,
D. Kharbanda mm_ T. Kikunagz EDED, N. Kolhe m’m. M. Kramenﬂzmu’, M. A. Krishnakumar Etﬂﬂﬂl_
K. Lackeod@@™ K. J. Led¥B30 K LY v Lidd3BY A G.Lyn&®T J. W. McKed™EW vy Maal
R. A. Mai™™®, M. B. Mickaliger @™ 1. C. Nipd@® K. Noblesor ™™ A K. Palad/®™ A, Parthasarathy ™
B. B. P. Pererd®0{ D. Perrodin.c™P , A. Petiteau @eV N K. Porayk(;[hm A. Possentt?Y | T. PrablFN]’.
H. Quelquejay Lecleré®™, P. Ranz DI A Samajdar . S. A. Sanida! A. Sesand™ o
LT..III!D‘ J. Singha pro 1, Sper: o R, Spiewalgm’, A. Srivastava ,B.W. Slupperm.
M. Surnis¢ @™ S C. Susarls IIXIJ’ A. Susobhanar: mm, K. Takahashi E]I]ll‘ P. Tarafdar I]ﬂl'
G. Theureau LT.|II[|31D’ C. TiburzP?™| E. van der Waterer IZDIIIEII‘ A. Vecchia IIH][' V. Venkatraman Krishnan nﬂ’,
J. P.W. Verbies((™2B20 . Wang RIS 1, Wan‘gmn' and Z. Wu

High contribution from Italy:

e Researchers from Cagliari Obs., Milano-Bicocca Univ.,
GSSI (L'Aquila), SISSA (Trieste)

e Data provided by Sardinia Radio Telescope (via LEAP)


https://doi.org/10.1051/0004-6361/202346841
https://doi.org/10.1051/0004-6361/202346842
https://doi.org/10.1051/0004-6361/202346844
https://arxiv.org/abs/2306.16226
https://arxiv.org/abs/2306.16227
https://link.aps.org/doi/10.1103/PhysRevLett.131.171001

The European PTA, member institutes & radiotelescopes

wEPTA

K

.,

France

o  APC (Paris)

o LPC2E (Orléans)

o Nangay(/Paris/Meudon) Observatory
Germany

o AEI (Potsdam-Golm)

o Bielefeld University

o MPI flr Radioastronomie (Bonn)
Greece

o FORTH - Hellas (Heraklion)

o Hellenic Open University (Patras)
Ireland

o Trinity College Dublin

o University of Galway
Italy

o INAF/Osservatorio di Cagliari

o Milano-Bicocca University

o SISSA (Trieste)

o  GSSI (L'Aquila)

Netherlands:
o  ASTRON (Dwingeloo)
UK
o Birmingham University
o East Anglia University
o Manchester University

o Surrey University
China
o Peking University

+ LEAP radiotelescope
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EPTA DR2 data

Time
VS
Observing radio frequency
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Data combination & Timing analysis - Outcomes
Precised timing models ...

Parallax distance
- Measured in most pulsars
- Lutz-Kelker bias corrected
- Consistent with VLBI

Mass Measurement for 9 pulsars

Post-Keplerian Parameters (Shapiro delay)

Annual Orbital Parallax (varying apparent
orbital geometry)

- Inclination angle+ascending nodes pos.

angle constrained (KIN-KOM relation)

-> improvements compare to DR1

Binary Orbital Period Derivative measurements

Caused by
- intrinsic (GW emission)
- extrinsic (proper motion & galactic acceleration)

intrinsic factor was estimated and compared with
theoretically calculated Pbdot (mostly consistent)
kinematic distance broadly consistent with
bias-corrected parallax distance

12




What remains in the data from the timing analysis ?

20

50F

—2Q

(J1600-3053, rms = 2.68 s

11640+2224 rms = 1.13 [JS]

) E@E %%%%é%%}&mﬁ@z% zf%%

U1909-3744, rms = 0.73 ps]
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Noise '

Example of DM variation signal

e Time uncorrelated (white noise)

e Deterministic signals

o  Timing Model errors (marginalized over)
o  ‘Exponential dips’in J1713+0747

Time delay [us]
o

EA NG VA R T SRR
e Time correlated noise (‘red noise’) o Yol M MJW
o ‘RN’ —Achromatic pulsar spin noise —2ofl | i o8 bl ¥ ‘% P
o ‘DM’ — DM variations (8t oc v2) { v, = 1400 MHz i
o ‘SV’ — Scattering variations (8t oc V'4) 3 52600 53000 54000 550E00 ) [Mjsg?oo 57000 58000 59000
pochs

=> To be well analyzed before GW searches !

14



Time delay [us]

Noise analysis - General Outcomes

- Customized noise models obtained from Bayesian model selection

31J1012+5307

55500 56000 56500 57000 57500 58000 58500 59000
MJD

-=> Validation tests for robustness

Time delay at 1.4GHz [us]

., J1600-3053

-1.04
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g
(=]

58500

o
o)

0.6

0.4

0.2

Fraction of simulations within C.I.

SV DR2New
§ LEAP (Main et al. 2023)
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l/,
,;/
7
tf"
o
7
”_l
,’f ’
,ff:’
~ A —— RedAmp
//,"?:’ --- RedSlope
e —— DMAmp
’.j,"’ --- DMSlope
,,_%"' —— ScatAmp
J_&," --- ScatSlope
0 0.2 1.0

0.4 0.6 0.
Confidence Interval (C.1)
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very-low frequency GWs !

Stochastic GW background (GWB)

Residual (ns)

Expected correlation y(¢)

Modeled with a power spectrum

610 ‘lele JOE|0dS-;;|Jn9

! !

0 500 1000 1500 2000 2500 3000 3500

Day since observing start

Hellings-Downs correlation |
If unpolarized, isotropic & stationary GWB

| 1 1 1 Il 1 Il Il
20 40 60 80 100 120 140 160 180
Angle { between Earth—pulsar baselines (degrees)

Deterministic signals

Modeled with a time-domain waveform

Residual (ns)

! 1

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

See Irene & Beatrice’s talks for more details !
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log10 RMS (s)

GWRB analysis - Spectral properties
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—— DR2full HD

- DR2full

-13.0

-13.51

—14.0 1

—14.5 A

logl0 A

—15.0 A

—15.5

-16.0

e Common “red” signal
detected at high confidence

e DR2new power-law is
shallower than DR2full

e HD correlation more evident

0 A

~—— DR2new HD

, on DR2new

e Only few bins are constrained at low frequencies

<« DR2new —~

J1744-1134

Radio freq.
"
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| o eepecle ) wqe- | f"ﬂ"’ﬂﬁh

log10 (RMS/seconds)

Time
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EPTA DR2new

10~ 17
f[Hz]



Correlation coefficient

Correlation coeefficient

GWB analysis - Significance

-0.6

0.8

0.6 1
0.4 1
0.2 1
0.0 1
-0.2

Bayesian analysis
y y Bayes factors
DR2full DR2full+ DR2new DR2new+
Model ENTERPRISE FORTYTWO | ENTERPRISE | ENTERPRISE FORTYTWO | ENTERPRISE
PSRN + GWB 4 5 4 60 62 65
PSRN + CLK < 0.01 <0.01 < 0.01 0.2 1.2 0.3
PSRN + EPH <0.01 ~ 107 <0.01 0.2 0.2 1.3
0 60 80 100 120 140 160 180
Angular separation (deg)
Frequentist analysis
S/N
DR2full DR2full+ DR2new DR2new+
+1.1 +1.1 +1.4 +1.7
S/Nmp LI L0 0.37,9 0.87,¢
+0.9 +1.0 +1.5 +1.5
S/Npp —0.4_0_8 —0.2_0_9 0. 1_0_9 0.6_0‘9
1.3 12 2.4 )
S/Nup 1.3’_“1_2 1.4’:1_l 3.5’:1_7 4.1:.7

—0.41

-0.6

20 40 60

80 100 120 140 160 180
Angular separation (deg)

¥ DR2full 4 DR2new

——p p-val <0.0001 (= 3.5 0)
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Continuous GWs - Frequentist analysis

. . o ] 7—_(: 77()‘ ‘U J
e Using the Fe-statistics, a CGW candidate a )4 adons)
P : y 5% 10° 1x107
is identified at 4.64 nHz X4 X X
Sky scrambles || (7 +4) X 104 | (6+1)x 1073

e The inclusion of CURN in the model

absorbs a bit of power —

0.175 4

|
|
e We use sky-scrambles to evaluate the . oo e
. 150 4 I :) edian 2F,. curN
p-value, as well as the theoretical null 1o ] =
distribution xz4 o 0.100 4 : B 2F,. scrambled

e The p-value for this candidate is 05+
evaluated at ~3¢ 0050 1

0.025 4

0.000 A

T T T T T T T T
0 5 10 15 20 25 30 35 10

CURN: Common Uncorrelated Red Noise
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A

logyo

R — /D>

e CGW candidate found at 48 nHZ

Continuous GWs - Bayesian analysis

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

-

,\J\)ﬁ
ez
Rl
5;9[ L %’ R\
B AQ/ & e

R

ST ABT D AP AN Y N

Model comparison Bayes factor
CGW+PSRN vs PSRN 4000
CGW+PSRN+CURN vs PSRN+CURN, 3 bins 12
CGW+PSRN+CURN vs PSRN+CURN, 9 bins 4
CGW+PSRN+GWB vs PSRN+GWB, 3 bins 1
CGW+PSRN+GWB vs PSRN+GWB, 9 bins 0.7

The inclusion of HD GWB in the model

absorbs the CGW candidate
> GWB & CGWs hard to disentangle !
(cf. Irene’s talk) 20



Conclusions & perspectives

Lots of results from pulsar timing analysis

EPTA DR2 displays
o evidence (BF~60, S/N~3.5) for Hellings-Downs correlations (A=(2.5 £ 0.7) x 10*-15)
o And/or evidence for a signal from a single supermassive black hole binary ?

Let’s hear now about
Further EPTA studies on signal properties (Irene) and implications (Golam)
A search for continuous GWs with MeerKAT data (Beatrice)

Consistency checks among results performed (Submitted, arXiv:2309.00693)
Stay tuned: Current data combination @ International PTA level will lead to the
best sensitivity available in the next few years ! -> IPTA DR3

21


https://arxiv.org/abs/2309.00693

Thank you !

EPTA Spring meeting 2023
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