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Millisecond pulsars

e Millisecond pulsars: period of rotation
~ millisec

e Often in binaries

e Very old NSs, very stable rotation

e The most accurate clock on the long
time scale (decades)
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e Each observed radio pulse profile has a lot micro-structure. If we average over ~hour the

(average) profile is very stable
e We can use the average pulse profile to estimate the time-of-arrival (TOA) of the pulses.
e The idea is to measure the TOA, and compare to the expected TOA. We know the spin of the
pulsars, so we can predict the TOA. The difference between measure and expected TOA:

residuals
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T'iming Residuals

[credits: Mikel Falxa]
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Response to GW signal

e PTA can be seen as a multi-arm detector where e/ m signal
travels only in one direction (from a pulsar to the Earth). Pulsar
plays role of an accurate clock, and we measure change in
phase (frequency) of arriving pulses (similar to the frequency
(phase) of the laser light)

e Important quantity which characterizes the response of
any GW observatory is € = (27 f« L/c)

£

size of GW detector

el — Roxh; ; n'nd  long wavelength approximation:
LIGO/ Virgo

== -y TGO {12 KHz TI5A: 1 ~0.05: 17,
PTA: £*~0.002 nHz

|

PEA~c >

T- e;';lrth time
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57’GW:7°(75):/ _V(t/)dt’; _V:_n’n hAJ
0 2 1+n.k

Familiar from LISA

Ahy; = hi;(t, = t — L(1 + k) — hy; ()

t, — pulsar time, ~ time of emission of the radio pulse:

O depends on the relative position of a pulsar and GW
source

O depends on the distance to the pulsar L

O L ~ few kpc ~10 000 years — “pulsar” term h(z,)

contains info about the system 105 years in the past as

compared to the “earth” term

T- e;';lrth time

.................................................

O pulsar term depends on the pulsar.
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Detection statistic and search algorithm £
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e We assume that noise is Gaussian: the likelihood function (likelihood of the signal with

given parameters) is

= 1 Eae
P = s o (55 - 970716 - 9),

e Ot - concatenated residuals from all pulsars in the array: total size n

e 5 - is a model of deterministic signals (for example GW signals from
individually resolvable SMBHBs)

e C is the noise variance-covariance matrix (size n X n)

Caipj = C*™8056i + ClT80p + Ci™b0p + CSYa5 + ..

white : : : :
red noise dispersion stochastic GW
measurement ; o :
; spin variation signal
noise - -
noise noise

11




Noise modelling in PTA

e White noise — not very interesting. Two parameters per backend per pulsar:

unaccounted noise.
* Red noise: very generic noise description in freq. domain

S = A ! S =4 [

SO, e BT red noise in each pulsar

red noise

e DM (dispersion measurement variation) noise: depends on the radio-frequency of
observation

Ag,
Spm(f) > el
7
e Correlated red noise processes

D 5= I 5 A sz f7er — includes also cross spectrum between each pair of pulsars: I' ; - spacial

correlation coefficients

12
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PPTA results

PPTA data: 18 years, 30 pulsars. 3 years of new ultra-widebandwidth radio observations

[PPTA 2306.16215]
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EPTA + InPTA

25 plsrs, DR2full: up to 25yrs, DR2new: latest 14 yrs, DR2new+ Includes InPTA data (3.5 yrs)

=3 | oo |

[EPTA+InPTA2306.16214]
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DR2new results: spatial correlations and amplitude-slope of power-law model

0.6 -13.0
P —13.5 o
S 0.4-
'O
% =14.0
S 0.2~ ;
5 §-14.5 =
® 0.0+ o
@ -15.0 -
[
Q e DR2new Binned ORF
0 -0.2 - 5.5
0.4 T T T T T T T T 1 -16.0 T T T 1
0 20 40 60 80 100 120 140 160 180 1 2 3 - 5

Angular separation (deg)

16




EPTA + InPTA

Significance: how likely to observe what we observe in absence (null hypothesis) of GW signal

0
10°4 100
10_1 10—1
a a
102 © .
| | 10
— —
10734 —— DR2full EP 1073
| —— DR2new EP [ ] —— DR2full
] ==~ DR2new 42 | | —— DR2new
10~* S R 1 R S — R E—
—3 —2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 4 5 6
log10 BF (GWB vs CURN) OS S/N HD

We want  [Cornish & Sampson 2015, Taylor+ 2016]
e Preserve properties of the noise (use observations)
e Data free of GW signal: not possible, instead we try to mimick measurements insensitive to GWs
e Sky shufling: change position of pulsars: observed correlation is not consistent with GW
e Phase shift: introduce a random shift in phase at each frequency bin: destroy correlations
The question we are asking:
e how likely to get observed H-D pattern by randomly choosing pulsars on the sky
e How likely that the phases at low frequencies in all pulsars align to form observed H-D

17



NanoGrav results

NG data: 15 years of data, 67 pulsars. Arecibo + Green Bank

ING 2306.16213]
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NanoGrav results

( dipole ) (HD + dipole]
10 10 0.5
1012 1+0.1 common- 220+ 70 HD-correlated, 1 3 +0.2
intrinsic pulsar spectrum red » | common spectrum HD + sin
noise only (IRN) CRN d noise (HD
noiso ) 965 with 5 freqs.) red noise (HD)

05i05\\

0—8
( monopole ) GD - monopola

Significance
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1 Phase shifts
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Interpretation

LET US ASSUME THAT WHAT WE OBSERVE IS STOCHASTIC GW BACKGROUND
(SGWB)

What could produce SGWB with the power-law-like spectrum?
Apparently almost anything that falls in nHz band... and even more
I'll give only few examples

DISCLAIMER

preference in interpretation of observed signal and its siginficance: my personal view

20



PULSy o

Massive black hole binaries @

: Coalescence,
Continuous GWs Memory & Recoil

-

Post-coalescence system
may experience

Stellar Core . :
Galaxy Merger Merger Bmarx \Formatlon

| ©) 4c3n
W
. 3
NGC5331 ‘ NGC 17

Gravitational radiation provides

Dynamical Dynamical friction Stellar and gas P ol vy
friction drives less efficient as interactions may ¢f'ﬁucnl AP C.m,fzmbma.ry P :
massive objects to SMBIIs form a dominate binary inspiral? disk may track shrinking orbit. gravitational recoil.

central positions binary. A A
Orbztal . 0 0001 Be
.separalwn 3 :
The Lifecycle _ v 6.‘ w ‘
. .a ' E / .
= :
of Binary 7 - _A-.‘“A;.ﬁ.....,.‘,. ..... A VAVAVAVAM; _AVA_N_
Supermassive = 5 VUW
Black Holes O |
Evolution <30 Myr ~3 days BURST'
3 .:
LISA PTA LISA

duration

[S. Burke-Splolaor A&A review (2019)]
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Supermassive black hole binaries

e Main sources are supermassive black hole binaries (mass 107 — 1010 solar) on
very broad orbit (period ~ year(s)) AE -

* The orbital evolution due to GW emission is very slow: 7~ & n(M/r)
signal is (almost) monochromatic over period of observations

Theoretical 'average' spectrum
Contribution of individual sources

pectrum averaged over 1000
Monte Carlo realizations GW Signal from the

population of SMBH
binaries: forms a stochastic

10'“ E ‘ T LI L L L l|“”' o

L L LLIIN

s
-
-
-

7

signal at low fregs. (similar
to Galactic binaries in LISA

x
" GW onl
10yr observation
11

' S ' frequency bin ;
10-8 10~ quency |Credits: A. Sesana]
observed frequency [Hz]

Brightest sources in each




PULSy o

SGWB from population of SMBHBs E

[NG: 2306.16220]

GW Frequency [yr ] GW Frequency [yr!]
0.10 0.25 0.50 0.75 10~ 10°
_6.0 1 1 L 1 L n L L 1 L 1 L L n L 1 L
15yr: HD-w/MP+DP+CURN
\ 15yr: HD-DMGP
-6.57 \o
- y=13/3
~7.0 1071 5
“,
% -7.5 <
o
=
-8.0
107"° 4 === Best-Fit SMBH Binary Model
—8.5 | === SMBH Binary Model (GW-Only)
1 = a=2/3
-9.0 T T T T T T T T T T T T T
1 5 10 15 20 25 2 10! 3 % 10!
GW Frequency [nHz] GW Frequency [nHz]

|[EPTA 2306.16227]

The observed PTA signal could be
stochastic GW signal from the population
of SMBHBs in the local UNiverse

log1p (RMS/seconds)

MC realizations
-== f=1/yr

EPTA DR2new
71 SMBHB models

-10

f [Hz] 23



SGWB: Network of cosmic strings

ol ;
L N L L L L
- —— STABLE-C | —— STABLE-C + SMBHB ] 3.0 I | -
—— STABLE-K [ —— STABLE-K + SMBHB L1 BOS model
—— STABLE-M - —— STABLE-M + SMBHB N 925 |1 = LRS model -
STABLE-N ] | —— STABLE-N + SMBHB ks =1 BOS+SMBHB model
Z 904 =71 LRS+SMBHB model
"E 1.5
< 1.01
O
ol
0.5
0.0 255=== ==

115 —11.0 —105 —10.0 —95 —90 -85

log,o G log,o G
810 G 1 810 Gl log;o G

e We can constrain the tension of cosmic strings (model dependent) assuming the observed
signal is entirely produced by the network of cosmic strings
* We can set un upper limit in two-component model of SGWB: CSs + SMBHBs
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Interpretation of PTA signal

The signal is weak and poorly constrained:
almost “anything” can more-or-less explain it

""" CS - BOS model
—61 == (CS- LRS model
Turbulence model

-+ Inflation model

~~
c:g’ -
o -—/_._ = ==
S R L ,.—F. ...............
= s
a0
o —107
r— /-
—12 -

1078
Frequency [Hz]

[Credits: Hippolyte Quelquejay]
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Do ityourself

[ArXiV:2404.02864] https: / / github.com /Mauropieroni/ fastPTA /

* You create your own PTA
e based on existing and MaxLik estimation of noise parameters
e make your own future PTA (based on SKA)

e Check how well we can detect and measure parameters of your favourite SGWB
model

Current EPTA HD (Legendre)

1.0 — Injection
lo
0.51 B 20

Correlation coefficient

0.4 T T T T T T T T | M

0 20 40 60 80 100 120 140 160 180_0-5- - T .
Angular separation (deg) 0 7T/4 7T/2 37T/4 U

Cry = arccos(pr - pJ)
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https://github.com/Mauropieroni/fastPTA/

Search for individual MBHBs: continuous GW signal

e Assume circular orbit

e Bayesian approach

Searching for GW signal from individual SMBHB binary: 0/

e Strategy: all-sky search with simplistic model -> follow up candidates relaxing simplified
assumptions on the reduced prior range

- Model 1001
10-13

] 1 Illl]ll

] lllllll

10-15

1 1 llllIl]

10_13 1 1 L1l 1 1

F T T llIIIlI T T

e ——— - ———— —— —

llIIIl]

1 1 lllllll

1 lllllll

10-8 10-7
frequency

[NG: 2306.16222]
[EPTA+InPTA: 2306.16226]




CGW signal

Consider non-spinning SMBH binary in circular orbit

e pulsar and earth terms: each is monochromatic signal

e frequency. of pulsar term might or might not coincise with the erath term:
s = Il in b

o amplitude of the pulsar term is larger: ~ @~/

X h_|_(ta wa) h (t W)
S c 2 1A |
S =1, (k,na)[ 27 £l 7 o f ] ' a - pulsar index
o o W
Fg(k’”“)[ o X2(7rf )]
\_/ \_a/

relative position Earth term coherent
pulsar and GW source across pulsars

Pulsar term
w, = ot =L (1 +7n_.k))

28



CGW signal in NanoGrav

[ING: 2306.16222]

] I | ]
| = CURN+CW vs. CURN I i Tl—r
| — CURN+CW vs. CURN (w/0 J1713+0747) | :
10y —— HD+CW vs. HD ! :
| === 1/yr | I
_ |
. | == 2lyr I | T
B . J1713+0747 binary period : :
£ 107 | | -
n - | =
5 ! Me 5
@ | |
I |
100 i I may
__________________ ] B I E———
----- |
I |
I |
I |
10_1 i ; ; S N S N N , 1 | I I
10—° 108 10~7
faw [Hz]

Bayesian all-sky search for a SMBHB in circular orbit: Bayes factor for presence of CGW
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CGW signal

[ING: 2306.16222]

' | I 1
| = CURN+CW vs. CURN I I TL,
| =— CURN+CW vs. CURN (w/0J1713+0747) : :
10y —— HD+CW vs. HD ! :
1 |
5 | = b | | L
© . J1713+0747 binary period : :
£ 10 _5 | I —
0 ! I =
% : i
B I
« | I
| :
100 _— — | [E
I ey S R Y S S R e [ i .
“““““ I
I
|
|
1071 1

109 | T TN | T T T T {g

e | concentrate on the low-frequency candidate
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CGW in NG data

Black: CGW + CURN
Orange: CGW + GWB

TR

logi1o0few 10910Ae
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0.8
SNR of GWB and 0.6
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£ 0.41
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mw HD
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1
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|
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CGW signal in EPTA

BF: PSRN+CURN+CGW /PSRN+CURN |[EPTA+InPTA: 2306.16226]
102_; ~ N i e 1/year CGW candidate at low frequency
& 1014} | |
: i
an 1% :
107 " | Bayesian search for CGW using Earth
' | term only
108 | 1077
fgw (Hz)
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CGW signal in EPTA

| | 5
0.175 - 1 1 —_ X
: : = = Median 2.F,
0.150 I I = = Median 2F. curn
I | = 27
01257 S =1 2Fecury
. 0.100 - I Bl 2F. scrambled
BS,
<
0.075 1
0.050 A |
|
0.025 1 |
|
0.000 - 1 ‘E—
0 5 10 15 20 25 30 35 40
2F.

Frequentist analysis (but taking into
account large uncertainties in the noise)

Significance
p(Fe) P(Fecurn)
X; 5% 1074 1x1072
Random sky (7+4)x107% | (6+1)x 1073
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Isitreally GW signal?

e Error in ephemerides: JPL ephemerides D440, good measurement of Jupyter

1 1 1 1 I I I I 1 1 1 I I I | I 1

= DE421 == DE435
100 L— DE#30  —— DE436

LI

. llllllll | llllllll 1 llllllll | ——

(L, -1 -
5 107
- -
102 3
- NANOGtrav 11-year dataset
—3 | 1 1 1 l | | | | l 1 1 1 1 I | | | 1
T —17 —16 —15 —14

log;pAcwn

| Arzoumanian+ 2018]
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Isitreally GW signal?

e Error in ephemerides: JPL ephemerides D440, good measurement of Jupyter

= DE421 == DE435
100 L— DE#30  —— DE436

LI

1 Illlllll
. llllllll | llllllll 1 llllllll | ——

LI lllllll
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A

glo

red noise lo

Isitreally GW signal?

e Error in ephemerides: JPL ephemerides D440, good measurement of Jupyter
e Modelling noise of each pulsar is very important: J1713+0747

J1713+0747

I Adv Noise
W Std Noise

red_noise_gamma

red_noise_logl0_A

DMSlope

ruad
-15 -14.4 -138

RedAmp

RedSlope

S7

3 45 -121 -12 -119

DMAmMp

1.2 1.6 2
DMSlope




Isitreally GW signal?

e Error in ephemerides: JPL ephemerides D440, good measurement of Jupyter
e Modelling noise of each pulsar is very important: J1713+0747

Pulsar Sel. model

RN10 DMv30

10613-0200 DMv-SN_NUP_1.4

RN150 DMv30
J1012+5307 DMv-SN_NUP_1.4

SN_NUP_2.5 EPTA 6 best pulsars, custom noise models

DMv30 Svi50
J1600-3053 SN LEAP 14 [Chalumeau+ 2021]

RNI15 DMv150
2 Exp. dips
DMv-SN_NUP_1.4
J1713+0747 SN_JBO_1.5
SN_LEAP_1.4
SN_BON_2.0
BN_Band.3

RNI10 DMv100
J1744-1134 DMv-SN_NUP_1.4
BN _Band.2

J1909-3744  RN10 DMv100 Sv150
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- Noise model?

DMyv noise PSR J1600-3053

i — MO : — MO
E Mnew E Mnew
—5- : —51 :
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2 4 . ‘ P - 5 < -7 \ L ‘ LA
2 : g iy
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= Mnew New free spectrum estimation
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—8.01 :
g /\’b:?y —9.0 108 l
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RN NN CURNvsHD (9) 6375168755975 | 5573
A CURNvsHD (8) 3111|3011 6313 | 5312




[Quelquejay+ in prep.] NOiS C 1110 d@l?

— 9-th bin close to 1/year frequency, sign of
Y , dipolar correlation

g_m' , Might be chromatic: DM -> solar wind?
90 o Some pulsar were previously identified to

Frequency [Hz]

show annual DM variability

Show common solar wind (correlated DM
J0030+0451, J0751+1807, J1022+1001, J1730-2304

variations with annual variability)
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Isitreally GW signal?

e Error in ephemerides: JPL ephemerides D440, good measurement of Jupyter

e Modelling noise of each pulsar is very important: J1713+0747
e Quite different BF from each PTA: 1-2 (PPTA), 60-70 (EPTA), 230-950 (NG)

e EPTA “sees” the signal only in last 14 years, PPTA sees signs of non-stationarity

e [s it non stationarity in the GWB?

¢ or in the PSR noise model?
¢ or evolution of how we deal with radioobservations?

PULSy o

Cag 2
<> 2
S &
4._1 Z
% 5

NP N°

Non-stationarity modelling: [Falxa+, PRD 2024]

Statistic DR2full DR2new

60
33(+Ephem)

MU S W N -

DRnew+

65
43 (+Ephem)

2006 2008 2010 2012 2014 2016 2018 2020 2022

Year
Y
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New IPTA dataset (DR3)

Credits: Kuo Liu IPTA DR3 dimensions

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

Dataset Number of pulsars Time span Frequency range
EPTA DR2 Z5 24.5 yr 283 — 5107 MHz
NANOGrav 15-yr 68 15,9 yr 302 — 3988 MHz
PPTA DR3 24 18.1 yr 704 — 4032 MHz
InPTA DR1 15 3.5yr 300 — 1460 MHz
MeerKAT DR2 83 4.5 yr 856 —-1712 MHz
CHIME DR1 11 2.5 yr 400 — 800 MHz
LOFAR+NenoFar 17 9.6 yr 35-190 MHz
IPTA DR3 121 25 yr ~30 - 5000 MHz .
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New IPTA dataset (DR3)

IPTA DR3 dimensions

e In total 121 pulsars in full DRS;
o The biggest / most sensitive PTA dataset ever made !!
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What's next?

IPTA data combination:

e We combine the data from IPTA: EPTA, NG, InPTA, PPTA

e We use additional data (MeerKAT, Chime)

e Better coverage (dense) in time (smaller cadence)

* Better coverage in radio freq: DM and scattering variations

e Not dominated by a single radiotelescope: should see/handle systematics

Kind of summary...

e We are pretty sure that the observed signal is GW
e We are not sure about its nature
e We got so excited that made a big press release

* In relaity we need to look at IPTA data, we need longer
high quality data. It is “GW detection in slow motion” p

4



Back up
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