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Pulsar Timing Array

The main idea behind pulsar timing array (PTA) is to useultra-stable millisecond pulsars as
beacons (clocks sending signals) for detecting GW inthe nano-Hz range (10 - 107 Hz).

[Credits: D. Champion]




Millisecond pulsars

O Pulsars - neutron stars (end product of evolution of stars with the mass > 7 solar) with
rapid rotation and strong magnetic field

O Emit beamed e/m radiation from the magnetic poles. Powered by rotation: spinning down.

O Beamed radio emission swaps across the line of sight — seen as pulses in observations
(similar to the lighthouse)
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Millisecond pulsars

O Millisecond pulsars: period of rotation

o millisec 10-10 :_ ;
O Often in binaries [ )
O Very old NSs, very stable rotation 10-12 L i
O The most accurate clock on the long [ ]
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Pulsar timing
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O Each observed radio pulse profile has a lot micro-structure. If we average over ~hour the

(average) profile is very stable

O We can use the average pulse profile to estimate the time-of-arrival (TOA) of the pulses.

O 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 pulsars
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O We need to build a timing model to
make accurate prediction for TOAs -
take into account various physical
effects

O Dispersion of e/m wave and its time
dependence

O Rate of change of rotation (b)

O Sky position of the pulsar (c)

O Proper motion of a pulsar (d)

Taken frem “Handbaok of Mular Adranomy” by | comer & Keamer
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O Timing model could be quite
complex if pulsar is in the binary
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Residuals

O Building the timing model: depends on many parameters
ttoa = ttoa(Pa Pa Pa Aclockv ADM(L)a A@—@a AEa AS)

2P P eriod of pulsar’ rotation and its derivatives: spin-down
2 2 P p

Aclock difference in the local clock and terrestrial standrad

A DM (L) delays caused by propagation in the interstellar medium

A@ — e Transformation from the local frame to the solar system barycentre

A Accounts for relative motion (Doppler) + gravitational redshift caused by the
E Sun, plantes or binary companion.

A 5 Extra time required to trave in the curved spacetime containng

Sun/companion (if in binary)

dt = t?oa 7 ?oa = dterrors o 57—GW + noise
'\
Errors in fitting the model / due to GWs




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 onedirection (from a pulsar to the Earth). Pulsar
plays role of an accurate clock, andwe measure change in phase
(frequency) of arriving pulses (similar to thefrequency (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

A= =1

|

T- e;';lrth time
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Response to GW signal

dt =t =1, —dbt..., .+ 0tew F noise
. nr
) ) 1 n*n? Ah;;
OTaw = T(t) — / _V(t/)dt’; oL =7 L £2)
0o Yo y 2 Lk
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.

11



Radiotelescops: EPTA

The Effelsberg Radio T¢¢
Effelsberg, Germal

‘ " : o 1y Radio Telescope
£33 ERAN A - ncay, France

.....

« -

Al I AT RS
)

The Sardinia Radio Telescope The Westerbork Synthesis Radio Telescope
Pranu Sanguni, Italy Westerbork, The Netherlands
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Super-massive black holes (SMBHs)

Massive black holes should reside in the nuclei of (we hope)
every galaxy. (S)MBH are formed from relatively small seeds
(remnants of poplll stars, direct collapse of giant protocloud)
and acquire mass through accretion and major mergers

(result of galactic encounter)
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Supermassive black hole binaries

O Main sources are supermassive black hole binaries (mass 107 — 100 solar) on
very broad orbit (period ~ year(s)) AE -

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

Theoretical 'average' spectrum
Contribution of individual sources

10'“ —f— pectrum averaged over 1000

Ed 4 Monte Carlo realizations GW signal from the
= population of SMBH
binaries: forms a stochastic

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

x
" GW onl . ) i
10yr observation . Brightest sources in each
1 L1 1 I -

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




GW 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:
= 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 +7_.k))
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GW signal in PTA

Response to GW signal of PTA in freq. domain

credits: A. Petiteau
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Detection statistic and search algorithm

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

o 1
ks \V/ (2m)"det

O (—%(5% e 5 g))

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*"80p0ij + Cl100p + CiMbop + CG,ﬁj

white
red noise dispersion stochastic GW
measurement : Tk :
: spin variation signal
noise ~ -
noise noise

17



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 ! SSG A

SO, e BT red noise in each. pulsar

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

Ay
Spu(f) _f oy

e Correlated red noise processes

S — F(IﬂA

oorf Teor —includes also cross spectrum between each pair of pulsars: I ; - spacial

correlation coefficients

18
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Hellings-Downs curve: stochastic GW signal

e Stochastic GW signal — noise like signal which is correlated in observation of all
pulsars. The correlation due to GW is very specific: Hellings-Downs curve.
e Correlation for the isotropic stochastic GW signal depends only on the angular

separation between the pairs of pulsars.
0.6

Simulated data

0.4

0.2

correlation between arrival times
(@)

| | | | | | | |
0 20 40 60 80 100 120 140 1e0 180
angle between pulsars (degrees)
[Fig. from IOP, Physics World]
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Gaussian-process approach to PTA: falling into a rabbit hole

Short intro into a Gaussian Process (GP)

e GP generalize the notion of Gaussian randiom variables to the case of infinite number of
degrees of freedom
® GP can be specified in 2 equivalent ways:

, as a sum of deterministic basis functions: Z ¢ (x)w; - where w, are weights - Gaussian

]

random variables (W 2;;). weight-space view

e as a continuous f-n f(x) such that the ensemble average E[ f(x)] = m(x) and the covariance:
E[(f(x) — m(x)(f(x) — m(x"))] = k(x, x'). function-space view

e Those two approaches are connected by

quz Sijs (')

2



Gaussian-process approach to PTA: falling into a rabbit hole

e Applying GP to the PTA likelihood function: Gaussian prior

on weights

/GP\ /\_

6__'213(675 =30 $a(t)wa)(C5) ™1 (6t =32, da(tj)wa) e_%za,b Wwa (Tap) ™ wh

ot w,,,,GP — : X
B ) /@m)ndet(C¥) J/@m)mdet(T)
weight-space approach whiteTnoise
o3+ 2uij 0ti(CH+CI) T8t
p(0t|w;, GP) = with = €=kt &) Zaba S abdb(t;

/(@n)"det(C® + C)
\ /

red noise variance-covariance matrix

In time domain, uncorrelated red noise:

WD =% = il frmij)" where 7, = |, — ;| and
Crp = A%(fr/yr ){m Ysin (5) (fo7is) Z 2n+1_7)} _

Z f; is low freq. cut-off
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Gaussian-process approach to PTA: falling into a rabbit hole

e Alternatively we can use basis functions: based on the decomposition of residuals in the
Fourier modes:

ot(t;) ~ Z ap sin 27 ft; + by, cos 27 ft;

weights basis functions ¢ (f,, 1) = ¢L (1))

We use non-complete set of Fourier modes: covariance matrix can be approximated as

C:n Z¢F ab b )

where

Zab X (A')Q"n.f = 7) Oab /L — red noise PSD

and for stochastic GW signal: C gvjvﬁ Z [ aﬂqﬁF (tla)ZF Gnglf (t,3), where

ia,jp
EFGW Wf ng)é b/T

25



Gaussian-process approach to PTA: falling into a rabbit hole

Advantage of this description: again likelihood

o3 2ij 0ti(C+CI) 1 6t

v/ (2m)ndet(Cw + CT™)

Data size: n - large, need to invert very large (covariance) matrices - n X n
Can use Woodbury f-la

@ el @ woll-cl clos toclo ol

e L X e S e e

inversion of m X m matrix

Number of modes: m < n much faster and easier to invert, C,, is diagonal matrix

24



Residuals of 6 best EPTA pulsars

From top to bottom these are PSRs: J0613-0200, J1012+5307, J1600-3053,]1713+0747, J1744-1134,
and J1909-3744

I
NN
L

Residuals (us)
o

UIN
o own

e Old systems
—51 e New systems

50000 52000 54000 56000 58000 60000
M|D

{
Up to 25 years of monitoring: black - DR1, blue - DR2 (data release) \S
25 o ‘ >




EPTA data

1Se 1n

Common red no

preliminary (EPTA 2021)
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NanoGrav 12.5 yrs data result

[Arzoumanian+ 2020]
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Common uncorrelated red noise

NanoGrav , EPTA and PPTA support presence of a common red noise
preliminary (EPTA 2021)
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® EPTA DR2 Free Spectrum == EPTA DR2 Power Law O NG12 Free Spectrum == NG12 Power Law 30 NG12 Power Law 5

Bayesian analysis: model selection (hypothesis testing)

_ p(My1d) _[p(d| M) =(M)
p(M,|d) g(d|M23 (M)

Bayes factor

Odd ratio: OWM, M,)
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Stochastic GW signal?

| Arzoumanian+ 2020] THE NANOGRAV COLLABORATION
Is there evidence Is there evidence for a spatially Is there evidence for a
for a common-amplitude correlated y = 13/3 process? second y = 13/3 process
y = 13/3 process? No strong evidence for HD on top of HD?
Yes, strong evidence. correlations, moderate evidence Little evidence either way.

against monopole and dipole.

HD correlated
monopole correlated

Drocess + monopole
-2.3 [DE438] 0.13 [DE438] processes
-1.3 [BE] 0.21 [BE]
e log1o BF = 4.5 [DE438] . HD correlated
pulsar intrinsic common-amplitude | 0.64 [DE438] HD correlated 0.02 [DE438] .
. I 4.2 [INPOP193] 0.37 [BE] 0.06 [BE] + common-amplitude
noise only 2.4 [BayesEphem = BE] process . process . processes
median Acp = 1.96 10-15 [DE438] —2.4 [DEA438] ~0.12 [DE438]
15 " -
1'22 1&15 {g\lgomga] —23 [BE] . —0.20 [BE] HD correlated
' dipole correlated + dipole
rocess
P processes

* No statistical significance to support Hellings-Downs spacial correlation:
e Need more pulsars to compute more pair-wise correlations (EPTA->20)
e Need longer data set to uncover more of the red signal (Nanograv-> 15 yrs)
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Can it be GW from SMBHs?

SMBH-bulge relations

S -— -
-~ -— -

NG12.5

EPTA DR2vO
Circular population
68% Population
95% Population

e Analytic prediction: spectral index

e Simulation of SMBHB populations is shown as
green contours: wide range spectral indices

* Results of NanoGrav and EPTA are consistent

with spectral index from the population of
SMBHBs
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Solar system ephemeris

e We use Solar system barycenter (SSB) as a reference system to reduce all observations

e The systematic error in SSB (from ephemeris) could create residual (dipolar cos-like
spacial correlation) common signal with red-noise like spectrum

* Poorly determined position of SSB

e Use phenomenological model (vary orbital elements of Jupyter and Saturn) to mimick
possible systematics (BayesEphem)

» 1 1 1 1 I I I 1 1 1 1 I l I 1 1 1 .
- = DE42] == DEA35 .
100 [— pBss0  — pBass ‘ b 4 | p(logiyAcp) fixed SSE
: : 5 3-
= 107! |k — '; [ DE438
2 = , | 1 meopi
- : s
<
I . < i
1072 E & 1 - BAYESEPHEM i’
- NANOGrav 11-year dataset - :"
10—3 | | | 1 I | | | | I 1 1 | | I | | | | ] O
—18 —17 —16 —15 —14 —15.5 —15.0 —14.5
logjpAGws logyo Acp
[ Arzoumanian+ 2018] [ Arzoumanian-+ 2020]
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Search for indivdual SMBHBs

Reminder: GW signal(s) from a population of SMBHB:s:
e We are now after “loud” individual systems (hot spots) sticking above the stochastic
component

Theoretical 'average' spectrum
Contribution of individual sources

1014

L i I e p B S B B pectrum averaged over 1000
Monte Carlo realizations
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ey
GW onl ] ) i
10yr observation Brightest sources in each

L1 I L [ [ L L L1 -
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observed frequency [Hz]




Continuous GW signal

e Each GW signal from SMBHB is characterized by:
o Earth term: A, 1, w, @y, f, Op.y» Dy
e Pulsar term: L ,, M. — distance to the pulsar (poorly known), chirp mass
o In total 8 + N, parameters

e Each pulsar gives 2 measurements: (real and imaginary at each freq.)

e Earth term depends on 6 params (for a given freq.)
* We need at least 3 pulsars per GW source for parameter estimation

[ SIMULATED DATA]

Sky map: 3 pulsars and 1 GW source

Pulsars

Source

scaled likelihood
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Continuous GW signal

Another example: 5 GW sources, and 50 pulsars.

Assume that there is only 1 GW source. [ SIMULATED DATA)
The likelihood sky map

12.8

11.2

l.. With 1-source model we resolve
three strongest sources: size of black
| circle is proportional to GW strain

Likelihood for 2,3,4,5,6,7-source model

0.0
03 1 02
———9 T
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2 Zt 2 /
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Contnuous GW signal (EPTA

e Search for continuous GW signal using frequentist and Bayesian techniques
e analytic maximization (marginalization) over some parameters

e Search for continuous GW signal using earth-term only (coherent) or using earth+pulsar
term (more expensive)

e Pulsar ranking: 41 pulsar in EPTA data, search is expensive - rank pulsars by “goodness”
- how much they contribute to the total signal-to-noise ratio. Monte-Carlo simulation
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Upper limit on continuous GW signal in EPTA data

upper limit of GW strain using different statistics, methods, frameworks

v 10 °
e Rt [T R/ . iR -
| A
—8
10 =
@
P
B =
:C‘E
—— Fp, 0.28% - 1010 -8
10_14 ------ — - Fp.ML, 0.73% R
e Fe 0.32% D“
e Bayes E, 0.12%
m— Bayes_EP, 0.15%
s Bayes_EP_NoEv, 0.68%

102 10220 Probability of detecting GW source
f [Hz] based on astrophysical simulation
of SMBHB population
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Upper limit on continuous GW signal in EPTA data

Upper limit distance: distance up to which we have

not detected a circular binary of a particular mas

S7



Upper limit on continuous GW signal in EPTA data

Directional upper limit (sky map) at 7nHz (best EPTA DR1 frequency)

e white circles: pulsars used to set upper limit, size proportional to “goodness”
* two nearest supeclusters: Coma and Virgo

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

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

30°

15° . Virgo .
- o
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|Babak+ 2015, EPTA]
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What 1s next?

e NanoGrav: require longer observations (combining 15 yrs of data)

e EPTA: (i) need to finish analysis of 6 best pulsars, (ii) need to include more pulsars ( 20)
to confirm H-D correlations

e PPTA: have very long observations and few very good MSP (south): another
confirmation of common red process

e [PTA: combine all data together to see if significance grows as expected.

e Need to confirm GW (if it is GW signal) using methods [Cornish+ 2016, Taylor+ 2017]
to destroy correlations and test statistical significance of our findings (preserving the
noise properties)

e Wait longer:

e new high quality data SKA (MeerKAT), Fast, ...
e Check SNR as a function of time

<SNR > x T” - x T2, y > 1 — RN spectral index (e.g. 13/3 for
stochastic GW signal from SMBHBs)

39 "



