Charting the nanohertz gravitational wave sky
with pulsar timing arrays

Kin-Wang Ng (52 27%)

Institute of Physics &
Institute of Astronomy and Astrophysics,
Academia Sinica, Taiwan

11th KIAS Workshop on

Cosmology and Structure Formation
Oct 28-Nov 1, 2024
Gyeongju, Korea

+ Guo-Chin Liu (Tamkang University)

+ Wolung Lee (NTNU)

+ Shu-Lin Cheng (ASIoP)

+ Un-Pang Chang (loA, NTU)

+ Yu-Kuang Chu (AS — UW Milwaukee)
+ Reggie Bernardo (AS — APCTP)

+ Stephen Appleby (APCTP)



Outline

Stochastic gravitational-wave
background (GWB)

Astrophysical and cosmological sources
Observation

CMB, laser interferometry (LIGO, Virgo,
KAGRA, LISA, Taiji, TianQin,..), pulsar timing
array (NANOGrav, PPTA, EPTA, ITPA, SKA,..),
astrometry ( VLBI, Gaia,..)
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Cosmological GW spectral energy density

tion h;; is gauged to be transverse-traceless. The latter
can be decomposed into two polarization unit tensors as
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where h,(n,k) is a Gaussian random field that defines
the power spectrum of tensor perturbation,
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In the following, we will assume that ’P,i‘)"(n, k) =
darPr(n, k). Then, the spectral energy density of the
GWs relative to the critical density is given by
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where p. = 3M7H?* and the overbar denotes taking a
time-average. For k-modes that re-enter the horizon
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Cosmological sources for gravitational waves
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Current Upper Bounds
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GW detection in LIGO-Virgo-KAGRA

. The method adopted in current GW experiments for
detecting SGWB is to correlate responses of different de-
tectors to the GW strain amplitude. This allows us to
filter out detector noises and obtain a large signal-to-
noise ratio [4]. Let h(Z) be the response of a detector
located at ¥ with a pair of arms d;;; then, we have
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where F* = d“e};(k) is the beam-pattern function.
Hence, using Eq. (3) the response correlation between

GW power two detectors a and b, located at ¥, = ¥ + /2 and
Ty = I — T/2 respectively, is given by
spectrum
3 .
Py (k) = 2 [K°)Pr(k) | (B, (Z,)hs(Ts)) = 3 (gﬂ')“s Py (k)FMk)F) (k)e* T,

A=+4,X%

(7)



Astrometric observation of SGWB

Astrometry is another indirect search for a SGWB us-
ing precise measurements of the positions, distances, and
motions of celestial objects [17-25]. The subject has re-
cently attracted a lot of attention due to high-precision
astrometric data made by the Gaza space optical observa-
tory [26]. A SGWB will induce fluctuations of the appar-

ent angular positions of stars. which are independent of

the star distances and correlated over the sky [17, 19, 20].

T'he rms fluctuation can be estimated as given by the GW
characteristic strain amplitude,

272
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Sems ~ he(f), with Qaqw = h2f?. (1)

This leads to a rms angular velocity,

Wrms 7 f5rms ~ Hy V Qaw . (2)

which is constant for a flat spectral energy density.
Suppose we monitor the positions of N stars in an

observation with an angular resolution of A# over a time

period of 7. Then, AR ' ]

motion of a star will be A8/(T+/N) for a frequency f <

1/T, which means that we can detect a SGWB with [20]
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Very Long Baseline Interferometry (LVBI
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VLBI observed
711 quasi-stellar objects

il technique can be used. With VLBI, < 0.2-milli-arcsecond§

(mas) precision has been achieved. A pioneering work
of this technique is Gwinn et al. (1997) [10], hereafter
G97. Darling et al. (2018) [11], hereafter D18, measure
proper motions of 711 objects with the VLBI and set a
upper limit on low frequency GWs, g, < 0.64 X 10~2
for f < 1072 Hz. While the VLBI technique is successful,




Gaia space optical telescope (2013-2022) for astrometry:

measuring the positions, distances and motions of a billion
stars with micro arcsecond precision.

Gaia map of the sky by star density




Current Pulsar Timing Arrays (PTAS)

Nano-Hz GWs cause
small correlated
changes to the times of
arrival of radio pulses
from millisecond
pulsars (MSPs)
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Pulsar Timing — MSPs are precise clocks

pulsar a nlAS
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Signal
supermassive black hole binaries

he(f) = Acws (fi) a = —2/3 for a population of inspiraling SMBHBs
yr

PUSAE (2 (1,)rp (1)) = Slf) =Ty A2V (L) pos
residual  \Ta\lj)TelIk)) = PablJ) = Lab 55 7. v |7 =3-2a

* Monopolar ORF r_,=1  (due to clock error)
* Dipolar ORF r = cos ¢ (due to error in solar system ephemeris)
« Quadupolar ORF r,,= HD curve (genuine GWB signal)

Noise

white noises (instrumental) + pulsar intrinsic red noise
( including pulsar spin noise, pulsar profile changes,
dispersion measure variations,...)

Naa(f) - Aredz( t/ fyr )—)/ fylr_3
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NANOGrav

Physics Frontiers Center

The NANOGrav 12.5-year Data Set: arXiv:2009.04496 9 Sep 2020
Search For An Isotropic Stochastic Gravitational-Wave Background

We search for an isotropic stochastic gravitational-wave background (GWB) in the 12.5-year pulsar
timing data set collected by the North American Nanohertz Observatory for Gravitational Waves
(NANOGrav). Qur_analvsis finds strong evidence of a stochastic process. modeled as a power-law,
with common amplitude and spectral slope across pulsars. The Bayesian posterior of the amplitude
for a f—2/° power-law spectrum. expressed as characteristic GW strain. has median 1.92 x 101 and
5%-95% quantiles of 1.37-2.67 x 10~!® at a reference frequency of f,. =1 yr—!. The Bayes factor in

favor of the common-spectrum process versus independent red-noise processes in each pulsar exceeds
10, 000. However, we find no statistically significant evidence that this process has quadrupolar spatial
correlations, which we would consider necessary to claim a GWB detection consistent with General
Relativity. We find that the process has neither monopolar nor dipolar correlations, which may arise
from, for example, reference clock or solar-system ephemeris systematics, respectively. The amplitude
posterior has significant support above previously reported upper limits; we explain this in terms of
the Bayesian priors assumed for intrinsic pulsar red noise. We examine potential implications for the
supermassive black hole binary population under the hypothesis that the signal is indeed astrophysical
in nature.

| hC=A=1 92x10-15 | Common-spectrum Process supported by
PPTA arXiv:2107.12112

2m f ’ EPTA  arXiv:2110.13184
2 _ 4T 59 yr ~ -9 arXiv: :
fowh”= =3 hC(lOOkms—lMpc—l) =233 107 pTA arivi2201.03980
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The NANOGrav 12.5 year data set: 45 MSPs
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Image: sky map of NANOGrav pulsars in the 11-yr data set



common-spectrum process across MSPs S__(f)
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On June 29 2023, four pulsar
timing arrays (NanoGrav,
EPTA (+InPTA), PPTA, and
CPTA) announced the
detection of a nanohertz GWB
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CPTA DRI, Searching for nHz stochastic GW background

Chinese PTA
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Future data pipelines

A fast algorithm to generate
overlap reduction functions
(ORFs - responses of a
detector pair) to anisotropic
and polarized GWs, based on
spherical harmonics analysis



Gravitational Waves
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GWB Anisotropy and Polarization Angular Power Spectra

Decompose the GWB sky into a sum of spherical harmonics:
T0,0) =X, 3., Y, 0,90), V(0,0) =X, b Y, (0,0) _
(Q=iU) (0,0) =%, 2y, oY, (0.0)
Q+1U) (0,0) =2y, a4 4 Y1m (0,0)

Cl,=X_(a*,, a, ) anisotropy power spectrum | = 180 degrees/ 0
CY,=Z_(b*,, b, ) circular polarization power spectrum
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Beyond Einstein’s general relativity (phenomenologically)

hij (,) =) / df - dk ha ( f. k) g;‘;e—?ﬂif(n@-f) 82(;lislc\jlslocity
A Yoo

luminal v=c, sub-luminal v<c, super-luminal v>c

6 degrees of freedom or polarizations

For a GW propagating along the () direction, the polarization basis for tensor, vector, and scalar GWs can be
expressed as [89)]

tensor ef=m@m-n®n and X =mA+n@m, (C1)

vector F=ma0+0%m and &=a00+Q®n, (C2)

scalar d=mem+i®n and ' =v200Q, (C3)
breathing mode longitudinal mode

respectively, where (ﬁz, fl,Q) form an orthonormal basis. (¢*,*) are the familiar transverse-traceless tensor GW

polarizations, (¢*,£") are the corresponding vector GW polarizations, and (5",5') for scalar GWs,



We have developed an efficient tool for generating
ORF T, ,(¢) for any pulsar pair with separation angle ¢

anisotropy

TN circular polarization

QiU
Yem

linear polarization

Chu+Liu+Ng 21




Pulsar and cosmic variances of the
Hellings-Downs (HD) curve

HD + total variance + cosmic variance
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Correction to Hellings-Downs curve
from the pulsar term

----- HD curve
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Power spectrum of the pulsar timing residual correlation (I-space)
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Conclusion

GWB is a main goal in GW experiments
GWB is a deep probe into the very early Universe

Pulsar-timing-arrays saw the nanohertz GWB! What
is the origin? Einstein’s gravity? Gaussian?

GWB monopole and Doppler dipole
GWB anisotropy and polarization
Correlate with cosmological data such as LSS, CMB

We construct PTAfast, https://github.com/reggiebernardo/PTAfast
fast python codes to generate ORFs

See our review article arxiv:2409.07955 [astro-ph.CO]




