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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,

(a1, ) (n, ) = 6(F — ) 2,? ©

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

pe dkd2k 96w \ aH

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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CMB&BBN — extra degrees of freedom

Cassini+LLR — radar launching

f [Hz]

CMB - anisotropy + B-mode polarization
aLIGO — direct detection of wave strain
Pulsar — Shapiro time delay

Astrometry — gravitational lensing effect




Planck CMB Anisotropy D!, =1(1+1) C!, 2018
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Planck CMB Polarization Power Spectra 2018
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Latest small-scale CMB measurements
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Planck best-fit 6-parameter

Density perturbation (scalar)
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ACDM model + 1-parameter extension

Spectral index P (k) = As(

K Ng=1
3

r = Tensor/Scalar

= P.(k)/Py(k) at k=0.002 Mpc"’

Planck best-fit 7-parameter 2018
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CMB constraints on narrow-peak G\WB

Namikawa et al. 2019 considered GWB contribution to CMB anisotropy
and B-mode polarization measured by Planck and BICEP/Keck Array
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CMB constraints on narrow-peak G\WB

Namikawa et al. 2019 considered GWB contribution to CMB anisotropy
and B-mode polarization measured by Planck and BICEP/Keck Array (1<2000)
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CMB constraints on narrow-peak G\WB

Ng 2021 used small-scale temperature anisotropies measured by
ACT and SPT (I=3000-10%) to set an upper limits on GWB
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FIG. 1. CMB temperature anisotropy power spectra induced
by narrow spectra of gravitational waves centered at wave-
lengths of k. = 0.014, 0.14, 1.4, 14, and 140 Mpc™ ', denoted
by five solid curves from left to right, respectively. We have
defined D; = I(1 + 1)Ci(2xM2n3) /(MZn?), where C; is given
by Eq. (21).



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

ha(K)F* (k)etk =,

(6)
where F* = dY e;‘j(lz') is the beam-pattern function.
Hence, using Eq. (3) the response correlation between
two detectors a and b, located at ¥, = ¥ + 7/2 and
Ty = I — T/2 respectively, is given by

d3k
(2m)3

h(Z Edijh,'j T) = T
() () ,\Z: 23

GW power
spectrum

Pa(k) = > /EPu(k) | (hy(Fa)hy(Es)) = Y

A=+4,X%

P, (k)FX (k) Fp (k)e™*T,

(7)




Current Pulsar Timing Arrays (PTAS)

Nano-Hz GWs cause
small correlated
changes to the times of
arrival of radio pulses
from millisecond
pulsars (MSPs)

Nancay Radio Telescope, Nancay, France
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Pulsar Timing — MSPs are precise clocks

pulsar a nlAS
v(it)—vy 1 p'pY .
2(1,Q) = = Ah;(1,0),
(’S\W directiol ('( ) Vo 2 1 + 0. f) z,,(t )
()
Shapiro time delay
n

Ah,‘j(f.ﬁ) = h,‘j(’, f)) - h,’j(lp, f))

z(1) = / dQz(1,Q)

pulsar residual (1) = /tdr’z(l’)

i atepria) = ([ ar [* arzerzaen)
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Overlap
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Signal

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

usar | (m(t)ry(n) = Sl =T 22 (L) T 5
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



A National Science Foundation Physics Frontiers Center

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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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
3H?

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]

(3)

A9)2 1

QGW(f<1/T)N(T NHZ"

AO~A/ID

A observing
wavelength

D telescope
size



Very Long Baseline Interferometry (LVBI

-

-

M8T*

April 11, 2017

109 M, black hole shadow

o0 pas

O

lhe Event Horizon lelescop
The Global mm-VLBI Array
wavelength at 3mm

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




Gaia 400,894 QSO constraint on the energy density of low-frequency
gravitational waves

e-Print: 2105.04039 [gr-qc]

Low frequency gravitational waves (GWs) are keys to understanding cosmological inflation and
super massive blackhole (SMBH) formation via blackhole mergers, while it is difficult to identify the
low frequency GWs with ground-based GW experiments such as the advanced LIGO (aLIGO) and
VIRGO due to the seismic noise. Although quasi-stellar object (QSO) proper motions produced
by the low frequency GWs are measured by pioneering studies of very long baseline interferome-
try (VLBI) observations with good positional accuracy, the low frequency GWs are not strongly

constrained by the small statistics with 711 QSOs (Darling et al. 2018). Here we present the
proper motion field map of 400,894 QSOs of the Sloan Digital Sky Survey (SDSS) with optical
Gaia EDR3 proper motion measurements whose positional accuracy is < 0.4 milli-arcsec compara-
ble with the one of the radio VLBI observations. We obtain the best-fit spherical harmonics with
the typical field strength of O(0.1) parcsec, and place a tight constraint on the energy density of
GWs, Quw = (0.964 + 3.804) x 10~* (95 % confidence level), that is significantly stronger than
the one of the previous VLBI study by two orders of magnitude at the low frequency regime of
f <107 [Hz| ~ (30 yr)"l unexplored by the pulsar timing technique. Our upper limit rules out

€ existence o iMary systems at the distance 7 C ITo C where the MKy
Way center and local group galaxies are included. Demonstrating the limit given by our optical
QSO study, we claim that astrometric satellite data including the forthcoming Gaia DR5 data with
small systematic errors are powerful to constrain low frequency GWs.
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Future data pipelines

A fast algorithm to generate
overlap reduction functions
(ORFs - responses of

detectors) to polarized
GWs



Gravitational Waves

hij(t,X) = P=z+x [_w df j‘;z dnhp(f’ n)e’.’wif(—r+n-x)e5_(n)‘ z

——fg—

(1) / 3 ; %o
r
Here, the bases for transverse-traceless tensor e” (P = +, |

. ~1 A~ €
X)) are given as ( |8 |
e = ég @éa - é¢ ® é¢, ex = éo ® é¢ + éd’ ® ég, .: ;‘ e — 1Y
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1 5, ! !
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V2 V2 % (Q(f, n)+iU(f,n) I(f,n) —V(f.n) )

ek




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

E — * * ot
CH =2 (% m 84 mT 8%4)m @4, ) E-polarization power spectrum

B — * — %k 1 1
Co =2 (%4 1m Q4 1m — @%41m 8.4),) B-polarization power spectrum

(Q U) electric-type magnetic-type
-\ NP N ES
=7 T = = NN /7

-



We have developed an efficient tool for generating ORF
spherical harmonics T, (f) for LIGO-Virgo-KAGRA detector pair

anisotropy

circular polarization

linear polarization
Chu+Liu+Ng 21




Future GW direct experiments
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Correlation data live on SO(3) manifold
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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
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Correction to Hellings-Downs curve
from the pulsar term
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Power spectrum of the pulsar timing residual correlation (I-space)

(r(ta)r(te)) = [ dt’ [ adt"(z(t")z(t"))
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Conclusion

GWB is a main goal in GW experiments
GWB monopole and Doppler dipole
GWB anisotropy and polarization

Correlate with other cosmological data such as
LSS, CMB

GWB is a deep probe into the very early Universe

Pulsar-timing-arrays saw the GW monopole? If
so, then the game may have started...

Beyond Einstein gravity, see Bernardo's talk



The Future is "Dark”




The Future is llluminating




