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Astrometry holds the potential for testing fundamental physics through the effects of the Stochastic
Gravitational Wave Background (SGWB) in the ~ 1 — 100 nHz frequency band on precision
measurements of stellar positions. Such measurements are complementary to tests made possible by
the detection of the SGWB using Pulsar Timing Arrays. Here, the feasibility of using astrometry
for the identification of parity-violating signals within the SGWB is investigated. This is achieved
by defining and quantifying a non-vanishing E'B correlation function within astrometric correlation
functions, and investigating how one might estimate the detectability of such signals.

I. INTRODUCTION

The totality of gravitational radiation originating from
all sources, encompassing both astrophysical [1H6] and cos-
mological phenomena [THIT], should give rise to a stochas-
tic gravitational wave background (SGWB) immersing our
galaxy in a sea of gravitational waves (see [12] for a re-
view). Numerous advanced gravitational wave detectors
have the potential to set limits on the amplitude of this
background across different frequency ranges [5, [12H26].
Perhaps most exciting is the recently claimed detection of
the SGWB in the nanohertz band by pulsar timing array
(PTA) collaborations [27H30]. An important effect of the
SGWB is to modulate both the arrival times and direc-
tions of photons arriving at Earth from various sources.
For PTA measurements, the relevant sources are pulsars
and we measure the residuals of the photon arrival times.
However, if an SGWB indeed permeates our galaxy, it
should also influence astrometry by subtly altering the
deflection angles of stars themselves [22] 24H26], [BTH35].
This is particularly important at the present epoch, when
precision measurements of celestial body positions within
our galaxy have begun through sensitive astrometry meth-
ods. Current projects such as the Very Long Baseline
Array (VLBA) [36, B7] and Gaia [33] [34], and future sur-
veys like Theia [38], [39], are sensitive to SGWB signals
roughly in the ~ 1079 — 10~7 Hz band, approximately
determined by the inverse of the proposed observing time.
Indeed, the idea that Gaia DR3 data might be used to
constrain the amplitude of the SGWB has already been
explored [40].

These novel ways of making gravitational wave mea-
surements raise the possibility of entirely new tests of
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fundamental physics. Of particular interest in this pa-
per are tests of parity. The prospect of parity-violation
in the gravitational sector has long been a topic of the-
oretical interest. A parity-violating gravitational wave
background could arise either from direct violations within
the gravitational sector [41H49] or could be indirectly in-
duced from parity violation in the matter sector [50HG1].
However, when isotropy is preserved, it turns out that
PTA measurements do not respond to the B-mode of the
gravitational wave background [62H64], and hence are not
sensitive to polarization information [65] or to possible
parity violations in the SGWB. One way forward is to
consider relaxing the assumption of isotropy [65HGT] al-
though these potential signals can be quite challenging to
detect [68HT0]. It is therefore worthwhile to consider how
signatures of parity violation may manifest themselves in
other SGWB surveys.

In this article we explore the potential of astrometry
to identify parity-violating signals in the nanohertz band
of the SGWB. By decomposing the deflection vectors of
individual stars into vector spherical harmonics, we reveal
a non-vanishing E'B correlation in the two-point correla-
tion function of stellar position deflections, assuming the
presence of an isotropic SGWB with a parity-violation
signal. We also carry out initial estimates to assess the
detectability of this signal to understand the extent to
which it might be used to impose constraints on the size
of new parity-violating physics.

The paper is organized as follows. In Sec. [l we briefly
review the basics of astrometry measurements of the
SGWB. In Sec. [[II} we then study the parity violation
receiving function and calculate the spectrum relevant
for astrometry detection in the spherical harmonic basis.
We carry out an estimate of the detectability of such a
signal in Sec. [[V] and conclude in Sec. [V] Throughout the
paper we use the metric signature (—, +, +,+). We use k
to represent the spatial momentum vector, k stands for
the magnitude of the spatial momentum, and k= E/ k
represents the unit vector.
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II. BACKGROUND

The power of astrometry is, of course, the ability to
make unprecedentedly precise measurements of stellar
positions. We can use these as a tool to measure the
SGWB by monitoring the deflection vectors of photons
emitted from the stars as gravitational waves distort the
spacetime between them and us. For each pair of stars,
we can compute the two-point correlation function of their
deflection vectors, and from this can extract information
about the SGWB.

The fluctuation of the direction of light from distant
stars observed by an inertial observer dlle to a gravi-
tational plane wave h;;(t,z) = hij(lg)ei(k'j_kt) can be
expressed as[[] [22]

snl(t,n) = e on*(t,n) = RVE (A, k)hyx (k)e ™ | (1)
with
~1 7.1
RIK (3, ) = n +Ak AT 5 SURK | (2)
21+ k- n)

where 7 and k are the line of sight unit vector from the
observer to the star, and the wave vector respectively.
Note that we have expressed the deflection vector dn# of
the photon in the non-spinning inertial frame of a local
observer via the basis e’ u- Ome can view the 3-index
quantity R'/X as an analogy of the receiving function in
the gravitational wave literature[I8| [71], however with an
extra index representing the vector nature of the observ-
able. The next step is to study the correlated signatures
of the deflection vectors among the sources.

III. PARITY VIOLATION

Under the standard mode expansion for plane gravita-

tional waves
> [
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a stochastic gravitational wave background is character-
ized by the two-point functions EI
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! Throughout this paper we will only focus on the case where
the stellar distance is much larger than the wavelength of the
gravitational waves.

2 Note that we have used a convention that agrees with that used
for the in-in correlators used in the computation of inflationary
correlation functions.

where we have assumed translational and rotational in-
variance so that P, = Pyxyx. Within the galaxy, flat
spacetime is a good approximation, and therefore equal
time correlators are time-independent. The two-point
correlation function for dn’ is then given by
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It is Simple to show that the definition of én! implies
that HLZ, should satisfy
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Writing k = (sinf cos ¢, sinfsin ¢, cosd) in Cartesian
components, we employ the convention

€1+J = <131qu - éléL e, = éIéJ + éﬂﬁ] ) (7)
where

¢ = (~sing, cos¢, 0) ,
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Under a parity transformation § — 7 —60, ¢ — ¢+, and
k — —k, one finds
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Therefore from the definition (5), HZ/ (A,7') and
HLJ (A,n') are parity even, while H _{JX (7, fL) and
H!’ (7, 7') are parity odd under i — —h, i/ — —

A. The overlap reduction function H17 (7, #’)

The symmetry properties of HI” koo

imply that, given any orientation of 7 and @/, they can
be written as

) discussed above

7)) = a(©)A'BY + B(©)B{AT,  (9)
HL (2, 7') = as(0)ATBY + B2(©)BI A7, (10)

A=nxd', Bi=axA, By=d'xA (11



We can then extract the functions «(©) and 8(0) using

ArBoyHY (2, 7) = a(©)(w?® — 1)
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where w = n -7 = cos®. A direct evaluation of the
integral gives

042(@) = B((—))a 62(6) = a((—))a
a(©) = T [(5 +18log 2)w? — 5 + log 64 + 3(w — 1)%log(1 — w) — 3(w + 1)3 log(1 + w)]
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We plot these in the top panel of Fig.

With these tools in hand, we can use
(6n'(t,n)on’ (t,7/)) to construct scalar quantities
that contain information about parity violation. There
are in principle infinitely many such quantities, con-
structed by applying ever more powers of derivatives. For
example, at the lowest order in derivatives,

eIJKﬁI<5n‘](t,ﬁ)(5nK(t, ﬁ/)> (14)

contains contributions from the parity violating compo-
nents Hyyx and Hy,. However, the parity conserving
components, H,, and Hy«, also enter this expression.
At the next order in the number of derivatives, we have

esr LV iV'E (WK (o' (¢, m)on’ (¢,7)))

= A Fyx(©) + Ay Fe i (O) (15)
where V' is the covariant derivative acting on &,
Fssr = e,V V" (WEHEL), (16)
and
Kmax k2
Ass = /kmin dePSS’(k) : (17)

This quantity is non-zero only if the theory is parity
violating. When focusing on an isotropic background [65],
we always have Py, = —Py . It is therefore valid to take
A« = —Ax4, in which case we may express Eq. as

EJKLV[V/L (n,K<5nI(t,’fl)(5n‘](t,’fll)>) =A, FV ,
(18)

where FV = F_, — Fy .

We will see in the following section that this quantity is
related to EB correlations when én! is decomposed into
vector spherical harmonics.

B. Spectrum in spherical harmonic basis

Since (6n(t,7)dn’ (t,7')) is a correlation function on
the two sphere and én’ is perpendicular to #, it is natural
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FIG. 1. Top: the functions a(©)sin* © and B(©)sin* © de-
fined in Eq.(I3); bottom: Fiy(x+)(©) and F" (©) defined in
Eq..

and useful to express dn(t, ) in a basis of vector spherical
harmonics

—
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The EB correlation function then takes the form
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Since we have Y2 (—n) = (—=1)*1YE (d) and Y2, =
(— )ZYZm( ), only H1Z (7, 7’) contributes when ¢ is odd
and only HI’ (A,n') contributes when ¢ is even. Also,
because 6nI has no radial component, we may integrate
by parts to obtain

<(571Egm(t)5n3[/m/(t)*>

20,d2%Q5 Y, Y, (7

Ty | RV )Y ()
esxViV'E (K0! (t, n)on’ (t,7)))
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where the amplitude is deﬁned through Eq.(17] . An
explicit computation of gives

Py (0) = %ﬂ( — w(1 + log 64) + 3(w — 1) log(1 — w)

+ 3(w + 1) log(w + 1)) ,
Fyi(O) = 471'(1 “logd + (1 — w)log(l — w)
+ (1 +w)log(1 + w)) , (22)

where, again, w = cos(©). We plot these in the bottom

panel of Fig.
We can further expand the function Fgg/(©) in terms

of Legendre polynomials,
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so that equation simplifies to
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Here we have assumed A, = — Ay in the second equal-
ity. Again, F}x (Fx4) contributes only when ¢ is odd
(even). This formalism has previously been used [65] [72]
to explore polarization information. This approach can
be generalized to an anisotropic SGWB by allowing for
the possibility that A« # —Ax .

In Fig[2] we provide numerical results for the angular
power spectrum Eq. for the first 30 multipole modes.
One can see that F{  (F%,) vanishes for ¢ even (odd),
as expected. It is worth noticing that the coefficients of
both F{  and Ff, fall off approximately as £~5, which
is also the same decaymg behavior as (VIVJH++(XX))
[22]. We provide the exact values of these quantities in
Table [ below.
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FIG. 2. The log-log plot of the angular power spectrum

Eq, for the first thirty multipoles. The red dots are the
coefficients obtained from Fx, and only contribute to the
even modes. The blue dots are those from Fy and only
contribute to the odd modes. One can see that the angular
power spectrum falls roughly as [7°%. We provide the exact
numbers in Table below.

IV. DETECTABILITY

We now turn briefly to the possibility of detecting the
parity-violating signatures in gravitational wave signals
using astrometry with current and future telescopes.

When a light ray passes through a SGWB, the root-
mean-square (rms) deflection angle caused by the under-
lying metric perturbation is ([22] [73] [74]) proportional
to the gravitational wave strain amplitude, §yms ~ Rrms-
This deflection can be interpreted as a measure of the
angular velocity (or proper motion) of the light source
via Wrms ~ fhrms, which, for N sources, has a correlated
signal of order

Fhome ~ A0/ (T\/N) : (25)

where A6 is the angular resolution, and T is the obser-
vation time. Considering the current Gaia catalog, for
an optimistic estimate we take the resolution to be the
ideal case Af ~ 10uas and the number of sources to be
N ~ 108 for stars and N ~ 10° for quasars [75]. The
observation time is T' ~ 3yr and the most sensitive fre-
quency is f ~ 1/T. Therefore, we obtain the optimistic
estimate Apms ~ 5 x 1071 for stars and hpps ~ 5 x 10714
for quasars. However, not all sources will achieve the ideal
resolution and proper motions will further contaminate
the data [40]. As a result, the realistic Gaia constraining
power could be one or two orders of magnitude below the
signal extrapolated from the current NANOGrav 15 yr
results [28], hsignal(f = 1/3yr~!) ~ 10715, Future exper-
iments, such as Theia [40] [76], may provide constraining
power closer to the optimistic estimate.

These estimates also apply to parity violating corre-
lations. It is therefore worth considering how we might
specifically minimize the noise in measurements of the



l 1 3 5 7 9 11 13 15 17 19
4 F(f 0 — 272 _ 47?2 _ 2 _ 272 _ 272 _ 47 _ w2 _ w2 _ 272
£(0+1)(20+1) +X 45 1575 2646 22275 70785 372645 214200 444771 1705725
J4 2 4 6 8 10 12 14 16 18 20
47 Fé 4n? 272 2nm° w2 472 272 2 2 42 272
£(£+1)(26+1) X+ 9 225 2205 5670 81675 117117 143325 312120 2485485 2304225

TABLE I. The table of coefficients of F and F}, defined in (24).

E B correlation signal on which we have focused in this
paper. One way to do this might be by using quasars
rather than stars as the observational sources. The global
motions of stars can induce large-scale correlations and
can generate both E-mode and B-mode signals. Since all
of the observed stars are in one galaxy (our Milky Way),
we cannot expect their B correlations to be suppressed
just because the underlying theory is parity conserving.
However, for quasars, the primary source of noise in large-
scale correlations of changes in their positions is that
induced by cosmological large-scale structure, which does
not produce an EB correlation due to its inherent parity-
conservationﬂ Hence, as we look to the future, precision
measurements of quasars might be an even more inter-
esting target in the quest to find FB correlations. The
analysis in this paper is easily adapted to that case.

V. CONCLUSIONS AND DISCUSSIONS

In this paper we have discussed the possibility of using
astrometry to detect parity-violating signals in the SGWB.

Specifically, we have calculated the EB correlation func-
tion of gravitational-wave-induced stellar position changes,
which is non-zero if and only if the underlying theory is not
parity conserving. Parity violation can occur in both the
matter sector and the gravity sector but is not sensitive to
the source of the SGWB. We have further estimated the
possibility of detecting this signal in current and future
astrometric surveys, and have argued that, as we look to
the future, quasars may ultimately be the best targets for
searching the parity-violating signals.

ACKNOWLEDGMENTS

We thank Gary Bernstein, Eanna Flanagan, Wayne Hu,
and Kris Pardo for useful discussions. The work of QL,
MT and SW is supported in part by US Department of
Energy (HEP) Award DE-SC0013528. QL is partly sup-
ported by World Premier International Research Center
Initiative (WPI), MEXT, Japan. M-X. L. is supported
by funds provided by the Center for Particle Cosmology.

[1] M. Rajagopal and R. W. Romani, “Ultralow frequency
gravitational radiation from massive black hole binaries,”
Astrophys. J. 446 (1995) 543-549,
arXiv:astro-ph/9412038.

[2] A. Buonanno, G. Sigl, G. G. Raffelt, H.-T. Janka, and
E. Muller, “Stochastic gravitational wave background
from cosmological supernovae,” |Phys. Rev. D 72 (2005)
084001, arXiv:astro-ph/0412277.

[3] P. A. Rosado, “Gravitational wave background from
rotating neutron stars,” |Phys. Rev. D 86 (2012) 104007,
arXiv:1206.1330 [gr-qcl.

[4] D. Hils, P. L. Bender, and R. F. Webbink,
“Gravitational radiation from the Galaxy,” |Astrophys. J!
360 (1990) 75-94.

[5] LIGO Scientific, Virgo Collaboration, B. P. Abbott
et al., “GW150914: Implications for the stochastic
gravitational wave background from binary black holes,”
Phys. Rev. Lett. 116 no. 13, (2016) 131102,
arXiv:1602.03847 [gr-qcll

3 On cosmological scales, the power spectrum might take a different
form compared to that on galactic scales, and the quasar term
might not be negligible. This possibility merits further study.

[6] S. Burke-Spolaor et al., “The Astrophysics of Nanohertz
Gravitational Waves,” |Astron. Astrophys. Rev. 27 no. 1,
(2019) 5, arXiv:1811.08826 [astro-ph.HE]|

[7] C. J. Hogan, “Gravitational radiation from cosmological
phase transitions,” Mon. Not. Roy. Astron. Soc. 218
(1986) 629-636.

[8] A. H. Guth, “The Inflationary Universe: A Possible
Solution to the Horizon and Flatness Problems,” |Phys.
Rev. D 23 (1981) 347-356.

[9] L. P. Grishchuk, “Relic gravitational waves and limits on
inflation,” |Phys. Rev. D 48 (1993) 3513-3516,
arXiv:gr-qc/9304018.

[10] T. W. B. Kibble, “Topology of Cosmic Domains and
Strings,” |J. Phys. A 9 (1976) 13871398,

[11] S. Kuroyanagi, K. Miyamoto, T. Sekiguchi,

K. Takahashi, and J. Silk, “Forecast constraints on

cosmic string parameters from gravitational wave direct

detection experiments,” |Phys. Rev. D 86 (2012) 023503,

arXiv:1202.3032 [astro-ph.CO].

N. Christensen, “Measuring the stochastic gravitational

radiation background with laser interferometric

antennas,” | Phys. Rev. D 46 (1992) 5250-5266.

P. D. Lasky et al., “Gravitational-wave cosmology across

29 decades in frequency,” |[Phys. Rev. X 6 no. 1, (2016)

011035, |arXiv:1511.05994 [astro-ph.CO].

(12]

(13]


http://dx.doi.org/10.1086/175813
http://arxiv.org/abs/astro-ph/9412038
http://dx.doi.org/10.1103/PhysRevD.72.084001
http://dx.doi.org/10.1103/PhysRevD.72.084001
http://arxiv.org/abs/astro-ph/0412277
http://dx.doi.org/10.1103/PhysRevD.86.104007
http://arxiv.org/abs/1206.1330
http://dx.doi.org/10.1086/169098
http://dx.doi.org/10.1086/169098
http://dx.doi.org/10.1103/PhysRevLett.116.131102
http://arxiv.org/abs/1602.03847
http://dx.doi.org/10.1007/s00159-019-0115-7
http://dx.doi.org/10.1007/s00159-019-0115-7
http://arxiv.org/abs/1811.08826
http://dx.doi.org/10.1103/PhysRevD.23.347
http://dx.doi.org/10.1103/PhysRevD.23.347
http://dx.doi.org/10.1103/PhysRevD.48.3513
http://arxiv.org/abs/gr-qc/9304018
http://dx.doi.org/10.1088/0305-4470/9/8/029
http://dx.doi.org/10.1103/PhysRevD.86.023503
http://arxiv.org/abs/1202.3032
http://dx.doi.org/10.1103/PhysRevD.46.5250
http://dx.doi.org/10.1103/PhysRevX.6.011035
http://dx.doi.org/10.1103/PhysRevX.6.011035
http://arxiv.org/abs/1511.05994

[14] M. Coughlin and J. Harms, “Constraining the
gravitational wave energy density of the Universe using
Earth’s ring,” |Phys. Rev. D 90 no. 4, (2014) 042005,
arXiv:1406.1147 [gr-qcl.

[15] L. Pagano, L. Salvati, and A. Melchiorri, “New
constraints on primordial gravitational waves from
Planck 2015,” |Phys. Lett. B 760 (2016) 823-825|
arXiv:1508.02393 [astro-ph.CO].

[16] N. Christensen, “Stochastic Gravitational Wave
Backgrounds,” |Rept. Prog. Phys. 82 no. 1, (2019)
016903, arXiv:1811.08797 [gr-qcl.

[17] LIGO Scientific, VIRGO Collaboration, J. Aasi et al.,
“Searching for stochastic gravitational waves using data
from the two colocated LIGO Hanford detectors,” |Phys.
Rev. D 91 no. 2, (2015) 022003, |arXiv:1410.6211
[gr-qcl.

[18] E. Thrane and J. D. Romano, “Sensitivity curves for
searches for gravitational-wave backgrounds,” |Phys. Rev.
D 88 no. 12, (2013) 124032, [arXiv:1310.5300
[astro-ph.IM].

[19] W. Chaibi, R. Geiger, B. Canuel, A. Bertoldi,

A. Landragin, and P. Bouyer, “Low Frequency
Gravitational Wave Detection With Ground Based Atom
Interferometer Arrays,” |[Phys. Rev. D 93 no. 2, (2016)
021101, larXiv:1601.00417 [physics.atom-ph].

[20] Holometer Collaboration, A. Chou et al., “The
Holometer: An Instrument to Probe Planckian Quantum
Geometry,” |Class. Quant. Grav. 34 no. 6, (2017) 065005,
arXiv:1611.08265 [physics.ins-det].

[21] F. A. Jenet, G. B. Hobbs, W. van Straten, R. N.
Manchester, M. Bailes, J. P. W. Verbiest, R. T. Edwards,
A. W. Hotan, J. M. Sarkissian, and S. M. Ord, “Upper
bounds on the low-frequency stochastic gravitational
wave background from pulsar timing observations:
Current limits and future prospects,” |Astrophys. J. 653
(2006) 1571-1576, |arXiv:astro-ph/0609013.

[22] L. G. Book and E. E. Flanagan, “Astrometric Effects of a
Stochastic Gravitational Wave Background,” |Phys. Rev.
D 83 (2011) 024024, arXiv:1009.4192 [astro-ph.CO].

[23] M. A. Fedderke, P. W. Graham, and S. Rajendran,
“Asteroids for pHz gravitational-wave detection,” |Phys.
Rev. D 105 no. 10, (2022) 103018, arXiv:2112.11431
[gr-qcl.

[24] Y. Wang, K. Pardo, T.-C. Chang, and O. Doré,
“Gravitational Wave Detection with Photometric Surveys,”
Phys. Rev. D 103 no. 8, (2021) 084007,
arXiv:2010.02218 [gr-qcl.

[25] Y. Wang, K. Pardo, T.-C. Chang, and O. Doré,
“Constraining the stochastic gravitational wave
background with photometric surveys,” |[Phys. Rev. D
106 no. 8, (2022) 084006, arXiv:2205.07962 [gr-qcl.

[26] K. Pardo, T.-C. Chang, O. Doré, and Y. Wang,
“Gravitational Wave Detection with Relative Astrometry
using Roman’s Galactic Bulge Time Domain Survey,”
arXiv:2306.14968 [astro-ph.GA]l

[27] H. Xu et al., “Searching for the Nano-Hertz Stochastic
Gravitational Wave Background with the Chinese Pulsar
Timing Array Data Release 1,” |Res. Astron. Astrophys.
23 no. 7, (2023) 075024, arXiv:2306.16216
[astro-ph.HE].

[28] NANOGrav Collaboration, G. Agazie et al., “The
NANOGrav 15 yr Data Set: Evidence for a
Gravitational-wave Background,” |Astrophys. J. Lett. 951
no. 1, (2023) L8| arXiv:2306.16213 [astro-ph.HE].

[29] EPTA Collaboration, J. Antoniadis et al., “The second
data release from the European Pulsar Timing Array III
Search for gravitational wave signals,” |Astron. Astrophys.
678 (2023) A50, arXiv:2306.16214 [astro-ph.HE].

[30] D. J. Reardon et al., “Search for an Isotropic
Gravitational-wave Background with the Parkes Pulsar
Timing Array,” Astrophys. J. Lett. 951 no. 1, (2023) L6,
arXiv:2306.16215 [astro-ph.HE].

[31] C. R. Gwinn, T. M. Eubanks, T. Pyne, M. Birkinshaw,
and D. N. Matsakis, “Quasar proper motions and low
frequency gravitational waves,” |Astrophys. J. 485 (1997)
87-91, larXiv:astro-ph/9610086.

[32] O. Titov, S. B. Lambert, and A. M. Gontier, “VLBI
measurement of the secular aberration drift,” |Astron.
Astrophys. 529 (2011) A91, larXiv:1009.3698
[astro-ph.CO].

[33] S. A. Klioner, “Gaia-like astrometry and gravitational
waves,” |Class. Quant. Grav. 35 no. 4, (2018) 045005,
arXiv:1710.11474 [astro-ph.HE].

[34] C. J. Moore, D. P. Mihaylov, A. Lasenby, and
G. Gilmore, “Astrometric Search Method for
Individually Resolvable Gravitational Wave Sources with
Gaia,” |Phys. Rev. Lett. 119 no. 26, (2017) 261102,
arXiv:1707.06239 [astro-ph.IM].

[35] S. Golat and C. R. Contaldi, “All-sky analysis of
astrochronometric signals induced by gravitational
waves,” |Phys. Rev. D 105 no. 6, (2022) 063502,
arXiv:2201.03903 [gr-qcll

[36] A. E. Truebenbach and J. Darling, “The VLBA
Extragalactic Proper Motion Catalog and a Measurement
of the Secular Aberration Drift,” |Astrophys. J. Suppl.
233 no. 1, (2017) 3| arXiv:1710.02099 [astro-ph.GA]|

[37] J. Darling, A. E. Truebenbach, and J. Paine,
“Astrometric Limits on the Stochastic Gravitational Wave
Background,” |Astrophys. J. 861 no. 2, (2018) 113,
arXiv:1804.06986 [astro-ph.IM].

[38] Theia Collaboration, C. Boehm et al., “Theia: Faint
objects in motion or the new astrometry frontier,”
arXiv:1707.01348 [astro-ph.IM].

[39] F. Malbet et al., “Theia : science cases and mission
profiles for high precision astrometry in the future,” in
SPIE Astronomical Telescopes + Instrumentation 2022.
7, 2022. arXiv:2207.12540 [astro-ph.IM].

[40] S. Jaraba, J. Garcia-Bellido, S. Kuroyanagi,

S. Ferraiuolo, and M. Braglia, “Stochastic gravitational
wave background constraints from Gaia DR3 astrometry,”
Mon. Not. Roy. Astron. Soc. 524 no. 3, (2023)
3609-3622| arXiv:2304.06350 [astro-ph.CO].

[41] A. Lue, L.-M. Wang, and M. Kamionkowski,
“Cosmological signature of new parity violating
interactions,” |Phys. Rev. Lett. 83 (1999) 1506-1509,
arXiv:astro-ph/9812088.

[42] R. Jackiw and S. Y. Pi, “Chern-Simons modification of
general relativity,” |Phys. Rev. D 68 (2003) 104012,
arXiv:gr-qc/0308071.

[43] S. Alexander and N. Yunes, “Parametrized
post-Newtonian expansion of Chern-Simons gravity,”
Phys. Rev. D 75 (2007) 124022, arXiv:0704.0299
[hep-th].

[44] M. Satoh, S. Kanno, and J. Soda, “Circular Polarization
of Primordial Gravitational Waves in String-inspired
Inflationary Cosmology,” |Phys. Rev. D 77 (2008) 023526,
arXiv:0706.3585 [astro-ph].


http://dx.doi.org/10.1103/PhysRevD.90.042005
http://arxiv.org/abs/1406.1147
http://dx.doi.org/10.1016/j.physletb.2016.07.078
http://arxiv.org/abs/1508.02393
http://dx.doi.org/10.1088/1361-6633/aae6b5
http://dx.doi.org/10.1088/1361-6633/aae6b5
http://arxiv.org/abs/1811.08797
http://dx.doi.org/10.1103/PhysRevD.91.022003
http://dx.doi.org/10.1103/PhysRevD.91.022003
http://arxiv.org/abs/1410.6211
http://arxiv.org/abs/1410.6211
http://dx.doi.org/10.1103/PhysRevD.88.124032
http://dx.doi.org/10.1103/PhysRevD.88.124032
http://arxiv.org/abs/1310.5300
http://arxiv.org/abs/1310.5300
http://dx.doi.org/10.1103/PhysRevD.93.021101
http://dx.doi.org/10.1103/PhysRevD.93.021101
http://arxiv.org/abs/1601.00417
http://dx.doi.org/10.1088/1361-6382/aa5e5c
http://arxiv.org/abs/1611.08265
http://dx.doi.org/10.1086/508702
http://dx.doi.org/10.1086/508702
http://arxiv.org/abs/astro-ph/0609013
http://dx.doi.org/10.1103/PhysRevD.83.024024
http://dx.doi.org/10.1103/PhysRevD.83.024024
http://arxiv.org/abs/1009.4192
http://dx.doi.org/10.1103/PhysRevD.105.103018
http://dx.doi.org/10.1103/PhysRevD.105.103018
http://arxiv.org/abs/2112.11431
http://arxiv.org/abs/2112.11431
http://dx.doi.org/10.1103/PhysRevD.103.084007
http://arxiv.org/abs/2010.02218
http://dx.doi.org/10.1103/PhysRevD.106.084006
http://dx.doi.org/10.1103/PhysRevD.106.084006
http://arxiv.org/abs/2205.07962
http://arxiv.org/abs/2306.14968
http://dx.doi.org/10.1088/1674-4527/acdfa5
http://dx.doi.org/10.1088/1674-4527/acdfa5
http://arxiv.org/abs/2306.16216
http://arxiv.org/abs/2306.16216
http://dx.doi.org/10.3847/2041-8213/acdac6
http://dx.doi.org/10.3847/2041-8213/acdac6
http://arxiv.org/abs/2306.16213
http://dx.doi.org/10.1051/0004-6361/202346844
http://dx.doi.org/10.1051/0004-6361/202346844
http://arxiv.org/abs/2306.16214
http://dx.doi.org/10.3847/2041-8213/acdd02
http://arxiv.org/abs/2306.16215
http://dx.doi.org/10.1086/304424
http://dx.doi.org/10.1086/304424
http://arxiv.org/abs/astro-ph/9610086
http://dx.doi.org/10.1051/0004-6361/201015718
http://dx.doi.org/10.1051/0004-6361/201015718
http://arxiv.org/abs/1009.3698
http://arxiv.org/abs/1009.3698
http://dx.doi.org/10.1088/1361-6382/aa9f57
http://arxiv.org/abs/1710.11474
http://dx.doi.org/10.1103/PhysRevLett.119.261102
http://arxiv.org/abs/1707.06239
http://dx.doi.org/10.1103/PhysRevD.105.063502
http://arxiv.org/abs/2201.03903
http://dx.doi.org/10.3847/1538-4365/aa9026
http://dx.doi.org/10.3847/1538-4365/aa9026
http://arxiv.org/abs/1710.02099
http://dx.doi.org/10.3847/1538-4357/aac772
http://arxiv.org/abs/1804.06986
http://arxiv.org/abs/1707.01348
http://arxiv.org/abs/2207.12540
http://dx.doi.org/10.1093/mnras/stad2141
http://dx.doi.org/10.1093/mnras/stad2141
http://arxiv.org/abs/2304.06350
http://dx.doi.org/10.1103/PhysRevLett.83.1506
http://arxiv.org/abs/astro-ph/9812088
http://dx.doi.org/10.1103/PhysRevD.68.104012
http://arxiv.org/abs/gr-qc/0308071
http://dx.doi.org/10.1103/PhysRevD.75.124022
http://arxiv.org/abs/0704.0299
http://arxiv.org/abs/0704.0299
http://dx.doi.org/10.1103/PhysRevD.77.023526
http://arxiv.org/abs/0706.3585

[45] S. Alexander and N. Yunes, “Chern-Simons Modified
General Relativity,” |Phys. Rept. 480 (2009) 1-55|
arXiv:0907.2562 [hep-th].

[46] T. Zhu, W. Zhao, Y. Huang, A. Wang, and Q. Wu,
“Effects of parity violation on non-gaussianity of
primordial gravitational waves in Hofava-Lifshitz
gravity,” | Phys. Rev. D 88 (2013) 063508
arXiv:1305.0600 [hep-th].

[47] W. Zhao, T. Zhu, J. Qiao, and A. Wang, “Waveform of
gravitational waves in the general parity-violating
gravities,” |[Phys. Rev. D 101 no. 2, (2020) 024002,
arXiv:1909.10887 [gr-qcl.

[48] J. Qiao, Z. Li, T. Zhu, R. Ji, G. Li, and W. Zhao,
“Testing parity symmetry of gravity with gravitational
waves,” |Front. Astron. Space Sci. 9 (2023) 1109086,
arXiv:2211.16825 [gr-qcl.

[49] L. Jenks, L. Choi, M. Lagos, and N. Yunes,
“Parametrized parity violation in gravitational wave
propagation,” |Phys. Rev. D 108 no. 4, (2023) 044023,
arXiv:2305.10478 [gr-qcl.

[50] J. L. Cook and L. Sorbo, “Particle production during
inflation and gravitational waves detectable by
ground-based interferometers,” | Phys. Rev. D 85 (2012)
023534, larXiv:1109.0022 [astro-ph.CO0]. [Erratum:
Phys.Rev.D 86, 069901 (2012)].

[51] J. Garcia-Bellido, M. Peloso, and C. Unal,
“Gravitational waves at interferometer scales and
primordial black holes in axion inflation,” |JCAP 12
(2016) 031}, larXiv:1610.03763 [astro-ph.CO].

[52] I. Obata, “Chiral primordial blue tensor spectra from the
axion-gauge couplings,” |[JCAP 06 (2017) 050,
arXiv:1612.08817 [astro-ph.CO].

[53] 1. Obata and J. Soda, “Chiral primordial Chiral
primordial gravitational waves from dilaton induced
delayed chromonatural inflation,” |Phys. Rev. D 93
no. 12, (2016) 123502, larXiv:1602.06024 [hep-th].
[Addendum: Phys.Rev.D 95, 109903 (2017)].

[54] B. Thorne, T. Fujita, M. Hazumi, N. Katayama,

E. Komatsu, and M. Shiraishi, “Finding the chiral
gravitational wave background of an axion-SU(2)
inflationary model using CMB observations and laser
interferometers,” |Phys. Rev. D 97 no. 4, (2018) 043506,
arXiv:1707.03240 [astro-ph.CO].

[65] P. Adshead, J. T. Giblin, and Z. J. Weiner,
“Gravitational waves from gauge preheating,” |Phys. Rev!
D 98 no. 4, (2018) 043525, [arXiv:1805.04550
[astro-ph.CO].

[56] P. Adshead, J. T. Giblin, M. Pieroni, and Z. J. Weiner,
“Constraining Axion Inflation with Gravitational Waves
across 29 Decades in Frequency,” |[Phys. Rev. Lett. 124
no. 17, (2020) 171301} jarXiv:1909. 12843
[astro-ph.CO].

[57] P. Campeti, E. Komatsu, D. Poletti, and C. Baccigalupi,
“Measuring the spectrum of primordial gravitational
waves with CMB, PTA and Laser Interferometers,”
JCAP 01 (2021) 012, arXiv:2007.04241
[astro-ph.CO].

[58] C. Unal, A. Papageorgiou, and I. Obata, “Axion-Gauge
Dynamics During Inflation as the Origin of Pulsar
Timing Array Signals and Primordial Black Holes,”
arXiv:2307.02322 [astro-ph.CO].

[59] X. Niu, M. H. Rahat, K. Srinivasan, and W. Xue,
“Gravitational wave probes of massive gauge bosons at
the cosmological collider,” |[JCAP 02 (2023) 013,

arXiv:2211.14331 [hep-ph]l

[60] X. Niu and M. H. Rahat, “NANOGrav signal from axion
inflation,” larXiv:2307.01192 [hep-ph].

[61] M. Bastero-Gil and A. T. Manso, “Parity violating
gravitational waves at the end of inflation,” JCAP 08
(2023) 001, arXiv:2209.15572 [gr-qcl.

[62] J. Gair, J. D. Romano, S. Taylor, and C. M. F.
Mingarelli, “Mapping gravitational-wave backgrounds
using methods from CMB analysis: Application to pulsar
timing arrays,” |[Phys. Rev. D 90 no. 8, (2014) 082001,
arXiv:1406.4664 [gr-qcl.

[63] W. Qin, K. K. Boddy, and M. Kamionkowski,
“Subluminal stochastic gravitational waves in
pulsar-timing arrays and astrometry,” |Phys. Rev. D 103
no. 2, (2021) 024045, arXiv:2007.11009 [gr-qcl.

[64] Q. Liang, M.-X. Lin, and M. Trodden, “A Test of
Gravity with Pulsar Timing Arrays,” larXiv:2304.02640
[astro-ph.CO].

[65] R. Kato and J. Soda, “Probing circular polarization in
stochastic gravitational wave background with pulsar
timing arrays,” |Phys. Rev. D 93 no. 6, (2016) 062003,
arXiv:1512.09139 [gr-qcl.

[66] G. Sato-Polito and M. Kamionkowski, “Pulsar-timing
measurement of the circular polarization of the stochastic
gravitational-wave background,” Phys. Rev. D 106 no. 2,
(2022) 023004, |arXiv:2111.05867 [astro-ph.CO]l

[67] E. Belgacem and M. Kamionkowski, “Chirality of the
gravitational-wave background and pulsar-timing arrays,”
Phys. Rev. D 102 no. 2, (2020) 023004,
arXiv:2004.05480 [astro-ph.CO].

[68] C. M. F. Mingarelli, T. Sidery, I. Mandel, and A. Vecchio,
“Characterizing gravitational wave stochastic background
anisotropy with pulsar timing arrays,” Phys. Rev. D 88
no. 6, (2013) 062005, arXiv:1306.5394 [astro-ph.HE].

[69] Y. Ali-Haimoud, T. L. Smith, and C. M. F. Mingarelli,
“Fisher formalism for anisotropic gravitational-wave
background searches with pulsar timing arrays,” |Phys.
Rev. D 102 no. 12, (2020) 122005, |arXiv:2006.14570
[gr-qcll

[70] Y. Ali-Haimoud, T. L. Smith, and C. M. F. Mingarelli,
“Insights into searches for anisotropies in the nanohertz
gravitational-wave background,” Phys. Rev. D 103 no. 4.,
(2021) 042009, |arXiv:2010.13958 [gr-qcl.

[71] M. Isi and L. C. Stein, “Measuring stochastic
gravitational-wave energy beyond general relativity,”
Phys. Rev. D 98 no. 10, (2018) 104025,
arXiv:1807.02123 [gr-qcl.

[72] L. O’Beirne and N. J. Cornish, “Constraining the
Polarization Content of Gravitational Waves with
Astrometry,” |Phys. Rev. D 98 no. 2, (2018) 024020,
arXiv:1804.03146 [gr-qcl.

[73] V. B. Braginsky, N. S. Kardashev, I. D. Novikov, and
A. G. Polnarev, “Propagation of electromagnetic
radiation in a random field of gravitational waves and
space radio interferometry,” Nuovo Cim. B 105 (1990)
1141-1158.

[74] N. Kaiser and A. H. Jaffe, “Bending of light by gravity
waves,” |Astrophys. J. 484 (1997) 545-554,
arXiv:astro-ph/9609043.

[75] A. Vallenari, A. Brown, T. Prusti, J. de Bruijne,

F. Arenou, C. Babusiaux, M. Biermann, O. Creevey,
C. Ducourant, D. Evans, et al., “Gaia data release
3-summary of the content and survey properties,”
Astronomy & Astrophysics 674 (2023) Al.


http://dx.doi.org/10.1016/j.physrep.2009.07.002
http://arxiv.org/abs/0907.2562
http://dx.doi.org/10.1103/PhysRevD.88.063508
http://arxiv.org/abs/1305.0600
http://dx.doi.org/10.1103/PhysRevD.101.024002
http://arxiv.org/abs/1909.10887
http://dx.doi.org/10.3389/fspas.2022.1109086
http://arxiv.org/abs/2211.16825
http://dx.doi.org/10.1103/PhysRevD.108.044023
http://arxiv.org/abs/2305.10478
http://dx.doi.org/10.1103/PhysRevD.85.023534
http://dx.doi.org/10.1103/PhysRevD.85.023534
http://arxiv.org/abs/1109.0022
http://dx.doi.org/10.1088/1475-7516/2016/12/031
http://dx.doi.org/10.1088/1475-7516/2016/12/031
http://arxiv.org/abs/1610.03763
http://dx.doi.org/10.1088/1475-7516/2017/06/050
http://arxiv.org/abs/1612.08817
http://dx.doi.org/10.1103/PhysRevD.93.123502
http://dx.doi.org/10.1103/PhysRevD.93.123502
http://arxiv.org/abs/1602.06024
http://dx.doi.org/10.1103/PhysRevD.97.043506
http://arxiv.org/abs/1707.03240
http://dx.doi.org/10.1103/PhysRevD.98.043525
http://dx.doi.org/10.1103/PhysRevD.98.043525
http://arxiv.org/abs/1805.04550
http://arxiv.org/abs/1805.04550
http://dx.doi.org/10.1103/PhysRevLett.124.171301
http://dx.doi.org/10.1103/PhysRevLett.124.171301
http://arxiv.org/abs/1909.12843
http://arxiv.org/abs/1909.12843
http://dx.doi.org/10.1088/1475-7516/2021/01/012
http://arxiv.org/abs/2007.04241
http://arxiv.org/abs/2007.04241
http://arxiv.org/abs/2307.02322
http://dx.doi.org/10.1088/1475-7516/2023/02/013
http://arxiv.org/abs/2211.14331
http://arxiv.org/abs/2307.01192
http://dx.doi.org/10.1088/1475-7516/2023/08/001
http://dx.doi.org/10.1088/1475-7516/2023/08/001
http://arxiv.org/abs/2209.15572
http://dx.doi.org/10.1103/PhysRevD.90.082001
http://arxiv.org/abs/1406.4664
http://dx.doi.org/10.1103/PhysRevD.103.024045
http://dx.doi.org/10.1103/PhysRevD.103.024045
http://arxiv.org/abs/2007.11009
http://arxiv.org/abs/2304.02640
http://arxiv.org/abs/2304.02640
http://dx.doi.org/10.1103/PhysRevD.93.062003
http://arxiv.org/abs/1512.09139
http://dx.doi.org/10.1103/PhysRevD.106.023004
http://dx.doi.org/10.1103/PhysRevD.106.023004
http://arxiv.org/abs/2111.05867
http://dx.doi.org/10.1103/PhysRevD.102.023004
http://arxiv.org/abs/2004.05480
http://dx.doi.org/10.1103/PhysRevD.88.062005
http://dx.doi.org/10.1103/PhysRevD.88.062005
http://arxiv.org/abs/1306.5394
http://dx.doi.org/10.1103/PhysRevD.102.122005
http://dx.doi.org/10.1103/PhysRevD.102.122005
http://arxiv.org/abs/2006.14570
http://arxiv.org/abs/2006.14570
http://dx.doi.org/10.1103/PhysRevD.103.042009
http://dx.doi.org/10.1103/PhysRevD.103.042009
http://arxiv.org/abs/2010.13958
http://dx.doi.org/10.1103/PhysRevD.98.104025
http://arxiv.org/abs/1807.02123
http://dx.doi.org/10.1103/PhysRevD.98.024020
http://arxiv.org/abs/1804.03146
http://dx.doi.org/10.1086/304357
http://arxiv.org/abs/astro-ph/9609043

[76] J. Garcia-Bellido, H. Murayama, and G. White, JCAP 12 no. 12, (2021) 023} |arXiv:2104.04778
“Exploring the early Universe with Gaia and Theia,” [hep-phl].


http://dx.doi.org/10.1088/1475-7516/2021/12/023
http://arxiv.org/abs/2104.04778
http://arxiv.org/abs/2104.04778

	Probing Parity Violation in the Stochastic Gravitational Wave Background with Astrometry
	Abstract
	Introduction
	Background
	Parity violation
	The overlap reduction function H+IJ(, ')
	Spectrum in spherical harmonic basis

	Detectability
	Conclusions and Discussions
	Acknowledgments
	References


