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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
nonvanishing EB correlation function within astrometric correlation functions and investigating how one
might estimate the detectability of such signals.
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I. INTRODUCTION

The totality of gravitational radiation originating from all
sources, encompassing both astrophysical [1–6] and cosmo-
logical phenomena [7–11], should give rise to a stochastic
gravitational wave background (SGWB) immersing our
galaxy in a sea of gravitational waves (see [12] for a review).
Numerous advanced gravitational wave detectors have the
potential to set limits on the amplitude of this background
across different frequency ranges [5,12–26]. Perhaps most
exciting is the recently claimed detection of the SGWB in the
nanohertz band by pulsar timing array (PTA) collaborations
[27–30]. An important effect of the SGWB is to modulate
both the arrival times and directions 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
[22,24–26,31–35]. This is particularly important at the
present epoch, when precision measurements of celestial
body positions within our galaxy have begun through
sensitive astrometry methods. Current projects such as the
VeryLongBaselineArray (VLBA) [36,37] andGaia [33,34],
and future surveys like Theia [38,39], are sensitive to SGWB

signals roughly in the ∼10−9–10−7 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
fundamental physics. Of particular interest in this paper are
tests of parity. The prospect of parity-violation in the
gravitational sector has long been a topic of theoretical
interest. A parity-violating gravitational wave background
could arise either from direct violations within the gravi-
tational sector [41–49] or could be indirectly induced from
parity violation in the matter sector [50–61]. However,
when isotropy is preserved, it turns out that PTA measure-
ments do not respond to the B-mode of the gravitational
wave background [62–64], and hence are not sensitive to
polarization information [65] or to possible parity viola-
tions in the SGWB. One way forward is to consider
relaxing the assumption of isotropy [65–67] although these
potential signals can be quite challenging to detect [68–70].
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
nonvanishing EB correlation in the two-point correlation
function of stellar position deflections, assuming the
presence of an isotropic SGWB with a parity-violation
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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. II, we briefly

review the basics of astrometry measurements of the
SGWB. In Sec. III, 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. IV, and conclude in Sec. V. Throughout the paper we
use the metric signature ð−;þ;þ;þÞ. We use k⃗ to represent
the spatial momentum vector, k stands for the magnitude of
the spatial momentum, and k̂≡ k⃗=k represents the unit
vector.

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 deflec-
tion 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 due to a gravitational plane
wave hijðt; xÞ ¼ hijðk⃗Þeiðk⃗·x⃗−ktÞ can be expressed as1 [22]

δnIðt; n̂Þ ¼ eIμδnμðt; n̂Þ ¼ RIJKðn̂; k̂ÞhJKðk⃗Þe−ikt; ð1Þ

with

RIJKðn̂; k̂Þ ¼ n̂I þ k̂I

2ð1þ k̂ · n̂Þ n̂
Jn̂K −

1

2
δIJn̂K; ð2Þ

where n̂ and k̂ 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 δnμ of the
photon in the nonspinning inertial frame of a local observer
via the basis eIμ. One can view the 3-index quantity RIJK as
an analogy of the receiving function in the gravitational
wave literature [18,71], however with an extra index
representing the vector nature of the observable. 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

hijðt; x⃗Þ ¼
X

S¼þ;×

Z
d3k⃗
ð2πÞ3 hSðt; k⃗Þe

S
ijðk̂Þeik⃗·x⃗; ð3Þ

a stochastic gravitational wave background is characterized
by the two-point functions2

hhSðt; k⃗ÞhS0 ðt; k⃗0Þi ¼ ð2πÞ3δðk⃗þ k⃗0ÞPSS0 ðkÞ;

½PSS0 ðkÞ� ¼
�
PþþðkÞ Pþ×ðkÞ
P×þðkÞ P××ðkÞ

�
; ð4Þ

where we have assumed translational and rotational invari-
ance so that Pþþ ¼ P××. Within the galaxy, flat spacetime
is a good approximation, and therefore equal time corre-
lators are time-independent. The two-point correlation
function for δnI is then given by

hδnIðt; n̂ÞδnJðt; n̂0Þi ¼
X

S;S0

Z
d3k⃗
ð2πÞ3R

IKLðn̂; k̂ÞRJMNðn̂0; k̂Þ

× eSKLðk̂ÞeS0MNð−k̂ÞPSS0 ðkÞ

¼
X

S;S0

Z
∞

0

dk
k2

ð2πÞ3PSS0 ðkÞHIJ
SS0 ðn̂; n̂0Þ;

where

HIJ
SS0 ðn̂; n̂0Þ ¼

Z
d2Ωk̂R

IKLðn̂; k̂ÞRJMNðn̂0;−k̂Þ

× eSKLðk̂ÞeS0MNð−k̂Þ: ð5Þ

It is simple to show that the definition of δnI implies that
HIJ

SS0 should satisfy

n̂IHIJ
SS0 ðn̂; n̂0Þ ¼ n̂0JH

IJ
SS0 ðn̂; n̂0Þ ¼ 0: ð6Þ

Writing k̂ ¼ ðsin θ cosϕ; sin θ sinϕ; cos θÞ in Cartesian
components, we employ the convention

eþIJ ¼ ϕ̂Iϕ̂J − θ̂I θ̂J; e×IJ ¼ ϕ̂I θ̂J þ θ̂Iϕ̂J; ð7Þ

where

ϕ̂ ¼ ð− sinϕ; cosϕ; 0Þ;
θ̂ ¼ ðcos θ cosϕ; cos θ sinϕ;− sin θÞ: ð8Þ

1Throughout this paper we will only focus on the case where
the stellar distance is much larger than the wavelength of the
gravitational waves.

2Note that we have used a convention that agrees with that
used for the in-in correlators used in the computation of infla-
tionary correlation functions.
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Under a parity transformation θ → π − θ, ϕ → ϕþ π, and
k̂ → −k̂, one finds

eþIJ → eþIJ; e×IJ → −e×IJ:

Therefore from the definition (5), HIJþþðn̂; n̂0Þ and
HIJ

××ðn̂; n̂0Þ are parity even, while HIJþ×ðn̂; n̂0Þ and
HIJ

×þðn̂; n̂0Þ are parity odd under n̂ → −n̂, n̂0 → −n̂0.

A. The overlap reduction function HIJ
+ ×ðn̂;n̂0Þ

The symmetry properties of HIJ
þ×ð×þÞ discussed above

imply that, given any orientation of n̂ and n̂0, they can be
written as

HIJþ×ðn̂; n̂0Þ ¼ αðΘÞAIBJ
2 þ βðΘÞBI

1A
J; ð9Þ

HIJ
×þðn̂; n̂0Þ ¼ α2ðΘÞAIBJ

2 þ β2ðΘÞBI
1A

J; ð10Þ

where

A⃗ ¼ n̂ × n̂0; B⃗1 ¼ n̂ × A⃗; B⃗2 ¼ n̂0 × A⃗: ð11Þ

We can then extract the functions αðΘÞ and βðΘÞ using

AIB2JHIJþ×ðn̂; n̂0Þ ¼ αðΘÞðw2 − 1Þ2
B1IAJHIJþ×ðn̂; n̂0Þ ¼ βðΘÞðw2 − 1Þ2; ð12Þ

where w ¼ n̂ · n̂0 ¼ cosΘ. A direct evaluation of the
integral (5) gives

α2ðΘÞ ¼ βðΘÞ; β2ðΘÞ ¼ αðΘÞ;

αðΘÞ ¼ −
π½ð5þ 18 log 2Þw2 − 5þ log 64þ 3ðw − 1Þ3 logð1 − wÞ − 3ðwþ 1Þ3 logð1þ wÞ�

3ðw2 − 1Þ2 ;

βðΘÞ ¼ −
π½ð7þ log 64Þw3 − ð7 − 18 log 2Þw − 3ðw − 1Þ3 logð1 − wÞ − 3ðwþ 1Þ3 logð1þ wÞ�

3ðw2 − 1Þ2 : ð13Þ

We plot these in the top panel of Fig. 1.
With these tools in hand, we can use hδnIðt; n̂ÞδnJðt; n̂0Þi

to construct scalar quantities that contain information about
parity violation. There are in principle infinitely many such
quantities, constructed by applying ever more powers of
derivatives. For example, at the lowest order in derivatives,

ϵIJKn̂IhδnJðt; n̂ÞδnKðt; n̂0Þi ð14Þ

contains contributions from the parity violating compo-
nents Hþ× and H×þ. However, the parity conserving

components, Hþþ and H××, also enter this expression.
At the next order in the number of derivatives, we have

ϵJKL∇I∇0Lðn̂0KhδnIðt; n̂ÞδnJðt; n̂0ÞiÞ
¼ Aþ×Fþ×ðΘÞ þA×þF×þðΘÞ; ð15Þ

where ∇0 is the covariant derivative acting on x⃗0,

FSS0 ¼ ϵJKL∇I∇0Lðn̂0KHIJ
SS0 Þ; ð16Þ

and

ASS0 ¼
Z

kmax

kmin

dk
k2

ð2πÞ3 PSS0 ðkÞ: ð17Þ

This quantity is nonzero only if the theory is parity
violating. When focusing on an isotropic background
[65], we always have Pþ× ¼ −P×þ. It is therefore valid
to take Aþ× ¼ −A×þ, in which case we may express
Eq. (15) as

ϵJKL∇I∇0Lðn0KhδnIðt; n̂ÞδnJðt; n̂0ÞiÞ≡Aþ×FV; ð18Þ

where FV ¼ Fþ× − F×þ.
We will see in the following section that this quantity is

related to EB correlations when δnI is decomposed into
vector spherical harmonics.

FIG. 1. Top: the functions αðΘÞsin4 Θ and βðΘÞsin4 Θ defined
in Eq. (13); bottom: Fþ×ð×þÞðΘÞ and FVðΘÞ defined in Eq. (18).
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B. Spectrum in spherical harmonic basis

Since hδnIðt; n̂ÞδnJðt; n̂0Þi is a correlation function on the
two sphere and δnI is perpendicular to n̂, it is natural and
useful to express δnðt; n̂Þ in a basis of vector spherical
harmonics

δnðt; n̂Þ ¼
X

lm

½δnElmðtÞY⃗E
lmðn̂Þ þ δnBlmðtÞY⃗B

lmðn̂Þ�;

where

Y⃗E
lmðn̂Þ ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðlþ 1Þp ∇Ylmðn̂Þ;

Y⃗B
lmðn̂Þ ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðlþ 1Þp n̂ ×∇Ylmðn̂Þ;

Z
d2Ωn̂δ

IJYQ
lmIðn̂ÞYQ0�

l0m0Jðn̂Þ ¼ δQQ0δll0δmm0 : ð19Þ

The EB correlation function then takes the form

hδnElmðtÞδnBl0m0 ðtÞ�i

¼
Z

d2Ωn̂d2Ωn̂0YE�
lmIðn̂ÞYB

l0m0Jðn̂0ÞhδnIðt; n̂ÞδnJðt; n̂0Þi:

ð20Þ

Since we have Y⃗E
lmð−n̂Þ ¼ ð−1Þlþ1Y⃗E

lmðn̂Þ and Y⃗B
lm ¼

ð−1ÞlY⃗B
lmðn̂Þ, only HIJþ×ðn̂; n̂0Þ contributes when l is

odd and only HIJ
×þðn̂; n̂0Þ contributes when l is even.

Also, because δnI has no radial component, we may
integrate by parts to obtain

hδnElmðtÞδnBl0m0 ðtÞ�i

¼ 1

lðlþ 1Þ
Z

d2Ωn̂d2Ωn̂0Y�
lmðn̂ÞYl0m0 ðn̂0Þ

× ϵJKL∇I∇0Lðn̂0KhδnIðt; n̂ÞδnJðt; n̂0ÞiÞ

¼ 1

lðlþ 1Þ
Z

d2Ωn̂d2Ωn̂0Y�
lmðn̂ÞYl0m0 ðn̂0Þ

× ðAþ×Fþ×ðΘÞ þA×þF×þðΘÞÞ; ð21Þ

where the amplitude is defined through Eq. (17). An
explicit computation of (16) gives

Fþ×ðΘÞ ¼
4

3
πð−wð1þ log 64Þ þ 3ðw − 1Þ logð1 − wÞ

þ 3ðwþ 1Þ logðwþ 1ÞÞ;
F×þðΘÞ ¼ 4πð1 − log 4þ ð1 − wÞ logð1 − wÞ

þ ð1þ wÞ logð1þ wÞÞ; ð22Þ

where, again, w ¼ cosðΘÞ. We plot these in the bottom
panel of Fig. 1.
We can further expand the function FSS0 ðΘÞ in terms of

Legendre polynomials,

FSS0 ðΘÞ ¼
X

l

Fl
SS0PlðcosΘÞ

¼
X

lm

4π

2lþ 1
Fl
SS0Ylmðn̂ÞY�

lmðn̂0Þ; ð23Þ

so that Eq. (21) simplifies to

hδnElmðtÞδnBl0m0 ðtÞ�i

¼ δll0δmm0

lðlþ 1Þ
4π

2lþ 1
ðAþ×Flþ× þA×þFl

×þÞ

¼ δll0δmm0

lðlþ 1Þ
4πAþ×

2lþ 1
Fl
V: ð24Þ

Here we have assumed Aþ× ¼ −A×þ in the second
equality. Again, Fþ× (F×þ) contributes only when l 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 Aþ× ≠ −A×þ.
In Fig. 2 we provide numerical results for the angular

power spectrum Eq. (24) for the first 30 multipole modes.
One can see that Flþ× (Fl

×þ) vanishes for l even (odd), as
expected. It is worth noticing that the coefficients of both
Flþ× and Fl

×þ fall off approximately as l−6, which is also
the same decaying behavior as ð∇I∇JHIJ

þþð××ÞÞl [22]. We

provide the exact values of these quantities in Table I below.

FIG. 2. The log-log plot of the angular power spectrum Eq. (24)
for the first thirty multipoles. The red dots are the coefficients
obtained from F×þ, and only contribute to the even modes. The
blue dots are those from Fþ× and only contribute to the odd
modes. One can see that the angular power spectrum falls roughly
as l−5.8. We provide the exact numbers in Table I below.
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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 underlying
metric perturbation is ([22,73,74]) proportional to the gravi-
tational wave strain amplitude, δrms ∼ hrms. This deflection
can be interpreted as a measure of the angular velocity (or
proper motion) of the light source via ωrms ∼ fhrms, which,
for N sources, has a correlated signal of order

fhrms ∼ Δθ=ðT
ffiffiffiffi
N

p
Þ; ð25Þ

where Δθ is the angular resolution, and T is the observation
time. Considering the current Gaia catalog, for an optimistic
estimatewe take the resolution to be the ideal caseΔθ ∼ 10 μ
arc second and the number of sources to beN ∼ 108 for stars
and N ∼ 106 for quasars [75]. The observation time is T ∼
3 yr and the most sensitive frequency is f ∼ 1=T. Therefore,
we obtain the optimistic estimate hrms ∼ 5 × 10−15 for stars
and hrms ∼ 5 × 10−14 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], hsignalðf ¼ 1=3 yr−1Þ ∼
10−15. Future experiments, such as Theia [40,76], may
provide constraining power closer to the optimistic estimate.
These estimates also apply to parity violating correla-

tions. It is therefore worth considering how we might
specifically minimize the noise in measurements of the EB
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 EB correlations to be suppressed just because the
underlying theory is parity conserving. However, for
quasars, the primary source of noise in large-scale corre-
lations 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-conservation.3

Hence, as we look to the future, precision measurements of
quasars might be an even more interesting target in the
quest to find EB 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 nonzero 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.
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TABLE I. The table of coefficients of Fl
×þ and Flþ× defined in (24).

l 1 3 5 7 9 11 13 15 17 19

4π
lðlþ1Þð2lþ1ÞF

lþ× 0 − 2π2

45
− 4π2

1575
− π2

2646
− 2π2

22275
− 2π2

70785
− 4π2

372645
− π2

214200
− π2

444771
− 2π2

1705725

l 2 4 6 8 10 12 14 16 18 20

4π
lðlþ1Þð2lþ1ÞF

l
×þ 4π2

9
2π2

225
2π2

2205
π2

5670
4π2

81675
2π2

117117
π2

143325
π2

312120
4π2

2485485
2π2

2304225

3On 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.

PROBING PARITY VIOLATION IN THE STOCHASTIC … PHYS. REV. D 109, 083028 (2024)

083028-5



[1] M. Rajagopal and R.W. Romani, Ultralow frequency
gravitational radiation from massive black hole binaries,
Astrophys. J. 446, 543 (1995).

[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, 084001 (2005).

[3] P. A. Rosado, Gravitational wave background from rotating
neutron stars, Phys. Rev. D 86, 104007 (2012).

[4] D. Hils, P. L. Bender, and R. F. Webbink, Gravitational
radiation from the galaxy, Astrophys. J. 360, 75 (1990).

[5] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW150914: Implications for the stochastic gravita-
tional wave background from binary black holes, Phys. Rev.
Lett. 116, 131102 (2016).

[6] S. Burke-Spolaor et al., The astrophysics of nanohertz
gravitational waves, Astron. Astrophys. Rev. 27, 5 (2019).

[7] C. J. Hogan, Gravitational radiation from cosmological phase
transitions, Mon. Not. R. Astron. Soc. 218, 629 (1986).

[8] A. H. Guth, The inflationary universe: A possible solution to
the horizon and flatness problems, Phys. Rev. D 23, 347
(1981).

[9] L. P. Grishchuk, Relic gravitational waves and limits on
inflation, Phys. Rev. D 48, 3513 (1993).

[10] T. W. B. Kibble, Topology of cosmic domains and strings, J.
Phys. A 9, 1387 (1976).

[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, 023503 (2012).

[12] N. Christensen, Measuring the stochastic gravitational
radiation background with laser interferometric antennas,
Phys. Rev. D 46, 5250 (1992).

[13] P. D. Lasky et al., Gravitational-wave cosmology across
29 decades in frequency, Phys. Rev. X 6, 011035 (2016).

[14] M. Coughlin and J. Harms, Constraining the gravitational
wave energy density of the universe using Earth’s ring,
Phys. Rev. D 90, 042005 (2014).

[15] L. Pagano, L. Salvati, and A. Melchiorri, New constraints on
primordial gravitational waves from Planck 2015, Phys.
Lett. B 760, 823 (2016).

[16] N. Christensen, Stochastic gravitational wave backgrounds,
Rep. Prog. Phys. 82, 016903 (2019).

[17] J. Aasi et al. (LIGO Scientific and Virgo Collaborations),
Searching for stochastic gravitational waves using data from
the two colocated LIGO Hanford detectors, Phys. Rev. D
91, 022003 (2015).

[18] E. Thrane and J. D. Romano, Sensitivity curves for searches
for gravitational-wave backgrounds, Phys. Rev. D 88,
124032 (2013).

[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, 021101 (2016).

[20] A. Chou et al. (Holometer Collaboration), The holometer:
An instrument to probe Planckian quantum geometry,
Classical Quantum Gravity 34, 065005 (2017).

[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, 1571 (2006).

[22] L. G. Book and E. E. Flanagan, Astrometric effects of a
stochastic gravitational wave background, Phys. Rev. D 83,
024024 (2011).

[23] M. A. Fedderke, P. W. Graham, and S. Rajendran, Asteroids
for μHz gravitational-wave detection, Phys. Rev. D 105,
103018 (2022).

[24] Y. Wang, K. Pardo, T.-C. Chang, and O. Doré, Gravitational
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