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We p r o p o s e F a s t R a di o B u r s t ( F R B ) ti mi n g, w hi c h u s e s t h e p r e ci si o n m e a s u r e m e nt s of t h e a r ri v al
ti m e di ff e r e n c e s of r e p e a t e d F R B si g n al s al o n g m ul ti pl e si g htli n e s, a s a n e w p r o b e of g r a vi t a ti o n al
w a v e s ( G Ws ) a r o u n d n H z t o µ H z f r e q u e n ci e s, wi t h t h e hi g h e s t f r e q u e n c y li mi t e d b y F R B r e p e a ti n g
p e ri o d. T h e a nti ci p a t e d e x p e ri m e nt r e q ui r e s a si g htli n e s e p a r a ti o n of t e n s of A U, a c hi e v e d b y s e n di n g
r a di o t el e s c o p e s t o s p a c e. We fi n d t h e si g n al of a r ri v al ti m e di ff e r e n c e i n d u c e d b y G Ws d e p e n d s o nl y
o n t h e l o c al G Ws i n t h e s ol a r s y s t e m a n d w e c a n c o r r el a t e t h e m e a s u r e m e nt s f r o m di ff e r e nt F R B
s o u r c e s o r t h e s a m e s o u r c e wi t h di ff e r e nt r e p e a t e r s, w hi c h l e a d s t o a b e t t e r s e n si ti vi t y wi t h a l a r g e r
n u m b e r of F R B r e p e a t e r s d e t e c t e d. T h e p r oj e c t e d s e n si ti vi t y s h o w s t hi s m e t h o d i s a c o m p e ti ti v e
p r o b e i n t h e n H z t o µ H z f r e q u e n c y r a n g e. I t c a n fill t h e ‘ µ H z g a p’ b e t w e e n p ul s a r ti mi n g a r r a y s
a n d L a s e r I nt e rf e r o m e t e r S p a c e A nt e n n a ( LI S A ) a n d i s c o m pl e m e nt a r y t o o t h e r p r o p o s al s of G W
d e t e c ti o n i n t hi s f r e q u e n c y b a n d.

I. I N T R O D U C T I O N

Si n c e t h e dir e ct di s c o v er y of gr a vit ati o n al w a v e s ( G Ws)
i n t h e H z t o k H z fr e q u e n ci e s b y LI G O / Vir g o [ 1 – 5], a n e w
e r a of a str o n o mi c al o b s er v ati o n s h a s c o m m e n c e d, wit h a
n e w gr a vit ati o n al wi n d o w t h at pr o vi d e s i n si g ht s i nt o t h e
d y n a mi c s of m a s si v e o bj e ct s li k e bl a c k h ol e s a n d n e utr o n
st ar s d uri n g t h eir m er g er s. T h e i n cr e a si n g e vi d e n c e of a
st o c h a sti c G W si g n al i n t h e n H z b a n d fr o m p ul s ar ti mi n g
a rr a y s ( P T A s) f urt h er a d v a n c e s t h e fr o nti er s of o ur e x-
pl or ati o n [ 6 – 1 7], o p e ni n g u p p ot e nti al o p p ort u niti e s f or
s u p er m a s si v e bl a c k h ol e m er g er s [ 1 8 – 2 4] a n d di s c o v eri n g
n e w p h y si c s b e y o n d t h e st a n d ar d m o d el ( B S M) [ 1 6], i n-
cl u di n g c o s mi c i n fl ati o n [ 2 5], s c al ar-i n d u c e d G Ws [ 2 6 – 2 8],
fi r st- or d er p h a s e tr a n siti o n s [ 2 9 – 3 3], c o s mi c stri n g s [ 3 4 –
4 1], a n d d o m ai n w all s [ 4 2 – 4 5]. E xi sti n g a n d pr o p o s e d
g r a vit ati o n al- w a v e o b s er v ati o n s will e xt e n si v el y e x pl or e
f r e q u e n c y b a n d s fr o m n H z t o G H z [ 4 6 – 7 8] a n d e v e n
hi g h er fr e q u e n ci e s[ 7 9]. H o w e v er, t h e fr e q u e n c y b a n d n e ar
µ H z, b et w e e n t h e r e a c h e s of t h e P T A s a n d L a s er I nt erf er-
o m et er S p a c e A nt e n n a ( LI S A), i s c h all e n gi n g t o pr o b e.
T hi s i s k n o w n a s t h e ‘ µ H z g a p’.

T h er e ar e a f e w pr o p o s al s i n t hi s fr e q u e n c y b a n d, s u c h
a s µ Ar e s [ 8 0], a str o m etri c t e c h ni q u e s [ 8 1], D o p pl er tr a c k-
i n g wit h t h e Ur a n u s or bit er [ 8 2], a n d a st er oi d s [ 8 3]. T h e
µ Ar e s pr o p o s al i s si mil ar t o LI S A, b ut r e q uir e s a m u c h
l o n g er b a s eli n e a n d i m pr o v e d l o w-fr e q u e n c y t e st- m a s s
i s ol ati o n [ 5 0]. T h e m o st s e n siti v e pr o p o s al i s li k el y i n-
st alli n g at o mi c cl o c k s a n d tr a n s mitt er /r e c ei v er li n k s y s-
t e m s i n a st e r oi d s, w hi c h r e d u c e s t h e a c c el er ati o n n oi s e
d u e t o t h e h e a v y m a s s of a st er oi d s. I n t hi s w or k, w e
p r o p o s e F a st R a di o B ur st ( F R B) ti mi n g t h at u s e s s ol ar-
s y st e m s c al e i nt erf er o m etr y a s a n alt er n ati v e pr o b e t o
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gr a vit ati o n al w a v e s i n t h e µ H z g a p. F a st R a di o B ur st s
ar e r a di o tr a n si e nt s wit h a t y pi c al d ur ati o n of a f e w mil-
li s e c o n d s a n d ar e m o stl y e xtr a g al a cti c ori gi n. W hil e t h e
e x a ct ori gi n of F R B s r e m ai n s u n cl e ar, t h o u s a n d s h a v e
b e e n di s c o v er e d [ 8 4, 8 5], wit h m or e t h a n fift y k n o w n t o
r e p e at, oft e n o n ti m e s c al e s of t e n s t o t h o u s a n d s of h o ur s
[ 8 6], w hi c h o ff er a v al u a bl e t o ol f or st u d yi n g v ari o u s a s-
p e ct s of c o s m ol o g y [ 8 7 – 9 8] a n d B S M p h y si c s [ 9 9 – 1 0 5].

U nli k e p ul s ar s, F R B s ar e n ot cl o c k s i n t h e m s el v e s, a s
t h e y d o n ot e x hi bit a s elf- si mil ar r e p e ati n g p att er n i n
t h eir b ur st pr o fil e s t o m e a s ur e l o c al ti m e c h a n g e s. I n
ot h er w or d s, F R B s c a n n ot s er v e a s t h eir o w n r ef er e n c e
cl o c k s. H o w e v er, w e c a n cr e at e a r ef er e n c e cl o c k b y pl a c-
i n g t w o 1 0- m et er r a di o di s h e s i n s p a c e s e p ar at e d b y t e n s
of A str o n o mi c al U nit ( A U). B e c a u s e F R B e v e nt s ori g-
i n at e fr o m e xtr e m el y c o m p a ct s o ur c e s, t h e si g n al s o b-
s er vi n g fr o m di ff er e nt si g htli n e s r e m ai n c o h er e nt, w hi c h
all o w s u s t o c orr el at e t h e F R B si g n al s r e c ei v e d fr o m t w o
di s h e s, pr o vi di n g hi g h- pr e ci si o n m e a s u r e m e nt o n t h e a r-
ri v al ti m e di ff e r e n c e of F R B s at t w o di ff er e nt d et e ct or s.
It i s p o s si bl e t o a c hi e v e a r el ati v e ti mi n g of t h e si g n al s
wit h s u b- n a n o s e c o n d pr e ci si o n t hr o u g h c o h er e nt a n al y-
si s of el e ctri c- fi el d ti m e s eri e s of F R B s [ 1 0 6]. A fr a cti o n
of F R B s o ur c e s r e p e at e dl y e mit F R B s, w hi c h all o w s u s
t o m e a s ur e t h e arri v al ti m e di ff er e n c e i n d u c e d b y l o c al
gr a vit ati o n al w a v e s a n d m o nit or t h eir t e m p or al c h a n g e s.
If t h e fr e q u e n c y of G Ws i s m u c h hi g h er t h a n t h e r at e
of F R B d et e cti o n, t h e m e a s ur e m e nt s b et w e e n di ff er e nt
F R B e v e nt s ar e n ot c orr el at e d a n d w e l o s e t h e s e n siti v-
it y. T h er ef or e, t h e r e p e ati n g or d et e cti o n r at e of F R B s,
w hi c h i s oft e n o n ti m e s c al e s of t e n s t o t h o u s a n d s of h o ur s
[ 8 6], d et er mi n e s t h e u p p er li mit o n t h e fr e q u e n c y b a n d of
gr a vit ati o n al w a v e s t h at c a n b e pr o b e d wit h F R B ti mi n g,
w hi c h pr o d u c e s a n i nt er e sti n g fr e q u e n c y b a n d t h at f all s
i nt o t h e µ H z g a p.

W hil e t h e s p a c e mi s si o n t o a c hi e v e F R B ti mi n g i s a m-
biti o u s a n d c h all e n gi n g, s ol ar- s y st e m s c al e i nt erf er o m etr y
o n F R B s w a s pr o p o s e d t o m e a s ur e c o s m ol o gi c al di st a n c e s
wit h a s u b- p er c e nt pr e ci si o n [ 1 0 7] a n d d ar k m att er s u b-
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FIG. 1. A cartoon picture of FRB timing with two radio
dishes in the solar system separated by l ∼ 100 AU. Both
dishes will observe the same FRB source from different sight-
lines. One sightline can be the reference clock of the other
by correlating the burst profile and the arrival time differ-
ence of FRBs at two dishes will be the measurement. The
gravitational wave propagating in the x direction will induce
temporal changes on the arrival time difference, which can be
probed with FRB repeaters.

structures such as axion miniclusters [108]. Our work on
the gravitational waves will further strengthen the sci-
entific case for this potential mission. Additionally, FRB
timing can often avoid astrophysical systematics that are
relevant to pulsar timing. For example, timing-varying
electron density (or dispersion measure) induced by the
solar wind will greatly affect the timing precision of pul-
sars, which can be fitted away with a broad frequency
band of observing FRBs. This is because FRB timing
uses the correlation of the electric field at different de-
tectors and the dispersion measure is only a phase in the
correlation. The detectors need to be localized with an
accuracy of several centimeters, which can be achieved in
the outer solar system with weekly calibration, and the
satellites also need an atomic clock with accuracy com-
parable to the Deep Space Atomic clock [107]. We will
show with our calculation that the FRB timing directly
measures the local gravitational waves in the solar sys-
tem and is insensitive to the GW at FRB source. There-
fore, every time an FRB is observed at both detectors,
we have one measurement of the arrival time difference
which manifestly depends on local gravitational waves,
regardless of the FRB source from which it comes. This
allows us to correlate signals from different FRB sources
and reach a better sensitivity with more FRBs detected.
The total number of FRB events detected per unit time
is the only relevant parameter for the sensitivity of FRB
timing. There are different search strategies for our space
telescopes to maximize the detection rate. One is to point
the telescope to a known FRB source that is bright and
has a high repeating rate. Another might involve moni-
toring the active phase of different repeating sources on
Earth and allocating the observation time in space ac-
cordingly. We will show a conservative burst rate of 100
per year already gives a competitive projected sensitiv-

ity while future explorations on better strategies might
further improve it.

II. GRAVITATIONAL WAVES SIGNALS IN FRB
TIMING

In the following, we will show the arrival time differ-
ence in two dishes induced by gravitational waves only
depends on local GWs in the solar system. Our main
result in this section is presented in Eq. 7, which gives
the arrival time difference as a function of the baseline of
the space interferometer, local GW strain, and frequency.
For similar calculations on the time delays induced by
GWs in the strong lensing case, see Ref. [109–111]. For
a simple estimation, we first consider a monochromatic
plane GW with a frequency of ωg propagating in the x
direction. As shown in Fig. 1, the FRB source is at a dis-
tance of D (∼Gpc), while the two radio dishes in space
are separated by l, which is of order 10 AU. The metric
perturbation is given by 1[112–114]

hµν =


0 0 0 0
0 0 0 0
0 0 h+ h×
0 0 h× −h+

 cos(ωgx
0 − ωgx

1 + φ0) (1)

Here ωg is the angular frequency of gravitational wave,
and φ0 is an initial phase. We are interested in the tra-
jectory of photons in the GW background, which is gov-
erned by dxµ

ds = V µ. s parametrizes the trajectory, which
is taken to be 0 at the source and 1 at the detector. In the
presence of gravitational waves, the four-velocity satisfies
the geodesic equation

dV µ

ds
+ Γµ

νρV
νV ρ = 0 (2)

or equivalently,

dV µ

ds
+ ηµσ

(
∂ρhνσ − 1

2
∂σhνρ

)
V νV ρ = 0, (3)

where ηµν is the metric of the Minkowski spacetime. The
above expression, with proper boundary conditions, will
give the full set of equations that are needed for deter-
mining the propagation of photons in GW background
and thus the FRB arrival time difference among different
detectors. Since the strain of gravitational waves satis-
fies h ≪ 1, we can keep the lowest order only and obtain

1 We have assumed the GWs are propagating in a flat space. The
expansion of the Universe might also induce some time delays
comparable to the GW signal we discuss here. However, the dom-
inant contribution from the expanding Universe is either static
or linearly depending on measurement time [91, 107], which is
distinguishable from these oscillatory GW signals.
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linearized solutions of the geodesic equation:

V 0(s) =

√
D2 +

(
l

2

)2

+∆V 0

− h+

2

D2

D̃
cos(ωgD̃s+ ωgt0 + φ0)

(4a)

V 1(s) =
l

2
+ ∆V 1 − h+

2

D2

D̃
cos(ωgD̃s+ ωgt0 + φ0)

(4b)

V 2(s) = D +∆V 2 −Dh+ cos(ωgD̃s+ ωgt0 + φ0) (4c)

V 3(s) = ∆V 3 −Dh× cos(ωgD̃s+ ωgt0 + φ0) (4d)

Where ωg is the angular frequency of gravitational wave,
s is the parametrization of the photon trajectory, and t0
is the time of FRB emission at the source, which only
enters the calculation as a phase. The above solutions
of four-velocity apply to photons observed at Dish B as
shown in Fig. 1, while the result of Dish A can be easily
obtained by reversing the sign of l. ∆V µ are constants
of order O(h) fixed by boundary conditions, and we have

defined D̃ ≡
√
D2 +

(
l
2

)2
− l

2 . Since D ≫ l, we expect D̃

is very close to the value of D. We keep the exact form in
the previous expression to figure out the exact expansion
of these small terms, as the leading term will cancel when
we compare the arrival time difference between dish B
and dish A.

Integrating (4a) - (4d) over [0, 1], we should reproduce
the coordinate difference2 between the source and the de-
tector, which imposes the following boundary conditions

∆V 1 =
h+

2ωg

D2

D̃2
[sin(ωgD̃ + ωgt0 + φ0)− sin(ωgt0 + φ0)]

(5a)

∆V 2 =
h+

ωg

D

D̃
[sin(ωgD̃ + ωgt0 + φ0)− sin(ωgt0 + φ0)]

(5b)

∆V 3 =
h×

ωg

D

D̃
[sin(ωgD̃ + ωgt0 + φ0)− sin(ωgt0 + φ0)]

(5c)

The null condition of four-velocity V µV νgµν = 0 can be
used to relate ∆V 0 to ∆V i:√

D2 +

(
l

2

)2

∆V 0 =
l

2
∆V 1 +D∆V 2 (6)

The arrival time at dish B or dish A (with a reversing
sign of l) is given by the integral tB =

∫ 1

0
dsV 0(s) and

2 We have chosen the transverse-traceless gauge (TT gauge), where
the coordinates of free-falling objects are not changed by the
gravitational waves.

the difference to the lowest order in l/D gives

∆t = tB − tA = −h+

ωg
cos(ωgt+ φ0) sin

(
1

2
ωgl

)
(7)

Here t = D + t0 is the time of observation at the detec-
tors. From the metric (1), we can see that the coordinate
time equals the proper time of detectors, so (7) directly
gives the physical time difference we will measure. The
(ωgt+ φ0) term should be considered as the phase of lo-
cal gravitational waves at the detector, which causes the
oscillation of the arrival time difference between Dish A
and Dish B. As shown in Eq. 7, the arrival time difference
only depends on the gravitational waves near the detec-
tor but not near the FRB source. As shown in [115], the
light deflection and arrival times by gravitational waves
have no propagation effect but only depend on boundary
terms on the source and observer. Since FRB at differ-
ent sightlines has not been separated yet at the source,
the net effect on the arrival time difference induced by
gravitational waves near the source is also zero. There-
fore, the local GW is the only relevant boundary term
that affects the arrival time differences among different
detectors. The oscillatory features of the arrival time dif-
ference described in Eq. 7 will be unique signatures for
gravitational waves, which differ from the Shapiro time
delays induced by dark matter halos [108] or the expan-
sion of the Universe [107] that are either constant over
time or a linear function of time. One possible contri-
bution to the systematics comes from the Shapiro time
delays of dark matter substructures with a size of our
baseline (tens of AUs), which is roughly the size of QCD
axion miniclusters [108, 116]. Such objects can also in-
duce large temporal changes in the arrival time difference
but no periodicity is expected (On the other hand, GW
signals will be important systematics if one wish to detect
axion miniclusters). The relevant GW frequency range
in FRB timing is naturally determined by the baseline
and the FRB repetition rate, which allows us to probe
µHz frequencies or smaller. The above expression has as-
sumed the geometry depicted in Fig. 1 while generic FRB
positions will introduce order unity corrections with the
physical effect remaining the same. See Appendix. B for
more details.

III. CORRELATION FUNCTION OF SIGNALS

One measurement of the FRB event will not achieve
the full sensitivity of FRB timing, as the measurements
for different sources can be correlated since they only de-
pend on the phase of local gravitational waves up to some
geometric factor. Effective measurements of FRB timing
give data as (ti,∆ti), where ti is the time of measurement
at either detector and ∆ti is the arrival time difference.
The angular positions of FRBs will also be needed for
determining the order-unity geometric factors, which can
be accurately measured from earth scale interferometry
on FRBs [106]. Later, we will discuss the autocorrelation
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and angular correlation of arrival time difference, which
can be used to further improve the sensitivity of FRB
timing on GWs.

A. Temporal Power Spectrum

The arrival time difference induced by gravitational
waves can be correlated at different times, and the tem-
poral power spectrum can be calculated as

P (ω) =

∫
dτe−iωτ

〈
∆t(τ + t′)∆t(t′)

〉
t′
, (8)

where we have treated the arrival time difference ∆t as a
function of arrival time and correlated them at different
arrival times. Here the average ⟨· · · ⟩ is taken over mea-
surements at different t′. Note that the autocorrelation
function in Eq. 8 only depends on the difference in the
measurement time, τ . Consider the result of Eq. 7, the
correlation function of arrival time difference is directly
given by the correlation function of metric perturbations
induced by GW background, which can be further related
to the spectral density of GWs, Sh(ω), and gives

Pt(ω) =
Sh(ω)

4ω2
F (ωl), (9)

where the function F (∆) is defined as

F (∆) =
4

3
+

1

∆2
cos∆− 1 + ∆2

∆3
sin∆ (10)

Therefore, the direct determination of the temporal
power spectrum of the arrival time difference is also a
direct measurement of the GW spectral density.

Our measurements of the arrival time difference are
performed at discrete times, with a series of data (ti,∆ti).
The temporal power spectrum can be obtained by per-
forming the Fourier transform in discrete times. The er-
ror of individual measurement is δtm, and the number of
repeating events is N , which will bring the variance of
the timing error down to δt2m/N . Assuming the system-
atic uncertainties δtm from different measurements are
independent, one could approximately treat the error on
the autocorrelation function

〈
∆t(t+ t′)∆t(t′)

〉
t′

as the
variance of the timing error. Given the integration time,
2π/ω, for a given frequency of the Fourier mode, the er-
ror on the temporal power spectrum can be estimated
as

δPt(ω) ≈
2π

ω

δt2m
N

, for ω < ω0. (11)

Where ω0 = 2πN/T is the highest frequency determined
by the FRB repeating period (N is the number of re-
peated events for one source), δtm = 0.1 ns is the timing
precision of individual measurements, T = 10 yr is the to-
tal observation time. The above estimation is more accu-
rate when the repeating of FRBs is periodic. Our above

calculation on the uncertainty only serves for order-of-
magnitude estimation of the sensitivity. We have fo-
cused on the frequency range 2π/T < ω < 2πN/T for
the calculation of GW temporal power spectrum, which
is roughly the frequency band where the Fourier trans-
form is sensible. For lower frequencies (ω < 2π/T ), one
could look for the GW signal as the time derivatives on
the arrival time difference, as discussed in Appendix. D.
In this work, we focus on the statistical errors given by
the number of measurements and the timing precision of
individual measurements. There might be possible sys-
tematics, which has been assumed to not exceed the mea-
surement error. The dominant systematics is likely the
scattering effect in the interstellar medium of the Milky
Way that leads to extra contribution to the time delay
and thus the decoherence of FRBs, affecting the timing
precision. However, the scattering effect is highly sup-
pressed at higher frequencies and can be avoided with an
observation frequency f ≳ 5 GHz [107]. A better under-
standing of other noise sources will be needed to solidify
our projected sensitivity level, which we leave for future
explorations.

The sub-nanosecond timing precision roughly corre-
sponds to 1/f where f is the observation frequency of
FRBs (≳ GHz), which is achieved through correlating
the electric field series of the burst profile. The previous
expression of the temporal power spectrum has assumed
a special geometry, i.e. the FRB source is located on
the perpendicular bisector of the line connecting the two
dishes as shown in Fig. 1. In reality, FRB sources should
be randomly distributed in every direction and the sig-
nals from different sources are still correlated since the
arrival time difference only depends on the phase of local
gravitational waves. Averaging over all directions from all
FRB sources, we can obtain the expected temporal power
spectrum and thus the following sensitivity on the frac-
tion of total energy density in the universe contributed
by GWs

δΩgw =
4ω4δt2m

3NNFRBH2
0

[
Fauto(ωl)

]−1
, (12)

where N is the number of repeating events for each FRB
source and NFRB is the number of sources that are ac-
tively repeating. Therefore Nburst = NNFRB, the total
number of bursts detected, is the only relevant param-
eter for our sensitivity. The best strategy to maximize
the number of bursts detected per unit time might in-
volve targeting active phases of FRB repeaters and mon-
itor those bright sources with a high repeating rate. The
function Fauto that factorize the frequency dependence is
defined by

Fauto(∆) =
4∆6 − 6∆4 − 6∆2 − 9

3∆6

+
3− 4∆2

∆6
cos(2∆) +

6

∆5
sin(2∆) (13)

See more detailed derivations in Appendix C. In the
frequency band of interest, the parameter ∆ satisfies
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∆ = ωl ≤ 0.3. Therefore, we may approximate Fauto(∆)
by the first order of its Taylor expansion,

Fauto(∆) =
2

9
∆2 +O(∆4) (14)

So overall, the sensitivity on gravitational waves goes like
δΩgw ∝ ω2l−2, indicating that a longer baseline results
in a better sensitivity. The sensitivity obtained in Eq. 12
will apply to frequencies ω ≳ 2π/T . When we switch to
lower frequencies, we can use the time derivatives of the
arrival time difference to place constraints on the GW
signal (see Appendix. D), which will cause a break in the
power law sensitivity curves, as shown in Fig. 2.

Assuming a baseline of 50 AU, a observation time of 10
years, and a detection rate of 100 FRB events per year,
we find that our proposal fills the gap between 0.1µHz
and 1µHz, as shown in Fig. 2, and our projected sen-
sitivity is competitive in the nHz frequency range and
complementary to the asteroid proposal that has a bet-
ter sensitivity at higher frequencies. More sophisticated
statistical methods are needed in the future for realis-
tic estimations of measurement errors and sensitivities.
A larger number of FRB events observed by the detec-
tors or a longer baseline can lead to greater sensitivity.
Here we take the total number of FRB events per year
to be 100 to 1000, which is on the reach of a 10-meter
dish in space (see estimations of FRB observation rate
in Ref. [101, 107]). Radio telescopes on Earth can as-
sist in the search for active FRB repeaters and the space
dishes can point to known bright FRB repeaters, which
will greatly enhance the rate of detecting FRB events.

B. Angular Correlation

Similar to the derivation of the Hellings Downs curve
[118, 119], we can correlate the arrival time difference
induced by GWs for FRBs at different angular positions.
We view ∆t as a function of detection time and the two
angular coordinates θ0, ϕ0, i.e.

∆t = ∆t(t, θ0, ϕ0) (15)

Here θ0, ϕ0 are the usual spherical coordinates, with θ0
being the angle between the FRB and the line connecting
the two dishes, and ϕ0 being the angle of rotation around
that line. The correlation function can be expressed as

C(t, θ1, θ2, ϕ2 − ϕ1) =
〈
∆t(t, θ1, ϕ1)∆t(0, θ2, ϕ2)

〉
(16)

The average should be taken over different FRB events
measured at different times, with the time difference ex-
pected to be within one cycle of gravitational waves. For
simplicity, we fix the position of one FRB source to be
θ1 = 0, which can be achieved when there are enough
sources observed by our dishes. Thus, we extract the an-
gular dependence of the correlation function and denote

10-10 10-8 10-6 10-4 10-2
10-16

10-14

10-12

10-10

10-8

10-6

10-4

10-2

FRB(100/year) FRB(1000/year) NANOGRAV Asteroids LISA

FIG. 2. In this plot, we present our projected sensitivity of
FRB timing as a function of GW frequency and compare it
to other existing or proposed observations. The y-axis repre-
sents the energy fraction in the Universe contributed by grav-
itational waves (Ωgw) multiplied by h2

0 with h0 = 0.67 gives
the current Hubble [117]. The red and orange dashed curves
show the sensitivity projections by using the temporal power
spectrum and other temporal changes of the arrival time dif-
ference, assuming a dish separation of 50AU, 100 or 1000 FRB
events detected per year and an observation time of 10 years.
The upper bound of frequency is determined by the detection
rate of FRB. Our sensitivity at the higher frequency end is
obtained by measuring the temporal power spectrum of GW
signals. At lower frequencies, this method breaks down, and
we switch to looking at the second derivatives of the arrival
time difference to constrain GW-induced time delays, which
causes the break on the sensitivity curve. Our timing pre-
cision of individual FRB events is 0.1 ns and it is assumed
our measurements are not affected by other systematics. See
the main text for more discussions. The grey solid curve is
from the NANOGRAV sensitivity [13], the blue dashed curve
is from LISA projections [49], and the green dashed curve is
from asteroids projection [83].

it by αangular,

Cangular(t, θ2) =

∫ ∞

−∞
dfei2πft

Sh(f)

32π2f2
αangular(∆, θ2)

(17)
Here ∆ is again defined as ∆ = 2πf l with l being the

dish separation. The analytic form of αangular is rather
complicated. Fortunately, the parameter ∆ in the fre-
quency range of interest satisfies ∆ ≲ 1 and αangular can
also be expanded in powers of ∆, which gives

αangular(∆, θ2) =
∆2

30
(11 cos θ2+5 cos 3θ2)+O(∆4), (18)

where higher order terms O(∆4) can be found in Ap-
pendix C for more accurate determination of the angular
correlation function. The angular correlation function we
obtained for FRB timing differs from that in the Hellings
Downs curve [118, 119] because we have two detectors
and the positioning of two dishes and the source is rele-
vant for the angular correlation while pulsar timing only
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needs one detector. If measured in the future, the an-
gular correlation function of FRB timing can be another
piece of evidence to confirm the detection of gravitational
waves.

IV. DISCUSSION

We use the FRB timing technique to measure local
gravitational waves in the frequency range of nHz to µHz,
which can fill the ‘µHz’ gap in GW detection. While
FRBs are not clocks in themselves, observing the same
FRB source among different sightlines can achieve sub-
nanosecond timing precision on the arrival time differ-
ence through coherent analysis of FRB signal received
at different detectors. Therefore, the reference clock in
FRB timing can be realized by sending radio telescopes
to space and observing the same FRB source with dif-
ferent detectors. The measurement of the arrival time
difference at different detectors will be sensitive to lo-
cal gravitational waves. Since we measure the difference
between detectors, the GW contribution near the FRB
source will not affect the measurement. Therefore, ev-
ery measurement of FRB arrival time difference induced
by GWs can be correlated both in time and space. As
a result, the sensitivity of FRB timing can be improved
significantly if we monitor known FRB sources that are
actively repeating to increase the detection rate of bursts.
A conservative estimation based on a FRB detection rate
of 100 events per year already gives a sensitivity that sig-

nificantly improves that of pulsar timing and extends the
reach of GW to higher frequencies.

This new method requires ambitious space missions to
achieve solar-system scale interferometry on FRBs, which
has already been proposed to measure cosmological dis-
tances to sub-percent precision and detect dark matter
substructures on extremely small scales. Our theoreti-
cal calculation on the signal of gravitational waves will
further increase the scientific opportunities of this po-
tential mission. Understanding the systematics is cru-
cial to achieving the desired timing accuracy in all pro-
posals using FRB timing. The primary systematics is
likely the scattering effect in the interstellar medium of
the Milky Way that causes the decoherence of FRBs,
which affects the timing precision. However, the scat-
tering effect rapidly goes down at higher frequencies so
this constraint can be avoided when observing FRBs at
frequencies f ≳ 5 GHz [107]. Although extensive studies
on the systematics are necessary for a realistic prediction
of the sensitivity, the current findings are promising and
we expect FRB timing to be a competitive proposal for
the detection of GWs in the frequency range of nHz to
µHz.
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Appendix A: Metric perturbations from Stochastic Gravitational Waves

In this section we discuss the modeling of stochastic gravitational waves, our convention follows [112]. Assume
there is some gravitation wave background hab(x, t) in our universe, this can always be expanded into a combination
of monochromatic modes,

hab(x, t) =

∫ ∞

−∞
df

∫
d2Ωh̃ab(f, n̂)e

i2πf(t−n̂·x) (A1)

Here the indices a, b runs from 1 to 3. The negative frequency modes satisfies h̃ab(−f, n̂) = h̃∗
ab(f, n̂). Here we have

adopted the TT gauge, i.e.

h00 = h0a = haa = ∂ahab = 0 (A2)

The metric perturbations split into two polarizations,

h̃ab(f, n̂) = h̃+(f, n̂)e
+
ab(n̂) + h̃×(f, n̂)e

×
ab(n̂) (A3)

Introduce two unit vectors l̂ and m̂, such that l̂, m̂ and n̂ are orthogonal to each other. Particularly, one may choose
l̂ = θ̂ and m̂ = ϕ̂ in spherical coordinates . The two polarization matrices can be expressed as

e+ab(n̂) = l̂a l̂b − m̂am̂b (A4)

e×ab(n̂) = l̂am̂b + m̂a l̂b (A5)
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It’s easy to verify that this definition is dependent on the choice of l̂ and m̂. The polarization tensors satisfy an
orthonormal condition, ∑

a,b

eAabe
A′

ab = 2δAA′
(A6)

where A and A′ stands for + or ×. The energy density of gravitational waves can be written as the power of metric
perturbations:

ρgw =
1

32πG

〈∑
a,b

ḣab(t
′)ḣab(t

′)

〉
(A7)

Here the average is taken over ensembles. In practice, there is only one physical system, which is our detector, but
we can keep measuring the signal over time, and the ensemble average can be replaced by a time average. We model
the stochastic GW background in the following way:〈

h̃A(f, n̂)h̃
∗
A′(f ′, n̂′)

〉
=

1

8π
δ(f − f ′)δ2(n̂, n̂′)δAA′Sh(f) (A8)

Here A and A′ stand for + or ×, as introduced in Eq. A3. Sh(f) is called the spectral density of the stochastic
background, it satisfies Sh(−f) = Sh(f) and has a dimension of inverse frequency. We have assumed that the
gravitational wave background is isotropic, so the spectral density Sh is independent of n̂. The delta function on the
angular part can be explicitly written as

δ2(n̂, n̂′) = δ(ϕ− ϕ′)δ(cos θ − cos θ′) (A9)

Insert it into (A7), one can obtain the following expression for the energy density of gravitational waves

ρgw =
π

4G

∫ ∞

−∞
dff2Sh(f) =

π

2G

∫ ∞

0

dff2Sh(f) (A10)

The fractional energy spectrum is defined by the energy density of GW per logarithmic frequency bin normalized
by the critical density of the Universe, which gives

Ωgw(f) =
f

ρcric

dρgw
df

(A11)

Here the critical density is simply

ρcric =
3H2

0

8πG
, (A12)

where H0 is the Hubble constant. Putting everything together, we have

Ωgw(f) =
4π2

3H2
0

f3Sh(f) (A13)

The fractional energy spectrum is related to the characteristic strain by

Ωgw(f) =
2π2

3H2
0

f2h2
c(f) (A14)

Therefore,

h2
c(f) = 2fSh(f) (A15)

The characteristic strain hc(f) is dimensionless. The Hubble constant can be written in the form

H0 = h0 × 100km s−1 Mpc−1 (A16)

There are several physical quantities that characterize the intensity of stochastic gravitational wave background, such
as the strain hc(f), spectral density Sh(f), and h2

0Ωgw(f). One can translate them using the above expressions.
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FIG. 3. Geometric setup. We construct the coordinate system so that the two detectors are on the x axis. The FRB source
is located at an arbitrary position in the given coordinate system. We use θ0 and ϕ0(as shown in the figure) to describe the
position of the FRB source. The distance between the source and the origin is D (∼Gpc).

Appendix B: General Treatments on the Arrival Time Difference

In the main text, we have computed the arrival time difference caused by a monochromatic plane gravitational wave
in a special geometry setup. In reality, however, the FRB sources are located at random angular positions, and the
gravitational wave background is composed of plane waves with all possible frequencies and propagation directions.
In this section, we will calculate the arrival time difference with the most general setup. The geometry is shown in
Fig. 3, we have two detectors on the x axis and an FRB source at an arbitrary position described by θ0 and ϕ0. The
distance between the source and the origin is denoted by D. We will consider a metric perturbation as in (A1). The
photon path is described by a set of four functions,

xµ(s) = (t(s), x(s), y(s), z(s)) (B1)

with s being the affine parameter, taking its value in [0, 1]. s = 0 corresponds to the emission event, and s = 1
corresponds to the absorption event. The four velocity is defined by the derivative of coordinates over s

V µ =
dxµ

ds
(B2)

First let’s consider the situation without gravitational waves. We add a bar to the physical quantities before
perturbation. Now the coordinate functions of the photon path are denoted by

x̄µ(s) = (t̄(s), x̄(s), ȳ(s), z̄(s)) (B3)

Correspondingly, the four velocity is

V̄ µ =
dx̄µ

ds
(B4)

Take dish B for example, without gravitational waves, light travels in a straight line, so the unperturbed four velocity
is

V̄ 0 =

√
D2 +

(
l

2

)2

−Dl cos θ0, V̄ 1 =
l

2
−D cos θ0,

V̄ 2 = −D sin θ0 cosϕ0, V̄ 3 = −D sin θ0 sinϕ0 (B5)
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Accordingly, the coordinate functions are

x̄µ = V̄ µs (B6)

The FRB emission event is at

xµ
0 = (t0, D cos θ0, D sin θ0 cosϕ0, D sin θ0 sinϕ0) (B7)

For a simpler notation, we define a three-dimensional unit vector

ŝ = (cos θ0, sin θ0 cosϕ0, sin θ0 sinϕ0), (B8)

which is the direction of the FRB source. When we add the gravitational wave background to the system, the
coordinate functions should change by a term proportional to the perturbation h, namely x̃µ(s) = xµ(s) +O(h). We
know that in TT gauge, the coordinates of test masses stay fixed, so we have boundary conditions for the coordinate
functions,

xµ(0) = xµ
0 = x̄µ(0), xa(1) = spatial position of detector = x̄a(1) (B9)

After adding the perturbation, the four-velocity should also change by a term proportional to h, which can be written
as

V̄ µ + uµ(s) = V µ =
dxµ

ds
(B10)

This four velocity satisfies the geodesic equation, so to the first order in h, we have a set of equations for uµ(s),

du0

ds
+

1

2
V̄ aV̄ b∂0hab(V̄ s+ x0) = 0 (B11)

dua

ds
+ V̄ bV̄ µ∂µhab(V̄ s+ x0)−

1

2
V̄ bV̄ c∂ahbc(V̄ s+ x0) = 0 (B12)

To simplify the notation, we will denote the measure collectively by dΦ, i.e.∫ ∞

−∞
df

∫
d2Ω ⇒

∫
dΦ (B13)

Also, we will denote the GW wave vector by

kµg = 2πf(1, n̂) (B14)

Now we insert the Fourier transformation (A1) and the geodesic equations become

du0

ds
+

i

2

∫
dΦe−iV̄ ·kgs−ikg·x0k0g V̄

aV̄ bh̃ab = 0 (B15)

dua

ds
− i

∫
dΦe−iV̄ ·kgs−ikg·x0 V̄ · kgV̄ bh̃ab +

i

2

∫
dΦe−iV̄ ·kgs−ikg·x0 V̄ bV̄ ckag h̃bc = 0 (B16)

One can easily integrate the two functions over s, now

u0 = ∆u0 +

∫
dΦe−iV̄ ·kgs−ikg·x0

k0g
2V̄ · kg

V̄ aV̄ bh̃ab (B17)

ua = ∆ua +

∫
dΦe−iV̄ ·kgs−ikg·x0

(
−V̄ bh̃ab +

kag
2V̄ · kg

V̄ bV̄ ch̃bc

)
(B18)

∆uµ is a set of four integration constants. At the four velocity level, we know that the four velocity of a photon
always have zero norm, this puts a constraint on ∆uµ. By direct calculation, one gets

V̄ 0∆u0 = V̄ a∆ua (B19)
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To completely determine ∆uµ, one has to use the boundary condition (B9). To do this, integrate the four velocity
over s from 0 to 1. Written explicitly, one has another set of equations

t = V̄ 0 +∆u0 +

∫
dΦe−ikg·x0(e−iV̄ ·kg − 1)

ik0g
2(V̄ · kg)2

V̄ aV̄ bh̃ab (B20)

0 = ∆ua +

∫
dΦ

ie−ikg·x0(e−iV̄ ·kg − 1)

V̄ · kg

(
−V̄ bh̃ab +

kag
2V̄ · kg

V̄ bV̄ ch̃bc

)
(B21)

Putting everything together, we have the arrival time

tB ≡ t̃(1) = t0 + V̄ 0 +

∫
dΦe−ikg·x0(e−iV̄ ·kg − 1)

iV̄ aV̄ bh̃ab

2V̄ 0V̄ · kg
(B22)

There is a similar expression for tA, one only has to change l → −l.
l is on the scale of 100 AU, and D is on the scale of 1 Gpc, so we may keep only the lower order in l/D. The time

difference is

∆t = tB − tA = −l cos θ0 −
∫

dΦei2πf(t0+D) sin
[
πfl (cos θ0 + nx)

] ŝaŝbh̃ab

2πf(1 + n̂ · ŝ)
(B23)

The first term is purely geometric, and it doesn’t change with time. This geometric term should be already subtracted
from the data. Even if it is not subtracted, this term would only cause a sharp peak at f = 0 in the temporal power
spectrum, so in either case, this term has no effect on the final result. From now on, we will omit this geometric term
in the derivation.

Appendix C: General Treatments on the Correlation Function

In this section, we compute the correlation function of the signals. Similar to the Hellings Downs curve, the way that
the correlation function depends on angular coordinates reflects the nature of the metric perturbation. By measuring
the depedency of the correlation function over angular coordinates, we can distinguish gravitational wave from other
perturbations that could cause a arrival time difference. As shown in the last section, ∆t is a function of t = t0 +D
and the two angular coordinates θ0, ϕ0, i.e.

∆t = ∆t(t, θ0, ϕ0) (C1)

The correlation function is defined by

C(t, θ1, θ2, ϕ2 − ϕ1) =
〈
∆t(t, θ1, ϕ1)∆t(0, θ2, ϕ2)

〉
(C2)

Note that since we have a dipole detector, the two detectors determine a special direction in space, so generically we
need three angular coordinates to specify the correlation function. This is quite different from the Hellings Downs
curve used in PTA, where only one detector is used so the correlation function depends only on the relative angle
between two pulsars.

Insert Eq. (B23) into Eq. (C2),

C(t, θ1, θ2, ϕ2−ϕ1) =

∫
dΦdΦ′ei2πft sin

[
πfl (cos θ1 + nx)

]
sin
[
πf ′l

(
cos θ2 + n′

x

)] ŝ1aŝ1bŝ2cŝ2d 〈h̃ab(f, n̂)h̃cd(f
′, n̂′)

〉
4π2ff ′(1 + n̂ · ŝ1)(1 + n̂′ · ŝ2)

(C3)
Here for notational simplicity, we have adopted the Einstein summation convention, the indices a, b, c, d are implicitly
summed. From equations (A3) and (A8), we know〈

h̃ab(f, n̂)h̃cd(f
′, n̂′)

〉
=

Sh(f)

8π
δ(f + f ′)δ2(n̂, n̂′)(e+ab(n̂)e

+
cd(n̂) + e×ab(n̂)e

×
cd(n̂)) (C4)

The integral over dΦ′ cancels with the two δ functions. Inserting equations (A4) and (A5), we get the final result,

C(t, θ1, θ2, ϕ2 − ϕ1) =

∫
dΦei2πft

Sh(f)

8π

sin(πlf(cos θ1 + nx)) sin(πlf(cos θ2 + nx))

(2πf)2(1 + n̂ · ŝ1)(1 + n̂ · ŝ2)

×
{[

(ŝ1 · l̂)2 − (ŝ1 · m̂)2
] [

(ŝ2 · l̂)2 − (ŝ2 · m̂)2
]
+ 4(ŝ1 · l̂)(ŝ1 · m̂)(ŝ2 · l̂)(ŝ2 · m̂)

}
(C5)

The integral cannot be carried out analytically. Here, we specify on two important cases.
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FIG. 4. This figure presents the autocorrelation function, αauto(∆, θ1) as a function of the angular position of FRB source θ1
at different GW frequencies ( ∆ = 1, 3, 7, 10). The oscillatory feature in these plots originates from the nature of GWs.

Auto-correlation

As mentioned before, the two detectors determine a special direction in space, so the auto-correlation of one FRB
already contains one angular coordinate. Set ϕ1 = ϕ2, θ1 = θ2 in (C5), we get

Cauto(t, θ1) =

∫ ∞

−∞
dfei2πft

Sh(f)

32π2f2
αauto(∆, θ1) (C6)

where

αauto(∆, θ1) =

(
8

3
− 1

∆2
(1 + 3 cos 2θ1) cos∆ cos(∆ cos θ1)−

4

∆2
cos θ1 sin∆ sin(∆ cos θ1)

−−1 + 3∆2 + (∆2 − 3) cos 2θ1
∆3

sin∆ cos(∆ cos θ1) +
4

∆
cos θ1 cos∆ sin(∆ cos θ1)

)
(C7)

Here ∆ = 2πfl = ωgl. To get some intuition, we present here the plots of αauto(∆, θ1) over θ1 for four different ∆,
see Fig. 4.

Now let’s calculate the sensitivity we can get by using auto-correlation. The auto-correlation of one FRB source
would contribute to a signal in all frequency bins. We can add up the signal from all of the FRBs we can observe. In
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FIG. 5. Estimation of the sensitivity on GW strain using auto-correlation. This plot is similar to the result in Fig. 2 but here
we have converted our result of Ωgw into the characteristic strain hc. We are assuming 1000 events detected per year and 10
years of observation. We use solid lines in the actual frequency domain of measurement, and dashed lines for the extension into
higher frequency, which is only possible with observations of FRB repeaters with a higher detection rate.

this process, the sensitivity by NFRB. The averaged power spectrum is

P̄t(ω) =
Sh(ω)

4ω2

(
4∆6 − 6∆4 − 6∆2 − 9

3∆6
+

3− 4∆2

∆6
cos(2∆) +

6

∆5
sin(2∆)

)
(C8)

The constraint would be

Ωgw =
4ω4δt2m

3NNFRBH2
0

(
4∆6 − 6∆4 − 6∆2 − 9

3∆6
+

3− 4∆2

∆6
cos(2∆) +

6

∆5
sin(2∆)

)−1

(C9)

Or using the characteristic strain hc,

hc =

 8ω2δt2m
NNFRB

(
4∆6 − 6∆4 − 6∆2 − 9

3∆6
+

3− 4∆2

∆6
cos(2∆) +

6

∆5
sin(2∆)

)−1
1/2

(C10)

The sensitivity curve is shown in Fig. 5. Notice that this equation only applies within the frequency range 2π/T <
ω < 2πN/T , which is roughly the frequency band where the Fourier transform is sensible. For lower frequencies
(ω < 2π/T ), one could look for the GW signal as the time derivatives on the arrival time difference, as discussed in
Appendix D. The parameters are set as: δtm = 0.1ns, N = 104, T = 10yr and NFRB = 1, where δtm = 0.1 is the
timing precision for each individual FRB event, N is the number of repeating events from one FRB source, and NFRB

is the number of FRB sources.

Angular Correlation Between FRBs

Another method is to fix the position of one FRB, and analyze the dependency of the correlation function over
the other. If our detector can find 103 FRB sources in the sky and these FRBs distribute evenly in the sky, there
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FIG. 6. In this figure, we present αangular at different frequencies (∆ = f l = 1, 5, 8, 15), which represents the angular dependence
of the frequency space correlation function. The angular factor of gravitational wave signal is shown by the orange line, while
the angular factor of dipole perturbation signal is shown by the blue line. Here the direction of one FRB source is fixed to be
along the direction of the two dishes.

would always be some FRB located at θ1 ≈ 0. On average, one FRB occupies 4π × 10−3 solid angle, corresponding
to an average angular separation of 6× 10−2 between the sources, so we may expect that there exists an FRB source
with θ1 ∼ 10−2. Thus, it is justified to set θ1 = 0 for a crude estimation. In this case, the system has a rotational
symmetry around the x axis, and the correlation function should be independent of the ϕ2 coordinate. Therefore, the
angular part of the correlation function will depend on θ2 only with such selection.

Now the correlation function is

Cangular(t, θ2) =

∫ ∞

−∞
dfei2πft

Sh(f)

32π2f2
αangular(∆, θ2) (C11)

where

αangular(∆, θ2) =

∫
dΩ

sin
(

∆
2 (1 + nx)

)
sin
(

∆
2 (cos θ2 + nx)

)
π(1 + n̂ · ŝ1)(1 + n̂ · ŝ2)

×
{[

(ŝ1 · l̂)2 − (ŝ1 · m̂)2
] [

(ŝ2 · l̂)2 − (ŝ2 · m̂)2
]
+ 4(ŝ1 · l̂)(ŝ1 · m̂)(ŝ2 · l̂)(ŝ2 · m̂)

}
(C12)

The analytic form of αangular is extremely complicated, involving many special functions. The numerical results are
presented in 6 where the angular factor of gravitational wave signal is shown together with the angular factor of dipole
perturbation signal, in order to make comparison. We can see that the angular dependence of the correlation function
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can distinguish between gravitational wave signal and dipole perturbation signal. It is useful to expand the result in
the small ∆ limit. In the setup of this paper, ∆ ≲ 1, and the expansion to O(∆4) makes a very good approximation.

αangular(∆, θ2) ≈
∆2

30
(11 cos θ2+5 cos 3θ2)+

∆4

40320
(−14−1362 cos θ2−56 cos 2θ2−637 cos 3θ2+70 cos 4θ2−49 cos 5θ2)

(C13)

Appendix D: Variance of the Arrival Time Difference

At low frequencies, the observation time cannot encompass one period of gravitational wave. In this case, we
measure the time variation of arrival time difference to place limits on the GW signal. In the low-frequency limit, the
arrival time difference ∆t(t) can be approximated by a Taylor series,

∆t(t) = a0 + a1t+ a2t
2 + · · · (D1)

The first term is time-independent, and will be subtracted from the data; the second term is linear in t, which
is degenerate with the contributions from large-scale structures [108]. Therefore, the coefficient a2 can be used to
measure or constrain the gravitational wave background.

In the low frequency regime, equation (B23) becomes

∆t(t) =

∫
dΦ

[
1 + (2πft) +

1

2
(2πft)2 + · · ·

]
l (cos θ0 + nx)

ŝaŝbh̃ab

2(1 + n̂ · ŝ)
(D2)

so we can extract a2 from this equation

a2 =

∫
dΦπ2f2l(cos θ0 + nx)

ŝaŝbh̃ab

1 + n̂ · ŝ
(D3)

The variance of a2 is, 〈
(a2)

2
〉
=

∫ ∞

0

df

∫
d2n̂

3πfl2

16
H2

0Ωgw(f)(cos θ0 + nx)
2(1− n̂ · ŝ)2 (D4)

Integrate out the angular part, 〈
(a2)

2
〉
=

∫ ∞

0

df
π2

20
fl2H2

0Ωgw(f)(7 + cos 2θ0) (D5)

Similar as before, we can add up the contribution of all FRB sources, the effect is to average
〈
(a2)

2
〉

over the source
position, and divide by NFRB the final sensitivity. Averaging over source position, we have〈

(a2)
2
〉
=

∫ ∞

0

df
π2

3
fl2H2

0Ωgw(f) (D6)

The sensitivity in measuring a2 can be estimated by

(a2)
2 ∼ 480δt2m

NFRBNT 4
, (D7)

which is the error of fitting a quadratic polynomial. So overall, the sensitivity to Ωgw(f) per logarithm f is

Ωgw(f) =
1440δt2m

π2NFRBNf2l2H2
0T

4
(D8)

This sensitivity is a few orders of magnitude better than required to probe the stochastic GW signal detected by
NANOGRAV even at lower frequencies. Therefore, this proposal could not only fill the µHz but also improve the
measurement at nHz frequencies.
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