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Weevaluate the potential forgravitational-wave (GW)detection in the frequencyband from10nHz to1 μHz
using extremely high-precision astrometry of a small number of stars. In particular, we argue that nonmagnetic,
photometrically stable, hot white dwarfs (WD) located at ∼kpc distances may be optimal targets for this
approach. Previous studies of astrometric GW detection have focused on the potential for less precise surveys
of large numbers of stars; our work provides an alternative optimization approach to this problem. Interesting
GW sources in this band are expected at characteristic strains around hc ∼ 10−17 × ðμHz=fGWÞ. The
astrometric angular precision required to see these sources is Δθ ∼ hc after integrating for a time
T ∼ 1=fGW. We show that jitter in the photometric center of WD of this type due to starspots is bounded
to be small enough to permit this high-precision, small-N approach. We discuss possible noise arising from
stellar reflex motion induced by orbiting objects and show how it can be mitigated. The only plausible
technology able to achieve the requisite astrometric precision is a space-based stellar interferometer. Such a
future mission with few-meter-scale collecting dishes and baselines ofOð100 kmÞ is sufficient to achieve the
target precision. This collector size is broadly in line with the collectors proposed for some formation-flown,
space-based astrometer or optical synthetic-aperture imaging-array concepts proposed for other science
reasons. The proposed baseline is however somewhat larger than the km-scale baselines discussed for those
concepts, but we see no fundamental technical obstacle to utilizing such baselines. A mission of this type thus
also holds the promise of being one of the few ways to access interesting GW sources in this band.
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I. INTRODUCTION

Theuniversal nature of gravitation implies that everyobject
in the Universe emits gravitational waves (GW). Further,
thesewaves travel unhindered through the Universe, carrying
information about the physics of their production across the
aeons of space and time. Gravitational waves thus enable
unique probes of the Universe. They are the only known way
to probe the near-horizon geometry of black holes and the
physics of the early Universe prior to recombination.
Compact astrophysical objects such as white dwarfs (WD),
neutron stars, and black holes that are faint or dark in the
electromagnetic spectrum are also expected to be copious
producers of gravitational waves. The historic detection of
gravitational waves by the LIGO/Virgo Collaborations [1–5]
has made it possible for us to begin to explore this
rich physics, and an interesting anomaly at much lower

frequencies in pulsar timing array data [6–9] may potentially
be the first hint of a new discovery just around the corner.
Terrestrial optical-interferometer detectors such as

LIGO/Virgo/KAGRA are sensitive to gravitational waves
above ∼10 Hz [1–5,10,11]. Since many astrophysical
processes occur at frequencies lower than 10 Hz, there is
a strong science case to detect gravitational waves at lower
frequencies [12–15]. There are a number of active exper-
imental efforts to achieve this goal. These include pulsar
timing arrays (PTAs) [6–9,16–21] that operate around
nHz–μHz, the LISA constellation [22–24] that is aimed
at 1–10 mHz; TianQin aimed at 0.01–1 Hz [25,26], atomic-
interferometry approaches such as MAGIS/MIGA/AION/
AEDGE/ZAIGA [27–38] around 1 Hz, clock-based
proposals [39] between mHz and Hz, DECIGO at 0.1–
10 Hz [40,41], and Cosmic Explorer [42] and the Einstein
Telescope [43] above ∼10 Hz. Concepts have also been
developed to detect gravitational waves in the μHz–mHz
band using LISA-style constellations [12], using asteroids as
test masses in a future space-based mission [44], studying
orbital perturbations to various binary systems [45,46], and
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looking for low-frequency modulation of higher-frequency
GWs [47]. Existing astrometric studies (e.g., Refs. [48–55])
also access this band, as we discuss in more detail below.
Additionally, Ref. [56] proposed a concept to access part of
the band below LISA by using the interference of starlight
from a single star collected by dishes on separate formation-
flown satellites, in order to monitor the GW-induced
fluctuations in the proper distance between local TMs
housed in the satellites.
Preliminary work has also been performed [12] to

identify the robust science case for gravitational-wave
detection in the frequency band 10 nHz≲ fGW ≲ μHz
(see also Ref. [57]). Very roughly, Ref. [12] establishes
that in this frequency band a detector would need to
be sensitive to characteristic strains as small as hc ∼
10−17 × ðμHz=fGWÞ in order to successfully detect
expected astrophysical signals, such as (super)massive
black-hole binary mergers. Most existing proposals in the
10 nHz–μHz band do not have sufficient sensitivity to access
this level of strain (although see Refs. [12,44] for mission
concepts that may be able to achieve this sensitivity).
Gravitational waves cause fluctuations in the space-time

between inertial test masses, and they can thus be detected
by observing these fluctuations. Due to the smallness of
the expected signals, these test masses have to be highly
immune to environmental noise. This requirement is
particularly difficult at low frequencies. One way to tackle
this problem is to engineer environmental isolation systems
for local test masses. This is the approach that has been
taken by the LISA constellation [24], and the LISA
Pathfinder mission [58] has successfully demonstrated this
key technological element in the LISA band. However, it
has recently been shown [59] that in the frequency band
10 nHz–μHz, gravity gradient noise (GGN) arising from
the large population of inner Solar System asteroids acting
on local test masses placed within the inner Solar System is
significantly larger than the expected gravitational-wave
signal.1 This asteroid GGN cannot be shielded, as it arises
from a gravitational coupling to the test masses. Moreover,
it is potentially significant even in the outer edges of the
Solar System at the lowest end of that band. There is thus a
strong need for alternative detection approaches in this
frequency band.
Distant astrophysical objects may serve as natural inertial

test masses if their intrinsic astrophysical properties are
sufficiently stable. In an approximate sense, this approach
has been pursued in pulsar timing arrays, which exploit the
extreme rotational stability of pulsars, and where the distant
nature of the pulsar helps to overcome terrestrial back-
grounds (including gravity gradient noise [60]) that inhibit
the use of local test masses below ∼1 Hz. Such distant test

masses, being outside the inner Solar System, are also not
subject to the same asteroid GGN limitation that will plague
other approaches at these frequencies. The limitation of this
approach is however the nature and abundance of such
astrophysical objects2: the population and characteristics of
millisecond pulsars in the vicinity of the Earth limits the
sensitivity of pulsar timing arrays above 10 nHz. We thus
need a different kind of astrophysical test mass.
Another interesting way to detect gravitational waves in

this frequency band is via stellar astrometry (i.e., measure-
ments of the positions of stars). In this approach, the star itself
serves directly as an inertial test mass, and the gravitational
wave causes the relative angular separation ofmultiple stars to
fluctuate. Using stellar astrometry in this way to detect
gravitational waves is not a new idea; in fact, it has been
well explored: see, e.g., Refs. [48–55]. Previous studies
have however been concerned with the usage of existing
(or proposed, but not dedicated) instruments to make mea-
surements of the angles between large numbers of typical
(e.g., main sequence) stars in large-scale stellar surveys
(e.g., Gaia [63] or future Roman Space Telescope [64]
surveys [53]). However, the astrometric precision achievable
in such survey data results in GW strain sensitivities for these
instruments that are typically above the levels necessary to
detect astrophysically relevant gravitational-wave amplitudes
in the 10 nHz–μHz frequency band [53].
In this paper, we investigate an underexplored corner of

the astrometric GW detection trade space. We ask instead
whether extremely high-precision observations of a small
number of stars can overcome some of the limitations of
previous lower-precision3 studies of larger numbers of
stars. In particular, we study a key question that arises
when considering a smaller number of stars: what kinds of
stars are sufficiently good test masses for the purpose of
small-N astrometric detection of astrophysically relevant
gravitational-wave strains in this frequency band?
Specifically, can backgrounds arising from the presence
of starspots and planetary or asteroidal bodies be suffi-
ciently ameliorated to allow GW detection at the relevant
strains?

1This noise estimate is applicable for approaches where both
TMs (i.e., both ends of the baseline) are located in the (inner)
Solar System.

2Were all pulsars to be sampled with temporally evenly spaced
observations, the high-frequency cutoff in PTA sensitivity would
set by the corresponding Nyquist frequency, which would typically
be in the ∼μHz range for observations performed at ∼1–2 week
intervals. However, somewhat higher frequency coverage is
achieved in practice by higher-cadence sampling of a subset of
pulsars (see, e.g., Ref. [61]); alternatively, appropriately staggered
low-cadence sampling also allows access to higher frequencies
(see, e.g., Ref. [62]). These subtleties notwithstanding, the
important points are that PTAs are most sensitive around
fGW∼T−1

obs∼1–3 nHz, with Tobs∼ð1–3Þ×101 yrs [6–9] being
the duration of the timing campaign, and that they lose sensitivity
rising through the frequency band of interest to this work.

3Note that we use the word “lower” here advisedly: existing
world-leading measurements and instruments are exquisitely
precise; they are not however precise enough to detect GW-
induced fluctuations at expected amplitudes.
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We demonstrate that photometrically stable, nonmag-
netic white dwarfs (NWMD) at ∼kpc distances from the
Earth are an excellent class of astrophysical test masses
with which to pursue the high-precision, small-N approach.
We show that starspot backgrounds are sufficiently sup-
pressed for this class of stars and discuss the prospects for
(and mitigation of) any planetary backgrounds.
Having identified such NMWD as a promising class of

stellar test masses, we proceed to evaluate the properties
required for an instrument to be capable of achieving the
necessary precision on the measurement of the angle
between two or more NMWD that are at ∼kpc distances.
The only feasible technology capable of achieving the
required precision is space-based stellar interferometry,
in which light from the same star is collected by multiple
collecting dishes separated by a known baseline and
interfered in order to detect minute changes in angular
position. Our proposed measurement would require simul-
taneous monitoring of multiple stars in a similar fashion.
Numerous studies of such space-based interferometers

were completed in the first decade of the 2000s, although
none has been realized; see Table I and Refs. [65–75]. These
varied in their purpose as astrometers (i.e., instruments that
measure the locations of unresolved sources) or (conventional
or nulling) synthetic-aperture imagers (i.e., instruments that
can form a resolved image with a resolution equivalent to a
large-aperture instrument, by sparse sampling).
To complete our measurement at the required accuracy,

we find that we would need a blend of the properties
that have been proposed in various prior mission studies;
our proposed measurement thus constitutes a further,
GW-science motivation for further development of tech-
nology for space-based stellar interferometers of multiple
types. Since relative angular fluctuation is an astrometic
measurement, we would operate in a mode similar to the
SIMS [76] or SIM Lite [67] mission concepts, requiring
only a small number of light collectors and baselines.

However, we would need to be able to simultaneously track
the relative motion of multiple widely separated stars, so
the mission would require at least four “science” collectors
(two independent baselines). Moreover, to image the faint
and hot WD, we would need a UV imaging system with
collecting apertures in the few-meter class, which brings
the optical system properties to those of the Stellar Imager
(SI) proposal [73]. Finally, to achieve the requisite astro-
metric precision, we would require precision formation-
flown baselines in the range of a hundred kilometers, which
exceeds the largest, km-scale baselines considered in
proposals such as SPECS [65,66] and SI by around two
orders of magnitude. Because the mission we would need is
quite similar to SI in many crucial design aspects, but
requiring few collectors and needing them to be spaced
further apart, it is plausible that a mission of our proposed
type could serve as one kind of pathfinder or technology
demonstrator mission for a future space-based imaging
array akin to SI. Ultra-high precision astrometry of this type
would also enable a host of other science goals, in addition
to allowing GW detection; see; e.g., Refs. [77–80].
The rest of this paper is organized as follows. In Sec. II,

we describe the expected astrometric gravitational-wave
signal. In Sec. III, we estimate astrophysical backgrounds
for this astrometric detection approach and show that
NMWD at ∼kpc distances suppress them. Using these
inputs, we describe the necessary instrument in Sec. IV.
We discuss possible alternative measurement schemes
and stellar targets in Sec. V. We conclude in Sec. VI.
The Appendix contains detailed expressions for GW-
induced astrometric deflection.

II. THE SIGNAL

A gravitational wave (with þ polarization) that is
moving along the z direction is described in transverse-
traceless gauge by the metric [81]

TABLE I. A selection of space-based interferometric mission concepts that have been proposed (mostly in the period 2000–2010). We
roughly categorize these missions by their purpose as either astrometers “A”, or synthetic aperture imagers “I”. We note approximate
figures for the baseline and individual collector apertures that were discussed for each concept, the number of “science” collectors proposed
(marked with a * if an additional “combiner” hub satellite was envisaged), and the part of the spectrum the mission was to operate in. We
also note the technology proposed to construct and stabilize the baseline: “B” for boom, referring to a rigid structure on which multiple
light-collectors were to be mounted; “T” for tethered formation, referring to separate spacecraft that are loosely tethered together and
formation-flown; and “F” for free formation, referring to completely independent spacecraft flown in formation. Many of the properties we
quote here are rough or representative of values that were considered in design studies, and we refer the reader to the noted references for
further detailed discussion; none of the mission concepts noted here have to date been pursued beyond the design and development stages.

Mission name Purpose Typical baseline [m] Aperture [m] Collectors Spectrum Baseline technology References

SPIRIT I 30–50 1–3 2 far IR B [65]
SPECS I 1000 3–10 2–3* far IR T [65,66]
SIMS I=A 10 0.3 7 optical B [76]
SIM Lite A 6 0.5 2 optical B [67–69]
TPF-I/Darwin I 200–500 2–4 4* mid-IR F [70–72]
SI Pathfinder I 20–50 1 3–5 UV B=F [73–75]
Stellar Imager (SI) I 500–1000 1–2 20–30* UV=Optical F [73–75]
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ds2 ¼ −dt2 þ ½1þ hð0Þþ sinðωGWðt − zÞÞ�dx2

þ ½1 − hð0Þþ sinðωGWðt − zÞÞ�dy2 þ dz2; ð1Þ

where hð0Þþ is the amplitude of the gravitational wave and
ωGW its (angular) frequency: ωGW ≡ 2πfGW. The signal of
such a gravitational wave in astrometric detectors has been
computed many times (see, e.g., Refs. [48–50] and refer-
ences therein), with a particularly clear and careful deri-
vation given in Ref. [50]. For the reader’s convenience, we
reproduce the final result of Ref. [50] in the Appendix and
summarize here only the salient features of the result.
Suppose we have a hypothetical detector that measures

the angular position of a star with respect to a perfectly
known reference frame. A gravitational wave of strain h
that passes through this detector will cause the measured
location of the star to deflect by an angle Δθ ∼ h, with the
angular deflection modulating at the frequency fGW of the
gravitational wave. The detection of this modulated deflec-
tion constitutes the detection of a gravitational wave. This
result is valid as long as the wavelength of the gravitational
wave is smaller than the distance between the detector and
the star: λGW ≪ dWD (distant source limit). Given that the
typical distance between a detector located in the Solar
System and a distant star is at least tens of parsecs
(dWD ≳ 3 × 1017 m, corresponding to a light-travel time
of ≳30 yrs), the practical low-frequency cutoff of an
astrometric GWobservatory is provided by the observation
time (∼10 yrs for a typical space-based mission) rather than
the decrease in the signal amplitude that occurs once the
source distance is inside the GW wavelength. Similarly,
the practical high-frequency cutoff is set by the sampling
frequency (technically, the Nyquist frequency) of the
observations, which is in turn limited by the flux of
photons from the star, in the sense that at least one photon
must be received on average during a measurement.4

In the interval between these two frequencies, the angular
deflection (i.e., the GW signal) isΔθ ∼ hc, flat in frequency
fGW (of course, for any one particular source, the signal is

peaked at the frequency of the source generating the GW;
we mean here that the signal amplitude in the detector
does not depend on that frequency for a fixed GW strain
amplitude).
The quadrupolar nature of the gravitational wave gives

rise to a distinct pattern in the deflections of stellar
positions across the sky. This signal is dominated by the
value of the gravitational wave at the position of the
detector: the “Earth term” [see the Appendix and compare
Eqs. (A1) and (A7)]. There is, in principle, an additional
contribution that arises from the value of the gravitational
wave at the position of the star itself. But this contribution
is suppressed in the distant source limit, is delayed in time
(i.e., it measures the amplitude of the strain at the location
of the star when the light was first emitted), and does not
appear as a coherent quadrupolar signal across the sky since
its value will change significantly from one stellar source
location to the next. Because the GW signal driven by the
Earth term is coherent among all stars observed, but differs
in amplitude and direction for each individual star, we can
search for the signal as a coherent oscillation in the relative
angular positions of stars on the sky, dispensing finally with
the fiction of a perfect background reference frame against
which any one star is measured.
To detect astrophysically relevant gravitational waves

with characteristic strains hc ∼ 10−17 × ðμHz=fGWÞ, we
thus need an instrument with the ability to mea-
sure relative angular changes between widely separated
stars at the level of Δθ ∼ 10−17 × ðμHz=fGWÞ over
the measurement band of interest; i.e., frequencies
10 nHz≲ fGW ≲ μHz.

III. ASTROPHYSICAL BACKGROUNDS

Successful detection of gravitational waves using small
numbers of stars requires the astrometrically measured
relative angular position of the individual stars to fluctuate
due to backgrounds by no more than an amount of order
the GW signal size: Δθ ∼ 10−17 × ðμHz=fGWÞ in the
frequency band of interest. In this section, we evaluate
these backgrounds and suggest mitigation strategies.
There are two dominant sources of astrophysical back-

grounds that can cause angular position fluctuations. The
first arises from the presence of starspots or brightness
variations on the surface of the star. The existence of such a
spot does not change the physical location of the center of
mass (c.m.) of the star. However, it shifts the photometric
center and thus the astrometrically inferred position of the
star, relative to the projected c.m. (see, e.g., Ref. [82]). As
we see in Sec. III A, the need to mitigate this background
strongly motivates the use of nonmagnetic white dwarfs as
targets for astrometry. The second background arises from
the possible presence of planets and other minor bodies
around the star. Their motion will cause the c.m. of the star
to wobble due to stellar reflex motion, mimicking a GW
signal (indeed, this is an exoplanet search technique). We

4Of course, except for requiring at least one photon on average
is received during a measurement and also that the measurement
time is not a substantial fraction of a GW period, one can choose to
trade off between higher-cadence measurements at lower precision
or lower-cadence measurements at higher precision, without
changing the overall sensitivity. That is, suppose it takes a time
τ to make a single measurement of an angle to a precision
σθ ¼ σð0Þθ =

ffiffiffiffi
N

p
, where N ≥ 1 is the number of photons received in

time τ, and σð0Þθ is the intrinsic single-photon angular measurement
accuracy (set by, e.g., the photon wavelength and optical system
parameters). In a time T, one can make M ∼ T=τ such measure-
ments, resulting in an ultimate sensitivity of σfinalθ ∼ σθ=

ffiffiffiffiffi
M

p ¼
σð0Þθ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M × N

p
. But M × N is just the total number of photons

received in time T. Assuming that both 2πfGWτ ≪ 1 and N ≳ 1,
one is free to adjust τ (and thus N) and M, keeping N ×M fixed,
and the overall sensitivity is unchanged.
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estimate this effect in Sec. III B. We also discuss mitigation
strategies and cross-checks that could isolate noise sources
in Sec. III C.

A. Starspots

Starspot activity (e.g., appearance, disappearance, and
motion) in the 10 nHz–μHz frequency band is a relevant
noise for the proposed measurement. A starspot of radius r
with an intensity (i.e., radiated power per stellar surface
area) change of ΔI relative to the nominal intensity of the
star will shift the photometric center of the star by,
parametrically, Δx ∼ ðΔI=I0Þ × ðr2=RWDÞ, where I0 is
the mean intensity of the star and RWD its radius. The
angular deflection caused by this shift is ðΔθÞspot ∼
Δx=dWD ∼ ðΔI=I0Þ × ½r2=ðRWDdWDÞ�, where dWD is the
distance between the star and the Earth. To see the
GW signal above noise, we need ðΔθÞspot ≲ hc; i.e.,
½ðΔIr2Þ=ðI0R2

WDÞ�RWD ≲ hcdWD. There are two important
takeaways from this expression. First, the angular deflec-
tion caused by a fixed total fractional luminosity change,
ΔL=L0 ∼ ðΔIAspotÞ=ðI0AWDÞ ∼ ðΔIr2Þ=ðI0R2

WDÞ ¼ const,
is smaller as the radius RWD of the star gets smaller. It is
thus advantageous to look at smaller stars, since they can
tolerate larger fractional luminosity (and hence, apparent
brightness) fluctuations. Second, the effect of these fluc-
tuations on the inferred angular position of the star
decreases with increasing distance dWD between the
Earth and the star. However, one cannot make dWD
arbitrarily large without metrological consequences: a
distant star is fainter (higher apparent magnitude), increas-
ing the photon shot noise in the measurement of its angular
position, ðΔθÞshot ∝ 1=

ffiffiffiffiffiffi
Nγ

p
∝ dWD. There is thus a dis-

tance trade-off to be made between starspot and photon-
statistics noise sources.
In this context, we point out that isolated, hot, non-

pulsating, nonmagnetic WD are natural candidates for such
measurements.
First, hot WD with T ≳ ðfewÞ × 104 K (the exact thresh-

old depends on the class of WD) are expected to have fully
radiative atmospheres, and should therefore lack conven-
tional starspots, as the latter are believed to form owing to
magnetic fields inhibiting convective activity in the stellar
outskirts when this is the dominant energy transfer process
(see, e.g., Refs. [83–85]). Nevertheless, unconventional
spots could be present and/or our understanding of WD
surfaces incomplete, and it is therefore useful to have direct
empirical handles on the existence of any such spots. WD
time-series photometric data supply one such handle to
confirm the absence of starspots.
Since white dwarfs typically have rotational periods of

TWD ≲ few days [fWD ≳ 3 μHz] [86,87] (and some as short
as a few hours or less: e.g., Refs. [88,89]), low-frequency
starspot activity in the 10 nHz–μHz band is likely to have
an observable component that appears at the WD rotational

frequency, and that appears as a brightness fluctuation in
high-cadence measurements that span a number of rota-
tional periods. That is, if a starspot that is variable on longer
timescales is present on a star that rotates faster than the
starspot lifetime and the stellar rotational axis is oriented
with respect to the line of sight from Earth in such a way
that the location of the spot appears and disappears from
view on the rotational period, then the overall brightness of
the star will be observed to fluctuate at the rotational period
of the star (see, e.g., Ref. [88] for a starspot discovery on a
massive WD owing to such a periodic photometric bright-
ness fluctuation). The absence of such brightness fluctua-
tions thus strongly suggests the absence of lower-frequency
starspot activity (i.e., excludes the existence of starspots
that survive longer than the rotational period of the WD).5

A possible exception to the above argument is if the
viewing alignment is unlucky given the starspot location on
the star, such that the spot does not (fully) disappear from
view under WD rotation. With the tuned exception of a star
viewed almost directly down its rotational pole, some
reduced brightness variation will however still be present,
owing to geometrical effects: i.e., the spot orientation
oscillates between being more or less face-on as it rotates
on the visible face of the star. The reduced amplitude of the
brightness fluctuation would allow the existence of a larger
spot for a given measured upper bound on the brightness
variation, but unless tuning of the alignment is assumed,
this is usually by a factor of a few.
To gain intuition on the magnitude of these effects,

consider a spot with r ¼ RWD=10 that is offset by a polar
angle of 30° from the rotational axis of a star. In an example
case where that rotational axis is tilted toward the observed
by 60°, the spot is always visible to the observer. However,
in this case, the light curve of the star still undergoes a
fractional brightness variation, as measured over a full
rotational period, of approximately the same amplitude as
that which would occur if the rotational axis were instead
oriented perpendicular to the line of sight, so that the spot
becomes fully eclipsed by the star under rotation. If the
rotational axis was however more highly tilted toward the
observer, by 80° instead of 60°, the fractional brightness
variation is reduced by a factor of ∼3 as compared to the
original (30°/60°) orientation.6 On the other hand, if a

5Note that from the perspective of the low-frequency GW
measurement, the higher-frequency rotational-period modulation
of the star’s photometric position owing to the presence of the
spot would be averaged away, leaving only a possible net shift in
the inferred photometric position averaged over a number of
rotational periods; we care about the existence of spots only to the
extent that they change on longer timescales, corresponding to
the GW periods of interest, as this will cause this average inferred
photometric position of the star to drift on relevant timescales.

6Particularly unfavorable alignment occurs when the spot
position as viewed by the observer rotates so as to cross the
stellar diameter line that is perpendicular to the projection of the
rotational axis perpendicular to the line of sight.
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similar-sized starspot were to instead be located on the
equator of a star and the rotational axis were perpendicular
to the line of sight, the fractional brightness fluctuation
would be maximized and about a factor of ∼2 larger than
the original (30°/60°) orientation. This demonstrates that an
unlikely, tuned, alignment is required to suppress a star-
spot-induced rotational-periodic brightness variation sig-
nificantly; such an alignment is unlikely to occur for any
one star and is even more unlikely to occur simultaneously
for the multiple stars required to be monitored in the
context of the GW measurement. (See also the mitigation
procedures discussed in Sec. III C that could still be used to
ultimately reject any spurious GW signal that might arise
from any one star with a missed spot.)
We note that many white dwarfs are nonmagnetic and

photometrically stable, allowing them to serve as anchors in
the Landolt [90,91], CALSPEC [92,93], or other [94–96]
photometric standards. Moreover, there are around 250
known white dwarfs with magnitude less than 19 in the
Kepler/K2 optical bandpass whose (apparent) brightness
fluctuations in that band are measured to be smaller than
1% on frequencies larger than ∼μHz [97]; indeed, some of
the brighter objects are known to be stable down to the
∼10−4 level in this band [98]. Preliminary analysis of
ground-based optical photometry of a different sample of
hot, isolated, nonmagnetic (or, not highly magnetic) white
dwarfs [85,96] again indicates measured stability at the
percent level, although analysis and observation of that
sample is ongoing [85]. Likewise, short-term (few hour)
time-series photometry of various WD has been performed
using Gaia data [99], and upper limits on the variability of
many of these WD on these timescales are placed in Δm ∼
ðfewÞ × 10−3 range, corresponding7 to fractional brightness
fluctuations in the 0.1–0.5% range.8 Upper bounds on the
amplitude of any consistent, short-period (T ≤ 1 day)
photometric variation for a number of WD observed by
TESS [100] in the optical/near-IR are found to be of order
∼ðfewÞ × 10−4, and any peak-to-peak photometric varia-
tion at all on timescales larger than 30 min to be no larger
than one–few percent for it not to have been positively

detected. This sample includes some WD earlier identified
as photometric standards [94]. On the other hand, periodic
variation at the ∼0.1% level or larger in the TESS bandpass
has been positively identified in some other WD (e.g.,
a ∼ 0.1% variation of GD 394 [101], which is a unique
system known to exhibit large, 25% variation in the
extreme UV band [102,103]), and such WD would be
best avoided as targets for our proposed measurement.
Note also that a number of the WD brightness-

fluctuation upper bounds that have been placed are
statistically limited by the photon shot noise of the
measurements [99,100], although systematic effects in
the measurement platform can also play a role [97,100].
It is thus possible that with better instrumentation (e.g.,
larger collection area, greater measurement time, more
stable platforms) one may find that the brightness of these
stars is even more stable than these bounds, which would
suppress the upper bound on this noise floor further.
Assuming that the brightness is stable to∼10−4 in linewith

the best measured stabilities, the angular position of an
RWD ∼ 9000 km white dwarf (typical for a carbon–oxygen
WD of typical mass MWD ∼ 0.6 M⊙) at a distance dWD ∼
1 kpc would be stable to ∼3 × 10−17 under the action of a
moving starspot of the largest size allowed without violating
the brightness fluctuation limit (assuming favorable geom-
etry). Indeed, our argument applies equally to the total area of
the star covered by spots at any given time, even if there is
more than one spot; this is because our argument is based on
known observational bounds on the net total brightness
fluctuation. This would be sufficiently small starspot noise to
allow access to a large portion of the GW frequency band of
interest. If additional measurements prove that the bright-
nesses of these white dwarfs are ultimately even more stable
than statistically limited measurements to date have found, it
would allow the use of less distant white dwarfs for these
measurements (or increased precision).
For the remainder of this paper, we take current limits and

adopt a benchmark value of ∼10−4 for brightness stability
and thus consider white dwarfs at a distance dWD ∼ 1 kpc.
Note that this is conservative in the sense that we are using
observational brightness fluctuations to bound the mere
presence of starspots; in order for starspot-induced photo-
metric jitter to be a noise source, that jitter would also need to
have strong frequency overlap with our band of interest.

B. Planets

A planet orbiting a distant star will cause the c.m. of the
star to wobble periodically around the barycenter of the
system. While this is one of the oldest known (but also one
of the more challenging) potential signals for exoplanet
detection (see, e.g., Refs. [104–107]), it is a background for
GW detection. For this background to not swamp a GW
signal, the mass mp of the planet orbiting a star of mass
MWD at the measurement frequency ωGW ¼ 2πfGW must
be small enough to change the position of the star in a

7A magnitude fluctuation of Δm corresponds to a frac-
tional brightness fluctuation of ΔF=F ≈ −ð2=5Þ lnð10ÞΔm≈
−0.921Δm.

8A population of variable, pulsating WD is known to rotate
with periods ranging from a few to a few tens of hours [87], but
significantly faster rotation for other WD has also been found for
WD with eclipsing spots (see, e.g., Ref. [88] and references
therein). As the relevant WD here are flux standards, they
generally lack time-dependent features that can be easily used
to extract a rotational period, and we have been unable to find
information on the rotational period of most of these WD. We
thus caution that these specific Gaia data can be used to infer the
absence of spot-induced variation only if the WD are rotating
sufficiently rapidly to cause a significant change to the spot
orientation with respect to the viewer over the duration of the
observations.
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direction transverse to the line of sight by less than
Δx ∼ hcdWD, where hc ∼ 10−17 × ðμHz=fGWÞ is the target
strain sensitivity for this mission in the frequency
band 10 nHz≲ fGW ≲ μHz.
This requirement yields

mp ≲ 1.5 × 10−8 M⊙

�
dWD

kpc

��
μHz
fGW

�1
3

�
MWD

0.6 M⊙

�2
3

: ð2Þ

In Eq. (2), we assumed that the required strain sensitivity
scales as hc ∼ 10−17 × ðμHz=fGWÞ; this leads to a
relatively flat (mp ∝ f−1=3GW ) dependence on the GW fre-
quency. Assuming a mean planetary mass density of
ρp ∼ 3g=cm3, a planet of radius rp ≳ 1300 km would be
massive enough to cause a troublesome wobble of the
position of the star. The size/mass class of problematic
objects is thus that of a minor planet or moon. Moreover, in
order for this motion to be a noise source for this
measurement, a planetary body of this class must
orbit the star in the GW frequency band of interest,
10 nHz≲ fGW ≲ μHz. For MWD ∼ 0.6 M⊙, this implies
that the planetary body must have an orbital semimajor axis
a around the star in the range 0.1 AU≲ a≲ 2 AU, in order
for the fundamental orbital period to lie in the measurement
band; higher harmonics of the orbital frequency will also
enter for eccentric orbits but are suppressed (see discus-
sions in, e.g., Refs. [44,59]).
White dwarfs are thus an attractive target from the

perspective of this noise source as well. The red-giant
branch and asymptotic-giant branch (AGB) phases of
stellar evolution that precede the white dwarf end point
involve the stellar envelope increasing to radii of up to a
few AU (with the achieved size being a function of the mass
of the stellar progenitor), as well as significant stellar mass
loss in a short time frame (∼106 yrs) [108,109]. N-body
simulations of the dynamics of multiplanetary systems
during these phases indicate that the immediate, initial
impact of these events is to clear out planetary bodies from
the inner few AU of the system [108,109]. Closer-in objects
are either directly engulfed by the stellar envelope or
undergo orbital decay induced by stellar tidal effects
(i.e., the planet raises tides on the expanded stellar
envelope, which are damped by the viscosity of the
stellar material, leading to orbital energy loss). Objects
that are initially further out avoid this fate but have their
orbital semimajor axes expanded adiabatically by the
shallowing of the gravitational potential caused by the
mass loss. However, this does not guarantee that the inner
regions of WD systems remain clear of planetary (or
smaller) bodies. Because the AGB mass-loss event
“resets” the dynamical age of the planetary system, in
systems with multiple planets, subsequent gravitational
scattering events and accumulated secular perturbations
can later repopulate the inner regions of the WD system
with planetary bodies [110–115].

Indeed, there is extensive evidence that WD systems are
actively polluted by material from asteroidal or planetary
bodies that are flung into the inner reaches of the system;
e.g., Refs. [116–153]. Metal9 absorption lines are observed
in Oð30%Þ of WD [111,114,118,121,125,126,129–
131,133,148,153], and around 3% of WD are measured
to have an excess of infrared (IR) emission for which
the consensus model is a radiating accretion dust disk that
is heated to IR emission temperatures by the WD radi-
ation field [114,117,121,124,126,127,130,131,137,153].
Additionally, metal emission lines are seen in some fraction
of WD, which is evidence for some region of the dust disk
having sublimated to gas [122,132,140,144,145], and metal
absorption lines are also seen in at least one system that is
viewed mostly edge on [133]. There are also a number
of other systems in which complicated close transits of
rocky material have been observed [131,146,149,152,153].
Other systems show an absence of evidence of current
active accretion, but exhibit evidence of past accretion
events: e.g., Si absorption lines can still be present owing to
radiative levitation of Si-bearing material in the WD
atmosphere long after the sinking timescale [129]. There
is also evidence that someWD systems are host to gas-giant
planets [154–156].
The current (simplified) model explaining these observa-

tions is that small rocky bodies such as asteroids or minor
planets are flung into the interior of theWD system (after the
end of the preceding AGB phase) by some perturbing distant
mass (perhaps a more massive planet orbiting further out).
These objects approach theWD closer than their Roche limit
(typically, ∼R⊙), leading to their breakup and eventual
grinding and dispersion into a dust disk via collisions or
other mechanisms [110–115,117,119,126,148]. As the dust
orbits decay, they approach the WD more closely, which can
lead to their heating above the gas sublimation temperature,
followed by rapid orbital decay and accretion onto the WD
owing to the larger gas viscosity [129].
The sinking timescales for metals in the atmospheres

of DA-type WD (i.e., those with a hydrogen-dominated
atmosphere), of order hours to days [132,157], are much
shorter than the cooling ages of those WD. Accretion in
these systems must thus be actively ongoing today for
the above observational features to be present. The largest
estimated (instantaneous) accretion rates for rocky-
type planetary material on DA WD are in the ballpark of
∼109 g=s, or ∼10−17 M⊙=yr [120,123,132,142]. For DB-
type WD (helium-dominated atmosphere), the sinking
timescale is longer, of order 105–106 yrs [157], but still
shorter than the cooling age, and inferred mass accre-
tion rates are larger, maximally around ∼1011 g=s, or
∼10−15 M⊙=yr [132,133]. These rates should however

9We utilize the astrophysical definition of metal: any material
comprised of elements with an atomic number Z > 2.
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be understood as averaged rates over accretion events
occurring over the sinking timescale [129].
Depending on the timescale over which the accretion is

assumed to have proceeded, a variety of different estimates
show that the total amount of material accreted by such
WD may be in the range from the mass of a rocky asteroid
of a few tens of kilometers in diameter up to a minor-
planet sized body (but with the accretion in the latter
case having occurred over a sizeable fraction of the WD
cooling age) [119,120,123,133,138,146], with the mass of
metals in the photospheres today needed to explain metal
absorption lines being toward the lower end of that range.
If one were to assume a steady-state situation with the
WD dust disks being replenished at the same rate they
accrete onto the WD, then we would expect no more than
∼10−14 M⊙ of mass to be added to the disk over a
representative 10 year duration of our GW mission.
Because this is much lower than the mass of the problem-
atic planetary bodies we estimated in Eq. (2), it seems
unlikely bodies of a problematic size are undergoing such
close approaches to the WD on relevant timescales. Of
course, indications of dust accretion could however be
evidence of these systems are host to other (more) stably
orbiting perturbing massive bodies of potentially trouble-
some mass, and one may thus wish to avoid them.
In summary, it has become increasingly clear in the

past few decades of observations that WD systems can
still be quite dynamical environments and that there is
no guarantee that planets and asteroids are absent from
the inner few AU of such systems, notwithstanding an
initial inner-system clearing during the AGB phase of
stellar evolution. Overall, it is estimated that around 50%
of WD systems are either accreting rocky material today
or have done so in the past [129]. In order to select for
WD that are likely to be less dynamical, or less likely to
be host to planetary bodies of a problematic nature, one
could thus design a mission to undertake our proposed
measurement using evidence of accretion as a veto
criterion for the WD. Because only half of WD are
estimated to have active or past accretion, this would not
be too severe a restriction.
Moreover, even were this not a completely successful

veto on systems with problematic planetary bodies, in any
given WD system, we may expect at most perhaps a few
minor bodies of a problematic mass to find themselves in
the inner stellar system during the WD phase. With a
mission duration∼10 years, such minor bodies will prevent
the use of that specific stellar system for gravitational-wave
detection at the fundamental frequency of the minor body
and at higher orbital-frequency harmonics, within a band-
width ∼1=ð10 yrsÞ ∼ 3 nHz around each such frequency
(assuming the orbit is not significantly perturbed from a
two-body Keplerian orbit). This would remove a relatively
small part of the frequency band of interest in any given

WD system. However, since there are a large number of
white dwarfs within ∼kpc distances10 and many of these
white dwarfs are expected to be nonmagnetic and photo-
metrically stable, a mission will have a large number of
potential WD targets to observe. It would be rather unlikely
for multiple WD systems to exhibit sufficiently large
orbiting planetary bodies at the same frequency (N-body
simulations make clear that the endpoint of the system
evolution is sensitive to initial conditions). Thus, even if a
particular WD system is unusable for a small chunk of the
frequency band owing to a planetary disturbance, it should
be possible to find other systems where that part of the band
should be accessible.

C. Noise mitigation

There are also ways to either mitigate noise or test any
putative signal for robustness. For instance, suppose a
single WD is orbited by a planet. Because the planetary
orbit (and thus the stellar orbit around the barycenter of
the system) will in general be elliptical, this will cause a
wobble that is not at a single frequency, but rather has
higher harmonics that, although suppressed, encode
information about the planetary orbit. It is possible, if
the signal is large enough, that this information could be
used to fit out the planetary motion to some extent,
mitigating the noise.
Moreover, neither starspot noise nor planetary-wobble

noise give rise to a signal exactly degenerate with an
astrometric GW signal, in particular, because these noises
will be specific to the stellar system in question, while the
GW signal is common (up to orientation and location
effects) to all monitored stellar systems given that we
search for the astrometric “Earth term”; see the Appendix.
In particular, a search could be explicitly designed to look
only for a common signal, omitting signals that are
dominated by one or two stars. We have however not
quantified here the degree of noise suppression this can
achieve.
Nevertheless, it is possible that a sufficiently periodic

noise source on any one star could still mislead such
an analysis; further robustness checks could however be

10Excluding variable, binary, and magnetic WD, and those
with known IR excesses (i.e., dust disks), the Montreal White
Dwarf Database (MWDD) [158,159] lists ∼1.6 × 103 WD with
Teff > 1.5 × 104 K that lie at distances in the range from 1–2 kpc
from Earth, from a total database of ∼6.8 × 104 WD. These
WD have a mean (and modal) mass of MWD ∼ 0.5 M⊙. More-
over, of these ∼1.6 × 103 WD, roughly ∼4 × 102 also have
Teff < 2.5 × 104 K. The exclusions noted above are all based on
the default thresholds for being variable, binary, magnetic, and
having an IR excess that are defined in the MWDD search tool
and may not reach the tolerances required for this measurement;
we provide these population numbers merely to argue that a large
sample of WD in the broadly appropriate class exist, from which
appropriate candidates could be selected.
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implemented to mitigate this. For example, suppose that
some common signal is detected when a full collection of
N stars is monitored. To further veto single-system noise
perturbations that leak into the common-mode signal, one
can form N subcollections of (N − 1) objects each, by
sequentially omitting a single star, and repeat the search.
One can then can test for the presence of a putative signal
in all N such subcollections. Should the signal be absent
or reduced (in a statistically significant way) in one
particular collection of (N − 1) objects, that could be
suggestive or diagnostic that the star omitted in forming
that particular subcollection is responsible for the signal
in the full collection in a way that is contrary the signal’s
assumed common nature, perhaps because of some
intrinsic noise source. Further investigation of that star
may then be advised before claiming a positive signal
detection.

IV. THE INSTRUMENT

Having outlined the dominant fundamental (i.e., non-
instrumental) noise sources for this measurement, we turn
in this section to outlining some of the requirements on the
instrument that would be necessary to search for this
astrometric deflection signal.
In the frequency band 10 nHz–μHz, the angular fluc-

tuation Δθ of a stellar position induced by a gravitational
wave of fixed strain hc is

Δθ ∼ hc ð3Þ

in a time TGW ∼ 1=fGW, independent of the frequency fGW
of the gravitational wave. The expected astrophysical
background in gravitational waves yields a characteristic
strain that is hc ∼ 10−17 × ðμHz=fGWÞ, and a number of
interesting astrophysical sources with hc ∼ 10−16 − 10−17

exist even at fGW ∼ μHz [12]. We thus consider the
parameters necessary to obtain an angular sensitivity in
the ballpark of Δθ ∼ hc ∼ ðfewÞ × 10−17 after integrating
for a time TGW ¼ 1=fGW ∼ 106 s.
The only technology that can plausibly achieve the

required extreme angular precision for this mission is
space-based stellar interferometry. Our interest is aimed
at astrometry of photometrically stable, nonmagnetic white
dwarfs. For this purpose, we consider white dwarfs with
surface temperatures T ∼ 2 × 104 K, yielding photons with
peak wavelength per Wien’s displacement law of
λWien ∼ 1.4 × 103 Å ∼ 0.14 μm, which lies in the far UV.
These are somewhat hotter than typical white dwarfs, but
there over a thousand of them within a shell from ∼1–2 kpc
from Earth (see footnote 10). The photon number
flux density at the Earth from such a source with radius
RWD ∼ 9 × 103 km (typical for aMWD ∼ 0.6 M⊙ WD) and

distance dWD ∼ kpc, peaked at λWien ∼ 1.4 × 103 Å, is
roughly11 F0 ∼ 5.6 × 102 m−2 s−1.
The angular sensitivity of an interferometer with baseline

B, collecting area A, and interrogation time τ to such a
photon source is

Δθ ∼
λ

B
1ffiffiffiffiffiffiffiffiffiffiffi
F0Aτ

p ð4Þ

∼ 4 × 10−15 ×
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where we took τ ∼ TGW ¼ 1=fGW in order to compare this
to characteristic strain (i.e., the strain amplitude detectable
given one GW period of observation time).
The A ∼ 2 m2 collecting area and B ∼ 1 km baseline we

used at Eq. (5) are broadly in line with the parameters of the
proposed Stellar Imager mission (see Table I). While SI was
never launched, its basic parameters, while ambitious, are
believed to be technologically possible. These parameters
however do not quite suffice to access the interesting levels
of strain in the band of interest.
We have therefore also provided a more aggressive

fiducial estimate at Eq. (6) assuming two improvements:
(a) We have increased the collecting area to match that of the

11For the purposes of this estimate, we take the rough
approximation that we can treat the incoming flux as all being
at the peak (Wien) wavelength of the Planck distribution; that is,
we estimate F0 ∼ ðπ2=60ÞT4 × ð4πR2

WDÞ=ð4πd2WDÞ=Eγ and we
take Eγ ∼ 2π=λWien ∼ ð2π=bWienÞT ≈ 4.97T. Note that if we
instead took Eγ ∼ T, then the flux estimate would increase by
a factor of ≈4.97, while the estimates at Eqs. (5) and (6) would
increase by

ffiffiffiffiffiffiffiffiffi
4.97

p
≈ 2.2 if we consistently took λ ∼ 2π=T in

Eq. (4). On the other hand, if we used the wavelength at which the
number-flux of photons peaks, that would replace the numerical
factor of “4.97” in the above with a numerical factor of “3.92”,
which is a ∼20% correction. The upshot is that the estimates at
Eqs. (5) and (6) should be understood to be uncertain by an Oð3Þ
factor arising from these considerations. Alternatively, we could
argue that we should take only a slice of the spectrum around the
Wien peak. Were we to restrict to a bandwidth around the Wien
peak of �10% of the Wien peak wavelength, we would keep a
fraction ∼0.13 of the total photon flux, but we would keep using
λ ∼ λWien in Eq. (4). This would again only degrade the estimates
at Eqs. (5) and (6) by a factor of 1=

ffiffiffiffiffiffiffiffiffi
0.13

p
∼Oð3Þ.
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Hubble main mirror AHubble ∼ πð2.4 mÞ2=4 ∼ 4.5 m2 [160],
which allows a ∼50% reduction in baseline, all else being
held equal. This is however a relatively modest assumption,
and less ambitious than the collection area parameters
assumed in a proposal such as SPECS [65,66] (see
Table 1). We have also assumed (b) a baseline closer to
100 km,which is around two orders ofmagnitude larger than
that considered for either SI or SPECS (see againTable I).We
note however that our astrometric GW measurement needs
only a single baseline per star (with two collectors per
baseline) and not the full imaging capabilities of SI. This puts
it more in line with the other proposals listed in Table I from
the viewpoint of the number of independent spacecraft
required to be formation flown.
It is also of importance to note that the interferometric

fringe contrast in a stellar interferometer is typically
degraded, although not completely lost, for baselines
B sufficiently long that the source would be resolvable
(in principle) by a (hypothetical) single collector with an
aperture equal to the baseline [161]. That is, the interfero-
metric “visibility function” falls off rapidly once imaging
resolution of the interferometer, δΘ ∼ λ=B, becomes com-
parable to the apparent angular size of the disk-like stellar
source, ΘWD ∼ RWD=dWD. While this is not a strict limit, in
order to avoid this issue entirely, we can impose roughly
that δΘ≳ ΘWD. This would restrict B≲ λdWD=RWD ∼
5 × 102 km, given the parameters we have assumed here.
The B ∼ 90 km baseline indicated at Eq. (6) is well below
this limit, enabling the interferometer to operate with
effectively unsuppressed interferometric fringe contrast.
Note that for the fiducial parameters we assume at

Eq. (6), we would achieve our rough target strain sensitivity
for fGW ≲ 0.5 μHz, covering most of our band of interest.
We stress again however that the target strain of hc ∼
10−17 × ðμHz=fGWÞ is fairly rough order-of-magnitude
approximation, and louder sources are expected to exist
(see, e.g., Fig. 1 of Ref. [12]), which may allow a relaxation
of parameters. There is also clearly mission design trade
space here to optimize for collecting area and baseline
length, since hc ∝ ðBdcollectorÞ−1 where dcollector is the light-
collector diameter. It is likely to be easier and less costly
to trade off collection area for longer baselines, where
technologically possible.
We note also for the avoidance of doubt that the mission

we have in mind here would be similar in conception to
the setup of Stellar Imager with regard to achieving the
baselines required. It would not consist of a single satellite
with such a large baseline; rather, independent satellites
would be flown in formation with active metrology of the
baseline being conducted in real time and along the same
optical paths used to perform the stellar interferometry.
In order for spacecraft-to-spacecraft communications to

not result in the loss of any light, the communications
optics involved in sending the starlight from each collector
either to each other or a common interferometric combiner

“hub” would need to possess a Rayleigh range somewhat
longer than the baseline. The requirements on this com-
munications system would be relatively modest compared
to the collector optic: a dcomm ∼ 15 cm diameter optic used
to direct light from one spacecraft to the other would have a
Rayleigh range zRayleigh ¼ πd2comm=ð4λÞ ∼ 125 km for the
starlight at λ ∼ 0.14 μm. The same optic would have a
Rayleigh range of only ∼17 km for a metrology laser
operating at 1064 nm, but the available metrology laser
power of Plaser ∼ 1 W (typical for an on-orbit laser system)
yields a flux vastly larger than the stellar one: the emitted
metrology photon number-flux density is Flaser ∼ 5 ×
1018 s−1 A−1

comm where Acomm ¼ πd2comm=4. Therefore, even
over the ∼90 km baseline discussed above at Eq. (6), the
loss of some metrology laser power would not present a
problem. To see this, consider that the interferometric
accuracy with which the baseline could be measured
in this setup over one GW period would be ΔB∼
λlaserðFlaserAcommTGWð17 km=BÞ2Þ−1=2∼2×10−12λlaser for
B ∼ 90 km and fGW ¼ 1=TGW ¼ 10−6 Hz. But a fractional
error on the measurement of the baseline distance ΔB
generically leads to an angular error of order12 Δθ ∼ ΔB=B,
so that Δθ ∼ 2 × 10−12λlaser=B ∼ 3 × 10−23, which is well
below the intrinsic astrometric error estimate at Eq. (6).
One additional challenge of our proposed measurement

as compared to some other proposed space-based missions
in this class is the requirement to simultaneously measure
the astrometric positions of pairs of widely separated WD
to be able to construct their relative angular fluctuations to
the extreme angular precision required. This would of
course require one interferometric baseline per WD (i.e.,
four light collectors for a pair of WD), as well as high-
precision, active local metrology of the relative orientations
and configurations of the multiple baselines to a level at or
exceeding the individual stellar interferometric accuracy.
However, for all the same reasons as we discussed above
when we noted that local metrology of the baseline distance
itself will easily be vastly in excess of requirements to not
limit the intrinsic astrometric measurement precision, we
would expect that local metrology of the baseline orienta-
tions should not limit the measurement. It may however
require some additional optical elements to establish real-
time monitoring of all the light collectors’ relative distances
and orientations. An evaluation of the engineering required
to achieve this is beyond the scope of this paper.
The ballpark parameters of the instrument we have

discussed here are set by requiring the white dwarf to be
at dWD ∼ kpc distances. This distance requirement arose
from ensuring that the photometric jitter from any possible
starspots was not too large, which was in turn informed by

12More precisely, if θ is the angle of offset of a target from
perpendicular to the baseline, the first-order angular error induced
by a baseline measurement error is jΔθj ∼ jðΔB=BÞ tan θj. We
have assumed that tan θ ∼Oð1Þ in the text.
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assuming that the brightness fluctuations of the WDwere at
the current upper limit of ∼10−4 set by existing measure-
ments. If improved measurements show that the fractional
brightness fluctuations are smaller, we would be able to
further limit the size of any possible photometric jitter, and
it would be possible to use WD that are closer to the Earth.
The increased flux from a closer star could either be used to
decrease the baseline requirement [hc ∼ Δθ ∝ dWD=B] on
the interferometer or make it possible to achieve better
angular sensitivity for the same fixed B. The latter option
could enable the instrument to probe gravitational waves in
this μHz frequency band all the way to the astrophysical
noise floor.
We also note that our proposed measurement has a

further advantage in our band with respect to pulsar timing
arrays. PTA sensitivity is limited by the radio dish
collecting area (really, the signal-to-noise ratio, or signal
power above thermal noise for the collectors) and the
number of pulsars. Our sensitivity is also limited by optical
collecting area (really, photon shot noise) and number of
WD, but we have an additional handle: we can increase the
baseline length to increase sensitivity, keeping photon shot
noise and number of WD fixed; see Eq. (4). The main trade
off would be on the (modest) communications optics
between the satellites (in order to avoid loss of light)
and possibly station-keeping challenges.

V. OTHER TARGETS

Although we have explored nonmagnetic, photometri-
cally stable WD as targets in this work, we also mention
that there are other stars that could be plausible targets on
the basis of their photometric stability.
For instance, the multiwavelength photometric noise

mitigation strategy proposed in Ref. [162] would be able
to bring the absolute in-band photometric jitter in the
centroids of stars with Sun-like starspot activity down to
the level13 of Δx≲ 2 × 10−5Rstar for frequencies f ∼ μHz.
To achieve an angular fluctuation Δθ ∼ Δx=dstar ∼ 10−17

would then require the star to be at a distance of
dstar ∼ 2 × 1012Rstar. For a Sun-like radius star, this would
give a required distance on the order of dstar ∼ 48 kpc.
This is roughly the diameter of the Milky Way (MW), so

some observable stars should still be available at that
distance.
Note that without the mitigation strategy of Ref. [162],

the required distance would be a factor of ∼10 larger, which
might present a problem given the paucity or absence of
stars in the MW that are that distant. For a Sun-like star
with T ∼ 6 × 103 K (corresponding to λWien ∼ 0.5 μm)
at dstar ∼ 48 kpc, the photon flux with a Hubble-sized
collecting area would be such that δθ ∼ 10−17 × ð3.5 ×
103 km=BÞ × ð4.5 m2=AÞ1=2 is achievable for TGW ∼ 106 s
(again, without the noise mitigation of Ref. [162], the
baseline required would be a factor of ∼10 larger for the
same accuracy). It might thus be possible to utilize Sun-like
stars as alternative targets, but they need to be at distances
of Oð50 kpcÞ to sufficiently suppress spot-induced jitter,
and interferometric baselines of Oð3 × 103 kmÞ are
required to meet the strain-sensitivity goal given reasonable
collecting areas.
To again avoid the issue of interferometric fringe

contrast degradation, we would impose roughly that
B≲ λdstar=Rstar ∼ 103 km, for these parameters. This is
now slightly more marginal: the ∼3.5 × 103 km baseline
nominally discussed above would result in some reduction
of interferometric fringe contrast and a degradation in
angular sensitivity. In the alternative, one could imagine
taking B≲ 103 km, giving up some angular sensitivity
while maintaining the full fringe contrast. It is not clear
which of these two choices is optimal; possible future work
on these types of sources would need to explore this point
in more detail.
We note that if these same multiwavelength noise

reduction techniques can be successfully applied to the
target WD we have considered more fully in this work, it is
possible that WD closer to the Earth than ∼kpc would be
used, which would allow either improvement of the angular
sensitivity or a relaxation of mission design parameters.
Furthermore, we note that even for our WD targets, we

have limited ourselves to the consideration of WD with
temperatures TWD ≲ 2 × 104 K. We have done this to
ensure that the spectral peak does not lie too far into the
UV. Extreme UV (EUV) optics are at present a techno-
logical frontier, but advances here could potentially allow
the measurement to utilize hotter WD, which would
increase the photon flux (F0 ∝ T4) and shorten the light
wavelength, both of which would aid to decrease the
astrometric error estimate given at Eq. (4), allowing either
a relaxation of other measurement parameters or better
precision for the same parameters. Of course, even if the
spectral peak of a hotter WD lies in the EUV and is thus
unavailable absent such technological advances, hotter
sources have increased flux at all wavelengths as compared
to cooler sources, including at wavelengths longer than the
EUV. As such, although we may not be able to use the peak
wavelength for a hotter WD in the astrometric error
estimate given at Eq. (4), we could take advantage of

13A note on this estimate is in order: the quantity called
“amplitude”, hereinafter Ak, in Figs. 5 and 7 of Ref. [162] is
defined [163] as Ak ≡ jAkj=N for frequency bin k, where Ak is
the discrete Fourier transform of the windowed time-series data
as defined in Eq. (5) of Ref. [162]. We account for (1) the window
function amplitude suppression ξ ∼ 0.5, and (2) the partial
common-mode signal cancellation by a factor of ϵ ∼ 1 − 0.71 ∼
0.29 inherent in the noise reduction technique described in
Ref. [162] and presented in their Fig. 7. Then, roughly estimating
Ak ∼ 10−7Rstar in our band of interest from the upper right-
hand panel of Fig. 7 of Ref. [162], we estimate that the in-
band jitter amplitude around f ∼ μHz is Δx ∼

ffiffiffi
2

p ffiffiffiffiffiffi
fT

p
Ak ×

ðϵξÞ−1 ∼ 2 × 10−5Rstar.
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the larger photon flux F0 for hotter WD at the wavelengths
longer than the EUV, which would allow us to improve the
accuracy of the measurement regardless. In connection
with this discussion, we note that UV extinction in the
Milky Way is relatively severe [164], particularly over
distances larger than ∼kpc, but is less severe out of the
plane of the disk, although fewer hot WD would be
expected to exist out of the plane of the disk. For the
purposes of this measurement, we only require distances of
≲kpc, so this may not be an issue. There may be some trade
space here to optimize between temperature and distance or
simply to use hotter sources and gain flux while still
restricting to wavelengths longer than the EUV.
Finally, we note that earlier-type (hotter) main sequence

stars are also a possible target. They are expected to have
lower stellar activity levels than Sun-like stars; although
recent Kepler observations [165] show evidence of rota-
tionally modulated brightness fluctuations of A-type stars
that could be caused by starspots, they would still have
lower intrinsic astrometric motion than Sun-like stars. Both
of these kinds of main-sequence stars could be observed at
greater distances than WD for a given telescope collector
area, which would help to mitigate exoplanet signals.
We note that X-ray interferometry missions have also

been proposed [166–169]. A naïve check of the photon
shot-noise level of the brightest, localized X-ray sources in
the sky, indicates that this may be a promising avenue to
pursue for GW detection. We defer this to future work.

VI. CONCLUSIONS

The detection of gravitational waves in the frequency
band 10 nHz≲ fGW ≲ μHz faces a serious challenge from
gravity gradient noise from asteroids if conducted using
missions with test masses confined to the (inner) Solar
System [59]. This motivates the use of distant astrophysical
objects as test masses to search for gravitational waves in
this band. The inability of pulsar timing arrays to reach
the desired sensitivity in the upper end of this band
necessitates the need for other test bodies. In this paper,
we have pointed out that extremely high-precision astrom-
etry of a small number of nonmagnetic, hot white dwarfs
offers a promising way to probe gravitational waves in this
frequency band.
The measured brightness fluctuations of a number of

nonmagnetic white dwarfs show that starspot activity in
these white dwarfs is small enough to suppress the
associated photometric jitter below required noise levels.
Moreover, initial clearing of the inner reaches of WD
systems of problematic minor bodies and planets that are
close enough to cause the center of mass of the star to jitter
in the measurement band is expected during the red and
asymptotic giant branch phases of their progenitor evolu-
tion; however, there is a large and growing body of
evidence that dynamical gravitational processes can serve

to subsequently repopulate the inner parts of the system
with these bodies. That said, about half of white dwarfs
show no evidence of accretion of rocky material perturbed
by this kind of subsequent evolution, and these cleaner
systems may thus be the ideal targets for which to aim.
Ultimately, although any one stellar system might host a
planet(s) that would render that system unusable in some
narrow frequency bands around the planetary orbital
frequency (and its harmonics, for elliptical orbits), they
will not give rise to the common signal among all WD that
is characterstic of the GW perturbation, and there are
further mitigation strategies that can be employed to veto
any such signal.
With white dwarfs at ∼kpc distances, the astrometric

instrument necessary to detect astrophysically interesting
gravitational waves would need to be a space-based stellar
interferometer, with instrumental parameters comparable to
those of the Stellar Imager mission proposed in the 2000s.
Longer interferometric baselines, on the order of a hundred
kilometers, are however required. However, as we operate
astrometrically, we require only a single baseline per WD to
perform the GWmeasurement, not the much larger number
of baselines that SI needed to achieve imaging capabilities.
That is, since our mission proposal must be able to
simultaneously track the relative angle between at least
two widely separated stars, we require at least four light
collectors for two baselines, but that is far fewer than the
20–30 envisaged for SI. We would however require a larger
number of local active metrology systems to continually
monitor the relative orientation of the instrument. These
parameters could be relaxed if a population of white dwarfs
whose brightness is more stable than current upper limits
are found, as this would guarantee lower starpsot activity,
allowing closer WD to be utilized. This highlights the need
for additional timeseries photometric measurements of such
white dwarfs.
The possibility of using an instrument akin to Stellar

Imager to detect gravitational waves adds to the robust
science case for space-based stellar interferometric and/or
imaging missions. In addition to the many other astrophysi-
cal goals of such missions, extremely high precision astrom-
etry may also enable probes of the physics of dark matter.
Such probes have been explored using pulsar timing arrays
(e.g., Refs. [170–184]) and some measurements of dark
matter and dark-matter substructure have also been per-
formed using astrometry data from the Gaia satellite (e.g.,
Refs. [182,185–188]). It would be interesting to seewhat can
be learned from a dedicated instrument that focuses on a
smaller set of stars but with far greater angular accuracy.
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APPENDIX: ASTROMETRIC DEFLECTION
OF STELLAR POSITION BY A

GRAVITATIONAL WAVE

A careful derivation of the astrometric deflection of
the inferred position of star owing to the passage of a

gravitational wave is given in Ref. [50], and the signal has
been computed elsewhere before (see, e.g., Refs. [48,50]
and references therein). We reproduce the final result of
Ref. [50] and some of their important discussion points
here, for the convenience of the reader.
Suppose the spatial part of the metric in transverse-

traceless gauge is gij ¼ ηij þ hij with jhj ≪ 1; we take the
metric signature for the Minkowski background to be
mostly plus, and assume that hij ¼ hji. Suppose further
that hijðt; xÞ ¼ Re½Hij exp½−iωGWðt − p · xÞ�, where p is a
unit vector that parametrizes the direction of propagation of
the GW, and Hij ¼ Hji is a constant tensor, in general
complex, that we take to satisfy piHij ¼ 0.
Consider an orthonormal frame, with directions indexed

by î ¼ 1, 2, 3 and chosen so as to be aligned with the
coordinate basis if h≡ 0, that is parallel transported by an
observer located at the origin of the coordinate system,
x ¼ 0. Consider a star that is measured to be located at
direction nî in that frame. The GW will cause this position
to fluctuate: nîðtÞ ¼ nî0 þ δnîðtÞ. To first order in jhj, it can
be shown that [50]

δnîðtÞ ¼ Re

2
666666664

e−iωGWtnj0n
k
0Hjk

2ð1þ p · n0Þ

0
BBB@

ni0

�
1 −

ið2þ p · n0Þ
ωGWdð1þ p · n0Þ

ð1 − eiωGWdð1þp·n0ÞÞ
�

þpi

�
1 −

i
ωGWdð1þ p · n0Þ

ð1 − eiωGWdð1þp·n0ÞÞ
�
1
CCCA

−e−iωGWtnj0Hij

�
1

2
−

i
ωGWdð1þ p · n0Þ

ð1 − eiωGWdð1þp·n0ÞÞ
�

3
777777775
; ðA1Þ

where t is the time of observation at the origin, d is the
coordinate distance to the source (at this order, this can be
consistently replaced with the proper distance), and ωGW is
the GWangular frequency. All dot products are consistently
at this order taken assuming a spatial metric equal to the
identity (note that although p has components in the
coordinate basis and n has components in the orthonormal
basis, the difference between the coordinate and orthonor-
mal basis vectors is OðhÞ, so this can be ignored at leading
order). Note also that n0 · δn ¼ 0, so that both n and n0 are
unit vectors to OðhÞ [50].
If nî0 ≡ ðcosϕ sin θ; sinϕ sin θ; cos θÞî, then the angular

deflections in this orthonormal coordinate frame are given
to leading order in jHj ≪ 1 by [50]

δθ¼δnîθ̂î0; θ̂î0≡ðcosϕcosθ;sinϕcosθ;−sinθÞî; ðA2Þ

δϕ ¼ δnîϕ̂î
0

sin θ
; ϕ̂î

0 ≡ ð− sinϕ; cosϕ; 0Þî: ðA3Þ

Finding the fluctuation in the angular separation ψðtÞ≡
ψ0 þ δψðtÞ between any two stars n ¼ ð1Þ; ð2Þ is also
straightforward: at leading order,

cosψðtÞ ¼ nð1ÞðtÞ · nð2ÞðtÞ ðA4Þ

⇒ δψðtÞ ¼ −
n0;ð1Þ · δnð2ÞðtÞ þ n0;ð2Þ · δnð1ÞðtÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ðn0;ð1Þ · n0;ð2ÞÞ2
q ; ðA5Þ

where, again, all dot products here are taken assuming a
spatial metric equal to the identity as they are evaluated in
the parallel-transported orthonormal coordinate frame car-
ried by the observer. Note that the apparent discontinuity at
n0;ð1Þ · n0;ð2Þ ¼ 1 is removable since δψðtÞ≡ 0 when the
stars are colocated.
In the distant-source limit, dωGW ≫ 1, only the local

(“Earth term”) remains in Eq. (A1) [50],
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δnî ¼ Re

�
ðni0 þ piÞ e

−iωGWtnj0n
k
0Hjk

2ð1þ p · n0Þ
−
1

2
e−iωGWtnj0Hij

�
ðA6Þ

¼
� ðni0 þ piÞnk0
2ð1þ p · n0Þ

−
1

2
δik

�
nj0 × Re½e−iωGWtHjk�; ðA7Þ

where at the last step we assumed without loss of generality
that p and n0 are real 3-vectors, and we used the symmetry
of H.
If we take p ¼ ẑ, then the GW can be parametrized up to

an overall phase that is degenerate with a time translation

by Hij ¼ hð0Þþ ðδi1δj1 − δi2δj2Þ þ hð0Þ× e−iαðδi1δj2 þ δi2δj1Þ
where hð0Þþ;× are the amplitudes of the þ;× polarizations,
respectively, and α is a phase. Then, we have angular

deflections with respect to the observer’s parallel-trans-
ported orthonormal coordinate frame of

δθ ¼ −
hð0Þþ
2

sinðθÞ cosð2ϕÞ cosðωGWtÞ

−
hð0Þ×

2
sinðθÞ sinð2ϕÞ cosðωGWtþ αÞ; ðA8Þ

δϕ ¼ hð0Þþ
2

sinð2ϕÞ cosðωGWtÞ

−
hð0Þ×

2
cosð2ϕÞ cosðωGWtþ αÞ: ðA9Þ

The quadrupolar nature of this result (i.e., terms
∝ sin 2ϕ; cos 2ϕ) is manifest. Moreover, the deflections

are of Oðhð0Þþ;×Þ and oscillate with frequency fGW.
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