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ABSTRACT
White dwarf stars are a well-established tool for studying Galactic stellar populations. Two white dwarfs in a tight binary
system offer us an additional messenger – gravitational waves – for exploring the Milky Way and its immediate surroundings.
Gravitational waves produced by double white dwarf (DWD) binaries can be detected by the future Laser Interferometer Space
Antenna (LISA). Numerous and widespread DWDs have the potential to probe shapes, masses, and formation histories of the
stellar populations in the Galactic neighbourhood. In this work we outline a method for estimating the total stellar mass of Milky
Way satellite galaxies based on the number of DWDs detected by LISA. To constrain the mass we perform a Bayesian inference
using binary population synthesis models and considering the number of detected DWDs associated with the satellite and the
measured distance to the satellite as the only inputs. Based on a fiducial binary population synthesis model we find that for
large satellites the stellar masses can be recovered to within (1) a factor 2 if the star formation history (SFH) is known and (2)
an order of magnitude when marginalizing over different SFH models. For smaller satellites we can place upper limits on their
stellar mass. Gravitational wave observations can provide mass measurements for large satellites that are comparable, and in
some cases more precise, than standard electromagnetic observations.
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1 IN T RO D U C T I O N

White dwarf stars are unique tracers of our Galaxy. Being remnants
of old low-mass stars, white dwarfs bear the imprint of the early
formation history of the Milky Way inaccessible through more
massive stars. The luminosity of a white dwarf depends mainly on
its (cooling) age. This property makes white dwarfs a useful tool for
dating and reconstructing star formation histories (SFHs) of Galactic
stellar populations (e.g. Tremblay et al. 2014; Kilic et al. 2017; Fantin
et al. 2019; but see Temmink et al. 2020). When two white dwarfs
happen to form a short orbital period double white dwarf (DWD)
binary they offer us an additional messenger for studying our Galaxy:
gravitational waves (GWs). DWDs are one of the primary targets for
the Laser Interferometer Space Antenna (LISA) designed to detect
GWs in the mHz frequency band (Amaro-Seoane et al. 2017). Tens of
thousands of DWDs are expected to be detected by LISA throughout
the virial volume of the Galaxy (hundreds of kpc3) and in massive
Milky Way satellites (e.g. Korol, Koop & Rossi 2018; Lamberts et al.
2019; Korol et al. 2020; Roebber et al. 2020). Therefore, they can be
used to trace the shape of the Galaxy (Adams, Cornish & Littenberg
2012; Korol, Rossi & Barausse 2019; Wilhelm et al. 2021). We argue
that when combined with DWD evolution models, the LISA sample
has the potential to probe the Milky Way’s properties such as the total
stellar mass, the SFH, and the initial mass function (IMF). In this
work, we make the first steps towards investigating these properties
by focusing on the total stellar mass of the Milky Way satellite
galaxies.

� E-mail: korol@star.sr.bham.ac.uk

The stellar mass of a galaxy is often determined from its measured
luminosity and an estimate of its stellar-mass-light ratio (M/L). The
latter can be derived from stellar population synthesis (SPS) models
(e.g. Tinsley & Gunn 1976; Bruzual A. 1983; Renzini & Buzzoni
1986; Maraston 1998). SPS models combine stellar isochrones,
spectral libraries, and the IMF – each dependent on the metallicity –
with an SFH and a dust attenuation law to provide the M/L ratio in a
specific electromagnetic band, or even the entire spectral energy
distribution of a galaxy. One can then recover the stellar mass
of the galaxy by fitting the obtained SPS models to observations.
Typical uncertainties associated with SPS ingredients such as galaxy
evolution and dust prescription result into 0.1–0.3 dex uncertainty
on the stellar mass, while the variations in the slope of the IMF
may further increase the uncertainty by up to a factor of two (Bell
& de Jong 2001; Conroy, Gunn & White 2009; McGaugh 2012).
Nevertheless, SPS models are one of the key tools for translating
between photometry and dynamics.

Building upon the analogy with SPS models, in this work we want
to infer the total stellar mass of a galaxy based on the number of
detected GW sources. As a proof-of-principle example we focus on
the case of Milky Way satellites that requires a very small number
of inputs and assumptions. We anticipate that our method could also
be extended for measuring the mass of the Milky Way. However,
in addition to resolved DWDs, LISA will also detect an unresolved
Galactic stochastic background (e.g. Farmer & Phinney 2003; Edlund
et al. 2005), which requires a more complex modelling that we defer
to a future work. The stochastic background dominates at frequencies
< 3 mHz, while DWDs in satellites that LISA can detect are expected
to be at higher frequencies.
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2 SATELLITE MASS INFERENCE

A Milky Way satellite with a stellar mass > 106 M� can host enough
DWDs to be identified as a satellite galaxy in the LISA data (Roebber
et al. 2020). We want to estimate the satellite’s stellar mass (M�) given
the total number of DWDs detected in the satellite by LISA (N) and
the satellite’s distance (D). The measurement of the distance can
come from either electromagnetic and GW observations.

Using Bayes’ theorem, we write the posterior on the mass as

p(M�, τ,D|N ) ∝ L(N |M�, τ, D) π (M�, τ, D), (1)

where L(N |M�, τ, D) is the likelihood with τ being time since
the beginning of the star formation, π (M�, τ , D) is the prior (we
will not need the normalizing Bayesian evidence). In our inference
problem, the likelihood is the probability that N sources are produced
from a generative model of the satellite galaxy. Here, we adopt
satellite models from our previous work based on the DWD evolution
models of Toonen, Nelemans & Portegies Zwart (2012) with the γα

common envelope prescription (Nelemans, Yungelson & Portegies
Zwart 2001), initial binary fraction of 0.5, the Kroupa IMF (Kroupa,
Tout & Gilmore 1993), and metallicity of 0.001 (for further details
see Korol et al. 2020). These models assume three alternative SFHs:
constantly star forming at 1 M�yr−1, exponentially declining with
time-scale of 5 Gyr and a single burst. For a given SFH, our inference
problem require the time since the start of the star formation and the
distance (in order to assess LISA selection effects) to predict the
number of detections at present time per unit Solar mass μ(τ , D).
The number of detections can then be re-scaled to the mass of a
satellite; the expected number of sources is written λ = M�μ(τ ,
D), where μ(τ , D) is computed from our models and interpolated
over a 2D grid of distances and times (see Fig. 1). In addition, we
assume that the LISA event count follows a Poisson distribution, and
therefore write

L(N |M�, τ, D) = Poisson
(
N ; λ[M�, τ, D]

) = λN exp(−λ)

N !
. (2)

We chose a uniform prior in log M� (or π [M�]∝1/M�) in the range
106–1010 M�, where the lower mass end corresponds roughly to a
minimum satellite mass required to host at least one LISA detection
(Korol et al. 2020) and the upper end to the mass of the largest Milky
Way satellite (the Large Magellanic Cloud, LMC).

Because we are interested in the stellar mass, the posterior is
marginalized over the distance and time

p(M�|N ) ∝ π (M�)
∫

dτ

∫
dD L

(
N, |M�, τ, D

)
π (D)π (τ ). (3)

The distance to the satellite is usually known, either from electro-
magnetic or GW observations. Therefore, we adopt a Gaussian prior
centred on the true distance and with a standard deviation equal to the
measurement error. Unless stated otherwise, we assume a distance
error of 10 per cent, which corresponds roughly to the galaxy radius
for a typical satellite in the Galactic halo. For the constant SFH model
we adopt a uniform prior in log τ in the range 1–10 Gyr. We limit the
prior on τ to 1–6 Gyr for the single burst SFH model as it is more
appropriate for young stellar populations. Vice versa, we limit the
age prior for the exponential model to 4–10 Gyr because this SFH is
more representative of an old stellar population.

3 R ESULTS

In this section we test the above inference approach in three cases:
(1) proof-of-principle example; (2) satellites from a cosmological

simulation of a Milky Way-like halo for which we do not know the
SFH; and (3) realistic models of known satellites.

3.1 Proof-of-principle

Consider a test galaxy with M true
� = 4 × 107 M�, forming stars at a

constant rate of 1 M�yr−1 for τ = 5 Gyr at a distance of D = 35 kpc.
For these parameters our fiducial DWD population synthesis model
predicts 9 LISA detections (cf. star in Fig. 1). We now use the
inference method described in Section 2 to show that we can recover
the original stellar mass.

We sample the posterior (equation 1) using the affine invariant
sampler EMCEE (Foreman-Mackey et al. 2013) before marginaliz-
ing (equation 3) to measure the stellar mass. We recover Mest

� =
4.2+2.1

−1.5 × 107 M�, where the errors represent 1σ uncertainty. The
uncertainty on the mass depends only weakly on the distance
measurement; reducing (increasing) the uncertainty to 5 per cent
(30 per cent) changes the mass estimate to 4.1+2.1

−1.4 × 107 M�
(4.2+3.5

−2.1 × 107 M�). Instead it mostly comes from the uncertainty
on the age and the Poisson fluctuations on the DWD count; indeed,
when applying a more stringent prior on the satellite’s age (a Gaussian
centred on the true age ±1 Gyr, we reduce the uncertainty on the mass
by 50 per cent).

We now examine the sensitivity of our mass measurement to the
assumed SFH. If we re-analyse the same example ‘incorrectly’ using
the exponential SFH model we obtain Mest

� = 14.8+9.3
−6.0 × 107 M�,

which overestimates the satellite’s mass by ∼1.8σ . The single
burst model yields a more precise measurement of Mest

� = 6.3+5.6
−2.9 ×

107 M�. This behaviour can be understood with the aid of Fig. 2
which shows the number of LISA detections for the test satellite
predicted by the three SFH models as a function of time. The
constant SFH model is consistent with the observed number of
sources (Poissonian error 9 ± √

9) for all times. The exponential
model predicts fewer sources leading to an overestimate of the mass
as a compensation. Because no new binaries are formed at τ > 0,
the single burst SFH model is shaped by binary evolution with the
peaks corresponding to the typical time-scales required for DWDs of
different masses to enter the LISA band (e.g. the first peak rises from
more massive but short-lived carbon–oxygen white dwarfs binaries;
cf. fig. 1 of Korol et al. 2020). It remains below the constant SFH
model for τ > 1 Gyr and overlaps with the source count uncertainty
for τ < 6 Gyr, meaning that the single burst model will tend to
overestimate the mass compared to the true value. An example of
posteriors on the free parameters of our inference problem (τ, D and
M�) is shown in Fig. 3. It demonstrates that counting the number
of LISA sources in a satellite does not constrain the age (i.e. time
science star formation) or distance (as we essentially recover the
priors), but does provide a measurement of the stellar mass. Finally,
if the SFH is uncertain, it is possible to marginalize over different
scenarios. Marginalizing over the three considered SFHs (with equal
prior weights) for our test galaxy gives Mest

� = 4.8+9.6
−2.9 × 107 M�.

Finally, we want to assess the robustness of our inference model
against assumptions on the DWD population such as the initial binary
fraction, metallicity, and IMF. In re-scaling the number of detected
DWDs to assume the initial binary fraction of 30–90 per cent, we
find the recovered mass using the fiducial values stays within 1σ

from the assumed ‘true’ mass. In addition, we test IMFs of Miller
& Scalo (1979) and Scalo (1986). Although both favour more DWD
progenitors compared to the Kroupa IMF, we find a similar number
of LISA detections as for the fiducial model (for discussion see
section 4.2 of Korol et al. 2020). For metallicity values of 0.0001 and
0.02 we obtain 7 and 9 detectable DWDs for the test satellite. Thus,
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Figure 1. Number of LISA detections per 1 M� as a function of distance to the satellite and time since the beginning of star formation. Three SFHs are
considered (from left to right): exponentially declining with the time-scale of 5 Gyr, constantly star forming at the rate of 1 M�yr−1 and a single burst of star
formation τ Gyr ago. The star represents the test satellite considered in Section 3.1.

Figure 2. Number of LISA detections as a function of time for the test since
the beginning of star formation for the test galaxy with M� = 4 × 107 M�
and D = 35 kpc. The SFH models are an exponential (green), constant
(orange), and single burst (blue). The star represents the number of detections
corresponding for the test satellite at τ = 5 Gyr. The dashed horizontal line
represents the number of detections in the test example while shaded region
represents the respective Poissonian error (9 ± √

9).

variations in IMF and metallicity does not significantly influence the
accuracy of our mass estimates. The largest variation in the number
of detectable DWDs come from the assumptions on the common
envelope evolution (Toonen et al. 2017); in Korol et al. (2020) the
largest variation among the satellite models is less than a factor of
2. Because the posterior of the satellite mass is not symmetric, by
increasing the number of detections by a factor of 2 we overestimate
the mass by 2σ , while by decreasing the number of detections our
mass estimate stays within 1σ for all SFHs.

3.2 Synthetic satellites with different SFHs

Now, we would like to test our method on a few cases with the SFHs
that differ from our models described above. In the absence of the
real data we construct a mock data set by combining our DWDs
evolution models with cosmological simulations of the Milky Way-
like haloes from Bullock & Johnston (2005). Specifically, for this
work we employed their halo 17 and halo 07. We assign a number
of DWDs to particles in each simulation based on the particle’s mass
and randomly draw binaries from our fiducial DWD evolution model
with γα − common envelope prescription (Nelemans et al. 2001),
metallicity of 0.001, the IMF of Kroupa et al. (1993), and initial

Figure 3. Posteriors for the test galaxy. From this corner plot it can be seen
that counting the number of LISA sources in a satellite does not provide a
good measurement of the age. It also does not provide a good measurement
of the distance (we essentially recover the Gaussian prior). However, it does
provide a measurement of the stellar mass.

binary fraction of 0.5 (for details see Toonen et al. 2012). We then
model the orbital evolution of the binaries due to the GW radiation
starting from the DWD formation until the age of the simulation
particle. We discard binaries if their formation times are greater than
the age of the simulation particle – they have begun mass transfer
(i.e. when one of the white dwarfs fills its Roche lobe) or they have
already merged within this time. We compute the detectability of
the DWDs with LISA as described in Section 2.4 of Korol et al.
(2020). The detection threshold for a signal to noise of 7 after 4 yr
of observations with LISA yields DWD detections from a number of
satellites with masses of 107–109 M�.

We list the true properties and the recovered total stellar masses of
the mock satellites in Table 1. We note that overall, the constant SFH
model is more precise compared to the other two SFH models, but
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Table 1. Summary of galaxy properties and the recovered stellar masses from N DWDs detected with a 4 yr LISA mission.
The ID indicates the halo number in the simulation suite of Bullock & Johnston (2005) with the decimal indicating the sub-halo
(satellite galaxy); τ is taken to be the median age of the simulation-particles constituting the galaxy.

ID N D (kpc) τ (Gyr) M true
� (×106 M�) Mest

� (×106 M�)
Constant Exponential Burst Combined

17.2 12 53 6 91 101+52
−40 380+250

−160 102+134
−87 130+260

−100

17.3 5 35 8.4 40 21.7+18.6
−8.4 103+91

−61 61+56
−28 27+64

−19

7.4 2 72 6.2 92 24+32
−16 95+118

−60 520+2170
−480 131+316

−813

7.5 46 85 7 1266 760+240
−300 2460+1360

−600 550+1220
−510 [100−1000]a

aFor this case the posterior is multimodal and we therefore report the full interval.

it starts to be biased towards lower satelite masses when the number
of detections is too few. The exponential SFH model works better
when the number of detections is low; it yields a larger confidence
interval. The model with the burst SFH tends to give the largest
(fractional) uncertainty on the stellar mass. This can be traced back
to the oscillatory behaviour in Fig. 2. The expected number of sources
oscillates and we tend to recover multimodal posteriors on τ with
each mode giving a slightly different mass estimate; marginalizing
over τ then tends to give a larger final uncertainty.

When marginalizing over all possible SFHs (final column of
Table 1) we find very large uncertainties in some cases. We stress,
however, that this is a very conservative and unrealistic case that
assumes almost no knowledge of the history of the satellite. In order
to measure the mass of a satellite galaxy in this way requires some
knowledge of the SFH; this is analogous to the way in which SPS
models rely on prior knowledge of the physics of stellar isochrones,
the galaxy IMF etc.

3.3 Known satellites

Next, we would like to estimate the precision of our method for some
of the known MW satellites. To do this we use predictions for the
number of detectable binaries based on realistic SFHs for Sagittarius
and LMC. We recover their stellar mass using the constant SFH
model.

Using a multiburst SFH, Korol et al. (2020) forecast 10 detectable
DWDs in the Sagittarius galaxy adopting the ‘true’ (current) mass
of the remnant of 2.1 × 107 M� (McConnachie 2012; Vasiliev &
Belokurov 2020). We obtain a mass of 3.1+1.5

−1.0 × 107 M�, consistent
with the true mass. Given that the original stellar mass of the Sagit-
tarius galaxy is still uncertain and can be as high as 5.5 × 108 M�
(see Niederste-Ostholt et al. 2010; Johnson et al. 2020), a new
measurement based on GW detections will provide an important
independent constraint.

Keim, Korol & Rossi () constructed a realistic DWD catalogue for
the LMC using an SFH derived from the spatially resolved colour–
magnitude diagrams by Harris & Zaritsky (2009) and spatial stellar
mass distribution from the numerical simulation of Lucchini (2020).
Assuming M true

�LMC = 2.7 × 109 M� (van der Marel et al. 2002) they
obtained 333 detached DWDs detectable by LISA for the nominal
4 yr of mission. We input this number into our inference machinery
adopting the constant SFH model and a Gaussian prior on the distance
centered on 49.97 kpc (Pietrzyński et al. 2013) with a standard
deviation of 5 kpc (corresponding roughly to the radius of the LMC).
We recover Mest

�LMC = 2.4+0.6
−0.8 × 109 consistent with the true value

within 1σ . Our uncertainty on the LMC stellar mass is comparable
with that reported in van der Marel et al. (2002) derived by assuming
M/LV = 0.9 ± 0.2 (Bell & de Jong 2001) with LV = 30 × 109 L�.

Finally, when considering numerous smaller satellites it is likely
that LISA will detect no DWDs. In this case our approach allows us to
derive an upper limit for the satellite’s stellar mass. For example, Ko-
rol et al. (2020) find that Fornax and Sculptor galaxies will unlikely
host detectable LISA sources because of their low masses (2.0 × 107

and 2.6 × 106 M�, respectively) and/or quite large distances (147
and 86 kpc) (McConnachie 2012). By running our inference model
with N = 0 detections we can say that M� < 6.2 × 107 M� for
Fornax and M� < 4.3 × 107 M� for Sculptor – with 90 per cent
confidence.

4 D I SCUSSI ON AND C ONCLUSI ONS

In this work, we demonstrated how the total stellar mass of the Milky
Way satellites can be estimated from the number of associated LISA
GW events. Using a fiducial DWD evolution model we showed that
satellite masses inside the Milky Way virial radius can be recovered
within (1) a factor two if the SFH is known and (2) within an order of
magnitude even when marginalizing over alternative SFHs. This later
case is rather pessimistic because SFHs of the local dwarf satellites
are extensively studied in the literature (e.g. Weisz et al. 2014, for a
review). Any SFH, once known, can be implemented in our model
as was done here for three representative examples (exponential,
constant, and single burst); these examples can be further combined
to obtain more complex SFHs. We find that the constant SFH – being
less dependent on the satellite’s mean age (see Figs 1 and 2) – yields
smaller uncertainties compare to the exponential and a single burst
SFHs, and works well across several examples where the number of
GW events is more than a few (cf. Section 3.2).

The accuracy of our method mainly depends on the prior knowl-
edge of the SFH and on the number of LISA detections, increasing
with the number of detections (Poisson errors scaling as 1/

√
N .)

If no GW events are identified (e.g. when M� < 106 M� and/or
D > 100 kpc and/or the Galactic foreground is comparable to N
at the satellite’s position) our method would still allow to define
an upper limit of the satellite’s mass. Other assumptions such as
uncertainties on the distance and the age of the satellite have smaller
effects on the results. We did not quantify the effect of uncertainties
in the DWD evolution modelling. Throughout this work we have
assumed a fiducial model of Toonen et al. (2012, based on the γα-
common envelope evolution) that yields the space density of DWDs
in agreement with observations of the local white dwarf population
(Maxted & Marsh 1999; Toonen et al. 2017). Within this model, we
found that the variations of the binary fraction, IMF, and metallicity
do not significantly influence the accuracy of the mass estimate.
Other recent models reported space densities a factor of 2 lower
compared to our fiducial model (e.g. Lamberts et al. 2019; Breivik
et al. 2020a). However, in the next decades the differences between
binary evolution models should decrease as more observations will
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become available for calibration (e.g. space densities of the shortest
period DWDs detectable as eclipsing binaries, Korol et al. 2017).

The concept of the method presented here is similar to that using
M/L relations from SPS models. Although our method is still affected
by some of the similar systematic uncertainties, it does not require an
assumption on the dust attenuation and, as has been demonstrated,
is relatively mildly affected by some of assumptions employed in
DWD binary evolution models (cf. Section 3.1). Note however that
alternative common envelop prescriptions may lead to differences
of a factor of 2 (Toonen et al. 2017; Korol et al. 2020). In contract
to the M/L based estimates that are sensitive to the mass enclosed
in bright stars, GW detections yield the original stellar mass of a
satellite including the contribution due to evolved stars that are no
longer visible through light.

Our method can be refined in many ways. For example, as inputs
in the inference model, we considered only the number of DWDs
and the distance. GW observations will also provide frequency
and chirp mass distributions of DWDs that are indicative of the
satellite’s SFH (Keim et al. ), and therefore can be implemented in
the model. We focused on DWDs exclusively, but our method can be
extended to other double compact objects. Black hole and neutron
star binaries are stronger GW emitters compared to DWDs, but only
a few are expected to be detected in the most massive satellites like
the Magellanic Clouds (e.g. Lau et al. 2020). Thus, extending our
model to other double compact objects binaries could improve the
predicted number counts and the distance horizon for applicability
of the method, but would not significantly influence the estimate
of the mass. However, being more sensitive to the metallicity and
star formation rate, binary black holes and neutron stars have been
proposed to trace these properties of their host galaxies across cosmic
time (e.g. Artale et al. 2019; Chruslinska et al. 2019).

Our inference method can be extended to measuring the mass
of the Milky Way. This would require constructing a more com-
plex hierarchical Bayesian model accounting also for the spatial
distribution of the LISA detections (e.g. Adams et al. 2012). In
addition, it is necessary to account for the fact that the majority
of the DWDs in the Milky Way will be unresolved and will form
a confusion background. The shape of the confusion background
would provide additional information that can be fed into the model
(e.g. Benacquista & Holley-Bockelmann 2006; Breivik, Mingarelli
& Larson 2020b).

Based on electromagnetic studies, the stellar masses of the Milky
Way satellites – even of the most studied ones like the LMC – are
still relatively uncertain, with typical uncertainties within a factor
of a few (Bell & de Jong 2001; McGaugh 2012). With the addition
of independent measurements based on GW observations, we can
place stronger constraints on their masses. Furthermore, we can gain
a deeper understanding of the other satellite’s properties and their
co-evolution with the Milky Way.
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