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ABSTRACT

Context. The line-of-sight (l.o.s.) velocity dispersion (o7,) of the stellar component of ultra-faint-dwarf galaxies (UFDs) typically
ranges from 3 to 6 kms™!. Applying standard mass estimators, this hints at extreme dynamical mass-to-light ratios (M/L) of approx-
imately ~100-5000 M, /Lo within the half-light radius (r;,,), making UFDs the most dark-matter (DM) dominated galaxies known
and critical tests for cosmological models. However, in this regime, it is a concern whether the l.o.s. velocity component of the
orbital motion of undetected binary stars (binaries) is significantly inflating the observed o, and, consequently, UFD dynamical mass
estimates.

Aims. Our goal is to correct the current estimates of o,, and dynamical masses of UFDs to account for the presence of undetected
binaries with single-epoch data. Additionally, we generalized our methodology to work with multi-epoch data through which a fraction
of stars forming part of binary systems can be detected via velocity variations.

Methods. We used the latest binary population models in the solar neighborhood to compute the expected velocity distribution of
binary stars. Then, we convolved this distribution with a Gaussian to model the 1.0.s. velocity distribution of UFDs in a mixture model,
in which the binary fraction is a free parameter. We applied this methodology to observed UFDs whose dynamical masses are poten-
tially inflated by binaries. In order to generalize to the multi-epoch data case, we computed the velocity distribution of undetected
binaries by applying the same cuts to the models that one would apply to the observed data to remove binaries. As the datasets cur-
rently available in the literature are not suitable for this, we only tested this method using a mock dataset.

Results. We find that estimated dynamical masses of UFDs decrease by a factor of 1.5 to 3 once undetected binaries are accounted for.
These corrections significantly affect considerations about DM models based on these systems. Additionally, the lower limits of the
masses decrease significantly, even challenging the classification of Leo IV, Unions I, and Sagittarius II as galaxies. We demonstrate
that a dedicated multi-epoch observational campaign spanning one year could substantially mitigate the impact of binaries, in particular
if the presence of remaining undetected binaries is accounted for. Finally, we assessed the expected level of binary-star contamination
in DM halo density profile inferences from dynamical models of classical dwarf spheroidal galaxies, and we find that it is negligible
for Sculptor-like galaxies.

Key words. methods: statistical — binaries: spectroscopic — galaxies: dwarf — galaxies: kinematics and dynamics — Local Group —

dark matter

1. Introduction

Since the advent of digital sky surveys, an increasing number
of faint dwarf galaxies (dGs) continue to be discovered in the
Local Group (LG; Willman et al. 2005; Belokurov et al. 2008;
Bechtol et al. 2015; Koposov et al. 2015a; Cerny et al. 2023;
Smith et al. 2024, among others). In these systems, known as
ultra-faint dwarf galaxies (UFDs)', lower luminosity correlates
with higher dark-matter (DM) dominance (e.g., Simon 2019,
Battaglia & Nipoti 2022, and references therein). The faintest
ones exhibit the most extreme dynamical mass-to-light ratios
(M/L), reaching values of several thousands of solar units within
the half-light radius (rj,2) and providing a unique opportunity
to study the nature of DM. Key open issues include determin-
ing the minimum DM halo mass capable of hosting a galaxy,
understanding how some of these systems survive in the tidal
field of massive galaxies such as the Milky Way (MW) or M31

* Corresponding author: jmarroyo@iac.es
I 'We refer to LG galaxies discovered after the advent of digital sky
surveys as UFDs. Simon (2019) defines them as dwarf galaxies with
absolute magnitudes fainter than My = —7.7.

without being disrupted, and assessing whether some of them
could host cored DM halos contrary to the predictions of DM-
only simulations in a A cold-DM (ACDM) framework. UFDs are
particularly intriguing regarding this last point because they are
expected to host a cuspy DM halo not only in DM-only simula-
tions, but also when baryonic feedback is implemented, making
them a critical testing environment for the cusp—core problem
(Di Cintio et al. 2014; Tollet et al. 2016).

Dynamical mass estimations of UFDs rely on the use of
simple mass estimators. These are expressions that relate the
line-of-sight (l.o.s.) velocity dispersion (07,5) and the projected
half-light radius, R;, of the stellar component of a galaxy to the
3D dynamical mass enclosed within a region where the degener-
acy with the velocity anisotropy is minimal (e.g., 1 R, 1.33 Ry,
1.67 Ry, 1.77 Ry, and 1.8 R;, from Walker et al. 2009, Wolf et al.
2010, Amorisco & Evans 2012, Campbell et al. 2017, and Errani
et al. 2018, respectively) in this work we specifically used the
Wolf estimator to estimate dynamical masses (Wolf et al. 2010).
However, the o, estimates often face different challenges (see
the reviews by Battaglia et al. 2013, Walker 2013, and Battaglia
& Nipoti 2022). In particular, when dealing with faint galaxies,
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s are calculated using spectroscopic samples of only a few
dozen stars, making the results highly sensitive to outliers that
can artificially inflate the measured value. Additionally, UFDs’
o105 are very low, typically in the range of 3—6 kms~!, making
them susceptible to contamination from undetected binary stars
(Hargreaves et al. 1996; McConnachie & Co6té 2010; Spencer
et al. 2017). The role of binary stars is further complicated by
our lack of knowledge about their properties in UFDs. Although
binaries in the solar neighborhood are often used as a reference
point, studies have shown that their properties may not nec-
essarily apply even to the larger, “classical” dwarf spheroidal
galaxies. For example, Minor (2013) and Arroyo-Polonio et al.
(2023) found that different period distributions can describe the
observed l.o.s. velocity variability in these systems for different
binary fractions (f). The presence of binaries even compli-
cates efforts to distinguish UFDs from stellar clusters. As fainter
galaxies have been discovered, the definition of a galaxy has been
revised to accommodate these systems. According to the defini-
tion of Willman & Strader (2012), a galaxy is a gravitationally
bound collection of stars whose properties cannot be explained
solely by baryons and Newtonian gravity. In practice, this means
that systems with a significant amount of DM are classified as
galaxies, while those without it are considered globular clus-
ters. However, the presence of undetected binaries can boost the
s Values to the extent of mimicking the dynamics of DM-
dominated systems. This has led to ongoing debates about the
classification of certain objects?.

The effect of binaries on the o, of dGs has been explored
in earlier studies. In Spencer et al. (2017), the authors studied
how much undetected binaries inflate the measured o, in mock
galaxies. To do so, they assumed the binary-star properties from
the solar neighborhood (Duquennoy & Mayor 1991). Systems
with lower intrinsic o,; were the most affected ones; specifi-
cally, galaxies with intrinsic o, in the 0.5 to 2 kms~! range
are observed with o,, of around 3.5-4 kms™' for f=0.71In
McConnachie & Co6té (2010), the authors created mock stel-
lar systems without DM, such that the intrinsic o, matched
the values expected for the stellar masses of several observed
UFDs. Then they contaminated the mocks with binaries, assum-
ing different f, and analyzed what would be the measured o7,;.
They used the Duquennoy & Mayor (1991) distributions for the
parameters of binary stars. They found that the probability of
the observed o, being entirely attributable to binaries given the
UFD stellar mass is not negligible for some UFDs, hinting at
a possible lack of DM. Beyond the LG, Dabringhausen et al.
(2016) found binaries to be an important factor in explaining
the high observed o, of low-mass early-type galaxies formed
as tidal dwarf galaxies, which are expected to contain almost
no DM. However, significant progress has been made in recent
years; binary-star models for solar-neighborhood stars have been
updated (Moe & Di Stefano 2017) and numerous new systems
have been discovered, further blurring the distinction between
dGs and stellar clusters.

Various techniques have been proposed in the literature to
account for binaries when estimating o,, from multi-epoch
data. Some of these methods have been applied to observed
datasets, but only to a handful of systems. In Minor et al.
(2010), the authors used mock data to compute the fraction
of stars exhibiting significant velocity variations above a given
threshold, using this fraction to provide tabulated corrections to
correct the observed o, of classical dwarf spheroidal galaxies.

2 Metallicity spread, as an indicator of prolonged chemical evolution,
can also help distinguish galaxies from clusters.
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Martinez et al. (2011) and Simon et al. (2011) measured the o,
of Segue 1 by accounting for binaries in a mixture model, using
flexible period distributions and multi-epoch data. However, they
only had repeated measurements for a third of the entire sam-
ple, with velocity errors of approximately 6 kms~!'. Minor et al.
(2019) computed the oy, of Reticulum II, also correcting for
the effect of binaries. They combined data obtained using differ-
ent instruments to build a multi-epoch dataset. This makes their
inference on the o7, partially sensitive to the offsets between
the instruments. Buttry et al. (2022) attempted to resolve the
0 jos Of Triangulum II by using multi-epoch data but taking a dif-
ferent approach. They constrained the orbital parameters of one
known binary star so they could include it in the computation.
Nevertheless, they could not resolve the o,;.

For the rest of the systems, the o, has not been corrected
for the effect of binary stars. It is true that most of the datasets
for UFDs are single-epoch ones or have very short total time
baselines. Binaries can still be accounted for; however, it has not
yet been done in a homogeneous and systematic manner. Fur-
thermore, while multi-epoch data are now considered essential
to address these challenges, it remains unclear how much of the
effect of undetected binaries can be mitigated by a given obser-
vation strategy or whether the effect of undetected binaries with
longer periods will still be relevant.

To address these issues, we reexamined the impact of binary
stars in inflating the observed o,; of UFDs. We present a
methodology for correcting current o, estimates from single-
epoch observations similar to that presented in Martinez et al.
(2011) for multi-epoch data. This methodology accounts for
undetected binary stars using models based on the solar neigh-
borhood, while making no assumptions on f. We applied this
methodology to some UFDs with 0,; measurements potentially
inflated by binaries. Additionally, we generalized this methodol-
ogy for multi-epoch data, accounting for both unidentified and
identified binaries detected via velocity variations. This tool also
provides a framework for optimizing observational strategies to
robustly measure o7, in these systems.

In Sect. 2, we describe the methodology used to correct
single-epoch observations, as well as the UFD data used. Sect. 3
presents the corrected o,, and dynamical masses for these sys-
tems. In Sect. 4, we generalize the proposed approach to handle
multi-epoch data, which we tested it on a mock dataset. In
Sect. 5, we revisit the relation between the observed o, and
the intrinsic o7, as a function of the binary fraction f, focusing
on the regime of low-number statistics. Finally, in Sect. 6, we
summarize the main conclusions of the work.

2. Method

This section describes the methodology used to correct the mea-
sured o, in UFDs using single-epoch data for the motion of
undetected binary stars. In Sect. 2.1, we present the binary star
models assumed. In Sect. 2.2, we detail the specific mixture
model used to compute o7,,. Finally, in Sect. 2.3, we present the
datasets employed.

2.1. Binary star models

At the distances of UFDs, binary systems are unresolved.
Throughout this work, we assumed that the observed star in a
binary system is the primary. The l.0.s. velocity component of
the primary star in a binary system can be computed analytically
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(see, e.g., Green 1985):

q sin(i) [ 2nGm, 173
Vlosbin = Vi \ P+ 7 (cos (8 + w) + e cos(w)). (1)
—e

Out of the seven parameters that describe the motion, four are
intrinsic to the system (g, m;, P, and e) and three are extrinsic
(i, w, and 6). Among the intrinsic ones, m, is the mass of the
primary star; g = ’;—f is the ratio between the mass of the sec-
ondary star, m,, and of the primary star; e is the eccentricity of
the orbit around the center of mass; and P is the orbital period.
Of the extrinsic parameters, w is the argument of the periastron,
the angle corresponding to the point of the orbit that is closest
to the center of mass; i is the inclination, i.e., the angle between
the plane determined by the binary system’s orbit and the plane
perpendicular to the l.o.s.; and 6 is the true anomaly, the only
parameter that evolves with time, indicating the position of the
star along the orbit.

We adopted the parameter distributions from Moe & Di
Stefano (2017), which were derived for stars in the solar neigh-
borhood, but with some simplifications; we set m; to 0.8 M,
which is the typical mass of old metal-poor stars near the turn-
off point or in the red giant branch (RGB)3. We assumed a fixed
q distribution independent of the orbital period. Specifically, we
adopted Ysmaig = 0.3, Yiargeq = —0.65, and Fiyin = 0.15, follow-
ing the parameters presented in Moe & Di Stefano (2017). This
distribution provides an approximate description across the full
range of periods. For periods log(P[days]) < 1, we assumed cir-
cular orbits of e = 0, while for log(P[days]) > 1 we adopted a
uniform e distribution between 0 and 1. The small modifications
applied to the g and e distributions are intended to improve the
computational efficiency of the parameter sampling. We verified
that reasonable variations of these assumptions do not affect the
results presented below.

The minimum orbital separation (ay,) is set according to
Eq. (5) of Arroyo-Polonio et al. (2023) for each value of ¢ and
the radius of the primary star in order to avoid Roche-lobe over-
flow. We used 0.21 au as the typical radius for a 0.8 M, RGB
star (logg[cm s2]=1) and 0.007 au for a main-sequence (MS)
star close to the turn-off point (log g[cm s72] = 3.9). Then, we
used api, to set a minimum cutoff for the period distribution
using Kepler’s third law. To sample the extrinsic parameters, we
followed the approach described in Arroyo-Polonio et al. (2023).

In our models, we assumed that all the stars belonging to
a galaxy are either RGB or MS stars, according to the dominant
population in the dataset. The main difference with respect to the
previous models from Duquennoy & Mayor (1991) used in Minor
et al. (2010), McConnachie & Co6té (2010), and Spencer et al.
(2017), among others, is that the period and the mass ratio distri-
butions were specifically computed as a function of the mass of
the primary star.

2.2. Mixture model including binaries

We worked within the Bayesian inference framework. To account
for measurement errors in v,,; and the motion of undetected bina-
ries with a free parameter of f when computing the o, of a

3 For example, according to a synthetic population based on Basti
(Pietrinferni et al. 2013) stellar evolutionary models with a Salpeter ini-
tial mass function for a constant SFH between 12 and 13 Gyr ago and a
metallicity distribution centered at [Fe/H] = 2.3 dex with a spread of
0.5 dex, the mean mass of the stars around the main-sequence turn-off
and the RGB is 0.803 M.

system, we define the following likelihood:

Ngiar

1_[ [f (Ni(vxySv o-los) * Bl) + (1 - f)Ni(nys’ O-IOS)] , Where

i

L=

Ni(Usys, Tlos) =

(Usy.v - Ulos,[)2 ]

l (
5" 202 sac o/
27T(0'120S + Avlzox i) 2(0-105 + Avlas,i)

©))

In the above, B; is the velocity distribution of the primary stars
in a binary system for the i-th star (in the following, we explain
why it depends on the individual observed star), the symbol =
denotes convolution, and n,, is the number of stars in the sam-
ple. There are three free parameters: the systemic l.o.s. velocity
of the galaxy vy, 0o, and f. Finally, vj,,; and Avj,; are the
heliocentric l.o.s. velocity of the i-th star and its associated error.
We included vy, as a free parameter rather than using literature
values, as the inclusion of binaries can also affect the recov-
ered systemic l.o.s. velocity, mostly for very asymmetric velocity
distributions. This methodology is broadly similar to the one pre-
sented in Martinez et al. (2011), in that both account for binaries
in a mixture model. However, there are some differences in how
we computed B;, as they also dealt with contaminants from the
MW, whereas we used clean samples composed only of likely
member stars. Gration et al. (2025) also presented a similar mix-
ture model formalism that incorporates not only spectroscopic
binaries, but also visual binaries. However, their method has not
yet been applied to observed data. B; was computed from 107
Monte Carlo samples* drawn from the parameter distributions
in Sect. 2.1 and evaluated using Eq. (1). However, some cuts
must be applied to resemble what is done in observational stud-
ies: stars in the field of the UFD but with v, inconsistent with
the galaxy’s velocity distribution (e.g., deviating by more than
3 X 07,5 from the systemic velocities) are not considered UFD
members, but MW contaminant stars. In applying this cut, some
binary stars were also removed. Therefore, this must be reflected
in our representation of B;; otherwise, our models could include
stars with, for example, vjyspin > 50 km s~!, which are not actu-
ally included in the datasets of likely member stars (3 X o7, is
typically lower than 30 kms~! for UFDs and always lower than
15 kms™! for the systems studied in this work; see Table A.1).
We implement this in our models by truncating the B; distribu-

tion at 3 X Jo7 + Av} .. This excludes stars for which vy, pin

is already in a 30 tension with respect to the UFD’s velocity
distribution, even for a star with an intrinsic l.o.s. velocity of
Vlos,int = Usys- In this step, we used the value of o,, computed
without accounting for binaries (0, -0). Since the velocity
errors vary for each star, different cuts must be applied to the B;
distribution on a star-by-star basis. We caution that, in this step,
we removed binaries from both the data and the models. There-
fore, the quoted binary fraction, f, corresponds to the cleaned
dataset and not to the intrinsic binary fraction of the galaxy. For
reference, in the case of Car II (0o =0 = 3.24 km s™!) and a
velocity uncertainty of 1 kms™!, the fraction of removed bina-
ries is 4.6%, which is representative of the average value across
the sample.

We computed our inference within a Bayesian framework.
To explore the parameter space and sample from the posterior
probability distribution (PPD), we used the EMCEE package

4 We verified that the variation in the shape of B; for a number of
realizations larger than 107 is negligible.
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(Foreman-Mackey et al. 2013), a Python implementation of the
affine invariant Markov chain Monte Carlo (MCMC) ensemble
sampler (Goodman & Weare 2010). Further details about the
MCMC runs can be found in Appendix A.

2.3. Data

We analyzed UFDs that are either confirmed galaxies or candi-
date galaxies whose o7, may be inflated by undetected binary
stars, specifically those with o, < 4.5 km s~!. These UFDs
are more susceptible to the influence of undetected binaries.
According to McConnachie & Coté (2010), binaries alone can-
not produce a much larger observed o, in a system without
DM. Furthermore, Spencer et al. (2017) showed that for DM-
dominated systems with around 100 tracers, only those with
intrinsic o7, lower than 4 km s~! can have observed o, inflated
by more than 50% due to binary stars. The systems selected
based on this criterion are Bootes I, Carina II, Crater II, Eridanus
III, Hydrus I, Leo IV, Leo V, Reticulum II, Sagittarius II, Segue
1, UNIONS 1/Ursa Major III, and Willman 1 (Boo I, Car II,
Crall, Eri III, Hyd I, Leo IV, Leo V, Ret II, Sag II, Seg 1, Uni 1,
and Wil 1 hereafter; for the list of original references, see the
notes of Table A.1)°. For each system, we used the most recent
spectroscopic datasets available in the literature. Details on how
we processed the data and the relevant references are provided in
Appendix B.

3. Correcting UFDs o705 from single-epoch data

In this section, we present the o, corrected for the presence of
binary stars for the UFDs introduced in Sect. 2.3. The quoted val-
ues and errors (Table A.1) are presented in the following format:

quantity = medianj}igigg, where the 1- and 30 values represent

the difference between the [16"-84"] and [0.15th-99.85th] per-
centiles and the median of the PPD of o7,, respectively. For each
UFD, we computed the o ,; under three different assumptions:
without correcting for binary stars (f=0), assuming a flat prior
on f, and with a fixed f = 0.7 (in practice selecting 0.65 < f
< 0.75 on the PPD)é, labeled as Tlos,f=05 Tlos,f> and Tlos,f=0.7>
respectively. We also computed the dynamical mass enclosed
within the 3D half-light radius (7,2) in all the cases (labeled
as log(Mi—), log(My), log(Mi=p7)). To do so, we used the Wolf
mass estimator (Wolf et al. 2010):

4
Mayn(< r1p2) = ERI/ZO-%U,S.’ 3)

where My, (< ri2) is the mass within the 3D half-light radius,
Ri)y is the projected half-light radius, and G is the gravita-
tional constant. Since UFDs appear flattened on the sky, we
used the circularized radius Ry/» = a2 V1 — e, where ay; is the
semi-major axis of the projected half-light ellipse and e is the
ellipticity of the system.

In the following, we discuss the results that apply to the over-
all population of UFDs, as well as some specific compelling
cases. These results highlight the importance of accounting for

5 Aquarius III and Delve 1 are special cases not included in the
analysis; see Appendix D for details.

6 We adopted f = 0.7 as an extreme yet plausible value, consistent
with the upper bound of the 1o range of the expected binary fraction
for solar-neighbourhood systems at [Fe/H] = —3 (Moe et al. 2019). In
addition, the only direct constraint on f for a UFD comes from Minor
et al. (2019), which found f > 0.5 at the 90% confidence level for Ret II.
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the effect of binaries to obtain robust o, estimates. In Sect. 4,
we show how multi-epoch data are essential for this purpose. In
Appendix C, we briefly analyze whether the effect of binaries is
also important for the determination of the DM density profiles
of classical dwarf spheroidals.

3.1. Population of UFDs

Figure 1 shows the o, values of the analyzed UFDs and the
positions of these in the My, (< ri/;) versus luminosity plane
(hereafter, the luminosity values refer to the V band). Undetected
binaries typically inflate the median o7, of the analyzed UFDs
by a factor of approximately 1.25—1.75. This inflation translates
into differences in dynamical mass estimates (see Eq. (3)) rang-
ing from a factor of ~1.5 for the least affected UFDs, such as
Boo I or Eri II1, up to a factor of ~3 for the most affected ones,
such as Leo IV, Uni 1, Sag II, or Seg 1. The variation in this
effect among galaxies arises from differences in the observed
05 itself, as well as in the individual Avj,,; and the overall
observed v, distribution. The correction becomes smaller when
the observed distribution closely follows a Gaussian profile with-
out extended tails that could be attributed to binary stars, or when
Avjos,; are large compared to the intrinsic velocity scatter. Our
results align with those of Spencer et al. (2017), which predicted
that a system with an intrinsic o,s =2 km s~! would be observed
with oy = 3 kms~! for f = 0.7. A similar trend is observed for
some UFDs when comparing the columns o7, s=0.7 and o =0
of Table A.1.

The overall decrease in the estimated dynamical masses of
UFDs impacts existing considerations about the density profile
of their DM halo. For instance, Errani et al. (2022) demonstrated
that the relation between the circular velocity and the size of
UFDs can be explained reasonably well if these systems inhabit
Navarro—Frenk—White (NFW, Navarro et al. 1997) halos embed-
ded within the MW’s tidal field. However, our revised mass
estimates imply lower circular velocities for UFDs, thereby exac-
erbating existing tensions with this scenario, as in the case of
Cra II, and revealing new ones, such as for Boo I should it have
a binary fraction of f > (0.5. The overall decrease in dynamical
mass also has significant implications for the expected DM anni-
hilation or decay signal in UFDs. In Table A.1, we present the
updated J factors of the analyzed UFDs, which were computed
using Eq. (16) from Evans et al. (2016). They were computed
using the binary-corrected dynamical mass (log(My)) and an
angular aperture of 0.5°. Although the effect on the median val-
ues is modest, the new errors render the lower limits of the J
factors highly uncertain.

Even for systems where the correction for binaries is not
large, the PPDs of o, exhibit significant tails extending towards
os of 0 kms™ when binaries are taken into account; see
Figure A.l1. These tails are propagated into the uncertainties
of the dynamical masses as well. Consequently, although the
median Mg, (< r/2) is typically higher for the fainter galaxies,
almost all UFDs remain consistent with an M/L(< ry,2) close
to 100 My /Ly or lower within 10~ when binaries are accounted
for, as shown in Figure 1. For the systems with the lowest mass
limits, our results are consistent with those of McConnachie &
Co6té (2010), which found that, for some UFDs, there is a non-
negligible probability that binary stars could inflate the observed
05 from M/L values typical of globular clusters. For exam-
ple, they identified Seg 1 and Leo IV among the most likely
systems to exhibit this behavior. In our analysis, the 2.5th per-
centile of the o,y PPD for these galaxies (corresponding to
the lower limit for a 20 confidence interval) is 0.60 kms~! for
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Fig. 1. Observed o,, and estimated masses of UFDs. Upper panel: observed o, for the UFDs analyzed in this work sorted by o7, s—9. Lower
panel: mass estimated with Eq. (3) versus the luminosity, both in log scale. The diagonal dashed gray lines indicate regions of constant M/L (=
M gy, (< 1172)/(L/2)) in solar units indicated by the numbers. The horizontal black lines show the 1o~ ranges for L. The red, blue, and green vertical
lines indicate the median and 1o ranges for the values uncorrected by binaries, corrected assuming a uniform prior on f and corrected assuming
f =0.7, respectively. The shaded lines in the upper panel indicate the 30~ range.

Seg 1 and 0.19 kms™' for Leo IV. There is therefore a 2.5%
probability that the true o7, of these systems lies below these
values, which are comparable to the expected o, if one assumes
the typical M/L of globular clusters for these UFDs, around
0.2 kms™' (McConnachie & Coté 2010). We also find several
recently discovered UFDs to exhibit very low lower limits on
0 os- Interestingly, no UFD in our sample has a o, ; exceeding
0.5 kms~! within 30 (see Table A.1).

3.2. Individual UFDs

The results for some UFDs are particularly noteworthy. For
Leo IV, Sag II, and Uni 1 the velocity dispersion (07, r=0)
is resolved’” when the impact of undetected binary stars is
neglected. In contrast, when the effect of binary stars is
accounted for, the l.o.s. velocity dispersion (o) becomes
unresolved, as shown in Figure A.l. The internal kinematics of
these systems are therefore consistent with a negligible DM con-
tent. Consequently, robustly distinguishing these systems from
globular clusters requires additional diagnostics, such as their
chemical properties. These are listed as follows.

Leo IV: Although the metallicity dispersion is formally
resolved (Jenkins et al. 2021), excluding a single star with
borderline metallicity renders it unresolved. Hence, the detection

7 That is, the PPD of o,; does not include 0 km s, implying that the
probability of o, being strictly greater than zero is 100%. In the context
of UFDs and given the precision on the o7, estimates, this suggests the
presence of a significant DM halo.

of a metallicity spread in this system is not robust, and additional
information is required for it to be considered a confirmed UFD.

Sag II: The metallicity spread of Sag II is currently uncon-
strained (Longeard et al. 2021); therefore, its classification as a
dwarf galaxy cannot be confirmed based on either its internal
kinematic properties or from chemical enrichment arguments.
Recent analyses of other elemental abundances in Sag II suggest
that the system remains consistent with both globular clus-
ters and UFDs (Zaremba et al. 2025). This is consistent with
Baumgardt et al. (2022), which reported evidence of mass seg-
regation in this system and concluded that it is likely a globular
cluster.

Uni 1: The metallicity spread of Uni 1 is also unconstrained
(Simon et al. 2024; Cerny et al. 2025), and its classification as
a galaxy therefore remains uncertain. Notably, for Uni 1 to sur-
vive the MW field as a bound system, it must have formed at
the center of at least a 10° Mg cuspy ACDM halo (Errani et al.
2024), which is consistent with the inference from the mass esti-
mators neglecting binaries. However, this does not mean that it
could not be the remnant of a dissolved globular cluster. Inter-
estingly, recent multi-epoch observations show no evidence of
DM in this system (Cerny et al. 2025). These authors report
a 95% upper limit o, of 2.3 kms™', with a PPD similar to
that obtained from our single-epoch data and models including
binaries, but more tightly constrained. Thus, none of the three
UFDs whose o7,; become unresolved after accounting for bina-
ries can be confirmed as galaxies from chemical analyses either.

Ret II: Ret II is another compelling UFD, but for the
opposite reason to the previously discussed systems; its o
distribution remains well resolved even after accounting for
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binaries. This is consistent with the recent results of Luna et al.
(2025), which found evidence of a double-peaked metallicity
distribution function, a clear signature of extended chemical evo-
lution that is not expected in globular clusters. The lack of clear
mass segregation in this system is also consistent with its classi-
fication as a UFD (Baumgardt et al. 2022). The o7, of Ret Il was
also computed accounting for binaries with a similar methodol-
ogy by Minor et al. (2019). They used the same dataset as we
did, but combined it with data from Simon et al. (2015) and Ji
et al. (2016), thereby using multi-epoch information. However,
this is a heterogeneous dataset acquired with different instru-
ments that presents systematic offsets, as can be seen in their
Figure 1. The authors predicted that f is greater than 0.5 at the
90% confidence level and that the intrinsic velocity dispersion is
Tloslit = 2.8f(1)'; kms~!. These results agree very well with our
inference using only Koposov et al. (2015b) data and assuming
=07, Clos,r=07 = 3.01:%% kms~!. Although our PPD for f
favors larger values, it is not as extreme as theirs.

Cra II: Cra II’'s oy, decreases by a factor of 1.4 when
comparing the f = 0 and f = 0.7 models, reaching a
value of ooy =07 = 1.95* 041130 ¢ ompared with Tlos,f=0 =

~0.41(-1.12)
2.65fg;§2f(1):283 in the absence of any correction. Despite this sig-

nificant reduction, the velocity dispersion remains resolved (see
also Figure A.l), indicating that Cra II is still dominated by
DM even after accounting for inflation due to unresolved binary
stars. Interestingly, this correction brings the value of o, into
even closer agreement with the prediction of modified Newto-
nian dynamics (MOND) for this UFD: o, = 2.1’:8:2 kms™!
(McGaugh 2016). This MOND prediction includes the exter-
nal field effect (EFE) of the MW (Bekenstein & Milgrom 1984;
Famaey & McGaugh 2012; Milgrom 2014). The EFE leads to a
decrease in the velocity dispersion of dwarf galaxies compared to
the deep-MOND prediction, i.e., when the system is effectively
isolated. Nevertheless, it is important to stress that extended tidal
features have recently been observed around Cra II (e.g., Coppi
et al. 2024; Vivas et al. 2026), confirming earlier predictions
based on its orbital properties (Fritz et al. 2018; Sanders et al.
2018; Simon 2019; Ji et al. 2021; Battaglia et al. 2022; Pace
et al. 2022; Borukhovetskaya et al. 2022). As such, it is possi-
ble that the large size and low velocity dispersion of this galaxy
are at least partly driven by its current tidal disruption. However,
early studies have shown that reproducing both the size and the
velocity dispersion of Cra II within a DM framework requires
a cored DM density profile. The additional decrease in velocity
dispersion obtained when accounting for unresolved binary stars
may therefore point toward an even more weakly concentrated,
strongly cored DM halo, as previously suggested by Sanders
et al. (2018) and Errani et al. (2022).

Seg 1: Seg 1 is a system in which the correction for binary
stars is relatively modest, with a factor of 1.18 between o7,y r=0
and o7, . It is also the system with the largest number of L.o.s
velocity measurements. The well-resolved o7, is consistent with
the absence of mass segregation in this system (Baumgardt et al.
2022), favoring its classification as a UFD. In Martinez et al.
(2011) and Simon et al. (2011), the authors accounted for the
effect of binaries on the velocity dispersion of Seg 1 using the
same dataset as our work, but applying a multi-epoch correction
based on individual exposures. They obtained a slightly different
result, 0o, = 3.7 kms™!, compared to our estimate of o7, ¢

=3.017}7 kms™!, but it was still within 1o~. Their methodology
differs in that it is applied directly to individual exposures and
treats both the mean and the width of the binary period distri-

bution as free parameters with non-informative priors. Since the
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available data provide limited constraints on these parameters,
their results may be influenced by the adopted prior limits.

Based on our inference and the literature review, Leo IV,
Sag I, and Uni 1 may be consistent with a globular cluster classi-
fication. This raises the question of whether these systems could
be mass segregated and in an energy-equipartition state, thereby
violating the assumption made in Eq. (2) that the velocity distri-
bution of the center of mass of binary stars is the same as that of
single stars.

In a system with full energy equipartition, the velocity dis-
persion scales as o o« m~%>. For the median value of our adopted
q distribution, binaries in our model are approximately 1.5 times
more massive than single stars. Under full equipartition, this
would imply a difference in velocity dispersion of a factor of
1.22. However, both numerical simulations and observational
estimates for the Omega—Centauri cluster suggest a significantly
lower degree of energy equipartition consistent with o oc %13
(Trenti & van der Marel 2013). In this case, the expected dif-
ference in velocity dispersion between binaries and single stars
is reduced to a factor of 1.06. We therefore conclude that
energy equipartition would not significantly affect the inferences
presented in this work.

4. Generalization to multi-epoch data

In this section, we show how multi-epoch data with precise
vj,s measurements at each epoch can help mitigate the inflation
caused by binaries. In Sect. 4.1 we generalize the methodology
we used to work with multi-epoch data, and in Sect. 4.2 we
describe how we tested it on a mock galaxy.

4.1. Correcting o,s from multi-epoch observations

In the case of multi-epoch data, the likelihood function (Eq. (2))
remains unchanged relatively to the single-epoch case. However,
B; must be modified to account for the treatment of multi-epoch
data. For example, one valid approach is to consider stars that
exhibit velocity variations between two epochs greater than three
times the measurement error of the velocity difference as likely
binaries, and to exclude them from the analysis. This is the
approach we adopted in the following mock test, although other
criteria could also be applied (e.g., Koposov et al. 2011; Walker
et al. 2023). This procedure leads to a nonuniform detection of
binary stars, since those in systems with large velocity ampli-
tudes and short orbital periods are more likely to be identified.
Moreover, the threshold for detecting binaries depends on the
individual Aj,; of each star. Finally, the error-weighted mean
of the l.o.s velocities from multiple observations of stars not
detected as binaries is typically used, which also affects the
shape of B;.

To account for the aforementioned steps, we computed B;
as follows. First, we generated 107 sets of parameters for binary
stars (see Sect. 2.1) and computed their v, at the first epoch
using Eq. (1). We then evolved the true anomaly, 6, for each
subsequent epoch of the specific dataset under consideration®
and recomputed the l.o.s. velocity for each binary star accord-
ing to Eq. (1). If the velocity variation of a given star between
two epochs exceeded three times its error, we considered that
star a detected binary and excluded it from the model. Once all
the detected binaries were removed, we computed the mean of

8 See Sect. 3.2 of Arroyo-Polonio et al. (2023) for a description of how
the true anomaly evolves over time as a function of the period.
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the vy, of the undetected binaries across all epochs. The result-
ing distribution of averaged v, serves as B;, which can be used
to directly apply the previous methodology to the error-averaged
data. Note that now the shape of B; is different for each star, as
it depends on the individual Auvy,y ;.

4.2. Test on a mock dataset

To test our methodology, we created a mock dataset for a UFD
containing 20 stars, with an intrinsic o = 2.4 km s7! and
f = 0.7 (and a systemic vy, of 120 kms™'?). The Lo.s. velocity
errors of the stars were generated assuming a Gaussian distri-
bution centered on 1 kms~! with a width of 0.4 kms™' and
a floor at 0.2 kms~!. This mimics what could, for example,
be achieved with a high-resolution grating on a spectrograph
such as FLAMES/GIRAFFE at the Very Large Telescope. We
explored two cases: a single-epoch case and a multi-epoch case.
For the multi-epoch case, we simulated observations of two addi-
tional epochs, t; = 7y + 3 months and #, = 7y + 12 months, for a
total time baseline of one year. For simplicity, we assume that
Auvy,s; 18 the same for a given star at each epoch.

In Figure 2, we show the inference on the o7y, vy, and f
for this mock galaxy in four different cases. The red and black
PPDs show the results when applying the same procedure as in
Sect. 3., i.e., computing o, from the l.o.s. velocities measured
at epoch 0, neglecting the presence of binaries (red), or assuming
aflat prior on f (black). Neglecting the effect of binaries prevents
an accurate inference of the true o7, In contrast, accounting
for binaries significantly improves the results: the correct o,
can be marginally recovered, and v, is also better reproduced.
The blue and green PPDs show the result when analyzing the
multi-epoch data, either by removing evident binaries but not
accounting for undetected ones (blue), or by removing binaries
while also accounting for undetected ones (green), following the
method explained in this section. It is clear that the multi-epoch
approach is crucial for correctly constraining o,;. Even without
accounting for the presence of remaining undetected binaries and
just excluding stars with clear velocity variations (blue PPD), the
intrinsic o, is recovered with significantly better precision and
accuracy compared to either of the single-epoch data cases. It
is well-known that a multi-epoch strategy with a minimum time
baseline of one year significantly reduces the inflation by binary
stars (Minor et al. 2010). However, accounting for those binary
stars that remain undetected still slightly affects the inference
on 0,,. A dedicated set of mock experiments and a statistical
analysis would be required to quantify the residual level of con-
tamination after multi-epoch observations and to fully assess the
performance of this methodology in such cases. We plan to carry
out such an analysis in future work.

We emphasize that the test described in this section is not
intended to predict the general precision and accuracy achiev-
able with a multi-epoch strategy. Its goal was to confirm that
the mere availability of precise v, measurements at a few
epochs reduces the inflation of o, as already found in the
literature (Minor et al. 2010). This holds even when applied
in a model-independent manner, i.e., by simply excluding stars
with clear velocity variations. It also aims to show that cor-
recting for undetected binaries after multi-epoch observations
still affects the inference of o,; however, this step necessarily
relies on assumptions about the underlying binary population,

° The value of vy, is completely arbitrary and has no effect on the
analysis.

and its performance needs to be quantified through a more
comprehensive analysis.

5. Observed versus intrinsic o o5 in the low-number
statistics regime

We demonstrate that the effect of unresolved binaries on
the observed velocity dispersion of UFDs is generally
non-negligible, in agreement with previous studies (e.g.,
McConnachie & Co6té 2010; Spencer et al. 2017; Gration et al.
2025). In particular, Spencer et al. (2017) performed mock exper-
iments predicting the observed o7, as a function of the intrinsic
value and f for systems containing 100 stars. The binary star
models we adopted (Moe & Di Stefano 2017) are similar to
theirs (Duquennoy & Mayor 1991), and thus their results remain
broadly consistent when the experiment is repeated within our
framework. However, most UFDs rarely have as many as 100
member stars with reliable v,, measurements (see col. 2 of
Table A.1). We therefore repeated the experiment under the more
conservative assumption of only ten stars, which substantially
increases the uncertainties in the observed o,;.

We conducted the analysis for two observational setups: a
single-epoch case and a multi-epoch case with three epochs: 7,
t| = tp + 3 months, and #, = fy + 12 months, resulting in a total
time baseline of one year. In the multi-epoch case, we removed
evident binaries and computed the error-weighted mean vy, of
each star to compute o ,,; this would be equivalent to the blue
case of the previous section. We assumed a fixed velocity error
for the individual exposures of 1 kms™'. The results for three
mock systems with intrinsic o, of 0.5 km s, 1 kms™!, and
3 kms™' are presented in Figure 3. In the single-epoch case,
the median recovered o,; values are in very good agreement
with those reported by Spencer et al. (2017), although we find a
slightly lower inflation due to binaries for the same f. This dif-
ference likely arises from the stricter lower period cutoff applied
to the binary-period distribution in our models. The main differ-
ence, however, is the width of the 10~ range, which is significantly
broader in our simulations due to the lower number of stars.
Notably, for a binary fraction of 0.6, the observed o, can reach
values as high as 5.5 km s~! within the 1o interval, regardless of
the intrinsic o7,s. Consequently, all the dynamical masses and J
factors that one could compute with the observed o,; below this
value and with low statistics are potentially inflated by binaries.
In contrast, in the multi-epoch case, just by removing evident
binaries but without any statistical correction, the upper limit for
the 1o range decreases to less than 3 kms~! for the systems with
lower intrinsic o7,s. This result underscores the importance of
multi-epoch data when analyzing systems with a small number
of kinematic tracers.

Gration et al. (2025) employed the same models as Spencer
et al. (2017) and provided prescriptions for the median expected
contamination due to binaries, assuming a binary fraction f = 1.
However, they found that binaries produce an o7, of 7.3 kms™,
which is significantly larger than what we found. This dis-
crepancy likely arises from the different lower period cutoffs
adopted. In our work, the minimum orbital distance, which
depends on the mass ratio of the two stars, is always larger than
the radius of an RGB star (0.21 au). In contrast, the models of
Gration et al. (2025) included binary systems with separations
as small as 0.001 au, as they treated the stars as point particles.
Consequently, their models include more short-period binaries
with large velocity amplitudes compared to ours.
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Fig. 2. Corner plot showing the PPD on o,
vys and f for a mock catalog of 20 stars in
two cases. Single-epoch observations (red: not
correcting for binaries; black: applying a sta-
tistical correction for undetected binaries), and
three-epoch observations (blue: by excluding
stars with velocity variability >3X Auvj,,; green:
as the blue, but also including a statistical cor-
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rection for remaining undetected binaries). The

Q?‘ Q'b Q('b contours indicate the 1 and 20 ranges. The
underlying values used to generate the mock are
f indicated with orange lines.
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Fig. 3. Observed velocity dispersion as a function of the underlying binary fraction for mock datasets of ten stars with intrinsic o, values of
0.5 kms™', 1 kms™', and 3 kms~'. The solid red curves correspond to single-epoch observations without correction for the presence of binary
stars, while the dashed blue curves refer to a dataset with three epochs and a one-year time baseline after excluding stars exhibiting velocity
variability >3x Av,,,. The lines indicate the median recovered values, and the shaded regions denote the 1o~ confidence intervals.

6. Conclusions

In this work, we developed a flexible and self-consistent for-
malism to correct velocity dispersion measurements of UFDs
for the effect of unresolved binary stars. By explicitly modeling
the velocity distribution induced by binaries and incorporating it
into a mixture-model framework, our approach avoids imposing
priors on the binary fraction and can be applied to both single-
epoch and multi-epoch spectroscopic datasets. We implemented
tailored corrections for each observational regime and applied
the single-epoch formalism to UFDs with published velocity
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dispersions below 4.5 kms~!, as most of these systems currently
only have single-epoch data, or in a few cases have very limited
and often heterogeneous multi-epoch information. We further
tested the multi-epoch methodology on a simulated UFD mock
composed of 20 stars observed at three different epochs over a
baseline of two years.

We find that accounting for binary stars systematically
decreases the estimated dynamical masses enclosed within ry/»
by factors of 1.5-3 compared to estimates that do not account
for binaries. These corrections have important astrophysical and
cosmological implications, since the reduced inferred masses
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significantly weaken the prospects for detecting DM decay
or annihilation signals from UFDs, thereby increasing current
upper limits on the relevant particle-physics cross-sections. At
the same time, the lower masses estimated for systems such as
Crater II and Bootes I exacerbate existing tensions with ACDM
predictions, as their mass-to-size ratios are difficult to reconcile
with canonical NFW halos orbiting the MW, as predicted by the
ACDM paradigm.

Our results also call into question the classification of sev-
eral systems — Leo IV, Sag II, and Uni 1 — as bona fide galaxies.
Once binary stars are accounted for, their velocity dispersions are
no longer resolved, which, combined with their unconstrained
metallicity spreads (Jenkins et al. 2021; Longeard et al. 2021;
Simon et al. 2024), does not allow us to confirm whether these
objects are genuine galaxies or globular clusters with the exist-
ing data. In contrast, systems such as Ret II can be confidently
confirmed as galaxies, as they display a clearly resolved o,y ¢
even when binary stars are included, which is consistent with the
metallicity spread measured in this system (Luna et al. 2025).

After correcting for binaries, only Bodtes I and Crater 11
show resolved velocity dispersions below 3 kms~™', both
of which benefit from relatively large kinematic samples
(230 stars). For smaller samples, our analysis shows that confi-
dently measuring velocity dispersion requires multi-epoch obser-
vations. The formalism presented here is specifically designed to
handle such datasets, and we demonstrate its ability to recover
precise and unbiased o ,; measurements with the proper multi-
epoch data for a mock galaxy.

Finally, we present general predictions for the expected infla-
tion of observed velocity dispersions caused by binaries in UFDs
with intrinsically low dispersions (1-3 kms™!), even when kine-
matic data are available for as few as ten stars. We find that, for a
binary fraction of f = 0.6 and single-epoch data, the observed
Oios can reach 5.5 kms™! or higher within the 1o interval,
regardless of how low the intrinsic oes is. In contrast, with a
one-year multi-epoch dataset, this value is significantly reduced
to just 3 kms~! for systems with low intrinsic orjos. These results
highlight the critical importance of time-domain spectroscopy
for establishing the dynamical nature of the faintest galaxies and
for robustly inferring their DM content.
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Appendix A: EMCEE specifics

As priors, we always use uniform distribution between the limits we list in the following. For the runs not accounting for binary
systems, i.e., f=0, we use the limits vw[kms"] = [-500,500] and o,s[kms~'] = [0,25]. After these runs, we use the median
of the PPD v{;so to set the priors for the runs in which we account for the presence of binary stars; the limits then are vy, =
[U{;O - 10, vi;o + 10], o5 = [0,25] and f = [0, 1]. For each run, we use 10 walkers, 4000 steps and set the burn-in to 500. We
convolve B; and N;(vy,s, 0ios) in a grid of —50 to 50 km s~ with a step of 0.01 km s~'. We have checked that these hyperparameters
are enough to systematically reach stability in the sampling of the PPD. The PPD of the parameters for the runs correcting by binary

stars and with f=0 can be seen in Figure A.1 in black and red, respectively. In Table A.1 the median and uncertainties for the o7, in
the different cases are presented.
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Fig. A.1. Inference on o7, vy, and f for all the UFDs considered in this work, as indicated in the titles. The results of the analysis when not
including the impact of undetected binaries are shown in red, while those including the correction and assuming a uniform prior in f are illustrated
in black, as indicated in the legend.

Appendix B: Data

In this appendix we discuss the specifics of the datasets used for each system. It is important to note that some works use multi-epoch
data, while in the correction we perform, we assume that the data are single-epoch observations. However, in most of the cases, there
are very few stars with time baselines longer than 1 month, and almost none with time baselines longer than 1 year. We checked
that, in this case, the correction for undetected binaries is very similar to the one we perform. Unless said otherwise, we use the
photometric parameters (L and a; ;) listed in Battaglia & Nipoti (2022), where the original references can be found. Hereafter, we
refer to the velocity dispersion values obtained in the literature as o, ;; and to those obtained in this work using f = 0 as 07y, s=0.
Boo I: We use the data presented in Koposov et al. (2011), selecting from Table 1 those members with "Best flag" = *B’. The
velocities are the combined average of 16 repeated measurements obtained over a maximum baseline of nearly one month. Due
to the multi-epoch information, they identified 1 RR-Lyrae star that we removed from the dataset. The total time baseline is too
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short and the individual uncertainties too large for making the dataset suitable for multi-epoch analysis of binaries. The authors

found the velocity distribution of Boo I to be composed of two different components, a "cold" one with 07y = 2.4f8§ kms™!

and a hot one with o, = 4.6’:8:2 kms™'. We only consider stars belonging to the "cold component" by applying a 3 o, (cold
component)-clipping to the vy, distribution. The small differences in the inferred values of o7, are due to the authors fitting the v,
distribution with the sum of two Gaussians rather than performing a sigma-clipping.

Car II: We use the data presented in Li et al. (2018), which consists of 14 stars: 8 RGB and 6 blue horizontal branch, plus two RR
Lyrae stars that we removed from the dataset. This dataset contains multi-epoch data collected with different telescopes. However,
the maximum baseline is 5 months for 2 stars, less than 1 month for 1 star, and only a couple of days for 2 stars. We removed 2
binary stars the authors detected. Only 3 stars out of 14 were observed for 1 month or more, so this dataset is not suited for the
multi-epoch analysis. The very small differences between o, and o, =0 could be due to minor differences in the averaging
process of individual velocities or in the priors in the EMCEE runs.

Cra II: We used the dataset from Caldwell et al. (2017) with no multi-epoch information. No membership information was
provided. Therefore, we cross-matched the sample with the catalog from Battaglia et al. (2022) and selected all the stars with
probabilities of membership greater than 0.07 as members. Afterwards, we removed 4 stars with inconsistent v;,; by applying a
3-00s.ir clipping, resulting in a final total of 60 reliable velocity members. According to the selection in Caldwell et al. (2017), there
are 62 reliable velocity members, and the o7, value they report coincides very well with ours.

Eri IIT: We use the data from Simon et al. (2024). We take the velocities from the individual exposures and combine them using
an error-weighted mean. They only have precise multi-epoch measurements for 1 star, for which they did not find velocity variation.
The authors only placed 90% and 95.5% upper limits on o, which are 9.1 and 10.8 km s~!, respectively. If we compute those values
using their priors ([0.19, 13.6] km s! for o,), we infer 9.5 and 11.1 kms™'; which is in excellent agreement with their inference.
The photometric parameters we use are taken from Koposov et al. (2015a).

Hyd I: We use the data from the single-epoch measurements of Koposov et al. (2018). We select as members those stars with
probabilities 101°2044" > (.95 of being a Hyd I member star versus being a foreground contaminant. There are some differences in
the inferred o7, that can arise because of the different methodologies; the authors use a probabilistic approach including members
and contaminants in a mixture model, while we use only the member stars. The photometric parameters are from Koposov et al.
(2018).

Leo IV and Leo V: We use the data exactly as presented in Jenkins et al. (2021) and select all the stars classified as members
according to the subjective "Member flag." This dataset contains multi-epoch data with a total time baseline of 7/8 months for
Leo V/Leo 1V for a significant number of stars. Although the uncertainties are large, this is the best opportunity to apply the multi-
epoch binary correction presented in this work. This could affect the inference for Leo IV, but not for Leo V, since the correction by
binaries would not significantly impact the results, as o, s is already unconstrained. However, we could not apply the multi-epoch
methodology because the velocities for the individual exposures were not provided. The authors found no binary stars in Leo IV and
two potential binaries in Leo V. For Leo V, we removed the star with ID Leo5-1034 as it shows clear velocity variation. However, we
did not remove the star with ID Leo5-1038 as according to the reported p-value it is not a clear binary. Note that the authors provide
different values of o, for different prior selections. We quote the results of the model M2 as it is the one in which the authors use
the same priors and selection of member stars as we do.

Ret II: We used the data from Koposov et al. (2015b). This dataset does not contain multi-epoch data. We selected all the stars
with "yes" or "yes?" in the membership flag. The o,; we find is slightly different because the authors simultaneously model the
background and the galaxy with a mixture model, while we use only the member stars.

Sag II: We used the data from Longeard et al. (2021). This dataset contains some multi-epoch data with a maximum time baseline
of 1 month; no binaries were detected within the members. The methodologies are similar, and therefore our results are in very good
agreement. We use the photometric parameters from Longeard et al. (2020).

Uni 1: We used the data from Smith et al. (2024). This dataset does not contain multi-epoch data. The slight difference between
our inference of o,; and the one quoted by the authors may be due to the prior range in the EMCEE runs. We use the photometric
parameters from Smith et al. (2024).

Seg 1: We used the single exposures from Simon et al. (2011). Although there is multi-epoch data with a total time baseline of
one year, it is only for 20 stars out of the total 64 stars. Furthermore, the mean velocity error is around 6 kms~!, so it is not properly
suitable for a full multi-epoch analysis. From the individual exposures, we remove stars with velocity variations between epochs
larger than three times the mean error of the observations. Then, we compute the error-weighted mean of the 1.0.s. velocity for each
individual star. Finally, we remove the individual star with ID *J100704.35+160459.4°, which significantly increases o ;.

Wil 1: We used the data from Willman et al. (2011). This dataset does not contain multi-epoch data. We removed all stars
classified as likely non-members by the calcium triplet equivalent width < 2.3 A as the authors suggested, and used the same sample
of 40 member stars they used. We obtained a slightly different o,; value compared to theirs, which could be due to slight differences
in methodology.

We cross-matched all the stars with the catalog of probabilities of membership from Battaglia et al. (2022). All the stars in
common, except for the star with ID 10 in Hyd I (Koposov et al. 2018), have a probability of membership greater than 0.1, meaning
that they are not certainly contaminants. Furthermore, the potential contaminant star from Hyd I has an observed 1.0.s. velocity that
is consistent with the systemic velocity of the UFD, so we decided to keep it in the sample.

Appendix C: Classical dwarf galaxies

In this section we test whether undetected binaries can alter the DM density profile inferred for classical dwarf spheroidal galaxies.
We use mock galaxies generated with AGAMA (Vasiliev 2019), emulating the Sculptor-like models from Arroyo-Polonio et al.
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Fig. C.1. DM enclosed mass profiles for the three mock galaxies. From top to bottom they have y = 0, 0.5, and 1. The black line shows the true
DM density profile used to generate the mock; the blue line and band show the median and 1o range for the output parameters of the modeling
of the underlying mock; the orange line shows the same for the modeling of the mock contaminated by binaries. The symbols indicate the value
estimated by mass estimators, applied to both populations, with the same color-coding.

(2025), including both the metal-rich and metal-poor populations. Three different mocks are considered: a cored DM halo mock
with a logarithmic inner slope y = 0 for the DM density profile, a cuspy DM halo mock (y = 1) and an intermediate one (y = 0.5).
For each mock, we generate a corresponding “binary-contaminated” mock galaxy. To do this, we assume a binary fraction f = 0.7,
use the binary star models presented in this work, and add the l.o.s. velocity component vy, 4;, for a single epoch of the binary stars.
The mocks are then analyzed following the procedure described in Arroyo-Polonio et al. (2025), neglecting the effect of binaries in
all cases. This allows us to compare the inferred properties of a mock galaxy without binaries to those of a galaxy containing binary
stars when their effect is ignored.

The results are shown in Figure C.1, alongside predictions from different mass estimators (Walker et al. 2009; Wolf et al. 2010;
Amorisco & Evans 2012; Campbell et al. 2017; Errani et al. 2018) applied to the individual stellar populations of these mocks. Blue
lines indicate the mocks without binaries, while orange lines represent the binary-contaminated mocks. Although binaries slightly
inflate the inferred enclosed mass profiles, the effect is minor for classical dwarf galaxies, or at least for Sculptor-like systems. The
deviations are smaller than the typical uncertainties, suggesting that binaries do not need to be explicitly accounted for in dynamical
modeling of these systems. In Wang et al. (2023), the authors performed a similar analysis using simulated galaxies to investigate
the effect of binaries on UFDs. They contaminated the galaxies with binary stars, but rescaled the l.0.s. velocity component of the
binaries so that the ratio between the intrinsic o, of the galaxy and the expected amplitude of the binary stars v, ;, matches the
values expected in UFDs. In this case, binaries are found to have a more significant impact on the inferred mass profiles.

Appendix D: Special cases: Aquarius lll and Delve 1

Aquarius IIT and Delve 1 were not considered in this work. The available datasets for these systems exhibit an observed velocity
spread lower than the measurement errors reported in the literature. This may be due to an overestimation of the v, uncertainties
or simply a statistical fluctuation due to small number statistics. In such cases, models that incorporate the presence of binary stars
fail to reproduce the observed velocity distribution correctly, even when exploring an intrinsic o, of zero. As a result, the posterior
probability distribution becomes increasingly noisy as the binary fraction f increases. Consequently, the inferred o,; becomes
highly sensitive to the choice of prior, and larger values of f can artificially produce higher inferred intrinsic dispersions, rendering
the modeling unreliable.
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