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We use the dynamical heating of stars in ultrafaint dwarf (UFD) galaxies to set limits on Massive
Compact Halo Objects (MACHOs). In our analysis we study the robustness of the bounds under
uncertainties in key UFD parameters, such as the half-light radius, stellar velocity dispersion, total halo
mass and dark matter and stellar density profiles. We apply this framework to both well-established UFD
candidates, as well as the recently discovered UFD candidate Ursa Major III/UNIONS 1. We find that
multiple UFDs yield consistently strong limits in the mass range 10M⊙ ≲MMACHO ≲ 109M⊙, under-
scoring the robustness of a previous analysis solely based on Segue I. We also demonstrate that Ursa Major
III, if confirmed as an UFD, would improve the constraints significantly, providing the strongest constraints
on MACHO dark matter in the mass range 1M⊙ ≲MMACHO ≲ 105M⊙.
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I. INTRODUCTION

The identity of the dark matter (DM) particle remains
unknown despite decades of theoretical and experimental
investigation. While many particle candidates have been
proposed, direct, indirect, and collider searches have placed
increasingly stringent bounds on nongravitational inter-
actions between DM and the Standard Model. This
motivates complementary approaches that exploit purely
gravitational effects. The study of small scale structure is
one such direction.
Presently, structures are well studied down to wave

numbers of order k ∼ 10 Mpc−1, primarily through con-
straints derived from stellar tracers in gravitational halos
down to the dwarf-galaxy scale. However, halos with masses
≪ 109M⊙ typically fail to form stars, necessitating novel
probes of DM substructure at these smaller scales. Many
viable DM models make distinct predictions for structure
formation on scales below those currently accessible to
observations. Thus, finding new ways to study this

small-scale structure would readily translate to testing the
DM microphysics purely gravitationally.
Ultrafaint dwarf (UFD) galaxies provide a perfect envi-

ronment to test hitherto unconstrained length scales. Small
scale structure, if present inside the UFD, would have
caused dynamical heating of the central star cluster purely
via gravitational scattering through its entire existence. This
results in the expansion of its half-light radius. Thus,
stringent limits can be placed on the UFD’s substructure,
if it results in the expansion of the half-light radius of the
UFD to values that exceed the one observed today. UFDs
are the ideal environment to observe this effect due to the
following reasons. Their dense DM halos and low velocity
dispersions [1] both enhance gravitational dynamical heat-
ing. The star population is some of the oldest observed, thus
maximizing the time available for heat transfer. The half-
light radii of the stellar populations of UFDs are also some
of the smallest, thus making them highly sensitive to energy
injection. These properties make UFDs powerful laborato-
ries for constraining DM substructure, as demonstrated in
prior work placing limits onMassive Compact Halo Objects
(MACHOs) [2–10], ultralight dark matter [11–17], and
diffuse substructure [18].
MACHOs constitute macroscopic, dense objects whose

mean densities exceed those of conventional substructure.
Primordial black holes (PBHs) are the best-known exam-
ple [19], but other possibilities include axion stars (or
more generally Bose stars) [20], quark nuggets [21],
and other compact states [22–25] arising from DM
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microphysics. A scenario in which MACHOs account for
all of DM is ruled out across the mass range relevant to
this work (MMACHO ≳ 1M⊙) [26–32]. Nonetheless,
MACHOs remain interesting as a possible subcomponent,
particularly since several of the above mentioned particle
DM models naturally predict their production. Whereas
PBHs are most strongly constrained by accretion and
Hawking radiation, the broader class of MACHOs is
constrained primarily via gravitational effects.
In this work we extend the analysis of Ref. [3] in two

directions:
(1) we quantify the effect of uncertainties in key UFD

parameters such as total halo mass, halo density
profile and stellar velocity disperson on heating-
based bounds and

(2) we analyze many of the known UFDs including
several newly discovered ones, with Ursa Major III/
UNIONS 1 (if confirmed) providing the strongest
constraints.

II. ULTRAFAINT DWARFS

In this work we analyze both well-established UFDs and
the recently discovered candidate Ursa Major III/UNIONS
1 [33,34]. While there remains ongoing debate regarding
whether Ursa Major III constitutes a genuine UFD rather
than a self-gravitating stellar cluster [35], if confirmed as an
UFD it has an enormous potential to significantly improve
stellar heating bounds due to its compact size and high
DM density.
Table I summarizes all UFDs and their key properties

considered in this work. For each UFD the 2D projected
half-light radius rh and the stellar line-of-sight velocity
dispersion σ�;los are taken from [1] and references therein.
Following [1,5] we take the age of all UFDs to be TUFD ¼
12 Gyr and estimate the stellar mass by assuming a mass-
to-light ratio of 2, i.e. M� ≃ 2M⊙=L⊙ · LV , where LV is
the observed V-band luminosity. We adopt the total halo
massesMUFD from [5] which were extracted fromN-body
simulations with PBH DM. Where data were available,
we also checked that those values were within the error
bars of fits of Milky Way UFDs to recasted Aquarius
simulation results in [36]. The impact of total halo mass
uncertainties on MACHO bounds will be quantified in
Sec. III C.
Due to the limited availability of kinematic stellar data,

very little is known about the dark matter distribution in UFD
halos. Neither the shape nor the total DM mass is currently
experimentally accessible. Some UFDs seem to prefer a
cuspy DM profile [38], but there will be no resolution
between cuspy or cored profiles in the near future [39]. To
bracket this uncertainty we consider two extreme cases when
modeling the DM profile: a cored Dehnen profile [40] and a
cuspy Navarro-Frenk-White (NFW) profile [41]. The cored
Dehnen profile is given by

ρDehnDM ðr; RUFDÞ ¼
3MUFD

4πR3
UFD

�
1þ r

RUFD

�
−4
; ð1Þ

and is completely determined by the total halo mass MUFD
and the scale radius RUFD below which the density is
approximately constant. For the NFW profile

ρNFWDM ðr; RUFDÞ ¼
MUFDfðcÞ
4πR3

UFD

�
r

RUFD

�
−1
�
1þ r

RUFD

�
−2
;

ð2Þ

where fðcÞ−1 ¼ logð1þ cÞ − c=ð1þ cÞ, the scale radius
determines where the inner slope of ρ ∼ r−1 transitions to
ρ ∼ r−3. Following standard practice, we fix c ¼ c200, such
that the mean enclosed density within c200RUFD equals 200
times the present-day critical density. Thus for the NFW
profile the UFD mass is actuallyMUFD ¼ M200, i.e. the mass
enclosed by a sphere with radius c200RUFD.
We fix the UFD scale radius RUFD in both cases using the

luminosity-weighted squared velocity dispersion, which is
given by [37]

hσ2�;losi ≃
GM1=2

3R1=2;�
; ð3Þ

whereR1=2;� ≃ 4=3rh is the 3D deprojected half-light radius
and M1=2 is the mass enclosed within the 3D half-light
radius, which is to a good approximation completely
determined by the DM profile and can be obtained
analytically from Eqs. (1) and (2) as a function of RUFD
and MUFD. Combined with the half-light radius and
velocity dispersion measurement, this determines the
UFD scale radius RUFD. As an example, we show the fit
of an NFW (solid blue) and a cored Dehnen (dashed blue)
profile to Segue I in Fig. 1. Despite their different shapes,
both profiles contain the same mass within the 3D half-light
radius and predict the observed stellar velocity dispersion
at the 3D half-light radius. However, the corresponding
DM velocity dispersions in hydrostatic equilibrium have a
fundamentally different behavior. While the velocity
dispersion is approximately constant close to the center
of the cored Dehnen profile, it decreases as

ffiffiffi
r

p
when

approaching the center in the NFW profile. For M� ≪
MUFD and r ≪ RUFD the velocity dispersions are approx-
imately given by

σ2DMjDehn ≃
GMUFD

30RUFD
;

σ2DMjNFW ≃ gðc; r=RUFDÞ
GMUFD

RUFD

r
RUFD

; ð4Þ

where gðc; r=RUFDÞ is a a mixed polynomial and loga-
rithmic function of c and r=RUFD which is Oð1Þ for typical
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values of c and r=RUFD. Note that while in both cases the
velocity dispersion seems to be directly sensitive to the total
halo mass, even deep in the center of the UFD, this is only
true for the cored Dehnen profile. There is an implicit
dependence of RUFD onMUFD through the fitting procedure
in Eq. (3). In the cored Dehnen profile RUFD ∼M1=3

UFD, what
leaves a remnant dependence on the total halo mass in the
velocity dispersion of σ2DMjDehn ∼M2=3

UFD. However, in

the NFW profile RUFD ∼M1=2
UFD, such that σ2DMjNFW does

not directly depend on the total halo mass.1 This intuitively

makes sense since a decreasing radial velocity dispersion
implies a small eccentricity of DM and MACHO orbits,
such that the MACHOs with orbits close to the half-
light radius, which predominantly contribute to the
heating of the stars, are the ones which stay close to
the galactic center and do not come from the edge of the
galaxy.
We also use Eq. (3) as an estimator for the mass within

the 3D half-light radius to find the mean central density
which we give in the last column of Table I

ρ̄ ¼ M1=2
4π
3
R3
1=2;�

¼ 9hσ2�;losi
4πGR2

1=2;�
: ð5Þ

TABLE I. List of UFDs considered in this work. Up-to-date values for the stellar line-of-sight velocity dispersion σ�;los and the 2D
projected stellar half-light radius rh are taken from [1]. Estimates for the halo massMUFD are taken from N-body simulations performed
in [5] and for the total stellar mass we assume a mass-to-light ratio of 2, such thatM� ≃ 2M⊙=L⊙ · LV , where LV is the observed V-band
luminosity taken from [1]. The values for Ursa Major III are taken from [33,34]. The mean central density within the 3D half-light radius
is computed according to Eq. (5), which is based on the mass estimator in [37]. Note that for UFDs with only an upper bound on the
velocity dispersion we took the velocity dispersions that were found for the simulations in [5] and listed in their Table 2. We indicate
those values with ♠ in the table. UFDs marked in boldface give the strongest MACHO heating bounds, which are shown in Fig. 6.

UFD name logðMUFD
M⊙

Þ M� M⊙ rh pc σ⋆;los km s−1 Mean central density M⊙ pc−3

Draco II 9.08þ0.55
−0.47 3.6 × 102 19.0þ4.5

−2.6 1.2ð< 5.9 at 95% CL) ♠ 3.7 × 10−1

Segue I 9.00þ0.56
−0.45 5.7 × 102 24.2� 2.8 3.7þ1.4

−1.1 2.2

Tucana III 9.08þ0.42
−0.56 5.7 × 102 34� 8 0.3ð< 1.2 at 90% CL) ♠ 7.3 × 10−3

Triangulum II 9.17þ0.46
−0.56 5.7 × 102 17.4� 4.3 1.2ð< 4.2 at 90% CL) ♠ 4.5 × 10−1

Segue II 8.94þ0.52
−0.51 1.0 × 103 38.3� 2.8 0.6ð< 2.6 at 95% CL) ♠ 2.3 × 10−2

Carina III 8.94þ0.63
−0.42 1.6 × 103 30� 9 5.6þ4.3

−2.1 3.3

Willman I 9.16þ0.37
−0.66 1.8 × 103 27.7� 2.4 4.0� 0.8 2.0

Boötes II 9.02þ0.46
−0.52 2.6 × 103 38.7� 5.1 2.9þ1.60

−1.20 5.3 × 10−1

Grus I 8.97þ0.51
−0.52 7.7 × 103 151þ21

−31 2.5þ1.3
−0.8 2.6 × 10−2

Horologium I 9.02þ0.50
−0.54 3.8 × 103 36.5� 7.1 4.9þ2.8

−0.9 1.7

Reticulum II 9.21þ0.29
−0.71 3.0 × 103 58� 4 3.6þ1.0

−0.7 3.6 × 10−1

Pegasus III 9.02þ0.46
−0.55 8.0 × 103 118þ31

−30 5.4þ3.0
−2.5 2.0 × 10−1

Pisces II 8.91þ0.57
−0.44 8.8 × 103 69� 8 5.4þ3.6

−2.4 5.7 × 10−1

Ursa Major II 9.06þ0.43
−0.58 1.0 × 104 129� 4 6.7� 1.4 2.5 × 10−1

Aquarius II 8.98þ0.46
−0.54 9.5 × 103 159� 24 4.7þ1.8

−1.2 8.2 × 10−2

Coma Berenices 8.97þ0.49
−0.53 8.9 × 103 72.1� 3.8 4.6� 0.8 3.8 × 10−1

Leo V 8.90þ0.58
−0.46 9.8 × 103 51.8� 16.6 2.3þ3.2

−1.6 1.8 × 10−1

Carina II 9.0þ0.49
−0.54 1.2 × 104 91� 8 3.4þ1.2

−0.8 1.3 × 10−1

Hydra II 8.96þ0.46
−0.53 1.9 × 104 59.2� 10.9 1.3 (< 4.5 at 90% CL) ♠ 4.5 × 10−2

Hydrus I 9.07þ0.43
−0.57 1.3 × 104 53� 4 2.7� 0.5 2.4 × 10−1

Leo IV 9.03þ0.45
−0.59 1.6 × 104 114� 12 3.3� 1.7 7.9 × 10−2

Ursa Major I 9.06þ0.52
−0.59 1.9 × 104 234 7.0� 1.0 8.4 × 10−2

Canes Venatici II 8.98þ0.50
−0.52 2.0 × 104 66.6� 11.1 4.6� 0.8 4.5 × 10−1

Hercules 9.03þ0.42
−0.58 3.6 × 104 216� 17 5.1� 0.9 5.2 × 10−2

Boötes I 9.07þ0.41
−0.57 4.4 × 104 191� 5 4.6þ0.8

−0.6 5.4 × 10−2

Ursa Major III 9.00 16 3� 1 1.9þ1.4
−1.1 (or 3.7þ1.4

−1.0 ) 38 (or 1.4 × 102)

1There is still a small residual dependence through the
concentration parameter c200.
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For the stellar distribution, we primarily assume a
Plummer profile [42]

ρPlum� ðr; R0;�Þ ¼
3M�
4πR3

0;�

�
1þ

�
r

R0;�

�
2
�

−5=2
; ð6Þ

where the stellar scale radius is given by R0;� ¼ 4
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
22=3−1

p
rh

and M� is the total stellar mass given in Table I. In order to
investigate the extent to which the bounds depend on the
stellar profile, we also consider a second popular choice, an
exponential stellar distribution

ρexp� ðr; R0;�Þ ¼
M�

8πR3
0;�

e−r=R0;� ; ð7Þ

where the scale radius is given by R0;� ≈ rh=2.02.

III. MACHO BOUNDS FROM DYNAMICAL
HEATING OF STARS

In this section, we briefly review dynamical heating of
the stellar population in UFDs due to gravitational scatter-
ing between stars and MACHOs. The discussion closely
follows [3,18], where the reader can find further details.
Here we focus on modifications that arise due to a change
in the stellar or DM profile.
We model UFDs as a coupled system of stars and DM,

where the DM is composed of light particles of mass mDM
with a smooth density profile and MACHOs of mass
MMACHO ≫ mDM which make up a fraction fMACHO of
the total DM density. There are two heating processes which
are relevant for our discussion: (i) MACHO migration: the
MACHOs heat the smooth DM component, lose energy and
migrate inward toward the center of the galaxy, effectively

enhancing theMACHO density that the stars encounter close
to the half-light radius, and (ii) stellar heating: the MACHOs
heat the stars, which leads to an expansion of the stellar
radius. While both processes are not independent, it is a good
approximation to first consider MACHO migration and
compute an enhanced effective MACHO density which
we use to compute stellar heating [3].

A. Migration of MACHOs

We assume that the MACHOs and smooth DM initially
have identical density profiles up to an overall normaliza-
tion i.e.

ρMACHOðr; t ¼ 0Þ ¼ fMACHOρDMðr; RUFDÞ; ð8Þ

with subsequent time evolution entirely captured by a time
dependent scale radius while keeping the overall shape the
same i.e.

ρMACHOðr; tÞ ¼ fMACHOρDMðr; RMACHOðtÞÞ; ð9Þ

with RMACHOðt ¼ 0Þ ¼ RUFD. Since the MACHOs are in
the smooth DM halo they will transfer kinetic energy to the
smooth DM component which is the cause of the time
dependence of the MACHO scale radius RMACHOðtÞ. In the
limit mDM ≪ MMACHO, the heating rate of MACHOs per
unit mass is given by [3]2

HMACHO ¼ −2
ffiffiffiffiffiffi
2π

p
G2ð1 − fMACHOÞρDMMMACHO

×
σ2MACHO

ðσ2DM þ σ2MACHOÞ
3
2

log

�
b290 þ b2max

b290 þ b2min

�
; ð10Þ

where G is the gravitational constant, σMACHO and σDM are
the MACHO and smooth DM velocity dispersions, b90 ¼
GmDMMMACHO=ðμv2relÞ is the impact parameter for a deflec-
tion of 90° with μ ¼ mDMMMACHO=ðmDM þMMACHOÞ and
bmin and bmax are the minimal and maximal impact param-
eters of MACHO-smooth DM scattering for which we take
bmin ¼ 0 and bmax ¼ RUFD.
The change in the MACHO energy per unit mass is

given by

dEMACHOðRMACHOÞ
dt

¼
Z

∞

0

dr4πr2ρMACHOðr; RMACHOÞ

×HMACHOðr; RMACHOÞ; ð11Þ

where the radius and RMACHO dependence in HMACHO
originates from σMACHOðr; RMACHOÞ, σDMðr; RMACHOÞ and
ρDMðr; RUFDÞ. The direct dependence of the MACHO
energy EMACHOðRMACHOÞ on the scale radius RMACHO
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Segue I
DM profile

solid: NFW
dashed: cored Dehnen

FIG. 1. DM density (blue) and radial velocity dispersion (red)
for Segue I, for an NFW (solid) and a cored Dehnen (dashed)
profile. The profile parameters are fixed using the total halo mass
MUFD ¼ 109M⊙ and the estimate of the stellar line-of-sight
velocity dispersion in Eq. (3). The velocity dispersions assume
hydrostatic equilibrium and emphasize the different behavior of
the velocity dispersion in NFW and cored Dehnen. While the
velocity dispersion grows as

ffiffiffi
r

p
for an NFW profile, it is

approximately constant within the core of a cored Dehnen profile.

2Note that the heating rate is negative since MACHOs lose
energy to the smooth DM component.
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can be determined by computing the total kinetic and
potential energy of the system using the DM density
profile. The expressions for a cored Dehnen and an
NFW profile are given in Appendix A.
Using these results, we can compute the present-day

MACHO scale radius. In order to quantify the enhance-
ment of the MACHO number density due to migration at
the location of the stars we define an effective enhance-
ment factor η which averages the relative change in the
number density at the 3D half-light radius over the age of
the UFD TUFD

η ¼ 1

TUFD

Z
TUFD

0

dt
ρMACHOðR1=2;⋆; RMACHOðtÞÞ
ρMACHOðR1=2;⋆; RMACHOð0ÞÞ

: ð12Þ

In the following, we model the enhancement of the
MACHO density through migration by rescaling
fMACHO → ηfMACHO. Note that we assume that the smooth
DM density profile does not change while the MACHOs
migrate inward. This is a good approximation as long as the
MACHO energy density is much smaller than the smooth
DM density such that the backreaction is negligible. For
this reason we stop the evolution of RMACHO at a radius
Rcut
MACHO. In the cored Dehnen profile we choose this to be

the radius at which the MACHO mass inside a sphere of
this radius equals the smooth DM mass within the same
sphere. This occurs at Rcut

MACHO ≈ f1=3MACHORUFD=2. In the
NFW profile we stop the evolution when the MACHO
density at the center equals the smooth DM density
ρMACHOð0Þ=ρsmoothDM ð0Þ ¼ 1, which occurs at Rcut

MACHO ¼
f1=2MACHORUFD. This choice is conservative since it takes
into account that due to the cusp in the center of the NFW
profile, the central MACHO density could be significantly
larger than the smooth DM density if only the mass and not
the density in the central region is compared. In Fig. 2 we
show contours of constant η assuming a cored Dehnen
(solid) and an NFW (dashed) profile. In both cases the
enhancement factor increases with the MACHO mass
MMACHO. This is due to the increase of the heating rate
in Eq. (10) with the MACHO mass. However, the increase
occurs later in the NFW profile. The slightly counter-
intuitive increase of the enhancement factor with decreasing
fMACHO is a consequence of our prescription to stop the
evolution of the MACHO scale radius when the MACHO
and smooth DM densities become comparable. This hap-
pens earlier for larger fMACHO, such that there is barely any
migration of the MACHOs toward the center of the galaxy
and consequently only a small density enhancement.
Before moving on, we comment on the interplay

between migration and MACHO-MACHO scattering in
cuspy profiles. As established earlier, MACHO scattering
with the smooth DM causes migration, which results in the
cusp getting sharper. However, it is also well known that
MACHO-MACHO scattering, akin to self-interacting DM,
causes the MACHO population to isothermalize, resulting

in cusps becoming cores (see e.g. [43–45]). These are
opposing effects and which one dominates depends on the
MACHO fraction fMACHO. Assuming both the smooth DM
and MACHOs follow the same density profile, MACHO-
MACHO scattering is suppressed compared to migration
by a factor fMACHO. A more refined estimate of the core
formation and migration timescales reveals that up to an
Oð1Þ number the ratio of both timescales scales as

Tcore

Tmig
∼
1 − fMACHO

fMACHO
; ð13Þ

where the Tmig ∼ ð1 − fMACHOÞ−1 scaling originates from
HMACHO ∝ ð1 − fMACHOÞ in Eq. (10).
Hence, for fMACHO ≲ 0.5, migration dominates over core

formation. However, both competing effects are always
present. Especially when we stop migration, the MACHO
and smooth DM densities are comparable close to the
galactic center, such that locally fMACHO ∼ 0.5 might be
reached and core formation becomes an important effect
during the late-time evolution of the UFD. Nevertheless, we
find that there is no region in parameter space where this is
relevant. Migration itself is only relevant for MACHO
massesMMACHO ≳ 104M⊙, as can be seen in Fig. 2. As we
will see in Sec. III C, in this heavy MACHO region the
bound is saturated by sampling limitations, i.e. by the
requirement that there are at least three MACHOs in
the UFD. Thus, an actually smaller enhancement factor
due to core formation at the late stage of the UFD evolution
would be compensated by the large heating rate, making
the effect irrelevant for the limit-setting procedure. We also
note that this intuitive understanding of the interplay
between migration and core formation is consistent with
the results in [45], where the authors performed simulations
in which a fraction ≥ 0.01 of all DM is made up of PBHs.

1000 104 105 106 107 108 109
10 5

10 4

0.001

0.010

0.100

1

f M
A
C
H
O

Segue I:

3.3

10
33

100

200

3 M
AC
HO
s in
UF
D

solid: cored Dehnen
dashed: NFW

FIG. 2. MACHO density enhancement factor η for Segue I. The
solid (dashed) lines show contours of constant η assuming a cored
Dehnen (NFW) DM profile. The parameter region below the
black diagonal line corresponds to a scenario with on average
fewer than three MACHOs in the whole UFD and is therefore not
experimentally accessible.
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B. Stellar heating

Similar to MACHO migration we assume that the stars
maintain the shape of the stellar profile such that the effect
of heating can be completely captured by a change in the
stellar scale radius. This self-similar evolution has been
confirmed in explicit simulations [46]. Following [3,18] we
split the heating rate into a direct heating and a tidal heating
contribution, i.e.

dE�ðR0;�Þ
dt

¼
Z

∞

0

dr4πr2ρ�ðr; R0;�ÞH�ðr; R0;�Þ; ð14Þ

where H� ¼ H�;direct þH�;tidal. The dependence of the
stellar energy on the stellar scale radius can be found from
the total kinetic and potential energy of the system and
depends on both the DM and stellar distribution. We collect
the expression for all distributions used in this article in
Appendix A.
The direct heating contribution originates from the

momentum transfer from MACHOs scattering on individ-
ual stars when they directly pass through the bulk of the
stellar distribution. In complete analogy with the heating
rate of smooth DM from MACHOs, the direct heating rate
of stars from MACHOs is given by

H⋆;direct ¼ 2
ffiffiffiffiffiffi
2π

p
G2ρMACHO

MMACHOσ
2
MACHO −m⋆σ

2
⋆

ðσ2⋆ þ σ2MACHOÞ
3
2

× log

�
b290 þ b2max

b290 þ b2min

�
; ð15Þ

where m⋆ and σ⋆ are the average star mass and the stellar
velocity dispersion. We choose bmin by requiring that at
least three MACHO scattering events occur within the
lifetime of the UFD at an impact factor of b ≥ bmin, i.e. we
choose bmin ¼ bsamp where bsamp satisfies

πb2samp
fMACHOρDM
MMACHO

vMACHOTUFD ¼ 3: ð16Þ

Note that while bsamp is approximately constant in cored
profiles, such as the cored Dehnen profile used in [3], it is
position dependent in general, i.e. bsamp ¼ bsampðrÞ. The
maximal impact parameter is chosen such that the passage
time of the MACHO is smaller than the orbital period of the
star around the UFD, since a long scattering event dilutes the
amount of energy that is transferred to the star. At a distance r
from the center of the galaxy this condition implies

bmax
σMACHO

≪
r
σ�

: ð17Þ

Thus for stars at a radius r from the galactic center we take

bmaxðrÞ ¼ max

�
1;
σMACHO

σ�

�
· r: ð18Þ

For a cored DM profile, such as the cored Dehnen in [3], with
the majority of stars located close to the half-light radius this
effectively simplifies to bmax ¼ R1=2;⋆σMACHO=σ� when the
integral over the stellar density is taken into account.
The DM profile has an important impact on the direct

heating rate. For cored DM profiles, such as the cored
Dehnen profile that we consider here, the heating rate is
approximately constant in the vicinity of the stars. In cuspy
DM profiles, such as NFW, the direct heating rate has a
nontrivial position dependence. A comparison of the direct
heating rate multiplied by a Plummer stellar distribution for
Segue I, assuming a cored Dehnen or an NFW DM profile
is shown in Fig, 3. It is clearly visible that for larger
MACHO masses MMACHO ≳ 104M⊙ the heating rate starts
to get larger and eventually dominates in cored profiles,
whereas for lighter masses heating in cuspy profiles
dominates especially close to the center. This is due to a
combination of two effects. First, due to the cuspy nature of
the NFW profile, the DM and therefore also the MACHO
density grows toward the center of the galaxy, which leads
to an enhancement in the direct heating rate, as can be seen
in Eq. (15). This enhancement of the heating rate toward
small r in the NFW profile is clearly visible for light
MACHO masses in Fig. 3. However, this enhancement is
countered by a second effect which is due to the logarithm
in Eq. (15). When bmax ¼ bmin the logarithm and con-
sequently the heating rate vanishes since there is no viable
range of impact parameters. In the NFW profile, for
example, the MACHO velocity dispersion falls off as
σMACHO ∼

ffiffiffi
r

p
toward the center of the UFD and the dark

matter density profile scales as ρ ∝ r−1, such that b2samp ∝
MMACHOr1=2 and b2max ∝ r2 for small radii, as can be seen
from Eqs. (16) and (18). Thus, at some distance rmin, bmax
will equal bsamp, making the heating rate zero. Due to the
scaling of bsamp with MMACHO this happens earlier for
larger MACHO masses and eventually so early that there is

0.1 0.5 1 5 10 50 100
10 22

10 21

10 20

10 19

10 18

10 17

solid: cored Dehnen
dashed: NFW

M
MACHO 10M

M
MACHO 10 3M

M
MACHO 10 5M

Direct Heating
Segue I

FIG. 3. Direct heating rate multiplied by the stellar distribution
function for Segue I assuming a cored Dehnen (solid) and an
NFW (dashed) DM profile. The MACHO fraction is fixed to
fMACHO ¼ 10−2 and we use a Plummer stellar profile with
M� ¼ 5.7 × 102M⊙ and R0;� ¼ 24.7 pc in both cases.
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no enhancement from the larger MACHO density in the
center of the galaxy. This is what happens for the green
curve with MMACHO ¼ 105M⊙ in Fig. 3, which barely
reaches the heating rate that can be observed in a cored
profile for the sameMACHOmass. Also note that thanks to
this screening the heating rate is insensitive to the unphys-
ical singularity at the center of the NFW profile. The bulk
of the heating rate has support close to the half-light radius.
From this discussion we can conclude that stellar heating in
UFDs with cuspy DM profiles is more sensitive to lighter
MACHOs, whereas UFDs with cored profiles are an ideal
probe for heavier MACHOs.
For impact parameters b≳ bmax the MACHOs do not

scatter off single stars anymore but they scatter coherently
off the star cluster as a whole. This mostly leads to an
acceleration of the center of mass of all stars and does not
have a heating effect. The heating of the star cluster is
caused by tidal effects. Similarly to [3] we model tidal
heating in the straight-line approximation for MACHOs
that pass by the star cloud and heat it through tidal effects.
For large impact parameters b ≫ R1=2:� we can use the
distant tide approximation [47,48] in which the energy
transferred to stars per unit stellar mass from one pass of a
MACHO is given by [48]

ΔEdt

M�
¼ 4G2M2

MACHO

b4v2rel

hr2i�
3

; ð19Þ

where hr2i� is r2 weighted by the stellar distribution

hr2i� ¼
1

M�

Z
rmax

0

4πr4ρ�ðrÞdr: ð20Þ

Motivated by [3] we take rmax ¼ 2.5R1=2;�. Other choices
change the result only by anOð1Þ number. Multiplying this
by the flux of MACHOs and integrating over impact
parameters, we obtain the tidal heating rate

H�;tidalðrÞ ¼
Z

btidalmax

btidalmin

db2πbAcorrðbÞ
ΔEtidalðbÞ

M�

×
ρMACHO

MMACHO
vMACHO; ð21Þ

where we left the r dependence of all quantities implicit and
identified ΔEtidal with ΔEdt for now. We also added an
adiabatic correction factor AcorrðbÞ which is given by [48]

Acorrðr; bÞ ¼
�
1þ

�
σ⋆ðrÞ
r

b
σMACHOðrÞ

�
2
�

−3
2

: ð22Þ

The adiabatic correction factor takes into account that the
heating rate is lowered for scattering times that are larger
than the orbital frequency of the stars. As the maximal
impact parameter we choose the scale radius of the UFD,

i.e. btidalmax ¼ RUFD. However, the choice for the minimal
impact parameter is not as straightforward. If we choose
btidalmin ¼ bmax we will in general include regions where the
distant tide approximation is not appropriate since for
r ≪ R1=2;� typically bmax ≪ R1=2;�, in which case
Eq. (19) overestimates the energy transfer as it grows as
b−4 for small impact parameters. Reference [48] suggests to
cut off the distant tide energy transfer at an impact
parameter where it agrees with the energy transfer for a
head-on collision with b ¼ 0. The energy transfer for the
head-on collision is given by [48]

ΔEho ¼
4G2M2

MACHOπ

v2rel

Z
rs

0

I20ðRÞΣsðRÞ
dR
R

; ð23Þ

where ΣsðRÞ ¼
Rþ∞
−∞ dzρ�ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ z2

p
Þ is the projected sur-

face density profile of the star cluster and the definition of
I0 can be found in [48,49]. With this we define the tidal
heating energy transfer as

ΔEtidal

M�
¼ 4G2M2

MACHOhr2i�
3v2rel

×

�
b−4; b > b0
b−40 ; b ≤ b0

; ð24Þ

where b0 is defined as the impact parameter where
ΔEdtðb0Þ ¼ ΔEho. After this modification we can choose
btidalmin ¼ maxðbmax; bsampÞ. We take the maximum of bmax

and bsamp since bsamp can be larger than bmax especially for
large MACHO masses. Note that for all scenarios that we
consider, tidal heating is subleading to direct heating after
MACHO migration has been included.

C. Stellar heating bounds

Now we apply this formalism to systematically derive
bounds on MACHO DM. In [3] Segue-I was used to set
bounds assuming a cored Dehnen DM and Plummer stellar
profile. Here we first revisit Segue-I and study how the
bound is affected by the choice of DM and stellar profiles
and how uncertainties on the astrophysical parameters
modify the bound. Finally, we present the bounds from
the list of UFDs in Table I.
The central idea behind heating bounds is that the energy

injected by gravitational scattering between MACHOs and
stars leads to an expansion of the stellar half-light radius
during the lifetime of the UFD. The observed half-light
radius today therefore sets a limit on the allowed amount of
heating or equivalently the maximally allowed abundance
of MACHO DM.
Thus, in order to set a bound we have to determine the

evolution of the stellar scale radius due to heating from
MACHOs. In order to do so we use the results of the
previous section to find the full stellar heating rate
H� ¼ H�;direct þH�;tidal, which is required to obtain the
evolution of the stellar scale radius
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dR0;�
dt

¼
�
dE�
dR0;�

�
−1Z ∞

0

dr4πr2ρ�ðr;R0;�ÞH�ðr;R0;�Þ; ð25Þ

where dE�=dR0;� is determined from the potential and kinetic
energy of the stellar system coupled to the DM halo. More
details and explicit expressions for all profiles used in this
work are given in Appendix A. We solve this differential
equation by requiring that the stellar radius today matches the
observed half-light radius, i.e. R0;�ðTUFDÞ ¼ Rtoday

0;� . For
Segue-I, which has a 2D projected half-light radius of
rh ¼ 24.2 pc, a line-of-sight stellar velocity dispersion offfiffiffiffiffiffiffiffiffiffiffiffiffi
hσ2�;losi

q
¼ 3.7 km=s, a total halo mass ofMUFD ¼ 109M⊙

and a total stellar mass of M� ¼ 5.7 × 102M⊙,
3 the stellar

scale radius today is Rtoday
0;� jExp ¼ 12.0 pc assuming an

exponential stellar profile and Rtoday
0;� jPlum ¼ 24.7 pc for a

Plummer profile.
For each fMACHO and MMACHO we take the effect of

MACHO migration into account by substituting fMACHO →
ηfMACHO in the heating rate and compute the initial stellar
scale radius R0;�ðt ¼ 0Þ that would give the observed Rtoday

0;� .
A given parameter point is excluded if the initial scale radius
falls below a threshold value Ri

0;�, corresponding to an initial
stellar core density of ρi� ¼ ρ�ðRi

0;�Þ ≈ 5.27M⊙ pc−3 which
is comparable to some of the densest stellar clusters that we
have observed. For Segue-I this is Ri

0;�jPlum ¼ 1.66 pc,
assuming a Plummer profile and Ri

0;�jExp ¼ 1.17 pc for an

exponential profile. Note that as already pointed out in [3],
the bounds depend only very weakly on Ri

0;�. We checked
that increasing or decreasing Ri

0;� by a factor of 3 has a
negligible effect on the bound.
The resulting bounds for all combinations of the DM and

stellar profile are shown in Fig. 4. The figure confirms what
was already visible for the direct heating rate in Fig. 3: there
is more stellar heating for low MACHO masses MMACHO ≲
104M⊙ in a cuspy profile, such as NFW (red), than in a cored
profile, which results in stronger bounds. For heavier
MACHOs the heating rate is reduced in cuspy DM profiles
despite the denser core due to the increase of the lower bound
on the impact parameters bmin ¼ bsamp with the MACHO
mass. In this region of parameter space, cored DM halos such
as those described by a cored Dehnen profile (blue) give
stronger bounds. For both profiles the right edge of the bound
is determined by requiring that there are at least three
MACHOs in the UFD, i.e. fMACHOMUFD > 3MMACHO.
The left edge is determined by the direct heating component,
which dominates over tidal heating at low masses. In the
cored profile the densities and velocity dispersions are

approximately constant within the half-light radius, such
that H�;direct ∝ fMACHOMMACHO, which causes the left edge
of the bound to behave as fMACHO ∝ M−1

MACHO until
MACHO migration boosts the heating rate. This occurs
roughly for MMACHO ≳ 103M⊙, leading to a sudden change
of the slope of the bound at MMACHO ≃ 103M⊙. The earlier
onset of migration at lower masses in the cored Dehnen
profile is the cause for the stronger bounds at masses
MMACHO ≳ 103M⊙. Thus, assuming a cored Dehnen profile
does not in general give conservative bounds. The bounds
are only conservative for low masses. Overall though, the
bounds are not greatly affected by the choice of DM profile
as seen in Fig. 4. The stellar profile has only a minor effect
on the bound. Nonetheless, the Plummer profile (solid)
consistently leads to slightly weaker bounds than the
exponential profile (dashed), irrespective of the DM density
profile. The difference comes mainly from the dependence
of the energy of the stellar system on the stellar scale radius,
i.e., dE�=dR0;� in Eq. (25) (see Appendix A). While the
bound is almost insensitive to the stellar profile in the cored
Dehnen halo, in the NFWDM profile we find that the bound
improves by a factor of 1.35 for the exponential stellar
profile over the Plummer profile. In the following we will
make the conservative choice to always assume a Plummer
stellar profile when deriving bounds. Before moving on, let
us stress again that the overall profile dependence of the
bound is small, making the bounds robust, regardless of what
DM density profile is realized in UFDs.
For all bounds so far, we always took the central value

for the astrophysical input parameters, as listed in Table I.
However, the half-light radius, the line-of-sight velocity
dispersion and above all the UFD mass, which can only be
inferred from fits to simulations, come with a considerable
uncertainty. In Fig. 5 we show the bounds which are
obtained by individually varying these input parameters
within their experimental uncertainties as given in Table I.
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FIG. 4. Profile dependence of the limits on the fraction of
MACHO DM fMACHO as a function of the MACHO mass
MMACHO from dynamical heating of stars in Segue I. In red
(blue) we show the limits assuming an NFW (cored Dehnnen)
profile for DM. The solid and dashed curves show results for a
Plummer and exponential profile for the stars, respectively.

3Note that in [3,18] a total stellar mass of M� ¼ 103M⊙ was
taken. Here we takeM� ¼ 5.7 × 102M⊙ since it corresponds to a
mass-to-light ratio of 2 which we assume for all UFDs. This has a
negligible effect on the bound.
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For the total stellar mass we vary the mass-to-light ratio
from 1 to 3. We find that the dependence of the bound on
the total stellar mass is too weak to be visible in the plot.
The variation of the half-light radius (red) and the velocity
dispersion (green) has only a mild effect on the bound,
which gets more pronounced for larger MACHO masses.
However, the variation of the total halo mass (orange) has a
significant effect on the bound, especially the high mass
part (right side). This is mainly due to the large relative
uncertainties of more than 100% associated with it. The
orange-shaded region bounded by the solid orange curves
depicts the variation of the bound within the total halo mass
uncertainty given by [5] MUFD ¼ 109.0

þ0.56
−0.45M⊙. However,

the mass estimate and uncertainty seem strongly correlated
with the prior distribution for the total halo mass (a log
normal distribution log10ðMUFD=M⊙Þ ∼N ð9.0; 0.5Þ)
which was used for their simulations. Thus, the quoted
uncertainties may underestimate the real uncertainties. For
this reason we also consider the mass estimate and its
uncertainties from [36]. Reference [36] separately fitted
cored and cuspy DM profiles to observed data from Segue
I, using recasts of the Aquarius simulation to break the
degeneracy of the total DM halo mass and the scale radius
of the halo. They find Mcore

UFD ¼ 108.5
þ2.0
−0.7M⊙ for the cored

profile andMcusp
UFD ¼ 109.8

þ0.6
−2.5M⊙ for the cuspy profile. They

also point out that the cored profile provides a poor fit for
Segue-I. We also note that a clear preference of Segue-I for
a cuspy DM profile was also found in [38]. We irrespec-
tively use these values to estimate the effect of the
uncertainty on the bound. The bound obtained using the
central value of the DM mass from [36] is shown in dashed
black and the variation within the uncertainty in dashed
orange lines and the light orange shaded region. The
variation of the total halo mass has only a mild effect on
the low-mass region, where stellar heating is dominated by

direct heating. Interestingly, the bound in the NFW profile
seems to be completely insensitive to the total halo mass.
This is a consequence of the observation in Sec. II that the
DM velocity dispersion does not depend on MUFD, which
makes the direct heating rate in Eq. (15) insensitive to the
total halo mass. In addition, the MUFD dependence in the
stellar energy per unit mass in Eq. (A6) drops out due to the
implicit halo mass dependence in the fit of RUFD, making
the full half-light radius evolution equation and conse-
quently the bound MUFD independent of MUFD. Intuitively,
this can be understood by the radial DM velocity
dispersion, which decreases toward the galactic center in
the NFW profile. This implies that the orbits of MACHOs
close to the stars have a small eccentricity and stay close to
the center of the UFD. These are the MACHOs that are
responsible for the direct heating of the stars. Thus, the stars
are only sensitive to the central MACHO population. The
biggest effect of varying the total halo mass within these
uncertainties is a shift of the right edge of the bound. The
right edge is determined by the requirement that the UFD
contains at least 3 MACHOs, i.e. by the requirement that
fMACHOMUFD > 3MMACHO. More massive UFDs can
therefore probe heavier MACHOs. This implies that while
the bounds are reasonably robust for lower MACHO
masses, the bound at higher masses is highly dependent
on the total halo mass. However, note that the central values
for the total halo mass from both references are much closer
than the uncertainties in [36].
Since the bounds depend so strongly on the total halo

mass which is not directly observable, one should not rely
on the bound from just a single UFD. However, if a handful
of UFDs with similar central values of the inferred total
halo mass yield similar bounds, the bound becomes much
more robust since, on the one hand, it is highly likely that
one UFD will have a true total halo mass that lies close to
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FIG. 5. Dependence on the uncertainty of the astrophysical input parameters of the limits on the fraction of MACHO DM fMACHO as a
function of the MACHO massMMACHO from dynamical heating of stars in Segue-I. The figure shows the variation of the bound within
the uncertainties of the stellar half-light radius (red), the line-of-sight velocity dispersion (green) and the total halo mass (orange). The
solid black line assumes the central values of all parameters from [5]. The solid orange lines correspond to the total halo mass
uncertainties provided in [5]. The dashed black and orange lines are the central value and uncertainties of the total halo mass from [36].
See the text for details. The left panel shows the variation of the bound in a cored Dehnen profile, whereas the right panel assumes an
NFW DM profile. The bounds in both plots are for a Plummer stellar profile.
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the central value as the total number of observed UFDs
increases, and this is enough to set a bound. On the other
hand, since the right edge of the bound is set by sampling
limitations, a large number of UFDs provide a larger
combined total mass that overcomes the sampling limi-
tations even if all UFDs have total halo masses close to the
lower end of their uncertainty interval. However, note that
no matter how many UFDs are observed, a combination of
all observations cannot extend the bound to MACHO
masses that are larger than the total halo mass of the
individual UFDs.
For this reason we evaluate the bounds from individual

UFDs in Table I. The strongest bounds assuming a Dehnen
or NFW profile, both with a Plummer stellar profile, are
shown as solid lines in Fig. 6 and highlighted in bold in
Table I. All bounds that we show are comparable to the one
from Segue I, establishing that Segue I is not an outlier and
making its bound considerably more robust. The bounds
from all remaining UFDs in Table I are shown in Fig. 8 in
Appendix B.

D. Stellar heating bounds from Ursa Major III/
UNIONS 1

As can be seen from Table I and Fig. 6, UFDs with a larger
mean central density generically give stronger bounds. This is
a strong indication that the recently observed UFD candidate
Ursa Major III/UNIONS 1 [33] with a 2D projected half-light
radius of rh ¼ ð3� 1Þ pc, a stellar mass of M� ¼ 16þ6

−5M⊙
and a stellar line-of-sight velocity dispersion of σ�;los ¼
3.7þ1.4

−1.0 km=s or σ�;los ¼ 1.9þ1.4
−1.1 km=s, might be be an ideal

candidate for setting strong bounds on MACHO DM.
Despite the large uncertainty on its velocity dispersion,
where the first value includes all 11 observed stars and the
second value omits one star that appears to be an outlier in
the observed velocity distribution, its inferred mean central
density is at least an order of magnitude larger than that of

any other UFD that we have considered so far. While its final
confirmation as an UFD is still pending, there is already a
range of circumstantial evidence supporting that Ursa Major
III is indeed a DM dominated UFD and not a self-gravitating
star cluster. Its old stellar population suggests an age of
TUFD > 10 Gyr [33], which would be unusually high for a
stellar cluster in the tidal field of the Milky Way. N-body
simulations suggest that such a long survival of Ursa Major
III can be explained if it is embedded in a massive cuspy
DM halo [34].
A recent paper [35] suggests that Ursa Major III could be

the remnant of an initially significantly more massive stellar
cluster that was stripped by the tidal field of the Milky Way.
Being such a remnant, they argue that the cluster could
survive for 1–2 Gyr, which would imply that we observe the
cluster during a short window at the end of its life. However,
as was pointed out in [16], losing of the order of 6000 stars
during its lifetime would most likely leave an observable
stellar stream that traces the motion of Ursa Major III
through the Milky Way. The nonobservation of such a
stellar stream challenges the proposal that Ursa Major III
originates from a more massive stellar cluster. Last, sim-
ulations [50] indicate that faint UFDs that match the
properties of Ursa Major III should occur in close proximity
to the Milky Way, providing strong theoretical motivation
for the presence of extremely low-luminosity UFDs.
Thus, Ursa Major III being an UFD currently seems to be

the more likely option. Following [34] we therefore model
Ursa Major III as being composed of an NFW DM halo
with mass MUFD ¼ 109M⊙. In the right panel of Fig. 6 we
show in dashed red lines the bound that the observation of
Ursa Major III sets on MACHO DM. We show the bound
for both options of the velocity dispersion in red and dark
red, respectively. In the left panel, we also show the bounds
assuming a cored Dehnen profile. In both cases the stars are
distributed in a Plummer sphere. Except for the region
MMACHO ≲ 103M⊙, the larger stellar line-of-sight velocity
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FIG. 6. Limits on the fraction of MACHO DM fMACHO as a function of the MACHO massMMACHO from dynamical heating of stars.
Shown in solid lines are the limits for the UFDs in Table I, which give the strongest bounds. The red dashed and dark red dashed lines are
projections for the bounds from Ursa Major III, assuming a velocity dispersion of σ�;los ¼ 1.9 km=s and σ�;los ¼ 3.7 km=s, respectively.
The left panel shows the bounds assuming a Dehnen and the right panel assuming an NFW DM profile. Both panels assume a Plummer
sphere for the stellar density.
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dispersion generically gives slightly stronger bounds since
a larger stellar velocity dispersion implies a more compact
UFD or equivalently a denser DM core. We therefore take
σ�;los ¼ 1.9 km=s as a conservative choice in the following
and show bounds for the NFW profile, motivated by the
N-body simulations in [34].

E. Discussion

In Fig. 7 we collect our MACHO bounds and compare
them to the bound derived in [3] from Segue I alone
(purple) and a range of other MACHO bounds [26–32]
(gray). We show the bound from Ursa Major III in dot-
dashed red to indicate that it cannot be considered a strict
bound until Ursa Major III is confirmed as an UFD. In
colored solid and dashed lines we also show the bounds for
all UFDs in Fig. 6, assuming Dehnen and NFW DM
profiles, respectively. The figure clearly shows that the
bound set by Segue I which was already discussed in [3] is
both conservative and robust. On the one hand, there is a
large number of confirmed UFDs which give comparable
bounds. On the other hand bounds assuming a cuspy NFW
DM halo are comparable albeit slightly stronger for lighter
MACHO masses MMACHO ≲ 104M⊙. There is mounting
evidence that compact UFDs and Segue I in particular
feature cuspy DM profiles [36,38], providing reason to

believe that the NFW profile should be used to set bounds.
Furthermore, should Ursa Major III be confirmed as an
UFD, it has the potential to massively improve MACHO
bounds in the 1M⊙ ≤ MMACHO ≤ 105M⊙ mass range and
would constitute the strongest bound on MACHOs in this
region of parameter space. Also note that the MACHO
bounds from Ursa Major III, reinterpreted for PBHs with
masses MPBH ≲ 103M⊙, are competitive and approxi-
mately equally strong as bounds on PBHs from gravita-
tional waves [51–53] and accretion [9,54–56]. Even if Ursa
Major III turns out to be a stellar cluster, there is an
increasing number of ultracompact UFD candidates (see
e.g. [57]), with similar properties as Ursa Major III, which
have the potential to improve bounds considerably.

IV. CONCLUSIONS

In this work, we have extended an existing analysis [3] of
dynamical heating of stars in UFDs as a probe of dark
matter in several ways: we quantified the impact of
uncertainties in UFD parameters on heating based DM
bounds and incorporated a wider set of UFD targets,
including the recently discovered promising UFD candi-
date Ursa Major III. This significantly enhances the robust-
ness of existing bounds and highlights the unprecedented
potential of Ursa Major III and similar recently discovered
ultracompact and massive UFD candidates to significantly
enhance the reach of stellar-heating based constraints.
We derived new limits on MACHO DM and studied how

the choice of DM and stellar profile affects the bounds. We
found that there is only a weak dependence on the stellar
profiles that we considered (Plummer and exponential
profiles) with the Plummer profile giving slightly more
conservative bounds. The choice of DM profile (cuspy
NFW or cored Dehnen) has opposite effects on different
regions of parameter space. While cuspy halos enhance
heating from lighter objects (MMACHO ≲ 104M⊙), cored
halos are more sensitive to higher masses, implying that a
cored Dehnen profile is not a conservative choice over the
whole parameter space. We also assessed the impact of
uncertainties in UFD parameters on the bound and found
that due to its large uncertainty, varying the total halo mass
MUFD has the biggest effect on the bound, especially for
MMACHO ≳ 105M⊙ where the bound is dominated by
sampling limitations, i.e. UFD halos are not massive
enough to contain at least three MACHOs. Thus, UFDs
might not be the best systems to obtain reliable bounds for
large MACHO masses. A promising complementary
approach to cover and extend the large-mass region and
partially circumvent the problem of large halo mass
uncertainties would be to study stellar heating in globular
clusters within massive galaxies, such as the Milky Way or
the Magellanic clouds [58]. Nonetheless, the agreement of
bounds across a large set of UFDs with the bound from
Segue I from [3] provides confidence in the overall
robustness of the bound.
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We presented, for the first time, projected limits based on
the observation of Ursa Major III, which if confirmed as a
UFD would yield the most stringent constraints to date
on MACHOs and PBHs in the mass range 1M⊙ ≤
MMACHO ≤ 105M⊙. Thus, the sensitivity to substructure
at previously inaccessible scales provides further motiva-
tion to pursue detailed observations of Ursa Major III
specifically, and of the faintest UFDs more generally.
Our results underscore the power of UFDs as astro-

physical laboratories for dark matter physics. As more
UFDs are discovered and their kinematics measured with
increasing precision, heating-based constraints will con-
tinue to improve, offering a robust probe of gravitationally
interacting dark matter scenarios which remain inaccessible
at terrestrial experiments.
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APPENDIX A: MACHO AND STELLAR SCALE
RADIUS DEPENDENCE OF TOTAL ENERGY

In order to find how heating, i.e. energy transfer, changes
the scale radius of the distribution of a species A, one has to
identify the dependence of the energy per unit mass of
species A, i.e. EA, on the scale radius. As was already
discussed in Appendix A of [3], identifying the energy of
just one species is ambiguous since the gravitational
potential energy also receives pairwise contributions, such
that only the total potential energy is well defined. Using
the virial theorem PEtot ¼ −2KEtot, which only holds for
the sum over all species, the total energy takes the form

Etot ¼ KEtot þ PEtot ¼ −KEtot

¼ −KE� − KEMACHO − KEsmooth; ðA1Þ

where the kinetic energy of species A is given by

KEA ¼ 3

2

Z
∞

0

4πR2ρAðRÞσ2AðRÞdR; ðA2Þ

where ρAðRÞ is the density distribution of A and σAðRÞ is
the velocity distribution for A in hydrostatic equilibrium

σ2AðRÞ ¼
G

ρAðRÞ
Z

∞

R
ρAðrÞ

MencðrÞ
r2

dr; ðA3Þ

with MencðrÞ being the mass enclosed in a sphere with
radius r.
It was argued in [3] that under the assumption that

the MACHO and smooth DM distributions remains
constant as MACHOs heat the stars and Mtot

MACHO ¼
fMACHOMUFD ≪ MUFD, the R0;� dependence of the poten-
tial energy of the star-MACHO system is negligible. Thus,
E� can be defined as all remaining terms of Eq. (A1) in the
fMACHO → 0 limit which are proportional to at least one
power of M�. Using this prescription and following the
technique in [3], we have calculated dE�=dt for all
combinations of DM and stellar distributions used in this
work. To leading order in 1=RUFD these are given by

Dehnenþ Plummer∶
dE�
dt

¼ dR0;⋆

dt
GM�
64

�
3πM⋆

R2
0;⋆

þ 16MUFDR0;⋆

R3
UFD

×

�
6 log

RUFD

R0;⋆
þ ð3 logð4Þ − 17Þ

��
; ðA4Þ

DehnenþExp∶
dE�
dt

¼dR0;�
dt

GM�
64

�
5M�
R2
0;�

þ384MUFDR0;�
R3
UFD

�
;

ðA5Þ

NFWþ Plummer∶
dE�
dt

¼ dR0;�
dt

GM�
64

�
3πM�
R2
0;�

þ 32MUFDfðcÞ
R2
UFD

�
; ðA6Þ

NFWþ Exp∶
dE�
dt

¼ dR0;�
dt

GM�
64

�
5M�
R2
0;�

þ 48MUFDfðcÞ
R2
UFD

�
;

ðA7Þ
where fðcÞ−1 ¼ logð1þ cÞ − c=ð1þ cÞ.
For MACHO migration we need a similar expression for

EMACHO as a function of RMACHO. Assuming that R0;� and
RUFD remain constant during migration, this is given by all
terms in Eq. (A1) which are proportional to at least one power
of Mtot

MACHO. The general expression is given in Eq. (A23) of
[3]. Using the explicit DM profiles it is straightforward to
obtain dEMACHO=dt ¼ ðdEMACHO=dRMACHOÞdRMACHO=dt.

APPENDIX B: MACHO BOUNDS FOR ALL UFDS

Here we present the MACHO bounds of all UFDs in
Table I, not just the strongest bounds. In Fig. 8 we show the
bounds assuming a cored Dehnen and a cuspy NFW profile,
in both cases assuming a Plummer stellar profile. We see that
Ursa Major III, if confirmed as an UFD, would give
significantly stronger bounds than the other known UFDs.
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