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Dwarf spheroidal galaxies provide some of the most sensitive astrophysical probes of ultralight
dark matter (ULDM), but the inferred constraints can be affected by two important systematics: tidal
interactions with the Milky Way, which reduce ULDM-induced dynamical heating, and stellar
self-gravity, which can become relevant if the stellar component was more compact at earlier times.
In this work, we attempt to estimate both effects by reconstructing dwarf-galaxy orbital histories in a
Milky Way potential, adopting a simple and approximate tidal-susceptibility diagnostic that we argue
provides a conservative description of tidal stripping, and explicitly including stellar self-gravity in our
numerical simulations. Within our framework, which we apply to five different dwarf galaxies, we find
that ULDM with masses 5 × 10−22 ≲m=eV≲ 5 × 10−21 remains in tension with current data.
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I. INTRODUCTION

Ultra-light Dark Matter (ULDM) is a very appealing and
studied dark matter candidate [1–3], whose defining feature
is a low enough particle mass m such that its associated de
Broglie wavelength reaches galactic scales. From a cos-
mological and astrophysical point of view, ULDM can
affect the small scales power spectrum and stellar kinemat-
ics and dynamics in galaxies. Many different groups have
now explored ULDM simulations [4–17], and its theoreti-
cal aspects [18–27]. The fluctuating density field, the key
feature that differentiates ULDM from other dark matter
candidates, is expected to affect dynamical heating, fric-
tion, and relaxation of the stellar body [15,28–35]. In
particular, dynamical heating can affect the expected
distributions of stars and stellar kinematics in galaxies.1

It is in fact amusing that such a simple dark matter model,

without any interaction with the standard model, can have
such a rich phenomenological implications.
In our previous work [38], we contributed to the

investigation of ULDM influence on galactic scales by
performing ULDM simulations for three different dwarf
galaxies: Fornax, Carina, and Leo II. That study found
ULDM to be in tension with stellar kinematics and half-
light radii data for 5 × 10−22 ≲m=eV≲ 5 × 10−21, improv-
ing upon typical constraints from Lyman-α [39–42] and
present-day stellar kinematics [43]. In particular, for
m ¼ 5 × 10−21 eV, we demonstrated that dynamical heat-
ing in Leo II and Carina is the primary driver of this
tension. However, dynamical heating can be reduced by
several effects [44] which were not accounted for in
Ref. [38]. One factor acknowledged in Ref. [38] is the
neglect of stellar self-gravity. While this seems to be a fairly
good approximation for these systems today, Ref. [38]
pointed out that it may not have been valid at earlier times,
particularly if the stellar population was denser. For Fornax,
for example, it would suffice for the stellar half-light radius
to have been a factor of two smaller in the past for the
baryonic mass to be comparable to the dark matter mass in
the central region of the galaxy. Moreover, a second caveat
is the possibility of tidal stripping; a tidally stripped ULDM
halo exhibits reduced dynamical heating [16,44,45]. For
example, Yang et al. [45] recently investigated the impact
of tidal stripping on Fornax for m ¼ 10−22 eV. They
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1Notably, dark matter subhalos also cause dynamical heating
in a similar fashion to the ULDM-induced one [36,37].
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demonstrated that, within the current uncertainties of the
Fornax orbit and the Milky Way’s gravitational potential,
dynamical heating may be significantly suppressed. This
effect could potentially reconcile the m ¼ 10−22 eV
ULDMmodel with dwarf galaxy data, although constraints
from the Lyman-alpha forest continue to disfavor this lower
mass range [39–42].
In the present work, we extend previous studies by

tackling both of these concerns. First, we include the full
gravitational interaction between stars in our simulations,
and find that stellar self-gravity can reduce the growth of
the half-light radius in some cases, although not enough to
qualitatively modify the main dynamical-heating conclu-
sions of Ref. [38]. Second, we survey several dwarf
galaxies using orbit integrations in different Milky Way
potentials, with different orbital parameters, in order
to estimate the expected degree of tidal stripping of
their dark-matter halos. We then incorporate this
effect in our simulations using the approximate prescrip-
tions of Refs. [44,46]. Within this framework, ULDM
with masses

5 × 10−22 ≲m=eV≲ 5 × 10−21 ð1Þ

continues to appear in tension with current dwarf-galaxy
data, in agreement with the overall picture discussed in
Ref. [38]. In upcoming work, we will also present results
for ultrafaint dwarf galaxies [47], which can probe higher
ULDM masses; see, for example, Ref. [32].
The impact of stellar self-gravity and tides on stellar

systems within ULDM halos, has also been considered
recently in Ref. [44]. That work, which we follow for the
treatment of tidal stripping, however, did not attempt to
model specific dwarf galaxies and compare directly with
data, nor did it attempt to characterize the uncertainties
associated with the tidal histories of dwarf galaxies, as we
do in the present work.
This paper is structured as follows: in Sec. II, we

describe the effects which can reduce the expected dynami-
cal heating in a ULDM halo; in Sec. III, we describe the
setting of our simulations; we describe our results for the
influence of star self-gravity and tidal stripping for Fornax/
Carina/Leo II and Leo I/Draco dwarf galaxies in Secs. IV
and V, respectively. We discuss our results in Sec. VI and
conclude in Sec. VII.

II. EFFECTS THAT CAN REDUCE ULDM
DYNAMICAL HEATING

In this Section, we describe in more detail two effects
that can reduce ULDM dynamical heating and explain how
we model them in this manuscript. We first discuss tidal
stripping in the MW potential, and then turn to the role of
stellar self-gravity within the dwarf galaxy.

A. Tidal stripping of the external halo

Following Ref. [46], the ULDM field can be heuristically
decomposed in energy eigenfunctions ψn with eigenvalue
En as

ψ ∼
XNmax

n¼0

ψneiφn−iEnt; ð2Þ

where φn are random phases, and Nmax þ 1 is the total
number of eigenfunctions, ordered by the value of the
corresponding En. The density field then reads

ρ ¼ jψ j2 ∼
XNmax

n¼0

jψnj2

þ
XNmax

n≠m
ψnψ

�
meiðφn−φmÞ−iðEn−EmÞt: ð3Þ

In particular, interference effects, of which dynamical
heating is a notable example, may be seen to come from
the n ≠ m terms.
Tidal stripping can remove mass in the outer parts of

the halo. As higher n eigenfunctions have support for
larger radii, in practice a tidally stripped halo has a
reduced number of eigenfunctions, i.e., a cutoff on Nmax.
As the fluctuating density field comes from interference
terms between different n eigenfunctions, removal of
high n eigenfunctions is expected to reduce the strength
of such fluctuations, and hence reduce dynamical
heating.
A possible way to implement a tidally stripped halo

comes from the eigenfunction method of Ref. [46], dis-
cussed in this particular context on Ref. [44]. The method is
summarized in the Appendix B. The resulting ψ decom-
position, Eq. (B4), is very similar to the heuristic Eq. (2),
with the difference that the cutoff on the eigenfunctions
sum is labeled by two numbers ðnmax; lmaxÞ. We remark
that, in our simulations, we use such eigenfunction decom-
position only to inform the initial conditions of the ULDM
halo. The ULDM evolution uses the full Schrödinger-
Poisson solver, detailed in the Appendix A.
Within the eigenfunction construction described in the

Appendix B, a tidally stripped halo with tidal radius rt can
be modeled by truncating the set of populated modes such
that the reconstructed density profile falls rapidly beyond rt
(equivalently, by fitting a target profile that is truncated at rt
and retaining only modes up to ðnmax; lmaxÞ needed to
reproduce it). Since the time-dependent density fluctuations
arise from interference among populated modes, reducing
the number of contributing modes, in particular the more
weakly bound, spatially extended ones, suppresses the
amplitude of these fluctuations and can therefore reduce
dynamical heating. In Fig. 1 we show examples of the same
halo reconstructed with different ðnmax; lmaxÞ. We remark
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that the ðnmax; lmaxÞ are chosen such that the resulting
density profile plunges to zero around the target rt, see the
right panel of Fig. 5. There may be slightly different
ðnmax; lmaxÞ values which give similar rt, although this latter
depends mainly on nmax. We verified that initializing the
halo with different ðnmax; lmaxÞ which maintain a similar rt
do not affect results. For sufficiently small cutoffs, the
resulting dynamical heating of stars can be significantly
reduced; see Ref. [44].
Implementing the effect of tidal stripping as a hard cutoff

in ðnmax; lmaxÞ is a very simplistic approach and far from
what happens in reality; however, we believe that such a
procedure yields a conservative (i.e., minimal-heating)
estimate compared to more realistic tidal evolution [45],
which is time dependent and may retain residual power in
weakly bound or unbound components. Where a compari-
son is possible, our results and Ref. [45] indeed appear
consistent with this expectation.
In practice, to set the initial conditions of our simula-

tions, we must assign an expected tidal radius rt to each
dwarf galaxy. To this end, we reconstruct the tidal histories
of the dwarfs in different Milky Way potentials, while

propagating the observational uncertainties on their orbits.
More specifically, for each Monte Carlo realization of the
distance, line-of-sight velocity, and proper motions, we
compute the minimum value of the tidal radius reached
along the orbit, normalized to the half-light radius,

mint½rtðtÞr1=2
�. For each dwarf, Table I reports the median of

this quantity together with its 2.5th–97.5th percentile
interval over the Monte Carlo sample. In our simulations,
the quantity used to define the stripped initial conditions is

the 2.5th percentile of mint½rtðtÞr1=2
�, that is, a conservative

estimate of the smallest tidal radius compatible with the
orbital uncertainties. A detailed description of the tidal-
history reconstruction is given in the Appendix C; here we
limit ourselves to summarizing the orbital properties and
tidal diagnostics of the dwarf sample considered in this
work in Table I.

B. Stellar self-gravity

Another effect which can reduce dynamical heating is
star self gravity. If the stellar component is compact enough

FIG. 1. Two examples of halos obtained with different eigenfunction cutoffs ðnmax; lmaxÞ for the same target solitonþ NFW density
profile, as described in Sec. III. Left: case with m ¼ 1 × 10−21 eV, where the density profiles are truncated at rt ≃ ð2; 4; 6Þ kpc for
different cutoff choices. Right: case with m ¼ 2 × 10−21 eV, where the density profiles are truncated at rt ≃ ð1; 2; 2.5Þ kpc.

TABLE I. Astrometric and kinematic inputs for orbit integrations. Positions are in Galactic longitude l and latitude b. For consistency
we adopt systemic proper motions from Ref. [48] (see their Table B.2). Distances D⊙ and systemic heliocentric line-of-sight velocities
vlos are kept as in the compilation used in the main text. The last three columns give the fiducial halo massM200 and NFW concentration
c [49], the half light radius [50–52] and the tidal-to-half-light ratio mintðrt=r1=2Þ quoted as the median with errors spanning the 2.5th to
97.5th percentiles of the Monte Carlo orbit ensemble.

Name l (deg) b (deg) D⊙ (kpc) vlos (km s−1) μα� (mas yr−1) μδ (mas yr−1) M200ðcÞ (M⊙) r1==2 (kpc) rt=r1=2

Fornax 237.1 −65.7 147� 12 55.3� 0.1 0.381� 0.001 −0.358� 0.002 1010ð11Þ 0.668� 0.034 8.5þ2.9
−2.4

Carina 260.1 −22.2 105� 6 222.9� 0.1 0.53� 0.01 0.13� 0.01 0.8 × 109ð15Þ 0.24� 0.02 23.5þ2.2
−11.1

Leo II 220.2 þ67.2 233� 14 78.3� 0.6 −0.11� 0.03 −0.14� 0.03 109ð20Þ 0.21� 0.02 13.7þ33.6
−12.2

Leo I 226.0 þ49.1 254� 15 282.5� 0.1 −0.05� 0.01 −0.11� 0.01 5.6 × 109ð11Þ 0.25� 0.03 10.1þ7.6
−6.3

Draco 86.4 þ34.7 76� 6 −292.3� 0.4 0.04� 0.01 −0.19� 0.01 1.8 × 109ð15Þ 0.22� 0.02 12.2þ3.6
−3.1
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such that its potential dominates (or it is not too far from)
the ULDM one, then stars are less affected by the ULDM
potential fluctuations. In this case, of course, the ULDM
fluctuations themselves do not change (unlike in the
presence of tidal stripping). However, a deeper background
potential from the stellar component implies a smaller
fractional change in orbital energy per kick and typically a
shorter dynamical time. This can make the stellar system
more “adiabatic” with respect to the ULDM fluctuation
field, thereby reducing the efficiency of diffusion.
To assess when it is justified to neglect stellar self-

gravity, it is useful to distinguish a few commonly used
(and sometimes conflated) quantities. Within a given radius
r, we define the stellar mass M⋆ðrÞ, the dark-matter mass
MDMðrÞ, and the luminosity LðrÞ (typically in the V band).
The total mass-to-light ratio is2

�
M
L

�
ðrÞ≡MDMðrÞ þM⋆ðrÞ þMgasðrÞ

LðrÞ ; ð4Þ

while the stellar mass-to-light ratio is

ϒ⋆ðrÞ≡
�
M⋆

L

�
ðrÞ: ð5Þ

These two quantities are related to the dark-to-stellar mass
ratio via

MDM

M⋆
ðrÞ ¼ ðM=LÞðrÞ

ϒ⋆ðrÞ
− 1−

MgasðrÞ
M⋆ðrÞ

≃
ðM=LÞðrÞ
ϒ⋆ðrÞ

− 1; ð6Þ

where the last step uses the fact that classical dSphs are
extremely gas-poor: upper limits on the neutral hydrogen
content within the half-light ellipses imply MHI=LV ∼
10−3M⊙=L⊙ for the Galactic dSph population, i.e., negli-
gible compared to the stellar contribution [54]. With these
definitions in mind, the common statement that “dSphs are
dark-matter dominated” is correct, but it does not auto-
matically imply that stellar self-gravity is irrelevant. What
matters for the stellar dynamics is the enclosed ratio
MDMðrÞ=M⋆ðrÞ in the region probed by the stars, and this
ratio can be only moderately large in some systems. For
Fornax, Ref. [55] finds that the dark-to-luminous mass ratio
is MDM=Mlum ≃ 5–6 within r ≃ 1.6 kpc (and 16–18 within
3 kpc), implying that even today the stellar component can
contribute non-negligibly to the central gravitational poten-
tial. By contrast, Carina and Leo II appear more dark-matter
dominated. For Carina, dynamical modeling yields a total
mass-to-light ratio M=L ≃ 66 (with sizeable uncertainties)

[53], whereas for Leo II Ref. [52] reports a global
M=L ≃ 27–45. Adopting the typical range ϒ⋆ ∼Oð1–3Þ
expected for old, metal-poor stellar populations (e.g.,ϒ⋆ ≃
1.8� 0.8 for Carina from its resolved star-formation
history [56]), Eq. (6) implies that MDM=M⋆ is generally
of order ∼20–60 for Carina (for M=L ≃ 66) and of order
∼8–40 for Leo II (for M=L ≃ 27–45), depending on the
assumed ϒ⋆.Thus, even in these more dark-matter domi-
nated dwarfs, the hierarchy between the dark and stellar
components is not parametrically large. This point is
particularly relevant because the importance of stellar
self-gravity is sensitive not only to the total stellar mass,
but also to its concentration. For fixed M⋆, making the
stellar distribution more compact increases the enclosed
M⋆ðrÞ and hence the stellar contribution to the background
potential, Φ⋆ðrÞ ∼ GM⋆ðrÞ=r. Therefore, while neglecting
stellar self-gravity may be a reasonable approximation for
present-day dwarfs in many cases, it need not have been
valid at earlier times if the stellar component was denser.
This motivates treating stellar self-gravity explicitly when
assessing ULDM-induced dynamical heating, and in par-
ticular when revisiting the heating-driven tension identified
in Ref. [38]. In practice, this simply amounts in inserting
the massive stars potential in the ULDM equations of
motion as an external potential, see Appendix A.
Finally, even in systems where ULDM dominates the

star component at all times, dynamical heating may be
significantly reduced if the mass of a single star is not much
smaller than the mass associated to ULDM fluctuations. In
fact, from the results of Refs. [22,23], ULDM can effec-
tively be seen to be composed by quasiparticles of mass3

MQP ∼ 2 × 107M⊙

�
ρ

0.01M⊙=pc3

�

×

�
10−21 eV

m

�
3
�
10 km s−1

σ

�
3

: ð7Þ

For the benchmark values we consider in this work, MQP

will always be much greater than the typical mass of the
star. Nevertheless, our implementation of stars dynamics, to
be described in the Appendix A, takes into account this
effect as well, since backreaction of stars on the ULDM
field is explicitly present in the solver, while in many other
cases this is not properly taken into account. For example,
the limits shown in Ref. [57] using UNIONS I for m ∼
10−17 eV are not exempt from this caveat.4 For such an
object and ULDM mass, one finds

2Mass-to-light ratios are band dependent. Throughout, unless
stated otherwise, we quote M=LV (i.e., using the V-band
luminosity LV), as commonly adopted in the dSph literature
(e.g., Ref. [53]). When converting to a stellar mass, we corre-
spondingly use the stellar mass-to-light ratio ϒ⋆;V ≡M⋆=LV .

3We remark that such picture is accurate only in the homo-
geneous ULDM background approximation. Its applicability to
real systems, which also include soliton fluctuations that cannot
be modeled via this quasiparticle picture, cannot be trusted more
than an order of magnitude estimate.

4We thank K. Blum for an assessment of this issue.
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MQP ∼ 10−3M⊙

�
ρ

0.1M⊙=pc3

�

×

�
10−17 eV

m

�
3
�
5 km s−1

σ

�
3

: ð8Þ

This is much smaller than a typical stellar mass. However,
Ref. [57] follows Ref. [32] and models the stellar compo-
nent as massless test particles evolved in the mean plus
fluctuating FDM potential. This corresponds to neglecting
both stellar self-gravity and any backreaction of the ULDM
field induced by the stellar component. In the regime
MQP ≪ M⋆, such backreaction effects may not be negli-
gible, and the passive-tracer approximation does not apply.
We leave a proper treatment of this regime for future work,
although we stress that the nature of UNIONS I is unclear
and it may not be dark matter dominated. In fact, soon after
Ref. [57] appeared, Ref. [58] presented new Keck spec-
troscopy of additional members and found a 95% CL upper
limit σv < 2.3 km s−1, with the data strongly favoring a
stellar-only dispersion σ⋆ ≃ 0.1 km s−1, concluding that
there is currently no observational evidence for dark matter
in the system. Chemically, the same work finds a small
metallicity-spread limit, and argues that the overall proper-
ties are more consistent with a star-cluster interpretation.

III. SIMULATION SETTING

We now describe the ULDM simulations we performed,
tackling the dynamical heating caveats described in Sec. II.
The simulations we performed where tidal stripping is not
taken into account are equivalent to the ones shown in
Ref. [38]. We refer to that and Appendix A for details. In
particular, such simulations initialize the ULDM halo using
the Eddington procedure outlined in the Appendix A of
Ref. [38]. The only difference with the simulations of
Ref. [38] is the implementation of stellar mutual inter-
actions and feedback on the ULDM field, in the way
described in the Appendix A.
For ULDM halos where tidal stripping is taken explicitly

into account, we instead follow the procedure of Ref. [46],
which we outlined in Sec. II. In particular, the target profile
of the eigenmode solver can be taken to be composed of a
soliton profile ρc (which is the ground state solution of the
Schrödinger-Poisson equations) and a Navarro-Frenk-
White (NFW) [59] profile ρNFWðrÞ, separated by a tran-
sition radius rr. Explicitly,

ρðrÞ ¼
(
ρcðrÞηtðrÞ; r ≤ rr;

ρNFWðrÞηtðrÞ; r > rr;
ð9Þ

where we added a tidal envelope ηt, which suppresses the
density after the tidal radius rt,

ηtðrÞ ¼ e−r
2=ð2r2t Þ: ð10Þ

We will later comment on the choice of the tidal radius, but
we here note that we impose a cutoff on the energy
eigenvalues such that the resulting reconstructed density
profile drops after rt, see Fig. 1 for examples.
The soliton profile can be parametrized as [5]

ρcðrÞ ¼
1.9 × 107ðm=10−22 eVÞ−2ðrc=kpcÞ−4

ð1þ 0.091ðr=rcÞ2Þ8
M⊙=kpc3;

ð11Þ

where rc is the core radius, which we can consider as a free
parameter. In this work, we take rr ¼ 2.5rc, which is
roughly the transition radius found in simulations. ρNFW
instead reads as

ρNFW ¼ ρsr3s
rðrþ rsÞ2

; ð12Þ

rs is the NFW scale radius, free parameter, whereas ρs is
determined by matching the densities at rr. Once initialized,
we let the halo relax for ∼1 Gyr before inserting stars, to
wait out for artificial initial condition transients. This
eigenstate initialization method could also be used for
simulations where tides are not taken into account; one
would just need to insert enough eigenstates to fill the box.
We still stick with the Eddington procedure for the no-tidal
stripping case here following Ref. [38], but we notice
in Sec. IV that, when rt is high enough, we find no
difference between Eddington initialization and eigenstate
initialization.

IV. RESULTS FOR FORNAX, CARINA, AND LEO II

In this Section we study the three systems simulated in
Ref. [38], investigating the impact of stars self-gravity and
tidal stripping. For stars self-gravity, which has its main
effect on dynamical heating, we only show results for
Carina and Leo II, whose limits are driven by dynamical
heating. For tidal stripping, we study all three systems.

A. 1. Results including stars self-gravity

Unlike Fornax, the ULDM tension in Leo II and Carina
is driven by dynamical heating as mentioned above. It is
therefore important to assess how sensitive this effect is to
stellar self-gravity in Leo II- and Carina-like systems,
although Carina and Leo II appear to have substantially
larger dark-to-luminous mass ratios compared to a system
like Fornax. To this end, we perform simulations following
the same general procedure adopted here and in Ref. [38],
taking m ¼ 5 × 10−21 eV and fixing the initial ULDM-to-
stellar mass ratio to be∼10within 0.7 kpc. In particular, we
simulate 104 stars, each with mass 100M⊙.
Results are presented in Fig. 2, where we initialize the

simulations with a Plummer half-light radius of 0.05 kpc,
i.e., about four to five times smaller than the present-day
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observed value, while keeping the total number of stars
fixed. For a Plummer profile, this corresponds to a central
stellar density

ρ�;0 ¼
3M�
4πa3

∼ 2

�
M�

106M⊙

��
50 pc
a

�
3

M⊙ pc−3; ð13Þ

for the present-day stellar masses of Leo II/Carina. This is
roughly one to two orders of magnitude denser than all
present-day classical dwarf spheroidals, and also above the
average stellar density in globular clusters (but several
orders of magnitude below central cores densities).
Although, as expected, the growth of the half-light radius

is somewhat slower than in the examples shown in
Ref. [38], it remains large enough to make ULDM with
m ¼ 5 × 10−21 eV incompatible with the data. We stress
that tidal stripping is not included in these simulations, but
it will be considered, together with star self-gravity, in
Sec. IV B. To illustrate the sensitivity of the results to stellar
self-gravity, Fig. 2 also shows examples of the half-light-
radius evolution for Leo II/Carina simulations with the
same ULDM halo parameters, but with stars that are two
and five times more massive (plus a no mass case for
comparison). In the five times more massive case, this
corresponds to MDM=M� ∼ 2, i.e., to a mass-to-light ratio
similar to that of Fornax, and a stellar density at 0.1 pc
roughly twice the dark matter one. As expected, the growth
of the half-light radius becomes progressively slower as the
stellar mass increases. We note that it is conceivable, and
perhaps even expected, that the stellar component may
have been larger by a factor of ∼2 in the past, simply
because stars return part of their mass to the interstellar
medium during their evolution [60]. Reaching instead a

stellar-to-dark-matter mass ratio larger by a factor of 5
would require extreme tidal effects together with a cuspy
central dark matter profile [61]. In such a case, the dark
matter cusp would be more resilient to tides than the stellar
core, potentially leading to systems that are more dark-
matter dominated in their centers today than they were
10 Gyr ago. This is not expected to occur, however, if the
dark matter profile is also cored, as in fuzzy dark matter.
Finally, we emphasize that even in cases where the half-
light radius changes substantially over the lifetime of the
dwarf, the fraction of stars effectively “lost” due to dark
matter heating never exceeds the percent level within our
simulations. The case with a stellar mass larger by a factor
of 5 should therefore be regarded as an extreme scenario,
shown mainly for reference. Of course, one could imagine
changing the stellar concentration rather than total mass, for
example reducing the initial half-light radius even further
for systems like Carina or Leo II. However, we have already
considered the initial half-light radius to be five times
smaller in the past, which implies a density about ∼120
times larger. Reducing the half-light radius even further
would lead to globular-cluster-like densities. In other
words, we would be considering entirely different progeni-
tors, not simply the same objects in a denser configuration.

B. 2. Results including also tidal stripping

We now describe our results including the impact of tidal
stripping, together with stars self-gravity. Fornax, Carina
and Leo II are possibly affected by tides in a different
extent, as can be seen in Table I. Then, implementation of
some form of tidal stripping is required in order to not have
a biased estimate of the amount of dynamical heating.
Coming back to the results of Ref. [38], the constraint for
m ¼ 10−21 eV in Fornax was not based on dynamical
heating, but rather was due to the inner velocity peak on the
velocity dispersion curve. Such a peak was caused by the
growing soliton. A possible question is whether a tidally
stripped halo would form a soliton within Fornax, which is
massive enough to give rise to a prominent central peak, not
seen in data.
A proper assessment of the problem should go toward

understanding how solitons form during collapse of the
halos originating the dwarf galaxies we see. In general,
collapse and merging of galaxies would form solitons on
scales which are much faster than the relaxation timescales,
the latter being a better proxy for our simulated halos.
However, what we can do is to initialize a simulation with a
tidally stripped halo, whose initial soliton size, together
with the tidally stripped NFW tail, is such that its induced
dispersion velocity curve would still be not too incompat-
ible with data, and study its evolution.
When considering tidally stripped halos, we take as rt the

lower 2-σ (which roughly corresponds to the 2.5 percentile
of the rt distribution found via Monte Carlo sampling)
value from Table I, with the sole exception of Leo II. In

FIG. 2. Examples of a simulation run, targeting Carina/Leo
II-like systems, for m ¼ 5 × 10−21 eV with star self-gravity,
showing the rhalf evolution over time, compared with the
observed one. We show the results of four runs, each one of
them with a different mass of the stars. The benchmark is what it
is expected for Leo II, M� ∼ 106M⊙, while for Carina everything
should be in fact reduced by a factor of ∼2.
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particular, for Fornax we take rt ≃ 3 kpc, and rt ≃ 2 kpc for
Carina. For Leo II, this criterion would give a halo which is
entirely tidally stripped beyond the stellar body. This
happens because Leo II is relatively far, and the determi-
nation of the orbit is unavoidably worse, allowing in
extreme cases for very close encounters with the
Milky Way. This can very well be what actually happens,
but given the uncertainties involved, we show results for
Leo II where the tidal radius is 0.5 kpc, 1 kpc, and 2 kpc
(the latter like Carina).
With the possible exception of Leo II, this choice should

make our estimate of the appropriate tidal radius for each
system fairly conservative, especially given that, among the
Milky Way potentials we considered, we adopted the most
conservative one, namely the one yielding the smallest
pericenters. As we discuss further in Sec. VI, in comparison
with Ref. [45], we also have reasons to believe that our very
method of implementing tidal stripping is conservative. In
fact, we remind the reader that we impose tidal stripping as
a sharp truncation of the initial halo through a cutoff in the
ðn;lÞ eigenstate expansion. This seems a more aggressive

prescription than explicitly evolving the halo within the
Milky Way potential, as done in Ref. [45], and should
therefore, if anything, tend to overestimate rather than
underestimate the impact of tides.
We show such an exercise for Fornax in Figs. 3 and 4, for

two dark matter masses, m ¼ 10−21; 5 × 10−22 eV. Both
cases remain in tension with the data because of the inner
peak in the stellar kinematics, irrespective of tides. Notice,
however, that dynamical heating is suppressed when tides
are taken into account, in qualitative agreement with what
was also pointed out for Fornax in Ref. [45]. This is also
consistent with the results of Ref. [38], which had already
anticipated that, for these masses, the slowing down of
heating due to tides would not invalidate the constraints,
since they are driven mainly by the peaks in the velocity
dispersion.
Then, in Fig. 5, we show an example of a Leo II/Carina

simulation for m ¼ 5 × 10−21 eV with tidal stripping
included. The results for rt ¼ 2 kpc, which corresponds
to the lower 2.5th-percentile value inferred for Carina from
the tidal-to-half-light-radius ratio mintðrt=r1=2Þ obtained

FIG. 3. Fornax simulation, with tides, form ¼ 10−21 eV. Dynamical heating is slowed down with respect to the examples of Ref. [38],
but the inner peak on the dispersion curve is retained.

FIG. 4. Fornax simulations, for m ¼ 5 × 10−22 eV. We compare three runs, one with tides, one without, and one both without tides
and with zeroM�. Although dynamical heating is basically stopped for the tide case, the inner peak on the velocity dispersion curve due
to the soliton would put this mass at odds with data nevertheless. Notice also how the nonzero mass of the stars affects the growth of rhalf .
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from our galpy simulations described in the Appendix C,
are consistent with those shown in Fig. 2. This highlights
the relative insensitivity of Carina to tides, as well as the
limited sensitivity to different halo initialization methods
(Eddington versus halo eigenstate). For comparison, in the
same figure we also show dashed curves corresponding to
rt ¼ 1 kpc (green) and rt ¼ 0.5 kpc (dark yellow), which
should be regarded as extreme possibilities for Leo II (but
not Carina). In such cases, the Leo II data would become
compatible with a ULDM halo with m ¼ 5 × 10−21 eV,
contrary to what was claimed in Ref. [38]. Nevertheless, we
stress that, although tidal radii as small as rt ¼ 1 kpc or
0.5 kpc are statistically allowed in the lower tail of our
Monte Carlo orbit ensemble, they should be regarded as
extreme possibilities for Leo II. This is also because Leo II
does not show clear present-day evidence for strong tidal
disturbance, either in its stellar morphology or internal
kinematics [52,62]. At the same time, the absence of
obvious tidal features today does not by itself exclude

stronger tidal effects in the past, since clear tidal signatures
are observed only in a limited number of dwarf galaxies and
can in general be difficult to detect.
For illustrative purposes, we show on the right panel of

Fig. 5 the energy eigenvalue cutoff for the three different
tidal radii considered (see also Ref. [44] for similar plots).

V. RESULTS: LEO I AND DRACO

To further substantiate the tension form≲ 5 × 10−21 eV,
which has so far been robustly driven by Carina alone,
we now analyze two additional dwarf galaxies, Leo I
and Draco. The tidal properties of these systems are
also summarized in Table I. As far as the mass of the
star component is concerned, Ref. [50] cites M� ¼ 0.29 ×
106M⊙ for Draco and M� ¼ 5.5 × 106M⊙ for Leo I. We
show in Fig. 6 an example of a run for m ¼ 2 × 10−21 eV
targeting Leo I, with tidal radius rt ¼ 1.5 kpc and
rt ¼ 1 kpc. As is apparent, both the soliton-induced stellar

FIG. 5. Leo II/Carina simulation, with tides (rt ¼ 0.5 kpc, rt ¼ 1 kpc, and rt ¼ 2 kpc), form ¼ 5 × 10−21 eV. Left: rhalf as a function
of time. Right: Estimated tidal radius for a target profile, as a function of ðnmax; lmaxÞ. For definiteness, the tidal radius is estimated as the
radius where the density drops by a factor of 100 within a 0.2 kpc radial window. Notice that the nmax dependence is stronger than the
lmax dependence.

FIG. 6. Run for m ¼ 2 × 10−21 eV for Leo I/Draco. Both stellar kinematics and dynamical heating make data incompatible with
ULDM of this mass.
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kinematics peak and dynamical heating make m ¼
2 × 10−21 eV incompatible with data. Although the mass
of the stars is tailored for Leo I, results can equally be
applied for Draco, which has a similar expected tidal radius
and similar stellar kinematics, but lighterM� (which makes
results conservative, as stars self-gravity would be less
relevant). When targeting m ¼ 5 × 10−21 eV keeping fixed
all the other parameters, dynamical heating does not drive
the tension anymore, but the stellar kinematics inner peak
remains prominent enough for both Leo I and Draco,
see Fig. 7.

VI. DISCUSSION

Throughout this work, we have explicitly taken into
account the effects of stellar self-gravity and tides on
ULDM bounds based on dynamical heating. We show
that both effects can modify the strength of dynamical
heating, sometimes significantly. However, the main result
of this work is that the mass range 5 × 10−22 ≲m=eV≲
5 × 10−21 remains excluded even when tides and stellar
self-gravity are taken into account. In contrast to Ref. [38],
we have now also included Leo I and Draco among our
targeted dwarf galaxies.
A possible concern is our simplified implementation of

tidal effects. We remark that, in a realistic setting, tidal
stripping is a continuous process affecting the halo at all
times, with time-dependent mass loss. Our approach is
much simpler and more radical, since we assume from time
zero that the halo has already been stripped down to the
expected minimum tidal radius. A more reliable assessment
of the impact of tidal stripping will require more refined
and realistic simulations. Nevertheless, when comparing
our results form ¼ 1 × 10−22 eV, shown in Fig. 8, with the
strong-tide scenario of Ref. [45], we find that in our case
the stars are not affected by heating at all, while they are for
Ref. [45]. This suggests that our method is conservative.
We are, however, aware that a proper assessment will

require a better characterization of tidal effects, which
should be implemented in future work. For example, the
tidal field of the host halo can also affect the stellar
distribution, as well as the gas distribution [63], and not
only the dark matter one. This could in some cases lead to a
further increase in the half-light radius [64], making our
bounds even more conservative, although the evolution of
the half-light radius may depend sensitively on the orbital
phase and the dark matter profile [65]. Tides can also
decrease the stellar dispersion velocity (if they reduce the
enclosed mass), and their precise impact on the stellar
distribution therefore deserves a dedicated study. It is also
worth remarking that our simulations are agnostic about the
actual formation history of the dwarf galaxy halo and that
for the masses of interest the core should not be affected by
tunneling effects due to tides [66]. Along these lines, we
emphasize that the initial time of our simulations should not
be identified with the formation time of the dwarf galaxy.
The systems considered here may have spent a non-
negligible period evolving outside the Milky Way virial

FIG. 7. Runs for m ¼ 5 × 10−21 eV for Leo I/Draco. Mostly stellar kinematics make data incompatible with ULDM of this mass.
Notice that heating is mostly unaffected by the different rt considered in this case.

FIG. 8. Fornax simulation, with tides, for m ¼ 1 × 10−22 eV.
The increase of the half-light radius is completely halted in this
scenario, to be compared with Ref. [45].
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radius before first infall. During this pre-infall phase, the
stellar component could have been shaped by internal
processes before Milky Way tides became important. We
do not attempt to model this full isolated galaxy-for-
mation history. Instead, our goal is to isolate the effect of
ULDM-induced dynamical heating, together with two
mechanisms that can reduce it, stellar self-gravity and
tidal stripping. From this perspective, our treatment of
tides is conservative. In the runs where tides are included,
the ULDM halo is initialized as already truncated at
the adopted tidal radius, which we take from the smallest
tidal radius inferred along the orbit. A real dwarf evolving
in isolation before Milky Way infall would instead have
an unstripped, more extended halo. In the eigenmode
picture, such a halo contains a larger population of weakly
bound, spatially extended modes, whose interference
contributes to the time-dependent density fluctuations
responsible for ULDM heating. Therefore, including an
explicit isolated preinfall phase would not introduce tidal
suppression during that period and would generally
increase the accumulated ULDM heating within our
framework.
Throughout this work, we have used the expected stellar

mass of each system to inform our simulations, and we
have used the estimates in Table I to set the initial rt. Our
results could be affected if one or both of these estimates
are incorrect, in particular if the initial stellar mass is much
larger than expected and/or if our estimate of the tidal
radius is biased high. As possible examples, in Fig. 2 we
have shown that dynamical-heating constraints are signifi-
cantly weakened for Leo II/Carina if the actual stellar mass
is five times larger than that inferred from mass-to-light
ratio studies, and in Fig. 5 we see the same weakening
effect if the appropriate rt for Carina were smaller than
2 kpc. We however remark, as pointed out in Sec. IV, that
such large variations of stellar mass and tidal radius
determinations are statistically very unlikely, at least for
Carina. By contrast, the results based on the kinematic
dispersion peaks for Fornax, Leo I and Draco are more
robust and largely unaffected by stellar mass determination
and tidal stripping caveats.
Our limits are complementary to, but weaker than, those

derived from the suppression of the subhalo mass function
in recent cosmological zoom-in simulations [67] (see also
Refs. [68,69]). However, these limits are obtained under the
assumption that the only effects of fuzzy dark matter on
structure formation are encoded in a modified transfer
function and power spectrum. This is likely an idealization
that does not capture all the relevant physics (see for
example the discussion in Sec. 5 of Ref. [2]). The ultimate,
albeit very ambitious, goal of the field should be to carry
out cosmological simulations that capture the full ULDM
dynamics, from high redshift to the present day, including
both the impact on the subhalo mass function and on stellar
dynamics in dwarf galaxies.

Finally, ultrafaint dwarf galaxies such as Segue I
provide access to even larger ULDM masses, in the
range ∼10−20–10−19 eV. References [32,57] claim to
exclude ULDM masses m≲ 3 × 10−19 eV. However, in
upcoming work [47] we will show that the more likely
excluded range—if Segue I is indeed dark-matter
dominated, which is not yet clear [70]—is instead
10−20 ≲m≲ 10−19 eV. This highlights that one should
study both classical dwarfs and ultra-faint dwarfs in order
to probe different ULDM mass ranges (see also Ref. [71]
for a study of Segue I in the presence of m ¼
1 × 10−22 eV ULDM).

VII. CONCLUSIONS

The presence of inner cored profiles, and dynamical
heating, are defining phenomenological features of ULDM,
both of which can be put to test with galaxy data. In
particular, dwarf galaxies are the most susceptible to m≳
10−22 eV ULDM. In Ref. [38], we concluded that 5 ×
10−22 ≲m=eV≲ 5 × 10−21 is in tension with stellar kin-
ematics and stellar distribution data of Fornax, Carina, and
Leo II dwarf galaxies. Here we expanded on the results of
Ref. [38], by explicitly looking at the influence of star self
gravity and tidal stripping on dynamical heating in dwarf-
galaxy systems like the aforementioned Fornax, Leo II,
Carina, with the further addition of Leo I, Draco. We
confirm the tension of ULDM with dwarf galaxy stellar
kinematics and distribution data for 5 × 10−22≲
m=eV≲ 5 × 10−21, compatibly with the conclusions of
Ref. [38]. Nevertheless, we here showed that both star self-
gravity and tidal stripping can affect the dynamical heating
of ULDM in significant ways, as also pointed out in
Ref. [44]. All future works discussing ULDM dynamical
heating on dwarf galaxies will have to explicitly take both
into account. As a next step, it will be important to study
tidal interactions more precisely by evolving the ULDM
halo within the Milky Way gravitational potential.
However, such an approach would still remain subject to
important modeling and numerical uncertainties, including
the treatment of mass loss, numerical resolution, the
assumed Milky Way potential, and the practical difficulty
of performing broad scans over ULDM masses and dwarf
initial conditions. In this sense, the simplified setup adopted
here and in Ref. [44] should not only be viewed as an
approximation, but also as a more controlled and computa-
tionally tractable framework against which future, more
elaborate simulations can be compared.
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APPENDIX A: CODE

We employ an updated version of the Ref. [38] pseu-
dospectral 3D Schrödinger-Poisson Equation (SPE) solver
with stars. The SPE solver closely resembles the one
described in [20], and different versions of the same
SPE solver implementation used in this work, which do
not include star dynamics, were used in [72–75]. In the
following, we review the basics of its implementations.
The SPE for the field ψ with mass m read

i
∂ψ

∂t
¼ −

1

2m
∇2ψ þmðΦþΦsÞψ ; ðA1Þ

∇2Φ ¼ 4πGðjψ j2 − hjψ̃ j2jiÞ; ðA2Þ

where Φ is the gravitational potential sourced by the
ULDM field ψ , whereas Φs is an external potential,
represented by the stars in our case. In this convention,
ψ has the dimensions of a mass squared.
The ULDM field is evolved via the unitary operator

ψðtþ dtÞ ¼
Y
α

e−idαmdtðΦαþΦsÞe−icαdt
ð−i∇xÞ2

2m ψðtÞ; ðA3Þ

the equation is meant to be read from right to left, i.e.,
before one applies the kinetic operator

e−icαdt
ð−i∇xÞ2

2m ψðtÞ≕ψ ðαÞðtþ dtÞ; ðA4Þ

and then the potential operator, where

∇2
xΦα ¼ jψ ðαÞj2: ðA5Þ

The Poisson equation here is sourced by the ULDM field
alone. In practice, the kinetic operator is most conveniently
applied in Fourier space, whereas the nonlinear potential
term is evaluated in position space [20]; the evolution is
therefore implemented by alternating between the two
representations using fast Fourier transforms (FFTs) with

the FFTW library [76]. The constants cα, dα can be found
in [20].
Star dynamics is computed from the gravitational poten-

tial ΦþΦs. Star coordinates are evolved via the leapfrog
integrator [77] (Φtot ≔ ΦþΦs)

r⃗iðtjþ1=2Þ ¼ r⃗iðtjÞ þ
1

2
dt v⃗iðtjÞ;

v⃗iðtjþ1Þ ¼ v⃗iðtjÞ − dt∇Φtotðr⃗iðtjþ1=2ÞÞ;

r⃗iðtjþ1Þ ¼ r⃗iðtjþ1=2Þ þ
1

2
dt v⃗iðtjþ1=2Þ: ðA6Þ

Φs is computed solving for the stellar Poisson equation in
the grid via FFT, where the mass density of stars is assigned
to the grid points via the Cloud In Cell (CIC) algorithm.
The gradient of Φtot is computed via the five point

midpoint numerical scheme, and its value at the star
coordinates (which generically are subgrid) is recovered
via multilinear interpolation. Notice that multilinear inter-
polation is complementary to the CIC mass assignment.
With this method, single stars feel the gravitational poten-
tial of themselves. To correct for this spurious effect, at the
beginning of the simulation, we compute the self force
caused by a single star located in all the different points of
an equally spaced 43 subgrid. For a stars in a subgrid
position, we interpolate the self force from this precom-
puted table and subtract it from the force obtained via the
potential gradient.
Coherently with the leapfrog integrator, we evolve

ULDM for dt=2, perform the drift step of stars, then
perform the kick with the tþ dt=2 potential for both
drifted stars and tþ dt evolved ULDM.
The total energy of the system reads

Etot ¼
Z

d3x

�j∇ψ j2
2m2

þ 1

2
jψ j2Φtot

�

þ
X

j∈ stars

�
mj

2
v2j þmjΦtotðr⃗jÞ

�
: ðA7Þ

We use adaptive timesteps, to ensure conservation
of energy ΔEtot=Etot ≲ 10−5 between timesteps, and
an overall conservation of energy jEfinal

tot − Einitial
tot j=

jEfinal
tot þ Einitial

tot j ≲ 10−3.
Further details on the code implementation and valida-

tion can be found in Ref. [38].

APPENDIX B: EIGENMODE SOLVER

We here show some details of the eigenmode solver of
Ref. [46], used to inform the initial conditions of our
simulations where tidal stripping is taken into account as a
cutoff on the energy of such modes.
Given a spherically symmetric gravitational potential

ΦðrÞ of the target profile ρðrÞ we want our ULDM field ψ
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to reproduce, we can consider a spherical harmonic
decomposition to express the ψ eigenfunctions

ψnlmðr; θ;ϕÞ ¼
unlðrÞ
r

Ylmðθ;ϕÞ; ðB1Þ

where the radial functions unlðrÞ, for each n, l, solve the
eigenvalue equation

−ℏ2

2m
d2unl
dr2

þ
�
ℏ2

2m
lðlþ 1Þ

r2
þmΦðrÞ

�
unl ¼ Enlunl; ðB2Þ

where n denotes the number of nodes of unl. Ylm are
spherical harmonics.
Assuming isotropy (no preferred direction), we take the

statistical properties of the modes to be independent ofm at
fixed ðn; lÞ. We then match the target spherically averaged
density profile by choosing non-negative weights Cnl such
that

ρðrÞ ≃
X
n;l

Cnl
junlðrÞj2

r2
; ðB3Þ

a convenient construction that guarantees this matching
(after averaging over random phases) is

ψðx; tÞ ¼
Xnmax

n¼0

Xlmax

l¼0

Xl

m¼−l

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4πCnl

2lþ 1

r
ψnlmðxÞeiφnlme−iEnlt=ℏ;

ðB4Þ

where the φnlm are independent random phases. Indeed,
using

P
l
m¼−l jYlmðθ;ϕÞj2 ¼ ð2lþ 1Þ=ð4πÞ, one finds

hjψðx; tÞj2iφ ¼
X
n;l

Cnl
junlðrÞj2

r2
; ðB5Þ

while the off-diagonal (n ≠ n0 and/or l ≠ l0) interference
terms, which oscillate at frequencies set by energy
differences, produce the time-dependent density fluctua-
tions responsible for dynamical heating. A tidally stripped
halo is then represented as in Eq. (B4), with a cutoff on the
pair ðnmax; lmaxÞ such that the resulting density profile does
not have support for radii r≳ rt, where rt is the tidal radius.
In Fig. 9 we also show the corresponding energy for a given
eigenstate, normalised to the ground state energy.

APPENDIX C: DWARF-GALAXY ORBITAL
HISTORIES

We here describe how we obtain the tidal histories of the
dwarf galaxies we focus on and the values in Table I.
We model the Milky Way gravitational field with two

axisymmetric potentials implemented in the galpy
dynamics library [78]. As a fiducial model we adopt the
McMillan17 Milky Way potential [79], which is cali-
brated to a broad compilation of MilkyWay constraints. We
also checked our results using the MWPotential2014
potential, a three-component bulge-disk-halo potential
recommended in galpy [80], but we then decided to
adopt the McMillan17 potential also because it is a
conservative choice for the scopes of this work (tides are
more sizable within this potential). For each dwarf galaxy
we specify its present-day sky position ðα; δÞ, heliocentric
distance D, line-of-sight velocity vlos, and proper motions
ðμα�; μδÞ [48]. We treat ðD; vlos; μα�; μδÞ as Gaussian-
distributed about their measured central values with quoted
1σ uncertainties, while ðα; δÞ are held fixed. We generate
NMC Monte Carlo realisations of the present-day observ-
ables to propagate measurement uncertainties into orbital
parameter posteriors.
We then integrate each orbit backward in time for T ¼

10 Gyr using the galpy.orbit.Orbit class and use a
uniform time grid t∈ ½0;−T� with Nt steps and the
symplectic integrator symplec4_c. From the integrated
phase-space trajectory we compute the Galactocentric
distance rðtÞ and derived pericenter and apocenter radii
by the discrete extrema on the integration grid,

rperi ≃min
t

rðtÞ; rapo ≃max
t

rðtÞ: ðC1Þ

We have verified that increasing Nt does not materially
change the resulting rperi distributions for the systems
studied. As an example, in Fig. 10 we show the distribution
of Fornax apocentric and pericentric radii from our orbit
integrator in the McMillan (2017) Milky Way potential,
which is in good agreement with Fig. 3 of Ref. [81].

FIG. 9. Energy of eigenstates of a given pair n, l, normalised to
the energy of the ground state, E0. Notice the weaker dependence
on l.
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1. Tidal radius and tidal-to-stellar
size ratio

To quantify tidal susceptibility along the orbit, we
compute an instantaneous tidal radius from the gravita-
tional tidal tensor of the host potential,

r3t ¼
Gmð< rtÞ

Λeff
; Λeff ≡ λmax þΩ2

inst; ðC2Þ

where mð< rÞ is the satellite enclosed mass profile [51],
λmax is the largest eigenvalue of the tidal tensor Tij ¼
−∂2Φhost=∂xi∂xj evaluated at the satellite’s instantaneous
position, and Ωinst is the instantaneous angular velocity of
the satellite about the Galactic Center. The eigenvalues are
computed with galpy’s ttensor routine applied to the
McMillan potential [79]. Compared with the classical
Roche estimate rt ¼ R½m=ð3MhostÞ�1=3, Eq. (C2) properly
accounts for the local shape of the host potential—includ-
ing the contribution of the local density to the tidal field—
and uses the satellite’s true angular velocity rather than the
circular-orbit value. Equation (C2) is solved iteratively for
rt at each time step, assuming the satellite follows an NFW
profile with parameters ðM200; cÞ, and is capped at r200
when the tidal field is too weak to strip any material. Given
the observational uncertainties on the present-day phase-
space coordinates and our approximate treatment of tidal

effects on ULDM, this level of modeling is sufficient for
our purpose of assessing the typical tidal susceptibility and
its uncertainty. For the satellite mass profile we adopt an
NFW halo, parametrized by ðM200; cÞ. Writing rs ¼ r200=c
and

fðxÞ ¼ lnð1þ xÞ − x
1þ x

; ðC3Þ

the enclosed mass is

mð< rÞ ¼ M200

fðr=rsÞ
fðcÞ : ðC4Þ

To get an idea of the relevant scales, one can use the
standard Roche estimate as a simple back-of-the-envelope
calculation,

rtðrperiÞ ∼ rperi

�
mð< rtÞ

3Mhostð< rperiÞ
�
1=3

≃ 5.6 kpc

�
rperi

60 kpc

��
mð< rtÞ
109M⊙

�
1=3

×

�
Mhostð< rperiÞ
4 × 1011M⊙

�−1=3
; ðC5Þ

and therefore

rtðrperiÞ
r1=2

∼ 8

�
0.7 kpc
r1=2

��
rperi

60 kpc

��
mð< rtÞ
109M⊙

�
1=3

×

�
Mhostð< rperiÞ
4 × 1011M⊙

�−1=3
: ðC6Þ

We stress that this is only a rough estimate; our numerical
results are based on the full gravitational tidal tensor of the
host potential discussed above, which can differ from the
simple Roche formula by up to ∼25%.
In Fig. 11 we show the tidal-to-half-light ratio rtðtÞ=r1=2

for Fornax (left) and Carina (right). The solid red curve is
computed along the fiducial orbit (central values of D⊙,
vlos, μα�, μδ). The dashed curve shows the same quantity
for a more plunging orbit selected from the Monte
Carlo ensemble by requiring its pericenter to lie at
the 16th percentile of the rperi distribution (i.e., a “þ1σ”
low-pericenter realization). For Fornax, we find
mint½rtðtÞ=r1=2� ≃ 8–9, implying that the stellar component
is well within the instantaneous tidal radius, while the outer
dark-matter halo (which extends to radii≫ r1=2) can still be
susceptible to tidal stripping. Our inferred tidal radius is
larger by a factor of ∼2 than that reported in Ref. [45]. A
likely origin of this difference is the assumed halo mass:
Ref. [45] adoptM200 ¼ 4 × 108M⊙ for Fornax, whereas we
use a preinfall mass of order M200 ∼ ð1–2Þ × 1010M⊙,
as typically inferred from abundance-matching–based

FIG. 10. Monte Carlo posterior for Fornax’s orbital apocenter
and pericenter in the McMillan Milky Way potential [79]. We
draw N ¼ 3000 realizations of ðD⊙; vlos; μα�; μδÞ from their
quoted uncertainties, integrate each orbit backward for 10 Gyr,
and compute ðrapo; rperiÞ from the extrema of the Galactocentric
radius rðtÞ. The color map shows the estimated probability
density in the ðrapo; rperiÞ plane; we highlight the fiducial (gold
diamond) orbit and the low-pericenter quantile orbit (orange
square), more plunging than 90% of the orbits.
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estimates for Fornax-like systems [49]. For Carina, the
situation seems better although the pericenter value
is quite sensitive to orbital parameters. This is due
to the fact that Carina’s orbit is near circular and
small proper-motion perturbations redistribute angular
momentum efficiently, producing large fractional
changes in the pericenter (while leaving the apocenter
nearly unchanged).
In Table I, we summarize the orbital parameters and tidal

features of a selected sample of dwarfs. We report the
median value of mint½rtðtÞr1=2

� together with the 2.5th–97.5th
percentile intervals, obtained by propagating the observa-
tional errors on distance, line-of-sight velocity, and proper
motions via Monte Carlo sampling. For each realization we
draw ðD⊙; vlos; μα�; μδÞ from independent Gaussian distri-
butions centered on the measured values with widths equal
to the quoted uncertainties, integrate the orbit in the
McMillan potential, and evaluate mint½rtðtÞr1=2

� along the

resulting trajectory. The tidal radius at each point is
computed from the eigenvalues of the tidal tensor
Tij ¼ −∂2Φhost=∂xi∂xj, balancing the dominant stretching
eigenvalue against the satellite’s self-gravity modeled as an
NFW halo.

APPENDIX D: SIMULATIONS DETAILS

In Table II, we show parameters and details of our
simulation suite. The halo parameters, rs and ρs or rinic
for simulations without and with tides implemented respec-
tively, are chosen to give a stellar kinematics curve, which
gives a match as close as possible with data (for settings
where the soliton-induced inner peak would make it impos-
sible to match the full stellar kinematics curve, we tried to
match the tail of such curve). Varying these parameters such
that the stellar kinematics curve is not affected, leaves our
results unchanged, as also showed in Ref. [38]. The choice of
rt follows Table I, whereas the total mass of the stars follows
what is expected from the target system. The choice of the
length of the box comes from a compromise between the
expected virial radius of the system (of order 15–20 kpc for
the dwarf galaxies considered here) and the resolution
needed to resolve the stars and ULDM dynamics. We tested
that increasing the length of the box while maintaining the
resolution does not change results.
For illustrative purposes, in Fig. 12 we show column

density snapshots of the simulation described in Fig. 3, here
taken just as an example. In Fig. 13 we show instead
dedicated plots of the same simulation.

FIG. 11. Monte Carlo–based tidal evolution of Fornax (left) and Carina (right) in the McMillan Milky Way potential [79]. The
solid curve shows the tidal-to-half-light ratio rtðtÞ=r1=2 along the fiducial orbit (O1; central values of D⊙, vlos, μα�, μδ). The
dashed curve shows the same quantity for a low-pericenter realization selected from the Monte Carlo ensemble by requiring its
pericenter to lie at the 16th percentile of the rperi distribution. The tidal radius is obtained from the eigenvalues of the tidal
tensor Tij ¼ −∂2Φhost=∂xi∂xj evaluated along the orbit, balancing the tidal stretching against the satellite’s self-gravity; the
satellite is modeled as an NFW halo with parameters ðM200; cÞ. Time is shown as lookback time. We notice that the larger
separation between fiducial and low-pericenter curves for Carina reflects the near-circularity of its fiducial orbit: small proper-
motion perturbations redistribute angular momentum efficiently, producing large fractional changes in pericenter while leaving
the apocenter nearly unchanged. This contrasts with Fornax, which already has moderate eccentricity and thus the same
fractional proper motion error causes a smaller relative change in orbital shape.
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TABLE II. Overview of our simulations suite. Column 1: particle mass in eV. Column 2: target system, asterisks denote high-
resolution simulations with number of grid points N ¼ 5123 instead of N ¼ 2563. Column 3: Length of the box in kpc. Column 4: rs in
kpc. Column 5: NFW ρs parameter for simulations initialized with Eddington, inM⊙=kpc3, applicable only for simulations without tides
(if with tides, we use a different method, where the normalization of the profile is specified by the parameter reported on column 6).
Column 6: rc used to initialize the initial soliton profile, in 10 pc; applicable only for simulations where tides are explicitly taken into
account (as explained in Sec. III). Column 7: initial rplum for the stars distribution in kpc. Column 8: rhalf in kpc after 10 Gyr, error bars
show the spread for 10� 1 Gyr. Column 9: σlos after 10 Gyr. in the innermost bin in km/s, error bars show the spread for 10� 1 Gyr.
Column 10: core radius of the soliton in 10 pc, error bars show the spread for 10� 1 Gyr. Column 11: tidal radius in kpc (if used).
Column 12: total mass of the stars in 106M⊙. Column 13: figures in which the simulation results appear. †: transition radius parameter
rr ¼ 2; ⊤: transition radius parameter rr ¼ 3.

m
eV Target L

kpc
rs
kpc

ρs
107M⊙=kpc3

rinic
10 pc

riniPlum
kpc

r10Gyrhalf
kpc

σ10Gyrlos
km=s

r10Gyrc
10 pc

rt
kpc

M�
106M⊙

Figure

1 × 10−22 Fornax 15 1.5 N=A 83.64 0.3 0.21þ0.03
−0.00 17.9þ2.2

−0.4 58.0þ13.3
−13.3 3.00 113.68

1 × 10−22 Fornax 15 1.5 N=A 126.99 0.75 0.45þ0.07
−0.02 15.3þ1.1

−3.4 80.2þ17.2
−17.2 3.00 136.42

1 × 10−22 Fornax 15 1.5 N=A 160.00 0.75 0.52þ0.00
−0.07 11.8þ2.4

−1.4 98.6þ18.9
−18.9 3.00 136.42

1 × 10−22 Fornax 30 1.5 N=A 160.00 0.75 0.44þ0.06
−0.06 4.3þ1.7

−0.5 149.2þ18.9
−18.9 3.00 0.00

1 × 10−22 Fornax 30 1.5 N=A 160.00 0.75 0.64þ0.01
−0.13 8.4þ1.0

−1.0 112.6þ30.1
−30.1 3.00 50.02 8

1 × 10−22 Fornax 30 1.5 N=A 105.38 0.75 0.46þ0.02
−0.03 9.0þ1.7

−0.5 101.7þ9.4
−9.4 3.00 0.00

1 × 10−22 Fornax 30 1.5 N=A 105.38 0.75 0.59þ0.06
−0.02 12.1þ0.9

−2.3 85.9þ10.0
−10.0 3.00 50.02

1 × 10−22 Fornax 30 1.5 N=A 105.38 0.75 0.57þ0.09
−0.01 11.9þ0.4

−1.7 85.2þ13.0
−13.0 3.00 50.02

5 × 10−22 Fornax 15 1.5 N=A 14.85 0.3 1.12þ0.05
−0.06 28.2þ3.5

−5.0 9.1þ1.3
−1.3 3.00 45.47

5 × 10−22 Fornax 12 1.5 N=A 16.73 0.24 0.80þ0.05
−0.02 30.4þ2.5

−7.0 9.6þ1.0
−1.0 3.00 68.21

5 × 10−22 Fornax 12 1.5 N=A 32.00 0.24 0.32þ0.02
−0.00 18.5þ1.5

−2.3 16.6þ0.9
−0.9 3.00 68.21

5 × 10−22 Fornax 12 1.5 1.71 N=A 0.24 0.77þ0.04
−0.05 24.2þ3.6

−1.8 11.5þ1.1
−1.1 N=A 50.02 4

5 × 10−22 Fornax 12 1.5 N=A 32.00 0.24 0.31þ0.01
−0.00 17.6þ2.0

−1.5 16.1þ0.4
−0.4 3.00 68.21 4

5 × 10−22 Fornax 12 1.5 N=A 32.00 0.24 0.33þ0.01
−0.02 18.5þ1.4

−1.7 15.6þ0.7
−0.7 3.00 68.21

5 × 10−22 Fornax 12 1.5 1.05 N=A 0.24 0.63þ0.04
−0.04 20.7þ3.1

−1.4 14.8þ1.1
−1.1 N=A 50.02

5 × 10−22 Fornax 12 1.5 1.05 N=A 0.24 0.91þ0.01
−0.06 17.9þ3.0

−2.3 15.4þ1.9
−1.9 N=A 0.00 4

1 × 10−21 Fornax 12 1.5 N=A 12.70 0.24 0.62þ0.03
−0.03 25.7þ0.3

−4.5 5.9þ0.5
−0.5 3.00 45.47 3, 12

2 × 10−21 Leo I/Draco 4 1.0 N=A 6.35 0.04 0.36þ0.03
−0.01 18.7þ3.3

−4.1 3.2þ0.3
−0.3 1.50 5.12 6

2 × 10−21 Leo I/Draco 4 1.0 N=A 6.35 0.04 0.33þ0.02
−0.01 21.2þ0.7

−6.2 3.5þ0.2
−0.2 1.00 5.12 6

5 × 10−21 Leo I/Draco 4 1.0 N=A 3.79 0.04 0.26þ0.02
−0.02 14.3þ1.9

−1.3 1.7þ0.3
−0.3 1.50 5.12

5 × 10−21 Leo I/Draco* 4 1.0 N=A 2.36 0.04 0.31þ0.00
−0.03 18.7þ3.8

−2.2 1.1þ0.2
−0.2 1.50 5.12

5 × 10−21 Leo I/Draco* 4 1.0 N=A 2.02 0.04 0.28þ0.02
−0.01 23.7þ2.9

−4.4 0.8þ0.1
−0.1 1.50 5.12 7

5 × 10−21 Leo I/Draco* 4 1.0 N=A 2.54 0.04 0.25þ0.01
−0.00 21.5þ1.3

−0.1 1.0þ0.0
−0.0 1.00 5.12 7

5 × 10−21 Leo II/Carina 5 0.7 1.83 N=A 0.1 0.27þ0.02
−0.02 13.1þ1.1

−0.9 1.9þ0.2
−0.2 N=A 5.46

5 × 10−21 Leo II/Carina 5 0.7 1.18 N=A 0.05 0.33þ0.02
−0.01 10.2þ1.4

−0.4 2.7þ0.4
−0.4 N=A 1.09 2

5 × 10−21 Leo II/Carina 5 0.7 1.83 N=A 0.05 0.21þ0.02
−0.01 12.5þ0.8

−1.2 2.3þ0.3
−0.3 N=A 5.46 2

5 × 10−21 Leo II/Carina 5 0.7 1.75 N=A 0.05 0.29þ0.02
−0.01 9.6þ1.6

−0.3 2.6þ0.3
−0.3 N=A 2.18 2

5 × 10−21 Leo II/Carina 5 0.7 N=A 4.78 0.05 0.29þ0.02
−0.01 10.0þ0.3

−1.9 3.0þ0.3
−0.3 3.00 1.09

5 × 10−21 Leo II/Carina 5 0.7 0.87 N=A 0.05 0.34þ0.01
−0.02 7.5þ0.4

−0.5 3.7þ0.3
−0.3 N=A 1.09

5 × 10−21 Leo II/Carina 5 0.7 1.75 N=A 0.05 0.28þ0.01
−0.02 11.0þ0.5

−0.6 2.4þ0.3
−0.3 N=A 2.18

5 × 10−21 Leo II/Carina 5 0.7 N=A 4.78 0.05 0.38þ0.02
−0.02 8.6þ1.4

−0.8 2.9þ0.5
−0.5 2.00 1.09

5 × 10−21 Leo II/Carina 5 0.7 N=A 4.78 0.05 0.32þ0.03
−0.01 8.5þ2.3

−0.6 2.6þ0.4
−0.4 2.00 1.09 5

5 × 10−21 Leo II/Carina 5 0.7 N=A 4.78 0.05 0.25þ0.01
−0.02 10.8þ1.1

−1.3 2.5þ0.2
−0.2 1.00 1.09 5

(Table continued)
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TABLE II. (Continued)

m
eV Target L

kpc
rs
kpc

ρs
107M⊙=kpc3

rinic
10 pc

riniPlum
kpc

r10Gyrhalf
kpc

σ10Gyrlos
km=s

r10Gyrc
10 pc

rt
kpc

M�
106M⊙

Figure

5 × 10−21 Leo II/Carina 5 0.7 N=A 4.78 0.05 0.14þ0.00
−0.01 10.2þ0.8

−2.4 2.8þ0.1
−0.1 0.50 1.09 5

5 × 10−21 Leo II/Carina 5 0.7 1.75 N=A 0.05 0.41þ0.01
−0.01 7.4þ1.7

−0.2 3.2þ0.6
−0.6 N=A 0.00 2

5 × 10−21 Leo II/Carina 5 0.7 1.75 N=A 0.05 0.34þ0.02
−0.01 9.7þ1.1

−2.4 2.8þ0.4
−0.4 N=A 1.09

5 × 10−21 Leo I/Draco* 4 0.8 N=A 2.50 0.04 0.19þ0.01
−0.01 14.9þ4.7

−1.5 0.9þ0.1
−0.1 1.00 5.00

5 × 10−21 Leo I/Draco* 4 1.2 N=A 2.50 0.04 0.19þ0.01
−0.01 22.4þ5.6

−4.6 0.9þ0.0
−0.0 1.00 5.00

5 × 10−21 Leo I/Draco* 4 0.8 N=A 3.50 0.04 0.11þ0.01
−0.01 20.8þ2.6

−1.7 1.3þ0.1
−0.1 1.00 5.00

5 × 10−21 Leo I/Draco*† 4 1.0 N=A 3.00 0.04 0.22þ0.01
−0.02 24.3þ3.0

−6.5 0.9þ0.1
−0.1 1.00 5.00

5 × 10−21 Leo I/Draco*⊤ 4 1.0 N=A 2.50 0.04 0.20þ0.01
−0.01 24.0þ8.9

−2.4 0.7þ0.0
−0.0 1.00 5.00

2 × 10−21 Leo I/Draco* 10 1.0 N=A 6.00 0.04 0.30þ0.02
−0.01 22.5þ2.1

−1.4 2.8þ0.1
−0.1 1.00 5.00

5 × 10−21 Leo II/Carina* 10 0.7 N=A 5.00 0.05 0.41þ0.02
−0.02 9.9þ2.8

−0.4 2.1þ0.2
−0.2 2.00 1.00

FIG. 12. Column density snapshots (in M⊙=kpc2) of a simulation with m ¼ 10−21 eV in a box of length L ¼ 12 kpc, whose main
results are shown in Fig. 3. Black dots show 100 randomly selected stars (out of 10000 stars in this simulation).
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