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Low-mass galaxies in the local group are dominated by dark matter and comprise the well-studied
“dwarf spheroidal” (dSph) class, with typical masses of 10°-10'°M and also the equally numerous
“ultrafaint dwarfs” (UFDs), discovered recently, that are distinctly smaller and denser with masses of only
107-108M . This bimodality amongst low-mass galaxies contrasts with the scale-free continuity expected
for galaxies formed under gravity, as in the standard cold dark matter model for heavy particles. Within
each dwarf class we find the core radius R, is inversely related to velocity dispersion o, quite the opposite of
standard expectations, but indicative of dark matter in a Bose-Einstein state, where the uncertainty principle
requires R, X ¢ is fixed by Planck’s constant, 4. The corresponding boson mass, m;, = h/R .o, differs by
one order of magnitude between the UFD and dSph classes, with 10721* eV and 107293 eV, respectively.
The two-boson species is reinforced by parallel relations seen between the central density and radius of
UFD and dSph dwarfs, respectively, each matching the steep prediction, p, o R;*, for soliton cores in the
ground state. Furthermore, soliton cores accurately fit the stellar profiles of UFD and dSph dwarfs where
prominent, dense cores appear surrounded by low-density halos, as predicted by our simulations. Multiple
bosons may point to a string theory interpretation for dark matter, where a discrete mass spectrum of axions
is generically predicted to span many decades in mass, offering a unifying “axiverse” interpretation for the
observed “diversity” of dark matter dominated dwarf galaxies.
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Dark matter is commonly understood to be nonrelativ-
istic, a characteristic necessary for its gravitational role
in galaxy formation and explaining the spectrum of
cosmic microwave background (CMB) fluctuations [1].
However, the conventional interpretation involving heavy
particles faces challenges, such as the notable absence of
new particle signatures in laboratory experiments [2,3].
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Furthermore, inconsistencies arise between the predictions
of cold dark matter (CDM) and the peculiar properties
observed in dwarf galaxies [4-8]. Some of these issues are
mitigated by addressing the missing satellite problem, but
even ultrafaint dwarf (UFD) galaxies remain in tension [9].
Alternatively, the concept of dark matter as an inherently
nonrelativistic Bose-Einstein condensate [10,11] has
gained attention through initial simulations. These simu-
lations reveal pervasive interference on the de Broglie
wavelength within galaxies and filaments, coining the term
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“wave dark matter” or DM [12,13]. In this model, bosons  correlation, trending towards lower density and larger
cannot be confined to scales smaller than the de Broglie  radius, as illustrated in Fig. 1.
scale, leading to the suppression of dwarf galaxy formation This study is built upon the premise that stars might
and the emergence of a prominent soliton core [12,14—17] effectively trace dark matter, a notion previously deemed
in every galaxy. Here, self-gravity balances the effective  controversial. Numerous distinguishing features among
pressure from the uncertainty principle in the ground state. different dark matter models not only support this idea
Crucially, smaller galaxies are predicted to have wider  but also illustrate how stellar profiles should evolve
cores and lower density because the soliton is larger at  uniquely in each model. In the context of cold dark matter,
lower momentum, a hypothesis we explore in this study. the scale-free formation of dark matter structures extends to
Here, we rigorously test the distinctive soliton predic-  extremely small scales, encompassing lower halo masses
tions by examining well-resolved dwarf galaxies within  with higher DM concentrations. Conversely, wDM inher-
the local group that orbit both Andromeda and the  ently exhibits small-scale suppression in the power spec-
Milky Way. We utilize their star count profiles and velocity ~ trum, restricting the minimum scale of structure below
dispersion profiles (refer to the Appendix A). Initially,  the de Broglie length determined by the boson mass.
we plot the reported half-light radius, Rj, against the  Consequently, structures below approximately 10°M,
standard dynamical measure of density within this radius, are suppressed for a boson mass of 10722 eV, aligned with
M(< R),) « 6*R;,. This allows the central density to scale  the observed ~0.3 kpc scale of dwarf galaxy cores. This
to an order unity dimensionless constant @, expressed as  limitation leads to a delayed galaxy formation in wDM
4nGp;, = ac’/R3. The left panel of Fig. 1 displays this  compared to CDM, resulting in a distinct evolutionary
correlation, color coded by stellar luminosity, revealing two  history. In CDM, the formation of the first “filamentary”
steep parallel relations. UFD galaxies follow a relatively  structures, consisting of low-mass subhalos, occurs earlier.
small and dense track compared to the dSph dwarfs. Both ~ Conversely, in wDM, there is no fragmentation along
classes of dwarfs exhibit a similar, unexpectedly negative  filaments due to the small-scale power spectrum cutoff,
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FIG. 1. (Left panel) Density vs half-light radius: Here, we plot the central density, (6/R,)?, for each local dwarf (named on the plot), as
reported by various groups (refer to the Appendixes A and B). These are color-coded by luminosity, revealing a clear distinction between
the UFD and dSph classes. The data forms two parallel power-law fits shown in blue. (Right panel) Density vs core radius: Here, we
depict the density within our fitted core radius for each dwarf, (¢/R,)?, utilizing the soliton form for the core (refer to the Appendix B for
all individual dwarf fits to wDM and Plummer profiles). This approach results in sharper parallel relationships between the UFD and
dSph dwarfs, showing a good fit to the slope dlogp./dlog R, = —4. This slope corresponds to the time-independent soliton solution
of the Schrodinger-Poisson relation, where a higher soliton mass leads to a narrower core. The slopes of the blue lines are constrained to
be —4, as predicted by wave dark matter. For the left panel, the slope is —3 due to the R;,;/R, relation. Core densities reported for the
Milky Way, DF44, and Antlia-2 have been added and are seen to be consistent with the lighter boson, aligning with the dSph class. We
have included core densities reported for the Milky Way, DF44, and Antlia-2, found to be consistent with the lighter boson, aligning with
the dSph class. It is important to note that R. cannot be as efficiently constrained for these cases, and thus they have been added in an
illustrative manner (without accounting for the calculations), colored in white. Their values are presented without ensuring their
reasonability as with the other cases.
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resulting in a more continuous distribution of dark matter.
Furthermore, these filaments persist for longer periods in
wDM, as the gravitational attraction from the early formation
of the first halos in CDM tends to disrupt them earlier. The
prolonged lifetimes of these filaments in wave dark matter
favor the formation of a greater number of stars within them,
leading to significant differences in the location and extent of
stellar profiles in CDM and DM galaxies. This also causes
baryonic objects to appear more diffuse or smoothed
compared to CDM, suggesting their potential as excellent
tracers of dark matter in wDM [18,19].

In dSph galaxies, stellar motions are predominantly
influenced by the gravitational potential of dark matter (they
are much more dominated than giant galaxies and that is the
main reason why are the ideal guinea pigs for this study),
leading to anticipated observable differences in stars based on
the nature of dark matter. The formation and early evolution of
galaxies and filaments are also sensitive to the nature of dark
matter, particularly influenced by the suppressed high-k
power spectrum in warm dark matter (WDM) /DM models.
The wave behavior and quantum pressure in DM result in
distinct virialized DM halo structures with prominent soliton
cores, contrasting with the smooth cores seen in CDM. While
CDM predicts cuspy profiles [20,21], simulations of merging
DM halos in wDM clearly reveal the formation of soliton
structures at the de Broglie wavelength scale [12,15,22],
standing out in terms of core density above the surrounding
DM halo. This differs from the early fragmentation of
filaments and cuspy halos in CDM [15,18,19]. Studies by
[18,19] demonstrate that baryonic feedback has limited
impact on halos within the 10°My to 10'°M range for
redshifts z > 6, failing to soften the cuspy profiles of
CDM/WDM to produce cores. Consequently, neither
CDM nor WDM can account for the claimed core origins
from dynamical studies of dSph galaxies [23,24].

This concept has been partially explored in prior studies
[15,18,19], where simulations within the DM framework
have previously revealed the birth of stars along dense dark
matter filaments, effectively tracing dark matter. This
phenomenon has been emphasized as a distinctive “smok-
ing gun” signature of wDM [18]. Additionally, it is worth
noting that our recent work [25] has further reinforced the
notion that the anticipated stellar profiles from simulations
for three major DM models—CDM, WDM, and yDM—
exhibit slight but meaningful distinctions, directly linked to
the unique characteristics of each individual DM model.
Additionally, the analysis has been extended to the relative
distribution of DM and baryons in virialized galaxies. The
conclusion is that, even though the baryonic profiles and
dark matter profiles still differ, only wDM exhibits cases
where a similar distribution can be found.

The presence of prominent cores is clearly observed in
the star count profiles of both ultrafaint dwarf and dwarf
spheroidal galaxies, as illustrated in Fig. 2, when averaged
within each class of dwarf. There is an evident difference in

scale between UFD and dSph galaxies, with a radius factor
of approximately 10. These cores are individually discern-
ible in deep images, as presented in most cases (refer to
the Appendix B individual fits), and they are deemed
“prominent” due to the core density rising well above the
surrounding “halo” by a factor of 30 in density for both
classes of dwarfs, as seen in Fig. 2. The stellar cores exhibit
similarity to the commonly adopted Plummer profile
(depicted by the red curve in Fig. 2), but they more
accurately align with the soliton form of DM in the ground
state. This alignment is noteworthy despite the inherent
parameter-free nature of the soliton profile, with the boson
mass being the sole free parameter for DM, determining
the soliton radius. Furthermore, extended halos around these
solitons are observed as a general feature, extending to
kiloparsec scales, consistent with recent discoveries of halos
around two well-studied dwarfs [26,27]. Such extended
halos are intrinsic to wDM, composed of excited states
above the ground-state soliton, as indicated by the NFW
form predicted by wDM simulations [12]. This reflects the
inherently wave nature of wDM. The averaged core-halo
structure of all dSph and UFD dwarfs is presented in Fig. 2,
revealing a remarkably tight agreement. All individual
profiles are showcased in the Appendix B, highlighting
the generality of this core-halo behavior across all well-
studied dwarfs. This encompasses a typically sharp density
transition between the core and the halo, as depicted in Fig. 2
and observed in most individual dwarf profiles, indicated by
vertical orange bands.

The remarkable agreement with the core-halo profile of
wDM prompts the plotting of the core density versus radius
relation for the soliton radius, individually measured for all
dwarfs as shown in Fig. 1, where the velocity dispersion
measured within that radius is also utilized. In Fig. 1, right
panel, two parallel relations become more apparent for the
ultrafaint Galaxy and dwarf spheroidal dwarfs, respec-
tively, in terms of p. « ¢>/R?. For wDM, a steep slope of
Psol & Rs‘(ﬁ is predicted due to the volume dependence
R} and the inherent inverse scaling of the soliton radius
with soliton mass, M, « 1/R,, derived from the time-
independent soliton solution of the Schrodinger-Poisson
coupled equation (verified by wDM simulations [12,14]).
Consequently, /R = *(h/m,)?/R}, where f is an
order unity dimensionless scaling provided by the uncer-
tainty principle (A = m,oR,), resulting in a slope of
dlogpg,/dlog Ry, = —4 for wDM. This predicted slope
aligns clearly with the data in Fig. 1 (right panel) for
both the ultrafaint dwarf and dwarf spheroidal galaxies.
This natural alignment explains the otherwise puzzling
trend where large cores within each class of dwarf have
lower velocity dispersions. Notably, the “feeble giant”
dwarf, Crater II, adheres to this relation, as do estimates
of the core radius for the Milky Way and the ultradiffuse
low-mass galaxy DF44, measuring 50 pc and 120 pc,
respectively [28-30]. Importantly, this core density-radius
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FIG. 2.

(Top panel) Dwarf spheroidal galaxies: The mean star count profile, scaled to the mean core radius of all dSph dwarfs listed in

Table II, reveals prominent cores in both dSph dwarfs relative to the halo, which extends to several times the core radius. While a
standard Plummer profile (red dashed curve) roughly fits the core region, it falls significantly short at larger radii. In contrast, the yDM
profile, with its inherent core-halo structure, accurately fits the core from the soliton component and extends to the halo when
azimuthally averaged over the excited states approximating the NFW form. The soliton profile has only one free parameter, the boson
mass, m,;, determining the scale radius of the soliton. The sharp density drop between the core and the halo, by a factor of ~30, is a
characteristic feature of wDM at a transition radius marked by the vertical orange band. The best-fit MCMC profile parameters are
tabulated in Table I. (Lower panel) Ultrafaint dwarfs: The mean profile, averaged over all resolved profiles of ultrafaint dwarfs listed in
Table III, exhibits the predicted wDM core-halo structure. This includes a marked transition in density between the core (highlighted in

orange), with the best-fit MCMC profile parameters tabulated in Table I.

relation remains unaffected by tidal stripping, inferred to
have significantly affected Crater Il and Antlia IT with small
pericenter orbits about the Milky Way. The stability of the
soliton necessitates it always follows the inverse mass-
radius relation set by the boson mass, allowing a stripped
galaxy to move down the core density-radius relation
without departing from it until the soliton is catastrophi-
cally destroyed by tidal forces [16]. Appendix A explains
all the physics related to the wave dark matter halo, while
Appendix B shows all the stellar individual density profiles
of the analyzed galaxies. Additional figures, such as
Figs. 5-7, expand on both panels of Fig. 1, and figures
like Figs. 8 and 9 demonstrate the correlated distributions
of the free parameters of Fig. 2. Additionally, Appendix B
has been divided into four subsections, each presenting
data related to classical dwarfs, ultra-faint dwarfs, Milky
Way orbiting galaxies, and Andromeda orbiting galaxies,
respectively. Figures 10—17 display the individual stellar

profiles for classical dwarfs, while 17-25 illustrate those
for ultra-faint dwarfs. Versions of Fig. 2, separated by data
from the Milky Way and Andromeda, are represented with
Figs. 26 and 32, respectively, along with the corresponding
corner plots Figs. 30 and 31 and Figs. 36 and 37. The same
method has been followed to represent different versions of
Fig. 3 in Figs. 27 and 33, and for Fig. 1 in Figs. 28 and 29
and 34 and 35.

Finally, we test directly for the role of the uncertainty
principle to see if the inverse scaling is present between o,
and r, from the commutability of momentum and position
required for the soliton. In Fig. 3 we see this inverse
relationship is indeed supported by both the UFD and dSph
dwarfs, in parallel, which is quite the opposite of the
positive correlation predicted for CDM [31] where more
massive dwarfs are larger, as indicated by the red curve.
This agreement means we can roughly estimate the boson
mass for both the UFD and dSPh classes from the

083532-4



DWARF GALAXIES UNITED BY DARK BOSONS

PHYS. REV. D 109, 083532 (2024)

102+ _qgumm

ANE44

T TE—
1072 107! 10° 10t

Luminosity [10° Le]

dSph: 1.85%3:88 x 10722 eV

UFD: 2.32+379 x 10721 eV

'G‘ yucana
L]
~ Ursa_poor
£ Ang RV e, G
£ 10 ®Draco Argay 19y ANd | e
— y rvnj:%(&llp\g(_poor LATTTI T LTI EL L
5 «-20 II_poor oa s .Veritiere Xtans
__________ and XXl
......... &nd XXI
....... &And XIV
%D lia-2
And XXV
?ana_&_nd L ¢ #rater 1l
S
\\
10° =

1071

10°

Rc [kpc]

FIG. 3.

Velocity dispersion vs core radius: Here, we plot the observed velocity dispersion against the core radius for all dSph and UFD

dwarfs, comparing them with the inverse relation required by the uncertainty principle. The best-fit blue lines to the UFD and dSPh
dwarfs separately are indicated, with the corresponding boson masses of Wave-DM derived from the normalization shown in the legend.
The slopes of the blue lines are constrained to be —1, as predicted by wave dark matter. Additionally, the CDM-related prediction [31] is
shown as a thin red curve, where galaxies with NFW profiles are larger with increasing mass, contrary to the behavior expected in yDM.

normalization between the core momentum m;,c,. and the
width of the soliton standing wave so, m, =4/2R .o, fitted
in Fig. 1, obtaining m, = 2.277)7 x 107! eV for the
UFDs and m;, = 1.8570%¢ x 10722 eV for the dSphs, differ-
ing by an order of magnitude. This simple estimate using the
uncertainty principle may be compared to individual Jeans
analysis of dSph dwarfs [32], where a similar range of boson
mass and core radius is derived dynamically for several dSph
with high-quality profiles, in the range 0.9-2.8 x 1072? eV.
This estimate assumes that the stars and DM share the same
spatial distribution, a reasonable assumption for stellar orbits
that have relaxed over time [15,18,19,25,33], so the 3D
velocity dispersion associated with the soliton wave func-
tion, where only the radial mode of kinetic energy (KE), is
present, means in 1D we have r.c = 0.5(A/m), as adopted
in our estimate. More precise absolute boson masses may
need to rely on simulations as it is now clear that stellar orbit
scattering by soliton oscillation modes affects the evolution
of stellar orbits within the soliton [33]. We emphasize that
irrespective of absolute values, Fig. 3 indicates there is an

order of magnitude difference in boson mass between UFD
and dSph dwarfs. Furthermore, this conclusion is supported
independently by the dwarfs associated with the Milky Way
and with Andromeda, prefixed by “And” in Figs. 1 and 3, for
which we find indistinguishable core density relations and
bosons masses, as listed in Table I, thus reinforcing the
generality of our two boson solution for local dwarf galaxies.

Indeed, the assertion of two distinct populations of
galaxies resulting from two different boson masses can
only be accurate if some aspect of the galaxy formation
process leads to the spatial separation of the two types of
bosons. The initial simulations and studies aimed at address-
ing this question are relatively recent and have not defini-
tively clarified it. For instance, [34] conducted simulations
where they analyzed the evolution of galactic halos under
gravity with two different populations of bosons, major
and minor. They explored scenarios with a 75% major and
25% minor composition and vice versa. The results indi-
cated that, on large scales, the spatial distributions of
filaments and massive haloes were very similar between
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the two-component and single-component models, sug-
gesting a comparable cosmological evolution that could
support the coexistence of UFD and classical dwarfs.
Additionally, they demonstrated how different proportions
of major and minor components would affect the resulting
core-halo structure. In cases where the major component
dominated, a halo resulting from both bosons simultaneously
would be possible. Both components contributed similarly to
the soliton total density profile, resulting in a significantly
lower soliton peak density than the single-component
counterpart. This, along with the presence of an extended
minor-component soliton, led to a much smoother soliton-to-
halo transition. However, in scenarios where the minor
component constituted 75% of the total population, they
explicitly stated that the minor-component soliton could not
form once the major-component soliton was stabilized [34].
These findings underscore that the evolution of different
structures in a DM context is feasible even with two distinct
populations of bosons, but the spatial distribution and
proportion of these populations are crucial considerations.
Nevertheless, it is important to mention that The referenced
paper by [34] shows that if there are two DM components
they will have different spatial distributions within a virialized
halo but does not suggest that one can have different galaxies
composed of different types of dark matter, which is a
requirement for the objectives of this work. Unfortunately,
no previous simulations have addressed this issue, making it a
challenge that must be tackled in our future research.

On the other hand, there are many tensions between
wDM predictions and observational data that can poten-
tially be alleviated by a two-field model [35]. For instance,
the presence of multiple boson populations helps to smooth
out the density fluctuations in wDM haloes, thereby
relaxing the constraints [36]. Additionally, a sufficiently
large density fraction of the heavy field is expected to
address the Lyman-a constraint [35,37].

Physically, the dominance of the heavy boson species
occurs in the filament regions where the de Broglie scale
of the light bosons is too large to allow fragmentation.
Consequently, only low-mass halos are able to form, com-
prising the smaller de Broglie scale of the heavier boson (see
Fig. 4). We also anticipate that the heavier galaxies formed
at the nodes of filament intersection comprise approximately
the initial mixture of heavy and light bosons, as depicted in
Fig. 4. Simulations are underway to explore a range of boson
mass ratios and relative initial boson densities (Luu et al.
2024, in preparation) for a quantitative comparison with the
observationally distinct UFD and dSph dwarf classes. This
numerical investigation poses greater challenges than those
explored to date, as it must encompass the factor of 20 in
boson mass ratio preferred by our analysis in this paper.

Our two boson solution for dwarf galaxies may point to the
“axiverse” scenario generic to string theory [38], where in
general terms a wide spectrum of axionlike scalar fields is
predicted with a discrete mass spectrum spanning many
decades in mass, with approximately one axion per decade.
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FIG. 4. Representative filament from a two-boson simulation:
Low-mass galaxies mainly form within the filaments and are
dominated by the heavier boson (bottom-right profile) as the
relatively large de Broglie scale of the light boson prevents light
boson fragmentation along filaments. The more massive halos are
observed to form at the filament nodes with a mix of bosons
(bottom-left profile), reflecting the equal proportion of light and
heavy bosons chosen for this simulation. The boson mass ratio
my/m, = 5 here and M, denote the mass enclosed within 10 kpc
of each halo.

In this context, we may infer that the proportion of the
universal DM in a higher mass boson may be approximately
~3% compared to the lighter boson, given the factor of 10
mass difference we find, as the higher mass axion enters the

TABLE 1. Profile parameters for dwarfs associated with the
Milky Way and Andromeda. Column 1: Dwarf class, Column 2:
Core radius r., Column 3: Core-halo transition radius r,, Column
4: Number of galaxies Ny, Column 5: Boson mass 1.

Combinations  r, (kpc) r, (kpe)  Nga my, (1072 eV)
dSphy, 02170903 0717901 23 1.85108¢
UFDpon 0.03370092  0.1170%6 21 2321+
APty way 0227000 0757032 13 1850
dSphangromeda  0.2670907  0.8210932 10 1.86:045
UFDpiny way ~ 0.03250005  0.0937000% 12 31.36173)
UFDpnromeda 004210002 01410008 9 j7,83+43]
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horizon earlier and is redshifted to lower density ahead of
lower mass axion [39]. Our two boson conclusion improves
the viability of this string theory solution for DM raised in
relation to the existence of UFD galaxies [40] and may relieve
tension with DM based on excessive variance of the of the
Ly-forest [41], though gas outflows and early active galactic
nucleus heating must also be expected to enhance the forest
variance above ideal DM simulation based predictions at
some level, as too may an initially “extreme” angle scalar field
for wDM [42]. We can also now anticipate constraints on this
two boson solution from JWST, where early galaxy for-
mation related to the subdominant, heavier boson will be
governed by the dominant density field of the lighter boson
and hence strongly biased, favoring the formation of UFD
dwarfs in groups and clusters. Alternatively, the JWST may
reveal that dwarf galaxies are physically continuous at
early times, as expected for scale-free CDM, implying
subsequent evolutionary processes are responsible for
the physical distinction between UFD and dSph dwarfs
seen today.
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APPENDIX A: THE WAVE DARK
MATTER HALO

The light bosons paradigm was first introduced by [10,43],
and [11], and subsequently reconsidered with the first
simulations [12,16,17,37,44-46] and in relation to the puz-
zling properties of dwarf spheroidal galaxies. In the simplest
version, without self-interaction, the boson mass, m,, is the
only free parameter, with a fiducial value of 1072? eV adopted
to match the approximate kpc scale commonly reported for
dark matter dominated dwarf galaxy cores.

The first simulations in this context have revealed a
surprisingly rich wavelike structure with a solitonic stand-
ing wave core, surrounded by a halo of interference that is
fully modulated on the de Broglie scale [12]. The solitonic
core corresponds to the ground-state solution of the
coupled Schrodinger-Poisson equations, with a cored
density profile well-approximated by [12,14]

1.9a7"(m,,/107% eV)~*(r./kpc) ™
[14+9.1x1072(r/r.)?)®

pe(r) Mope. (A1)

Here m,, is the boson mass, and r, is the solitonic core
radius, which simulations show scales as halo mass [14] in
the following way:

—1ys-1/3
re ocmy My, (A2)

_ 10 (SN My T
) ) o

(A3)

Core masses of constant density scale as p, « (¢/7,)? and
in the context of DM there is also an inverse relationship
between soliton core mass and soliton radius relation required
by the nonlinear solution to the Schrodinger-Poisson equation
[12] so the soliton’s density scales more steeply than the
volume with radius, i.e. p, o r-*. The radius of the soliton is
given approximately by the de Broglie wavelength A5 = %,

following from the uncertainty principle AxAp > g, where
Ax, the position dispersion given by the soliton width, 2 x r,,
and the dispersion in momentum A p, given approximately
by myo, the product of the boson mass and the velocity
dispersion of stars as tracer particles of the dominant DM
potential. This allows us to determine the boson mass that
corresponds to the de Broglie wavelength, m,, ~ 1/4r.0y,.

The simulations also show the soliton core is surrounded
by an extended halo of density fluctuations on the de
Broglie scale that arise by self-interference of the wave
function [12] and is “hydrogenic” in form [37,47]. These
cellular fluctuations are large, with full density modulation
on the de Broglie scale [12] that modulate the amplitude of
the Compton frequency oscillation of the coherent bosonic
field, allowing a direct detection via pulsar timing [28,48].

This extended halo region, when azimuthally averaged,
is found to follow the Navarro-Frank-White (NFW) density
profile [12,14,20,49] so that the full radial profile may be
approximated as

pe(x) if r<Xr,

pom(r) = Lo (A4)

otherwise,

where p, is chosen such that the inner solitonic profile
matches the outer NFW-like profile at approximately ~Xr.,
and r, is the scale radius.

In this context, we can now predict the corresponding
velocity dispersion profile by solving the spherically
symmetric Jeans equation:

d(p*(r)a%(r)) dq)DM<r) p*<r)6%(r)
T dr _Zﬁ r

=—p:(r) . (AS)
where p, (r) is the stellar density distribution is the stellar
density distribution defined by the solitonic wave dark
matter profile:

pl*(r)
p*(r) = { Po2s

()’

T T

if r<r,,
(A6)

otherwise,

where
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Lo
1491 x1072(r/r.)?]®

pre(r) = N, kpc™. (A7)

Here, rg, is the 3D scale radius of the stellar halo
corresponding to pg, the central stellar density, pg,, is the
normalization of pg, at the transition radius and the
transition radius, r,, is the point where the soliton structure
ends and the halo begins at the juncture of the core and halo
profiles. f is the anisotropy parameter, defined as [see [50],
Eq. (4.61)]

2
p=1-2L (A8)
6"
Thus, the gravitational potential is given by
M
dPpy(r) = G%(r) dr, (A9)
r

with a boundary condition ®py(c0) =0, and the mass
enclosed in a sphere of radius r is computed as follows:

= 4ﬂ/rx2pDM(x)dx.
0

Finally, to directly compare our predicted dispersion
velocity profile with the observations, we have to project
the solution of the Jeans equation along the line of sight as
follows:

Mpn(r) (A10)

rdr, (Al11)

o (R) = ﬁ[f <1 —ﬂf_j) (“j@%

where

S(R) —2Amp*(r)(r2—R2)‘]/2rdr. (A12)

APPENDIX B: DATA ANALYSIS AND RESULTS

Here, we present the stellar density profiles of a compre-
hensive sample of dSph and UFD dwarfs, which we compare
with the generic DM core-halo profile outlined in Section A
[Eq. (A6)]. Asis evidentin all the figures in Secs. B 1 and B 2,
these dwarfs indeed exhibit a distinct common form-a core-
halo structure similar to what is predicted for yDM. The cores
consistently adhere to the unique soliton form in cases with
deep star counts. Additionally, the azimuthally averaged outer
region at a larger radius is well-fitted by the NFW profile, as
anticipated for wDM [12]. The core and halo regimes are
easily distinguishable, as the core exhibits higher density
compared to the halo. The transition radius is marked by an
orange vertical line in the plots. These figures illustrate that
this profile behavior is consistent for dwarfs orbiting both
Andromeda and the Milky Way, regardless of whether they
are classified as “ultrafaint” or “dwarf spheroidal”. The
extension of these NFW-like stellar halos can be traced in
some dwarfs to over 2 kpcs in radius. In contrast, the cores are
typically 0.5 kpc for dSphs and an order of magnitude smaller
on average for UFDs, at 0.05 kpc.

108 4 22
dSph: 1.85%0:25X 10 eV
+1.79 21
UFD:2.32757,X10 eV s
105 ]
NDFag
~ J Fr—-1.6
3
*¥ 104 E «Lona Bedrenlces -1.8
= I
< - i I
E . N = \c .ﬁcana )
X, Bocteiﬁx fe"“v Landx i peor n}oi - L —2.0%
[ ® .. hoeni or
;‘-’ 103 ] ‘ \\f XXI'lnd bl C— Caiina g ,quanis
B N Tanall o_an! Venncl .
- T Land X L #"d'
Seitans
L odnd XK
1024 X Jnd i -2.4
and XXV
-2.6
Cratel
1014 '
101 100
RclKpcl

FIG. 5.

DM density vs core radius: Expanding upon the left panel of Fig. 1, we now incorporate color to represent metallicity. It is

noteworthy that the ultrafaint galaxies consistently exhibit lower metallicity compared to the dSph class, thus reinforcing the empirical
distinction between these two classes of dwarf galaxies, which is based on luminosity.
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FIG. 8. All dSph: Classical dwarfs mean profile (Fig. 2 top panel): correlated distributions of the free parameters. As can be seen the
core radius and transition radius are well-defined despite wide Gaussian priors, indicating a reliable result. The contours represent the
68%, 95%, and 99% confidence levels. The best-fit parameter values are the medians (with errors), represented by the dashed black
ones, and tabulated in Table I.
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FIG. 9. All UFD: Ultrafaint dwarfs mean profiles (Fig. 2 lower panel): correlated distributions of the free parameters. As can be seen
the core radius and transition radius are well-defined despite wide Gaussian priors, indicating a reliable result. The contours represent the
68%, 95%, and 99% confidence levels. The best-fit parameter values are the medians (with errors), represented by the dashed black
curve, and tabulated in Table I.
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1. Classical dwarf galaxies

Analysis of the core-halo structure is conducted for all dSph stellar densities. Our predictions for the dSph class
(1.5 x 10722 eV) in wDM are illustrated in green, representing the 2¢ range of the posterior distribution of profiles. We have
included nearly all the dSphs within the local group, incorporating stellar profile data points beyond 1.5 kpc. It is crucial to
emphasize that all these galaxies are consistent with the core-halo structure, both in the Milky Way and Andromeda,
underscoring the universality of this structural pattern for dwarf galaxies.
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FIG. 10. Dwarf spheroidal galaxies: This figure presents star count profiles versus dwarf galaxy radius for well-studied dSph
dwarf galaxies in the local group, as listed in Table II. In most cases, an extended halo of stars is observable, stretching to
approximately ~2 kpc, most prominently visible on the linear scale of the left-hand panel. Prominent cores are also evident on a
scale of less than 1 kpc in each dwarf. A standard Plummer profile (red dashed curve) roughly fits the core region but falls
significantly short at larger radii. Our predictions for the dSph class (~1072% eV) in wDM are depicted in green, where the distinctive
soliton profile provides an excellent fit to the observed cores and the surrounding halo of excited states that azimuthally average to
an approximately NFW-like profile beyond the soliton radius. The accuracy of the core fit to the soliton is best observed on a log
scale in the right panels, while the left panel in linear scale shows the extent of the halo. This includes the characteristic density drop
of about a factor of ~30 predicted by wDM between the prominent core and tenuous halo at a radius of approximately 1 kpc,
indicated by the vertical orange band. The best-fit MCMC profile parameters are tabulated in the Appendix B, and references to the
data in this figure are as follows: Tucana [51], Cetus [52], and Aquarius [53].
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FIG. 11. Dwarf spheroidal galaxies: Similar to Fig. 10, this figure includes three additional dSph galaxies. References to the data for
these galaxies are as follows: Draco [54], Leo I [55], and Phoenix [56].
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FIG. 12. Dwarf spheroidal galaxies: In line with Fig. 10, this figure features three additional dSph galaxies. References for the data are
as follows: Sextans [57], Andromeda XXI [27], and Crater II [58]. It is noteworthy to highlight that Andromeda XXI exhibits the same
wDM core-halo structure as the dSph satellites of the Milky Way, further supporting the “universality” of this profile for dwarfs.
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FIG. 13. Dwarf spheroidal galaxies: As in Fig. 10, this figure includes three additional galaxies. References for the data are as follows:
Carina [59], Sculptor [59], and Ursa Minor [60].
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FIG. 14. Dwarf spheroidal galaxies: Similar to Fig. 10, this figure showcases three additional galaxies. References for the data are
Canes Venatici [61] and Leo II [62].
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FIG. 15. Dwarf spheroidal galaxies: Similar to Fig. 10, this figure includes three additional galaxies. Notably, these Andromeda
galaxies exhibit the same DM core-halo structure as UFD galaxies in the Milky Way, underscoring the universality of the DM profile
for dwarfs. References for the data are as follows: Andromeda I [63], Andromeda III [64], and Andromeda V [64].
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FIG. 16. Dwarf spheroidal galaxies: As in Fig. 10, this figure includes three additional galaxies. References for the data are
Andromeda IX [64], Andromeda XIV [64], and Andromeda XV [64].
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FIG. 17. Dwarf spheroidal galaxies: Similar to Fig. 10, this figure includes three additional galaxies. References for the data are
Andromeda XVIII [64], Andromeda XXIII [64], and Andromeda XXV [64].

TABLEII. Observations and wDM profile fits for dwarf spheroidal galaxies. Column 1: Dwarf galaxy name, Column 2: Core radius
r., Column 3: Transition point r,, Column 4: Stellar scale radius ry,, Column 5: Observable projected velocity dispersion 6y ops,
Column 6: Observable half-light radius 7y, ops, Column 7: Observable luminosity Lys, Column 8: Observable metallicity. We have
excluded centrally younger and more metal-rich stellar populations found in some of these dwarfs, which may be attributed to later gas
infall. Instead, we adopted the metal-poor stellar and velocity dispersion profiles of Leo II, Carina, Ursa Minor, and Sculptor, with mean

velocity dispersion values as follows: 7.96717° [65], 8.757073 [66,67], 11.510¢ [68] and 10.75]4 [32].

Galaxy re (kpe) r (kpe)  rg (KPC)  Olgsobs (km/s) Thatt.obs (KPC) Laps (10°Lg) [Fe/H], obs

Tucana 0255000 0781008 1.05703% 133137 [51]  0.284709% [51] 5.5 [51] ~—1.6 [69]

Cetus 0361007 0.87100% 024700 11.15]% [70] 0.61001 [70] 2878 [70] ~=1.7 [70]

Aquarius 0.351001 1258007 1057982 103116 [71] 0.341001 [71] 17 [72] ~=15[72]

Draco 0175000 056105 0.150% 11574 [73] 0.231001 [74] 2.2 [75] ~—1.9 [76]

Leo I 0.2479] 1307098 1751008 9.2112 [74] 0.261 991 [77] 34711 78] ~—1.45 [74]
Phoenix 0.28%000 1271001 1.1E93 9.3107 [74] 0.297001 [74] 6.2 [79] ~=1.5[74]

Canes Ventici ~ 0.308%0¢1s 1067010 2290177 7.6707 [74] 0.4775:9% [74] 2.3 [80] —1.98700! [74]
Sextans 0481001 13150% 161505 7.913 [74] 0.71559¢0 [571 43758 [81] ~—1.95 [74]

Crater II 071505  1.6810% 2.6% 2.7503 182] 10660081 [82] 0.83 [82] —1.98%01 [82]
Leo I 0.1700 0.66700%  3.76100 74303 177 0.1910¢5 [62] 7457 [83] ~—1.65 [74]

Carina 0215000 081509 117103 6.61]3 [74] 0.4247096 [84] 5.9 [85] —1.723001 1741
Ursa Minor 0287901 09670% 052507 11.5709 [68]  0.4675709%¢ [68] 3 [86] ~—2.13 [74]

Sculptor 0215000 0721007 0.12702 101103 (771 0.289103 [77] 20.3179 [87] ~—1.45 [74]

And I 0.5250% 147708 013500 9.417 [88] 0.667007 [89]  23.987037 [64]  —1.51100; [88]
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TABLE 1I. (Continued)

Galaxy re (kPC) r; (kPC) Vs (kPC) Glospbs (km/s) Thalf,obs (kPC) Lobs (IOSLG) [FE/H], obs
And 111 033100 1381017 2530055 11.0%7¢ [88] 0.411004 1641 4785011 1641 —1.75100) [88]
And V 0.255001  0.8110% 259717 1127 [88] 0.35100% 164] 4075009 1641 —1.847093 [88]
And IX 02219007 0701908 3227143 10913 [90] 0.36100° [64] 1.997922 [90]  —1.9073% [89]
And XIV 0337500 0987 1774 5413 [91] 0.39791 [89] 1.995937 [90] ~ 1

And XV 0.191062  0.651008  1.88/5  11.0779 [92] 0.231003 [89] 1257974 [90] ~—1.1 [89]
And XVIIT 0251005 0.851008 29913 9.7733 [93] 0.331005 [89] 3.981732 193] —1.807030 [89]
And XXI 0.51700 1321018 316t 6.1 [27] 1.00559172 [27] 3.2598 127 ~—1.8 [27]
And XXIIT 0.8070% 2207018 3.927070 7.1 [90] 1.1979-19 [89] 6.307/%5 [90]  —1.80730 [89]
And XXV 0.421005 11550390 2797150 3,077 [90] 0.551009 164] 3.161082 1901 —1.80103) [89]

2. Ultrafaint dwarf galaxies

Analysis of the core-halo structure has been conducted for all UFD stellar densities. Our predictions for the UFD class
(1.5 x 1072! eV) in wDM are illustrated in green, representing the 26 range of the posterior distribution of profiles. We have
included nearly all the UFDs within the local group, incorporating stellar profile data points beyond 0.25 kpc. It is crucial to
emphasize that all these galaxies are consistent with the core-halo structure, both in the Milky Way and Andromeda,
underscoring the universality of this structural pattern for dwarf galaxies.
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FIG. 18. Ultrafaint dwarfs: This figure presents the star count profiles versus dwarf galaxy radius for the “ultrafaint” dwarf galaxies in
the local group, as listed in Table III. Many UFD dwarfs show clear evidence of extended halos stretching to approximately ~0.5 kpc,
most notably visible on the linear scale of the left-hand panel. Cores are also apparent on a scale of less than 0.1 kpc in these UFD
dwarfs. A standard Plummer profile (red dashed curve) is observed to roughly fit the core region but falls significantly short at large
radius. The soliton profile, normalized to the mean boson mass estimated for these dwarfs (~1072! eV), is shown in green. The
distinctive soliton profile provides an excellent fit to the observed cores, surrounded by a halo of excited states that azimuthally average
to an approximately NFW-like profile beyond the soliton radius. The cores align well with the predicted form of the soliton profile, as
best seen on a log scale in the right panels. The best-fit MCMC profile parameters are tabulated in the Appendix B. References for the
data are as follows: Phoenix II [94], Segue I [62], and Pegasus III [62].
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FIG. 19. Ultrafaint dwarf galaxies: Similar to Fig. 15, this figure includes three additional galaxies. References for the data are as
follows: Wilman I [62], Horologium I [62], and Pisces II [62].

106 4 106 4
&
3
X 1054 105 4
©
E Stellar best fit %ﬁ“ ~+\‘\
- R
W 104 ] — NFW ~ 44
10 —=- Plummer Coma ‘\ 10
102 10-!
10044 _ - 104+
&
3
X
~
© 3 3
E 10° 7 Stellar best fit ' 10°4
W — N , |
--- pummer  Reticulum Il ~
102 10!

o 104 10%4
3

X

S 1074 10%4
E. —— Stellar best fit

Wi — NFW

1024 --- Plummer Hydrus ) 10
1071
r [kpc]

FIG. 20. Ultrafaint dwarf galaxies: Similar to Fig. 15, this figure includes three additional galaxies. References for the data are as
follows: Coma Berenices [62], Reticulum II [95], and Hydrus I [96].
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FIG. 21. Ultrafaint dwarf galaxies: Similar to Fig. 15, this figure includes three additional galaxies. References for the data are as
follows: Grus I [96], Leo IV [97], and Canes Venatici II [96].

106 N 106
Na 10S E 105 4
X
S~
o 4 | 4
E 1049 Stellar best fit ‘:F:Ll- 10%4
N — NFW SEes
—=- Plummer BOOteS I =
10° T 103 T T T T T
3x1072 4x 1072 6x 1072 107! 2x107! 3x1071 0.05 0.10 0.15 0.20 0.25 0.30
1074 107+
3
X N
S 1064 b 1084
E —— Stellar best fit \
N — NFW .
105 | o= Pummer | Tucana I.I \ 105 .
1072 10! 10° 0.2
106 106
N& 10° 4 105 4
X
© [ [~
3 . Lt 4 Lt
=, 10%3 — stellar best fit R 10° 4 —
N — NFW ~ | 1 | T
--- pummer  Tucana IV 1 .
103 . 103 1 ; : ; . ;
2x 1072 3x1072 4x1072 6x 1072 101 0.02 0.04 0.06 0.08 0.10 0.12 0.14
r [kpc] r [kpc]

FIG. 22. Ultrafaint dwarf galaxies: Similar to Fig. 15, this figure includes three additional galaxies. References for the data are as
follows: Bootes I [62], Tucana II [98], and Tucana IV [62]. It’s worth noting that Chiti ef al. [26] claimed a surprisingly extended halo of
stars and dark matter, extending to 1 kpc in extent for Tucana II.
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FIG. 23.
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Ultrafaint dwarf galaxies: Similar to Fig. 15, this figure includes three additional galaxies. References for the data are as
follows: Andromeda X [64], Andromeda XI [64], and Andromeda XII [64].
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FIG. 24. Ultrafaint dwarf galaxies: Similar to Fig. 15, this figure includes three additional galaxies. References for the data are as
follows: Andromeda XIII [64], Andromeda XVI [64], and Andromeda XVII [99].
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FIG. 25.

follows: Andromeda XX [64], Andromeda XXII [100], and Andromeda XXVI [64].

TABLE III.

Ultrafaint dwarf galaxies: Similar to Fig. 15, this figure includes three additional galaxies. References for the data are as

Observations and wDM profile fits to ultrafaint dwarf galaxies. Column 1: UFD name, Column 2: Core radius r,,
Column 3: Transition point r,, Column 4: Stellar scale radius r,, Column 5: Observable projected velocity dispersion 6}, os, Column 6:
Observable half-light radius 7y, ops, Column 7: Observable luminosity L, Column 8: Observable age, Column 9: Observable
metallicity. Note: Leo V has recently been suggested not to be a galaxy.

Galaxy re (kpe) ri (kpe)  rg (kpe) oy (km/s) Fhatt.obs (KPC) L, obs (10°Lo) [Fe/H], obs

Phoenix I 0.02470555 00827090 1.3751 0 117240 771 0.036105%8 1771 1797035 [1011  =2.515012 [77]
Segue 1 0.02070501  0.065%000  1.5970% 39708 [74]  0.032705%0 1741 0.28%97 [101]  —2.7270 [74]
Pegasus I 0.02453%0%  0.08310913  1.161020 5453, (771 0.05310914 [77] 1.96 [102] ~2.551012 [77]
Wilman I 0.023520001  0.06410008  0.645 5 4X08 [771  0.033X0008 (771 0.87X0%5 [101] ~=2.1[77]

Horoligium I 0.0285000;  0.117001  1.29709 49158 (771 0.0415001 (771 2248050 11011 —2.762010 [77]
Pisces I 0.03275%0  0.12700%  L.85HY 54530 (771 0.0625001 (771 4161175 [101]  —2.4550%7 [77]
Coma Berenices  0.053709\)  0.16100f  1.67:0%0  4.6:08 [771  0.0691059% [77] 4817525 [101]  —2.257003 [77]
Reticulum II 0.033310%0  0.1010%%  1.48709  3.22708 [74]  0.0531000 (741 2.36103 [103]  —2.6510%7 [103]
Hydrus 0.04159%03 0135000 1.2750% 2.697021 [74]  0.0561 0304 [74] 3.38 [96] —2.527009 196]
Grus I 0.047510% 0135008 1797072 5453, [771  0.07070%2 [74]  2.10%5 [101]  —1.8870%% [77]
Leo IV 0.08470505 028700 1.347)47  3.4705 [104]  0.1145001 [104] 1878 [105] —2.481018 [104]
Canes Ventici I 0.03710002 014100 1.397097  4.6110 (771 0073900 [101] 10461302 [101]  —2.211002 [74]
Bootes I 0.065:0%%% 023100 1.861003 24102 (771 022300 771 21781358 [101]  —2.34700° [104]
Tucana I 0.111901 031700 245008 28707 [98]  0.120%; [98] ~2.83 [101] ~=2.7 [26]
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TABLE III. (Continued)

Galaxy

re (kpe)

r; (kpe)

rs. (Kpc)

Olos (km/ S)

Fhaif.obs (KPC)

L, obs (10°Ly)

[Fe/H], obs

Tucana IV
Leo V*
And X
And XI
And XII
And XIII
And XVI
And XVII
And XX
And XXII
And XXVI

0.0301 5%
0.021109%2
0.10759!
0.0591 09
0.102503
0.0450%
0.127901
0.15500;
0.0427050,
0.0787050

0.021 %5563

010735

0.076 5567

0.36700
0.21% )58
0.34%07
0.13%553
0.507007
0.57517
0.167053
0.20%)53

0.0719:52

190:13)
L6171
6182
267114
26213
29613
28473
1841132
264518
45703

3.65108¢

4370177
3.7123 [74]
3.9M12 [107]
< 4.6 [108]
2.6134 [107]
5.8130 [107]
3.8129 [107]
29173 193]
71537 193]
2.8127 [93]
8.613% [93]

0.1175:0% [62]
0.055709% [77]
0.2175:97 [64]
0.1275:% [64]
0.3270:96 [89]
0.1370:% [64]
0.1370:93 [64]
0.29100° [64]
0.09%0¢5 [64]
0.2370:98 [64]
0.157543 [64]

1407940 [106]
4921133 [101]
79.4313057 [64]
25.1273%% [64]
50.1277935 [64]
316271529 [64]
63.0911937 [64]
100.003>% [64]
25.12154% [64]
39.81773:29 [64]
15.8513%%0 [64]

—2.491015 177]
—2.287013 [77]
—2.271003 [89]
—2.07529 [89]
—2.0%97 [89]
—2.0701% [89]
—2.0702 [89]
~=2.0 [89]
—2.3103 [89]
—1.851010 [89]
—1.9030 [89]

In this analysis, we examine the satellites of the Milky Way and Andromeda separately to determine if there are any
differences in core-halo structure, as depicted in Figs. 26 and 32. Additionally, we explore the density versus core radius

trend in Figs. 28 and 34.

3. Milky Way
Milky Way’s galaxies alone.
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FIG. 26. Like Fig. 2 but just for Milky Way’s satellites.
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FIG. 27. Velocity dispersion vs core radius: Like Fig. 3 but just for Milky Way’s satellites.
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FIG. 28. DM density vs core radius: Like Fig. 1 just for Milky Way’s satellites.
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FIG. 29. DM density vs core radius: Like Fig. 5 but just for Milky Way’s satellites.
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FIG. 30. Milky Way’s UFD mean (Fig. 26 lower panel): Correlated distributions of the free parameters. As can be seen the core radius
and transition radius are well-defined despite the wide Gaussian priors, indicating a reliable result. The contours represent the 68%, 95%,
and 99% confidence levels. The best-fit parameter values are the medians (with errors), represented by the dashed black ones, and
tabulated in Table I.

083532-23



ALVARO POZO et al. PHYS. REV. D 109, 083532 (2024)

RIKpcl = 0.224+3:393

j , LI_‘—L‘ , RdKpC] = 07503322

RilKpc]

2.«[Mo/Kpc?] = 2133.506173 432

Y.[Mo/Kpc?]

Rs[Kpc] = 5.005+3322

Rs[Kpc]

;

0
Q
.
6
&+

o o ®
V o o o S K -~ 2 K
2

RedKpcl 3. [Mo/Kpc?] Rs[Kpc]

FIG. 31. Milky Way’s dSph mean (Fig. 26 top panel): Correlated distributions of the free parameters. As can be seen the core radius
and transition radius are well-defined despite the Gaussian input priors, indicating a reliable result. The contours represent the 68%,
95%, and 99% confidence levels. The best-fit parameter values are the medians (with errors), represented by the dashed black ones, and
tabulated in Table I.
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Andromeda’s galaxies alone.

2 «[Ma/Kpc?]

Z*[Mg»/KpCz]

4. Andromeda

~—— Stellar best fit

10°

102 4

Andromeda's dSphs Mean

101 — NFw 10! 4
=== Plummer
10~ 10~ 05
10° ,-_{,_,L, 10°
Andromeda's UFDs Mean
107 102 -
1] 1]
10 ——— Stellar best fit 10
— NFW
=== Plummer
102 10! 10°
r [kpc]
FIG. 32. Like Fig. 2 but just for Andromeda’s satellites.
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FIG. 33. Velocity dispersion vs core radius: Like Fig. 3 but just for Andromeda’s satellites.
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FIG. 35. DM density vs core radius: Like Fig. 5 but just for Andromeda’s satellites.
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FIG. 36. Andromeda’s dSph mean (Fig. 26 lower panel): Correlated distributions of the free parameters. As can be seen the core radius
and transition radius are well-defined despite the Gaussian input priors, indicating a reliable result. The contours represent the 68%,
95%, and 99% confidence levels. The best-fit parameter values are the medians (with errors), represented by the dashed black ones, and
tabulated in Table 1.
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FIG. 37. Andromeda’s UFD mean (Fig. 26 lower panel): Correlated distributions of the free parameters. As can be seen the core radius
and transition radius are well-defined despite the Gaussian input priors, indicating a reliable result. The contours represent the 68%,
95%, and 99% confidence levels. The best-fit parameter values are the medians (with errors), represented by the dashed black ones, and
tabulated in Table I.
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