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Université de Paris, CNRS/IN2P3, CEA/lrfu,Université Sorbonne Paris Cité, 10,
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Recent discoveries of large halos of stars and dark matter around some of the lowest
mass galaxies defy expectations that dwarf galaxies should be small and dense. Here
we find large halos are a general feature of the well known dwarfs orbiting the Milky
Way and also for the isolated dwarfs in the Local Group. Furthermore, these halos
are seen to surround a dense core within each dwarf, with a clear density transition
visible between the core and the halo at a radius of ≃ 1.0kpc. This common core-halo
structure is hard to understand for standard heavy particle dark matter where fea-
tureless, concentrated profiles are predicted, whereas dark matter as a Bose-Einstein
condensate, ψDM, naturally accounts for the observed profiles, predicting a dense
soliton core in every galaxy surrounded by a tenuous halo of interfering waves. We
show that the stellar profiles are accurately fitted by the core-halo structure of ψDM,
with only one fixed parameter, the boson mass. We also find independent consistency
with the stellar velocity dispersions measured in these dwarf galaxies, which peak
at the core radius and fall in the halo, at a level consistent with a boson mass of
≃ 1.5×10−22 eV, based on independent dynamical work. Hence, dark matter comprised
of light bosons, such as the axions generic in String Theory, provides a compelling
solution for the structure of dwarf galaxies with stars that simply trace the dark
matter profile of a Bose-Einstein condensate.

I. INTRODUCTION

The origin of Dark Matter (DM) extends beyond the
standard model of particle physics, representing a sub-
stantial portion of the cosmological mass density [5, 6].
DM is non-relativistic and primarily interacts through
gravity, as evidenced by observations such as the Cos-
mic Microwave Background and galaxy power spectrum
[7, 8]. Cold Dark Matter (CDM) has traditionally been
associated with heavy stable particles, yet the absence
of new particle signatures in laboratories and inconsis-
tencies with dwarf galaxy properties have fueled inter-
est in alternative models [9–14]. One such model is
Fuzzy Dark Matter (FDM) based on ultra-light axions,
existing in a Bose-Einstein condensate state with wave-
like structures[15–17]. FDM addresses CDM’s challenges
in resolving galactic-scale behavior, offering predictions
like the formation of solitonic standing waves matching

known theoretical solutions. These solitons exhibit flat-
cored density profiles and follow scaling relations with
host virial masses, leading to more compact solitons in
more massive galaxies [16]. At scales larger than the de
Broglie scale, FDM simulations align with CDM simula-
tions, ensuring consistency with established observations
of large-scale structure and the Cosmic Microwave Back-
ground. Despite contrasting with heavy fermions from
supersymmetry, light bosons in FDM provide a viable
non-relativistic explanation for dark matter’s observed
coldness.

Galaxies with low velocity dispersions ≲ 15 km/s, in-
dicating small masses, are classed as “dwarfs” with half
of the stars detected typically within only r1/2 ≃ 0.3 kpc.
So it is surprising that several low mass dwarfs are now
known to possess large halos of stars and dark matter ex-
tending to over several kpc, defying the dwarf definition.
This includes two spectroscopically detected halos that
are dynamically dominated by dark matter around the

ar
X

iv
:2

01
0.

10
33

7v
5 

 [
as

tr
o-

ph
.G

A
] 

 2
8 

N
ov

 2
02

4



ii

FIG. 1. Isolated Dwarf Galaxies: This figure shows the star count profiles versus dwarf galaxy radius for the well studied
“isolated” dwarf galaxies in the local group, lying outside the virial radius of the Milky Way. (In the right panels D

¯
shows the

distance from the Milky Way galaxy center.) Each dwarf galaxy has an extended halo of stars stretching to ≃ 2 kpc and most
evident on the linear scale of right hand panel. Cores are also evident on a scale < 1 kpc in each dwarf. A standard Plummer
profile (red curve) is seen to fit approximately the core region but falls well short at large radius. Our predictions for light
boson dark matter, ψDM, are shown in green, where the distinctive soliton profile provides and excellent fit to the observed
cores with the surrounded halo of excited states that average azimuthally to an approximately NFW-like profile beyond the
soliton radius. The observed cores are excellent agreement with the predicted soliton, best seen on a log scale in the left panels,
and the predicted ψDM halo (grey curve) is also seen to match well the observed halos, including the characteristic density
drop of about a factor of ≃ 30 predicted by ψDM between the prominent core and tenuous halo at a radius ≃ 1 kpc indicated
by vertical orange band. The best fit MCMC profile parameters are tabulated in the supplement. References for the data are:
Tucana [1], Cetus[2], Leo A[3] , Aquarius[4]
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Tucana II and AndXXI dwarf spheroidal galaxies [18, 19].
This adds to the case of Crater II, a dwarf that extends
to over 3 kpc despite its very low velocity dispersion of ≃
3 km/s and also the “ghostly” Antlia II of extremely low
surface brightness extending over 4 kpc with a dispersion
of 6 km/s, discovered serendipitously using GAIA satel-
lite proper motions [19, 20]. Such “large dwarfs” are at
odds with the compact, high concentration profiles pre-
dicted for low mass galaxies in N-body simulations of
standard heavy particle dark matter of cold Dark Matter
(CDM), where dwarfs are predicted to have the highest
internal density of dark matter of any galaxy, reflecting
the relatively high Universal mean density at earlier times
when dwarf galaxies were first formed. In this CDM con-
text, the extended halos of dwarfs have been qualitatively
attributed to tidal effects induced by the Milky Way, or
Andromeda [18, 19, 21], based on simulations that show
stars may be periodically stripped or shocked near peri-
center to beyond the tidal radius, generating halo-like
extensions of enhanced velocity dispersion. In contrast,
the outer velocity dispersions observed in most dwarf ha-
los appear to be significantly lower than in their cores
[19, 22, 23]. Strong tidal effects are expected for only a
minority of orbiting dwarfs on eccentric orbits with small
pericenters and so it is important to examine the gener-
ality of stellar halos to determine whether such halos are
atypical or perhaps a common structural component of
dwarf galaxies. Two such cases of the Milky Way dwarfs
are definitively established to be in the process of being
tidally stripped, namely the Sagittarius and Tucana III
dwarfs which show opposing pairs of tidal arms [24, 25],
representing only ≃ 5% of the dwarfs orbiting the Milky
Way and both of these dwarfs have relatively small or-
bits.

II. THE WAVE DARK MATTER HALO

Ultralight bosons, such as Axions, explored in relation
dark matter [26, 27] in their simplest version, without
self-interaction, the boson mass is the only free parame-
ter, which if sufficiently light means the de-Broglie wave-
length exceeds the mean free path set by the density of
dark matter, so these bosons can satisfy the ground state
condition for a Bose-Einstein condensate described by the
coupled Schroedinger-Poisson equation, that in comoving
coordinates reads:[

i
∂

∂τ
+

∇2

2
− aV

]
ψ = 0 , (1)

∇2V = 4π(|ψ|2 − 1) . (2)

Here ψ is the wave function, V is the gravitation potential
and a is the cosmological scale factor. The system is
normalized to the time scale dτ = χ1/2a−2dt, and to the
scale length ξ = χ1/4(mB/ℏ)1/2x, where χ = 3

2H
2
0Ω0

where Ω0 is the current density parameter [26].
Recently, it has proved possible with advanced GPU

computing to make reliable, high dynamic range cos-

mological simulations that solve the above equations,
[15, 28–30] that evolve to produce large scale structure
indistinguishable from CDM, but with virialized halos
characterized by a solitonic core in the ground state that
naturally explains the dark matter dominated cores of
dwarf spheroidal galaxies [16]. Another, important fea-
ture arising from simulations is that the central soli-
ton is surrounded by an extended halo with a “granu-
lar” texture on the de-Broglie scale, due to interference
of excited states, but which when azimuthally averaged
follows closely the Navarro-Frank-White (NFW) density
profile [15, 16, 31, 32].
The fitting formula for the density profile of the soli-

tonic core in a ψDM halo is obtained from cosmological
simulations [15, 16]:

ρc(r) ∼
1.9 a−1(mψ/10

−23 eV)−2(rc/kpc)
−4

[1 + 9.1× 10−2(r/rc)2]8
M⊙pc

−3.

(3)
where the values of the constants are: c1 = 1.9, c2 =
10−23 , c3 = 9.1 × 10−2; mψ is the boson mass and rc
is the solitonic core radius. The latter scales with the
product of the galaxy mass and boson mass, obeying the
following the scaling relation which has been derived from
our simulations [16]:

rc = 1.6

(
10−22

mψ
eV

)
a1/2

(
ζ(z)

ζ(0)

)−1/6(
Mh

109M⊙

)−1/3

kpc

(4)
Where a = 1/(1 + z) and z refers to the Redshift (

see [16, 33] for original definitios). Beyond the soliton,
at radii larger than a transition scale (rt), the simula-
tions also reveal the halo is approximately NFW in form,
presumably reflecting the non-relativistic nature of con-
densates beyond the de Broglie scale, and therefore the
total density profile can be written as:

ρDM (r) =

ρc(r) if r < rt,
ρ0

r
rs

(
1+ r

rs

)2 otherwise, (5)

and:
In detail, the scale radius of the solitonic solution,

which represents the ground state of the Schrodinger-
Poisson equation, is related to size to the halo through
the uncertainty principle. From cosmological simula-
tions, the latter is found to hold non-locally, relating a
local property with a global one (for more details we refer
to [16]).

III. DYNAMICAL MODEL OF GALAXIES IN
WAVE DARK MATTER HALO

The classical dwarf galaxies are known to be dominated
by DM, and so the stars are treated as tracer particles
[1–4] moving in the gravitational potential generated by
DM halo density distribution.
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In this context, the corresponding velocity dispersion
profile can be predicted by solving the spherically sym-
metric Jeans equation:

d(ρ∗(r)σ
2
r(r))

dr
= −ρ∗(r)

GMDM (r)

r2
−2β

ρ∗(r)σ
2
r(r)

r
, (6)

where MDM (r) is the mass DM halo obtained by in-
tegrating the spherically symmetric density profile in
Eq. (5), β is the anisotropy parameter (see Binney &
Tremaine 2008[34], Equation (4.61)), and ρ∗(r) is the
stellar density distribution defined by the solitons wave
dark matter imprint:

ρ∗(r) =

ρ1∗(r) if r < rt,
ρ02∗

r
rs∗

(
1+ r

rs∗

)2 otherwise, (7)

where

ρ1∗(r) =
ρ0∗

[1 + 9.1× 10−2(r/rc)2]8
N∗kpc

−3 (8)

Here, rs∗ is the 3D scale radius of the stellar halo cor-
responding to ρ0∗ the central stellar density, ρ02∗ is the
normalization of ρ0∗ at the transition radius and the tran-
sition radius, rt, is the point where the soliton structure
ends and the halo begins at the juncture of the core and
halo profiles.

Finally, the predicted velocity dispersion profile can
be projected along the line of sight to compared with the
observations, as presented in Figure 4:

σ2
los(R) =

2

Σ(R)

∫ ∞

R

(
1− β

R2

r2

)
σ2
r(r)ρ∗(r)

(r2 −R2)1/2
rdr (9)

where

Σ(R) = 2

∫ ∞

R

ρ∗(r)(r
2 −R2)−1/2rdr . (10)

IV. RESULTS

Here we examine the outer profiles of all known clas-
sical dwarf spheroidal galaxies (dSph) in the local neigh-
bourhood, where stars can be individually counted to
large radius, so the entire stellar profile can be traced
free of surface brightness limitations. We start with the
best studied “isolated” dwarfs lying beyond the virial ra-
dius of the Milky Way, and understood not to have inter-
acted tidally with the major members of the Local group
[1, 35–37]. These isolated dwarfs include Cetus, Tucana,
Aquarius and Leo A, which have small velocity disper-
sions ≃ 10 km/s and old spheroidal stellar populations.
Their stellar profiles are shown in Figure 1, where their
large radial extents are visible to over ≃ 2 kpc [1, 2, 4]
(Note we have adopted the independent star counts di-
rectly as published, without rebinning, including many
independent teams, that we reference in Table 1). It is

also apparent from Figure 1 that the stellar halos of these
dwarfs extend radially from a well defined core, with a
clear transition in density between the core and the halo.
The core is reasonably well fitted by the standard Plum-
mer profile in each dwarf (red curve in Figure 1), but
falls well short in the halo region beyond a transition ra-
dius indicated in Figure 1 (vertical orange band), so it
is clear from Figure 1 that alone, neither the Plummer
not the NFW profile fits the full stellar profiles of these
dSph galaxies, as unlike the data, the Plummer profile
falls well short in the halo and the NFW profile has no
core.

We now turn to the well studied classical dwarf galaxies
orbiting the Milky Way. For these, detections of stars at
surprisingly large radius beyond the estimated tidal ra-
dius [39] and originally termed “..‘extra tidal stars’ - for
convenience...” [39]. Subsequently, such stars have been
assumed to be tidally stripped, motivated by simulations
where temporary extensions can be generated for dwarfs
on rather radial orbits. However, the predicted enhance-
ment of the velocity dispersion for stripped in the sim-
ulations may conflict with the observations, as reduced
velocity dispersion are found at large radius [22]. In Fig-
ure 2 we compare the deepest, wide-field profiles for the
classical dwarfs, for which a general core-halo structure
is seen extending beyond ≃ 1.0 kpc, with very similar
outer profile gradients that are relatively shallow and ex-
tend well beyond the standard Plummer profile. Distinct
cores are also evident, with a clear density transition be-
tween the core to the halo visible in most cases, (individ-
ual fits shown in the Methods section, and fitted param-
eters listed in Table 1). In Figure 3a we scale the stellar
profiles by their individually fitted core radius, which re-
veals more clearly the distinctive core-halo profile, with
relatively larger density transitions seen for these orbit-
ing dwarfs (red data, Figure 3b) than the mean isolated
dwarf profile (blue data, Figure 3b). The red ”orbiting”
data and the blue ”isolated” data of Figures 3b have been
computed after calculating the means of the respective
scaled profile of Figure 3a (see Figure 2b to visualize the
members of each group).

The observed profiles are seen to be very similar within
the core region, below the mean transition radius of
0.75kpc, whereas at larger radius the profile varies by
two orders of magnitude, but with similar gradients.

We define a transition gap to quantify the change
in density between the core and the halo; ∆C−H =
log ρC/ρH , where ρC is the asymptotic central core stellar
density, and shown in Figure 2b. The value of the gap is
generally larger for the orbiting dwarfs than the isolated
dwarfs, with ∆C−H > 2.0, see Figure 2b. The largest
core-halo transition is found for Leo I, with ∆C−H ≃ 3.5
(Figure 2b) and so it is interesting that although Leo I
is relatively distant now at 250 kpc, its orbital pericenter
is now established by the GAIA satellite to be only ≃
50 kpc, moving on an eccentric orbit (see table 1) where
tidal stripping is enhanced during close approaches [40].
Tidal effects are also claimed for Ursa Minor [41], Sculp-



v

FIG. 2. Stellar profiles of classical dwarfs orbiting the Milky Way and also the four well known “isolated” dwarfs that lie
beyond in the Local Group (all listed in Table 1), and rescaled by their measured transition radius, revealing these profiles
have a common core-halo form that is more pronounced for the orbiting dwarfs (redder colours) for which the halo density is
generally lower than the “isolated” dwarfs (bluer profiles). The right hand panel compares the change in stellar density,
or “gap”, between the core and halo against the pericenter radius estimated from GAIA proper motions, showing the isolated
dwarfs beyond the Milky Way (blue points) have generally smaller transition amplitudes compared to most of the orbiting
dwarfs (red points).

tor [42, 43] and Carina dwarfs[44].

The core-halo structure we have uncovered here is a
general feature of these classical dwarfs and far from
expected for standard CDM, where low mass galaxies
should be concentrated and core-less, with no inherent
density transition. A fair fit to the inner region is pro-
vided by the Plummer profile, standard in Jeans analy-
sis, but clearly does not extend into the halos. Expecta-
tions of small sizes and high concentrations for low mass
galaxies are conditioned by CDM simulations, however a
physically very different explanation for dark matter as
light bosons is now understood to naturally form wide
cores and extended diffuse halos. This is seen in the first
simulations of dark matter (DM) as a Bose-Einstein con-
densate [15, 16, 28] revealing an unanticipated, rich wave-
like structure on the de Broglie scale, described simply
by a coupled Schrodinger-Poisson equation for the mean-
field behaviour under self-gravity, hence the term ψDM.
Condensates are inherently non-relativistic; hence, ψDM
behaves as ”cold” dark matter on large scales, exceeding
the de Broglie wavelength, which is statistically indistin-
guishable from CDM, as demonstrated in the first simula-
tions [15]. Several unique predictions are now established
for ψDM, including a dark core within each galaxy that
follows the soliton solution of the Schrodinger-Poisson
equation (see methods) with a radius, rsol, set by the

de Broglie wavelength. Implying also that this core ra-
dius should be largest in lower mass galaxies, mgal, of

lower momentum, scaling as: rsol ∝ m
−1/3
gal as predicted

by Schive et al. (2014b) [16] and verified in independent
simulations, [28, 29, 45–47].

The predicted soliton profile has been shown to match
well the Fornax dwarf, for which the dynamical data ex-
tends beyond the core radius allowing a determination of
the boson mass ofmψ ≃ 10−22eV [15] and this supported
by Jeans analyses of other classical dwarfs [48]. This re-
sult seems to be inconsistent with the bound given by
[49], who required a boson mass < 0.4×10−22eV to fit
Fornax’s and Sculptor’s cores, result of probably overes-
timated cores bigger than 1kpc, that are in clear disagree-
ment with the extracted sizes < 0.5kpc from the stellar
profiles of all dwarfs. The smaller the boson mass the
higher the effective cut of mass for ψDM, which depends
on the detailed merger history with simulations now es-
timating the effect at the level. A useful new reference
that deliberately simulates the satellite population pre-
dicted for a Milky Way type massive galaxy by [50] finds
agreement in the number of satellites for a light boson
mass, (similar to our adopted value), so that is reassur-
ing, in particular, they state: “With the relatively low
FDM mass, 1.5× 10−22eV adopted in this work – chosen
to highlight the effect of FDM dynamics on galaxy forma-
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FIG. 3. The left hand panel compares all the dwarf profiles scaled (Σ0∗=1000 M⊙/Kpc
−2) and all the core radii set to 0.3

kpc. The profiles are very similar in the core region, differing in the extended halo region relative to the core, with the isolated
galaxies (bluer colours), having denser halos than the orbiting dwarfs (redder colours). The right hand panel shows the
projected simulation profiles for ψDM by Schive, Chiueh & Broadhurst (2020) [38], where little dependence on the degree of
tidal stripping is predicted for the core region, in contrast to the halo region bracketed in grey where stripping is significant.
The duration of stripping is indicated by the legend and also shown in the inset of the left hand panel spanning 1-4Gyrs, and
matching well the observed range of halo profiles. Note, the simulations predict the halo slope is relatively shallow and fairly
independent of the degree of stripping, in good agreement with the mean halo profile of the isolated dwarfs (averages of the
normalized profiles shown in the left panel, blue data) and the orbiting dwarfs (red data points) including the larger core-halo
transition of the orbiting dwarfs. The NFW profile fits to the halos are also shown and can be seen to fall well below the
prominent cores. These last two (organge and grey lines) are examples of the required pure NFW profiles that fit the observed
stellar halo slopes of the isolated and orbiting dwarfs, respectively.

tion processes. . . the number of dark matter satellites in
FDM is approximately the same of the luminous satel-
lites of a Milky-way like galaxy”. Assuming that such
an FDM model is valid would require almost all of the
dark satellites to have a luminous component, which is
not favoured for CDM based models of galaxy formation
where feedback is reasonably invoked at low mass.

Here we examine the unique prediction that the den-
sity of ψDM should transition sharply between the soli-
ton core and the surrounding halo, as the soliton forms a
prominent core that contrasts by over an order of mag-
nitude in density above the halo. This transition is pre-
dicted to be distinct even though observations are made
in projection, because the soliton core is close to a Gaus-
sian and hence its sharp 3D boundary is preserved in
2D at the core radius. It is important to appreciate this
prominent core is quite unlike the behaviour of smooth
cores employed, where the core is continuous in density
with the halo. In contrast, the ψDM core is a stable
standing wave that is a gravitationally self-reinforcing
[16] with a pronounced overdensity predicted to be about
> 30 times denser than the surrounding halo in the case

of low mass galaxies relevant here, of ≃ 1010M⊙ (see Fig-
ures 1 & 2 of Schive et al. 2014b [16]). It is also clear
that the soliton core is relatively stable to tidal stripping
compared to the halo, as shown in recent simulations of
dwarf galaxies orbiting the Milky Way [38] as the soliton
by nature is self reinforcing. The halo comprises excited
de Broglie scale waves that fully modulate the density
but is seen in the simulations to average azimuthally to
an approximately Navarro-Frenk-White (NFW), reflect-
ing the cold, non-relativistic nature of the condensate on
scales exceeding the de Broglie wavelength [17].

We first perform MCMC based ψDM profile fits to the
isolated dwarfs, shown in Figure 1. The shape of the soli-
ton core profile is fully characterised by the core radius,
rc. For the halo we fit an NFW profile with scale radius
rs∗ and normalization ρo∗. The only other free parameter
we require is the transition radius, rt, defining the radius
of the density transition between the soliton and NFW
profile which we vary within a prior range indicated by
the ψDM simulations, of 2−4×rc (see Methods section),
with the best parameters and uncertainties listed in Ta-
ble 1 and in Figures 6-9 in the Supplement. Note, we
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FIG. 4. Comparison of the well measured dispersion profiles (black data points) of the classical dwarfs, with the ψDM model
fit obtained from the stellar profiles with our MCMC analysis above (purple curves), indicating good consistency in general
with the characteristic ψDM dispersion profile that can be seen to peaks near the core radius in each case, indicated by the
vertical band (listed in Table 1). The range of model profiles shown spans the range of boson mass of 1.3− 1.7× 10−22eV, and
assumes a modest fixed anisotropy parameter, β = -0.5

have adopted the independent star counts as published,
without rebinning, from many independent teams, that
we reference in the corresponding captions and Table 1.
Moreover, it is important to point out that the profile fit
parameters in Table 1 are independent of the choice of
boson mass we have adopted, 1.5×10−22 eV, as indicated

by dynamical work [48], which we find is consistent with
our mean dispersion profile derived in Figure 4.

We now compare the ψDM model with the orbiting
dwarfs, with new ψDM simulations that quantify the ef-
fect of tidal stripping of a dwarf galaxy orbiting within
a Milky Way sized halo, shown in Figure 3b. The main
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effect of tidal stripping is to strip the relatively tenu-
ous halo, thereby enhancing the density transition at the
core-halo radius, providing a natural explanation for the
generally larger ”mass gap” of the orbiting dwarfs com-
pared to the isolated dwarfs, plotted in Figure 2b. In
detail, the family of profiles for the orbiting dwarfs is
seen in Figure 3b to span the predicted range when tidal
stripping is included, spanning several Gyrs, as can be
seen in Figure 3a. The Sextans dwarf galaxy has a core-
halo transition that is intermediate between orbiting and
isolated dwarfs, with an extensive core-halo structure and
a transition gap of ∆C−H ≃ 1.8 (Figure 2b), suggesting
that Sextans is less tidally stripped than the other orbit-
ing dwarfs, a conclusion supported by the undisturbed
morphology and simple internal dynamics noted for Sex-
tans [51, 52], indicating Sextans may have become bound
to the Milky Way relatively recently.

We now make an independent, dynamical consistency
check of our ψDM fitted stellar profile fits above, us-
ing the well resolved velocity dispersion profiles available
for most of the classical dwarfs, by inputting our bestfit
ψDM density profile for each dwarfs into the Jeans equa-
tion (see methods section) to predict the corresponding
velocity dispersion profile for comparison with the data
for each dwarf. The form of these predicted velocity dis-
persion profiles should peak just beyond the core radius
and then decline into the lower density halo, as shown in
Figure 4, where consistency is evident in each case, both
in terms of the form of the profile and in terms of the
stellar core radius (vertical lines in Figure 4). The am-
plitude of the dispersion profiles peaks at a mean level
of ≃ 10km/s and together with the mean core radius
of ≃ 0.3kpc provides an estimate of the boson mass of
1.3−1.7×10−22eV (see Supplement) as indicated by the
spread in the model curves in Figure 4. This is simi-
lar to the boson mass from other dynamical studies for
these classical dwarfs for ψDM [15, 53, 54], and for the
intermediate mass galaxy DF44 [55] and also consistent
with the boson mass estimate for the claimed soliton core
within the Milky Way of ≃ 100pc, which is smaller than
for dwarf galaxies estimated here, reflecting the inverse
momentum dependence of the de Broglie scale[16].

In contrast, the gas-rich dwarf galaxies classified as
Low Surface Brightness (LSB) galaxies favor larger cores
of several kiloparsecs (Kpc) based on HI gas rotation
fields, which are much larger than the 0.3 Kpc cores
we have derived here for the dSph stars. These wider HI
cores for LSB galaxies have shallow linear profiles that
rise more slowly with radius, as predicted for NFW dark
matter halos. It has been claimed that these cores are in
tension with standard Cold Dark Matter (CDM) mod-
els and are significantly wider than the cores predicted
for ψDM with a boson mass of approximately 10−22 eV
[56], which is the value favored by dSph dynamics. Iden-
tification of bars in the HI gas rotation fields and other
non-circular motions, and to a lesser extent, gas pressure
support, has been found to be typical in high-resolution
HI rotation field data, leading to an underestimate of the

circular Keplerian velocity. This complexity in the inner
gas motions is seen in CDM-based simulations and has
been shown to lead to a significant underestimation of the
Keplerian rotation. When averaged azimuthally, this re-
sults in a shallow rotation curve that underestimates the
central mass density profile, leading to the spurious con-
clusion of wide cores for these LSB galaxies, as outlined
by Oman et al. [57]. We note that these LSB galaxies
are more massive than the dSph class of galaxies studied
here, extending to 1011M⊙, and hence the soliton core
radius predicted in the ψDM context is generally several
times smaller than for dSph galaxies, around 0.1 Kpc.
This makes it difficult to resolve such a small core at the
typical distances of these LSB galaxies on galactic scales,
rendering the identification of any such small core infea-
sible in HI studies. Moreover, the core density vs radius
relation has been explored for a general class of light par-
ticles by [58], including both fermions and bosons where
steep inverted relations are generally predicted, as with
ψDM and compared with the relatively large cores fitted
to HI rotation curves of massive galaxies with gas and
bar dynamical complications that are absent for the DM
dominated dSph galaxies explored here and may be sig-
nificantly pressure supported and/or broadened by non-
circular gas velocities.

V. DISCUSSION AND CONCLUSIONS

We conclude that the class of dSph galaxies have a
common core-halo structure, with consistency found be-
tween the stellar profiles and dynamics in the context
of ψDM, implying stars trace well the dark matter in
these DM dominated galaxies. It is now understood that
the equilibrium structure of ψDM halos slowly relaxes
with wave interference in the halo by continuously scat-
tering stars incorporated as test particles in the latest
ψDM simulations [38, 59]. This effect has been argued
can account for the ”thick disk” of the Milky Way, for a
light boson of ≃ 10−22eV[60], similar to the boson mass
estimates for dSph cores. This dynamically based light
boson mass has been claimed to be in conflict with in-
direct estimates from the Lyman-α power spectrum of
< 10−21eV . This complaint relies on analogy with warm
dark matter because hydrodynamical simulations have
not been achieved for ψDM. Furthermore, such Ly-forest
based modelling does not include an AGN contribution
to reionization, as argued by[61, 62] and reinforced by
z ≃ 6 detections of double peaked Lyα emitters [63–65]
and by wide “gaps” of enhanced photoionisation in the
forest at z > 5 [66]. Such effects point to the possibility
of sparsely distributed AGNs[67] enhancing the variance
and hence the power spectrum amplitude above standard
reionization predictions that are based on more smoothly
distributed galaxy photoionization.

The relatively high bound of mb > 10−19 eV, recently
claimed based on two extreme dwarf galaxies, Segue I &
II [68], relies mainly on the viability of the non-detection
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of internal velocity dispersion of Segue II, rather than
on an open star cluster as may be the case. On the
other hand, Segue I is certainly a bona-fide Ultra-faint
dark matter dominated dwarf with a well-detected ve-
locity dispersion of 5.4 km/s. A Jeans analysis of this
dwarf prefers a relatively high boson mass of 1021.5 eV
[69]. This is an order of magnitude difference. Indeed,
the UFD class as a whole fits well with this higher boson
mass. A case for two boson species has been made to
encompass both UFD and dSPh classes by some of us
[69] and is motivated by the Axiverse scenario, generic in
String Theory and hence consistent with [68], in terms of
the established UFD galaxy Segue I.

We can look forward to direct lensing tests of ψDM
that are predicted to be sensitive to the pervasive de
Broglie scale perturbations within lensing galaxy halos,
measurably affecting image magnifications and locations
around the Einstein ring[47, 53] as recently claimed by
[70] or by direct detection of the Compton wavelength im-
printed on pulsar timing [71, 72]. It is also possible that
oscillation modes of the soliton, generated by the unceas-
ing wave motion in the halo, may result in a random walk
of centrally formed star clusters out to the boundary of
the soliton, thereby revealing the soliton radius directly
with tidal streams[38, 59].
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Appendix:

Appendix A: Data Analysis and Results

We have explored the full range of relevant parameter
space with the Monte Carlo Markov Chain (MCMC)

technique based on the Metropolis-Hastings sampling
algorithm, to obtain the core radius that characterises
fully the soliton profile, rc, and the scale radius and
the normalization of the stellar density profile,rs∗ and
ρ0∗, and the also the transition radius rt between the
core and halo profiles.The MCMC function was built in
Mathematica software “Statistics MCMC‘ as the basis of
our own MCMC function code. We allow for an adaptive
step size in order to reach an acceptance rate between
20% and 50%, computing four chains of 10000 iterations
for each variable(rc, rt, ρ0∗ and rs∗) in each galaxy. Each
chain’s serial correlation was checked by correlograms
(ACF plots), ensuring that the autocorrelation of the
terms drop to zero before 250 lags [73]. We ensure
the convergence relying on the Gelman-Rubin criteria
adopting a Max Gelman–Rubin Rc below to 1.2 [73].
Once the convergence criteria are satisfied the chains
are combined to compute the total likelihood, together
with the 1D marginalized likelihood distribution with
the corresponding the expectation value and variance.
The results are shown in Table 1 for the above free
parameters and their uncertainties. We also show the
covariances between the free parameters in Figures 6-10
for the isolated galaxies and for sextans, as the profiles
of these galaxies may be regarded as unaffected by tidal
interaction, as described in the text, reflecting intrinsic
properties in the context of ψDM. We set flat priors for
all the galaxies MCMC calculations, with the following
uniform distribution for the two main parameters:
rc(kpc) ∼ U(0.1, 0.75) and rt(kpc) ∼ U(0.75, 1.5) to
span a wide range of ψDM simulation expectations
[15, 17]. We have adopted throughout a fixed boson
mass of ≃ 1.5 × 10−22 eV., close to previous estimates
[15, 17], which has no effect on the fitted core and
halo scale lengths, but enters only in connection to the
velocity dispersion predictions through the soliton to
halo mass scaling relation, equation 4, modestly affecting
the shape of the velocity dispersion profile, as shown in
figure 6.
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Galaxy rc rt rs∗ Gap(Log) Distance Pericenter σlos Ref
(kpc) (kpc) (kpc) ∆C−H (kpc) (kpc) (km/s) -

Aquarius 0.35+0.01
−0.01 1.25+0.07

−0.06 1.05+0.82
−0.64 1.78 1071 - - -

Cetus 0.36+0.02
−0.02 0.87+0.08

−0.07 0.24+0.14
−0.06 1.34 775 - - -

Tucana 0.25+0.01
−0.01 0.78+0.06

−0.06 1.05+0.90
−0.57 1.5 887 - 13.3+2.7

−2.3 [1]

Leo A 0.43+0.02
−0.02 1.51+0.09

−0.08 0.73+0.49
−0.47 1.76 800 - - -

Sextans 0.48+0.01
−0.01 1.31+0.05

−0.06 1.61+0.51
−0.49 1.82 90 71+11

−12 7.0+1.3
−1.3 [74]

Phoenix 0.28+0.05
−0.06 1.27+0.01

−0.01 1.10+0.54
−0.55 3.44 415 263+126

−219 9.3+0.7
−0.7 [75]

Leo I 0.24+0.01
−0.01 1.30+0.08

−0.08 1.75+0.78
−0.96 3.43 250 45+80

−34 9.2+1.2
−1.2 [76]

Draco 0.17+0.01
−0.01 0.56+0.02

−0.02 0.1+0.09
−0.05 2.32 80 28+12

−7 9.1+1.2
−1.2 [77]

Carina 0.21+0.01
−0.01 0.81+0.04

−0.04 1.17+0.51
−0.61 2.26 101 60+21

−16 - -

Sculptor 0.20+0.01
−0.01 0.72+0.07

−0.07 0.12+0.25
−0.09 2.18 80 51+15

−10 9.2+1.4
−1.4 [78]

Ursa Minor 0.28+0.01
−0.01 0.96+0.05

−0.04 0.52+0.90
−0.40 2.14 66 29+8

−6 9.5+1.2
−1.2 [78]

Leo II 0.14+0.01
−0.01 0.60+0.03

−0.03 1.34+0.42
−0.55 2.45 210 45+121

−30 6.6+0.7
−0.7 [78]

TABLE I. Observations and ψDM profile fits. Column 1: Dwarf galaxy colour coded as in figure 2b, Column 2: Core radius rc,
Column 3: Transition point rt, Column 4: Stellar scale radius rs∗, Column 5: Gap ∆C−H , Column 6: Distances from Milky
Way center & Column 7: Pericenter determined from GAIA [79], Column 8: Mean dispersion velocity σlos from [80], Column
9: References of the profiles of figure 6.
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FIG. 5. Stellar density profiles of orbiting dwarf galaxies listed on table 1. The green profile shows the 95% uncertainty on the
fitted profile obtained from the MCMC simulation. with the model transition radius rt and uncertainty marked as the vertical
orange bar, separating the core and halo regions. Notice the highly extended halos for Carina, Leo I, Sculptor, Sextans and
Leo II were after subtracting the background level, stars can be detected to even 8kpc in the case of Leo I. The red dashed line
represents the standard Plummer profile with the rhalf of each galaxy as the only free parameter, observe how is not sufficiently
pronounced for almost all the galaxies in contrast to the soliton. References for the data are: Carina[81],Ursa Minor[41], Leo
I[40], Leo II[82], Phoenix[83], Sculptor [81], Sextans [52] and Draco[22]).
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FIG. 6. Comparison of the predicted mean velocity dispersion of the ψDM profile (purple model curve), with the mean observed
velocity dispersion shown as black data points with errors averaged over the eight dwarfs with well resolved dynamical data, in
units of the core radius from fitting the star counts (listed in Table 1). The individual dispersion data are also shown for each
dwarf, (coloured in the same way as Figures 2 & 3) and normalised to the mean level for this comparison, demonstrating the
dwarfs follow the general form expected for ψDM, peaking near the observed mean core radius of ≃ 0.3kpc, and then declining
into the lower density halo. The mean level of the dispersion at the peak is 10km/s and together with the mean core radius of
0.3kpc may be used to obtain an approximate boson mass, via eqn A4 to ≃ 1.5 × 10−22eV.
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FIG. 7. Aquarius: correlated distributions of free parameters from MCMC simulation. The core radius and transition radius
is well defined here, despite the flat input priors, indicating a reliable result. The contours represent the 68%, 95%, and 99%
of confidence level. The best-fit parameter values are the medians, represented with the vertical red lines while the black ones
show their errors. Picture created using the ’Corner.py’ software.



xvii

FIG. 8. Cetus: correlated distributions of the free parameters. As can be seen the core radius and transition radius are well
defined despite the flat input priors, indicating a reliable result.The contours represent the 68%, 95%, and 99% of confidence
level. The best-fit parameter values are the medians, represented with the vertical red lines while the black ones show their
errors. Picture created using the ’Corner.py’ software.
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FIG. 9. Tucana’s correlated distributions of free parameters. As can be seen the core radius and transition radius are well
defined despite the flat input priors, indicating a reliable result with a well constrained core and transition radius.The contours
represent the 68%, 95%, and 99% of confidence level. The best-fit parameter values are the medians, represented with the
vertical red lines while the black ones show their errors. Picture created using the ’Corner.py’ software.
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FIG. 10. Leo A’s correlated distributions of free parameters. As can be seen the core radius and transition radius are well
defined despite the flat input priors, indicating a reliable result.The contours represent the 68%, 95%, and 99% of confidence
level. The best-fit parameter values are the medians, represented with the vertical red lines while the black ones show their
errors. Picture created using the ’Corner.py’ software.
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FIG. 11. Sextans: correlated distributions of free parameters. As can be seen the core radius and transition radius are well
defined despite the flat input priors, indicating a reliable result.The contours represent the 68%, 95%, and 99% of confidence
level. The best-fit parameter values are the medians, represented with the vertical red lines while the black ones show their
errors. Picture created using the ’Corner.py’ software.
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