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ABSTRACT
Dark matter (DM) as a Bose–Einstein condensate, such as the axionic scalar field particles of String Theory, can explain the
coldness of DM on large scales. Pioneering simulations in this context predict a rich wave-like structure, with a ground state
soliton core in every galaxy surrounded by a halo of excited states that interfere on the de Broglie scale. This de Broglie scale is
largest for the low-mass galaxies as momentum is lower, providing a simple explanation for the wide cores of dwarf spheroidal
galaxies. Here we extend these ‘wave dark matter’ (ψDM) predictions to the newly discovered class of ‘ultra-diffuse galaxies’
(UDG) that resemble dwarf spheroidal galaxies but with more extended stellar profiles. Currently, the best-studied example,
‘Dragon Fly 44’ (DF44), has a uniform velocity dispersion of �33 km s−1, extending to at least 3 kpc, that we show is reproduced
by our ψDM simulations with a soliton radius of �0.5 kpc. In the ψDM context, we show that relatively flat dispersion profile
of DF44 lies between massive galaxies with compact dense solitons, as may be present in the Milky Way on a scale of 100 pc
and lower mass galaxies where the velocity dispersion declines centrally within a wide, low-density soliton, like Antlia II, of
radius 3 kpc.

Key words: dark matter.

1 IN T RO D U C T I O N

The origin of dark matter (DM) is understood to lie ‘beyond’ the
standard model of particle physics, which describes only 16 per cent
of the total cosmological mass density (Cyburt et al. 2016; Planck
Collaboration XIII 2016). It is also clear that DM is non-relativistic,
to the earliest limits of observation given the cosmic microwave
background and galaxy power spectrum. Furthermore, DM behaves
collisionlessly for the pairs of clusters undergoing a collision,
implying there is no significant self-interaction other than the gravity,
in particular the iconic Bullet cluster (Markevitch et al. 2004; Clowe
et al. 2006) and other massive examples (Molnar & Broadhurst 2018).

This collisionless ‘cold dark matter’ (CDM) has been synonymous
with heavy particles of some new form, that must be unusually
stable and interact only via gravity, and principally motivated by
supersymmetric extensions of the Standard Model (Ellis et al. 1984).
However, enthusiasm for WIMP-based CDM is now fading with the
continued absence of any such particle in stringent direct laboratory
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searches (Aprile et al. 2018) and astrophysical DM annihilation
searches (Archambault et al. 2017) and because of long recognized
tension in this context with the basic observed properties of low-mass
galaxies (Moore 1994; Bullock & Boylan-Kolchin 2017).

The dwarf galaxy tension applies to the primordial black hole
interpretation of DM, and has been revived by the puzzlingly strong
LIGO events (Bird et al. 2016), as black holes effectively act as
collisionless test particles, like WIMP’s (except when coalescing).
However, the LIGO inferred black hole mass (BBH) scale of 30M�is
not present in galactic microlensing searches, nor in the light curves
of individual lensed stars recently discovered through high columns
of cluster DM, limiting any such PBH contribution to a small fraction
of the DM (Diego et al. 2018; Kelly et al. 2018; Oguri et al. 2018).

Instead, a light boson solution for the universal DM is gaining
credence on the strength of the first simulations to evolve the coupled
Schrördinger–Poisson equations, dubbed ψDM, (Schive, Chiueh &
Broadhurst 2014a) that reveal distinctive, testable predictions for the
non-linear structure of this wave-like form of DM. The Uncertainty
Principle means that bosons cannot be confined to a scale smaller
than the de Broglie one, so this ‘pressure’ naturally suppresses dwarf
galaxy formation and generates rich structure on the de Broglie scale,
as revealed by the first simulations (Schive, Chiueh & Broadhurst
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2014a; Schive et al. 2014b; Mocz et al. 2017; Veltmaat, Niemeyer &
Schwabe 2018) in this context. The most distinctive ψDM prediction
is the formation of a prominent solitonic standing wave at the base
of every virialized potential, corresponding to the ground state,
where the self-gravity of the condensate is matched by an effective
pressure due to the Uncertainty Principle. The solitons found in the
simulations have flat cored density profiles that have been shown
to accurately match the known time-independent solution of the
Schrödinger–Poisson equation (Schive et al. 2014a, b, 2016), for
which the soliton mass scales inversely with its radius. Furthermore,
a scaling relation between the mass of this soliton and its host
virial mass has been uncovered by the wave dark matter (ψDM)
simulations, msoliton � m1/3

halo, such that a more compact dense soliton
should be found in more massive galaxies (Schive et al. 2014b)
and can be understood from the virial relation (Veltmaat et al.
2018).

On scales larger than the de Broglie scale, the evolution of
the structure in ψDM simulations is indistinguishable from CDM
simulations, starting from the same initial conditions as desired, given
the well established agreement between the CDM and the statistics of
large-scale structure and the CMB. Hence, although the light bosons
contrast completely with the heavy fermions from super symmetry,
they actually provide a very viable non-relativistic explanation for
the observed coldness of dark matter.

These distinctive and unique soliton related predictions are very
interesting as they can readily falsify the Bose–Einstein interpretation
for the DM. Here we test this vulnerable prediction against the best
available dynamical date for the ultra-diffuse galaxy (UDG) ‘Dragon
Fly 44’ (DF44), and show how, in this ψDM context, the velocity
dispersion profile of DF44 is related to the smaller and somewhat
less massive classical dwarfs.

The most important parameter in the ψDM context is the boson
mass, mψ , that previously has been estimated to be approximately,
mψ � 10−22 eV (Schive et al. 2014a), by identifying the large DM
dominated cores observed in dSph galaxies as solitons. This value
has been subsequently supported by independent analyses of other
dSph galaxies (Chen, Schive & Chiueh 2017; Broadhurst et al. 2019).
With this value we can normalize the ψDM simulations and predict
the absolute values of soliton properties as a function of halo mass
for comparison with the observations.

Here, we compare our ψDM predictions for the newly discovered
class of UDG galaxies, in particular for DF44, the currently best-
studied example, in the Coma Cluster. It was discovered with the
pioneering Dragon Fly multibeam telescope, built for the purpose of
reaching unprecedentedly low surface brightness in ground-based
surveys (Abraham & van Dokkum 2014). The extended stellar
profiles of these UDG galaxies and their low surface brightness seem
to challenge the models of galaxy formation in standard CDM where
large tidal forces and ram pressure stripping, or high rotation dark
haloes have been proposed by Liao et al. (2019) and Tremmel et al.
(2019) and even stars formed in outflows by Di Cintio et al. (2017).
These ideas are hotly debated and hard to extend to the discoveries
of isolated examples of UDGs some of which show modest ongoing
star formation and also extended H I.

We also compare DF44 with ψDM profiles fitted to other well-
studied galaxies of higher and lower mass, for which extended
velocity dispersions have been measured. In Section 2, we describe
our baseline model consisting of the solitonic core plus a NFW-
like outer profile; and in Section 3, we compare our predictions to
the data set of the DF44 dwarf galaxy, together with other newly
discovered dwarf galaxies. We also show the self-consistency of
our baseline model for explaining the dispersion profile of those

galaxies. Throughout the paper, we assume a standard cosmology
(Planck Collaboration XIII 2016).

Gas outflows have been appealed to for flattening the central
DM density profile of dwarf galaxies in the context of CDM, with
increasingly detailed modelling to help capture the complexities
of supernova-driven outflows powered by repeated bursts of star
formation (Gelato & Sommer-Larsen 1999; Navarro, Frenk & White
2000; Binney, Gerhard & Silk 2001; Gnedin & Zhao 2002; Mo &
Mao 2004; Read & Gilmore 2005; Mashchenko, Couchman &
Wadsley 2006; Mashchenko, Wadsley & Couchman 2008), and
also dynamical friction of inflowing clumped baryons with repeated
outflows (El-Zant, Shlosman & Hoffman 2001; Weinberg & Katz
2002; Tonini, Lapi & Salucci 2006; Romano-Diaz et al. 2009; Goerdt
et al. 2010; Cole, Dehnen & Wilkinson 2011). The formation of
large cores is now questioned in the latest detailed high-resolution
simulations by Bose et al. (2019) indicating the gravitational coupling
between gas outflows and the central DM profile may not be sufficient
to significantly modify the central DM profile, with confirmation
by Benitez-Llambay et al. (2019), who emphasize that only the
high gas density regime is relevant for core formation in the CDM
context, requiring frequently repeated outflows with gas continuing
to dominate the central potential for Gyr.

Constraints on the boson mass of ψDM have been claimed
using the power spectrum of Lyα forest clustering, by analogy with
Warm-DM, assuming the transmission power spectrum of tenuous,
highly ionized Hydrogen turns over at a scale set by the boson
mass that has been assumed analogous to the turnover predicted
by the free streaming scale of Warm-DM. Relatively high boson
masses are inferred this way, � 10−21eV, from the turn over scale
observed in the forest in particular at z > 5 (Irsic et al. 2017;
Rogers & Peiris 2021), which underpredict the kpc scale cores
of dSph galaxies. These estimates do rely on several simplifying
assumptions including universal parametrizations for gas heating
evolution and a uniform UV radiation from star-forming sources after
an instantaneous transition to reionization. It has been cautioned that
plausible variation of these assumptions can accommodate Warm-
DM with a colder, early IGM (Garzilli, Boyarsky & Ruchayskiy
2017; Garzilli et al. 2021). We emphasize that forest predictions for
ψDM are currently missing cosmological simulations incorporating
gas hydrodynamics and that it is already clear that rich substructure
is predicted at least for the DM in this context from the full density
modulation caused by self-interference of the wavefunction on the
de Broglie scale, pervading all galaxy haloes and filaments (Schive
et al. 2014a). This inherent substructure may be expected to affect
the early gas distribution particularly in the epoch before reionization
is completed where dense filaments predate galaxy formation in this
context, the epoch of which is set by the boson mass. This early
filament dominated era is expected to be similar for Warm-DM for
which one detailed filament simulation exists, predicting that gas
cools to very high density along DM filaments, with the possibility of
early star formation (Gao & Theuns 2007), which can therefore result
in a ‘cosmic dawn’ that is very different from LCDM. Furthermore,
for ψDM the distribution of the first galaxies will be more biased than
for CDM, from the absence of low-mass galaxies below the Jeans
scale that is set by the boson mass (Schive et al. 2014b) and hence
reionization is expected not only to be later than for CDM but with
larger spatial variance, enhancing the forest and 21 cm power spectra.
Empirical guidance is expected soon with deep JWST imaging into
the era of reionization and also from 21 cm mapping of early galaxies
and filaments traced by stars and H I, respectively.

There may be a gathering case for a significant active galactic
nucleus (AGN) role in early reionization (Padmanabhan & Loeb
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2021) as implied by new high redshift z � 6 detections of double
peaked Lyα emitters (Hu et al. 2016; Bosman et al. 2020; Gronke
et al. 2020). This adds to the claims of unusually wide ‘gaps’ in
the forest at higher redshift z > 5 (Becker et al. 2015) and may be
taken to indicate late and/or sparsely distributed sources of ionization
(Gangolli et al. 2021). These observations lend support to the pro-
posal that AGNs are responsible for the bulk of reionization Madau &
Haardt (2015), which would imply a different heating history and less
uniform reionization, with possibly different conclusions regarding
the interpretation of the Lyman-forest power spectrum, especially on
small scales.

Another heating source for the forest is gas outflows from galaxies
that are observed to be ubiquitous at z > 4 in high-z surveys
(Pettini et al. 1999; Frye, Broadhurst & Benı́tez 2002), that will
also act to increase spatial and velocity variance on small scales
(Oppenheimer & Davé 2006; Viel, Schaye & Booth 2013; Bertone &
White 2006) and may explain the apparent lack of damped Lyα

absorption near massive high-z galaxies (Adelberger et al. 2005).
General gas enrichment by these outflows may also be supported by
the common presence of C IV absorption in the forest (Broadhurst &
Scannapieco 2000), now detected to the lowest detectable column
densities with sizeable, �0.1, volume filling factors (Songaila &
Cowie 1996; D’Odorico et al. 2016).

If with further observations and simulations is it concluded that
outflows and AGN heating do not significantly affect the scale or
utility of the turnover in the Lyα forest transmission power spectrum
for constraining boson mass, then it is still possible in the context of
ψDM, with the dominant light boson considered here of � 10−22 eV,
to appeal to a larger initial field misalignment of the axion potential,
which has been demonstrated to provide suitable excess small-scale
power to match the forest data(Leong et al. 2019) in the ψDM
context. Additionally, it is also natural to consider adding a sub-
dominant DM contribution from a heavier axion of � 10−20 eV to
generate more small-scale structure, and indeed this does account
well for the newly appreciated DM dominated class of ultra-faint
galaxies orbiting the Milky Way and perhaps also for the common
presence of nuclear star clusters in all the classes of the galaxy (Luu,
Tye & Broadhurst 2020). This multiple axion model is motivated
by the discrete axion mass spectrum generically predicted by String
Theory (Arvanitaki et al. 2010) which may lead to ‘nested’ solitons
(Luu, Tye & Broadhurst 2020) and will also boost the small-scale
clustering of DM and gas to a level that may be predicted by future
simulations (Hsu & Chiueh 2020).

2 DYNAMICAL MODEL O F U LTRA-DIFFUSE
GALAXIES WITH A WAV E DARK MATTER
H A L O

The light bosons paradigm was firstly introduced by Widrow &
Kaiser (1993), Sahni & Wang (2000), Hu, Barkana & Gruzinov
(2000), and subsequently re-considered by Marsh & Silk (2014),
Schive et al. (2014a), Bozek et al. (2015), Hui et al. (2017),
Veltmaat et al. (2018), Robles, Bullock & Boylan-Kolchin (2019),
Niemeyer (2019) in relation to the puzzling properties of dwarf
spheroidal galaxies. In the simplest version, without self-interaction,
the boson mass is the only free parameter, with a fiducial value of
10−22 eV.

The first simulations in this context have revealed a surprisingly
rich wave-like structure with a solitonic standing wave core, sur-
rounded by a halo of interference that is fully modulated on the de
Broglie scale (Schive et al. 2014a). The solitonic core corresponds
to the ground-state solution of the coupled Schröedinger–Poisson

equations, with a cored density profile well-approximated by Schive
et al. (2014a, b)

ρc(r) ∼ 1.9 a−1(mψ/10−23 eV)−2(rsol/kpc)−4

[1 + 9.1 × 10−2(r/rsol)2]8
M� pc−3 . (1)

Here mψ is the boson mass and rsol is the solitonic core radius, which
simulations show scales as halo mass (Schive et al. 2014b) in the
following way:

rsol ∝ m−1
ψ M

−1/3
halo . (2)

The simulations also show that the soliton core is surrounded by
an extended halo of density fluctuations on the de Broglie scale that
arises by self interference of the wavefunction (Schive et al. 2014a)
and is ‘hydrogenic’ in form (Hui et al. 2017; Vicens, Salvado &
Miralda-Escudero 2018). These cellular fluctuations are large, with
full density modulation on the de Broglie scale (Schive et al. 2014a)
that modulate the amplitude of the Compton frequency oscillation
of the coherent bosonic field, allowing a direct detection via pulsar
timing (de Martino et al. 2017, 2018).

This extended halo region, when azimuthally averaged, is found
to follow the Navarro–Frank–White (NFW) density profile (Navarro
et al. 2000; Woo & Chiueh 2009; Schive et al. 2014a, b) so that the
full radial profile may be approximated as

ρDM(r) =
{

ρc(x) if r < 2rsol,
ρ0

r
rs

(
1+ r

rs

)2 otherwise, (3)

where ρ0 is chosen such that the inner solitonic profile matches the
outer NFW-like profile at approximately � 2rsol, and rs is the scale
radius.

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

d(ρ∗(r)σ r
2(r))

dr
= −ρ∗(r)

d�DM(r)

dr
− 2β

ρ∗(r)σ r
2(r)

r
, (4)

where ρ∗(r) is the stellar density distribution defined by the standard
Plummer profile for the stellar population:

ρ∗(r) = 3M∗
4πrhalf

(
1 + r2

r2
half

)− 5
2

. (5)

Here, rhalf is the half-light radius and M∗ is the stellar mass. β is
the anisotropy parameter, defined as (see Binney & Tremaine 2008,
equation 4.61)

β = 1 − σ 2
t

σ 2
r

. (6)

Thus, the gravitational potential is given by

d�DM(r) = G
MDM(r)

r2
dr , (7)

with a boundary condition �DM(∞) = 0, and the mass enclosed in a
sphere of radius r is computed as follows

MDM(r) = 4π

∫ r

0
x2ρDM(x)dx . (8)

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:

σ 2
los(R) = 2


(R)

∫ ∞

R

(
1 − β

R2

r2

)
σ 2

r (r)ρ∗(r)

(r2 − R2)1/2
rdr, (9)

where


(R) = 2
∫ ∞

R

ρ∗(r)(r2 − R2)−1/2rdr . (10)
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We now apply the above to the newly measured dispersion profile
of the recently discovered galaxy DF44. This unusual galaxy was
recently discovered in a Coma cluster survey using the unique
multibeam optical Dragon Fly imager, designed to search for ex-
tended low surface brightness emission (van Dokkum et al. 2016).
This unique telescope has successfully surveyed sizeable areas to
unprecedentedly low levels of the surface brightness from the ground
(Abraham & van Dokkum 2014), uncovering a surprising, unknown
extreme class of ‘UDG’, that are smooth, diffuse clouds of stars found
mainly in massive galaxy clusters, that contrast with the centrally
sharp and bright elliptical galaxy members (van Dokkum et al. 2016).
The galaxy DF44 is one of the largest example of this UDG class,
with a half-light radius ∼4.6 kpc, and a stellar mass of � 3 × 108 M�.
Its stellar velocity dispersion profile has recently been measured with
deep spectroscopy (van Dokkum et al. 2016, 2019).

3 MI N I M A L WAV E DA R K M AT T E R R A D I A L
PROFILE COMPARISON

Here we first compare the measured velocity dispersion and light
profile of DF44 with ψDM with the minimum number of parameters
that are consistent with the findings from our simulations and then
subsequently allow a wider range of soliton and halo mass to allow
comparison with previous work for more general conclusions.

For our minimal model profiles we solve the spherically symmetric
Jeans equation, described above, equation (4), subject to a total mass
of 4 × 1010 M�, which is the dynamical mass estimated by van
Dokkum et al. (2019) for this galaxy adopting the virial estimate
commonly used for dwarf spheroidal galaxies (Walker et al. 2009).
We also adopt the commonly used Plummer profile for the stellar
profile and match it the measured half-light projected radius of
4.6 kpc measured for DF44 (van Dokkum et al. 2019).

For our minimal model we adopted the soliton–halo mass scaling
relation of equation (2) discovered in the ψDM simulations (Schive
et al. 2014b). This provides the scale of the soliton for a fixed total
halo mass. The ψDM simulations have also shown that the NFW
form provides a good azimuthal description of the granular ψDM
haloes outside the soliton core. Hence we may fix the scale length
of the NFW profile, rs, to provide the total mass computed with our
model for a given choice of concentration we set rs = 8 kpc. All
values are summarized in Table 2.

This comparison simply shows that the general level of velocity
dispersion measured for DF44 of � 30 km s−1 is consistent with
the widely favoured boson mass from similar analyses of dwarf
spheroidal galaxies �10−22 eV, for which the observed absence of
any central rise in the velocity dispersion favours a predominance of
tangential over radial dispersion. We can also see that for a larger
choice of boson mass of 1.2 × 10−22 eV, a larger value of β can
be tolerated. This contrasts with the significantly larger mean boson
mass of �3 × 10−22 eV, highlighted by Wasserman et al. (2019) in a
recent analysis of DF44, but is consistent with the lower end of their
95 per cent range of 1.2 × 10−22 eV.

Acceptable minimal model profiles for DF44 are shown in Fig. 1
for several illustrative values for the minimal set of parameters listed
in Table 2, varying the boson mass and the velocity anisotropy pa-
rameter. These profiles have reduced χ2 values near unity, consistent
with the measured dispersion profile of DF44 for its observed large
half-light radius and virial mass estimate. In the upper panel of Fig. 1
we vary the boson mass in the range [0.6, 1.2] × 10−22 eV, setting
β = −0.8 on the basis of the analysis in van Dokkum et al. (2019).
In the bottom panel, we do the opposite by setting mψ = 10−22 eV
and varying the anisotropy parameter in the range [ − 0.75, −1.5]. In

Figure 1. The figure shows the acceptable range of predicted velocity
dispersion profiles comparison with DF44 for our minimal model, where
the soliton scale is determined by the halo mass and the boson mass. We vary
boson mass in the upper panel, setting β = −0.8 and in the lower panel we set
the boson mass to mψ = 10−22 eV and vary β according to the legend. This
shows that a light boson mass in the above range, with modestly negative β,
produces acceptable reduced χ2.

both cases, the wave-like DM is able acceptably to reproduce to the
dispersion velocity profile out to r ∼ 3 kpc and further away beyond
in the lower panel profiles.

3.1 Comparison of the velocity profile of DF44 with other
low-intermediate mass galaxies

Here we place the velocity profile of DF44 in the wider context
of dwarf galaxy profiles for the ψDM framework, spanning the
full range of lower masses appropriate for dwarf galaxies. We
compare our minimal model with the velocity dispersion profile of
representative well studied low mass galaxies whose halo mass and
half-light radius span ranges from ∼109 to ∼5 × 1010 M� and from
∼0.8 to ∼5 kpc, respectively. Since our minimal model must assume
a halo mass to compute the corresponding solitonic profile, equation
(2), we take care to check that the predicted total mass from our
model is compatible within the errors with the total mass estimates
from observations.

Fig. 2 shows illustrative velocity dispersion profiles for a range of
ψDM mass profiles highlighting the transition from the soliton core
to the outer NFW-like outer profile (Schive et al. 2014a, b; Vicens
et al. 2018). The velocity dispersion profiles are listed in Table 1,
and cover one order of magnitude in the total mass starting from
109 M� and for different choices for the extent of the stellar profile,
and for each model profile compare two representative values of β =
[0.0, −0.5] to show the effect of the transition in a family of physical
systems representing dwarf galaxies. Solid and dashed lines depict
in Fig. 2 for each system, our predicted dispersion profile for β set
to 0.0, and −0.5, respectively.

Finally, in Fig. 3, we apply our model to the dwarf galaxies listed
in Table 2, together with the reduced chi-square.We have aimed to
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Figure 2. In this figure, we show model solutions for all model galaxies
listed in Table 1 to highlight the transitional feature in the radial profile
from the soliton to the NFW-like halo. Solid lines represent solution of the
isotropic Jeans equation (β = 0), while dashed lines indicate the predicted
dispersion profiles for negative values of β. For a better visualization, we
plot the galaxies with higher mass in the upper panel, while the remaining
galaxies are shown in the lower panel.

Table 1. Values of the parameters used to construct the velocity dispersion
profile of a set of simulated dwarf galaxies [G1, G2, G3, G4] for two values
of the anisotropy parameter. We also vary here the Plummer scale radius for
the stars, which allows for a range in ‘depth’ that the stars may occupy in 3D,
as listed in the table, given by the half-light radius.

Model Mhalo rsol rhalf M∗ rs β

(1010 M�) (kpc) (kpc) (107 M�) (kpc)

G10 0.0
0.1 1.6 0.6 0.3 8.5

G1− − 0.5
G20 0.0

0.5 0.94 0.6 0.3 10.5
G2− − 0.5
G30 0.0

1.0 0.74 2.5 3.0 9.0
G3− − 0.5
G40 0.0

5.0 0.43 2.5 3.0 7.5
G4− − 0.5

illustrate the family of predicted profile shapes to see how the velocity
profile of DF44 may fit in. It can be seen that the relatively flat profile
DF44 appears to be continuous with the lower mass galaxies shown
here, including Fornax,and Antila II (Schive et al. 2014b; Broadhurst
et al. 2019) that span the dSph regime and for which we have
previously derived boson masses. We have added the more massive,
well studied ‘transition’ galaxy, WLM for broader mass coverage.
Note, we do not intend to be exhaustive here in this comparison
as this would require an understanding of the transformative role
of tidal effects which are important for most nearby dwarf galaxies
orbiting the major Local Group galaxies, as we have recently shown

Figure 3. Comparison of the observed velocity dispersion profiles with the
predictions, for all galaxies listed in Table 2.

in Pozo et al. (2020). Our results show that the minimal model is
able to provide a good fit of these dwarf galaxies, where we vary the
whole set of parameters, namely (Mhalo, rs, β). For all galaxies, we
also compute the total mass within the half-light radius to ensure that
it matches the observations. All results are listed in Table 2.

3.2 Pure NFW profile

Here we consider a pure NFW profile for a range of relatively
high concentration parameter, c, appropriate for relatively low-mass
galaxies like DF44, ranging over 20 < c < 40, guided by the mass–
concentration relation and its inherent dispersion derived from CDM
simulations.

Generically of course a centrally rising dispersion profile is
predicted for NFW profiles, shown in Fig. 4 (and Table 3 labelled
as NFW1 and NFW2) as expected given the inherently cuspy density
profile of CDM, but it is quite unlike the flat profile observed for
DF44. A better match DF44 requires a negative anisotropy parameter,
with β < −1 as shown in Fig. 4 (and Table 3 labelled as NFW3,
NFW4, and NFW5) in order to counter more than the CDM cusp.
The NFW5 model has a concentration parameter that has been set
to the best NFW fit obtained by Torrealba et al. (2019), while β

is the same as explored by van Dokkum et al. (2019) and this is
marginally acceptable with β = −1.25, in terms of the velocity
dispersion profile. However, the scale length predicted for this model
rs = 3.6 kpc is smaller than the measured half-light radius of DF44,
therefore appearing to be unreasonable, and this is generally the
case for the other solutions we have explored here and listed in
Table 3, as generically the cooling of gas required to form stars is not
expected to produce a stellar distribution that is more concentrated
than the dark matter halo as both stars and DM particles behave as
test particles. Furthermore, any subsequent ’heating’ that may have
occurred through interactions subsequent to the formation that may
be expected to affect collisionless stars and dark matter equally.

3.3 Generalized wave dark matter profile fitting

Here we explore a fuller range of parameters that does not rely on
the ‘standard’ dynamical mass advocated by Walker et al. (2009) for
simple stellar systems, since this may not be fully appropriate for the
ψDM model that we examine here, but has been calibrated in the
context of CDM simulations.

For this purpose,we have constructed an Markov chain Monte
Carlo (MCMC) multiparameter scheme that we compare with the
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Table 2. Observed and estimated magnitudes of the dwarfs galaxies.

Galaxies mψ Mhalo, obs rsol rs rhalf M(r < rhalf), obs M(r < rhalf), th β χ2
red Refs.

(10−22 eV) (109 M�) (kpc) (kpc) (kpc) (107 M�) (107 M�)

DF44 1 40 0.47 8 4.6 ± 0.2 390 ± 50 300 − 1.25 0.87 van Dokkum et al. (2019)
WLM 1 10 0.74 7 1.66 ± 0.49 43 ± 3 25 − 0.75 0.82 Leaman et al. (2012)
Fornax 1 7 0.84 4 0.85 6.1-8 6.57 0.0 1.21 Mashchenko (2015)
Antlia II 1 1 1.6 7 2.9 ± 0.3 5.5 ± 2.2 9.75 − 0.75 1.34 Torrealba et al. (2019)

Figure 4. Result of the best pure NFW fits for DF44 listed in table 3. The
black vertical line is the limit of the calculated soliton for the ψDM profile.

Table 3. DragonFly 44 NFW predicted profiles.

Profiles Mhalo rs c β

(109 M�) (kpc)

NFW1 10 2.89 15 0
NFW2 8 2.01 20 0
NFW3 40 4.59 15 −2
NFW4 40 3.44 20 −3
NFW5 20 3.64 15 −1.25

dynamical data and observed scale length for DF44, which we
link through the Jeans analysis outlined earlier. In addition to the
parameters of the minimal model above, we allow the halo mass to
be free and some freedom in ‘transition radius’ between the central
soliton and outer NFW halo components given by ε below that is
consistent with the spread found in the first simulations (Schive et al.
2014a).

Wide uniform priors are adopted for the above model:

− 0.5 < log10(mψ ) < 2.5, (11)

1 < log10(rsol) < 4; (12)

− 1 < − log10(1 − β) < 1; (13)

2 < ε < 3.5. (14)

Note, here we have let the matching radius between the soliton and
the NFW halo vary over a range of scale, where rtrans = εrsol, implied
by the inherent spread found in the simulations.

The best-fitting velocity dispersion curve of the above model is
shown in Fig. 5, together with the 1σ uncertainty, while Fig. 6 and

Figure 5. The best-fitting soliton + NFW model and its 1σ deviation is
calculated by randomly sampling from the distributions of velocity dispersion
at each radius.

Figure 6. Correlated distributions of inferred parameters: core mass, half-
light mass, and halo mass from MCMC simulation. Note, the 1D and
2D posterior distributions of four UFDs taken from MCMC chains using
EMCEE Foreman-Mackey et al. (2013), plotted using corner package Foreman-
Mackey (2016).
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Figure 7. Correlated distributions of free parameters: boson mass, core
radius, and anisotropy from MCMC simulation. Transition factor distribution
is not shown here due to its uniformity. Note, the 1D and 2D posterior
distributions of four UFDs taken from MCMC chains using EMCEE Foreman-
Mackey et al. (2013), plotted using corner package Foreman-Mackey (2016).

Fig. 7 show the correlated distributions of all the parameters. The
preferred value of the core radius of this model is � 100 pc, which
is quite smaller as compared to the size of DF44 (∼4.6 kpc). The
preferred halo mass, 1.5+3.5

−0.7 × 1011 M�, is several times larger than
the dynamical mass adopted earlier of 4 × 1010 M� for our minimal
model and the best-fitting soliton mass is lower in relation to the
halo mass, only 2 per cent of the halo mass and hence this model
is essentially a pure NFW profile with a relatively large tangential
anisotropy β �−2 that counters the inherent NFW cusp, lowering the
central velocity dispersion as shown in Fig. 5. This halo dominated
solution is very similar in terms of halo mass and velocity anisotropy
to our best-fitting pure NFW profile, NFW5 described in Section 3.2.

This halo dominated ψDM solution has a somewhat higher
favoured boson mass than we derived in Section 3.1 for our minimal
model, but with a sizeable uncertainty: mψ = 2.14.9

−1.3 × 10−22 eV.
This value of the boson mass is compatible with that obtained by
Wasserman et al. (2019) for their independent MCMC analysis of
DF44 and also agrees with their relatively large negative value of β.
Hence, this higher mass soliton for both the boson mass and the halo
mass may be less physically compelling than the minimal model
solution we found earlier, for which the reduced χ2 is certainly
acceptable, and for which the soliton is wider so that a relatively
less extreme value of β is required (Lokas, Mamon & Prada 2005;
Klimentowski et al. 2007; Kang et al. 2020; Luu, Tye & Broadhurst
2020).

4 D I S C U S S I O N A N D C O N C L U S I O N S

Here we have focused on the large low surface brightness galaxy
DF44, currently the only example of the newly defined ‘ultra diffuse’
galaxy class with a measured velocity dispersion profile. A relatively
large number of globular clusters appear to be associated with DF44

and initially taken to imply a relatively high mass comparable to the
Milky Way, despite the low stellar surface brightness (van Dokkum
et al. 2019). The new velocity dispersion data, examined here has
considerably clarified the mass of DF44, with a velocity dispersion
that averages only σ (r = rhalf) � 33 ± 3 km s−1, more indicative of a
dwarf galaxy. In terms of morphology UDG galaxies are similar to the
dwarf spheroidal galaxies (dSph), however, DF44 differs markedly
in terms of the large size of the stellar profile that is several times
larger than the �kpc stellar scale length of dSph galaxies.

Here we have been particularly interested in whether this class
of galaxy may have implications for the newly appreciated ‘Wave-
Dark-Matter’ interpretation of DM, because of the distinctive density
profiles found in the first cosmological simulations in this context
that predict a rich wave-like structure in the non-linear regime with
collapsed haloes that should contain solitonic standing wave core of
the dark bosonic matter at the centre surrounded by a wide halo of ex-
cited states that are fully modulated in density on the de Broglie scale
(Schive et al. 2014a, b, 2016). This characteristic wavelike behaviour
has subsequently been verified by other groups independently (Mocz
et al. 2017;Veltmaat et al. 2018) providing a clear distinguishing
prediction of rich wavelike structure, unanticipated in the definition
of ‘Fuzzy Dark Matter’(Hu et al. 2000) which we can now see is
somewhat of a misnomer, implying an incoherent density profile
with a smooth core, quite unlike the rich coherent wavelike structure
uncovered in the simulations that is due to pervasive interference
on the de Broglie scale with a prominent standing wave core at the
centre (Schive et al. 2014a, b). The de Broglie scale sets the scale
of soliton radius which is larger for less massive galaxies of lower
momentum, as the de Broglie scale is simply set by λdB = h/(mψv),
the momentum, given by the level of internal velocity dispersion,
and the boson mass, mψ .

We have shown that this distinctive ψDM profile can account for
the puzzling combination of the large radius of DF44 and its shallow,
low velocity dispersion profile predicted for the intermediate-mass
haloes, of approximately � 4 × 1010 M� with a soliton radius of
� 400 pc, this is several times more massive than the typical dwarf
spheroidal galaxies in the Local Group neighbourhood for which
ψDM profiles fitted typically have masses of a few × 109 M with a
soliton radius of � 700 pc (Schive et al. 2014a; Chen et al. 2017). In
this intermediate mass range, the dispersion profile is relatively flat
for DF44, unlike more massive galaxies of high internal momentum,
that are predicted to have a narrower, denser central soliton core of
approximately 100 pc in radius with a correspondingly enhanced
central velocity dispersion. This is supported by the rising central
velocity dispersion recently measured in the Milky Way (de Martino
et al. 2018). For lower mass galaxies than DF44, wider solitons are
predicted, reaching 3 kpc in a scale close to the lower limiting ‘Jeans
mass’, below which galaxies do not form in ψDM as the dark matter
cannot be confined below the de Broglie scale. This limiting soliton
size appears to be matched by the newly discovered Antlia II galaxy
which is extremely ‘ghostly’ despite its large size and proximity
orbiting the Milky Way and identified by star proper motions with
Gaia (Torrealba et al. 2019). For this extreme low-density galaxy
the velocity dispersion profile is predicted to rise with radius for
such a wide soliton to � 6 km s−1 as observed, (Broadhurst et al.
2019) and provides a boson mass of 10−22 eV, that is consistent with
our analysis here for DF44 and other well studied dSph galaxies,
(Broadhurst et al. 2019) for a halo of intermediate mass � 1011M�,
consistent with the conclusion of Wasserman et al. (2019).

Regarding the NFW profile, our Jeans analysis has explored
the range of concentrations, 10 < c < 20, predicted by �CDM
simulations for dwarf galaxies and we have examined the scale length
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of the Plummer profile used to model the projected star profile for
comparison with the measured half-light radius of 4.6 kpc for DF44.
We firstly adopted the pure NFW halo and isotropic stellar orbits,
β = 0, which produced a centrally rising velocity dispersion, that is
at odds with the flat profile of DF44, as shown in Fig. 3, irrespective
of the halo mass. To help flatten the dispersion profile we extend
our Jeans analysis to the large negative values of β, larger than used
for ψDM profile and this reverses the predicted velocity dispersion
profile, more like the data, as shown in Fig. 3, for the profiles with
β < 0. To reproduce the large observed stellar half-light radius, 4.6
kpc requires a high halo mass with a larger mean velocity dispersion
as shown as the NFW4 profile in Fig. 3. A reasonable compromise
can be found by either lowering the concentration allowing a lower
halo mass, given by the NFW5 solution listed in Table 3, and shown
in Fig. 4, for which the DM scale length is only 30 per cent smaller
than the stellar profile, or by enhancing the velocity anisotropy with
the NFW3 solution where the scale length matches the observations
with β = −2. Thus one may conclude that in order to obtain a
reasonable fit to DF44 it is possible to reverse the inherent tendency
for a centrally rising profile to match the observed centrally declining
profile by invoking sizeable radial velocity anisotropy.

It is now becoming clear that UDG galaxies like DF44 are
surprisingly common in clusters and are also present in the field
(Martinez-Delgado et al. 2016; Román & Trujillo 2017) that as a
class appear to challenge the conventional expectations regarding
galaxy formation with their large size and low surface brightness. It
is also understood that UDG galaxies are more numerous in more
massive galaxy clusters (van der Burg, Muzzin & Hoekstra 2016;
Lee et al. 2020) like Coma where they were first recognized by
van Dokkum et al. (2016) and within the exceptionally massive
cluster A2744 where the highest number of UDG galaxies have been
detected (Kendal & Easther 2019). An interesting connection with HI
rich ‘HUDS’ optically diffuse galaxies has been found by Leisman
et al. (2017), who identified in the H I selected ALFALFA survey
several galaxies with stellar profiles resembling UDG galaxies.
Isolated red UDG’s have also been discovered ‘DGSAT’ (Martinez-
Delgado et al. 2016) and ‘S82-DG-1’ (Román & Trujillo 2017) but
with limited dynamical and distance information. There are also
apparently related star forming examples of UDG’s (Prole et al.
2019) which resemble the class of local ‘transition’ dwarf galaxies
with stellar velocity dispersion profiles like the dSph’s with the
additional presence of some rotating H I. Collectively this has been
taken to imply that UDG’s found in clusters may in general be born
in low-density environments and either use up their gas overtime or
subsequently ram pressure stripped of their gas by the hot intracluster
medium (Liao et al. 2019).

There is still a dearth of dynamical measurements for UDG galax-
ies, with DF44 currently the only example reported with a resolved
stellar dispersion profile. Improving uncertain distance estimates are
also crucial for establishing reliable M/L and radius estimates. The
clarity this will bring will then allow the origins of UDG’s to be
clarified in relation to the less extreme ’normal’ galaxies. A unifying
picture may be emerging regarding the role of environment, at least
for UDGs-like galaxies detected in the H I selected ALFALFA survey,
where no preference is found for clusters or under dense regions
relative to the general galaxy population (Janowiecki et al. 2019) so
the surprising properties of UDG galaxies may be intrinsic rather
than primarily driven by interaction (Janowiecki et al. 2019).

We conclude that the NFW is in some significant tension with
DF44, but is not firmly excluded, provided the relatively large
tangential velocity dispersion anisotropy can be deemed reasonable
for a NFW halo sufficient to explain the relatively large half-

light radius scale. Core formation by outflows may help to lower
the central dispersion though if this requires repeated outflows of
recycled gas for a lasting dark core (Pontzen & Governato 2012),
including UDG galaxies (Freundlich et al. 2020) and a minimum
level of star formation (Benitez-Llambay et al. 2019; Bose et al.
2019; Dutton et al. 2020) this may conflict with the old age and
rather low stellar metallicity estimated for DF44 (van Dokkum et al.
2019). The advantage of ψDM is that it supplies an inherently large
core without the need for transformative outflows.

This consistency we find for DF44 with ψDM is important as it
extends the viability of this form of wave-like DM beyond the dSph
class for which a clear agreement has been claimed with the wide
solitonic cores predicted for this lower mass class of galaxy. The
Milky Way provides more evidence of this possibility, as a dense,
dark central mass of 109 M� has been uncovered (Portail et al. 2017)
from the centrally rising dispersion profile of bulge stars that appears
in excellent agreement with the expectation of ψDM for a boson
mass of � 10−22 eV (de Martino et al. 2020).

Further dynamical data and extension to higher mass galaxies
should now be explored with high-resolution spectroscopy to clarify
further where the relatively compact and massive solitons predicted
at high mass are supported by the data to establish the basic viability
of the coherent light boson hypothesis for the Universal dark matter.
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