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Abstract. The core-cusp problem is often cited as a motivation for the exploration of dark
matter models beyond standard CDM [cold dark matter]. One such alternative is ULDM
[ultra-light dark matter]; particles exhibiting wavelike properties on kiloparsec scales. ULDM
dynamics are governed by the Schrödinger-Poisson equations, which have solitonic ground
state solutions consisting of gravitationally-bound condensates with no internal kinetic energy.
Astrophysically realistic ULDM halos would consist of larger NFW-like configurations with a
possible solitonic core. We describe a parameterisation for the radial density profiles of ULDM
halos that accounts for the environmental variability of the core-halo mass relation. We then
compare the semi-analytic profiles of ULDM and CDM with astrophysical data, and find that
a ULDM particle mass of 10−23 eV can yield a reasonably good fit to observed rotation data,
particularly at small radii. This ULDM mass is in tension with other constraints but we note
that this analysis ignores any contribution from baryonic feedback.
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Introduction

It is widely agreed that non-baryonic dark matter constitutes the majority of the mass of
the observable universe, but its precise nature remains an open question. Many dark matter
models have been proposed, with particle CDM [Cold Dark Matter] being the most widely
studied. This scenario successfully accounts for the large scale structure of the universe [1]
and the spectrum of anisotropies in the microwave background [2–8], but the so-called “smallscale crisis” remains a challenge [9]. A key issue is the tension between the central density
profiles of dark matter halos in simulations containing only gravitationally interacting CDM,
and those inferred from observational data. Simulations tend to produce ‘cuspy’ central
density profiles [10], which grow as 1/r at small radii, but observational data appears to
favour flattened central cores [11]. This so-called core-cusp problem has been the focus of
much recent attention [12–14].
The seriousness of the core-cusp problem is the subject of ongoing debate, and may be
ameliorated by adding baryonic matter to CDM simulations [15]. Nevertheless, the wider
category of “small-scale” problems in standard CDM along with tighter constraints from
direct-detection experiments [16] motivates the study of alternative dark matter models. One
scenario which has gained substantial traction is ultra-light dark matter [ULDM], also known
as scalar-field dark matter, Ψ dark matter, axion dark matter, BEC dark matter and fuzzy
dark matter. As reviewed by Hui et al. [17], ULDM consists of an axion-like particle whose
very small mass (O(∼ 10−22 eV )) corresponds to a kiloparsec-scale de Broglie wavelength.
ULDM thus exhibits novel wave-like behaviour on astrophysically interesting scales and can
form soliton-like gravitationally confined Bose-Einstein condensates. ULDM simulations suggest that realistic astrophysical halos have an inner core consisting of a kiloparsec scale BoseEinstein condensate or soliton, while the outer halo is a virialised system of scalar particles
matching expectations from standard CDM [18, 19].
As the centres of ULDM solitons are relatively flat it seems that ULDM could resolve
the CDM core-cusp problem without the inclusion of baryonic astrophysics. However, it has
been suggested that in some mass regimes ULDM actually exacerbates the core-cusp problem
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relative to the NFW [Navarro-Frenk-White] profiles [10] characteristic of WIMP [Weakly
Interacting Dark Matter] CDM [20]. This is because the inner regions of ULDM halos are
described by solitonic density profiles which obey a scaling law in which the width of the
soliton scales inversely with its mass. Consequently, for massive cores it is plausible that the
density of the ULDM halo might exceed that of an analogous NFW halo at small radii. The
authors of Ref [20] concluded that NFW profiles can actually outperform ULDM profiles for
large dwarf galaxies (halo masses Mh in the range Mh & 1011 M ).
In this work we examine the scatter in the core-halo mass scaling relation and its implications for discussions of the core-cusp discrepancy in ULDM. Starting from the semi-analytic
density profile of Ref. [20] we look at the scatter in the parameters implied by Ref. [21],
showing that this can ease concerns that the core-cusp problem is exacerbated for ULDM
relative to CDM for large dwarf galaxies. Furthermore, by numerically building “synthetic”
halos through soliton mergers (using the PyUltraLight code [22]) we see that while the
spherically-averaged density profiles of simulated ULDM halos follow a predictable format,
the incoherent outer regions fluctuate strongly, providing further evidence for the presence
of intrinsic scatter in halo parameters at fixed mass although we emphasise that these analyses ignore baryonic feedback, which is known to be significant for dwarf galaxies [15, 23].
We find that for dark matter-only models, neither ULDM halos (for ULDM particle mass
0.8 − 2.5 × 10−22 eV) nor NFW halos provide an overwhelmingly convincing fit to rotation
curves of large dwarf galaxies, suggesting significant contributions from baryonic physics would
be necessary for either model to yield a good fit to data. Here we use the SPARC database
[24] to obtain galactic rotation curves. The details of this database will be discussed in following sections, but the curves for some dwarf galaxies are limited to a few data points, and
many profiles have significant uncertainties, further complicating attempts to draw robust
conclusions from this approach.
These uncertainties notwithstanding, we look at the subset of SPARC galaxies which
exhibit a steep decrease in rotation velocity at small radii, and find that a ULDM particle
mass of 10−23 eV can yield a reasonable fit to this data without the inclusion of baryonic
physics, suggesting the core-cusp problem is naturally ameliorated in this case. This small
ULDM particle mass, however, is in tension with some recent ULDM constraints. Hence,
further investigation is needed to determine whether ULDM provides a suitable framework
to describe dwarf galaxies.
The structure of the paper is as follows. In Section 2, we review the construction of
semi-analytic density profiles for both the ULDM and CDM models. In Section 3 we briefly
discuss aspects of realistic ULDM halos which are not captured by the semi-analytic model.
In Section 4 we compare the semi-analytic density profiles for ULDM and CDM halos in the
dwarf galaxy mass range 1011 − 1012 M , taking into account statistical variation in both the
NFW concentration parameter and the ULDM core-halo mass relation. We then compare the
radial velocity profiles inferred from these density profiles with astrophysical data from the
SPARC database [24]. We conclude in Section 5.
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2
2.1

Semi-analytic models of dark matter halos
The NFW profile of CDM

We begin by looking at the semi-analytic parametrisations of ULDM and CDM halo models.
The well known NFW profile of CDM [10, 25] is given by
ρ0

ρNFW (r) =
r
Rs



1+

r
Rs

2 .

(2.1)

The parameters ρ0 and Rs vary from halo to halo; ρ0 can be interpreted as a characteristic
density, while Rs is the scale radius and determines the radius at which the transition between
the ‘small r’ and ‘large r’ limits occurs. At small radii the profile is proportional to 1/r, while
at large radii it goes as 1/r3 .
The NFW halo is assumed to be radially symmetric, and requires truncation at a finite
radius in order to avoid the divergence in the mass integral as r → ∞. This is typically set by
the virial radius, which is approximately determined via the spherical top-hat collapse model
[26–28] describing the evolution of a uniform spherical overdensity in a smooth expanding
background. Gravitational collapse of the overdensity halts when virial equilibrium is reached.
The corresponding virial radius is the radius at which the mean internal density is ∆c ρcrit (t).
Here ρcrit (t) is the critical density of the universe at time t. The numerical factor ∆c is of
order 102 and while different conventions exist, we will take the common value of ∆c = 200
[29] in what follows.
Once the virial radius is specified as the outer limit of the halo, equation 2.1 completely
specifies the density profile for given ρ0 and Rs . For any given virial mass, there is a range of
corresponding NFW density profiles, with the distributions of ρ0 and Rs emerging from the
mass-concentration-redshift relation seen in N-body simulations and observations [30, 31].
2.2

The piecewise ULDM halo profile

ULDM dynamics is governed by the Schrödinger-Poisson system of coupled differential equations. In a static background, they take the dimensionless form
1
iψ̇ = − ∇2 ψ + Φψ
2
∇2 Φ = 4π|ψ|2

(2.2)
(2.3)

where ψ is the ULDM wavefunction, Φ is the Newtonian potential, and the density ρ ∝ |ψ|2 .
The solitonic ground state profile cannot be written down analytically, but given a numerically
computed spherically symmetric profile ψ with ψ(0) = 1, the full family of solutions is
√
ψ 0 (x) = γψ( γx),

(2.4)

where γ is a scaling parameter and the dimensionless mass of the soliton is proportional to
√
√
γ, while the dimensionless radius is proportional to 1/ γ. The dimensionless density |ψ|2
and dimensionless radius x can be transformed into dimensionful quantities by
ρ = ML−3 |ψ|2 ,

(2.5)

r = Lx,

(2.6)
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where

L=

8π~2
3m2 H02 Ωm0

and
1
M=
G



8π
3H02 Ωm0

 14

− 1 
4


≈ 121

10−23 eV
m

3
2

~
m

7



≈ 7 × 10

 12
kpc,

10−23 eV
m

(2.7)

 32
M .

Ref. [20] gives a piecewise parameterization of the generic ULDM profile
(
ρsol (r),
0 ≤ r ≤ rα
ρ(r) =
ρNFW (r), rα ≤ r ≤ rvir ,

(2.8)

(2.9)

where ρsol (r) is the appropriately scaled density profile of the ground state soliton solution.
The contribution from the solitionic core and the overall virial mass obeys a scaling relationship [21], which sets the central density, ρc , of a ULDM halo with virial mass, Mvir . This
yields an expression relating the core size to the velocity dispersion, and finally to the halo
virial mass.1 The core-halo mass relation can also be understood simply by matching the
virial velocities of the core and the wider halo (see Appendix A for details). At z = 0 the
relationship is found to be [21]
−3

6

ρc = 2.94 × 10 M kpc
and

rc = 1.6 kpc

Mvir
109 M



Mvir
109 M

−1/3

4/3

1
,
m22

m222

(2.11)

(2.12)

where rc is the radius at which the density is half of the central value, and m22 is given by
m22 ≡ m/10−22 eV where m is the ULDM particle mass.
This approach gives a baseline profile for ULDM halos, but for a given virial mass we
should in fact expect a range of possible central densities (one might consider this in some
sense analogous to the scatter in NFW concentration parameters [25]). Indeed, numerical
results [21] indicate a scatter of up to ±50% in the core mass Mc . Furthermore, the cores
are not exact soliton solutions of the Schrödinger-Poisson equation as they interact with the
NFW-like outer halo, and as such their central densities can vary with time by as much as a
factor of two [19]. Thus, the core-halo mass relation should not be interpreted as an inviolable
rule, but rather a statement about the averaged characteristics of a statistical distribution.
Moreover, theoretical expectations for this distribution are currently poorly characterised, as
high-fidelity ULDM simulations are computationally challenging. The small sample size and
limited halo mass range (Mvir ≈ 108 − 1011 M ) of the data in Ref. [21] means it is probably
1

The authors of [21] suggest the following general expression:
Mc = α (|E|/M )1/2 ,

(2.10)

where the core mass Mc is determined by the total energy, E, and the total mass of the halo, M where α
is a constant of order unity. They then explain that the right hand side of the equation represents the halo
velocity dispersion, while the left hand side represents the inverse core size due to soliton scaling laws. By
invoking the virial condition of the spherical collapse model, the authors then construct the redshift dependent
relationship between the solitonic core mass and the halo virial mass for a ULDM halo.
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not meaningful to use it to deduce the detailed statistical distribution of astrophysical halos.
Furthermore, one must be cautious when extrapolating the core-halo mass relation to realistic
halos in regions of parameter space which have yet to be explored numerically. It is difficult
to accurately predict, for example, the effect that star formation and feedback will have on
the formation of solitonic cores in halos of different masses, though one expects this effect
to be significant at small radii. With the limitations of DM-only models in mind, we will
assume a scatter of ±50%, noting that future simulations which include baryonic feedback
will hopefully lead to improved predictions for this distribution.
In addition to the variation in peak core density, we expect to see variation in the radius
at which the solitonic profile of the ULDM halo transitions into an NFW profile. This is
acknowledged in [20], and is captured by the parameter α, such that the transition radius,
rα , is given by rα = αrc , where 3 ≤ α ≤ 4. The chosen value of the radius of transition will of
course affect the parameters of the theoretical outer NFW halo, in particular the scale radius,
as the core-halo mass relation should be maintained as the transition radius is varied.
With the allowances for statistical variation in both the central soliton density and the
transition radius taken into account, we can create a range of plausible ULDM halo profiles
for a given halo virial mass. To do this, we use the virial mass to predict ρc , and then allow
the range of densities within ±50% of this central value. Combining the central density with
an assumption for α, the solitonic piece of the ULDM profile is then completely specified,
and its mass can be calculated. From here, we can calculate the remainder of the virial mass
which must be accounted for by the NFW tail of the profile, and by matching the densities
of the NFW tail and the inner soliton at the transition radius, the values of the Rs and ρ0
parameters of the ULDM profile NFW tail are fully constrained.

3

Substructure in simulated ULDM halos

Halo formation in the ULDM model has been investigated in a number of studies [18, 32, 33].
These suggest that a ‘generic’ ULDM halo consists of a solitonic core surrounded by an incoherent outer region whose density profile resembles that of an NFW halo, as described in the
previous Section. Full astrophysical structure formation simulations in ULDM are particularly challenging, given the need to effectively resolve a wide range of scales in an expanding
background. However, we can produce “synthetic” halos by initialising a Schrödinger-Poisson
solver so that it contains O(10) randomly located solitons, allowing them to merge and running the simulation long enough to arrive at a stable “final” state 2 .
We implemented this approach in PyUltraLight [22], and the results of one such
simulation are shown in Figure 1. This profile is the result of the merger of eight randomly
positioned solitons, yielding in a final profile with central density ∼ 1011 code units. The
simulation was run at 5123 for a duration of 0.05 code units, while the volume of the simulation
region, also in code units, was 0.23 . The solitons were initially within the innermost eighth of
the total simulation region, ensuring the periodic boundary conditions do not prevent inward
gravitational collapse. Halos produced this way cannot be expected to accurately reproduce
astrophysical configurations, as their formation history differs greatly from the collapse of
initially small overdensities that characterise cosmological structure formation. Moreover,
this simulation does not include expansion, so the critical density is ill-defined and cannot be
2

We note that halo formation from solitonic mergers differs significantly from halo formation through direct
gravitational collapse, and we must therefore be cautious when extrapolating results from one regime to the
other
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Figure 1. Left: Spherically averaged density profile of late-time relaxed merger product of 8 solitons
(T1 - T3 ). Also included is a profile before relaxation is complete, demonstrating an excess of mass in
the inner halo (T0 ). Vertical dotted lines represent 3 and 4 times the core radius. Right: Density profile
along a single arbitrary direction for the relaxed halo at late times. All quantities are represented in
dimensionless code units

correlated with a virial overdensity, as outlined in Section 2.1. Finally, resolving the central
soliton restricts us to a simulation volume which cannot encompass the full virial radius of
a given halo. Consequently, this is qualitative illustration of a ULDM halo, rather than
a quantitative analysis. The conversion of dimensionless code units to physical units is a
function of the ULDM particle mass and thus a particular set of simulation parameters could
correspond to a range of physical parameters. However, for a general indication of scale,
note that when a ULDM particle mass of 10−22 eV is assumed, the above code parameters
would correspond to a final halo mass of ∼ 1013 M (though most of this mass would not be
expected to be retained within the simulation volume), central density of ∼ 4×1012 M kpc−3 ,
simulation duration ∼ 3.8 Gyr, and side length ∼ 7.7 kpc.
The left panel of Figure 1 demonstrates the typical spherically-averaged relaxed halo
profile obtained through solitonic mergers (T1 - T3 ). To obtain relaxed profiles, PyUltraLight was modified to include a sponge at the simulation boundary so that material ejected
with large kinetic energy does not re-enter the box from the other side due to the periodic
boundary conditions. Once the mass loss from the simulation region has asymptotically approached zero, a stable relaxed profile is obtained3 . The shape of this overall profile remains
similar as progenitor masses are increased/decreased, with a solitonic core (consistent with the
inverse mass-radius scaling relation of the ground-state solution to the Schrödinger-Poisson
equations) transitioning to a 1/r3 type profile at a distance of between 3 and 4 times the
core radius4 . Times T1 , T2 , and T3 represent 90, 95, and 100% of the simulation duration,
respectively. We also include one profile of the halo prior to relaxation for comparison (T0 25% of simulation duration), where we see an excess of mass in the inner halo.
While the left panel of Figure 1 shows spherically-averaged profiles, the right panel
3
Note that on the timescales considered here, it is difficult to see the fluctuations of the central density
mentioned previously, which occur on much shorter timescales. For quantification of this effect, see [19]
4
Since mass is not globally conserved in these simulations and interactions between the outer halo and the
inner region are not accounted for, we do not expect the profile to match the theoretical predictions for a
cosmologically realistic virialised halo.
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Figure 2. Illustration of the scale of the fluctuations present in the incoherent outer halo for the
merger product of Figure 1. The contour plot represents the (log10 scaled) local density across a slice
through the centre of the final halo. In this plot, distance is not log-scaled, and we see that the spatial
size of the fluctuations is of the same order of magnitude as the solitonic core itself.

demonstrates that there are significant local fluctuations, both temporally and spatially, in
the outer halo along any specific direction. The scale of these fluctuations is similar to
that of the core itself, as can be seen in Figure 2, consistent with the non-local uncertainty
principle invoked in Ref. [21]. The implications of these fluctuations for local tracer velocities
have been studied elsewhere [34] and they can provide a benchmark for comparing ULDM
halo fluctuations to CDM substructure, as well as adding scatter to the expected velocity
dispersion. We remark that these fluctuations are not captured by the semi-analytic model
of ULDM halos, and that the consequences of this should be kept in mind when trying to fit
such a model to observational data. In particular, in cases where velocities of only a small
number of tracers within an astrophysical halo are known, it would be difficult to get an
accurate idea of the average profile as local fluctuations may significantly affect individual
tracers.

4

ULDM and CDM halos and astrophysical data

Using the semi-analytic profiles described above, we now compare the radial profiles of ULDM
halos to NFW halos. We focus on masses in the range 1011 and 1012 M since these cases
showed an apparent worsening of the core-cusp problem in Ref. [20]. Figure 3 shows comparisons for representative masses; the green lines represent the ULDM density profiles at the
extreme ends of the Mc = Mcp ±50% range, where Mcp is the theoretical predicition for the
core mass. Thanks to the Schrödinger-Poisson soliton scaling relations, this mass range corresponds to a range of γp /4 ≤ γ ≤ 9γp /4, where γp is the theoretical prediction of the square
root of the dimensionless central density, implying a large variation in the central density and
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Figure 3. Density profiles as a function of radius (normalised to the virial radius) for ULDM and
NFW halos of masses 1011 M (top) and 1012 M (bottom). The left panel represents the results
for m22 = 0.8, while the right panel corresponds to m22 = 2.5. The transition radius is fixed at
rα = 3 ∗ rc as its value does not affect the value of the ULDM central density. Green lines represent
ULDM profiles with Mc = Mcp ±50% Mcp .

widely varying predictions for the overall ULDM profiles. Meanwhile ±1σ and ±2σ ranges
for NFW profiles with different concentrations are shown as red and blue dots, respectively
[25].
Following Ref [20], we plot to a minimum radius of r/rvir = 10−4 and for the same
choices of m22 . We note in passing that for any Mvir , the NFW halo density at very small
radii will inevitably exceed that of the ULDM halo, though the threshold for this transition
may be arbitrarily small, and not observationally relevant. From Figure 3 we see that for halo
masses of 1011 M there is a wide range of Mc for which the ULDM profile is less cuspy than
its NFW counterpart. For a halo mass of 1012 M and a ULDM particle mass m22 = 0.8 the
ULDM profiles are likewise less peaked than the corresponding NFW profile, but at higher
particle mass (m22 = 2.5) the NFW profiles tend to be less peaked than corresponding ULDM
profiles at radial distances in the range 10−4 ≤ r/rvir ≤ 1.
It is not the dark matter halo density profiles themselves that are extracted from astrophysical observations, it is the radial velocity distributions of tracer stars. We convert our
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Figure 4. Theoretical NFW and ULDM velocity profiles for 1011 M halos plotted against SPARC
data filtered by Vmax < 1.2 kms−1 . Red solid lines represent the extremal ULDM velocity profiles,
while blue dashed and dotted lines represent the 1-σ and 2-σ NFW bands, respectively. Results are
shown for ULDM particle mass m22 = 0.8 (left) and m22 = 2.5 (right).

density profiles to radial velocity distributions [35] via
Z
4πG r
2
ρ(r0 )r02 dr0 ,
V (r) =
r
0

(4.1)

where
2
2
2
2
.
+ Vgas
+ Vhalo
+ Vbulge
V 2 = Vdisk

(4.2)

We now compare this distribution to profiles in the SPARC database, which contains
photometric data for 175 galaxies and rotation curves from HI /Hα studies. The disk and
bulge velocities in the SPARC database are given for Υ = 1 M / L at 3.6 µm. However, the
greatest source of uncertainty in mass modelling is the assumption for the stellar mass-to-light
ratio, Υ? [24]. As in [20], we assume a constant value of Υ? = 0.2 M / L at 3.6 µm, likewise
noting that this constitutes a non-trivial source of uncertainty. Moreover, there is significant
uncertainty in the SPARC data itself, though the error bars are not plotted in the following
graphs for ease of viewing.
We consider the SPARC galaxies for which the outermost tracers have velocities >
100 kms−1 . We can split this data into two rough categories; those which exhibit a strong
steepening in the radial velocity profile toward the inner halo, and those which are comparatively flat. The former category corresponds to candidates for which the maximum velocity
is roughly < 1.2 × 102 kms−1 . The latter category corresponds to candidates for which the
maximum velocity is roughly 1.55 × 102 kms−1 ≤ Vmax ≤ 2.0 × 102 kms−1 5 . We will assume
that higher asymptotic velocities correspond to a larger halo mass, and therefore expect a
range of halo masses to be required to fit the data. We will consider halo masses in the range
1011 − 1012 M , expecting that masses at the top end of the range will be more suitable for
modelling galaxies with higher asymptotic velocities.
Our results are shown in Figures 4 and 5. In Figure 4, we see that assuming a halo mass
at the lower end of the range (1011 M ) does not yield a good fit for the galaxies exhibiting
5

We exclude data for which the velocities calculated according to Equation 4.2 are inconsistent - this can
occur due to the uncertainty in the assumption for Υ?

–9–

102

VDM (km/s)

VDM (km/s)

ESO079-G014

101
10−1

r (kpc)

102

Mvir = 1012M☉

Mvir = 1012M☉

m22 = 0☉8
α = 3☉0

m22 = 2.5
α = 3.0

101

100

102

NGC0289
NGC1090
NGC2683
NGC2998
NGC3521
NGC3726
NGC3893
NGC3953
NGC4013
NGC4100
NGC4138
NGC4157
NGC5055
NGC6015
NGC6946
UGC02916
UGC06614
UGC06973
UGC08699

101
10−1

100

r (kpc)

101

102

Figure 5. Theoretical NFW and ULDM velocity profiles for 1012 M halos plotted against SPARC
data filtered by 1.55 × 102 kms−1 ≤ Vmax ≤ 2.0 × 102 kms−1 . Red solid lines represent the extremal
ULDM velocity profiles, while blue dashed and dotted lines represent the 1-σ and 2-σ NFW bands,
respectively. Results are shown for ULDM particle mass m22 = 0.8 (left) and m22 = 2.5 (right).

a strong steepening of the inner velocity profiles. This is true for both NFW and ULDM
profiles. While the core-cusp problem is not necessarily exacerbated in the ULDM case,
ULDM profiles which roughly fit the data at low radii fall short at larger radii. This problem
is worse at larger values of α. That said, the proportion of baryonic matter is largest at the
centre, so it is in this region that inaccuracies in the assumptions of the stellar mass to light
ratio will be most critical. For this reason it is difficult to determine if either model is a good
fit to the data. While the SPARC database does not contain any cases for which the velocity
is significantly below 102 kms−1 at 10 kpc, it would appear that the ULDM profiles for the
1011 M halos may provide a better fit to data in a lower velocity regime at this radius.
In Figure 5, we show the comparison of the theoretical profiles for the 1012 M halos
with SPARC data satisfying 1.55 × 102 kms−1 ≤ Vmax ≤ 2.0 × 102 kms−1 . While it would be
difficult to find a universally applicable profile givien the variability in the trends shown by
the data, there are a number of galaxies in this sample set which have flatter velocity profiles
within the plotted range, such as NGC6946, UGC02916, and UGC08699. For these cases,
the ULDM profile appears to provide a better fit, however more data would be required to
confirm this, particularly at small radii, where the ULDM and NFW profiles are expected to
differ most.
While the ULDM profiles predicted for 1011 M halos at m22 = 0.8 − 2.5 do not provide
convincing fits to this subset of SPARC data, the relatively high velocities at the outer radii
suggest a slightly larger halo may provide a better fit. We test this possibility in Figure 6.
Here, we assume a ULDM halo mass of 5 ∗ 1011 M , but do not obtain particularly good
fits of the data for the ULDM particle mass range m22 = 0.8 − 2.5. Interestingly, however,
if we assume a lower ULDM mass of m22 = 0.1 we find a much improved fit (the range of
plausible halo velocity profiles for this choice of particle mass are shown by the solid black
lines in Figure 6). Figure 6 focuses on the smaller radii where the core-cusp discrepancy
would be manifest and we see reasonable agreement with the velocities in these innermost
regions under the assumption m22 = 0.1. It should be noted, however, that a ULDM particle
mass of this magnitude is in tension with constraints from the Lyman-α forest [36], as well
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Figure 6. Range of theoretical ULDM profiles for a halo of mass 5 × 1011 M with m22 = 0.1 (solid
black lines), m22 = 0.8 (dotted black lines), and m22 = 2.5 (dashed black lines). Also plotted are the
SPARC data satisfying Vmax ≤ 1.2 × 102 kms−1 .

as high-redshift UV luminosity function comparisons [37]. Furthermore, we again emphasise
that baryonic feedback would be of greatest significance in the innermost regions of realistic
halos, and therefore such agreement between the semi-analytic model and the observational
data should be interpreted cautiously.

5

Conclusions

While the ULDM model has gained attention in part because it is a candidate solution to the
CDM core-cusp problem, in some cases ULDM profiles can have higher densities than their
NFW counterparts at observationally relevant radii in the interior of massive dwarf galaxies.
However, given the apparent spread in the predicted ULDM core-halo mass relation [21], there
is a sizeable range of plausible central densities for a halo of any given mass and analyses of
oscillations of the cores of ULDM halos on timescales much smaller than the relaxation time
have also demonstrated significant fluctuations in central density [19]. These observations
suggest that the theoretical core-halo mass relation of ULDM should not be interpreted too
literally for any individual halo, but is best viewed as a statistical feature of halo formation.
In some circumstances, choosing a core mass at the lower end of the plausible range can
mitigate the apparent core-cusp discrepancy.
With the spread around the predicted core-halo relation in mind, comparison of theoretical ULDM and NFW profiles to photometric data from the SPARC database yields
inconclusive results, as neither ULDM nor NFW profiles provide a particularly good fit to
the data in the ranges 1011 M ≤ Mvir ≤ 1012 M and 0.8 ≤ m22 ≤ 2.5. Interestingly, however, a better fit to the lower velocity SPARC data is obtained from a ULDM profile where
m22 = 0.1 and Mvir = 5 × 1011 M . It must be noted, however, that a ULDM mass this small
is in tension with other constraints [36–40]. Tightening these constraints on the plausible
ULDM particle mass will inform future investigations of this type [41–43].
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It is clear that more information, both from simulations and astrophysical observations, is required to fully explore the applicability of the ULDM model of dark matter. The
parameter space used to describe “typical” ULDM halos appears to be larger than simple
semi-analytical models would suggest, and must also ultimately include elements of baryonic
feedback. Furthermore, a larger volume of photometric data with improved uncertainties
covering a greater halo mass range would be of tremendous benefit when testing dark matter
scenarios, and can be expected from future surveys [44]. In addition, cosmological structure
formation simulations for ULDM models continue to be an active area of research [33, 45, 46],
which will improve the clarity of predictions for these scenarios. This work thus emphasises
the necessarily preliminary and tentative nature of all analyses of ULDM-derived rotation
curves, and provides clear targets for future analyses.

Acknowledgments
We acknowledge invaluable discussions with Jens Niemeyer, Shaun Hotchkiss, and Mateja
Gosenca in completing this work. We also acknowledge support from the Marsden Fund of
the Royal Society of New Zealand. This research was supported by use of the Nectar Research
Cloud, a collaborative Australian research platform supported by the National Collaborative
Research Infrastructure Strategy (NCRIS).

References
[1] V. Springel et al., Simulating the joint evolution of quasars, galaxies and their large-scale
distribution, Nature 435 (2005) 629–636, [astro-ph/0504097].
[2] Boomerang Collaboration, P. de Bernardis et al., A Flat universe from high resolution maps
of the cosmic microwave background radiation, Nature 404 (2000) 955–959,
[astro-ph/0004404].
[3] S. Hanany et al., MAXIMA-1: A Measurement of the cosmic microwave background anisotropy
on angular scales of 10 arcminutes to 5 degrees, Astrophys. J. 545 (2000) L5,
[astro-ph/0005123].
[4] N. W. Halverson et al., DASI first results: A Measurement of the cosmic microwave background
angular power spectrum, Astrophys. J. 568 (2002) 38–45, [astro-ph/0104489].
[5] Boomerang Collaboration, C. B. Netterfield et al., A measurement by Boomerang of multiple
peaks in the angular power spectrum of the cosmic microwave background, Astrophys. J. 571
(2002) 604–614, [astro-ph/0104460].
[6] A. T. Lee et al., A High spatial resolution analysis of the MAXIMA-1 cosmic microwave
background anisotropy data, Astrophys. J. 561 (2001) L1–L6, [astro-ph/0104459].
[7] Planck Collaboration, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological parameters,
Astron. Astrophys. 594 (2016) A13, [arXiv:1502.01589].
[8] W. Hu and S. Dodelson, Cosmic microwave background anisotropies, Ann. Rev. Astron.
Astrophys. 40 (2002) 171–216, [astro-ph/0110414].
[9] D. H. Weinberg, J. S. Bullock, F. Governato, R. Kuzio de Naray, and A. H. G. Peter, Cold dark
matter: controversies on small scales, Proc. Nat. Acad. Sci. 112 (2015) 12249–12255,
[arXiv:1306.0913].
[10] J. F. Navarro, C. S. Frenk, and S. D. M. White, The Structure of cold dark matter halos,
Astrophys. J. 462 (1996) 563–575, [astro-ph/9508025].

– 12 –

[11] B. Moore, Evidence against dissipationless dark matter from observations of galaxy haloes,
Nature 370 (1994) 629.
[12] A. A. Dutton, A. V. Macciò, T. Buck, et al., NIHAO XX: The impact of the star formation
threshold on the cusp-core transformation of cold dark matter haloes, arXiv:1811.10625.
[13] J. I. Read, M. G. Walker, and P. Steger, The case for a cold dark matter cusp in Draco, Mon.
Not. Roy. Astron. Soc. 481 (2018), no. 1 860–877, [arXiv:1805.06934].
[14] A. Genina, A. Benítez-Llambay, C. S. Frenk, et al., The core-cusp problem: a matter of
perspective, "Mon. Not. Roy. Astron. Soc." 474 (Feb, 2018) 1398–1411, [arXiv:1707.06303].
[15] A. Benitez-Llambay, C. S. Frenk, A. D. Ludlow, and J. F. Navarro, Baryon-induced dark
matter cores in the EAGLE simulations, arXiv e-prints (Oct, 2018) arXiv:1810.04186,
[arXiv:1810.04186].
[16] M. Schumann, Direct Detection of WIMP Dark Matter: Concepts and Status,
arXiv:1903.03026.
[17] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Ultralight scalars as cosmological dark
matter, Phys. Rev. D95 (2017), no. 4 043541, [arXiv:1610.08297].
[18] B. Schwabe, J. C. Niemeyer, and J. F. Engels, Simulations of solitonic core mergers in ultralight
axion dark matter cosmologies, Phys. Rev. D94 (2016), no. 4 043513, [arXiv:1606.05151].
[19] J. Veltmaat, J. C. Niemeyer, and B. Schwabe, Formation and structure of ultralight bosonic
dark matter halos, Phys. Rev. D98 (2018), no. 4 043509, [arXiv:1804.09647].
[20] V. H. Robles, J. S. Bullock, and M. Boylan-Kolchin, Scalar Field Dark Matter: Helping or
Hurting Small-Scale Problems in Cosmology?, Mon. Not. Roy. Astron. Soc. 483 (2019), no. 1
289–298, [arXiv:1807.06018].
[21] H.-Y. Schive, M.-H. Liao, T.-P. Woo, et al., Understanding the Core-Halo Relation of Quantum
Wave Dark Matter from 3D Simulations, Phys. Rev. Lett. 113 (2014), no. 26 261302,
[arXiv:1407.7762].
[22] F. Edwards, E. Kendall, S. Hotchkiss, and R. Easther, PyUltraLight: A Pseudo-Spectral Solver
for Ultralight Dark Matter Dynamics, JCAP 1810 (2018), no. 10 027, [arXiv:1807.04037].
[23] G. Dashyan, J. Silk, G. A. Mamon, Y. Dubois, and T. Hartwig, AGN feedback in dwarf
galaxies?, "Mon. Not. Roy. Astron. Soc." 473 (Feb, 2018) 5698–5703, [arXiv:1710.05900].
[24] F. Lelli, S. S. McGaugh, and J. M. Schombert, SPARC: Mass Models for 175 Disk Galaxies
with Spitzer Photometry and Accurate Rotation Curves, Astron. J. 152 (2016) 157,
[arXiv:1606.09251].
[25] A. V. Maccio’, A. A. Dutton, and F. C. v. d. Bosch, Concentration, Spin and Shape of Dark
Matter Haloes as a Function of the Cosmological Model: WMAP1, WMAP3 and WMAP5
results, Mon. Not. Roy. Astron. Soc. 391 (2008) 1940–1954, [arXiv:0805.1926].
[26] M. J. White, The Mass of a halo, Astron. Astrophys. 367 (2001) 27, [astro-ph/0011495].
[27] D. Suto, T. Kitayama, K. Osato, S. Sasaki, and Y. Suto, Confrontation of Top-Hat Spherical
Collapse against Dark Halos from Cosmological N-Body Simulations, Publ. Astron. Soc. Jap.
68 (2016), no. 1 14, [arXiv:1511.06935].
[28] D. Herrera, I. Waga, and S. E. Jorás, Calculation of the critical overdensity in the
spherical-collapse approximation, Phys. Rev. D95 (2017), no. 6 064029, [arXiv:1703.05824].
[29] J. Richings, C. Frenk, A. Jenkins, and A. Robertson, Subhalo destruction in the Apostle and
Auriga simulations, arXiv e-prints (Nov, 2018) arXiv:1811.12437, [arXiv:1811.12437].
[30] A. D. Ludlow, J. F. Navarro, R. E. Angulo, et al., The mass–concentration–redshift relation of
cold dark matter haloes, Mon. Not. Roy. Astron. Soc. 441 (2014), no. 1 378–388,
[arXiv:1312.0945].

– 13 –

[31] A. Ragagnin, K. Dolag, L. Moscardini, A. Biviano, and M. D’Onofrio, Dependency of halo
concentration on mass, redshift and fossilness in Magneticum hydrodynamic simulations,
arXiv:1810.08212.
[32] P. Mocz, M. Vogelsberger, V. H. Robles, et al., Galaxy formation with BECDM – I. Turbulence
and relaxation of idealized haloes, Mon. Not. Roy. Astron. Soc. 471 (2017), no. 4 4559–4570,
[arXiv:1705.05845].
[33] S.-C. Lin, H.-Y. Schive, S.-K. Wong, and T. Chiueh, Self-consistent construction of virialized
wave dark matter halos, Phys. Rev. D97 (2018), no. 10 103523, [arXiv:1801.02320].
[34] D. J. E. Marsh and J. C. Niemeyer, Strong Constraints on Fuzzy Dark Matter from Ultrafaint
Dwarf Galaxy Eridanus II, arXiv:1810.08543.
[35] Y. Sofue, M. Honma, and T. Omodaka, Unified Rotation Curve of the Galaxy – Decomposition
into de Vaucouleurs Bulge, Disk, Dark Halo, and the 9-kpc Rotation Dip –, Publ. Astron. Soc.
Jap. 61 (2009) 227, [arXiv:0811.0859].
[36] L. Amendola and R. Barbieri, Dark matter from an ultra-light pseudo-Goldsone-boson, Phys.
Lett. B642 (2006) 192–196, [hep-ph/0509257].
[37] B. Bozek, D. J. E. Marsh, J. Silk, and R. F. G. Wyse, Galaxy UV-luminosity function and
reionization constraints on axion dark matter, Mon. Not. Roy. Astron. Soc. 450 (2015), no. 1
209–222, [arXiv:1409.3544].
[38] E. Armengaud, N. Palanque-Delabrouille, C. Yèche, D. J. E. Marsh, and J. Baur, Constraining
the mass of light bosonic dark matter using SDSS Lyman-α forest, Mon. Not. Roy. Astron. Soc.
471 (2017), no. 4 4606–4614, [arXiv:1703.09126].
[39] Y. Ni, M.-Y. Wang, Y. Feng, and T. Di Matteo, Predictions for the Abundance of High-redshift
Galaxies in a Fuzzy Dark Matter Universe, arXiv:1904.01604.
[40] O. Nebrin, R. Ghara, and G. Mellema, Fuzzy Dark Matter at Cosmic Dawn: New 21-cm
Constraints, JCAP 2019 (2020), no. 04 051, [arXiv:1812.09760].
[41] M. Castellano, N. Menci, A. Grazian, et al., Constraining Dark Matter models with extremely
distant galaxies, in Proceedings, Vulcano Workshop 2018: Frontier Objects in Astrophysics and
Particle Physics: Vulcano Island, Sicily, Italy, May 20-26, 2018, pp. 200–213, 2018.
arXiv:1903.12580.
[42] A. Lidz and L. Hui, Implications of a prereionization 21-cm absorption signal for fuzzy dark
matter, Phys. Rev. D98 (2018), no. 2 023011, [arXiv:1805.01253].
[43] H. Davoudiasl and P. B. Denton, Ultra Light Boson Dark Matter and Event Horizon Telescope
Observations of M87*, arXiv:1904.09242.
[44] J. D. Simon et al., Testing the Nature of Dark Matter with Extremely Large Telescopes,
arXiv:1903.04742.
[45] K. Clough, T. Dietrich, and J. C. Niemeyer, Axion star collisions with black holes and neutron
stars in full 3D numerical relativity, Phys. Rev. D98 (2018), no. 8 083020, [arXiv:1808.04668].
[46] P. Mocz and S. Succi, Numerical solution of the nonlinear Schrödinger equation using
smoothed-particle hydrodynamics, Phys. Rev. E91 (2015), no. 5 053304, [arXiv:1503.03869].

– 14 –

Appendices
A

Core-halo mass relation

The core-halo mass relation can be simply interpreted as the statement that the average
internal velocity of a tracer mass in the core must be equal to the virial velocity of a tracer
mass in the wider halo. If this were not the case, and instead the average velocity were higher
within the core, these higher velocity particles would move outward, resulting in dynamical
mass redistribution within the halo. During this process, the halo would not be in equilibrium
and would thus not be virialised.
From the virial theorem we have that EK = −1/2 EP , where EK and EP represent
kinetic and potential energies, respectively. Alternatively we can write:
2
1
1 GMtot
,
Mtot v 2 =
2
4 Rtot

(A.1)

where G is the gravitational constant, Mtot and Rtot are the total mass and radius, and v 2
is the mean of the squares of individual tracer velocities. Demanding that v 2 is the same for
the core as for the total virialised halo allows us to then write
GMcore
GMvir
=
2Rvir
2Rcore
Mcore Rvir
→ Rcore =
.
Mvir

v2 =

(A.2)

−1 , and since M
3
We know from the soliton scaling properties that Rcore ∝ Mcore
vir = 4/3 πRvir ρ̄,
1/3
we also have Rvir ∝ Mvir . Hence, Equation A.2 becomes
2
Rcore
∝

Rvir
Mvir
1/3

Mvir
Mvir


−2/3 1/2
∝ Mvir

2
→ Rcore
∝

→ Rcore

−1/3

→ Rcore ∝ Mvir .

(A.3)

With this scaling relation in mind, the constant of proportionality may be determined through
analysis of simulated halos.
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