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Motivation 



(estimated) mass profile of the Milky Way, radially-averaged, from a variety of tracers
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WIMP cold dark matter:  

thought to affect outer part of rotation curve
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NFW fit 
Piffl et al (2015)



Ultra-Light Dark Matter (ULDM):  

makes predictions for the inner part of galaxies

10-4 10-3 10-2 10-1 100 101 102 103 104 105

r [pc]

105

106

107

108

109

1010

1011

1012
en

cl
os

ed
 m

as
s 

[M
]

m=10-19 eV
m=10-20 eV
m=10-21 eV
m=10-22 eV
Ghez 2003
McGinn 1989
Fritz 2016
Lindqvist 1992
Schodel 2014
Sofue 2009
Sofue 2012
Sofue 2013
Chatzopoulos 2015
Deguchi 2004
Oh 2009
Trippe 2008
Gilessen 2008

1e-22 eV



10-4 10-3 10-2 10-1 100 101 102 103 104 105

r [pc]

105

106

107

108

109

1010

1011

1012
en

cl
os

ed
 m

as
s 

[M
]

m=10-19 eV
m=10-20 eV
m=10-21 eV
m=10-22 eV
Ghez 2003
McGinn 1989
Fritz 2016
Lindqvist 1992
Schodel 2014
Sofue 2009
Sofue 2012
Sofue 2013
Chatzopoulos 2015
Deguchi 2004
Oh 2009
Trippe 2008
Gilessen 2008

Ultra-Light Dark Matter (ULDM):  

makes predictions for the inner part of galaxies

1e-21 eV

1e-22 eV



10-4 10-3 10-2 10-1 100 101 102 103 104 105

r [pc]

105

106

107

108

109

1010

1011

1012
en

cl
os

ed
 m

as
s 

[M
]

m=10-19 eV
m=10-20 eV
m=10-21 eV
m=10-22 eV
Ghez 2003
McGinn 1989
Fritz 2016
Lindqvist 1992
Schodel 2014
Sofue 2009
Sofue 2012
Sofue 2013
Chatzopoulos 2015
Deguchi 2004
Oh 2009
Trippe 2008
Gilessen 2008

Ultra-Light Dark Matter (ULDM):  

makes predictions for the inner part of galaxies

1e-20 eV

1e-22 eV

1e-21 eV



Summary 



  

In the last ~five years, numerical structure formation simulations with ULDM have 
become available. 

The inner part of simulated galaxies forms a core: “soliton”. 

Simulations have discovered a scaling relation, connecting the core to the host halo. 

Schive 1406.6586, Schive 1407.7762, Mocz 1705.05845,  
Veltmaat 1804.09647, Levkov 1804.05857 (partial list…)

Schive 1406.6586, Schive 1407.7762, Veltmaat 1804.09647

Schive 1406.6586



Soliton—host halo relation predicts a bump in the inner part of rotation curves. 

We study the theoretical implications, trying to understand the underlying physics of the 
soliton—host halo relation. (Not in this talk.)  

We study high-resolution rotation curves of ~100 intermediate size galaxies, in the 
ballpark of halo mass that was numerically simulated.  

As far as we could see, the bump isn’t there. 
m~1e-22 - 1e-21 eV seems to be in tension with observations of many galaxies. 

Comparable independent constraints from Ly-alpha Forest analyses; see talk by Viel earlier today.  
Armengaud (1703.09126), Irsic (1703.04683), Zhang (1708.04389), Kobayashi (1708.00015) 
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Soliton—host halo relation predicts a bump in the inner part of rotation curves. 

As far as we could see, the bump isn’t there. 
m~1e-22 - 1e-21 eV seems to be in tension with observations of many galaxies. 

This particular range of m is of special interest, because it was thought to address 
small-scale puzzles of LCDM
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Soliton—host halo relation predicts a bump in the inner part of rotation curves. 

As far as we could see, the bump isn’t there. 
m~1e-22 - 1e-21 eV seems to be in tension with observations of many galaxies. 

m >~1e-20 cannot yet be constrained, because of spatial resolution 
of rotation curve data: cannot resolve the core. 

Better observational resolution may probe m > 1e-20eV



Analysis  
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III. MAKING CONTACT WITH NUMERICAL
SIMULATIONS

We now discuss results from the numerical simulations
of three di↵erent groups, Refs. [9, 10], Ref. [11], and
Refs. [12, 13].

The first point to note is that soliton configurations, in
a form close to the idealised from discussed in Sec. II, ac-
tually occur dynamically in the central region of the halo
in the numerical simulations4. In Fig. 1 we collect rep-
resentative density profiles from Ref. [9] (blue), Ref. [11]
(orange), and Ref. [13] (green). We refer to those papers
for more details on the specific set-ups in each simulation.
To make Fig. 1, in each case, we find the � parameter that
takes the numerical result into the �

1

soliton, rescale the
numerical result accordingly and present it in comparison
with the analytic �
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profile (�2
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(r), to be precise).

FIG. 1. Review of results from numerical simulations by
di↵erent groups. Dotted curves show density profiles from
Ref. [9] (blue), Ref. [11] (orange), and Ref. [13] (green). In
each case, we find the � parameter that takes the numerical
result into the �1 soliton, rescale the numerical result accord-
ingly and present it in comparison with the analytic soliton
profile.

4 The first simulations of cosmological ULDM galaxies [28] did not
have su�cient resolution to resolve the central core.

While di↵erent groups agree that a soliton forms in
the centre of halos, they do not appear to agree on the
matching between the inner soliton profile and the host
halo. Refs. [9, 10] and Ref. [11] reported scaling relations
between the central soliton and the host halo. In Refs. [9,
10], the relation connects the soliton mass to the energy
per unit mass of the host halo, while in Ref. [11], the
relation is between the soliton mass and the host halo
energy. As we show below, based on the soliton review
in Sec. II, the scaling relations found by both groups
are actually connected to properties of a single, isolated,
self-gravitating soliton (a subset of our observations were
noted in [12, 13]).

A. Soliton vs. host halo: the simulations of
Ref. [9, 10]

At cosmological redshift z = 0, the numerical simula-
tions of [9, 10] yield approximately NFW-like halos which
transit, in the central region, into a core with core radius
and mass density
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where Mh is the virial mass of the host halo. As noted
in [6, 9, 10], Eqs. (30-31) are an excellent numerical fit
for a soliton ��. The mass of this soliton is
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Ref. [10] showed that Eq. (32) is consistent with the
relation (translating their result to natural units),
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where Mc is the core mass (mass within x < xc); Mh, Eh

are the virial mass and energy of the simulated halo; and
↵ = 1 provides a good fit to their data. Ref. [10] gave a
heuristic argument, pointing out that Eq. (34) identifies
the soliton scale radius (arbitrarily chosen as the core
radius xc in [10]) with the inverse velocity dispersion in
the host halo, in qualitative agreement with a wave-like
“uncertainty principle”.
However, there is another way to express Eq. (34). The

core mass of a �� soliton is related to its total mass via
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each case, we find the � parameter that takes the numerical
result into the �1 soliton, rescale the numerical result accord-
ingly and present it in comparison with the analytic soliton
profile.

4 The first simulations of cosmological ULDM galaxies [28] did not
have su�cient resolution to resolve the central core.

While di↵erent groups agree that a soliton forms in
the centre of halos, they do not appear to agree on the
matching between the inner soliton profile and the host
halo. Refs. [9, 10] and Ref. [11] reported scaling relations
between the central soliton and the host halo. In Refs. [9,
10], the relation connects the soliton mass to the energy
per unit mass of the host halo, while in Ref. [11], the
relation is between the soliton mass and the host halo
energy. As we show below, based on the soliton review
in Sec. II, the scaling relations found by both groups
are actually connected to properties of a single, isolated,
self-gravitating soliton (a subset of our observations were
noted in [12, 13]).

A. Soliton vs. host halo: the simulations of
Ref. [9, 10]

At cosmological redshift z = 0, the numerical simula-
tions of [9, 10] yield approximately NFW-like halos which
transit, in the central region, into a core with core radius
and mass density
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where Mh is the virial mass of the host halo. As noted
in [6, 9, 10], Eqs. (30-31) are an excellent numerical fit
for a soliton ��. The mass of this soliton is

M ⇡ 1.4⇥ 109
⇣ m

10�22 eV
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◆ 1
3

M�,(32)

so its � parameter is
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✓
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3

. (33)

Ref. [10] showed that Eq. (32) is consistent with the
relation (translating their result to natural units),

Mc ⇡ ↵

✓ |Eh|
Mh

◆ 1
2 M2

pl

m
, (34)

where Mc is the core mass (mass within x < xc); Mh, Eh

are the virial mass and energy of the simulated halo; and
↵ = 1 provides a good fit to their data. Ref. [10] gave a
heuristic argument, pointing out that Eq. (34) identifies
the soliton scale radius (arbitrarily chosen as the core
radius xc in [10]) with the inverse velocity dispersion in
the host halo, in qualitative agreement with a wave-like
“uncertainty principle”.
However, there is another way to express Eq. (34). The

core mass of a �� soliton is related to its total mass via
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Mc� ⇡ 0.236M�. Thus, using Eq. (26), we have an an-

alytic relation Mc� ⇡ 1.02
⇣

|E�|
M�

⌘ 1
2 M2

pl

m . Given that the

central core profile is very well described a soliton, we
can use Eq. (26) to rephrase the empirical Eq. (34) by a
more intuitive (though equally empirical) expression:

E

M
|
soliton

⇡ E

M
|
halo

. (35)

Thus, the simulations of Ref. [9, 10] can be summarised
by the statement, that the energy per unit mass of the
soliton matches the energy per unit mass of the host halo.

B. Soliton vs. host halo: the simulations of
Ref. [11]

The simulations of Ref. [11] pointed to an empirical
scaling relation between the soliton massM and the total
energy of the ULDM distribution in the simulation box,
Eh,

M

(M2

pl/m)
⇡ 2.6

�����
Eh

(M2

pl/m)

�����

1
3

. (36)

However, this is just Eq. (24), if we replace the halo
energy Eh by the energy of the soliton. Because the cen-
tral density profile found in [11] was an �� soliton, to a
good approximation, it must be the case that the total
energy of the halo in the simulations of [11] was domi-
nated by the central soliton contribution. This situation
is unlikely to hold for realistic cosmological host halos
above a certain mass.

How could this have happened? The initial condi-
tions in the simulations of [11] were a collection of N
solitons, which were then allowed to merge. We suspect
that these initial conditions were constructed such that
one initial state soliton – the soliton of initially largest
mass – grew to absorb essentially the entire (negative)
energy of the system. Di↵erently than the N-soliton ini-
tial conditions that were tested in [10], and consisted of N
identical initial solitons, the simulations of [11] initiated
their N solitons with a random distribution of proper-
ties. This distribution was flat in soliton radius, mean-
ing that it was peaked towards large soliton energy since
E� / x�3

c� . Considering the initial condition set-up as
explained in [11], we find that the most massive initial
state soliton typically needed to grow in mass by only a
factor of 1.5-2, to absorb the entire energy of the halo.

Note that energy dominance of the central soliton over
the host halo, implied by Eq. (36), is not the same, of
course, as equating the energy per unit mass of the soli-
ton and the halo, implied by Eq. (35). Halos in [9, 10]
attained masses up to two orders of magnitude larger
than the central soliton mass, meaning their halo energy
was two orders of magnitude larger than the energy of
the soliton.

C. Discussion

For a soliton, � = 3E/M . Thus the association of
� with a thermodynamic chemical potential (normalised
per particle mass) for ULDM is suggestive in light of
Eq. (35), perhaps hinting that Eq. (35) represents ther-
modynamic equilibrium between ULDM particles in the
host halo and in the soliton. However, there is some evi-
dence to the contrary from simulations.
Ref. [29] simulated the ULDM halo+soliton system,

adding collisionless point particles (“stars”). The pres-
ence of stars, which aggregated dynamically in a cuspy
profile in the simulations of [29] (qualitatively consistent
with expectations for collisionless point particle N-body
simulations), generally resulted in more massive soliton
compared to pure ULDM simulations [9, 10] with a given
host halo mass. In Sec. VA we calculate the e↵ect of
embedding ULDM in a virialised distribution of baryons.
We show that the distorted soliton profiles found in [29],
in the presence of stars, match to the solution of the SP
equations perturbed by the stellar gravitational poten-
tial.
Ref. [29] went further to test the reversibility of the

system, by adiabatically “turning o↵” the stars after the
initial system virialised. When eliminating the stars, the
ULDM+soliton system did not relax back to Eq. (32).
Instead, the excess ULDM mass that was contained in
the soliton in the presence of stars remained captured in
the soliton, and did not return to the host halo (see Case
C in [29]; see also Sec. VA below). As a result, the fi-
nal state of the system, after first turning on and then
removing again the stars, was not described by Eq. (35):
the soliton ended up containing larger (negative) E/M
than the halo. This means that either Eq. (35) is not a
dynamical thermodynamic result, or – if it is – that in
some instances, achieving equilibrium could take a very
long time exceeding the age of the Universe (the simula-
tions of [29] were let to evolve over several Hubble times).
Given this information, we speculate that Eq. (35) does

express an initial condition, in the following sense. The
initial state of halo formation is characterised by some to-
tal energy and total mass in the virial radius; this E/M
would characterise the host halo. ULDM with this E/M
can quickly relax to a soliton, with soliton mass satisfying
Eq. (26) and leading to Eq. (35) without any additional
relaxation process. Further relaxation would increase the
soliton mass eventually, but this process, which requires
the system to eject mass at positive energies for any ad-
ditional mass element that gets absorbed into the soliton,
takes longer time to occur; long enough that it did not
a↵ect the soliton-host halo relation found in [9, 10]. The
results of [11] probably reflect a situation where the ini-
tial distribution of E/M was highly non-uniform in the
simulated volume (as we explained in Sec. III B, E/M in
the simulations of [11] was typically dominated by one,
or a small few initial solitons). In this case, a single soli-
ton can come to dominate E, and obviously E/M , for
the entire halo. Similarly, Ref. [13], which did not repro-

Derivation: Not in this talk… (1805.00122)
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However, this is just Eq. (24), if we replace the halo
energy Eh by the energy of the soliton. Because the cen-
tral density profile found in [11] was an �� soliton, to a
good approximation, it must be the case that the total
energy of the halo in the simulations of [11] was domi-
nated by the central soliton contribution. This situation
is unlikely to hold for realistic cosmological host halos
above a certain mass.

How could this have happened? The initial condi-
tions in the simulations of [11] were a collection of N
solitons, which were then allowed to merge. We suspect
that these initial conditions were constructed such that
one initial state soliton – the soliton of initially largest
mass – grew to absorb essentially the entire (negative)
energy of the system. Di↵erently than the N-soliton ini-
tial conditions that were tested in [10], and consisted of N
identical initial solitons, the simulations of [11] initiated
their N solitons with a random distribution of proper-
ties. This distribution was flat in soliton radius, mean-
ing that it was peaked towards large soliton energy since
E� / x�3

c� . Considering the initial condition set-up as
explained in [11], we find that the most massive initial
state soliton typically needed to grow in mass by only a
factor of 1.5-2, to absorb the entire energy of the halo.

Note that energy dominance of the central soliton over
the host halo, implied by Eq. (36), is not the same, of
course, as equating the energy per unit mass of the soli-
ton and the halo, implied by Eq. (35). Halos in [9, 10]
attained masses up to two orders of magnitude larger
than the central soliton mass, meaning their halo energy
was two orders of magnitude larger than the energy of
the soliton.

C. Discussion

For a soliton, � = 3E/M . Thus the association of
� with a thermodynamic chemical potential (normalised
per particle mass) for ULDM is suggestive in light of
Eq. (35), perhaps hinting that Eq. (35) represents ther-
modynamic equilibrium between ULDM particles in the
host halo and in the soliton. However, there is some evi-
dence to the contrary from simulations.
Ref. [29] simulated the ULDM halo+soliton system,

adding collisionless point particles (“stars”). The pres-
ence of stars, which aggregated dynamically in a cuspy
profile in the simulations of [29] (qualitatively consistent
with expectations for collisionless point particle N-body
simulations), generally resulted in more massive soliton
compared to pure ULDM simulations [9, 10] with a given
host halo mass. In Sec. VA we calculate the e↵ect of
embedding ULDM in a virialised distribution of baryons.
We show that the distorted soliton profiles found in [29],
in the presence of stars, match to the solution of the SP
equations perturbed by the stellar gravitational poten-
tial.
Ref. [29] went further to test the reversibility of the

system, by adiabatically “turning o↵” the stars after the
initial system virialised. When eliminating the stars, the
ULDM+soliton system did not relax back to Eq. (32).
Instead, the excess ULDM mass that was contained in
the soliton in the presence of stars remained captured in
the soliton, and did not return to the host halo (see Case
C in [29]; see also Sec. VA below). As a result, the fi-
nal state of the system, after first turning on and then
removing again the stars, was not described by Eq. (35):
the soliton ended up containing larger (negative) E/M
than the halo. This means that either Eq. (35) is not a
dynamical thermodynamic result, or – if it is – that in
some instances, achieving equilibrium could take a very
long time exceeding the age of the Universe (the simula-
tions of [29] were let to evolve over several Hubble times).
Given this information, we speculate that Eq. (35) does

express an initial condition, in the following sense. The
initial state of halo formation is characterised by some to-
tal energy and total mass in the virial radius; this E/M
would characterise the host halo. ULDM with this E/M
can quickly relax to a soliton, with soliton mass satisfying
Eq. (26) and leading to Eq. (35) without any additional
relaxation process. Further relaxation would increase the
soliton mass eventually, but this process, which requires
the system to eject mass at positive energies for any ad-
ditional mass element that gets absorbed into the soliton,
takes longer time to occur; long enough that it did not
a↵ect the soliton-host halo relation found in [9, 10]. The
results of [11] probably reflect a situation where the ini-
tial distribution of E/M was highly non-uniform in the
simulated volume (as we explained in Sec. III B, E/M in
the simulations of [11] was typically dominated by one,
or a small few initial solitons). In this case, a single soli-
ton can come to dominate E, and obviously E/M , for
the entire halo. Similarly, Ref. [13], which did not repro-
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region and concluded that the density profile in this re-
gion should follow approximately ⇢ ⇠ x� 5

3 , steeper than
the usual inner NFW form ⇢ ⇠ x�1. This would a↵ect
the detailed shape of the rotation curve in the interme-
diate region between the two peaks, but not our general
results.

Eq. (49) was derived for an NFW host halo, but it is
the manifestation of the empirical Eq. (35) that is not
tied to a particular parametrisation of the host halo pro-
file. Building on Eq. (35), we expect in general that for
DM-dominated galaxies, the soliton peak circular veloc-
ity should roughly equal the peak circular velocity in the
host halo. The NFW example demonstrates that details
of the host halo profile a↵ect this result at the 10% level
or so.

In the rest of this paper, when we refer to Eq. (49),
we set the RHS to unity. Approximating the RHS of
Eq. (49) by unity, and replacing maxV

circ,h instead of
maxV

circ,� in Eq. (29), the peak circular velocity of a
host halo allows to predict the scale parameter � and
thus the soliton relevant for that host halo.

A. Comparison to numerical simulations

In Fig. 4 we compare our results to two soliton+halo
configurations from the simulations of [9] and [29] (for [9],
we take the largest halo, and for [29] we take the ini-
tial state of Case C). To calculate the soliton, we read
maxV

circ,h from the large-scale peak (at x ⇠ 20 kpc)
of the numerically extracted halo rotation curves (solid
lines), use it instead of maxV

circ,� in Eq. (29), and read
o↵ the value of �. The predicted soliton bump is shown
in dashed lines. It gives the correct soliton peak rotation
velocity to ⇠ 20% accuracy in both cases, consistent with
the factor of . 2 spread shown in [10] for Eq. (32) across
di↵erent simulations.
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FIG. 4. Comparison of the prediction of Eq. (49) (dashed
lines) to the numerical simulation results (solid lines) of
Refs. [9] (Schive 2014) and [29] (Chan 2017).

B. Comparison to real galaxies

We now consider some observational consequences of
our analysis. We choose to do so by examining the rota-
tion curves of nearby dwarf galaxies with halo masses in
the range ⇠ 109 to a few 1010 M�, within the range cov-
ered by the simulations of [9, 10] and above the minimal
mass of an ULDM halo with m � 10�22 eV.
In Fig. 5 we show the rotation curves of four dwarf

galaxies taken from Ref. [24] (see Ref. [25] for a recent
rendering of these and many other rotation curves), for
which high-resolution kinematical data is available. The
observed rotation curves are compared to the soliton con-
tribution predicted by Eq. (49), for m = 10�21, 10�22

and 2 ⇥ 10�23 eV. Eq. (49) overestimates the rotation
velocity in the inner part of all of the galaxies in Fig. 5.
We emphasize that in using Eq. (49) to predict the soli-

ton, we set the RHS of that equation to unity, and thus
we ignore any details of the shape of the host halo. As
we have learned from the NFW analysis, this prescrip-
tion for deriving the soliton profile would su↵er O(10%)
corrections from the detailed halo shape, but it relieves
us from the need to fit for the virial mass or any other
detail of the host halo. All that is needed is the peak
halo rotation velocity, a directly observable quantity6.
Eq. (49) represents the central value of the soliton–

host halo relation Eq. (35). Ref. [9, 10] showed a scatter
of about a factor of two in their Eq. (34) between simu-
lated halos. This translates to a factor of two scatter in
the soliton � parameter, derived through our procedure.
It is therefore important to check, if natural scatter be-
tween di↵erent galaxies could explain the discrepancy,
with the four galaxies in Fig. 5 being accidental outliers.
In App. A we address this question, by analysing the en-
tire SPARC data base [25] of 175 rotation curves. As we
show, the large majority of galaxies from [25] show strong
tension, and a factor of two scatter between di↵erent ha-
los is not enough to resolve the discrepancy highlighted
by the smaller sample of galaxies in Fig. 5.
The discrepancy remains large, and would be di�cult

to attribute to the scatter seen in the simulations. We
conclude that if the soliton-host halo relation of [9, 10]
is correct, then ULDM in the mass range m ⇠ 10�22 to
m ⇠ 10�21 is ruled out.
For lower particle mass, m . 10�23 eV, the soliton

contribution extends over much of the velocity profile of
the dwarf galaxies under discussion, leaving little room
for a host halo. This limit, where the galaxies are en-
tirely composed of a single giant soliton, was considered
in other works. We do not pursue it further, one reason
being that this range of small m is in significant tension
with Ly-↵ data [15, 16].

6 The rotation curves in Fig. 5 do not show a clear peak within
the range of the measurement; this means that our soliton bump,
derived from the peak velocity actually seen in the data, under-
estimates the true predicted soliton and is thus conservative.
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cut. Of the 175 galaxies in [25], 160 pass the M
gal

cut
for m = 10�22 eV, and 174 pass it for m = 10�21 eV.

Next, for each galaxy we determine the observed max-
imal halo rotation velocity maxV

circ,h, and use it to com-
pute the soliton prediction from Eq. (49). Our first pass
on the data includes only galaxies for which the predicted
soliton is resolved, namely, x

peak,� from Eq. (50), with
maxV

circ,� = maxV
circ,h, lies within the rotation curve

data. For these galaxies, we compute from data the ratio

V
circ, obs(xpeak,�)

maxV
circ,h

. (A1)

Here, V
circ, obs(xpeak,�) is the measured velocity at the

expected soliton peak position. We compute it by av-
eraging the two data points corresponding to measured
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FIG. 10. UGC 1281.

FIG. 11. UGC 4325.

radius just below and just above x
peak,�.

The results of this first pass on the data are shown in
Fig. 14. 46 galaxies passed the resolved soliton cut for
m = 10�22 eV, and 4 galaxies pass it for m = 10�21 eV.

Including only galaxies with a resolved soliton causes
us to loose many relevant rotation curves, with discrim-
inatory power. To overcome this, yet maintain a simple
analysis, we perform a second pass on the data. Here,
we allow galaxies with unresolved soliton, as long as
the lowest radius data point is located not farther than
3 ⇥ x

peak,�. We need to correct for the fact that the
soliton peak velocity is outside of the measurement res-
olution. To do this, we modify the velocity observable

FIG. 12. NGC 1560.

FIG. 13. NGC 100.
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* 3.6mum surface photometry 
* HI + Halpha rotation curves

SPARC data base:  
175 rotation curves 
Lelli et al, 1606.09251

max Vbar/VDM < 1

max Vbar/VDM < 0.5

max Vbar/VDM < 0.3



Conclusions: 

Soliton—host halo relation predicts an inner bump in the rotation curve. 

As far as we could see, the bump isn’t there. 

m~1e-22 - 1e-21 eV appears to be in tension with observations of many 
galaxies. 
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Comparable independent constraints from Ly-alpha Forest analyses; see talk by Viel earlier today.  
Armengaud (1703.09126), Irsic (1703.04683), Zhang (1708.04389), Kobayashi (1708.00015) 
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The Milky Way: nuclear bulge vs. soliton 
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