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We investigate the gravitational constraints imposed on dark matter halos in the context of finite

temperature scalar field dark matter. We find constraints to produce multiple images by dark matter, and

we show that there are differences with respect to the full Bose-Einstein condensate halo when the

temperature of the scalar field in dark matter halos is taken into account. The nonzero temperature allows

the scalar field to be in excited states, and, recently, their existence has proven to be necessary to fit

rotation curves of dark matter dominated galaxies of all sizes, and it also explained the nonuniversality of

the halo density profiles. Therefore, we expect that combining observations of rotation curves and strong

lensing systems can give us a clue to the nature of dark matter. Finally, we propose a method to identify

the excited state of a halo in a strong lens system, knowing that various halo excited states can provide

information of the scalar field dark matter halo evolution which can be tested by using numerical

simulations.
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I. INTRODUCTION

In the� cold dark matter (�CDM) model, known as the
standard model of cosmology, the formation of structures
in the Universe is through a hierarchical process of growth
of structures, meaning that small structures, like small
halos of galaxies, merge to form bigger ones, like galaxy
clusters and supercluster halos. The �CDM model can
successfully describe cosmological observations such as
the large scale distribution of galaxies, the temperature
variations in the cosmic microwave background radiation,
and the recent acceleration of the Universe [1,2]. However,
recent observations in far and nearby galaxies have shown
that the model faces some conflicts at small scales; for
instance, the galaxy rotation curves are more consistent
with a constant central density [1,3–6] than a cusp, known
as the cusp-core problem [6].

One model that has been discussed is the scalar field
dark matter model (SFDM). A review of the model can be
seen in [7] and references therein. Recently, it has been
shown to agree with rotation curves (RCs) of dwarf, small
low surface brightness (LSB) galaxies [8,9] and large LSB
galaxies [10]. The main idea is that the dark matter (DM) is
a fundamental spin-0 scalar field � with a repulsive inter-
action; in Ref. [10], the model was extended to include the
dark matter temperature and finite temperature corrections
up to one loop in the perturbations.

In addition to RCs, gravitational lensing offers a way to
test halo profiles. While the reconstruction of the mass
profile in cluster size halos is usually more challenging
than in galaxy size halos, we can still obtain valuable
constraints from the strong lensing by galaxy size halos.
For strong lens systems, usually elliptical galaxies, in
Refs. [11,12] they showed that the total mass profiles have

steeper inner slopes than a Burkert profile [13]; however, it
remained inconclusive if it was due to a distribution of
baryons or a cuspy DM halo. In Ref. [14], the halos of
elliptical galaxies were modeled by using a Navarro-
Frenk-White profile and showed that there was an excess
of concentration to explain the observed gravitational lens-
ing, and in [15] they gave a condition to produce strong
lensing when the dark matter behaves as a Bose-Einstein
condensate (BEC); for this case, the dark matter is assumed
to be a spin-0 scalar field at temperature zero where all the
bosons are in the ground state. In [15], they applied their
condition to a subsample of strong lensed systems in Sloan
Lens ACS Survey [16] and CfA-Arizona Space Telescope
Lens Survey [17] and showed that for these systems the
product�crmax , with�c the centralDMdensity and rmax the
halo radius, is at least one order of magnitude greater than
the one found in dwarf galaxies and small LSB galaxies
[8,18]; as in a BEC halo the rmax is a constant of the model,
they concluded that their sampled strong lens systems must
be denser than dwarf galaxies. From all these results, it is
clear that the combination of strong lensing and fits of RCs
in galaxies can constrain the different models of DM and
lead us to the real nature of the DM in the Universe.
In this work we provide strong lensing constraints

within the SFDM model when the dark matter temperature
is taken into account. In this model, DM halos can be
in excited states, because now the temperature T � 0;
this solves discrepancies in rotation curve fits found
when T ¼ 0 (BEC model), for instance, the presence of a
constant halo radius (rmax ) for all galaxies and, in the case
of large galaxies, the incapability to fit at the same time the
inner and outermost regions of RCs—see [10] for details.
Our results modify the conclusion in Ref. [15], as now the
halo radius is not unique.
Additionally, using the exact solution of a static SFDM

configuration found in [10] to model a DM halo, we*vrobles@fis.cinvestav.mx
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discuss how multiple images produced by a galaxy can be
accounted for with dark matter only, understanding by this
that in such systems baryons are either negligible or are not
concentrated enough to cause the strong lensing; this is
because different central DM mass concentrations, high
and low, can be accommodated in the SFDM model in the
form of different excited states of the SF. We also describe
a method to identify the likely states of a SFDM halo that
satisfies the strong lensing constraints.

II. FINITE TEMPERATURE SFDM
LENS EQUATION

The formation of DM halos in the SFDM model with
nonzero temperature was described in [10]. We only need
the DM profile so we briefly describe the main idea—
essentially, the dark matter is an autointeracting real scalar
field (SF) in a thermal bath at temperature T with an initial
potential satisfying a Z2 symmetry; as the Universe ex-
pands and cools, the temperature drops until it reaches a
critical temperature TC, so that the initial Z2 symmetry is
spontaneously broken and the field rolls down to a new
minimum where it oscillates. The critical temperature
determines the moment when the DM fluctuations can start
growing, and that happens when T < TC until they reach a
stable equilibrium point. When the SF is near this stable
minimum of the potential, a spherically symmetric static
SFDM halo has a temperature-corrected density profile
given by [10]

�ðrÞ ¼ �0

sin 2ðkrÞ
ðkrÞ2 ; (1)

where �0 is the central density, k ¼ �j=R, R is defined by
the condition �ðRÞ ¼ 0, and j determines the minimum
excited state required to fit a galaxy RC up to the last
measured point. We compare Eq. (1) with the zero-
temperature profile of a BEC halo [9]:

�0ðrÞ ¼ �c

sin ð�r=rmax Þ
ð�r=rmax Þ : (2)

To obtain the lens equation for the SFDM model, we
follow the procedure of Ref. [15]. We consider the thin
lens approximation and the weak field limit; under these
hypotheses, the lens equation for a spherically symmetric
mass distribution can be written

� ¼ �� Mpð�Þ
�D2

OL��crit

; (3)

where � and � are the positions of the source and the
image, respectively. �crit � c2DOS=4�GDOLDLS, DOL,
DOS, and DLS are the distances between observer and the
lens, observer and the source, and from the lens to the
source, respectively. To include the baryons in systems
where the stellar mass fraction is small, it is useful to
define the stellar mass fraction by f � M�=Mdm; thus,

we can write the total mass as Mtotal ¼ Mdm½1þ f�,
with Mdm the DM mass. When f � 0, the system is DM
dominated, and we will say the strong lensing is due to DM
only, understanding by this that baryons are present but
negligible. The projected mass Mpð�Þ enclosed within a

projected radius � is

Mpð��Þ
ð1þfÞ ¼

4�0R
3

�j2

Z ��

0
�0�d�0�

Z ffiffiffiffiffiffiffiffiffi
1��02�

p

0

sin2ð� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�02� þ z2�

p Þ
�02� þ z2�

dz�;

(4)

where 0 � �� � �=R � 1 and z� � z=R. Defining �� �
DOL�=R, mð��Þ � Mdmð��Þ=�0R

3, and �� � �DOL=R,
the dimensionless lens equation is

��ð��Þ ¼ �� � �T

mð��Þ
��

; (5)

with

�T ¼ ð1þ fÞ �0R

��crit

¼ 0:57h�1 �0

M�pc�3

R

kpc

1

fdist
ð1þ fÞ (6)

with fdist � dOS=dOLdLS a distance factor and the reduced
angular distance dA � DAH0=c. H0�100h kms�1Mpc�1

is the Hubble constant today and h ¼ 0:71 [19].
Equation (6) can be written as �T ¼ ð1þ fÞ�dm, where
�dm � ð�0RÞ=ð��critÞ equals �T with DM only (f ¼ 0)
and, for higher values of f, �dm decreases as baryons start
to dominate the system.

III. RESULTS AND DISCUSSION

The parameter �T determines the properties of the
SFDM profile lens. In Fig. 1, we show the lens equation
for j ¼ 1, 2 and the BEC halo (we define this case as
j ¼ 0). The values of �T in Fig. 1 are all chosen to be
above their minimum value to produce multiple images;
only those configurations with impact parameter j��j<
��c can produce strong lensing. ��c is the maximum of
��ð��Þ in Fig. 1 for �� < 0. In Table I, we report the
minimum values of �T for the first five excited states.
From Table I, we notice that the minimum value of �T

depends on the excited state of the SF, and larger values are
required for higher states. Also, when the temperature is
taken into account, for all jwe have �T;min > �0;min , where

�0;min is the minimum value to produce strong lensing in a

BEC halo at T ¼ 0. Comparing our results with the value
�0;min reported in [15], we see that for j ¼ 1 �T;min ¼
0:35> 0:27 ¼ �0;min , although it is a small difference,

the real advantage of adding temperature to the SFDM is
the capability to fit a broader variety of density profiles,
including the ones of dwarf galaxies. From Eq. (6), we can
rewrite the condition to produce strong lensing with a finite
temperature SFDM halo as
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�0RðM�pc�2Þ � ð1754:38Þ
1þ f

�T;minhfdist: (7)

In Fig. 2, we plot the Einstein radius for the BEC and
SFDM halos with j ¼ 1, 2. This caustic point corresponds
to �ð��;EÞ ¼ 0. An important effect of including tempera-

ture is that ��;E is smaller for higher values of j for a given
value of �T . This allows us to identify which excited states
are compatible with observations. We describe the method
with an example: Suppose that an observation of a strong
lens system gives a value of �T ¼ 0:7; from Table I, we see
that the strong lensing in this system could be due to a
SFDM halo in the first or second state. However, from
Fig. 2, we see that the Einstein radius changes with j, and,
thus, we can distinguish the states by observing the
Einstein radius in this system and comparing it with its
predicted value for j ¼ 1, 2 obtained from solving Eq. (5)
for ��;E after inserting the observed value of �T ¼ 0:7; in
this way, this method provides us information of the state
of the DM halo.

Applying this method to a wide sample of strong lens
systems would allow us to extract information from the
scalar field halos, like the existence of correlations between
j and redshift, which can be compared with cosmological
simulations. It is important to mention that uncertainties
associated with the measurements needed to reconstruct
the mass profiles in galaxies and clusters as well as a high
ellipticity of a particular system could manifest as some
discrepancy between the observations and the model
predictions; however, the inherent complexity of every

galaxy renders this modeling as a reasonable first approxi-
mation. The spherical halo hypothesis should not substan-
tially modify our results, because the strong lensing is
produced mainly by the mass in the inner region. Of
course, further individual lens modeling is necessary for
a more detailed comparison, but it will be left for future
work.
Now, in the case of a BEC halo, the radius rmax is a

constant of the model. If we replace �0 by �c and R by rmax

in Eq. (7) with f ¼ 0, we obtain the constraint found in
[15], where they concluded that their sampled strong lens
systems are at least 10 times denser than dwarf systems. In
our case, R is a parameter and is not a constant for all halos
[10]. Thus, from Eq. (7), we have two possible limit cases
for a DM dominated halo. One limit happens when strong
lens systems have radii similar to those found in dwarfs or
small LSBs; the conclusion is then the same as in [15],
something that should be expected as usually dwarfs and
low density systems do not produce strong lensing. The
other limit case is that lens halos are 10 times larger and
have densities similar to the ones of small systems, and an
intermediate situation could be one between the two
previous cases. Thus, observations of halo and galaxy
properties, like �0, R, f, �E, etc., some provided by RC
modeling, will tell us the trend that halos follow.
The constraints to produce multiple images are given in

Table I. If in a strong lens system �T < 0:35, then the
various images cannot be only due to a SFDM halo; in
this case, a bulb or a more concentrated baryonic distribu-
tion is needed—here the baryons are likely to cause the
gravitational lensing. We notice from Eq. (7) and Table I
that if �T > 0:35, then strong lensing can be achieved at
least with j ¼ 1; for higher values of �T , more excited
states are allowed to produce multiple images, and, as we
discussed before, we can identify the state of the SF in a
halo by using ��;E mainly because this angle is related to

the halo mass distribution which is a function of j.
It can also be seen from Eq. (1) that, for a fixed halo

radius, as j increases the density distribution shifts towards
the center of the halo; the higher the j, the more the central

TABLE I. Minimum values of �T to produce strong lensing for
j ¼ 1, 2, 3, 4, 5. j ¼ 0 corresponds to a zero temperature halo.

j 0 1 2 3 4 5

�T;min 0.27 0.35 0.66 0.98 1.32 1.63
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FIG. 2. Einstein radius ��;E as a function of �T . Shown are the
BEC halo (solid line), j ¼ 1 (long-dashed line), and j ¼ 2
(small-dashed line) finite temperature SFDM halos.
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FIG. 1. Lens equation of the finite temperature SFDM halo
for the states j ¼ 0, 1, 2. The intersection with the horizontal
axis defines ��;E. The BEC halo at zero temperature is denoted as

j ¼ 0. �T ¼ 0:7 for j ¼ 0, 1, and �T ¼ 1:2 for j ¼ 2. The
values are chosen above their minimum value to produce strong
lensing. The solid line represents the BEC halo, and the j ¼ 1, 2
finite temperature SFDM halos correspond to the long-dashed
and small-dashed lines, respectively.
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region contributes to the total mass and the less the con-
tribution from the outer regions. For this reason, for high j,
��;E is closer to the center of the SFDM halo. Then,

increasing the excited state implies that the dark matter
will be more concentrated in the center so as to produce
strong lensing. Therefore, a high central mass concentra-
tion can be obtained with a SFDM halo in an excited state
and multiple images can form with mainly DM. This can
also explain dark matter dominated galaxy clusters that
present multiple images and that have a core behavior in
their centers as discussed in Refs. [20,21]. Additionally,
multiple image systems in which an apparent cuspy DM
halo is necessary can be explained with the SFDM model
using an suitable excited state for the SFDM halo; in these
cases, strong lensing can also be attributed to DM. The
possibility that a high central density is due to baryons is
not discarded, however, as there are a variety of systems
with different central densities, luminosities, etc. The ex-
planation of this nonuniversality of profiles can be well
described within the SFDMmodel, and it is not essential to
know all the baryonic physics behind it.

Regarding the baryons, it is worth mentioning that as long
as f � 0 our main results are not substantially changed; in
fact, if we use Sloan Lens ACS Survey values [16] we have
on average f � 0:4, which we can still consider it to be
within the DM dominated regime. Based on observational
constraints, high values of f are unlikely; this in turn sup-
ports the fact that DM only can produce the strong lensing,
in our case with a SFDM halo. For systems in which f � 1
and the baryons are strongly concentrated in the central
region, a more detailed analysis of the baryonic distribution
would be needed, but this is out of the scope of this paper.

IV. CONCLUSIONS

In this work we have given a strong lensing constraint
within the context of a finite temperature scalar field DM.
We extended the previous analysis of a fully condensed
system at temperature zero and showed that multiple im-
ages are possible with excited states of the scalar field. As
finite temperature DM halos do not possess a unique halo
radius, then, our constraint expresses two limits: The halos
producing strong lensing are either 10 times larger or 10
times denser than dwarf galaxy halos. We also provide
a method to identify the excited state of a DM halo

producing strong lensing by means of measuring its
Einstein radius—the closer this radius is to the center,
the more likely the SFDM halo will be in a higher excited
state. Applying this method to a larger sample of strong
lens systems could test the consistency of the SFDM
model; also, identifying the excited states of various DM
halos could give us information about their evolution
which can be compared with simulations and work as a
test to our model.
We point out that, based on galactic observations, there

seems to be a trend that low central density galaxies
possess SFDM halos in the ground state, while higher
density galaxies prefer higher states; for the latter, the
baryons could accrete faster towards the center producing
both higher inner baryonic concentrations and a change in
the inner density profile, and, thus, there could be a tight
correlation between the type of galaxy and the SFDM halo
state. However, a bigger sample and numerical simulations
will be needed to confirm these remarks.
Finally, it is important to notice that our finite tempera-

ture density profile can describe strong lensing without the
need for high baryonic concentration in the center, which
corresponds to f � 0. A high density concentration in the
central region of a galaxy halo can be explained with
excited states of the SF, and for the clusters of galaxies
we can have core profiles to the very center due to the form
of our DM density profile that is always core, although in
these complex systems a superposition of states could be
necessary, mainly because of their complex evolution that
could have changed the DM halo profile. If the baryonic
concentration is not negligible, the central DM halo distri-
bution could be affected and the baryons may play an
important role; however, a more detailed analysis of the
interaction between DM and baryons will be given in a
future work.
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