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Self-interacting dark matter (SIDM) models have been proposed to solve the small-scale issues with the
collisionless cold dark matter paradigm. We derive equilibrium solutions in these SIDM models for the
dark matter halo density profile including the gravitational potential of both baryons and dark matter.
Self-interactions drive dark matter to be isothermal and this ties the core sizes and shapes of dark matter
halos to the spatial distribution of the stars, a radical departure from previous expectations and from cold
dark matter predictions. Compared to predictions of SIDM-only simulations, the core sizes are smaller and
the core densities are higher, with the largest effects in baryon-dominated galaxies. As an example, we find
a core size around 0.3 kpc for dark matter in the Milky Way, more than an order of magnitude smaller
than the core size from SIDM-only simulations, which has important implications for indirect searches of
SIDM candidates.
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Introduction.—The cold dark matter (CDM) paradigm
has been extremely successful in explaining the large-scale
structure of the Universe. However, there is no established
CDM-based solution to explain the central dark matter
densities in galaxies. Observed dwarf galaxies and low
surface brightness galaxies prefer 0.5–5 kpc cores of
constant dark matter density [1–4], in contrast to the 1=r
(where r is distance from the center of the Galaxy) cusps
seen in CDM-only simulations [5]. There is also evidence
for deviations from the 1=r behavior within the brightest
(central) cluster galaxies [6]. Additionally, the most mas-
sive subhalos predicted by CDM-only simulations are too
dense to host observed dwarf satellite galaxies in the Milky
Way [7]. It is possible that in situ supernova feedback [8],
environmental effects [9,10] or an early episode of star
formation [11–13] may play a role in resolving these issues.
Here, we focus on the possibility that the above small-scale
issues may be resolved by significant self-interactions
among dark matter particles [14].
Recent N-body simulations have shown that strong dark

matter self-interactions can lower the central dark matter
density and lead to core formation matching observations
on small scales [15–18]. On larger scales (beyond the core),
self-interacting dark matter (SIDM) behaves as the same as
CDM. In particular, Λ SIDM retains all the cosmological
successes of ΛCDM. However, the particle physics of
SIDM models is strikingly different. For example, the
existence of a ∼1–100 MeV light force carrier is necessary
to generate the required self-scattering cross section [19].
When the mediator couples to standard model particles,
it may generate signals that can be probed by direct and
indirect dark matter detection experiments [20]. To quantify

indirect detection signals, it is crucial to understand the
SIDM halo profile in the Milky Way and its satellites.
Elastic interactions between dark matter particles allow

for energy exchange and hence transport of heat. By the
time each particle has had a few interactions over the
lifetime of the Galaxy, an isothermal core forms [15]. Our
main point in this Letter is that the presence of baryons can
have a dramatic influence on the predictions for the SIDM
halo profile when baryons dominate the potential well. In
particular, we show that the core properties are tied to the
stellar gravitational potential leading to a smaller and
denser core. A straightforward conclusion from this finding
is that the constraints on the self-interaction cross section
will be loosened.
To contrast our results with the expectations from SIDM-

only simulations, we consider the example of the Milky
Way. In the case of the dark matter dominated halos, the
temperature (velocity dispersion) increases with the radius
in the inner region, r≲ rs (where the density profile is less
steep than 1=r2). Hence, interactions that lead to energy
exchange between dark matter particles tend to make the
inner region hotter, producing a constant-density iso-
thermal core. The core radius is set by the transfer cross
section over dark matter particle mass, σT=mχ . The larger
this quantity, the bigger the core with the caveat that the
isothermal region is at r≲ rs, which is true for interesting
values of σT=mχ [15]. The prediction for the Milky Way
core radius (where the density is half the central density) is
Oð10 kpcÞ for σT=mχ ∼ 1 cm2=g [15,18].
If baryons dominate the potential well, as in the case of

the Milky Way, they will dictate the temperature (velocity
dispersion) profile of dark matter. As we will see, the dark
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matter temperature peaks around 1 kpc in the Milky Way
case leading to a small (sub-kpc) core size. Seen from the
point of view of an equilibrium solution, the dark matter
spatial density profile has to track the gravitational potential
of the baryons. Hence, we arrive at the surprising con-
clusion that in the limit of significant self-interactions, the
radius of the dark matter core is intimately tied to the
gravitational potential of the baryons. The corresponding
central density will naturally be larger than the predictions
of the SIDM-only simulations.
Solutions to the Jeans equation.—Once an isothermal

core forms, further scattering will not lead to significant
changes in the density profile of the core. We neglect the
possibility of core collapse here, which hasn’t been seen in
recent simulations with σT=mχ ≲ 1 cm2=g [15,17]. We
further assume that the stellar profile is set on time scales
shorter than the time required for dark matter to attain
equilibrium through self-scattering. In this limit, we can
neglect the scattering term and rewrite the Jeans equa-
tion [21] (using Poisson’s equation) with constant velocity
dispersion σ0 and dark matter density ρð~rÞ ¼ ρ0 exp½hð~rÞ� as

∇2
xhð~xÞ þ ð4πGNr20=σ

2
0ÞfρBð~xÞ þ ρ0 exp½hð~xÞ�g ¼ 0; ð1Þ

where ρ0 is a density scale that we take to be the central dark
matter density, ~x ¼ ~r=r0 with r0 as a length scale, and ρB is
the baryonic density profile. To illustrate our main point, let
us first consider the case in which baryons completely
dominate the potential well. In this limit, we can neglect the
expðhÞ term and the solution to Eq. (1) is simply

ρð~xÞ ¼ ρ0 expf½ΦBð0Þ − ΦBð~xÞ�=σ20g; ð2Þ

where ΦBð~xÞ is the baryonic potential generated by the
density distribution ρBð~xÞ. We define the core radius as
the position where the density falls by a factor of 2 or
hð~rcÞ ¼ − ln 2. Thus, ~rc is given by the solution to
½ΦBð0Þ − ΦBð~rcÞ� ¼ −σ20 ln 2. It is clear that the core radius
in this limit depends on the baryonic potential rather than the
self-interactions as long as the interaction strength is large
enough. The density profiles in generic solutions to Eq. (2)
are also not spherically symmetric. Both of these features are
in marked contrast to the predictions of SIDM when dark
matter dominates [15,18].
To estimate the SIDM core size in the Milky Way,

we specialize to the spherically symmetric solution. We
include contributions from the stellar bulge, the thin disk
and the thick disk of the Milky Way from the best-fit model
advocated in Ref. [22] and then calculate the mass enclosed
within spherical shells to get a “spherical Milky Way”
model. This profile turns out to be fit by a Hernquist density
profile ρBðrÞ ¼ ρB0r40=½rðrþ r0Þ3�, where we have set r0 to
be the Hernquist scale radius. The assumed Hernquist
profile for the baryon distribution in the Milky Way can be
specified by either ΦBð0Þ ¼ −2πGρB0r20 ¼ −GMB=r0 or

the circular velocity V2
Bðr0Þ ¼ −ΦBð0Þ=4, where G is

Newton’s constant and MB is total mass in baryons.
With

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−ΦBð0Þ
p ¼ 365 km=s and r0 ¼ 2.7 kpc, we

found a good fit. Thus, the core radius is rc≈
σ20 ln2=ð2πGρB0r0Þ ¼ r0σ20 ln2=4V

2
Bðr0Þ ¼ r20σ

2
0 ln2=GMB.

Numerically, we have

rc ≈ 0.3 kpc

�

r0
2.7 kpc

��

σ0
150 km=s

�

2
�

183 km=s
VBðr0Þ

�

2

; ð3Þ

where we take a typical value, σ0 ∼ 150 km=s (as we will
discuss later). Thus, the expected core size in the Milky
Way halo is much smaller than ∼10 kpc as predicted by the
SIDM-only simulations.
In this spherically symmetric limit, the analytical sol-

ution for hðxÞ can be generalized to include the case when
the dark matter component is important. Assuming the
above Hernquist profile for baryons, we obtain

1

y2
d
dy

�

y2
d
dy

hðyÞ
�

þ 2a1
y

þ a0
ð1 − yÞ4 exp ½hðyÞ� ¼ 0; ð4Þ

where we define a0 ≡ 4πGρ0r20=σ
2
0 and a1 ≡ −ΦBð0Þ=σ20,

and h should be interpreted as a function of a new variable
y≡ r=ðrþ r0Þ ¼ x=ð1þ xÞ. The boundary conditions to
solve this equation are hð0Þ ¼ 0 and h0ð0Þ ¼ −a1, where
the second term enforces a core in the center. This may be
derived by noting that as y → 0, the solution to hðyÞ has to
be given by ½y2h0ðyÞ�0 þ 2a1y ¼ 0.
Within the core region, the density profile varies slowly.

This suggests that the equation can be solved through a
series of approximations. The first is obtained by setting the
third term in Eq. (4) equal to a0 (i.e., setting y ¼ 0), and we
get h ≈ −a1y − a0y2=6. The core radius derived from this
approximate solution is given by

rc ≈ r0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð2=3Þ lnð2Þa0=a21
p

− 1

1þ a0=ð3a1Þ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð2=3Þ lnð2Þa0=a21
p : ð5Þ

This approximation is good to about 10% for the interesting
ranges of a0 and a1. We note that if the stellar density
profile differs from Hernquist and ρBðrÞ ∝ 1=rα for small r,
then h0ðyÞ ¼ −2a1y2−α=ð2 − αÞð3 − αÞ − a0y2=6. In par-
ticular, there is no cored profile when ρBðrÞ diverges
towards the center as 1=r2.
Several limits of these equations are particularly

illuminating. In the limit that a0 is Oð1Þ and a1 is large,
we obtain rc ≈ r0 lnð2Þ=½a1 − lnð2Þ�; i.e., the core is
set just by the baryonic potential, which agrees with the
result we derived before. In the opposite limit when the
baryons are not dynamically important, we have a self-
gravitating isothermal sphere and rc ≈ r0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6 lnð2Þ=a0
p

or
r2c ≈ 3 lnð2Þσ20=ð2πGρ0Þ. Thus, as the baryonic contribution
gets larger, the core radius becomes smaller.
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To further illuminate this result, we need estimates for the
central density ρ0 to fix a0. In Ref. [15], a model was
presented for the SIDM density profile of field halos based
on the radius r1 where the average dark matter particle has
had one interaction and the density profile in the absence of
self-interactions, i.e., the CDM halo density profile. For the
Milky Way halo, the predicted CDM halo density profile has
the Navarro-Frenk-White (NFW) form and we assume this
profile with the appropriate concentration for a virial mass of
1012M⊙ [23]. The NFW profiles have a density at the solar
position r ¼ 8.5 kpc of 0.2 GeV=cm3, which is in the range
of the measured value [24]. If we use a velocity dispersion of
150 km=s (appropriate for the Milky Way) the average
number of scatterings per particle per 10 Gyr within the solar
radius is unity for σT=mχ∼1 barn=GeV¼0.56 cm2=g.
(Basically, 0.2 GeV=cm3 × 150 km=s × 1 barn=GeV×
10 Gyr ≃ 1.) Hence, we expect to see deviations due
to self-interactions at radii smaller than ∼10 kpc for
σT=mχ ∼ 1 barn=GeV. This cross section is consistent with
all observations and is in the range required to solve the
small-scale anomalies [15,16].
Values for ρ0 about 10 times the local density would be

expected in SIDM simulations that do not include baryons.
If this were true even when including a stellar component,
then we would have a0 of order unity. Specifically,

a0 ≈ 1

�

ρ0
2.2 GeV=cm3

��

r0
2.7 kpc

�

2
�

150 km=s
σ0

�

2

: ð6Þ

For the Milky Way, we will find values of a0 ¼ Oð10Þ
because the equilibrium solution including the stellar
potential demands larger values of the central density ρ0.
In order to choose from the family of solutions para-
metrized by a0 and a1, we impose two conditions—that the
mass within r1 and the total energy within r1 are the same
as that which the halo would have had in the absence of

self-interactions. These conditions are based on the model
presented in Ref. [15].
The two resulting SIDM profiles (shown in Fig. 1) show a

spread of almost an order of magnitude in the central (core)
density and show that the SIDM profile depends on the
details of the disk and bulge formation and associated
feedback. However, the core radius is determined to be close
to 0.3 kpc in both cases.We caution that this estimate depends
sensitively on the assumed inner density profile of the
baryons. For example, if the baryons are more centrally
concentratedwithin 0.3 kpc, the core radiuswould be smaller.
For the adiabatically contracted NFW profile [25], the

velocity dispersion profile is plotted in the right panel of
Fig. 1. This profile is a solution to the Jeans equation
assuming that the velocity dispersion tensor is isotropic.
The value of the central density ρ0 is 80 GeV=cm3 and the
central radial dispersion σ0 is 165 km=s, both of which lead
to an enclosed mass and energy within r1 ¼ 15 kpc (for
σT=mχ ¼ 1 barn=GeV) equal to that of an adiabatically
contracted NFW. We note that even with this high central
density the mean free path is larger than the core radii.
In order to solve for the SIDM profile beyond the core

region, we join the constant dispersion region smoothly to
the dispersion profile in the absence of self-interactions as
shown by the dashed curve in the right panel of Fig. 1. The
density profile (dashed curves in the left panel of Fig. 1) is
the solution to the isotropic Jeans equation assuming this
velocity dispersion profile. We note that the solution in the
core (for this more complete solution) is the same as
Eq. (1). As an aside, we find that a numerical approxima-
tion to the full range r < r1 can be obtained by considering
a solution of the form hðy; pÞ ¼ −a1y − pa0y2=6 and then
fixing p so that the mass enclosed within r1 is the same as
in the case without self-interactions.
For the NFW profile without the adiabatic contraction

(for example, due to significant feedback from star for-
mation) the dispersion profile is very similar (since it is

0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0

40

60

80

100

120

140

160

Distance from center of halo kpc

R
ad

ia
lv

el
oc

ity
di

sp
er

si
on

km
s Stars

NFW with AC

SIDM equilibrium

NFW
SIDM equilibrium

SIDM-only simulation

0.2 0.5 1.0 2.0 5.0 10.0
0.1

1

10

100

Distance from center of halo kpc

D
en

si
ty

G
eV

cm
3

FIG. 1 (color online). Left: the radial velocity dispersion for dark matter (thin solid: contracted NFW, solid: contracted NFW in stellar
potential, dashed: SIDM in stellar potential). Right: the dashed curves show SIDM equilibrium solutions assuming the density profile
matches on to a NFW profile (solid red) and an adiabatically contracted NFW profile (solid black) at 10 kpc, and an isotropic velocity
dispersion tensor. The green squares show the SIDM density profile for a 1012M⊙ halo from dark-matter-only simulations [15]. Note
that the points below 1 kpc are not fully resolved in this simulation.
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controlled in the inner regions by baryons) but the density
profile is very different. We again use the isotropic Jeans
equation to find the SIDM solution. Note that the
assumption of an isotropic velocity dispersion tensor plays
a central role in both cases. Physically, this is reasonable
because scatterings lead to energy exchange that should
erase the anisotropy in the velocity dispersion (which is
small even in the absence of self-interactions). For this
second case without the initial adiabatic contraction, the
solution that matches the mass and energy profile in
the absence of scatterings at r1 has σ0 ¼ 165 km=s
and ρ0 ¼ 14 GeV=cm3.
We emphasize that the velocity dispersion profile is

crucial to the effect we are pointing out. A core should form
in the region that gets hotter (higher kinetic energy particles
have larger apocenters on average) and hence the cross over
between the two dispersion profiles in Fig. 1 provides an
estimate of the core radius of the SIDM density profile.
Shapes of halos.—The shape of the halo is not expected

to be spherical and deviations from spherical symmetry will
depend on the stellar potential well. This has been noted
previously in the context of a nonspherical isothermal
solution for a halo with an embedded thin disk [26]. To
investigate this quantitatively, we incorporate a more
realistic model for the baryon distribution in the Milky
Way in our analysis. In the baryon-dominated central
region, we expect that the simple solution given in
Eq. (2) is valid. However, for the region away from the
center, dark matter becomes important and a full numerical
approach to the Jeans equation is necessary. Here, we
numerically solve Eq. (1) via a relaxation algorithm by
rewriting Eq. (1) in the following manner:

∇2hþ a0ðρB=ρ0 þ ehÞ ¼ ∂h=∂t; ð7Þ

and demanding that ∂h=∂t → 0 for large t (where t plays
the role of “time” for the relaxation method). We assume
axisymmetry and then approximate the above equation
using finite differencing on a logarithmically spaced grid.
This finite difference equation is then relaxed to an
equilibrium solution in two stages (coarse and then finer
spatial grid), starting with a spherical NFW density profile
and the boundary conditions imposed at 10 kpc (in R, z) in
the form of the same profile.
The SIDM constant-density contours in R, z for the

resulting solution are plotted in Fig. 2, which clearly shows
deviations from spherical symmetry when baryons domi-
nate the potential well. We see that the approximate
solution in Eq. (2) and the full numerical calculation give
the same result in the inner region. Thus, it confirms the
expectation that the SIDM distribution traces baryons when
they dominate the potential well. The contours become
spherical further away due to the boundary condition.
Further investigations of how the shape depends on
the isopotential contours and changes away from the

baryon-dominated regions (without the assumption of
spherically symmetric boundary conditions) may reveal a
way to use this effect to test SIDM models in galaxies and
clusters.
Discussion.—A natural application of the effect

described above is the SIDM density profile in the centers
of clusters of galaxies. Assuming a Hernquist profile and
the stellar mass and effective radii in Ref. [27], we find that
the core sizes are Oð10 kpcÞ using Eq. (5). This is
encouraging and deserves further work, especially since
we predict a correlation between the SIDM core size and
the effective stellar radius for which there seems to be some
support [6].
Constraints on the self-interaction strength from the

observed densities and shapes in clusters of galaxies
[16] and the bullet cluster [28] should be reevaluated in
light of the above results.
While this effect is relevant for most galaxies, it would be

particularly interesting to apply the model presented here to
spiral galaxies and dwarf galaxies, which show distinct
correlations in their halo core properties [29].
Conclusions.—We have shown that baryons and dark

matter are tied together dynamically due to self-interactions
in the dark matter. The presence of baryons changes the
predicted SIDM density profile by decreasing the core
radius and increasing the core density, with dramatic effects
in baryon-dominated galaxies. For the Milky Way halo,
SIDM follows the stellar distribution and forms a core
around 0.3 kpc, in contrast to the ∼10 kpc core predicted
in SIDM-only simulations for σT=mχ ∼ 1 barn=GeV. If
SIDM is a thermal relic, the signal strength from SIDM
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FIG. 2 (color online). Constant-density contours for dark matter
in cylindrical coordinates (R, z) showing deviations from spheri-
cal symmetry outside the core (∼0.3 kpc). The density at the
outermost contour is 0.5 GeV=cm3 and increases by factors of 2.
The color shaded contours are from the full numerical analysis,
while the black curves are for the approximate solution given
in Eq. (2).
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annihilation or decay in the Galactic Center is not sup-
pressed as would have been deduced from SIDM-only
simulations. Our results imply that in SIDM models the
distributions of dark matter and baryons in galaxies are
strongly correlated.
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