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Cores in Dwarf Galaxies from Dark Matter with a Yukawa Potential
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We show that cold dark matter particles interacting through a Yukawa potential could naturally explain
the recently observed cores in dwarf galaxies without affecting the dynamics of objects with a much larger
velocity dispersion, such as clusters of galaxies. The velocity dependence of the associated cross section
as well as the possible exothermic nature of the interaction alleviates earlier concerns about strongly
interacting dark matter. Dark matter evaporation in low-mass objects might explain the observed deficit of
satellite galaxies in the Milky Way halo and have important implications for the first galaxies and

reionization.
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Introduction.—The collisionless cold dark matter
(CDM) model has been highly successful in accounting
for the gravitational growth of density perturbations from
their small observed amplitude at early cosmic times (as
imprinted on the cosmic microwave background anisotro-
pies [1]) to the present-day structure of the Universe on
large scales. However, it is far from clear that the predic-
tions of this model are valid on small scales.

New data on low-mass galaxies indicate that their dark
matter distribution has a core [2], in contrast to the cusped
profile expected from collisionless CDM simulations [3].
The mean value of the inner logarithmic slope of the mass
density profile in seven dwarf galaxies within the THINGS
survey is observed to be —0.29 = 0.07 [4], much shallower
than the expected slope of ~ — 1 from pure CDM simula-
tions. Moreover, the dynamics of dwarf spheroidal
galaxies, such as Fornax [5,6], Ursa-Minor [7], and
Sculptor [8], whose luminosities and dynamical masses
are smaller by 2-3 orders of magnitude than the
THINGS galaxies, indicates a characteristic core density
of ~0.1 + 0.05Mopc™3 = (7 +4) X 107 gcm™3. Since
these dwarf spheroidals are dominated by dark matter
throughout, it is challenging to explain their inferred cores
by the gravitational interaction of the dark matter with the
baryons [9]. Although it is conceivable that powerful gas
outflows from an early baryon-dominated nucleus would
reduce the central dark matter density in luminous galaxies
[10,11], the formation of a massive baryonic nucleus
would initially compress the CDM [12] and exacerbate
the discrepancy that needs to be resolved [9], and also
potentially violate the observed low luminosities from
dwarf galaxies at higher redshifts [13,14]. High-redshift
observations of dwarf galaxies must find evidence for the
required strong feedback phase, or else an alternative
process is at play. Some recent simulations that include
feedback do not observe the appearance of cores within
the lowest luminosity galaxies [15].
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To alleviate early signs of the above discrepancy,
Spergel & Steinhardt [16] adopted the strongly interacting
dark matter (SIDM) model [17-19] in which the dark
matter has a large cross section for self-interaction. It
was expected that if dark matter scatters in the cores of
galaxies, then it might resemble a fluid with a flatter central
density profile. The SIDM proposal fell out of favor be-
cause of the following: (i) gravitational lensing and x-ray
data indicate that the cores of clusters of galaxies are dense
and ellipsoidal, whereas SIDM would predict them to be
shallow and spherical [20,21]; (ii) relaxation of the core
ultimately generates an even denser nucleus after many
collision times due to the gravothermal catastrophe, famil-
iar from core collapse of globular clusters [22], although
this evolution might take more than the Hubble time;
(iii) dwarf galaxies would be expected to evaporate when
interacting with the higher velocity particles of their host
halo; and (iv) theoretical biases suggested that the required
cross section was incompatible with popular models of
weakly interacting massive particles (WIMPs).

Recently, there has been growing interest in the possi-
bility that WIMPs exhibit “dark forces” as a means to
address a wide range of anomalies [23]. In particular, it was
realized that a new force carrier ¢ (scalar or vector) might
naturally mediate a long-range interaction on the scale of
the de Broglie wavelength of the WIMPs, leading to a self-
interaction cross section for scattering that is much greater
than for WIMP annihilation. The studied forces have a
variety of scales in them, from the screening scale set by
the mass of the carrier particle my to the nonperturbative
scale set by its coupling, aym . Moreover, these forces are
naturally accompanied by new energy states. Up- and
down-scattering processes (which are endo- and exother-
mic, respectively) naturally introduce yet another scale into
the problem, set by the energy splitting 6 between the
states. While similar models have been previously consid-
ered [24], our regime of interest was assumed to be
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unsuitable due to WIMP capture and WIMP annihilation.
As it turns out, these processes are generally weaker than
scattering and so this range of parameters remains open.
Nonetheless, the absence of dramatic departures from
CDM predictions has allowed important constraints to be
placed [25,26].

In this Letter, we examine the possible existence of a
dark force from a different perspective. Rather than limit
its allowed range of parameters based on observations, we
show that it can ameliorate tensions in astrophysical data.
In particular, we find that a Yukawa force in dark matter
scattering would naturally produce cores in dwarf galaxies
while avoiding the myriad constraints on SIDM which
arise in systems with a much larger velocity dispersion,
such as clusters of galaxies. The specific velocity depen-
dence of the interaction cross section, as well as the pos-
sible exothermic nature of the interaction, alleviate earlier
concerns about the SIDM model. To distinguish from
previous approaches with a constant cross section or a
simple power-law velocity dependence, we label this sce-
nario as Yukawa-potential interacting dark matter (YIDM).

Dark forces.—Scattering through a massive mediator is
equivalent to having a Yukawa potential. The elastic scat-
tering problem is then analogous to the screened Coulomb
scattering in a plasma [27], which is well fit by a cross
section [25,28],
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where B = mv; /v? = 2a,m,/(m,v?), and v is the rela-
tive velocity of the particles. We use angular brackets to
denote that this is the momentum-transfer weighted cross
section. Here, v, is the velocity at which the momentum-
weighted scattering rate {(ov) peaks at a cross section value
of oy = 22.7/ m(zb. The above expression can be approxi-
mately generalized to the inelastic case by substituting
my — /m, 6 for the characteristic minimum momentum
transfer when m,, <./m, 6 (see discussion in [28]). This
expression is derived using classical physics only. In cases
where the de Broglie wavelength is longer than the
Compton wavelength of the force mgl, the quantum cal-
culation should be considered for quantitative results.
Nonetheless, the same qualitative features should remain:
the cross section should saturate at low velocities near
o~ m;z, and at high velocities, where the classical
approximation is valid, it should fall rapidly.

Figure 1 depicts the velocity dependence of the elastic
cross section in Eq. (1). Interestingly, the scattering rate is
nearly constant at low velocities, peaks at a velocity v,
and declines sharply at v > v,,, allowing it to introduce
cores in dwarf galaxies where the velocity dispersion is low
(v~ 10 kms™!) but not in clusters of galaxies where the
characteristic velocities are larger by 2 orders of magnitude

(v ~ 10% km s~"). The normalizations of the cross section
and velocity are determined by free parameters in the
interaction Lagrangian (see [29]), with the Compton wave-
length of the interaction setting the relevant spatial scale.
We show two possible values of the peak velocity, one
that would produce cores only in dwarf galaxies (v, =
10 kms™!), and another that would produce cores in more
massive galaxies (v, = 10> kms™!) as implied by data on
low surface brightness galaxies [30]. At any given halo
mass, we expect scatter in the core properties of individual
halos, due to variations in their age and assembly history.

Having one collision per Hubble time at the character-
istic core density of dwarf galaxies ~0.1Mypc ™3, trans-
lates to the condition (m, /10 GeV)(m,4/100 MeV)* ~ 1
(see [29]). An order of magnitude larger cross sections are
also allowed by the data. Figure 2 shows the allowed
parameter ranges [26] that would naturally explain the
dark matter distribution in observed astrophysical objects.
We find that even though collisions shape the central
profiles of dwarf galaxies, the standard collisionless treat-
ment still provides an excellent approximation for the dark
matter dynamics in x-ray clusters.

Exothermic interactions.—DM excited states can have
important effects. In particular, upscattering (‘‘inelastic
dark matter” (iDM) [31]) or downscattering [32-36] off
nuclei can dramatically affect direct detection experi-
ments. Dark matter self scattering into an excited state
(“exciting dark matter”” (XDM) [37]) has been invoked
to explain the excess 511 keV flux observed by
INTEGRAL [32,37-40].

We focus here on the response of dwarf galaxies to the
presence of excited states, YIDM*, which we assume are
copiously present from the early Universe. In particular,
the release of kinetic energy in YIDM* collisions would
help to evade the gravothermal catastrophe [22], in just the
same way that the energy released by primordial stellar
binaries weakens core collapse in globular clusters [41].
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FIG. 1 (color online). Dependence of the self-interaction cross
section (o) on the relative velocity (v) for dark matter interacting
through a Yukawa potential. The normalizations of o and v are
set by free parameters in the underlying Lagrangian (see [29] ),
and we show two possible curves peaking at v, = 10 kms™!

and v, = 100 kms™! (blue, solid line and purple, dashed line,
respectively).
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FIG. 2 (color online). Astrophysical constraints on the normal-
ization of the self-interaction cross section (o ,,,) as a function
of the velocity at which the peak collision rate is obtained (v,,) in
Fig. 1. The red solid line is normalized to have (o) /m, =
6 X 1072 cm?/GeV at vgy,r =~ 10 kms™!, which should be
regarded as the minimum interaction necessary to flatten the
cores of dwarf galaxies. Additional lines indicate upper limits on
the cross section based on astrophysical considerations: X-ray
cluster ellipticity (blue, dashed line), limiting (07, /m,) < 4 X
10726 ¢cm?/GeV at v ~ 10° kms™!; destruction of dwarf sub-
halos through collisions with high velocity particles from a
larger parent halo in which these dwarfs are embedded (green,
dotted line), limiting (07, /m,) =5 X 1072 cm?/GeV [48] at
v ~ 200 kms™~!; and requiring the number of scatters in dwarfs
to be less than ~10? during the age of the Universe to avoid the
gravothermal catastrophe (purple, dash-dotted line). Related
limits are summarized in [26].

If excited states exist, then a major fraction of the CDM
might be excited when the WIMPS decouple thermally in
the early Universe. This excitation could be stable on
cosmological times in models where the dark force mixes
with electromagnetism [32,33]. The scattering process can
decouple in the early Universe at temperatures above the
splitting, leaving essentially equal abundances of all states
of the dark matter. Alternatively, the excited states could be
produced nonthermally. The former scenario tends to re-
quire light (m,, ~ MeV) particles, while the latter would be
more naturally weak-scale. After decoupling, the early
CDM dynamics is identical to the standard collisionless
model until dwarf galaxies form and the crossing of dark
matter streams at low v occurs in their cores, giving rise to
self-interactions on a time scale shorter than the age of the
Universe.

We denote the velocity imparted to an initially slowly
moving WIMPs (v < wv.) upon scattering by v =
4/6/m. Since the gravitational potential of a dwarf galaxy
halo is shallow, sufficiently exothermic collisions could
eject colliding particles out of the halo if v, exceeds
the local escape velocity. If yx* — yx scatterings can

occur (see [29]), then the halo core will lose particles until
it reaches a density such that the interaction time is com-
parable to the age of the halo. Requiring that the final core
particles will interact only once over the current age of the
Universe yields a final mass density of dark matter,

Mgy (/6 X 1072 cm?\-! v
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The profile of p, will then be set by the velocity depen-
dence of (ov) and the gravitational potential in a steady
state. Below we show that for an exothermic interaction
(ov) is constant, leading naturally to a constant density
core in dwarf galaxies. This model predicts that dwarf
galaxies of a similar age should have a similar core density,
in agreement with interpretations of data for the nearest
dwarf galaxies [42].

If the characteristic scattering velocity is much higher
than vy, the process is essentially elastic and one can
employ Eq. (1). On the other hand, if the process is highly
exothermic then the scattering rate is given simply by
ov = 2mvg g /my, for m,6 < mj (assuming the scat-
tering process is still perturbative, i.e., 8 < 1). The result-
ing velocity-independent ov would naturally produce
cores with a flat density profile in dwarf galaxies.

The density flattening in dwarf galaxies does not imply
the same upper limit on the dark matter density in all its
cusps. For massive halos, the release of excess kinetic
energy by collisions has a marginal significance, since it
only perturbs the low-velocity tail of the CDM distribution
function and adds a negligible energy at high relative
velocities where the majority of particles have a low inter-
action rate anyway.

The evaporation of exothermic YIDM* from dwarf gal-
axies with a gravitational binding energy below the energy
released in collisions could potentially account for the
deficit in the observed abundance of dwarf galaxies relative
to theoretical CDM expectations [43]. Numerical simula-
tions are necessary to reliably quantify this important
effect. Also, dark matter halos which accrete cold gas at
early times but evaporate at late time might leave behind a
star cluster with little dark matter. If so, some old globular
clusters [44] might be the sought-after remnants of the
missing dwarf galaxies in the Milky Way halo.

Evolution with redshift—The primordial density
perturbations are modified by WIMP scatterings, but for
m, = GeV this modification ends well before observable
modes enter the horizon, leaving the standard nearly scale-
invariant power spectrum of density perturbations. The
imprint of collisions on the density profile of halos is
expected to evolve with redshift, because at earlier cosmic
times halos are denser and younger. It would be particu-
larly interesting to explore the formation of the first gal-
axies using numerical simulations of the YIDM model.
Deviations from the standard CDM predictions could be
tested by upcoming galaxy surveys or 21-cm observations
of the high-redshift universe [45,46]. For example, the
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scaling o « v~* might not be allowed to continue to
arbitrarily low velocities, as this would have delayed reio-
nization beyond observational constraints [47].

Discussion.—The velocity dependence of the cross sec-
tion for YIDM does not have a simple power-law form, as
invoked previously [21,48]. The presence of a plateau with
a sharp cutoff in the scattering rate of YIDM allows the
interaction to be effective for dwarf galaxies while being
entirely suppressed at high velocities relevant for cluster
cores and the evaporation of small subhalos within bigger
halos. At the same time, it does not rise indefinitely at low
velocities and thus avoid other concerns [48].

Excited states naturally accompany a dark force and
introduce a qualitatively new ingredient: the possibility
of energy release. Thus, unlike SIDM with a single pa-
rameter of o /m,, YIDM has a broader parameter space.
Out of the possible combinations of the underlying particle
physics parameters («, 8, m,, mg), only three affect the
properties of halos: the cross section o, and velocity
v, at which the scattering rate (ov) peaks; and in the
YIDM* scenario there is the additional parameter of the
velocity imparted to a particle undergoing an exothermic
scattering, V-

Finally, we note that the similarity between the required
self-interaction cross section per unit mass of the dark
matter and baryons may indicate a deep underlying rela-
tionship between these components.
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