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Mediator(s)?

New dark forces?  Multiple dark matter states? 

• affects dark matter production in early Universe 
• leads to self interactions and/or dissipative interactions 
• affects possible discovery channels

Theory of Dark Sectors
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A minimal and secluded dark sector

The Standard Model The Dark Sector

This Talk

χϕ

Self  coupling = !αd

Any tiny 
coupling to SM



Classes of Theories
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Different classes arise from different 
combinations of  the parameters

αd

ϕ

χ

A Cold Collisionless 
Dark Matter Theory

small !  
or 

large !

αd

mϕ

A Self-Interacting 
Dark Matter Theory

large !  
or 

small !

αd

mϕ



A completely secluded sector has 
viable production, and detectable signatures

Self Interacting Dark Matter Models

χ

ϕ

αD
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χ
self  interactions annihilation

χ
ϕ

χ̄ ϕ

Detectable signatures Thermal production



SIDM Cross Section
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Particle 
Velocity

V = αd
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αdmχ /mϕ < 1
Born app:
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

!

1 + g1 g2
g2 1 − g1

" !

g1,1 + g2,2
g2,1 − g1,2

"

,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,
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Figure 5. Distribution of �BICvalues for all SPARC galaxies with log10
�
⌃0/

�
L�/pc

2
��

< 2.5 (left) and > 2.5 (right).
Positive values indicate a preference for SIDM over NFW (orange) and DC14 (red). The vertical gray band indicates regions
of �BICwhere the preference for either model is not strong. For each panel, the colored box and whisker plots summarize the
spread of the corresponding histogram. The box extends from the first to the third quartile of �BIC values, with the median
indicated by the vertical black line. The whiskers extend a factor of 1.5 times the interquartile range. In general, the SIDM
model provides a better fit to the rotation curve data than the NFW model, especially for low surface brightness galaxies.
Additionally, there is no significant preference for either the SIDM or DC14 models for either the low or high surface brightness
galaxies.

percentiles of the �BIC values being -6.46, -0.37, and
8.23. These results underscore that the SIDM model is
more successful at fitting the rotation curves than the
NFW model, but that this behavior is ameliorated when
using the DC14 model, which allows for coring due to
baryonic feedback.
To better understand how our conclusions depend on

some key assumptions, we perform several variations
of the benchmark analysis. For one test, we consider
the e↵ect of imposing the abundance-matching relation
from Behroozi et al. (2019) at the prior level, as op-
posed to the prior on Mb,tot/Mvir. Specifically, we use
the best-fit parameters associated with all star-forming
galaxies (row 6 in their Table J1) and assume a con-
stant scatter on the stellar mass of � ⇠ 0.3 as a func-
tion of Mvir. For a separate test, we follow Tab. 1, but
use a linear-flat prior on the disk and bulge mass-to-
light ratios: ⌥⇤,disk,⌥⇤,bul 2 [0.1, 10]. For both tests,
the results are highly consistent with those presented in
Figs. 3–5. All relevant plots for these tests are available
at the web address in Footnote 1.

6. CONCLUSIONS

In this paper, we use the SPARC dataset to study
several solutions to the galaxy diversity problem. We

focus on three specific models that capture the relevant
physics of SIDM and CDM with/without baryonic feed-
back. For the latter, we use the DC14 model (Di Cintio
et al. 2014) as an example of a feedback-a↵ected halo
and an NFW model as an example of a CDM halo with
no (or weak) feedback. Improving upon the statistical
methodology used in previous studies of SPARC galax-
ies, we perform a comprehensive model comparison to
better understand the preference for the three models
we consider.
Our benchmark analysis, which takes the Planck

concentration-mass relation of Dutton & Macciò (2014)
as a prior, roughly recovers the SMHM relation
of Behroozi et al. (2019) for all three scenarios. Both
the SIDM and DC14 cases return profiles that are more
cored at low surface brightness than the NFW expecta-
tion. For high surface brightness galaxies, all three mod-
els predict cuspier profiles, although the SIDM model
results in the largest spread in best-fit inner slopes.
Because of galaxy-to-galaxy variance in the model

preferences, it is important to consider the trends of
the sample in aggregate. Overall, we find that the high
surface brightness galaxies in the SPARC catalog have
no strong statistical preference for SIDM and the DC14
model and only a weak preference for SIDM over NFW.
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A self  gravitating 
sphere of  SIDM

Observational Consequences



SIDM Basics
Consider a hydrodynamic description

1. Mass Conservation
2. Hydrostatic Equation
3. Heat Flux
4. First Law of Thermodynamics
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~Equilibrium Solution
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ρc
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ρdm(r)
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Isothermal
region

~NFW

Baryon 
dominated

DM 
dominated

r1

⟨σv⟩ρ(r1)tage/mχ = 1

ρiso ∝ e(Φbar+ Φdm)/σ2
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Gravothermal Collapse Phase
t

ρc

Gravitationally bound and virialized systems have 
negative specific heat 

0 = 2T + V = T + E ⟹ E = − T

Cin < 0

Cout > 0
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As heat flows out from 
the hot core 

!  
The core shrinks 

while T grows

↓
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                                     !  
(for !  for Draco)

≈ 700 Gyr
σ/mχ = 1 cm2/g

Gravothermal Collapse
Timescale

When the Mean Free Path !  Core Size: 
there exists an analytical solution to the equations.

≫

t
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!tGC ≈ 290 (σ/mχvρ)
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Gravothermal Collapse
Accelerated by Stripping 3
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FIG. 2. [Left] Central density evolutions for an initially NFW profile (solid) and initially truncated NFW (TNFW) profiles,
with truncation radii rt = rs (dotted) and rt = 3 rs (dashed). These curves apply to halos with �m  10 cm2/g, for which
the LMFP regime is dominant throughout the majority of the evolution shown here. The central densities reach a minimum
of ⇢̃ = 7.1, 3.3, and 2.8 at times t̃ = 4.3, 22, and 45 for the TNFW with rt = rs, TNFW with rt = 3 rs, and NFW profiles,
respectively. Since t0 depends on �m, halos with di↵erent values of �m (shown on the top axis, in units of cm2/g) are at
di↵erent locations along these evolution curves by today (physical time of 13 Gyr). [Right] Central density evolutions for
�m = 5 cm2/g for an initially NFW profile (solid), an initially TNFW profile with rt = rs (dotted), and an initially NFW
profile truncated at rt = rs after 3 Gyr of evolution (dashed).

pt = 5. We choose ⇢s = 0.019 M�/pc3 and rs = 2.59 kpc,
obtained from fitting the Pippin CDM profile to an NFW
profile using the Colossus cosmology code [31].

IV. TEMPORAL EVOLUTION OF CENTRAL
DENSITY

We focus on the central density ⇢c, defined as the av-
erage density of the innermost region of the halo spec-
ified in our analysis (at r̃ < 0.01, as described in Ap-
pendix A). We show the evolution of ⇢c for initially
NFW and initially TNFW profiles in the left panel of
Fig. 2. For the cross sections of interest, the halos re-
main in the LMFP limit well into the runaway phase of
collapse (the nearly vertical portion of the curves). In
the LMFP regime, Eq. (2) is independent of the value of
�̃m and thus the gravothermal evolution shown holds for
all �m  10 cm2

/g.
For all three profiles, the central density drops as the

core of the halo forms and rises again as the core begins
to collapse. The minimum core density occurs approx-
imately when the luminosity L in the central region of
the halo transitions from being negative (positive tem-
perature gradient) to being positive (negative tempera-
ture gradient). The minimum density for halos with no
tidal stripping is about 3 ⇢s, independent of the cross
section. For the cases with tidal stripping, the collapse
time becomes shorter and the minimum core density is
higher. For the NFW profile, only for cross sections
�m

>⇠ 4 cm2
/g do we find the central density rise as

the core begins to collapse within the lifetime of the Uni-
verse. However, for the TNFW profile with truncation at
rt = rs and rt = 3 rs, cross sections of �m

>⇠ 0.4 cm2
/g

and 2 cm2
/g, respectively, have started to collapse by

today.

To roughly gauge the impact of infall time, we allow
the halo to evolve as before for a period of time before
abruptly truncating it. We neglect the impact of multiple
pericenter passages in our simplified analysis. We show
the central density evolution of a halo truncated at rt =
rs after 3 Gyr (or z ' 2) for an SIDM cross section of
�m = 5 cm2

/g in the right panel of Fig. 2. Truncation
times of 3 � 6 Gyr are appropriate for the closest MW
dwarfs [32]. Such an extreme tidal stripping event leads
to almost 2 orders of magnitude increase in the central
density, showing the importance of this e↵ect for nearby
satellites. Note that an initial truncation at rt = 3 rs
barely alters the central density evolution away from the
NFW case within the lifetime of the Universe, as seen
from the left panel of Fig. 2 for �m = 5 cm2

/g.

After truncation, hydrostatic equilibrium significantly
lowers the pressure of the halo beyond the point of trun-
cation, where most of the mass is lost, causing the veloc-
ity dispersion (and thus temperature) to decrease sub-
stantially. Heat flows towards the colder truncated part
of the halo from the region near the scale radius, where
the temperature is highest. As a result, heat is di↵used
more quickly within the truncated halo, leading to a
faster formation of the isothermal core and thus an ac-
celerated evolution for core collapse. We provide a more
detailed description of the halo evolution in Appendix C.

Nishikawa et. al., 2020
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Intermediate Summary
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CDM satellites SIDM satellites

Cores NO YES, below  

Gravothermal 
Collapse

NO YES, at large
or when stripped

∼ r1

σ/mχ

Astrophysics

Particle physics
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Comparing Theory to Data

Predict statistical properties such as: 

• # satellites as function of  !  
• Satellite mass distribution 
• Central densities of  satellites

r / rperi

Given a DM theory
e.g.

CDM SIDM

Your favorite 
Cold Collisionless 

DM theory
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An alternative approach 

• Understand what effects SIDM has on satellites

• Model those effects semi-analytically

• Scan over parameters and predict trends and signals

• Verify results with dedicated simulations

Comparing Theory to Data

Simulations �  Yes, but some challenges.→



Satellite Orbital 
Evolution
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Additional 
Observational Consequences



Evaporation / Deceleration from SIDM Interactions 

Ram Pressure
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χ1 χ2

Host particle Satellite particle

∼ vsat

χ1

χ2

vesc

Since ! ! !     !vsat≫vesc ⟹
Most scatterings result in: 
1. Escape of  both particles 
2. Little momentum transfer
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CDM satellites SIDM satellites

Cores NO YES, below

Gravothermal 
Collapse

NO YES, at large
or when stripped

Ram Pressure 
Evaporation NO YES, after most 

scatters

Ram Pressure 
Deceleration NO YES, at large

∼ r1

σ/mχ

σ/mχ

Astrophysics

Particle physics
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m( > lt)

Tidal Stripping

Satellite Evolution
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Satellite

Cored profile ! Small !

!  Large !

→ lt
⟹ m( > lt)
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CDM satellites SIDM satellites

Cores NO YES, below

Gravothermal 
Collapse

NO YES, at large
or when stripped

Ram Pressure 
Evaporation NO YES, after most 

scatters

Ram Pressure 
Deceleration NO YES, at large

Tidal Stripping YES YES, but more

∼ r1

σ/mχ

σ/mχ

Astrophysics

Particle physics

Incorporate all relevant physics into an orbit integrator. 
Compare models and identify parameters of  interest.
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Three example cross sections: 
!   Same as CDM 

!       Mass loss dominated by Tidal Stripping 

!     Mass loss dominated by Ram Pressure Evaporation
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Consistent Results for other Dwarfs
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FIG. S2. Contraints similar to those of Fig. 2 (right) for three additional systems: the classical dwarf Ursa Minor and the
ultra-faint dwarfs Segue 1 and Tucana 2. For completeness, the Draco bound is shown here as well. For these contraints, the
1� lower limit on measurements of ⇢150 or ⇢̄1/2 are used. Note that the Draco bound shown here takes the 1� lower limit on
the measured ⇢150, whereas that in Fig. 2 (right) takes the 2� lower limit.
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

!

1 + g1 g2
g2 1 − g1

" !

g1,1 + g2,2
g2,1 − g1,2

"

,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,
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