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Contents
Resonant self-interacting dark matter (SIDM)

- sharp velocity dependence of self-scattering cross section

- are resonant SIDM halos similar to constant SIDM halos?

Evolution of resonant SIDM halos
- isothermal region does not evolve monotonically 
from inside to outside unlike constant SIDM

Possible imprints on observations

- density break in a certain mass range of halos

- change in stellar orbits by density break in the past

- formation, development and thermalization of density break
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Dark matter
Dark matter

- evident from cosmological observations

- cosmic microwave background (CMB)…

- essential to form galaxies in the Universe

- one of the biggest mysteries
- astronomy, cosmology, particle physics…

5%

27%

68%
dark energydark matter

baryon

cosmic energy budget

Gravitational probes

- complementary to direct, indirect and collider searches

- how the star distribution changes w/ properties of dark matter

- all known properties of dark matter are derived in this way 
(including its existence; SM neutrinos are too hot to form galaxies)
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- interactions among dark matter particles
- hard to probe in other searches

 M ∼ 1010 M⊙

Elbert et al., MNRAS, 2015

cuspy

cored

Self-interacting dark matter (SIDM)

- dark matter density profile inside 
a halo turns from cuspy to cored

- cored profile “appear to” provide 
better fit to astronomical data

σ/m ∼ 1 cm2/g ∼ 1 barn/GeV

Dark matter
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of rSIDM halo dynamics on astrophysical observations.
We give concluding remarks in Section V.

II. METHODOLOGY

Resonant self-interaction. In the presence of a par-
ticle resonance mediating the self-scattering of DM, the
(spin-averaged) non-relativistic cross section � can be
parametrized as a sum of a constant piece �0 and res-
onant piece parametrized by a Breit-Wigner form [43]:

� = �0 +
4⇡S

mE(vrel)

�(vrel)2/4

[E(vrel) � E(vR)]2 + �(vrel)2/4
, (1)

where m is the DM mass, E(v) = (m/2)v2
/2, and S =

(2sR +1)/(2sdm +1)2 is the symmetry factor taking into
account the spin degrees of freedom of DM (sdm) and
the resonance (sR). The resonant velocity is given as
E(vR) = mR�2m where mR is the mass of the resonance.
We assume that the total decay width of the resonance is
dominated by R ! dm dm around the resonant velocity;
we parametrize the momentum-dependent decay width
as �(vrel) = mR�v

2L+1
rel , where L is the orbital angular

momentum for the self-scattering and � parametrizes the
coupling between the resonance and DM.

Inside a halo, we approximate that the scattering ve-
locity vrel follows the Maxwell-Boltzmann distribution
parametrized by the local one-dimensional velocity dis-
persion ⌫(r):

f(vrel; ⌫) =
v
2
rel

p
4⇡⌫3

exp

✓
�

v
2
rel

4⌫2

◆
. (2)

We will denote the distribution averaging by h·i; the inte-
gration range for vrel is taken to be from 0 to the local es-
cape velocity which is usually larger than the local veloc-
ity dispersion in the central region of a halo. In this work,
we take the local escape velocity to be infinity. Note that
the expectation value of the scattering velocity is given as
hvreli = (4/

p
⇡)⌫. The semi-analytic method of isother-

mal Jeans modeling is often used to fit the predicted
cSIDM halo profile to the observed astrophysical data
in the core expansion phase [26, 32, 47, 49, 51]; there,
the quantity inferred from observations is h�vreli/m (ver-
tical axis of Fig. 1) at a given DM scattering velocity
(one-dimensional velocity dispersion) that characterizes
the isothermal profile for the inner core (horizontal axis
of Fig. 1). As shown in Fig. 1, the dwarf/LSB galaxies
(red/blue data points) prefer h�vreli/(mhvreli) ⇠ 2 cm2

/g
around hvreli ⇠ 100 km/s, while the UFDs put a strin-
gent upper bound as . 0.1 cm2

/g at low velocities, i.e.,
. 30 km/s.

Such a sharp drop towards lower velocities is realized
in rSIDM in the limit of a narrow resonance width. The
resonant contribution, i.e., the second term in the RHS
of Eq. (1), to h�vreli/m around vrel = vR can be picked
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FIG. 1. Velocity-weighted average of the resonant SIDM cross
section per DM mass. The data points with error bars are
the inferred SIDM cross sections from field dwarf (red)/LSB
(blue) galaxies and galaxy clusters (green) [32]; the curves la-
beled by S1 (S2) and P1 are the best-fit curves to the data
points in the narrow (broad)-width s-wave and p-wave res-
onant scattering, respectively [43]. The colored regions are
inferred (1�) from UFDs (Willman 1 and Segue 1) [42]. Mo-
tivated from the stringent upper limit from the UFDs, we
explore the P2 and P3 benchmark parameters; they are the
same with the P1 benchmark, but with smaller o↵set cross
sections, i.e., 0.03 cm2/g and 0.001 cm2/g, respectively.

up by using a narrow-width approximation (NWA) [43]:

h�vreli

m

����
res.

=
16⇡

3/2
S�v

2L+1
R

m3⌫3
e
� v2

R
4⌫2 , (3)

which is a good estimation of h�vreli/m around the reso-
nance for �v

2L�1
R . 1. The resonant part in the narrow-

width limit exhibits the minimal transition width to-
wards lower velocities, �hvreli ⇠ vR/2; hereafter, we
will focus on this case. The peak of the distribution-
averaged cross section given in Eq. (3) happens at the
hvreli =

p
8/3⇡ vR.

In Fig. 1, we display the velocity dependence of
h�vreli/m for the benchmark parameters that fit the ob-
servations on dwarf/LSB galaxies and galaxy clusters,
i.e., S1, S2 and P1 [43]. The S1 (S2) benchmark repre-
sents the case of narrow (broad) s-wave resonance, i.e.,
L = 0; the rSIDM parameters for the S1 (S2) benchmark
are vR = 120 km/s (5035 km/s), � = 10�4.5 (10�1.1),
m/S

1/3 = 22GeV (16 GeV) and �0/m = 0.1 cm2
/g (⌧

0.1 cm2
/g). Away from the resonant velocities, the non-

vanishing Breit-Wigner distribution renders out-of-pole
contributions which have additional �-suppression com-
pared to the resonant one (see Appendix A for more dis-
cussion). The low-velocity limit of the out-of-pole contri-
bution to h�vreli/(mhvreli) is ⇠ 24(L+1)

⇡�
2
⌫

4L
/(m3

v
4
R)

which is not velocity-suppressed for the s-wave scatter-
ing. Such out-of-pole values can be larger than the taken
o↵set value �0hvreli/m. Nevertheless, one can always
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“Data” points
Overview

- cores in various-size halos may prefer sharp 
velocity dependence of self-scattering cross section

M ∼ 1014 M⊙

- galaxy cluster 
(Abell 2744)

M ∼ 1011 M⊙

- dwarf spiral galaxy 
(IC 2574)

- ultra faint dwarfs (Segue 1)
Minfall ∼ 109 M⊙
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Galaxy clusters (GCs)

Data points

3
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FIG. 2: Top: SIDM density profile fit to cluster A2537 (orange) com-
pared to NFW profile (cyan) and comparison to stellar kinematics
data (inset). Bottom: SIDM fit to the rotation curve of galaxy IC2574
(orange) with contributions from the SIDM halo (solid), the gas disk
(dashed), and stellar disk (dotted).

As an example, we show our results for cluster A2537 in
Fig. 2 (Top). Our SIDM fit is shown by the orange band (1�
width) and the dashed line shows the mean. The CDM predic-
tion (cyan) is the NFW profile obtained from the gravitational
lensing data [27], which provides a poor fit to the stellar kine-
matic data (red boxes in inset figure). The black point is the
value of r1 and its 1� width. It is reassuring that the CDM and
SIDM fits, while agreeing at large radii, begin to diverge at r1.
The inferred values of h�vi/m for all six clusters are shown
in Fig. 1 (green points). Fitted with a constant cross section,
we find �/m = 0.10+0.03

�0.02 cm2/g.
Dwarf and Low Surface Brightness Galaxies. To mea-

sure DM self-interactions at small-to-intermediate scales, we
consider rotation curves of five dwarf galaxies (IC 2574, NGC
2366, Ho II, M81 dwB, DDO 154) in the THINGS sam-
ple [28] and seven LSB galaxies (UGC 4325, F563-V2, F563-
1, F568-3, UGC 5750, F583-4, F583-1) from Kuzio de Naray,
et al. [29]. Two galaxies have been omitted from each of these
samples for which Vmax was not well-determined.

To model these galaxies, we include the contributions to
the rotation curve from DM, gas, and stars, with ⌥⇤ allowed
to vary uniformly by ±0.3 dex from the quoted population

synthesis values [28, 30]. We have checked that it is a good
approximation to neglect the gravitational effect of baryons on
the SIDM density profile in Eq. (2). In our likelihood, we also
include a systematic error (in quadrature with the statistical
error) of 5% of the last measured velocity to avoid skewing
our fits based on data points with small errors, O(1 km/s),
since non-circular motions cannot be excluded at this level.

As an example, we show the SIDM fit to the rotation curve
of IC2574 in Fig. 2 (Bottom). The inferred values of h�vi/m
for the galaxies, shown in Fig. 1, evidently prefer a larger �/m
than the cluster measurement. Fitting all twelve galaxies with
a constant cross section, we find �/m = 1.9+0.6

�0.4 cm2/g. We
note that this value does not include systematic errors, which
we discuss next.

Simulated halos. To test our analytic model, we created
mock rotation curve data from halos in �/m = 1 cm2/g sim-
ulations (without baryons) and fit them with our model. Each
rotation curve consisted of 20 points with a uniform 10% ve-
locity error and covering a range 0.1 . r/rs . 3 . We chose
six halos with virial masses in the range 1011�1014 M� from
Ref. [3] and two dwarf-sized halos around 1010 M� from
Ref. [5].

The fit results shown by the gray points in Fig. 1 demon-
strate that our simple halo model is in good agreement with
results from cosmological N-body simulations for SIDM, ex-
cept for the presence of a bias toward larger cross sections by
a factor of ⇠ 2. The open circles, which also line up along
�/m = 1 cm2/g, represent our SIDM profiles matched onto
the “true” NFW profile for the same halos simulated without
DM self-interactions [3, 5]. This analysis supports the sim-
ple picture in our model that the SIDM halo properties may
be approximated by the corresponding CDM halo properties
augmented with a core determined by Eq. (1).

IV. Diversity. There is considerable diversity in the prop-
erties of the galaxy cores, with almost an order of magnitude
spread in density at fixed Vmax [30]. This has also been re-
cently emphasized in terms of Vc(2 kpc), the measured circu-
lar velocity at 2 kpc [31], which shows a factor of 2�3 scatter
for halos with 50 km/s . Vmax . 100 km/s. This diversity
is also reflected in the scatter in central values for h�vi/m for
the galaxies in Fig. 1.

How does this scatter arise in our model? The answer is
surprising in its simplicity: it is directly related to the halo
assembly history. Different formation histories encoded in
(⇢s, rs) values (essentially the CDM halo-to-halo scatter) lead
to SIDM halos with different core sizes and central densities
through Eq. (3). This explanation is implicit in Fig. 1 where
the large errors on h�vi reflect, partly, the lack of constraints
on (⇢s, rs). Choosing the “right” value of (⇢s, rs) for each
galaxy would reduce the scatter in h�vi/m considerably.

If we fix the ⇢s-rs relation to its median in ⇤CDM cos-
mology [32] in our analysis, the galaxies UGC 5750 and IC
2574 prefer the largest cross sections, �/m ⇠ 10 cm2/g,
while M81 dwB prefers the smallest cross sections, �/m ⇠

0.1 cm2/g. However, if UGC 5750 and IC 2574 halos are 2�
less concentrated and M81 dwB halo 2� more concentrated

Kaplinghat, Tulin, 
and Yu, PRL, 2016

- mass distribution in the outer region is 
determined by strong/weak gravitational 
lensing

- stellar kinematics in the central region 
(brightest cluster galaxies) prefer cored 
SIDM profile

CDM

SIDM

BCG data

σ/m ∼ 0.1 cm2/g

⟨vrel⟩ ∼ 103 km/s
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Dwarf spiral galaxies 

Data points

- mass distribution is broadly 
determined by rotation curves

AK, Kaplinghat, Pace, and Yu, PRL, 2017

- rotation velocity in central region (of 
some galaxies) prefer cored SIDM profile

IC 2574, c200:-2.5σ, M200:1.5×1011M⊙
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Ultra faint dwarf (UFD) galaxies

Data points

- mass distribution is determined by line-of-
sight velocity dispersion (LOSVD) profile

- LOSVD in the central region (of some 
UFDs) prefer cuspy CDM profile

Hayashi et al., PRD, 2021
we show the best-fit curve of σl:o:s:. and the observational
data for Segue 1.
In Fig. 3, we show the 1σ estimation of hvi − hσvi=m

with the MLE for Segue 1 and Willman 1, which corre-
spond to two dimensional contours of −2Δ logðLtotÞ ¼ 2.3.
The large uncertainties of hvi stem from the indefiniteness
of the velocity anisotropy. The Segue 1 and Willman 1
place stringent upper limits. We also show the SIDM cross
section favored in the previous study for the dwarf irregular
galaxies [9], the low surface brightness galaxies [81] (blue),
and galaxy clusters [82] (green) (see Ref. [19] for details).
Some caveats are in order. First, the kinematical data of

UFDs are limited (Willman 1 contains 40 member stars and
Segue 1 contains 70 member stars). Therefore, the results
can be affected by uncertainties of the halo and stellar
model. For example, we obtain weaker upper limits on σ=m
by an Oð1Þ factor for both Segue 1 and Willman 1 for
the exponential profile. Besides, Willman 1 has irregular
spatial and velocity distributions. Although the irregular-
ities can be explained by Poisson fluctuations due to the
smallness of the sample [83,84], the results for the
Willman 1 should be taken with care.
We care the uncertainty from the velocity anisotropy

by taking a wide range of the anisotropy parameters. We
also find that σ=m has no significant correlation with the
anisotropy parameters. Hence, the uncertainty due to the
anisotropy profile is not significant. If we restrict
the velocity anisotropy so that hvi ¼ Oð10Þ km=s, the
allowed parameter region shrinks to around hvi ¼
Oð10Þ km=s while the range of σ=m is unchanged from
Fig. 3 for the corresponding hvi ¼ Oð10Þ km=s.

V. CONCLUSION

We investigated the SIDM by using the stellar kinematics
of the 23 UFDs with the phenomenological modeling of the
SIDM halo profile. We found all the UFDs are consistent
with collisionless CDM. In particular, Segue 1 andWillman
1 provide stringent constraints on the self-interacting cross

FIG. 2. The comparison of the best-fit curve σl:o:s:. and the
observational data for Segue 1. We also show the curves for CDM
and for σ=m ¼ 0.1 cm2=g, fixing the other parameters. The best-
fit parameters are obtained by the unbinned analysis using the
likelihood in Eq. (10). In the unbinned analysis, the simplified
model with σ=m ¼ 0.1 cm2=g is disfavored significantly.

FIG. 1. The interval estimates of σ=m for the 23 UFDs for tage ¼ 10 Gyr. The solid (dotted) segments show 1σð2σÞ intervals. The
blue (red) segments show the Bayesian (MLE) analysis. The values are subject to Oð1Þ uncertainties in the thermalized condition
(Eq. (7) and tage.

FIG. 3. The 1σ parameter estimation of hvi − hσvi=m based on
the MLE for Segue 1 and Willman 1 with the Plummer profile.
We also show the SIDM cross section which are favored by the
dwarf irregular galaxies (red), low surface brightness galaxies
(blue) and clusters (green). The values are subject to Oð1Þ
uncertainties in the thermalized condition (Eq. (7) and tage.

KOHEI HAYASHI et al. PHYS. REV. D 103, 023017 (2021)

023017-4

Segue 1 σ/m < 0.1 cm2/g

⟨vrel⟩ ∼ 30 km/s

- gravothermal collapse?

Correa, MNRAS, 2021
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Resonant SIDM

Possible explanations

- resonance + constant offset

3

of rSIDM halo dynamics on astrophysical observations.
We give concluding remarks in Section V.

II. METHODOLOGY

Resonant self-interaction. In the presence of a par-
ticle resonance mediating the self-scattering of DM, the
(spin-averaged) non-relativistic cross section � can be
parametrized as a sum of a constant piece �0 and res-
onant piece parametrized by a Breit-Wigner form [43]:

� = �0 +
4⇡S

mE(vrel)

�(vrel)2/4

[E(vrel) � E(vR)]2 + �(vrel)2/4
, (1)

where m is the DM mass, E(v) = (m/2)v2
/2, and S =

(2sR +1)/(2sdm +1)2 is the symmetry factor taking into
account the spin degrees of freedom of DM (sdm) and
the resonance (sR). The resonant velocity is given as
E(vR) = mR�2m where mR is the mass of the resonance.
We assume that the total decay width of the resonance is
dominated by R ! dm dm around the resonant velocity;
we parametrize the momentum-dependent decay width
as �(vrel) = mR�v

2L+1
rel , where L is the orbital angular

momentum for the self-scattering and � parametrizes the
coupling between the resonance and DM.

Inside a halo, we approximate that the scattering ve-
locity vrel follows the Maxwell-Boltzmann distribution
parametrized by the local one-dimensional velocity dis-
persion ⌫(r):

f(vrel; ⌫) =
v
2
rel

p
4⇡⌫3

exp

✓
�

v
2
rel

4⌫2

◆
. (2)

We will denote the distribution averaging by h·i; the inte-
gration range for vrel is taken to be from 0 to the local es-
cape velocity which is usually larger than the local veloc-
ity dispersion in the central region of a halo. In this work,
we take the local escape velocity to be infinity. Note that
the expectation value of the scattering velocity is given as
hvreli = (4/

p
⇡)⌫. The semi-analytic method of isother-

mal Jeans modeling is often used to fit the predicted
cSIDM halo profile to the observed astrophysical data
in the core expansion phase [26, 32, 47, 49, 51]; there,
the quantity inferred from observations is h�vreli/m (ver-
tical axis of Fig. 1) at a given DM scattering velocity
(one-dimensional velocity dispersion) that characterizes
the isothermal profile for the inner core (horizontal axis
of Fig. 1). As shown in Fig. 1, the dwarf/LSB galaxies
(red/blue data points) prefer h�vreli/(mhvreli) ⇠ 2 cm2

/g
around hvreli ⇠ 100 km/s, while the UFDs put a strin-
gent upper bound as . 0.1 cm2

/g at low velocities, i.e.,
. 30 km/s.

Such a sharp drop towards lower velocities is realized
in rSIDM in the limit of a narrow resonance width. The
resonant contribution, i.e., the second term in the RHS
of Eq. (1), to h�vreli/m around vrel = vR can be picked
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FIG. 1. Velocity-weighted average of the resonant SIDM cross
section per DM mass. The data points with error bars are
the inferred SIDM cross sections from field dwarf (red)/LSB
(blue) galaxies and galaxy clusters (green) [32]; the curves la-
beled by S1 (S2) and P1 are the best-fit curves to the data
points in the narrow (broad)-width s-wave and p-wave res-
onant scattering, respectively [43]. The colored regions are
inferred (1�) from UFDs (Willman 1 and Segue 1) [42]. Mo-
tivated from the stringent upper limit from the UFDs, we
explore the P2 and P3 benchmark parameters; they are the
same with the P1 benchmark, but with smaller o↵set cross
sections, i.e., 0.03 cm2/g and 0.001 cm2/g, respectively.

up by using a narrow-width approximation (NWA) [43]:

h�vreli

m

����
res.

=
16⇡

3/2
S�v

2L+1
R

m3⌫3
e
� v2

R
4⌫2 , (3)

which is a good estimation of h�vreli/m around the reso-
nance for �v

2L�1
R . 1. The resonant part in the narrow-

width limit exhibits the minimal transition width to-
wards lower velocities, �hvreli ⇠ vR/2; hereafter, we
will focus on this case. The peak of the distribution-
averaged cross section given in Eq. (3) happens at the
hvreli =

p
8/3⇡ vR.

In Fig. 1, we display the velocity dependence of
h�vreli/m for the benchmark parameters that fit the ob-
servations on dwarf/LSB galaxies and galaxy clusters,
i.e., S1, S2 and P1 [43]. The S1 (S2) benchmark repre-
sents the case of narrow (broad) s-wave resonance, i.e.,
L = 0; the rSIDM parameters for the S1 (S2) benchmark
are vR = 120 km/s (5035 km/s), � = 10�4.5 (10�1.1),
m/S

1/3 = 22GeV (16 GeV) and �0/m = 0.1 cm2
/g (⌧

0.1 cm2
/g). Away from the resonant velocities, the non-

vanishing Breit-Wigner distribution renders out-of-pole
contributions which have additional �-suppression com-
pared to the resonant one (see Appendix A for more dis-
cussion). The low-velocity limit of the out-of-pole contri-
bution to h�vreli/(mhvreli) is ⇠ 24(L+1)

⇡�
2
⌫

4L
/(m3

v
4
R)

which is not velocity-suppressed for the s-wave scatter-
ing. Such out-of-pole values can be larger than the taken
o↵set value �0hvreli/m. Nevertheless, one can always

σ
m

=
4πS

m2E(vrel)
Γ(vrel)2/4

[E(vrel) − E(vR)]2 + Γ(vrel)2/4
+

σ0

m

S = (2sR + 1)/(2sdm + 1)2

- running width

E(vrel) = (m /2)v2
rel /2

E(vR) = mR − 2m

Γ(vrel) = mRγ2v2ℓ+1
rel

γ = 10−4.5, 10−1.1

- s-wave benchmarks
- S1 and S2

vR = 120 km/s, 5035 km/s

m /S1/3 = 22 GeV, 16 GeV
σ0/m = 0.1 cm2/g, ≪ 0.1 cm2/g

- thermal average

f(vrel; ν) =
v2

rel

4πν3
exp (−

v2
rel

4ν2 )
⟨vrel⟩ = (4/ π)ν

Chu, Garcia-Cely, and 
Murayama, PRL, 2019
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Resonant SIDM

Possible explanation

3

of rSIDM halo dynamics on astrophysical observations.
We give concluding remarks in Section V.

II. METHODOLOGY

Resonant self-interaction. In the presence of a par-
ticle resonance mediating the self-scattering of DM, the
(spin-averaged) non-relativistic cross section � can be
parametrized as a sum of a constant piece �0 and res-
onant piece parametrized by a Breit-Wigner form [43]:

� = �0 +
4⇡S

mE(vrel)

�(vrel)2/4

[E(vrel) � E(vR)]2 + �(vrel)2/4
, (1)

where m is the DM mass, E(v) = (m/2)v2
/2, and S =

(2sR +1)/(2sdm +1)2 is the symmetry factor taking into
account the spin degrees of freedom of DM (sdm) and
the resonance (sR). The resonant velocity is given as
E(vR) = mR�2m where mR is the mass of the resonance.
We assume that the total decay width of the resonance is
dominated by R ! dm dm around the resonant velocity;
we parametrize the momentum-dependent decay width
as �(vrel) = mR�v

2L+1
rel , where L is the orbital angular

momentum for the self-scattering and � parametrizes the
coupling between the resonance and DM.

Inside a halo, we approximate that the scattering ve-
locity vrel follows the Maxwell-Boltzmann distribution
parametrized by the local one-dimensional velocity dis-
persion ⌫(r):

f(vrel; ⌫) =
v
2
rel

p
4⇡⌫3

exp

✓
�

v
2
rel

4⌫2

◆
. (2)

We will denote the distribution averaging by h·i; the inte-
gration range for vrel is taken to be from 0 to the local es-
cape velocity which is usually larger than the local veloc-
ity dispersion in the central region of a halo. In this work,
we take the local escape velocity to be infinity. Note that
the expectation value of the scattering velocity is given as
hvreli = (4/

p
⇡)⌫. The semi-analytic method of isother-

mal Jeans modeling is often used to fit the predicted
cSIDM halo profile to the observed astrophysical data
in the core expansion phase [26, 32, 47, 49, 51]; there,
the quantity inferred from observations is h�vreli/m (ver-
tical axis of Fig. 1) at a given DM scattering velocity
(one-dimensional velocity dispersion) that characterizes
the isothermal profile for the inner core (horizontal axis
of Fig. 1). As shown in Fig. 1, the dwarf/LSB galaxies
(red/blue data points) prefer h�vreli/(mhvreli) ⇠ 2 cm2

/g
around hvreli ⇠ 100 km/s, while the UFDs put a strin-
gent upper bound as . 0.1 cm2

/g at low velocities, i.e.,
. 30 km/s.

Such a sharp drop towards lower velocities is realized
in rSIDM in the limit of a narrow resonance width. The
resonant contribution, i.e., the second term in the RHS
of Eq. (1), to h�vreli/m around vrel = vR can be picked
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FIG. 1. Velocity-weighted average of the resonant SIDM cross
section per DM mass. The data points with error bars are
the inferred SIDM cross sections from field dwarf (red)/LSB
(blue) galaxies and galaxy clusters (green) [32]; the curves la-
beled by S1 (S2) and P1 are the best-fit curves to the data
points in the narrow (broad)-width s-wave and p-wave res-
onant scattering, respectively [43]. The colored regions are
inferred (1�) from UFDs (Willman 1 and Segue 1) [42]. Mo-
tivated from the stringent upper limit from the UFDs, we
explore the P2 and P3 benchmark parameters; they are the
same with the P1 benchmark, but with smaller o↵set cross
sections, i.e., 0.03 cm2/g and 0.001 cm2/g, respectively.

up by using a narrow-width approximation (NWA) [43]:

h�vreli

m

����
res.

=
16⇡

3/2
S�v

2L+1
R

m3⌫3
e
� v2

R
4⌫2 , (3)

which is a good estimation of h�vreli/m around the reso-
nance for �v

2L�1
R . 1. The resonant part in the narrow-

width limit exhibits the minimal transition width to-
wards lower velocities, �hvreli ⇠ vR/2; hereafter, we
will focus on this case. The peak of the distribution-
averaged cross section given in Eq. (3) happens at the
hvreli =

p
8/3⇡ vR.

In Fig. 1, we display the velocity dependence of
h�vreli/m for the benchmark parameters that fit the ob-
servations on dwarf/LSB galaxies and galaxy clusters,
i.e., S1, S2 and P1 [43]. The S1 (S2) benchmark repre-
sents the case of narrow (broad) s-wave resonance, i.e.,
L = 0; the rSIDM parameters for the S1 (S2) benchmark
are vR = 120 km/s (5035 km/s), � = 10�4.5 (10�1.1),
m/S

1/3 = 22GeV (16 GeV) and �0/m = 0.1 cm2
/g (⌧

0.1 cm2
/g). Away from the resonant velocities, the non-

vanishing Breit-Wigner distribution renders out-of-pole
contributions which have additional �-suppression com-
pared to the resonant one (see Appendix A for more dis-
cussion). The low-velocity limit of the out-of-pole contri-
bution to h�vreli/(mhvreli) is ⇠ 24(L+1)

⇡�
2
⌫

4L
/(m3

v
4
R)

which is not velocity-suppressed for the s-wave scatter-
ing. Such out-of-pole values can be larger than the taken
o↵set value �0hvreli/m. Nevertheless, one can always

- p-wave benchmarks

γ = 10−3 vR = 108 km/s

m /S1/3 = 0.4 GeV

σ0/m = 0.1 cm2/g, 0.03 cm2/g

- s-wave benchmarks

- S1 and S2 do not satisfy the UFD constraints

- one need to take                                                      for s-waveγ ≲ 10−7(m /GeV)3/2[vR /(100 km/s)]2

0.001 cm2/g

- P1, P2 and P3

- consider P2 benchmark 
mainly in the following
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Question

Resonant SIDM

- data are obtained by r1-procedure
- switching Navarro-Frenk-White (NFW) 
profile to isotherm profile inside r1 ρNFW(r) =

ρs

r/rs(1 + r/rs)2

ρNFW(r1)
⟨σv⟩NFW(r1)

m
t = 1

- assuming efficient heat conduction inside r1

- Is a resonant SIDM 
halo similar to 
constant SIDM halo?

- valid for constant SIDM

- mapping between resonant 
SIDM and constant SIDM

3

of rSIDM halo dynamics on astrophysical observations.
We give concluding remarks in Section V.

II. METHODOLOGY

Resonant self-interaction. In the presence of a par-
ticle resonance mediating the self-scattering of DM, the
(spin-averaged) non-relativistic cross section � can be
parametrized as a sum of a constant piece �0 and res-
onant piece parametrized by a Breit-Wigner form [43]:

� = �0 +
4⇡S

mE(vrel)

�(vrel)2/4

[E(vrel) � E(vR)]2 + �(vrel)2/4
, (1)

where m is the DM mass, E(v) = (m/2)v2
/2, and S =

(2sR +1)/(2sdm +1)2 is the symmetry factor taking into
account the spin degrees of freedom of DM (sdm) and
the resonance (sR). The resonant velocity is given as
E(vR) = mR�2m where mR is the mass of the resonance.
We assume that the total decay width of the resonance is
dominated by R ! dm dm around the resonant velocity;
we parametrize the momentum-dependent decay width
as �(vrel) = mR�v

2L+1
rel , where L is the orbital angular

momentum for the self-scattering and � parametrizes the
coupling between the resonance and DM.

Inside a halo, we approximate that the scattering ve-
locity vrel follows the Maxwell-Boltzmann distribution
parametrized by the local one-dimensional velocity dis-
persion ⌫(r):

f(vrel; ⌫) =
v
2
rel

p
4⇡⌫3

exp

✓
�

v
2
rel

4⌫2

◆
. (2)

We will denote the distribution averaging by h·i; the inte-
gration range for vrel is taken to be from 0 to the local es-
cape velocity which is usually larger than the local veloc-
ity dispersion in the central region of a halo. In this work,
we take the local escape velocity to be infinity. Note that
the expectation value of the scattering velocity is given as
hvreli = (4/

p
⇡)⌫. The semi-analytic method of isother-

mal Jeans modeling is often used to fit the predicted
cSIDM halo profile to the observed astrophysical data
in the core expansion phase [26, 32, 47, 49, 51]; there,
the quantity inferred from observations is h�vreli/m (ver-
tical axis of Fig. 1) at a given DM scattering velocity
(one-dimensional velocity dispersion) that characterizes
the isothermal profile for the inner core (horizontal axis
of Fig. 1). As shown in Fig. 1, the dwarf/LSB galaxies
(red/blue data points) prefer h�vreli/(mhvreli) ⇠ 2 cm2

/g
around hvreli ⇠ 100 km/s, while the UFDs put a strin-
gent upper bound as . 0.1 cm2

/g at low velocities, i.e.,
. 30 km/s.

Such a sharp drop towards lower velocities is realized
in rSIDM in the limit of a narrow resonance width. The
resonant contribution, i.e., the second term in the RHS
of Eq. (1), to h�vreli/m around vrel = vR can be picked
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FIG. 1. Velocity-weighted average of the resonant SIDM cross
section per DM mass. The data points with error bars are
the inferred SIDM cross sections from field dwarf (red)/LSB
(blue) galaxies and galaxy clusters (green) [32]; the curves la-
beled by S1 (S2) and P1 are the best-fit curves to the data
points in the narrow (broad)-width s-wave and p-wave res-
onant scattering, respectively [43]. The colored regions are
inferred (1�) from UFDs (Willman 1 and Segue 1) [42]. Mo-
tivated from the stringent upper limit from the UFDs, we
explore the P2 and P3 benchmark parameters; they are the
same with the P1 benchmark, but with smaller o↵set cross
sections, i.e., 0.03 cm2/g and 0.001 cm2/g, respectively.

up by using a narrow-width approximation (NWA) [43]:

h�vreli

m

����
res.

=
16⇡

3/2
S�v

2L+1
R

m3⌫3
e
� v2

R
4⌫2 , (3)

which is a good estimation of h�vreli/m around the reso-
nance for �v

2L�1
R . 1. The resonant part in the narrow-

width limit exhibits the minimal transition width to-
wards lower velocities, �hvreli ⇠ vR/2; hereafter, we
will focus on this case. The peak of the distribution-
averaged cross section given in Eq. (3) happens at the
hvreli =

p
8/3⇡ vR.

In Fig. 1, we display the velocity dependence of
h�vreli/m for the benchmark parameters that fit the ob-
servations on dwarf/LSB galaxies and galaxy clusters,
i.e., S1, S2 and P1 [43]. The S1 (S2) benchmark repre-
sents the case of narrow (broad) s-wave resonance, i.e.,
L = 0; the rSIDM parameters for the S1 (S2) benchmark
are vR = 120 km/s (5035 km/s), � = 10�4.5 (10�1.1),
m/S

1/3 = 22GeV (16 GeV) and �0/m = 0.1 cm2
/g (⌧

0.1 cm2
/g). Away from the resonant velocities, the non-

vanishing Breit-Wigner distribution renders out-of-pole
contributions which have additional �-suppression com-
pared to the resonant one (see Appendix A for more dis-
cussion). The low-velocity limit of the out-of-pole contri-
bution to h�vreli/(mhvreli) is ⇠ 24(L+1)

⇡�
2
⌫

4L
/(m3

v
4
R)

which is not velocity-suppressed for the s-wave scatter-
ing. Such out-of-pole values can be larger than the taken
o↵set value �0hvreli/m. Nevertheless, one can always
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Resonant self-interacting dark matter (SIDM)

- sharp velocity dependence of self-scattering cross section

- are resonant SIDM halos similar to constant SIDM halos?

Evolution of resonant SIDM halos
- isothermal region does not evolve monotonically 
from inside to outside unlike constant SIDM

Possible imprints on observations

- density break in a certain mass range of halos

- change in stellar orbits by density break in the past

- formation, development and thermalization of density break
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Gravothermal modeling of isolated halo
- assuming hydrostatic equilibrium in the course of evolution

∂
∂r

(ρv2) = − ρ
GM
r2

D
Dt

ln ( ν3

ρ ) = −
1

4πr2ρν2

∂L
∂r

=
1

3tcond.

- self-scattering leads to heat conduction

L
4πr2

= − κ
∂T
∂r

- naive interpolation between LMFP and SMFP regimes

- SMFP

- LMFP

b =
25 π

32
≃ 1.38

C ≃ 0.75 Koda and Shapiro, MNRAS, 2011

- start with NFW profile

p = 3?

κ−1 = κ−1
LMFP + κ−1

SMFP

κSMFP =
3
2

b
ν

σ0K5(ν)
Kp(ν) =

⟨σvp
rel⟩

σ0⟨vp
rel⟩

κLMFP =
3C

2π3/2

ρν3σ0K1(ν)
Gm2

Outmezguine et al., MNRAS, 2023

Yang et al., ApJ, 2023p = 5?

Outmezguine et al., MNRAS, 2023

- mean c-M relation

Evolution of resonant SIDM halos

- heat conduction timescale

∂
∂r

M = 4πr2ρ
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Formation of density break

- profile of heat conduction timescale has a sharp peak r/rs ≃ 0.1

- three r1’s appear for t > tbreak

- two isothermal regions appear r < r1,in r1,med < r < r1,out

- density break forms to connect the two isothermal regions

Evolution of resonant SIDM halos

7
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FIG. 3. (Left) - The halo-mass range where the density break from rSIDM may be probed at present. The light-blue (blue)
curves represent the halo-mass dependence of tbreak (ttherm.). The horizontal lines represent tage = 10Gyr, 13.8Gyr. Given a
halo age, our expected mass range is determined by the condition tbreak . tage . ttherm.. The expected high(low)-end of the
mass range is determined by the condition tage = ttherm. (tage = tbreak). The plot markers are the actual high-end of the mass
range from our simulations. While our expected mass range coincides well with the simulations for P1 (�0/m = 0.1 cm2/g)
and P2 (�0/m = 0.01 cm2/g) benchmarks (see also the left panel of Fig. 5 for the P2 benchmark), the high-end of the mass
range is overestimated in the P3 (�0/m = 0.001 cm2/g) benchmark. (Right) - The expected range in the halo radius where
the density break is located. The horizontal axis rbreak/rs (rtherm./rs) is the expected radius at which the density break starts
to form (thermalize) at tage = tbreak (tage = ttherm.).
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FIG. 4. Time evolution of an rSIDM halo in the P2 benchmark. The halo mass is 8 ⇥ 109 M� with median concentration.
(Left) - A snapshot of the halo profile at t ⇠ tbreak. A density break starts to appear around rbreak. (Middle) - Halo profile
for tbreak . t . ttherm.. During this period, the density break manifests itself by increasing its slope; in the plot, ↵break ' �1.6.
(Right) - Halo profile for t > ttherm.. The density break has disappeared due to the thermalization of the core.

on the assumed halo age, and the right panel shows the
corresponding range in radius where the density break
can be manifested. The low-end of the halo-mass range,
which is determined by tbreak = tage (light blue curve),
are identical among the p-wave benchmarks since they
exhibit the same resonant self-scattering. The high-end
of the range is larger for smaller �0/m since ttherm

(blue curves) is longer for smaller �0/m. We confirm
that the range indeed increases as we consider smaller
�0/m, as shown as the plot markers in Fig. 3. However,
our estimation tends to overpredict the high-end of
the halo-mass range as we consider smaller o↵set cross
section. This is because smaller values of �0/m result in
density breaks with larger |↵break| where the global halo
profiles deviate more from the NFW profile, as will be
discussed in the next subsection.

Thermalization dynamics. For halos whose maxi-
mal DM scattering velocity is larger than 0.5 vR . hvreli,
a density break forms and eventually thermalizes. The
time evolution of such halos is described in Fig. 4. The
mass of the presented halo is 8 ⇥ 109 M� with which the
density break starts to thermalize around tage = 10 Gyr,
according to Fig. 3. The left panel is the time when the
density break starts to form, i.e., t ⇠ tbreak. As the halo
evolves further, the density break manifests itself by in-
creasing its logarithmic slope |↵break|. The density break
is located within the region r1,in . r . r1,med where
we expect the heat conduction is not e�cient enough to
thermalize the region (see the middle panel of Fig. 4).
The density break connects two regions of distinct DM
densities, i.e., r . r1,in and r1,med . r . r1,out. The DM

M200 = 8 × 109 M⊙

tcond.(r1) = t
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FIG. 3. (Left) - The halo-mass range where the density break from rSIDM may be probed at present. The light-blue (blue)
curves represent the halo-mass dependence of tbreak (ttherm.). The horizontal lines represent tage = 10Gyr, 13.8Gyr. Given a
halo age, our expected mass range is determined by the condition tbreak . tage . ttherm.. The expected high(low)-end of the
mass range is determined by the condition tage = ttherm. (tage = tbreak). The plot markers are the actual high-end of the mass
range from our simulations. While our expected mass range coincides well with the simulations for P1 (�0/m = 0.1 cm2/g)
and P2 (�0/m = 0.01 cm2/g) benchmarks (see also the left panel of Fig. 5 for the P2 benchmark), the high-end of the mass
range is overestimated in the P3 (�0/m = 0.001 cm2/g) benchmark. (Right) - The expected range in the halo radius where
the density break is located. The horizontal axis rbreak/rs (rtherm./rs) is the expected radius at which the density break starts
to form (thermalize) at tage = tbreak (tage = ttherm.).
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FIG. 4. Time evolution of an rSIDM halo in the P2 benchmark. The halo mass is 8 ⇥ 109 M� with median concentration.
(Left) - A snapshot of the halo profile at t ⇠ tbreak. A density break starts to appear around rbreak. (Middle) - Halo profile
for tbreak . t . ttherm.. During this period, the density break manifests itself by increasing its slope; in the plot, ↵break ' �1.6.
(Right) - Halo profile for t > ttherm.. The density break has disappeared due to the thermalization of the core.

on the assumed halo age, and the right panel shows the
corresponding range in radius where the density break
can be manifested. The low-end of the halo-mass range,
which is determined by tbreak = tage (light blue curve),
are identical among the p-wave benchmarks since they
exhibit the same resonant self-scattering. The high-end
of the range is larger for smaller �0/m since ttherm

(blue curves) is longer for smaller �0/m. We confirm
that the range indeed increases as we consider smaller
�0/m, as shown as the plot markers in Fig. 3. However,
our estimation tends to overpredict the high-end of
the halo-mass range as we consider smaller o↵set cross
section. This is because smaller values of �0/m result in
density breaks with larger |↵break| where the global halo
profiles deviate more from the NFW profile, as will be
discussed in the next subsection.

Thermalization dynamics. For halos whose maxi-
mal DM scattering velocity is larger than 0.5 vR . hvreli,
a density break forms and eventually thermalizes. The
time evolution of such halos is described in Fig. 4. The
mass of the presented halo is 8 ⇥ 109 M� with which the
density break starts to thermalize around tage = 10 Gyr,
according to Fig. 3. The left panel is the time when the
density break starts to form, i.e., t ⇠ tbreak. As the halo
evolves further, the density break manifests itself by in-
creasing its logarithmic slope |↵break|. The density break
is located within the region r1,in . r . r1,med where
we expect the heat conduction is not e�cient enough to
thermalize the region (see the middle panel of Fig. 4).
The density break connects two regions of distinct DM
densities, i.e., r . r1,in and r1,med . r . r1,out. The DM

Development and thermalization of density break
- propagates inwards, while expanding 
the outer isothermal region

- reaches the inner isothermal region 
and is thermalized to disappear
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FIG. 5. (Left) - Evolution of the density break for the P2 (�0/m = 0.01 cm2/g) benchmark in various halo masses. The
colored bars enclosed by red curve represent the position of the density break at a given time; the color scheme shows the
evolution of the logarithmic slope of the density break. For the halo of mass 2 ⇥ 1010 M�, the density break thermalizes
by propagating towards the origin completely; the density break becomes steeper as it propagates. For the halo masses of
6.3⇥ 109 M� and 1010 M�, the density break thermalizes by relaxing the slope at a finite radius. The colored region enclosed
by black curves represents the radii where the heat conduction is ine�cient, i.e., t < tcond.. (Right) - Same as the left panel
but in the P1 (�0/m = 0.1 cm2/g), P2 (�0/m = 0.01 cm2/g), and P3 (�0/m = 0.001 cm2/g) benchmarks for a given halo mass,
M200 = 6.3⇥ 109 M�.

density of the former region is determined by �0/m, and
that of the latter region is determined by the resonant
self-scattering.

Since the region r1,in . r . r1,med shrinks with time,
we can expect the slope of the density profile to increase
until t . O(ttherm). Note that larger |↵break| renders
larger heat conduction rate around the density break.
Such an enhanced heat conduction rate is much larger
than one can expect in the initial NFW profile. There-
fore, for halo profiles with large |↵break| � 1, ttherm loses
its significance as an approximate thermalization time of
the density break; this is why the estimated high-end
of the halo-mass range dramatically fails to predict the
actual value from simulations, as we have discussed in
Fig. 3. Nevertheless, the density break thermalizes to
disappear by the time t = O(ttherm). As shown in the
right panel of Fig. 4, heat conduction is expected to be
e�cient for r . r1,out and thus a core with uniform DM
density and velocity dispersion is expected to form. The
thermalization happens through the propagation of the
density break towards the halo center. At the propa-
gation front, the DM fluid is heated to expand in vol-
ume which leaves behind a low-density core as in the
right panel of Fig. 4. We remark that the propagation of
the density break induces an abrupt change in the cen-
tral gravitational potential, a↵ecting the orbits of stars
around the thermalization time, as will be discussed in
the next section.

Our simulation shows that among the p-wave bench-
marks, the density break tends to evolve up to larger
values of |↵break| and complete its propagation all the
way down to the origin for smaller values of �0/m. This
is demonstrated in the right panel of Fig. 5 which shows

the evolution of the position and the slope (↵break) of the
density break for a given halo mass; since P3 (dotted)
benchmark has the smallest o↵set cross section, |↵break|

evolves up to larger values compared to P1 (solid) and
P2 (dashed). At the same time, the density break prop-
agates relatively further towards the center for smaller
values of �0/m. The evolution of the density break also
depends on the halo mass; see the left panel of Fig. 5.
For a fixed �0/m, the density break evolves up to larger
|↵break| and propagates to smaller values of r/rs in larger
halos. Both the o↵set cross section and halo mass con-
trols the initial distinction between (the DM densities of)
the two regions r . r1,in and r1,med . r . r1,out, i.e., the
ratio of r1,in to r1,med = r1,out at t = tbreak. Smaller
�0/m and larger halo mass render larger values of the
ratio, as demonstrated in Fig. 5.

IV. RESONANT SIDM IN ASTROPHYSICAL
OBSERVATIONS

In this section, we demonstrate how rSIDM halos look
in astrophysical observations, e.g., rotation curves and
LOSVD profiles. The smoking-gun signature of rSIDM is
the density-profile break, which is expected to be present
for halos in the specific mass range (see the left panel of
Fig. 3). For a concrete demonstration, we focus on a halo
of the mass ⇠ 7⇥109 M� with median concentration; ac-
cording to our results, such a halo would exhibit a density
break at present in the P2 and P3 benchmarks while the
density break is already thermalized for the P1 bench-
mark. We evolve the initial NFW halo for tage = 10Gyr
in each benchmark. In order to infer the density break,

- during propagation, slope of density 
break gets sharper

Evolution of resonant SIDM halos

M200 = 2 × 1010 M⊙

- position of steepest slope  
defines that of density break
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for larger separation between        
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FIG. 5. (Left) - Evolution of the density break for the P2 (�0/m = 0.01 cm2/g) benchmark in various halo masses. The
colored bars enclosed by red curve represent the position of the density break at a given time; the color scheme shows the
evolution of the logarithmic slope of the density break. For the halo of mass 2 ⇥ 1010 M�, the density break thermalizes
by propagating towards the origin completely; the density break becomes steeper as it propagates. For the halo masses of
6.3⇥ 109 M� and 1010 M�, the density break thermalizes by relaxing the slope at a finite radius. The colored region enclosed
by black curves represents the radii where the heat conduction is ine�cient, i.e., t < tcond.. (Right) - Same as the left panel
but in the P1 (�0/m = 0.1 cm2/g), P2 (�0/m = 0.01 cm2/g), and P3 (�0/m = 0.001 cm2/g) benchmarks for a given halo mass,
M200 = 6.3⇥ 109 M�.

density of the former region is determined by �0/m, and
that of the latter region is determined by the resonant
self-scattering.

Since the region r1,in . r . r1,med shrinks with time,
we can expect the slope of the density profile to increase
until t . O(ttherm). Note that larger |↵break| renders
larger heat conduction rate around the density break.
Such an enhanced heat conduction rate is much larger
than one can expect in the initial NFW profile. There-
fore, for halo profiles with large |↵break| � 1, ttherm loses
its significance as an approximate thermalization time of
the density break; this is why the estimated high-end
of the halo-mass range dramatically fails to predict the
actual value from simulations, as we have discussed in
Fig. 3. Nevertheless, the density break thermalizes to
disappear by the time t = O(ttherm). As shown in the
right panel of Fig. 4, heat conduction is expected to be
e�cient for r . r1,out and thus a core with uniform DM
density and velocity dispersion is expected to form. The
thermalization happens through the propagation of the
density break towards the halo center. At the propa-
gation front, the DM fluid is heated to expand in vol-
ume which leaves behind a low-density core as in the
right panel of Fig. 4. We remark that the propagation of
the density break induces an abrupt change in the cen-
tral gravitational potential, a↵ecting the orbits of stars
around the thermalization time, as will be discussed in
the next section.

Our simulation shows that among the p-wave bench-
marks, the density break tends to evolve up to larger
values of |↵break| and complete its propagation all the
way down to the origin for smaller values of �0/m. This
is demonstrated in the right panel of Fig. 5 which shows

the evolution of the position and the slope (↵break) of the
density break for a given halo mass; since P3 (dotted)
benchmark has the smallest o↵set cross section, |↵break|

evolves up to larger values compared to P1 (solid) and
P2 (dashed). At the same time, the density break prop-
agates relatively further towards the center for smaller
values of �0/m. The evolution of the density break also
depends on the halo mass; see the left panel of Fig. 5.
For a fixed �0/m, the density break evolves up to larger
|↵break| and propagates to smaller values of r/rs in larger
halos. Both the o↵set cross section and halo mass con-
trols the initial distinction between (the DM densities of)
the two regions r . r1,in and r1,med . r . r1,out, i.e., the
ratio of r1,in to r1,med = r1,out at t = tbreak. Smaller
�0/m and larger halo mass render larger values of the
ratio, as demonstrated in Fig. 5.

IV. RESONANT SIDM IN ASTROPHYSICAL
OBSERVATIONS

In this section, we demonstrate how rSIDM halos look
in astrophysical observations, e.g., rotation curves and
LOSVD profiles. The smoking-gun signature of rSIDM is
the density-profile break, which is expected to be present
for halos in the specific mass range (see the left panel of
Fig. 3). For a concrete demonstration, we focus on a halo
of the mass ⇠ 7⇥109 M� with median concentration; ac-
cording to our results, such a halo would exhibit a density
break at present in the P2 and P3 benchmarks while the
density break is already thermalized for the P1 bench-
mark. We evolve the initial NFW halo for tage = 10Gyr
in each benchmark. In order to infer the density break,
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FIG. 5. (Left) - Evolution of the density break for the P2 (�0/m = 0.01 cm2/g) benchmark in various halo masses. The
colored bars enclosed by red curve represent the position of the density break at a given time; the color scheme shows the
evolution of the logarithmic slope of the density break. For the halo of mass 2 ⇥ 1010 M�, the density break thermalizes
by propagating towards the origin completely; the density break becomes steeper as it propagates. For the halo masses of
6.3⇥ 109 M� and 1010 M�, the density break thermalizes by relaxing the slope at a finite radius. The colored region enclosed
by black curves represents the radii where the heat conduction is ine�cient, i.e., t < tcond.. (Right) - Same as the left panel
but in the P1 (�0/m = 0.1 cm2/g), P2 (�0/m = 0.01 cm2/g), and P3 (�0/m = 0.001 cm2/g) benchmarks for a given halo mass,
M200 = 6.3⇥ 109 M�.

density of the former region is determined by �0/m, and
that of the latter region is determined by the resonant
self-scattering.

Since the region r1,in . r . r1,med shrinks with time,
we can expect the slope of the density profile to increase
until t . O(ttherm). Note that larger |↵break| renders
larger heat conduction rate around the density break.
Such an enhanced heat conduction rate is much larger
than one can expect in the initial NFW profile. There-
fore, for halo profiles with large |↵break| � 1, ttherm loses
its significance as an approximate thermalization time of
the density break; this is why the estimated high-end
of the halo-mass range dramatically fails to predict the
actual value from simulations, as we have discussed in
Fig. 3. Nevertheless, the density break thermalizes to
disappear by the time t = O(ttherm). As shown in the
right panel of Fig. 4, heat conduction is expected to be
e�cient for r . r1,out and thus a core with uniform DM
density and velocity dispersion is expected to form. The
thermalization happens through the propagation of the
density break towards the halo center. At the propa-
gation front, the DM fluid is heated to expand in vol-
ume which leaves behind a low-density core as in the
right panel of Fig. 4. We remark that the propagation of
the density break induces an abrupt change in the cen-
tral gravitational potential, a↵ecting the orbits of stars
around the thermalization time, as will be discussed in
the next section.

Our simulation shows that among the p-wave bench-
marks, the density break tends to evolve up to larger
values of |↵break| and complete its propagation all the
way down to the origin for smaller values of �0/m. This
is demonstrated in the right panel of Fig. 5 which shows

the evolution of the position and the slope (↵break) of the
density break for a given halo mass; since P3 (dotted)
benchmark has the smallest o↵set cross section, |↵break|

evolves up to larger values compared to P1 (solid) and
P2 (dashed). At the same time, the density break prop-
agates relatively further towards the center for smaller
values of �0/m. The evolution of the density break also
depends on the halo mass; see the left panel of Fig. 5.
For a fixed �0/m, the density break evolves up to larger
|↵break| and propagates to smaller values of r/rs in larger
halos. Both the o↵set cross section and halo mass con-
trols the initial distinction between (the DM densities of)
the two regions r . r1,in and r1,med . r . r1,out, i.e., the
ratio of r1,in to r1,med = r1,out at t = tbreak. Smaller
�0/m and larger halo mass render larger values of the
ratio, as demonstrated in Fig. 5.

IV. RESONANT SIDM IN ASTROPHYSICAL
OBSERVATIONS

In this section, we demonstrate how rSIDM halos look
in astrophysical observations, e.g., rotation curves and
LOSVD profiles. The smoking-gun signature of rSIDM is
the density-profile break, which is expected to be present
for halos in the specific mass range (see the left panel of
Fig. 3). For a concrete demonstration, we focus on a halo
of the mass ⇠ 7⇥109 M� with median concentration; ac-
cording to our results, such a halo would exhibit a density
break at present in the P2 and P3 benchmarks while the
density break is already thermalized for the P1 bench-
mark. We evolve the initial NFW halo for tage = 10Gyr
in each benchmark. In order to infer the density break,

r1,in
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- earlier formation (smaller        )

- smaller offset cross section (P3)

- smaller        r1,in t = tbreak
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- larger halos
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FIG. 2. Structure of rSIDM halos for the P2 benchmark at tage = 10Gyr. Blue (orange) curve represents the density
(hvreli) profile; solid curves represent the rSIDM halos and dotted curves are the corresponding cSIDM profiles with identical
inner-most density. Gray curves are the initial NFW profiles. Green curves are the heat conduction timescale profiles (see
Section III for the definition); solid (dashed) corresponds to net heating (cooling). (a) - A halo with DM scattering velocities
much smaller than the resonant velocity, vR = 108 km/s. The halo structure is the same as that in the cSIDM (dotted)
with �/m = �0/m = 0.03 cm2/g. (b) - A halo that exhibits a density break at present due to resonant self-scattering of
DM; tbreak ' 5.7Gyr and ttherm. ' 17Gyr (see Section III for the definition of the timescales). The cSIDM profile is for
�/m = 0.035 cm2/g (c) - A halo with complete thermalization of the density break at present, i.e., ttherm. ⌧ tage. The rSIDM
profile is identical to the cSIDM profile with �/m = 0.47 cm2/g.

The LMFP regime is the opposite limit, i.e., � � H,
where the length separation between two successive scat-
terings is now determined by the system size H; in this
work, as we focus on the core expansion phase of rSIDM
halos with �/m . O(1) cm2

/g, the halo evolutions re-
side in the LMFP regime. Thermal conductivity in this
regime cannot be determined from first principles but
can be estimated through a naive dimensional analysis:
 ⇠ (3C/2)(⇢H

2
/mtself). The dimensionless constant C

is calibrated by comparing with the halo evolution in N -
body simulations; as we focus on the halo evolution in
the core expansion phase, we adopt C ' 0.75 following
[55, 57]. The dimensional analysis for the thermal con-
ductivity shows that LMFP / �, but it has not been clar-
ified which distribution-averaged cross section, i.e., Kp,
is most suitable to describe heat conduction in the LMFP
regime; possible choices may be / h�v

3
reli, acknowledging

the fact that the heat conduction rate is proportional to
the energy transfer rate [59], or / h�v

5
reli by further tak-

ing into account the additional velocities appearing in the
lengthscale-squared H

2 [60]. In this work, we simply as-
sume that LMFP / K1 to better manifest the connection
between our analyses and the cross section that is directly
read o↵ by comparing the isothermal Jeans modeling and
astrophysical observations (see, e.g., [26, 32, 47, 49, 51]):

LMFP =
3C

2(⇡)3/2

⇢⌫
3
�0

Gm2
K1(⌫) . (7)

We interpolate the thermal conductivities in the two
regimes as 

�1 = 
�1
SMFP + 

�1
LMFP. Possible changes

for choosing di↵erent values of p are elaborated in Ap-
pendix B.

We assume the initial halo density profile to be the
Navarro-Frenk-White (NFW) profile [6, 7], ⇢NFW =
⇢s/[r/rs(1+r/rs)2] where rs (⇢s) is the NFW scale radius
(density). Unless noted, we take the scale parameters de-
termined by the halo virial mass (M200) using the median
mass-concentration relation (at present) in cosmological
CDM N -body simulations [61]:

⇢s ' 0.011 M�/pc3

✓
1010 M�

M200

◆0.24

,

rs ' 3.43 kpc

✓
M200

1010 M�

◆0.44

.

(8)

III. GRAVOTHERMAL EVOLUTION OF
RESONANT SIDM HALOS

In this section, we study the structural evolution
of isolated rSIDM halos by numerically solving the
gravothermal equations [Eq. (4)]. We take mainly
the P2 benchmark (and occasionally the P1 and P3
benchmarks) and scope the evolutions of halos of various
masses. For each benchmark, we delineate the halo mass
range where the imprint of resonant DM self-interaction

17

Halo dependence
- no resonant scattering in too small halos (a)
- density break develops at present in a certain mass range (b)

- density break developed and is already thermalized in larger halos (c) 

Resonant SIDM halos at present

- P2 benchmark
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FIG. 2. Structure of rSIDM halos for the P2 benchmark at tage = 10Gyr. Blue (orange) curve represents the density
(hvreli) profile; solid curves represent the rSIDM halos and dotted curves are the corresponding cSIDM profiles with identical
inner-most density. Gray curves are the initial NFW profiles. Green curves are the heat conduction timescale profiles (see
Section III for the definition); solid (dashed) corresponds to net heating (cooling). (a) - A halo with DM scattering velocities
much smaller than the resonant velocity, vR = 108 km/s. The halo structure is the same as that in the cSIDM (dotted)
with �/m = �0/m = 0.03 cm2/g. (b) - A halo that exhibits a density break at present due to resonant self-scattering of
DM; tbreak ' 5.7Gyr and ttherm. ' 17Gyr (see Section III for the definition of the timescales). The cSIDM profile is for
�/m = 0.035 cm2/g (c) - A halo with complete thermalization of the density break at present, i.e., ttherm. ⌧ tage. The rSIDM
profile is identical to the cSIDM profile with �/m = 0.47 cm2/g.

The LMFP regime is the opposite limit, i.e., � � H,
where the length separation between two successive scat-
terings is now determined by the system size H; in this
work, as we focus on the core expansion phase of rSIDM
halos with �/m . O(1) cm2

/g, the halo evolutions re-
side in the LMFP regime. Thermal conductivity in this
regime cannot be determined from first principles but
can be estimated through a naive dimensional analysis:
 ⇠ (3C/2)(⇢H

2
/mtself). The dimensionless constant C

is calibrated by comparing with the halo evolution in N -
body simulations; as we focus on the halo evolution in
the core expansion phase, we adopt C ' 0.75 following
[55, 57]. The dimensional analysis for the thermal con-
ductivity shows that LMFP / �, but it has not been clar-
ified which distribution-averaged cross section, i.e., Kp,
is most suitable to describe heat conduction in the LMFP
regime; possible choices may be / h�v

3
reli, acknowledging

the fact that the heat conduction rate is proportional to
the energy transfer rate [59], or / h�v

5
reli by further tak-

ing into account the additional velocities appearing in the
lengthscale-squared H

2 [60]. In this work, we simply as-
sume that LMFP / K1 to better manifest the connection
between our analyses and the cross section that is directly
read o↵ by comparing the isothermal Jeans modeling and
astrophysical observations (see, e.g., [26, 32, 47, 49, 51]):

LMFP =
3C

2(⇡)3/2

⇢⌫
3
�0

Gm2
K1(⌫) . (7)

We interpolate the thermal conductivities in the two
regimes as 

�1 = 
�1
SMFP + 

�1
LMFP. Possible changes

for choosing di↵erent values of p are elaborated in Ap-
pendix B.

We assume the initial halo density profile to be the
Navarro-Frenk-White (NFW) profile [6, 7], ⇢NFW =
⇢s/[r/rs(1+r/rs)2] where rs (⇢s) is the NFW scale radius
(density). Unless noted, we take the scale parameters de-
termined by the halo virial mass (M200) using the median
mass-concentration relation (at present) in cosmological
CDM N -body simulations [61]:

⇢s ' 0.011 M�/pc3

✓
1010 M�

M200

◆0.24

,

rs ' 3.43 kpc

✓
M200

1010 M�

◆0.44

.

(8)

III. GRAVOTHERMAL EVOLUTION OF
RESONANT SIDM HALOS

In this section, we study the structural evolution
of isolated rSIDM halos by numerically solving the
gravothermal equations [Eq. (4)]. We take mainly
the P2 benchmark (and occasionally the P1 and P3
benchmarks) and scope the evolutions of halos of various
masses. For each benchmark, we delineate the halo mass
range where the imprint of resonant DM self-interaction
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Resonant SIDM halos at present
Similarity to constant SIDM halos

- one can find an identical constant SIDM halo 
except for a certain mass range (b)

σ/m = 0.03 cm2/g σ/m = 0.47 cm2/g

- systematic mapping?

σ/m = 0.035 cm2/g
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Contents
Resonant self-interacting dark matter (SIDM)

- sharp velocity dependence of self-scattering cross section

- are resonant SIDM halos similar to constant SIDM halos?

Evolution of resonant SIDM halos
- isothermal region does not evolve monotonically 
from inside to outside unlike constant SIDM

Possible imprints on observations

- density break in a certain mass range of halos

- change in stellar orbits by density break in the past

- formation, development and thermalization of density break
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Density breaks at present
Rotation curve
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FIG. 6. (Top) (Left) - Density profiles of a halo of mass 7 ⇥ 109 M� at tage = 10Gyr in the rSIDM benchmarks (blue); P1
(solid, �0/m = 0.1 cm2/g), P2 (dashed, �0/m = 0.03 cm2/g), and P3 (dotted, �0/m = 0.001 cm2/g). A cSIDM profile (green)
that exhibits the same central density with the P1 benchmark is presented for comparison; the corresponding constant SIDM
cross section is 0.33 cm2/g. (Right) - Rotation curve of the halo in the top-left panel. The black curves corresponds to the
NFW profile and the blue curves corresponds to the predictions in the p-wave benchmarks. The maximal circular velocity is
Vmax ' 36 km/s. The gray data points represents the observed rotation curve of the WLM galaxy, which has a similar Vmax [5];
we display the data up to r = 2.5 kpc. The white circles are the inferred contribution of DM to the rotation curve; the error
bars are expected to be similar to that of the gray data points. (Bottom) (Left) - Line-of-sight velocity dispersion (LOSVD)
profile of a Draco-like galaxy; halo mass and concentration is the same as the top-left panel. The assumed stellar kinematic
parameters are the best-fit values assuming the NFW profile; (�0,�1, r� , ⌘, r1/2) = (�0.105,�60.7, 850 pc, 4.65, 214 pc) [63].
The gray curve corresponds to the NFW profile, and the blue curves are the prediction of the p-wave benchmarks. The black
data points are the observed LOSVD of Draco [64]; the observed LOSVD is presented as a reference, and we do not attempt to fit
the data points in rSIDM. (Right) - Same as the bottom-left panel but for a Segue1-like galaxy. The assumed stellar kinematic
parameters are the best-fit values assuming the NFW profile; (�0,�1, r� , ⌘, r1/2) = (�68.0,�0.894, 4.42 pc, 10, 23.5 pc) [63].
The black data points are the observed LOSVD of Segue1 [64].

the density profile breaks are thermalized. The thermal-
ization leaves behind a uniform-density core that is vir-
tually indistinguishable from that in cSIDM. While the
explicit smoking-gun signature for rSIDM is absent for
these halos, we point out that the orbital radii of stel-
lar tracers that have formed around the thermalization
period could serve as indirect evidence for rSIDM. Dur-
ing the thermalization, there is a rapid outflow of DM
near the density break that lowers the central mass den-
sity. The sudden shallowing of the gravitational potential
during the thermalization unbinds the stars and increases
their orbital radii. This renders two distinct classes of or-
bits among the stars that have a similar age. Stars that
formed just before the thermalization experienced a rapid
increase in orbital radii upon the propagation of the den-
sity break. Stars that formed just after the propagation
experienced the increase that is more marginal and grad-
ual. The existence of two di↵erent classes of stellar orbits
is a feature that is distinct between rSIDM and cSIDM

since the mass outflow in cSIDM is much more gradual.

To demonstrate the emergence of the two orbital
classes from the thermalization dynamics of rSIDM ha-
los, we follow the evolution of mean orbital radius hrorbiti

of stars that have formed just before and after the pas-
sage of the density break. We focus on a halo mass of
⇠ 3.2 ⇥ 1010 M� with median concentration. For such a
halo, the thermalization completes around t ⇠ 1 Gyr (see
the left panel of Fig. 3). We follow the evolution of hrorbiti

of stars that have formed at t = 0.6 Gyr and 1Gyr. We
assume the stars to be initially in a circular orbit with
an identical orbital radius; this defines the initial energy
and angular momentum of stars. At a given time t, we
define the mean orbital radius by a probability weight
proportional to the time spent on a line element along

WLM

- P3 benchmark halo has a circular velocity profile transiting from 
constant SIDM to NFW around 0.1 kpc

- P1 benchmark halo is identical to constant SIDM halo σ/m = 0.33 cm2/g

M200 = 7 × 109 M⊙

- may be a distinctive signature if observed by any chance



21

Density breaks at present
LOSVD profile of MW satellites
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FIG. 6. (Top) (Left) - Density profiles of a halo of mass 7 ⇥ 109 M� at tage = 10Gyr in the rSIDM benchmarks (blue); P1
(solid, �0/m = 0.1 cm2/g), P2 (dashed, �0/m = 0.03 cm2/g), and P3 (dotted, �0/m = 0.001 cm2/g). A cSIDM profile (green)
that exhibits the same central density with the P1 benchmark is presented for comparison; the corresponding constant SIDM
cross section is 0.33 cm2/g. (Right) - Rotation curve of the halo in the top-left panel. The black curves corresponds to the
NFW profile and the blue curves corresponds to the predictions in the p-wave benchmarks. The maximal circular velocity is
Vmax ' 36 km/s. The gray data points represents the observed rotation curve of the WLM galaxy, which has a similar Vmax [5];
we display the data up to r = 2.5 kpc. The white circles are the inferred contribution of DM to the rotation curve; the error
bars are expected to be similar to that of the gray data points. (Bottom) (Left) - Line-of-sight velocity dispersion (LOSVD)
profile of a Draco-like galaxy; halo mass and concentration is the same as the top-left panel. The assumed stellar kinematic
parameters are the best-fit values assuming the NFW profile; (�0,�1, r� , ⌘, r1/2) = (�0.105,�60.7, 850 pc, 4.65, 214 pc) [63].
The gray curve corresponds to the NFW profile, and the blue curves are the prediction of the p-wave benchmarks. The black
data points are the observed LOSVD of Draco [64]; the observed LOSVD is presented as a reference, and we do not attempt to fit
the data points in rSIDM. (Right) - Same as the bottom-left panel but for a Segue1-like galaxy. The assumed stellar kinematic
parameters are the best-fit values assuming the NFW profile; (�0,�1, r� , ⌘, r1/2) = (�68.0,�0.894, 4.42 pc, 10, 23.5 pc) [63].
The black data points are the observed LOSVD of Segue1 [64].

the density profile breaks are thermalized. The thermal-
ization leaves behind a uniform-density core that is vir-
tually indistinguishable from that in cSIDM. While the
explicit smoking-gun signature for rSIDM is absent for
these halos, we point out that the orbital radii of stel-
lar tracers that have formed around the thermalization
period could serve as indirect evidence for rSIDM. Dur-
ing the thermalization, there is a rapid outflow of DM
near the density break that lowers the central mass den-
sity. The sudden shallowing of the gravitational potential
during the thermalization unbinds the stars and increases
their orbital radii. This renders two distinct classes of or-
bits among the stars that have a similar age. Stars that
formed just before the thermalization experienced a rapid
increase in orbital radii upon the propagation of the den-
sity break. Stars that formed just after the propagation
experienced the increase that is more marginal and grad-
ual. The existence of two di↵erent classes of stellar orbits
is a feature that is distinct between rSIDM and cSIDM

since the mass outflow in cSIDM is much more gradual.

To demonstrate the emergence of the two orbital
classes from the thermalization dynamics of rSIDM ha-
los, we follow the evolution of mean orbital radius hrorbiti

of stars that have formed just before and after the pas-
sage of the density break. We focus on a halo mass of
⇠ 3.2 ⇥ 1010 M� with median concentration. For such a
halo, the thermalization completes around t ⇠ 1 Gyr (see
the left panel of Fig. 3). We follow the evolution of hrorbiti

of stars that have formed at t = 0.6 Gyr and 1Gyr. We
assume the stars to be initially in a circular orbit with
an identical orbital radius; this defines the initial energy
and angular momentum of stars. At a given time t, we
define the mean orbital radius by a probability weight
proportional to the time spent on a line element along
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FIG. 6. (Top) (Left) - Density profiles of a halo of mass 7 ⇥ 109 M� at tage = 10Gyr in the rSIDM benchmarks (blue); P1
(solid, �0/m = 0.1 cm2/g), P2 (dashed, �0/m = 0.03 cm2/g), and P3 (dotted, �0/m = 0.001 cm2/g). A cSIDM profile (green)
that exhibits the same central density with the P1 benchmark is presented for comparison; the corresponding constant SIDM
cross section is 0.33 cm2/g. (Right) - Rotation curve of the halo in the top-left panel. The black curves corresponds to the
NFW profile and the blue curves corresponds to the predictions in the p-wave benchmarks. The maximal circular velocity is
Vmax ' 36 km/s. The gray data points represents the observed rotation curve of the WLM galaxy, which has a similar Vmax [5];
we display the data up to r = 2.5 kpc. The white circles are the inferred contribution of DM to the rotation curve; the error
bars are expected to be similar to that of the gray data points. (Bottom) (Left) - Line-of-sight velocity dispersion (LOSVD)
profile of a Draco-like galaxy; halo mass and concentration is the same as the top-left panel. The assumed stellar kinematic
parameters are the best-fit values assuming the NFW profile; (�0,�1, r� , ⌘, r1/2) = (�0.105,�60.7, 850 pc, 4.65, 214 pc) [63].
The gray curve corresponds to the NFW profile, and the blue curves are the prediction of the p-wave benchmarks. The black
data points are the observed LOSVD of Draco [64]; the observed LOSVD is presented as a reference, and we do not attempt to fit
the data points in rSIDM. (Right) - Same as the bottom-left panel but for a Segue1-like galaxy. The assumed stellar kinematic
parameters are the best-fit values assuming the NFW profile; (�0,�1, r� , ⌘, r1/2) = (�68.0,�0.894, 4.42 pc, 10, 23.5 pc) [63].
The black data points are the observed LOSVD of Segue1 [64].

the density profile breaks are thermalized. The thermal-
ization leaves behind a uniform-density core that is vir-
tually indistinguishable from that in cSIDM. While the
explicit smoking-gun signature for rSIDM is absent for
these halos, we point out that the orbital radii of stel-
lar tracers that have formed around the thermalization
period could serve as indirect evidence for rSIDM. Dur-
ing the thermalization, there is a rapid outflow of DM
near the density break that lowers the central mass den-
sity. The sudden shallowing of the gravitational potential
during the thermalization unbinds the stars and increases
their orbital radii. This renders two distinct classes of or-
bits among the stars that have a similar age. Stars that
formed just before the thermalization experienced a rapid
increase in orbital radii upon the propagation of the den-
sity break. Stars that formed just after the propagation
experienced the increase that is more marginal and grad-
ual. The existence of two di↵erent classes of stellar orbits
is a feature that is distinct between rSIDM and cSIDM

since the mass outflow in cSIDM is much more gradual.

To demonstrate the emergence of the two orbital
classes from the thermalization dynamics of rSIDM ha-
los, we follow the evolution of mean orbital radius hrorbiti

of stars that have formed just before and after the pas-
sage of the density break. We focus on a halo mass of
⇠ 3.2 ⇥ 1010 M� with median concentration. For such a
halo, the thermalization completes around t ⇠ 1 Gyr (see
the left panel of Fig. 3). We follow the evolution of hrorbiti

of stars that have formed at t = 0.6 Gyr and 1Gyr. We
assume the stars to be initially in a circular orbit with
an identical orbital radius; this defines the initial energy
and angular momentum of stars. At a given time t, we
define the mean orbital radius by a probability weight
proportional to the time spent on a line element along

- stellar kinematic parameters are fixed to 
best fit values for NFW profile

- P3 benchmark halo shows a transition from 
constant SIDM to NFW around 0.1 kpc

- may fit the data better than constant SIDM

Hayashi et al., PRD, 2021
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Density breaks in the past
Change in mean stellar orbits

11

FIG. 7. (Top) (Left) - Time evolution of an rSIDM halo (3.2⇥ 1010 M�) in the P2 benchmark (blue). The time evolution of
a cSIDM halo is shown for comparison (red); the cSIDM cross section is chosen so that the cSIDM and the rSIDM benchmark
exhibit the same central density at present. (Right) - Time evolution of mean orbital radius of stars residing in the rSIDM
(thick solid)/cSIDM (thin solid) halos presented in the top-left panel. The formation time and initial radius of stars are marked
by filled circles. For a given initial orbital radius, the distinction between the present orbital radius of stars that have formed
just before (t = 0.6Gyr, red) and after (t = 1Gyr, blue) the thermalization emerges for the rSIDM benchmark, but not for the
cSIDM halo. (Bottom) (Left) - Same as the top-right panel but for the P1 benchmark. (Right) - Same as the top-right panel
but for the P3 benchmark.

the orbit [10]:

hrorbitit =

Z
r drp

E(t) � Ve↵(r, t)

�Z
drp

E(t) � Ve↵(r, t)
,

(12)
where E is the energy of the orbit and Ve↵ = �+j

2
/r

2 is
the 1D e↵ective potential with the specific angular mo-
mentum j and gravitational potential �. The angular
momentum is conserved throughout the evolution since
we consider spherically symmetric halo profiles. The in-
tegration range over r is determined by requiring the in-
tegrand to be real. The time integration is done by as-
suming the change occurring on timescales shorter than
the orbital period of stars is impulsive; we assume that
the change in energy of stars during such timescales is
equivalent to the change in � due to evolution of the host
halo. The orbital period is estimated as �t ⇠ 2⇡/

p
G⇢̄ '

29 Myr
p

(10 M�/pc3)/⇢̄ where ⇢̄(t, r) is the mean DM
density within the radius r at time t. For each time in-
terval, we estimate the mean change in energy of stars as
h�Eit = h�Ve↵it where the mean over stars is taken as
in Eq. (12); when taking the average, we use E and Ve↵

defined at time t while �Ve↵ = Ve↵(t+�t)�Ve↵(t). We
update the energy by h�Eit after every time step.

The evolution of hrorbitit for each rSIDM benchmark is
shown in the top-right and the bottom panels of Fig. 7;
we display the evolution of stars that formed just be-
fore (red) and after (blue) the thermalization. For each
benchmark, the distinction in the present hrorbitit be-
tween the two is highlighted towards a smaller initial ra-
dius, due to a more significant change in enclosed mass
upon the passage of the density break. For a given initial
radius, the distinction is larger for smaller �0/m since the
central DM density before the thermalization is larger for
smaller �0/m while the density profiles after the ther-
malization are the same for all the benchmarks. Such
distinctions are not present for cSIDM halos. We also
display the evolution hrorbitit for cSIDM halos as thin
curves in the top-right and the bottom panels of Fig. 7.
We choose a constant SIDM cross section ' 3 cm2

/g so
that the central density at present is the same as that of
the rSIDM benchmarks; see the top-left panel of Fig. 7.
Although the cSIDM has the same present density profile
as rSIDM, the two distinct classes of stellar orbits only

- energy in orbit distribution function is 
updated by the average change of 
potential at every orbital period

p(r, t; E, j) ∝
1

E(t) − V(r, t; j)

⟨ΔE⟩t = ⟨ΔV⟩t

- orbits of stars are different depending 
on which they form before or after the 
development of density break

Pontzen and Governato, MNRAS, 2012
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Summary
Resonant SIDM

- realizes sharp velocity dependence 
inferred by cores in various-size halos

- except for a certain mass range, one 
can find an identical constant SIDM halo

- should be confirmed by cosmological simulations (e.g., 
mergers, tidal stripping…)

Resonant SIDM halos
- density break forms, develops and is thermalized

- not clear how to find systematically

Possible imprints
- density break at present may be seen in rotation curves and LOSVD 
profiles
- density break in the past differentiates orbits of stars forming before 
and after density break

- should be studied further
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Thank you
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Gravothermal collapse

Another possible explanation
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- another possibility is to take as a 
large cross section as σself /m ∼ 40 cm2/g

⟨vrel⟩ ∼ 30 km/s

8 Camila A. Correa

Figure 4. Left panel: Carina’s DM density at 150 pc, ⇢150, as a function of lookback time. The coloured lines correspond to the subhalo
model initialised with a di↵erent cross section value, ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1, but the same initial virial
mass, M200, init = 2 ⇥ 109 M�. The dashed lines show the evolution of ⇢150 (and M200) in the scenario that the subhalo does not lose mass
from tidal interactions. The black symbols show the values of ⇢150 (and M200) taken from Kaplinghat et al. (2019), who assumed an
isothermal cored profile as well as NFW. Right panel: same as left panel, but showing the evolution of Carina’s virial mass, M200, as a
function of lookback time.

Figure 5. Same as Fig. 4 for the remaining subhaloes hosting the MW dSphs as indicated in each panel.

bols show the values of ⇢150 and M200 reported by Kapling-
hat et al. (2019), who assumed both an isothermal cored
(grey symbol), as well as NFW (black symbol), profile. We
derive M200 from the Vmax and Rmax estimations of Kapling-
hat et al. (2019) assuming an NFW profile for the subhalo
density.

The left panel of Fig. 4 shows that the central density
quickly drops when the core of the subhalo forms, and it
rises again as the core begins to collapse. For both cases,

with or without tidal stripping, the central density reaches
a minimum stable value, roughly independent of the cross
section. For the model that includes mass loss from tidal
stripping, the collapse time becomes shorter than the age of
the Universe (as also shown by e.g. Nishikawa et al. 2020),
and the central density reaches higher values for a higher
cross section.

The right panel shows that for the case of no tidal strip-
ping, the subhalo’s virial mass slightly increases during its
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Figure 4. Left panel: Carina’s DM density at 150 pc, ⇢150, as a function of lookback time. The coloured lines correspond to the subhalo
model initialised with a di↵erent cross section value, ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1, but the same initial virial
mass, M200, init = 2 ⇥ 109 M�. The dashed lines show the evolution of ⇢150 (and M200) in the scenario that the subhalo does not lose mass
from tidal interactions. The black symbols show the values of ⇢150 (and M200) taken from Kaplinghat et al. (2019), who assumed an
isothermal cored profile as well as NFW. Right panel: same as left panel, but showing the evolution of Carina’s virial mass, M200, as a
function of lookback time.

Figure 5. Same as Fig. 4 for the remaining subhaloes hosting the MW dSphs as indicated in each panel.

bols show the values of ⇢150 and M200 reported by Kapling-
hat et al. (2019), who assumed both an isothermal cored
(grey symbol), as well as NFW (black symbol), profile. We
derive M200 from the Vmax and Rmax estimations of Kapling-
hat et al. (2019) assuming an NFW profile for the subhalo
density.

The left panel of Fig. 4 shows that the central density
quickly drops when the core of the subhalo forms, and it
rises again as the core begins to collapse. For both cases,

with or without tidal stripping, the central density reaches
a minimum stable value, roughly independent of the cross
section. For the model that includes mass loss from tidal
stripping, the collapse time becomes shorter than the age of
the Universe (as also shown by e.g. Nishikawa et al. 2020),
and the central density reaches higher values for a higher
cross section.

The right panel shows that for the case of no tidal strip-
ping, the subhalo’s virial mass slightly increases during its

MNRAS 000, 1–?? (2015)

Correa, MNRAS, 2021

- then core shrinks 
and central density 
gets higher

- first core expands and central 
density gets lower
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Classical dwarfs

Data points

101 102 103
10-3

10-2

10-1

100

101

102

103

f
m = 20GeV

( ) (a, a/re) = (�292 fm, �22.5)
( ) (a, a/re) = (�292 fm, �152)

- mass distribution is determined by 
stellar kinematics

10 Hayashi et al.
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Figure 3. Dark matter density profiles along major axes of the galaxies derived from our Jeans analysis. The solid line in each
panel denotes the median value, and the dark and light shaded regions denote the 68 and 95 per cent confidence intervals. The
vertical dashed line in each panel corresponds to the half-light radius of each galaxy. In the panel for Draco, we mark on two
power law density profiles, ⇢DM / r�1 (cusp) and ⇢DM = const. (core) under the shaded regions.

Figure 4. Dark matter density profiles of all dSphs, with taking into account a wider parameter range of � (described in
Section 4.2). The solid lines in each panel denote the median values (thick) and the 68 per cent confidence intervals (thin)
calculated by our default parameter range (0  �  2.5), while the dashed ones are calculated by a new parameter range
(�2.5  �0  2.5, but if �0 < 0 ! � = 0). The vertical dashed lines in each panel correspond to their half-light radii.

Equation 7 is fixed at 2 for simplicity, while the dark
matter profiles in this work and Geringer-Sameth et al.

(2015) take into account these parameter as free param-
eters.

- stellar kinematics in the central region 
(of some satellites) prefer cuspy CDM 
profile

Hayashi, Chiba, and 
Ishiyama, ApJ, 2020



Self-interacting dark matter and Milky Way dwarf galaxies 7

Orbital parameters Initial Conditions

Name dGC vR vT M200, init c200, init ⇢s, init rs, init
[kpc] [km/s] [km/s] [109 M�] [107 M�/kpc3] [kpc]

UM 78 �71 136 0.60 6.87 1.84 1.30
Draco 79 �89 134 3.46 6.36 1.54 2.52
Carina 105 2 163 2.13 6.53 1.62 2.09
Sextans 89 79 229 0.67 6.99 1.83 1.34
CvnI 211 82 94 1.09 6.68 1.73 1.63s
Sculptor 85 75 184 4.74 6.28 1.49 2.82
Fornax 141 �41 132 3.54 6.38 1.53 2.54
LeoII 227 20 74 0.14 7.30 2.13 0.76
LeoI 273 167 72 3.23 6.40 1.55 2.44

Table 1. Form left to right: list of orbital parameters and initial conditions. The first column indicates the name of the dSph galaxy
that corresponds to the observational estimates for the galactocentric distance, dGC, radial and tangential velocities, vR and vT, taken
from Fritz et al. (2018). The fifth and sixth columns from the left correspond to the initial virial mass and concentration, M200, init and
c200, init, each subhalo is initialised at cosmic time 3.5 Gyr (z = 1.87) before infalling onto the MW system. The seventh and eighth columns
indicate the respective scale density and radius, ⇢s and rs, of the initial NFW density profile, ⇢init.

Figure 3. Top panels: Density (left) and velocity profile (right) as a function of radius for the subhalo hosting the galaxy Carina. In
this example the model was initialised with a cross section of �/m� = 40 cm2g�1 and a virial mass of M200 = 109.3 M�. The subhalo was
evolved for 10.2 Gyrs from an initial NFW profile with scale density and radius of 4.2⇥ 106 M�kpc�3 and 2.09 kpc, respectively. Each line
in the panels is coloured according to the lookback time, as shown in the colour bar at the top. Bottom panels: same as top panels but
for the last 7 Gyrs of evolution, when the system undergoes the gravothermal collapse phase.

mass as they orbit around the MW. The following section
describes the dependence of central density evolution on the
scattering cross section.

3.2 Central density evolution

The evolution of the central DM density of the subhalo,
along with its mass loss rate, largely depends on the scatter-
ing cross section. At fixed initial mass, a large cross section
leads to a larger rate of DM-DM collisions that produce a
shallower and lower density core. Similarly, the larger rate

of DM-DM collisions leads to less concentrated subhaloes,
making them more prone to tidal disruption and mass loss.

This dependency on the cross section can be seen in
Fig. 4, that shows the evolution of Carina’s DM density at
150 pc, ⇢150 (left panel), and virial mass, M200 (right panel).
The coloured lines in the figure correspond to the subhalo
model initialised with di↵erent values for the cross section,
ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1,
but the same initial virial mass, M200,init = 2 ⇥ 109 M�. The
dashed lines show the evolution of ⇢150 and M200 without im-
posing loss of mass from tidal interactions. The black sym-
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- one possibility is to take as a tiny 
cross section as

- another possibility is to take as a 
large cross section as

σself /m ≃ 0.01 cm2/g

σself /m ∼ 40 cm2/g

⟨vrel⟩ ∼ 30 km/s

- resonance? Chu, Garcia-Cely, and 
Murayama, PRL, 2019

⟨vrel⟩ ∼ 30 km/s

- gravothermal collapse
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Draco 79 �89 134 3.46 6.36 1.54 2.52
Carina 105 2 163 2.13 6.53 1.62 2.09
Sextans 89 79 229 0.67 6.99 1.83 1.34
CvnI 211 82 94 1.09 6.68 1.73 1.63s
Sculptor 85 75 184 4.74 6.28 1.49 2.82
Fornax 141 �41 132 3.54 6.38 1.53 2.54
LeoII 227 20 74 0.14 7.30 2.13 0.76
LeoI 273 167 72 3.23 6.40 1.55 2.44

Table 1. Form left to right: list of orbital parameters and initial conditions. The first column indicates the name of the dSph galaxy
that corresponds to the observational estimates for the galactocentric distance, dGC, radial and tangential velocities, vR and vT, taken
from Fritz et al. (2018). The fifth and sixth columns from the left correspond to the initial virial mass and concentration, M200, init and
c200, init, each subhalo is initialised at cosmic time 3.5 Gyr (z = 1.87) before infalling onto the MW system. The seventh and eighth columns
indicate the respective scale density and radius, ⇢s and rs, of the initial NFW density profile, ⇢init.

Figure 3. Top panels: Density (left) and velocity profile (right) as a function of radius for the subhalo hosting the galaxy Carina. In
this example the model was initialised with a cross section of �/m� = 40 cm2g�1 and a virial mass of M200 = 109.3 M�. The subhalo was
evolved for 10.2 Gyrs from an initial NFW profile with scale density and radius of 4.2⇥ 106 M�kpc�3 and 2.09 kpc, respectively. Each line
in the panels is coloured according to the lookback time, as shown in the colour bar at the top. Bottom panels: same as top panels but
for the last 7 Gyrs of evolution, when the system undergoes the gravothermal collapse phase.

mass as they orbit around the MW. The following section
describes the dependence of central density evolution on the
scattering cross section.

3.2 Central density evolution

The evolution of the central DM density of the subhalo,
along with its mass loss rate, largely depends on the scatter-
ing cross section. At fixed initial mass, a large cross section
leads to a larger rate of DM-DM collisions that produce a
shallower and lower density core. Similarly, the larger rate

of DM-DM collisions leads to less concentrated subhaloes,
making them more prone to tidal disruption and mass loss.

This dependency on the cross section can be seen in
Fig. 4, that shows the evolution of Carina’s DM density at
150 pc, ⇢150 (left panel), and virial mass, M200 (right panel).
The coloured lines in the figure correspond to the subhalo
model initialised with di↵erent values for the cross section,
ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1,
but the same initial virial mass, M200,init = 2 ⇥ 109 M�. The
dashed lines show the evolution of ⇢150 and M200 without im-
posing loss of mass from tidal interactions. The black sym-
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from Fritz et al. (2018). The fifth and sixth columns from the left correspond to the initial virial mass and concentration, M200, init and
c200, init, each subhalo is initialised at cosmic time 3.5 Gyr (z = 1.87) before infalling onto the MW system. The seventh and eighth columns
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Figure 3. Top panels: Density (left) and velocity profile (right) as a function of radius for the subhalo hosting the galaxy Carina. In
this example the model was initialised with a cross section of �/m� = 40 cm2g�1 and a virial mass of M200 = 109.3 M�. The subhalo was
evolved for 10.2 Gyrs from an initial NFW profile with scale density and radius of 4.2⇥ 106 M�kpc�3 and 2.09 kpc, respectively. Each line
in the panels is coloured according to the lookback time, as shown in the colour bar at the top. Bottom panels: same as top panels but
for the last 7 Gyrs of evolution, when the system undergoes the gravothermal collapse phase.

mass as they orbit around the MW. The following section
describes the dependence of central density evolution on the
scattering cross section.

3.2 Central density evolution

The evolution of the central DM density of the subhalo,
along with its mass loss rate, largely depends on the scatter-
ing cross section. At fixed initial mass, a large cross section
leads to a larger rate of DM-DM collisions that produce a
shallower and lower density core. Similarly, the larger rate

of DM-DM collisions leads to less concentrated subhaloes,
making them more prone to tidal disruption and mass loss.

This dependency on the cross section can be seen in
Fig. 4, that shows the evolution of Carina’s DM density at
150 pc, ⇢150 (left panel), and virial mass, M200 (right panel).
The coloured lines in the figure correspond to the subhalo
model initialised with di↵erent values for the cross section,
ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1,
but the same initial virial mass, M200,init = 2 ⇥ 109 M�. The
dashed lines show the evolution of ⇢150 and M200 without im-
posing loss of mass from tidal interactions. The black sym-
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Figure 3. Top panels: Density (left) and velocity profile (right) as a function of radius for the subhalo hosting the galaxy Carina. In
this example the model was initialised with a cross section of �/m� = 40 cm2g�1 and a virial mass of M200 = 109.3 M�. The subhalo was
evolved for 10.2 Gyrs from an initial NFW profile with scale density and radius of 4.2⇥ 106 M�kpc�3 and 2.09 kpc, respectively. Each line
in the panels is coloured according to the lookback time, as shown in the colour bar at the top. Bottom panels: same as top panels but
for the last 7 Gyrs of evolution, when the system undergoes the gravothermal collapse phase.

mass as they orbit around the MW. The following section
describes the dependence of central density evolution on the
scattering cross section.

3.2 Central density evolution

The evolution of the central DM density of the subhalo,
along with its mass loss rate, largely depends on the scatter-
ing cross section. At fixed initial mass, a large cross section
leads to a larger rate of DM-DM collisions that produce a
shallower and lower density core. Similarly, the larger rate

of DM-DM collisions leads to less concentrated subhaloes,
making them more prone to tidal disruption and mass loss.

This dependency on the cross section can be seen in
Fig. 4, that shows the evolution of Carina’s DM density at
150 pc, ⇢150 (left panel), and virial mass, M200 (right panel).
The coloured lines in the figure correspond to the subhalo
model initialised with di↵erent values for the cross section,
ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1,
but the same initial virial mass, M200,init = 2 ⇥ 109 M�. The
dashed lines show the evolution of ⇢150 and M200 without im-
posing loss of mass from tidal interactions. The black sym-
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- central density at present is very 
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Figure 4. Left panel: Carina’s DM density at 150 pc, ⇢150, as a function of lookback time. The coloured lines correspond to the subhalo
model initialised with a di↵erent cross section value, ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1, but the same initial virial
mass, M200, init = 2 ⇥ 109 M�. The dashed lines show the evolution of ⇢150 (and M200) in the scenario that the subhalo does not lose mass
from tidal interactions. The black symbols show the values of ⇢150 (and M200) taken from Kaplinghat et al. (2019), who assumed an
isothermal cored profile as well as NFW. Right panel: same as left panel, but showing the evolution of Carina’s virial mass, M200, as a
function of lookback time.

Figure 5. Same as Fig. 4 for the remaining subhaloes hosting the MW dSphs as indicated in each panel.

bols show the values of ⇢150 and M200 reported by Kapling-
hat et al. (2019), who assumed both an isothermal cored
(grey symbol), as well as NFW (black symbol), profile. We
derive M200 from the Vmax and Rmax estimations of Kapling-
hat et al. (2019) assuming an NFW profile for the subhalo
density.

The left panel of Fig. 4 shows that the central density
quickly drops when the core of the subhalo forms, and it
rises again as the core begins to collapse. For both cases,

with or without tidal stripping, the central density reaches
a minimum stable value, roughly independent of the cross
section. For the model that includes mass loss from tidal
stripping, the collapse time becomes shorter than the age of
the Universe (as also shown by e.g. Nishikawa et al. 2020),
and the central density reaches higher values for a higher
cross section.

The right panel shows that for the case of no tidal strip-
ping, the subhalo’s virial mass slightly increases during its
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Figure 4. Left panel: Carina’s DM density at 150 pc, ⇢150, as a function of lookback time. The coloured lines correspond to the subhalo
model initialised with a di↵erent cross section value, ranging from �/m� = 32 cm2g�1 to �/m� = 40 cm2g�1, but the same initial virial
mass, M200, init = 2 ⇥ 109 M�. The dashed lines show the evolution of ⇢150 (and M200) in the scenario that the subhalo does not lose mass
from tidal interactions. The black symbols show the values of ⇢150 (and M200) taken from Kaplinghat et al. (2019), who assumed an
isothermal cored profile as well as NFW. Right panel: same as left panel, but showing the evolution of Carina’s virial mass, M200, as a
function of lookback time.

Figure 5. Same as Fig. 4 for the remaining subhaloes hosting the MW dSphs as indicated in each panel.

bols show the values of ⇢150 and M200 reported by Kapling-
hat et al. (2019), who assumed both an isothermal cored
(grey symbol), as well as NFW (black symbol), profile. We
derive M200 from the Vmax and Rmax estimations of Kapling-
hat et al. (2019) assuming an NFW profile for the subhalo
density.

The left panel of Fig. 4 shows that the central density
quickly drops when the core of the subhalo forms, and it
rises again as the core begins to collapse. For both cases,

with or without tidal stripping, the central density reaches
a minimum stable value, roughly independent of the cross
section. For the model that includes mass loss from tidal
stripping, the collapse time becomes shorter than the age of
the Universe (as also shown by e.g. Nishikawa et al. 2020),
and the central density reaches higher values for a higher
cross section.

The right panel shows that for the case of no tidal strip-
ping, the subhalo’s virial mass slightly increases during its
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FIG. 8. (Left) - Velocity dependence of Kp(⌫) for di↵erent values of p. For p = 1, the rSIDM parameters are the same as
the P2 benchmark. For p = 3 and p = 5, the rSIDM parameters are the same as the P2 benchmark except the DM mass is
adjusted so that the maximum of Kp’s are identical to that of p = 1; m/S1/3 = 0.4GeV for p = 1, m/S1/3 = 0.43GeV for
p = 3 and m/S1/3 = 0.45GeV for p = 5. (Middle) - Radial profile of tcond. for di↵erent values of p. The presented halo mass
is the low end of the specific mass range (defined by taking p = 1 for the distribution averaging of the SIDM cross section) for
the P2 benchmark, i.e., M200 = 5.2 ⇥ 109 M�. (Right) - Same as the middle panel, but the presented halo mass is the high
end of the specific mass range for the P2 benchmark, i.e., M200 = 8.4⇥ 109 M�.

tial core densities may be rendered in reality due to, e.g.,
the astrophysical processes of baryons. In this section,
we try to scope the possible impact of initial cores on
the distinctive evolution of rSIDM halos, i.e., the forma-
tion and thermalization of the density break. We take the
cored NFW profile (CNFW) to represent the initial cores
of rSIDM halos: ⇢cnfw(r) = ⇢s rs/[(r + rc) (1 + r/rs)

2]
where rc parameterizes the initial core size. In Fig. 9, we
present the time evolution of rSIDM halos with di↵erent
values of the initial core size in the P3 benchmark; the
left panels are for the NFW profile (rc = 0), and the
middle (right) panels are for the finite initial core size
rc/rs = 10�1.5 (rc/rs = 10�1).

The formation time of the density break can be con-
veniently estimated by tbreak which is the time at which
the halo age is identical to the local minimum of the
tcond profile, as discussed in Section III of the main text.
The values of tbreak are 1.7 Gyr, 2.9 Gyr and 6.2 Gyr for
left, middle and right panels, respectively; the formation
time of the density break is smaller for smaller initial
core size. This is because initial profiles with larger cores
have smoother central profiles which render longer heat
conduction timescale. Indeed, the density break appears
later for halos with larger initial cores, as demonstrated
in the snapshots for t = 2Gyr in Fig. 9.

Contrary to the formation time of the density break,
the thermalization time of rSIDM halos does not display
a clear trend with respect to the initial core size. The val-
ues of the thermalization timescale ttherm. estimated from
the initial tcond profile are 18Gyr, 9.4 Gyr and 15 Gyr for
left, middle and right panels, respectively. The halo with
rc/rs = 10�1.5 (middle panels) has a shorter thermaliza-
tion timescale than the halo of the initial NFW profile
(left panels) since the SIDM cross section is resonantly
enhanced due to larger scattering velocities at the cen-
ter. Such tendency is reversed as we further increase

the core size; the halo with rc/rs = 10�1. (right panels)
has a longer thermalization timescale than the halo with
rc/rs = 10�1.5 (middle panels). This is because when the
initial core size becomes comparable to rbreak, i.e., the
radial position of the local minimum of the initial tcond

profile, the central profiles become smooth enough and
render longer heat conduction timescale for larger ini-
tial core size. Meanwhile, the actual thermalization time
of the density breaks is not identical to our estimated
timescales ttherm., as we have discussed in Section III
of the main text. The actual thermalization times are
9.5 Gyr, 8.7 Gyr and 10.7 Gyr for left, middle and right
panels, respectively. The trend based on the compari-
son among ttherm. coincides with the comparison of the
actual thermalization times between the left and middle
panels, and between the middle and right panels, with an
exception for the comparison between the left and right
panels. This suggests that comparison among ttherm. is
not enough to capture the trends of the variation of the
thermalization time with respect to the initial core size.
Nevertheless, our results shows that the thermalization
time has weak dependence on the initial core size.
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FIG. 3. (Left) - The halo-mass range where the density break from rSIDM may be probed at present. The light-blue (blue)
curves represent the halo-mass dependence of tbreak (ttherm.). The horizontal lines represent tage = 10Gyr, 13.8Gyr. Given a
halo age, our expected mass range is determined by the condition tbreak . tage . ttherm.. The expected high(low)-end of the
mass range is determined by the condition tage = ttherm. (tage = tbreak). The plot markers are the actual high-end of the mass
range from our simulations. While our expected mass range coincides well with the simulations for P1 (�0/m = 0.1 cm2/g)
and P2 (�0/m = 0.01 cm2/g) benchmarks (see also the left panel of Fig. 5 for the P2 benchmark), the high-end of the mass
range is overestimated in the P3 (�0/m = 0.001 cm2/g) benchmark. (Right) - The expected range in the halo radius where
the density break is located. The horizontal axis rbreak/rs (rtherm./rs) is the expected radius at which the density break starts
to form (thermalize) at tage = tbreak (tage = ttherm.).
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FIG. 4. Time evolution of an rSIDM halo in the P2 benchmark. The halo mass is 8 ⇥ 109 M� with median concentration.
(Left) - A snapshot of the halo profile at t ⇠ tbreak. A density break starts to appear around rbreak. (Middle) - Halo profile
for tbreak . t . ttherm.. During this period, the density break manifests itself by increasing its slope; in the plot, ↵break ' �1.6.
(Right) - Halo profile for t > ttherm.. The density break has disappeared due to the thermalization of the core.

on the assumed halo age, and the right panel shows the
corresponding range in radius where the density break
can be manifested. The low-end of the halo-mass range,
which is determined by tbreak = tage (light blue curve),
are identical among the p-wave benchmarks since they
exhibit the same resonant self-scattering. The high-end
of the range is larger for smaller �0/m since ttherm

(blue curves) is longer for smaller �0/m. We confirm
that the range indeed increases as we consider smaller
�0/m, as shown as the plot markers in Fig. 3. However,
our estimation tends to overpredict the high-end of
the halo-mass range as we consider smaller o↵set cross
section. This is because smaller values of �0/m result in
density breaks with larger |↵break| where the global halo
profiles deviate more from the NFW profile, as will be
discussed in the next subsection.

Thermalization dynamics. For halos whose maxi-
mal DM scattering velocity is larger than 0.5 vR . hvreli,
a density break forms and eventually thermalizes. The
time evolution of such halos is described in Fig. 4. The
mass of the presented halo is 8 ⇥ 109 M� with which the
density break starts to thermalize around tage = 10 Gyr,
according to Fig. 3. The left panel is the time when the
density break starts to form, i.e., t ⇠ tbreak. As the halo
evolves further, the density break manifests itself by in-
creasing its logarithmic slope |↵break|. The density break
is located within the region r1,in . r . r1,med where
we expect the heat conduction is not e�cient enough to
thermalize the region (see the middle panel of Fig. 4).
The density break connects two regions of distinct DM
densities, i.e., r . r1,in and r1,med . r . r1,out. The DM


