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Dark Matter (DM)
DM is gravitationally confirmed by cosmological observations, 
e.g., structure formation.

DM properties:
・27 % of the total energy of the universe

・Massive

・Stable

However, we donʼt know 
・mass
・interactions beyond gravity.

3/17

https://map.gsfc.nasa.gov/media/121238/index.html

https://www.darkenergysurvey.org/supporting-science/large-scale-structure/



Structure formation
DM plays an important role in the structure formation of the universe
and DM properties are more constrained.

・The potential of DM is required
for galaxy formation.

DM properties from structure formation
・DM is non-relativistic/semi-relativistic

(cold/warm)

Can we learn more from structure formation?

Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.
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Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M! in the WDM case, and 6.0 × 109M! in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-

c© 2011 RAS, MNRAS 000, ??–8

Cold Warm
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[M. R. Lovel, et al. (2011)]

https://www.ir.isas.jaxa.jp/~cpp/teaching/cosmology/documents/cosmology02-03.pdf



Dark acoustic oscillations (DAOs)

• Standard DM has (approximately) only gravitational interactions.

• If DM has interactions with relativistic particles,
DM fluctuations are suppressed due to their pressure.

• DM oscillations between gravity and pressure: 
Dark acoustic oscillations

We can constrain DM interactions
from the observations of the structure formation.

DM
Relativistic
particle

Gravity Pressure
(Scattering)
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DM-Neutrino scattering
• We focus on the DM-cosmic relic neutrino scattering:

• The modified Euler equations for DM and neutrino fluctuations: 

Neutrinos are mysterious particles. Neutrinos may interact with DM.
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The matter power spectrum on small-scale 
is suppressed!
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Milky-Way (MW) satellite galaxies

Milky-Way satellite galaxies, objects on small-scale structure,
would have very good information to test DM-neutrino interactions. 

Suppression of the matter power spectrum
→reducing the number of satellites

In this talk,
・We develop a subhalo model for DAOs.

・We constrain DM-neutrino scattering
using the latest data of MW satellites. 

DM halo

Milky Way

Subhalo

Satellite galaxy
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Outline

• Introduction 

• Subhalo modeling for dark acoustic oscillations

• Constraints on DM-neutrino scattering from the MW satellites

• Conclusions
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Schematic history of dark matter

・DM gravitationally collapses, forming 
halos.

・Halos merge, forming subhalos.

Time

Smooth component

Halo

Subhalo

・DM decouples with neutrinos 
in the linear region
if DM-neutrino interactions are weak.

DM evolution is non-linear
and computationally expensive.

Semi-analytical subhalo modeling is needed!
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Subhalo modeling for dark acoustic oscillations

Modeling:
・DM fluctuations are spherically smoothed:

We adopt the smooth-k filter (in the Fourier space):

・DM spherically collapses into halos with               
at

Time

Smooth component

Halo

Subhalo

Initial condition:
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Subhalo modeling for dark acoustic oscillations
Modeling:
・Distribution of halos and subhalos:

Extended Press-Schechter formalism
-Subhalo distributions at

・Tidal stripping:

Time

Smooth component

Halo

Subhalo
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Comparison with N-body simulations
• Unfortunately, there is no such simulation for 

DM-neutrino interactions.

• There is N-body simulations for DM-Dark 
Radiation (DR) interactions (called ETHOS models).

• Our model is in very good agreement 
with the N-body simulations within a factor of 1.8!

N-body sim.

Our model
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[O. Sameie, et al. (2019)]

[M. Vogelsberger, et al. (2016)]

[M. Vogelsberger, et al. (2016)]



Outline

• Introduction

• Subhalo modeling for dark acoustic oscillations

• Constraints on DM-neutrino scattering from the MW satellites

• Conclusions
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Constraints on DM-neutrino scattering
We use the latest data of 270 Milky-Way satellite galaxies
from Dark Energy Survey (DES) and PanSTARRS1 (PS1).

Imposing a satellite forming condition of                   , 
we obtain the strongest constraints 
of                                     at 95% CL 
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[DES collaboration (2020)]

Subhalo mass
at accretion

MW halo mass



Comparison with constraints from high energy neutrinos
Observations of neutrinos with                   from an active galaxy NGC 1068:

There is no simple comparison between cosmological and astrophysical constraints due to 
the different energy scales of neutrinos.
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Ex1) Dirac fermion DM, scalar mediator
・Milky-Way satellites:

・High energy neutrinos:

Ex2) Dirac fermion DM, vector mediator
・Milky-Way satellites:

・High energy neutrinos:
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Cosmological and astrophysical constraints are highly complementary!
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[J. M. Cline, M. Puel (2023)] 
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Conclusions
• We have developed a semi-analytical subhalo model for dark acoustic 

oscillations.

• Our model is in very good agreement with N-body simulation of ETHOS 
models with DM-DR interactions within a factor of 1.8.

• Using the latest data of Milky-Way satellite galaxies from DES and PS1
survey, we have obtained the most stringent constraints on DM-
neutrino scattering of                                     : 
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