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暗黒物質粒子発見への道のり
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暗黒物質密度の理解の重要性

• 直接探査の検出レート 


• 間接探査の検出レート （対消滅）、 （崩壊）


• 暗黒物質の素粒子パラメータ（質量、断面積等）を理解す
るにあたって、暗黒物質粒子の密度分布を理解することは
極めて重要である

∝ ρDM

∝ ρ2
DM ρDM



暗黒物質サブハロー

http://wwwmpa.mpa-garching.mpg.de/aquarius/



暗黒物質サブハロー
• 銀河など大きい暗黒物質ハローは、無数のサブハローを有すると考え
られている


• 実際比較的大き目のサブハローは、矮小銀河として見つかっている


• WIMP の場合最小サブハローの質量は地球サイズかそれ以下


• サブハローの存在により、暗黒物質対消滅の頻度が大きくなることが
期待される（対消滅ブースト）


• 太陽系近傍にサブハローが存在した場合、直接検出計画にも追い風と
なる



対消滅ブースト

• サブハローの寄与により、対消滅レートがファクター
10から100程度まで大きくなることが指摘されている


• しかし見積もりは極めて不定性が大きく、数値シ
ミュレーションでの検証は不可能
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Figure 1. Surface brightness profiles from dark matter annihilation for var-
ious components of the Ph-A-1 simulation of a rich galaxy cluster. Sur-
face brightness is given in units of annihilation photons per cm2 per second
per steradian for fiducial values of 100Gev for mp, the dark matter parti-
cle mass, and 3× 10−26cm3s−1 for ⟨σv⟩, the thermally averaged velocity-
weighted annihilation cross-section, assuming Nγ = 1 photons per annihila-
tion. This surface brightness scales as Nγ⟨σv⟩/m2

p. Projected radius is given
in units of kpc. The red line shows radiation from the smoothly distributed
dark matter within the main component of the cluster. The ragged blue dot-
ted lines show radiation from resolved dark matter subhaloes with masses
exceeding 5×107, 5×108, 5×109 and 5×1010 M⊙ (from top to bottom).
Extrapolating to mass limits of 10−6 and 10−12 M⊙ as discussed in the text
gives rise to the smooth blue curves. The purple dashed lines show the re-
sults of summing smooth and subhalo contributions.

rection of 1.5) as the haloes in a representative volume of the Uni-
verse. Thus, we can use analytic predictions for the abundance and
concentration of field haloes (Sheth & Tormen 2002; Neto et al.
2007) to extrapolate our simulation results to much lower sub-
halo masses. The upper blue curves in Figure 1 show the resulting
predictions for minimum subhalo masses of 10−6 and 10−12 M⊙,
respectively. The most uncertain part of this extrapolation is the
assumption that halo concentration continues to increase towards
lower masses in the same way as measured over the mass range
simulated so far. This assumption has not yet tested explicitly, and
has a very large effect on the results. For example, if all (sub)haloes
less massive than 105 M⊙ are assumed to have similar concentra-
tion, then the total predicted emission from subhaloes would be
more than two orders of magnitude below that plotted in Figure 1
for an assumed cut-off mass of 10−6 M⊙.

With our adopted concentration scaling, subhaloes dominate
the surface brightness beyond projected radii of a few kiloparsecs,
as may be seen in Fig. 1. Surface brightness is almost constant be-
tween 10 and 300kpc, dropping by a factor of two only at 460kpc.
At the virial radius of the cluster (r200 = 1936 kpc), the surface
brightness of the subhalo component is a factor of 14 below its
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Figure 2. Annihilation luminosity (in arbitrary units) from subhaloes lying
within r200 per decade in subhalo mass and per unit halo mass (M200) for
the Phoenix and Aquarius simulations. The level-1 simulations are shown
by the black (Phoenix) and red (Aquarius) lines and the medians of the nine
Phoenix and six Aquarius level-2 simulations by the thick blue and orange
lines respectively. The full scatter in each set of simulations is indicated by
the shaded areas. The dashed magenta line gives the predicted annihilation
luminosity density per decade in halo mass from the cosmic population of
dark matter haloes.

central value. Within this radius the luminosity from resolved sub-
haloes in Ph-A-1 is more than twice that from the smooth halo,
even though these subhaloes account only for 8% of the mass. Ex-
trapolating to minimum subhalo masses of 10−6 and 10−12 M⊙

the subhalo excess becomes 718 and 16089 respectively. These
boost factors substantially exceed the equivalent factors predicted
for the galaxy haloes of the Aquarius Project. This is because of
the additional high-mass subhaloes which contribute in the cluster
case (see Figure 2) together with the lower concentration of cluster
haloes relative to galaxy haloes, which reduces the emission from
the smooth component. Note, the boost factor for the Aq-A-1 ob-
tained with the extrapolation we use here is smaller by a factor of
2.4 than the value quoted in Springel et al. (2008a).

For the resolved component, there is significant variation
amongst the nine Phoenix haloes, but the median value of the total
boost factor (for a cutoff mass of 10−6M⊙) is 1125, which, for the
reasons just given, is about twelve times the median boost factor we
obtain by applying the same method to the Aquarius haloes. Com-
paring these results suggests that the ratio of subhalo to smooth
main halo luminosity within r200 (subhalo “boost factor”) varies
with halo mass approximately as

b(M200) = Lsub/Lmain = 1.6×10−3(M200/M⊙)
0.39. (1)

The total luminosity of a halo is therefore Ltot = (1 + b)Lmain,
where Lmain is the emission of the smooth halo. In addition, the
projected luminosity profile of the subhalo component can be well
approximated by

Ssub(r) =
16b(M200)Lmain

π ln(17)
1

r2
200 +16r2 . (2)

These formulae will be used to estimate dark matter annihilation lu-
minosities and surface brightness profiles for haloes with different
masses in subsequent sections.

Gao et al., Mon. Not. R. Astron. Soc. 419, 1721 (2012)

解像されたサブハ
ローからの寄与

全サブハローから
の寄与（外挿）

12 A. Moliné et al.

where in the last step we have assumed an NFW profile and
for halos, we use the parametrization for the concentration
parameter from Prada et al. (2012) using the fit obtained in
Sánchez-Conde & Prada (2014).

With this at hand, the luminosity of a subhalo of mass m
at a distance Rsub from the center of the host halo, L(m,xsub),
is defined as

L(m,xsub) = [1 +B(m,xsub)]Lsmooth(m,xsub) . (12)

where now Lsmooth(m,xsub) is the luminosity for the smooth
distribution of the given subhalo and B(m,xsub) is the boost
factor due to the next level of substructure. The luminosity
of a subhalo (sub-subhalo) is given by the same functional
form as that of a field halo, but including the dependence of
the concentration parameter on the position of the subhalo
(sub-subhalo) inside the host halo (subhalo).

In addition to the mentioned dependences, we note that
subhalos are not homogeneously distributed within the host
halo (Springel et al. 2008; Hellwing et al. 2015; Rodŕıguez-
Puebla et al. 2016). However, we have checked that the precise
spatial distribution of subhalos inside halos has only a small
impact on our results (below 10%). Therefore, for the sake
of comparison with previous works, we do not include this
dependence here and postpone its discussion to future work.
By assuming that the subhalo mass function does not change
within the halo, we can write the boost factor as

B(M) =
3

Lsmooth(M)

Z M

Mmin

dN(m)
dm

dm

Z 1

0

dxsub

[1 +B(m)] L(m,xsub)x
2
sub , (13)

where dN(m)/dm is the subhalo mass function for a halo of
mass M , dN(m)/dm = A/M (m/M)�↵. The normalization
factor is equal to A = 0.012 for a slope of the subhalo mass
function ↵ = 2 and to A = 0.03 for ↵ = 1.9 (Sánchez-Conde
& Prada 2014), and was chosen so that the mass in the re-
solved substructure amounts to about 10% of the total mass
of the halo,11 as found in recent simulations (Diemand et al.
2007b; Springel et al. 2008). Note that, as done in most of
previous works,12 we have not subtracted the subhalo mass
fraction from the smooth halo contribution, so in principle,
this leads to a slight overestimate of the smooth halo luminos-
ity, and hence, to a slight underestimate of the boost factor.
This is expected to be a small correction, though, since it ap-
plies mainly to the outer regions of the halo where the subhalos
represent a larger mass fraction and the smooth contribution
is much smaller and subdominant with respect to the contri-
bution from substructure (Palomares-Ruiz & Siegal-Gaskins
2010; Sánchez-Conde et al. 2011).

In the case of an NFW profile, as the one we are using,
the luminosity from the smooth DM distribution of a field
halo can also be expressed in terms of the maximum circular
velocity, V h

max, (Diemand et al. 2008)

Lsmooth(V
h
max) '
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11 Extrapolating the subhalo mass function down to m/M =
10�18, those normalizations correspond to ⇠ 50% (⇠ 30%) of the
total mass of the halo for ↵ = 2 (↵ = 1.9).
12 See, e.g., Pieri et al. (2011) for one of the few exceptions.
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Figure 6. Halo substructure boost to the DM annihilation signal as
a function of the host halo mass. We have used our c200(m200, xsub)
parametrization in Eq. (6) and adopted Mmin = 10�6 M�. We
present results for two values of the slope of the subhalo mass
function, ↵ = 1.9 (lower, light red lines) and ↵ = 2 (black lines).
We also show the boost obtained with the DM profile-independent
definition of cV (green line), for which we have used our fit for
cV(Vmax, xsub) in Eq. (7), and (Vmax)min = 10�3.5 km/s. Notably,
the cV result lies within the results found for c200 and the two slopes
of the subhalo mass function considered. Thin lines correspond to
results obtained assuming subhalos and sub-subhalos are not trun-
cated by tidal forces, while thick lines represent the more realistic
case, in which subhalos and sub-subhalos have been tidally-stripped
(see text). The dashed lines correspond to the results obtained in
Sánchez-Conde & Prada (2014) when assuming that both halos and
subhalos of the same mass have the same concentration values.

and, in a similar way, by including the radial dependence of
the concentration of subhalos, one can obtain the subhalo lu-
minosity function, L(Vmax, xsub).

In this case, the boost factor for a field halo with maxi-
mum circular velocity V

h
max (analogously to Eq. (13)), can be

written as

B(V h
max) =

3
Lsmooth(V h

max)

Z V h
max

(Vmax)min

dN(Vmax)
dVmax

dVmax

Z 1

0

dxsub [1 +B(Vmax)] L(Vmax, xsub)x
2
sub ,

(15)

where (Vmax)min is the value of Vmax which corresponds to
Mmin. In order to compute the luminosity in terms of V

h
max

we need the subhalo mass function in terms of Vmax, and we
use the result of Diemand et al. (2008), dN(Vmax)/dVmax =
(0.108/V h

max) (V
h
max/Vmax)

4.
The results for the boost factor defined in Eqs. (13)

and (15) are shown in Fig. 6, where we use the parametriza-
tions for c200(m200, xsub), cV(Vmax, xsub), c

h
V(V

h
max) and

c� 2016 RAS, MNRAS 000, 1–??

Moliné et al., Mon. Not. R. Astron. Soc. 466, 4974 (2017)

dN/dm ∝ m−2

dN/dm ∝ m−1.9



暗黒物質サブハローの解析モデル

Structures start to form

Smaller halos merge and accrete 
to form larger ones

Subhalos experience mass loss

初期条件 
原始パワースペクトル

Extended Press-Schechter 
定式

親ハローの潮汐力による密度
プロファイルの変化



サブハローの降着、進化
10 Yang et al.

Fig. 7.— Model predictions for the distribution of accretion redshifts for subhalos with ma/M0 = 0.1 (solid lines), 0.03 (dotted lines),
0.01 (dashed lines), 0.003 (long dashed lines) and 0.001 (dot-dashed lines) respectively. Results are shown for host halos of different masses
as indicated in the panels. These results assume a ΛCDM universe and are compared with the results obtained from the 300 h−1Mpc box
N-body simulations with the same cosmology (open circles). For comparison, results obtained from the 100 h−1Mpc box simulations are
also shown (as filled triangles) for cases where statistics are sufficiently good.

tively, where the error-bars have been obtained using 200
bootstrap resamples. The various lines show the predic-
tions based on Model III, and overall match the simu-
lation results remarkably well. Note that the accretion
rate depends strongly on the mass of the host halo. For
the same mass ratio, subhalos in more massive hosts are
accreted later, reflecting the hierarchical nature of struc-
ture formation in the ΛCDM cosmology.

4.4. Un-evolved subhalo mass functions

Finally, let us look at the un-evolved subhalo mass
functions. By integrating Eq. (3) over a given redshift
range, we can obtain the un-evolved mass function of
the subhalos accreted in that redshift range. In Fig. 8
we show the un-evolved mass functions of subhalos ac-
creted in the redshift ranges [0, 1], [1, 2], [2, 3], [3, 4]
and [4, 5], respectively. Results are shown for host ha-
los of different masses, as indicated in each panel. Here

again, symbols indicate the results from our simulation
boxes, while lines show the predictions of Model III.
Clearly, our model is in excellent agreement with the
simulation results at all redshifts and for all host masses.
Upon close inspection, it is clear that the un-evolved sub-
halo mass function for a given redshift range depends on
host halo mass, especially at high redshift: in terms of
the scaled mass, ma/M0, the subhalo mass function at
high z is significantly higher for lower-mass host halos.
Moreover, the normalization of the un-evolved subhalo
mass function at a given redshift for halos of different
masses seem to be roughly proportional to the assem-
bly history of the host halos shown in Fig. 1. To test
this, we show in Fig. 9 the un-evolved subhalo mass
functions for different host halos at the time when the
host halos have assembled a fixed fraction of their fi-
nal masses, i.e. for subhalos accreted in a given range
of log[Ma/M0] range. Results are shown for five dif-

サブハローの降着質量分布

Extended Press-Schechter定式

Yang et al., Astrophys. J. 741, 13, (2011)
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B. Numerical simulations

We have also calculated the tidal stripping of subhalos
using N -body simulations. To cover a wide range of halo
mass, we used five large cosmological N -body simula-
tions. Table I summarizes the detail of these simulations.
The ⌫2GC-S, ⌫2GC-H2 [38], and Phi-1 simulations cover
halos with large mass (⇠1011M�). The Phi-2 simulation
is for intermediate mass halos (⇠107M�). To analyze the
smallest scale (⇠10�6M�), the A N8192L800 simulation
is used. The cosmological parameters of these simula-
tions are ⌦m = 0.31, �0 = 0.69, h = 0.68, ns = 0.96,
and �8 = 0.83, which are consistent with an observa-
tion of the cosmic microwave background obtained by the
Planck satellite [2, 39] and those adopted in the other sec-
tions of the present paper. The matter power spectrum
in the A N8192L800 simulation contained the cuto↵ im-
posed by the free motion of dark matter particles with a
mass of 100 GeV [9, 26]. Further details of these simula-
tions are presented in Reference. [38] and Ishiyama et al.
(in preparation).

All simulations were conducted by a massively paral-
lel TreePM code, GreeM [40, 41].1 Halos and subha-
los were identified by ROCKSTAR phase space halo and
subhalo finder [42]. Merger trees are constructed by con-
sistent tree codes [43]. The halo and subhalo catalogs
and merger trees of the ⌫2GC-S, ⌫2GC-H2, and Phi-1
simulations are publicly available at http://hpc.imit.
chiba-u.jp/~ishiymtm/db.html.

C. Comparison

We calculate the mass-loss rate of the subhalos for vari-
ous redshift z and the host mass Mhost (defined as M200).
First, we choose the subhalo mass at accretion macc uni-
formly in a logarithmic scale between the smallest mass
10�6M� and the maximum mass 0.1M(zacc). For each
set of macc and zacc (as well as z and Mhost), we calcu-
late the mass-loss rate ṁ following the prescription given
in Sec. III A, by taking a Monte Carlo appraoch; i.e., by
drawing the concentration of the host halos, subhalo con-
centration, circularity ⌘, and radius of the circular orbit
Rc of subhalos following the distributions of each of these
parameters.

In Figure. 1, we show results of our Monte Carlo sim-
ulations. We find that for a large dynamic range of sub-
halo mass m (over 19 orders of magnitude as shown in
the insets) down to very small masses such as 10�6M�, a
single power-law function [Eq. (1)] gives a very good fit,
which confirms the physical origin of this relation, not
just being a simple phenomenological fit.

We compare the results of the Monte Carlo calcula-
tions to those of the N -body simulations as described in

1 http://hpc.imit.chiba-u.jp/~ishiymtm/greem/

FIG. 1. Mass-loss rate of subhalos as a function of orbit-
averaged subhalo mass m in units of the host mass Mhost

for Mhost = 1013M� and z = 0 (top), Mhost = 107M� and
z = 5 (middle), and Mhost = 10�2M� and z = 32 (bottom).
Cyan points show the Monte Carlo simulation results. Blue
squares with error bars show the results obtained by N -body
simulations. Thick error bars correspond to the 50% of the
simulated halos around the median, while thin ones to the
90%. We also show the results of the Monte Carlo simulations
of wider mass range in inserted panels, which also include the
fitting results with Eq. (1), as overwritten solid lines on the
Monte Carlo points.

Sec. III B, which is also shown in Figure. 1 for m/Mhost &
10�5 (m is the orbit-averaged mass of the subhalos), re-
solved in the N -body simulations. At relatively small
redshifts for both Mhost = 1013M� and 107M�, we find
very good agreement between the two prescriptions. We
also check the applicability of the analytical approach by
comparing the results with those of N -body simulations

降着後の潮汐進化のモデル化

モンテカルロ法＋シミュレーションとの比較

Hiroshima, Ando, Ishiyama, Phys. Rev. D 97, 123002 (2018)



サブハロー質量関数 
銀河団・銀河ハロー

Hiroshima, Ando, Ishiyama, Phys. Rev. D 97, 123002 (2018)
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condition of tidal disruption as follows:

dNsh

dm
=

X

i

wi�(m�m0,i)

⇥

Z
dcvir,accP (cvir,acc|macc,i, zacc,i)

⇥⇥[rt,i(z0|cvir,acc)� 0.77rs,i(z0|cvir,acc)],

(28)

where �(x) and ⇥(x) are the Dirac delta function and
Heaviside step function, respectively.

The subhalo mass function has been studied most com-
monly through N -body simulations in the literature. We
show m2dNsh/dm obtained by the numerical simulations
and by our analytical model [Eq. (28)] in Fig. 2. In
the top panel of Fig. 2, we compare the subahalo mass
function for host masses Mhost = 1.8 ⇥ 1012M� and
5.9⇥1014M� at z = 0 with the fitting functions to the re-
sults of Refs. [20] and [44], respectively. In both cases, the
simulations and analytical models show reasonable agree-
ment, while our model predicts fewer subhalos. In the
middle panel of Fig. 2, we compare the mass function at
z = 2 and z = 4 compared with results of Ref. [45], for the
host that has the mass ofMhost = 1013M� at z = 0. This
again shows very good agreement between the two ap-
proaches, where the subhalos are resolved in the numer-
ical simulations. Our model can also be applied to cases
of even smaller hosts. In the bottom panel of Fig. 2, we
compare the subhalo mass function for Mhost = 106M�
and 107M� at z = 5 with the results of the Phi-2 simu-
lations in Sec. III B. Down to the resolution limit of the
simulations that are around 500–1000M�, both the cal-
culations agree well. Hence, the subhalo mass functions
from our analytical model is well calibrated to the re-
sults of the numerical simulations at high masses, and
since it is physically motivated, the behavior at low-mass
end down to very small masses can also be regarded as
reliable.

In Fig. 3, we show the slope of the subhalo mass func-
tion

� ↵ =
d ln(dNsh/dm)

d lnm
, (29)

(i.e., dNsh/dm / m�↵) for the same models as in Fig. 2.
We find that the slope lies in a range between �2 and
�1.8 for a large range of m except for lower and higher
edges where the mass function features cuto↵s. This is
consistent with one of the findings from the numerical
simulations, again confirming validity of our analytical
model.

Fig. 4 shows the mass fraction of the host mass that is
contained in the form of the subhalos:

fsh =
1

Mhost

Z 0.1Mhost

10�6M�

dm m
dNsh

dm
. (30)

At z = 0, this fraction is smaller than ⇠10% level up
to cluster-size halos. We also find that fsh is larger for
higher redshifts, as the e↵ect of tidal mass loss is sup-
pressed compared with the case of z = 0.

FIG. 2. Mass function of subhalos and comparison with the
results of numerical simulations. Top: Comparison at z = 0.
Thick (blue) lines correspond to the case of Mhost = 1.8 ⇥
1012M� while thin (red) lines to 5.9 ⇥ 1014M�. Solid lines
show the mass function obtained in our analytical modelings
and dashed lines show those obtained by N-body simulations
in Tab.I. We also add fitting fnctions in [20] for Mhost =
1.8⇥1012M� and in [44] for 5.9⇥1014M�. Middle: Cases of
Mhost = 2.3⇥1012M� at z = 2 (solid, blue lines) and Mhost =
4.7 ⇥ 1011M� at z = 4 (thin, red lines). We compare our
results with those of Mhost = 1013M� at z = 0 in [45] evolved
back to z = 2 and z = 4, respectively. Bottom: Comparison
at z = 5. We show cases of Mhost = 106M� (solid, blue
lines) and 107M� (thin, red lines). For details of our N-
body simulations, see Sec. III B). Note that some of the lines
corresponds to our N-body simulations extends higher than
those of the host mass because we stacked halos in mass bins
when deriving mass functions.

サブハロー質量関数 
銀河ハロー ＠ z=2,4

Hiroshima, Ando, Ishiyama, Phys. Rev. D 97, 123002 (2018)
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contained in the form of the subhalos:

fsh =
1

Mhost

Z 0.1Mhost

10�6M�

dm m
dNsh

dm
. (30)

At z = 0, this fraction is smaller than ⇠10% level up
to cluster-size halos. We also find that fsh is larger for
higher redshifts, as the e↵ect of tidal mass loss is sup-
pressed compared with the case of z = 0.

FIG. 2. Mass function of subhalos and comparison with the
results of numerical simulations. Top: Comparison at z = 0.
Thick (blue) lines correspond to the case of Mhost = 1.8 ⇥
1012M� while thin (red) lines to 5.9 ⇥ 1014M�. Solid lines
show the mass function obtained in our analytical modelings
and dashed lines show those obtained by N-body simulations
in Tab.I. We also add fitting fnctions in [20] for Mhost =
1.8⇥1012M� and in [44] for 5.9⇥1014M�. Middle: Cases of
Mhost = 2.3⇥1012M� at z = 2 (solid, blue lines) and Mhost =
4.7 ⇥ 1011M� at z = 4 (thin, red lines). We compare our
results with those of Mhost = 1013M� at z = 0 in [45] evolved
back to z = 2 and z = 4, respectively. Bottom: Comparison
at z = 5. We show cases of Mhost = 106M� (solid, blue
lines) and 107M� (thin, red lines). For details of our N-
body simulations, see Sec. III B). Note that some of the lines
corresponds to our N-body simulations extends higher than
those of the host mass because we stacked halos in mass bins
when deriving mass functions.

サブハロー質量関数 
矮小銀河 ＠ z=5

Hiroshima, Ando, Ishiyama, Phys. Rev. D 97, 123002 (2018)



• サブハローによるブースト因子は銀河（銀河
団）サイズのハローで ~1 (3) 程度


• 高赤方偏移で大きくなるが、z = 1でほぼ飽和


• Laptopコンピューターでもひとつの (M, z) パ
ラメータセットにつき1分程度の時間で計算
が可能

対消滅ブースト
Hiroshima, Ando, Ishiyama, Phys. Rev. D 97, 123002 (2018)

Ando, Ishiyama, Hiroshima, Galaxies 7, 68 (2019)
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work [41,44,48]. We note that the analytic models do not rely on the subhalo mass function prepared
separately, as the models can provide them in a self-consistent manner. The resulting boost factors are,
however, found to be more modest than the previous results. This is mainly because the subhalo mass
function adopted in the literature is larger than the predictions of the analytic models. However, they
might be larger because of halo-to-halo variance. See discrepancy between predictions of the subhalo
mass function for the 1.8 ⇥ 1012

M� halo by Hiroshima et al. [50] and the result of Springel et al. [37]
shown in the top left panel of Figure 4.

Figure 5. The subhalo boost factor Bsh as a function of the host mass M200 for various values of redshift
z (top left) based on the analytic models by Hiroshima et al. [50]. The effect of subn-subhalos, up to
n = 3, is shown in the right panel in the case of z = 0. Note that the three curves except for n = 0
overlap with each other. The bottom left panel shows the ratio between the total luminosity including
the subhalo boost and the luminosity in absence of subhalos, Ltotal/Lhost,0 = 1 � f

2
sh + Bsh. The bottom

right panel shows comparison of Bsh between several models at z = 0: G12 [41], SC14 [44] and M17 [48]
are based on N-body calculations while H18 [50] is on analytic calculations. The subhalo mass function
for the N-body results is assumed to be dNsh/dm µ m

�a.

Finally, for convenience of the reader who might be interested in using the results without going
into details of the formalism, we provide fitting functions for both the subhalo mass functions and the
annihilation boost factors. They are summarized in Appendix A.

17 of 30

.10% for the hosts with Mhost � 1013
M�. The bottom left panel of Figure 5 shows the luminosity

ratio Ltotal/Lhost,0 = 1 � f
2
sh + Bsh (Equation 15) as a function of the host masses for various values

of the redshifts. The bottom right panel of Figure 5 shows comparison with the results of the other
work [41,44,48]. We note that the analytic models do not rely on the subhalo mass function prepared
separately, as the models can provide them in a self-consistent manner. The resulting boost factors are,
however, found to be more modest than the previous results. This is mainly because the subhalo mass
function adopted in the literature is larger than the predictions of the analytic models. However, they
might be larger because of halo-to-halo variance. See discrepancy between predictions of the subhalo
mass function for the 1.8 ⇥ 1012

M� halo by Hiroshima et al. [50] and the result of Springel et al. [37]
shown in the top left panel of Figure 4.

Figure 5. The subhalo boost factor Bsh as a function of the host mass M200 for various values of redshift
z (top left) based on the analytic models by Hiroshima et al. [50]. The effect of subn-subhalos, up to
n = 3, is shown in the right panel in the case of z = 0. Note that the three curves except for n = 0
overlap with each other. The bottom left panel shows the ratio between the total luminosity including
the subhalo boost and the luminosity in absence of subhalos, Ltotal/Lhost,0 = 1 � f

2
sh + Bsh. The bottom

right panel shows comparison of Bsh between several models at z = 0: G12 [41], SC14 [44] and M17 [48]
are based on N-body calculations while H18 [50] is on analytic calculations. The subhalo mass function
for the N-body results is assumed to be dNsh/dm µ m

�a.

Finally, for convenience of the reader who might be interested in using the results without going
into details of the formalism, we provide fitting functions for both the subhalo mass functions and the
annihilation boost factors. They are summarized in Appendix A.



矮小銀河における対
消滅に対する示唆



矮小銀河の “J factor”

• 矮小銀河の密度プロファイルと J ファクターの見積もりは、系に所属する星の運動を観
測することで行う


• 通常、最も有望な矮小銀河は J ~1019 GeV2/cm5 より大きい J ファクターを持つと考えら
れてきた


• しかし、超低光度 (ultrafaint) 矮小銀河にはそもそも観測できる星の数がそれほどない

Segue 1

J = ∫ dΩ∫ dℓρ2(r(ℓ, Ω))
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矮小銀河の “J factor”
12 K. Hayashi et al.

Figure 5. Comparison of J0.5 (top) and D0.5 (bottom) calculated from axisymmetric and spherical models. The red symbols denote the
results of this work. the blue, green, yellow and black ones are estimated by Geringer-Sameth et al. (2015b), Bonnivard et al. (2015b),
Ackermann et al. (2015) and Simon et al. (2015), respectively.

c� 2016 RAS, MNRAS 000, 1–17

Hayashi et al., Mon. Not. R. Astron. Soc. 461, 2914 (2016)



密度プロファイルの見積もり
• NFWプロファイルのパラメータである rs や ρs の見積もりは通常ベイズ統計に基づ
いて行われる：


• しかしデータが充分でない場合は、事後（posterior）分布は、事前（prior）分布
の選び方に大きく依存してしまう


• 通常 rs、ρs の両方について log-uniform 事前分布が用いられてきた 

• データが少ないため、頻度論的（frequentist）統計は極めて難しく、出来てもサイ
ズが大きくデータ量も豊富な古典的（classical）矮小銀河にのみ限られる (Chiappo 
et al. 2016, 2018)


• 解析的サブハローモデルにより、最も現実的な事前分布の計算が可能に

P(rs, ρs |d) ∝ P(rs, ρs)ℒ(d |rs, ρs)



Satellite prior のインパクト

• データが少ないと rs と ρs の縮退が残る

• Black: Likelihood contours
• Green: log [J/(GeV2/cm5)]

Ando, Geringer-Sameth, Hiroshima, Hoof, Trotta, Walker, arXiv:2002.11956
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• データが少ないと rs と ρs の縮退が残る

• 過去に宇宙論的な考察からあまりにも
密度の高い領域は除外されてきた 
(e.g., Geringer-Sameth et al. 2015)

• Black: Likelihood contours
• Green: log [J/(GeV2/cm5)]
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密度の高い領域は除外されてきた 
(e.g., Geringer-Sameth et al. 2015)

• Satellite prior により事前確率のより現
実的なモデル化が可能となり、同時に
パラメータ間の縮退も自然に解ける

• Black: Likelihood contours
• Green: log [J/(GeV2/cm5)]
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密度の高い領域は除外されてきた 
(e.g., Geringer-Sameth et al. 2015)

• Satellite prior により事前確率のより現
実的なモデル化が可能となり、同時に
パラメータ間の縮退も自然に解ける

• 矮小銀河のような大きなサイズのハ
ローは数が少ないため、シミュレー
ションを用いてモデル化することは極
めて困難

• Black: Likelihood contours
• Green: log [J/(GeV2/cm5)]
• Red: Prior density
• Blue: Posterior density 

Ando, Geringer-Sameth, Hiroshima, Hoof, Trotta, Walker, arXiv:2002.11956



Satellite prior のインパクト

• Satellite prior を使うことで J ファ
クターの事後分布は系統的に値の低
い方へシフトする


• その度合いは銀河形成の条件に依存

Ando, Geringer-Sameth, Hiroshima, Hoof, Trotta, Walker, arXiv:2002.11956



Satellite prior のインパクト

Ando, Geringer-Sameth, Hiroshima, Hoof, Trotta, Walker, arXiv:2002.11956



対消滅断面積への制限
• 現実的な事前確率を採用すること
で、制限がファクター2-7弱くなる 

• 銀河形成条件への依存性は比較的
小さく、ロバストな制限というこ
とができる 

• いわゆる熱的 WIMP に必要とされ
る断面積は、20-50 GeV 以下での
み棄却される


• 近い将来の CTA で得られる wino 
など重い暗黒物質候補に対しても有
用なアプローチ

Ando, Geringer-Sameth, Hiroshima, Hoof, Trotta, Walker, arXiv:2002.11956
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FIG. 4. Limits on the WIMP annihilation cross section h�vi
(bb̄ channel) for di↵erent prior choices. Top: Upper limits at
95% credibility (conditioned on the WIMP mass m�). The
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結論：公募研究への展望
• 暗黒物質の直接・間接探査に重要となるサブハローの解析的モデルを構築


• 任意の低質量側まで質量関数を予言し、対消滅ブーストのより正確な見積
もりが可能に


• 矮小銀河の密度プロファイルをより正確に見積もり、対消滅断面積への制
限が従来考えられていたものよりファクター 2-7 弱くなることを示した


• 公募研究：この解析的サブハローモデルを用いて、宇宙・地上・地下実験に
おける暗黒物質探査における理論的サポートをおこなう


• 銀河円盤の影響；太陽系近傍にサブハローが存在する確率はどの程度か？


• 天の川銀河ハローの進化史や原始パワースペクトルへの依存性



Backup



Comparison with VL-II simulations

Ando, Geringer-Sameth, Hiroshima, 
Hoof, Trotta, Walker, in preparation


