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First Part :
Quick Summary



Energy content of the Universe after WMAP

What is the dark matter?

Can it be detected?

Direct detection
Indirect detection

DM-nucleon Scattering 

DM annihilation

Cosmic Ray Signals

Collider



γ
We are here

ν

e±

Detecting dark matter signal

DM + DM→ e±, γ, p̄, ν, . . .
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depart from the calculated curve. They show an excess electron flux
up to about 650GeV, above which the spectrum drops rapidly, with a
return to the ‘general’ spectrum line at,800GeV. In particular, over
the energy range 300 to 800GeV we observe 210 electrons, whereas
GALPROP predicts only 140 events, an excess of about six standard
deviations. Using a source-on/source-off method for determining
‘significance’15, we obtain an excess of roughly four standard devia-
tions (Supplementary Information section 4).

Data recently became available from the Polar Patrol Balloon
(Antarctic) flight of the BETS detector. Although of lower statistical
precision, results from the PPB-BETS calorimeter16 also indicate a
possible structure and agree with the ATIC results (see Fig. 3), giving
added confidence to the conclusion that this feature is real.

We varied the source injection parameters in the GALPROP code
to try to reproduce the data points at 500 to 700GeV. This required a
hard injection spectrum which could not reproduce the drop in flux
above 650GeV and led to overproducing electrons above 1 TeV by a
factor of almost three (and underproducing the well-measured data
below 100GeV).

The observed electron ‘feature’ therefore indicates a nearby source
of high-energy electrons. This may be the result of an astrophysical
object, as energetic electrons have been observed in a variety of astro-
physical sites (for example in a supernova remnant17, pulsar wind
nebula5,18, micro-quasar6 or accreting intermediate-mass black hole).
To fit the electron excess, such a source would need a very steep
energy spectrum (spectral index around 21.4) with a high-energy
cut-off at about 600–700GeV, so as not to overproduce teraelectron-
volt electrons. It is possible that a micro-quasar could produce a
sharp feature in the electron spectrum6, but such an object would
need to be local (less than 1 kpc away) and active relatively recently.
Imaging atmospheric Cherenkov telescopes have observed numerous
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Figure 1 | Separation of electrons from protons in the ATIC instrument.
Candidate electron events (162,000) with energy over 50GeV are plotted as a
histogram with the horizontal axis showing the sum of the ‘weighted energy
fraction’ (F values as defined below) in the last two BGO layers and the
shower width (root mean squared, r.m.s.) in the first two layers. The shower
width is calculated as

r:m:s:h i2~
Xn

i~1

Ei Xi {Xcð Þ2=
Xn

i~1

Ei

where Xc is the coordinate of the energy centre, Xi is the coordinate of the
centre of the ith crystal and Ei is the energy deposited in the ith crystal. The F
value is calculated as Fn~ En=Sumð Þ r:m:s:h i2 where En is the energy deposit
in BGO layer n, Sum is the total energy deposit in all BGO layers and Ær.m.s.æ
refers to layer n (ref. 12). Each event is also fitted to an electromagnetic
cascade profile to estimate the starting point and the depth of the cascade
maximum. An event is accepted if the cascade starts above the first BGO
layer, which eliminates many protons (,75%) but passes most electrons
(,90%). Next a diagonal cut in r.m.s. and F is determined for each energy
bin and used to isolate the electrons. This removes most of the protons (2 in
104 remain) and retains 84% of the electrons12. The selected electrons are
shown as the dotted histogram.
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Figure 2 | ATIC-1 and ATIC-2 spectra at balloon altitude, showing good
agreement with each other. The measured primary electron flux (scaled by
E3) at flight altitude is shown for ATIC-1 (open squares) and ATIC-2 (filled
circles). The errors are one standard deviation. Both balloon flights were
from McMurdo, Antarctica, and circumnavigated that continent. ATIC-1
was a test flight in 2000–01 and the usable data correspond to an exposure of
0.61m2 sr days. ATIC-2 was a science flight in 2002–03 with an exposure of
2.47m2 sr days. To eliminate edge effects, we restrict the incident zenith
angle to be less than,37u (cos h$ 0.8), use only the central 80% of the SiM
and eliminate events in the outer crystals in each BGO layer. Within these
limits, the electron detection efficiency above 60GeV is 84% essentially
independent of energy. The effective acceptance was determined as a
function of particle energy considering the trigger efficiency, trajectory
reconstruction efficiency and the geometrical restrictions. The effective
acceptance of the instrument increases from 0.075m2 sr at 20GeV to
0.15m2 sr for E. 60GeV. Above 100GeV, a total of 1,724 electron events
were observed, with the highest energy event at 2.3 TeV. The total
background is also shown in the figure as the open triangles and is a
combination of unresolved protons, unidentified c-rays and atmospheric
secondary electrons produced in the material (,4.5 g cm22) above the
instrument. ATIC becomes background limited for electrons only above
several teraelectronvolts.
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
electron differential energy spectrummeasured byATIC (scaled by E3) at the
top of the atmosphere (red filled circles) is compared with previous
observations from the Alpha Magnetic Spectrometer AMS (green stars)31,
HEAT (open black triangles)30, BETS (open blue circles)32, PPB-BETS (blue
crosses)16 and emulsion chambers (black open diamonds)4,8,9, with
uncertainties of one standard deviation. The GALPROP code calculates a
power-law spectral index of 23.2 in the low-energy region (solid curve)14.
(The dashed curve is the solar modulated electron spectrum and shows that
modulation is unimportant above ,20GeV.) From several hundred to
,800GeV, ATIC observes an ‘enhancement’ in the electron intensity over
theGALPROP curve. Above 800GeV, theATICdata returns to the solid line.
The PPB-BETS data also seem to indicate an enhancement and, as discussed
in Supplementary Information section 3, within the uncertainties the
emulsion chamber results are not in conflict with the ATIC data.
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ATIC/PPB-BETS observations
excess in 

electron+positron flux

ATIC

BETS, PPB-BETS
HEAT

AMS

J.Chang et al. Nature (2008)



Fermi LAT collaboration, 0905.0025

Fermi observation

Inconsistent
with ATIC

results.
Still there
may be 
excess.
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Dark Matter : Decay or Annihilate

Decaying DM

Annihilating DM

DM need not be completely stable. 
τ ∼ 1026secDM lifetime with can explain PAMELA.

DM may have weak scale annihilation cross section.
〈σv〉 ∼ 10−24 − 10−23cm3s−1Cross section with

can explain PAMELA.

Flux ∝ nDM

τ
∼ 10−29cm3s−1

Flux ∝ n2
DM〈σv〉 ∼ 10−29cm3s−1



Positron fraction Total flux [GeV2m−2s−1sr−1]

χχ → µ+µ− : mχ = 1.2TeV, 〈σv〉 = 1.2× 10−23cm3s−1



Positron fraction Total flux [GeV2m−2s−1sr−1]

χχ → τ+τ− : mχ = 1.5TeV, 〈σv〉 = 3.5× 10−23cm3s−1



γ ν

e±

Relation to other signals

• Gamma-rays from Galactic center

• Diffuse extragalactic gamma-rays

• Anti-protons

• Synchrotron radiation

• Neutrinos from Galactic center

It is important to investigate
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Constraints
on DM ann

models.

Sensitively 
depends on

DM halo
profile.

ρDM(r) ∼ 1/(1 + r2)

ρDM(r) ∼ 1/r



What we have done :

• Neutrino-induced muon flux from Galactic 
center 

• Diffuse extragalactic gamma-rays from dark 
matter annihilation 

Both give useful constraints on DM models,
 rather insensitive to DM halo profile

J.Hisano, M.Kawasaki, K.Kohri and KN, arXiv:0812.0219
M.Kawasaki, K.Kohri and KN, arXiv:0904.3626

J.Hisano, KN, and M.J.S.Yang, arXiv:0905.1552
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Second part :
Neutrino Flux

J.Hisano, M.Kawasaki, K.Kohri and KN, Phys.Rev.D79,043516(2009)[0812.0219]
J.Hisano, KN, and M.J.S.Yang, Phys.Lett.B678,101(2009)[0905.1552]



Neutrino Signal from DM Annihilation
Ritz, Seckel (88),Kamionkowski (90),...

ν
µ

Interaction inside 
the Earth

detector

Search for 
up-going muonsEarth

Limits from Super-K

χχ→W+W−, bb̄, l+l−, . . .

→ e±, γ, p̄, ν, . . .

Bertone,Nezri,Orloff,Silk (04),
Yuksel,Horiuchi,Beacom,Ando(07)

from GC



Baksan Limit
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Kamiokande Limit
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Nµ =
∫

dEνµ

dFνµ

dEνµ

f(Eνµ)

Neutrino flux from DM:

Muon flux from DM

dFνµ

dEνµ

Probability of νµ → µ

f(Eνµ)

:

(a)

(b)

ν

µ

Rock

SK
detector



(a) Neutrino flux from GC

dFνµ

dEνµ

=
R!ρ2

!
8πm2

(
∑

F

〈σv〉F
dN

(νµ)
F

dEνµ

)
J∆Ω

dN
(νµ)
F

dEνµ

=
∑

i

(
Pνiνµ

dN (νi)
F

dEνi

)

Eνi=Eνµ

J∆Ω =
∫

dΩ
∆Ω

∫

l.o.s.

dl(ψ)
R!

(
ρ(l)
ρ!

)2

Neutrino spectra :

DM halo profile
dependent part :

Neutrino oscillation

2

mary neutrino flux generated by dark matter annihila-
tion/decay at the Galactic center. Applications to some
dark matter annihilation/decay models is performed in
Sec. III. Sec. IV is devoted to conclusions.

II. MUON FLUX FROM
ANNIHILATING/DECAYING DARK MATTER

In this section we develop a formalism to evaluate
the upward muon flux starting from the initial neu-
trino energy spectrum produced by dark matter anni-
hilation/decay.

A. Primary neutrino flux

We assume that DM particle, denoted by χ, with mass
m annihilates (decays) into some final state F with an-
nihilation cross section (decay rate) 〈σv〉F (ΓF ). The
primary neutrino flux from the Galactic center is given
by

dFνµ

dEνµ

=
R!ρ2

!
8πm2

(
∑

F

〈σv〉F
dN

(νµ)
F

dEνµ

)
〈J2〉Ω∆Ω, (1)

for the case of annihilation, and

dFνµ

dEνµ

=
R!ρ!
4πm

(
∑

F

ΓF
dN

(νµ)
F

dEνµ

)
〈J1〉Ω∆Ω, (2)

for the case of decay, with

dN
(νµ)
F

dEνµ

=
∑

i

(
Pνiνµ

dN (νi)
F

dE

)

E=Eνµ

, (3)

where i = e, µ, τ , and Pνiνµ denotes the probability that
the νi at the production is observed as νµ at the Earth
due to the effect of neutrino oscillation and given as
Pνeνµ = 0.22, Pνµνµ = 0.39, and Pντ νµ = 0.39. Here,
R! = 8.5 kpc and ρ! = 0.3 GeVcm−3 are the distance
of the solar system from the Galactic center and the local
dark matter density near the solar system, respectively.
F collectively denotes the primary annihilation/decay
modes (e.g., µ+µ−, etc.), and dN (νi)

F /dE represents the
νi spectrum arising from the final state F which is sim-
ulated by PYTHIA package [28]. The dependence on
the dark matter halo density profile is contained in the
remaining factor 〈Jn〉Ω, defined by

〈Jn〉Ω =
∫

dΩ
∆Ω

∫

l.o.s.

dl(ψ)
R!

(
ρ(l)
ρ!

)n

, (4)

where l(ψ) is the distance from us along the direction
ψ, which is the cone-half angle from the Galactic cen-
ter within the range 0 < ψ < ψmax, and ∆Ω(≡ 2π(1 −
cos ψmax)) is the solid angle over which the neutrino flux

〈J2〉Ω∆Ω 5◦ 10◦ 15◦ 20◦ 25◦

NFW 6.0 10 14 17 20

isothermal 1.3 4.3 8.0 11 15

〈J1〉Ω∆Ω 5◦ 10◦ 15◦ 20◦ 25◦

NFW 0.3 1.0 1.9 2.9 4.0

isothermal 0.2 0.8 1.7 2.8 4.0

TABLE I: Typical values of J-factor for NFW and isothermal
profiles for ψmax = 5◦, 10◦, 15◦, 20◦ and 25◦.

is averaged. Dark matter halo profile is characterized as
follows:

ρ(r) =
ρ0

(r/R)γ [1 + (r/R)α](β−γ)/α
, (5)

where r is the distance from Galactic center. Here
we consider two typical density profiles: Navarro-Frenk-
White (NFW) profile [29] (α = 1, β = 3, γ = 1, R =
20 kpc) and cored isothermal profile (α = 2,β = 2, γ =
0, R = 2.8 kpc). Typical values of 〈Jn〉Ω∆Ω for these
profiles are summarized in Table I. As is expected, dark
matter halo with large core [30] predicts smaller neu-
trino flux, but the dependence on the halo profile is not
so large compared with gamma-ray flux from the Galac-
tic center [14], as long as the angular resolution is larger
than ∼ 5◦. Thus following discussion does not much de-
pend on the halo profile and it is possible that neutrino
signals are detectable while the gamma-ray constraints
are satisfied.

B. Upward muon flux

High-energy neutrinos produced by the dark matter
annihilation/decay at the Galactic center come in the
Earth and some of them interact with matter inside the
Earth, generating high-energy muons. Since muons have
electric charges, they lose their energy during the prop-
agation inside the Earth. Typical propagation distance
of high-energy muons with energy ∼ 1 TeV is around
1 km, as will be shown. Therefore, muons appearing only
within 1 km around the detector can reach the detector,
leaving their characteristic signals. The search strategy is
to find upward muons in order to avoid cosmic-ray muon
background.

Taking these processes into account, showering muon
flux from the Galactic center within cone-half angle θ is
given by

N (shower)
µ+µ− =

∫
dEνµ

dFνµ

dEνµ

f(Eνµ)ε(Eνµ), (6)

where dFνµ/dEνµ is the parent differential neutrino flux
evaluated in the previous subsection, Eνµ is the parent
neutrino energy, f(Eνµ) denotes the probability that a
neutrino with energy Eνµ is converted into a muon with

Typical value

of J∆Ω



N N ′
W

νµ µ

(b) Probability of νµ → µ

∼ G2
F s

π
∝ Eνµ

f(Eνµ) ∼
∫

dEµ
dσνµp→µX

dEµ
n(rock)

p R(Eµ)

Cross section :

Number density of 
proton in the rock :

n(rock)
p = 1.3NA cm−3

Muon range : R(Eµ)



dEµ

dX
= −α(Eµ)− β(Eµ)Eµ

Energy loss of muon in matter

Ionization loss :

Radiative loss :

α(Eµ) ! 2 MeVcm2g−1

β(Eµ) ! 10−6 cm2g−1

Typical propagation distance :

Rµ ∼
Eµ

α(Eµ)ρrock
∼ 1 km(Eµ/1TeV)

Dutta, Reno, Sarcevic, Seckel, Phys.Rev.D63,094020 (2001)

(Brems, pair creation, ...)
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Probability of νµ → µ

∼ G2
F s

π
∝ Eνµ

∝ Eµ

f(Eνµ) ∼
∫

dEµ
dσνµp→µX

dEµ
n(rock)

p R(Eµ)

f(Eνµ) ∝ E2
νµ

Higher energy neutrinos are 
more likely converted into muon

χχ→ νν̄

χχ→ µ+µ−, µ− → νµν̄ee

Monochromatic neutrino :

secondary neutrino :

is constrained more severely than



Limits from SK :

J.Hisano, M.Kawasaki, K.Kohri, KN (2008)

Annihilate into left handed leptons

Annihilate into right handed leptons

(νν̄ + l−L l+R)
(l−R l+L )

Annihilation into left-handed leptons
is not favored.
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Lesson from neutrino
Construct a DM model which fits 

PAMELA/Fermi data (either ann or decay)

Check if your model produce monochromatic 
neutrinos with similar rate or not

If yes, your model may conflict with SK bound
irrespective of DM density profile

Check carefully the SK bound!
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P.Maede et al., 0905.0480G.Bertone et al., 0811.3744

Neutrino constraint becomes standard.
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Neutrino constraint becomes standard.
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Caution :

This figure considers only
secondary neutrino from tau decay.

If DM annihilates into line
neutrino, constraint becomes

more stringent.



Possible improvement at SK

High-energy neutrino-induced muons are detected
through Cherenkov light

Energy of each muon is not measured

However, SK can distinguish muon events
by event shape : shower and non-shower

Higher energy muons more likely 
observed as showering muon

DM-originated neutrinos more likely produce 
shower events than atmospheric neutrinos
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S.Desai et al., 
Astropart.Phys.29,42 (2008)

Probability for shower

Through-going shower mu

Through-going 
nonshower mu

Stopping mu

3 kind of muon events :



atmos : Honda et al.,2005
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atmos : Honda et al.,2005
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Shower muon events contain relatively large 
contribution from DM-produced neutrino



Ratio between Shower muon and Total muon

atmospheric :

N shower
µ /N total

µ ! 0.12
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A factor improvement
is expected on the

annihilation cross section

Gray : current SK bound

(for θ = 5◦)

May soon reach to 
PAMELA/Fermi region?
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Comments on IceCube

Located at South Pole

cannot see Galactic center

through upward muons

Use downward muons?

Atmospheric muon BG is
10^6 larger than DM signal

Huge detector

High statistics



Dark09, Christchurch,

New Zealand

IceCube Talk

Seo, Stockholm Univ.
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Future: Deep Core

•To improve low E event efficiency

   -- indirect DM search, atm. ! osc, etc..

• total 6 strings (75 m apart) 
  cf. nominal strings: 125 m apart

• 60 DOMs/string

    -- high QE DOMs 

       (~ 35% more light yield)

     -- DOMs are densely spaced

• 4 ! detector:

  -- veto surrounding bottom inner

     core (6 DC + 7 IC)

  -- explore southern sky as well as 

          Galactic Center 

A planned extension : DeepCore

S.Seo, Talk at Dark2009 

Use original detector
as muon veto 

Inner detector with
denser instrumentation

Remove atmospheric
muon BG

Primary purpose : 
better sensitivity

on low-energy neutrino
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Spolyar, Buckley, Freese, Hooper, Murayama, 0905.4764

Expected sensitivity of DeepCore (5yr)



Summary

Neutrino-induced muon Flux

DM interpretation of PAMELA/Fermi

Useful constraints on annihilating/decaying DM.

SK III, DeepCore, KM3NeT

Confirm/constrain by other signals 

Shower/non-shower separation may be 
a useful way to extract DM information.



Second Part II :
Diffuse gamma-rays

M.Kawasaki, K.Kohri and KN, to appear in Phys.Rev.D [0904.3626]



Gamma-Ray Flux



Gamma-Ray Flux

Galactic center



Gamma-Ray Flux

Galactic center

Extra Galactic diffuse



χ

χ

e+

e−

γ

Internal Brems.

Cascade decay

2γ

Continuum Gamma-Rays from DM ann.

χχ→ l+l−

χχ→ l+l−γ

Final state charged particle
always emit photon.

χχ→ τ+τ−,W+W− → hadrons(π±,π0, ρ, . . . )



Extra-Galactic component

We are here

γ

Dominant contribution is summation over
the DM ann. in external clustering objects

Ullio, Bergstrom, Edsjo, Lacey (2002)



.

[
dΦγ

dE

]

ext

=
〈σv〉
8π

ρ̄2
m

m2
χ

∫
dz(1 + z)3

H(z)
dNγ

dE′ ∆2(z)

∆2(z) : Enhancement factor
(∆2(z) = 1 : homogeneous DM)

∆2(z) ∝
∫

dMM
dn(z)
dM

∫
drρ2

M (r)

Press-Schechter theory Universal DM halo profile
(Moore, NFW, ...)Press, Schechter (1974)

Sheth, Mo, Tormen (2001)

Number of clustering objects :
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About 10^5-10^6 enhancement for
DM annihilation rate

ρ(r) ∼ 1
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Extragalactic component is comparable 
to Galactic component

Gamma-rays from 10◦ < |b| < 90◦



e± µ±

τ± W±

M.Kawasaki, K.Kohri, KN, 0904.3626



Constraints on annihilation cross section

Cuspy profile : extragalactic is weaker than GC bound
Cored profile : extragalactic is stronger than GC bound

Fermi will soon make the bound stronger



Effects of Inverse Compton scattering CMB photon 

E(IC)
γ ∼ γ2

eECMB

∼ 0.1 GeV
( mDM

1 TeV

)2

Profumo, Jeltema,0906.0001
Belikov, Hooper, 0906.2251

Second peak around

More stringent
constraint

τ+τ−

e± + γCMB → e± + γ



Summary

Gamma-ray Flux

Neutrino-induced muon Flux

DM interpretation of PAMELA/Fermi

Both Galactic and extra-Galactic gamma-rays
may be significant in DM ann scenario.

Useful constraints on annihilating/decaying DM.

SK III, DeepCore, KM3NeT

Fermi

Confirm/constrain by other signals, as 



Back-up Slides



Astrophysical source

Hooper, Blasi, Serpico, arXiv:0810.1527

Sum of all pulsars Geminga pulsar

Pulsar (single or sum)
Gamma-ray burst

Hooper, Blasi, Serpico, arXiv:0810.1527

K.Ioka, arXiv:0812.4851

Profumo, arXiv:0812.4457



DM or Astrophysics? Anisotropy in CR flux

δ =
Imax − Imin

Imax + Imin
∼ K(E)

Rc
∼ 0.01%

(
1 kpc

R

) (
E

1 GeV

)0.6

Point sourceImaxImin



Fer
mi 5yr

Hooper, Blasi, Serpico, arXiv:0810.1527

Anisotropy from nearby Pulsar
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S.Profumo, arXiv:0812.4457
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z = 0
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fraction of mass in halos heavier than M

fraction of mass
in each mass interval

Ullio et al. (2002)

Press-Schechter theory

dn

dM
=

√
2
π

ρ̄mδc

M

[
− 1

σ(M)2
dσ(M)

dM

]
exp

[
− δ2

c

2σ2(M)

]
.

M : halo mass
σ(M) : dispersion of

density field
δc ∼ 1.686 :

critical overdensity

σ2(M) =
1

2π2

∫
W 2(kM )P (k)k2dk

Predict number of collapsed
objects with mass M


