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OutlineOutline
Indirect searches for dark matter Indirect searches for dark matter neutralinosneutralinos

Astrophysical uncertaintiesAstrophysical uncertainties
Prospects for detectionProspects for detection
Possible physical effects on astrophysical systemsPossible physical effects on astrophysical systems

Implications for the cooling flow problem of galaxy clustersImplications for the cooling flow problem of galaxy clusters
Comparison to direct/accelerator searchesComparison to direct/accelerator searches

Searches for DM Searches for DM MACHOsMACHOs
Constraint from binary destructionConstraint from binary destruction
M87 in the M87 in the VigroVigro cluster: MACHO candidatescluster: MACHO candidates
ClusterCluster--cluster cluster microlensingmicrolensing search for search for MACHOsMACHOs

Dark energy study by distant supernovaeDark energy study by distant supernovae
A note on the systematic effect from dust extinctionA note on the systematic effect from dust extinction



Indirect detection of DM Indirect detection of DM 
neutralinosneutralinos by gammaby gamma--raysrays



SUSY Dark Matter (SUSY Dark Matter (WIMPsWIMPs, , NeutralinosNeutralinos))
The most popular theoretical candidate for the dark The most popular theoretical candidate for the dark 
mattermatter

SUSY: theoretically well motivated.SUSY: theoretically well motivated.
Lightest SUSY partners (Lightest SUSY partners (LSPsLSPs) are stable by R) are stable by R--parityparity
NeutralinosNeutralinos (l.c. of SUSY partners of photon, Z, and neutral (l.c. of SUSY partners of photon, Z, and neutral 
Higgs): the most likely LSPHiggs): the most likely LSP
Predicted relic abundance is close to the critical density of thPredicted relic abundance is close to the critical density of the e 
universeuniverse

Constraint on the Constraint on the neutralinoneutralino massmass
50 50 GeVGeV ~<  ~<  mmχχ <~ 10 <~ 10 TeVTeV
Lower bound from accelerator experimentsLower bound from accelerator experiments
Upper bound from cosmic overabundanceUpper bound from cosmic overabundance

-13227 s cm  )/(103 hχσυ Ω×= −



Search for Search for NeutralinoNeutralino Annihilation SignalsAnnihilation Signals

Line gammaLine gamma--rays:rays:
χχ χχ ２γ２γ

χχ χχ ZZγγ
σσｖｖlineline ~ 10~ 10--2929 cmcm33ss--11 << << σσｖｖ~ 10~ 10--2626 cmcm33ss--11

Continuum gammaContinuum gamma--rays, erays, e±±, p, p, p, p--bar, bar, νν’’ss

Search:Search:
Line/continuum gammaLine/continuum gamma--rays from GC, nearby galaxiesrays from GC, nearby galaxies
Positron/antiproton excess in cosmicPositron/antiproton excess in cosmic--raysrays



Annihilation yields by Annihilation yields by hadronhadron jetsjets
Annihilation energy goes to gammas, Annihilation energy goes to gammas, ee±±,p,p, p, p--bars, neutrinos as: bars, neutrinos as: 
~1/4, 1/6, 1/15, 1/2  ~1/4, 1/6, 1/15, 1/2  
Particle energy peaks at: 0.05, 0.05, 0.1, 0.05 mParticle energy peaks at: 0.05, 0.05, 0.1, 0.05 mχχcc22..

(From (From DarkSUSYDarkSUSY package, package, GondoloGondolo et al. 2001)et al. 2001)
Most energy is carried by ~Most energy is carried by ~GeVGeV particles for  particles for  mmχχ<100GeV<100GeV

An example for yield
Spectra from DarkSUSY

Line γ



GammaGamma--ray searchray search
Search regions:Search regions:

The Galactic CenterThe Galactic Center
Nearby dwarf galaxies, MW substructure (Nearby dwarf galaxies, MW substructure (SgrSgr, , DracoDraco,,……))
M31M31
M87M87

Uncertainties:Uncertainties:
Density profile of DM in the centerDensity profile of DM in the center

Core? Cusp?  Core? Cusp?  
NFW? Moore? NFW? Moore? ……

Peirani et al. 2004
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Annihilation from a simulated haloAnnihilation from a simulated halo
Stoehr et al. 2004

Image for ρ2

Dashed: NFW
Dotted: SWTS



The core/cusp problem of LSB galaxiesThe core/cusp problem of LSB galaxies

Low surface brightness Low surface brightness 
galaxies: DM dominatedgalaxies: DM dominated
Alpha=1.5 (Moore) rejected, Alpha=1.5 (Moore) rejected, 
alpha=1(NFW) marginally alpha=1(NFW) marginally 
rejectedrejected

De Block ‘03, astro-ph/0311117
Swaters ’03, astro-ph/0311480
Primack ’03, astro-ph/0312549



Halo substructure (1) Halo substructure (1) 

55--10% 10% of halo mass in of halo mass in 
substructure/substructure/subhalossubhalos
PowerPower--law mass function for law mass function for 
subhaloessubhaloes
Substructure could enhance Substructure could enhance 
the annihilation signalthe annihilation signal

CalcaneoCalcaneo--RoldanRoldan & Moore & Moore ’’00; 00; 
TasitsiomiTasitsiomi & & OlintoOlinto ’’02; Taylor & 02; Taylor & 
Silk Silk ’’03)03)

Stoehr et al. ‘04



Halo substructure (2) Halo substructure (2) 
SubhalosSubhalos are less are less cuspycuspy and less dense, and enhancement is at and less dense, and enhancement is at 
most a factor of a fewmost a factor of a few ((StoehrStoehr et al. et al. ’’04)04)

Stoehr et al. ‘04



DetectabilityDetectability: GLAST vs. : GLAST vs. ACTsACTs
NeutralinoNeutralino massmass

Massive Massive ACTACT
Small Small GLASTGLAST

Line/ContinuumLine/Continuum
Line Line ACTACT
Continuum Continuum GLASTGLAST

Elsaesser @DM 2004



DetectabilityDetectability: 1. line (i): 1. line (i)
Cross section for ２γ mode                         ratio of Zγ to 2γ

for SUSY parameters satisfying  0.025 < Ω<1
Bergstrom et al. ‘98 



DetectabilityDetectability 1. line (ii)1. line (ii)
ACT prospectsACT prospects

2γ　　　　　　　　　　　　　　　Zγ

NFW profile for the G.C.
Bergstrom et al. ‘98



DetectabilityDetectability 1. line (iii)1. line (iii)
GLAST prospectsGLAST prospects

2γ　　　　　　　　　　　　　　　Zγ

NFW profile for the G.C.
Bergstrom et al. ‘98



DetectabilityDetectability 2. continuum (i)2. continuum (i)
G.C. and G.C. and subhalossubhalos

ACTACT
Galactic CenterGalactic Center
NFW(solidNFW(solid), ), SWTS(shortSWTS(short--
dashed)dashed)

GLASTGLAST
30 deg away from G.C.30 deg away from G.C.
Background = Background = 
extragalactic GBRextragalactic GBR

Brightest Brightest subhalosubhalo (long(long--
dashed)dashed)
SUSY parameters for SUSY parameters for 

0.17 < 0.17 < ΩΩ<0.43<0.43

Stoehr　et al. ‘03



DetectabilityDetectability 2. continuum (ii)2. continuum (ii)
M31, M87, M31, M87, SgrSgr, , DracoDraco

M31: yes, if M31: yes, if mmχχ<20GeV<20GeV
SgrSgr: yes, if : yes, if mmχχ<50GeV<50GeV
M87, M87, DracoDraco: no, unless : no, unless 
adiabatic growth of SMBHadiabatic growth of SMBH
MW halo at b=90 deg:MW halo at b=90 deg:

Explain EGRET residual Explain EGRET residual 
if if mmχχ<50GeV<50GeV

Also depends on density Also depends on density 
profileprofile

SUSY parameters for SUSY parameters for 
0.17 < 0.17 < ΩΩ<0.43<0.43

Peirani　et al. ‘03



Baryonic Baryonic infallinfall and adiabatic compression of dark and adiabatic compression of dark 
mattermatter

PradaPrada et al. astroet al. astro--ph/0401512ph/0401512
Baryonic Baryonic infallinfall vs. angular momentum transfer?vs. angular momentum transfer?

Solid: NFW
dashed: M
Long-dashed: no comp. NFW Green: NFW

Red: M
Dotted: no comp. NFW



Adiabatic growth by SMBHAdiabatic growth by SMBH
Density Density ““spikespike”” can be formed by the growth of can be formed by the growth of 
supermassivesupermassive black hole (SMBH) mass at the center.black hole (SMBH) mass at the center.

Young (1980); for stellar density cusps in elliptical galaxiesYoung (1980); for stellar density cusps in elliptical galaxies
GondoloGondolo & Silk (1999); for DM cusps& Silk (1999); for DM cusps
““AdiabaticAdiabatic”” = growth time scale > orbital period at = growth time scale > orbital period at rrss

Annihilation rate divergent  with r Annihilation rate divergent  with r →→ 0 since 0 since γγ>1.5>1.5
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Does adiabatic growth happen?Does adiabatic growth happen?
The Galactic CenterThe Galactic Center

If happens, constraints on SUSY and/or density profile (If happens, constraints on SUSY and/or density profile (GondoloGondolo & Silk & Silk 
1999)1999)
It seems unlikely (It seems unlikely (UllioUllio et al. 2001; Merritt et al.2002)et al. 2001; Merritt et al.2002)

The GC is baryon dominated.The GC is baryon dominated.
Is SMBH at the DM center?Is SMBH at the DM center?
Disturbed by baryonic processes, e.g., starbursts and supernovaeDisturbed by baryonic processes, e.g., starbursts and supernovae

Merger of Merger of SMBHsSMBHs destroys the spike and cuspsdestroys the spike and cusps

The coolingThe cooling--flow clusters:flow clusters:
A giant A giant cDcD galaxiygalaxiy always at the dynamical centeralways at the dynamical center
DM dominates baryons to the center (Lewis et al. 2003)DM dominates baryons to the center (Lewis et al. 2003)
Adiabatic growth happens as a feed back to the cooling flowAdiabatic growth happens as a feed back to the cooling flow
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Solving the cooling flow problem of Solving the cooling flow problem of 
galaxy clusters galaxy clusters 

by dark matter by dark matter neutralinoneutralino annihilationannihilation

T. T. TotaniTotani astroastro--ph/0401140ph/0401140
To appear in PRLTo appear in PRL



Introduction: the Cooling Flow Problem of Introduction: the Cooling Flow Problem of 
Galaxy ClustersGalaxy Clusters

““Cooling flow clustersCooling flow clusters””
Central gas cooling time < the Hubble Time (~10Central gas cooling time < the Hubble Time (~101010yr)yr)
Theory predicts cooling flow: ~100Theory predicts cooling flow: ~100--1000 1000 MMsunsun / yr/ yr

Voigt & Fabian 03



Introduction: the Cooling Flow Problem of Introduction: the Cooling Flow Problem of 
Galaxy ClustersGalaxy Clusters

No evidence for strong cooling flows from latest XNo evidence for strong cooling flows from latest X--ray ray 
observationsobservations

A heating source required.A heating source required.
Required heating rate: ~10Required heating rate: ~104545 erg/s during 10erg/s during 101010yr for a rich clusteryr for a rich cluster

Fabian ‘02 Peterson et al. ‘03

Green: STD CF modelGreen: STD CF model



Introduction: the Cooling Flow Problem of Introduction: the Cooling Flow Problem of 
Galaxy ClustersGalaxy Clusters

Heat conductionHeat conduction
Effective if Effective if κκ~0.3 Spitzer value~0.3 Spitzer value
Useful for stabilizing Useful for stabilizing intraclusterintracluster gasgas
A fine tuning necessary, and not all clusters can be explained A fine tuning necessary, and not all clusters can be explained 
(e.g. (e.g. BregmanBregman & David 98; & David 98; ZakamskaZakamska & & NarayanNarayan ’’03)03)

AGNsAGNs
Efficiency must be high (>~10% of BH rest mass to heat)Efficiency must be high (>~10% of BH rest mass to heat)
Stability?    Stability?    

AGNsAGNs generally episodic, intermittent generally episodic, intermittent 
ttEE~10~1077 yr,  Lyr,  LEE >> 10>> 1045 45 erg/serg/s

Actual heat process unclear (jet? buoyant bubbles?)Actual heat process unclear (jet? buoyant bubbles?)



Does adiabatic growth happen?Does adiabatic growth happen?
The Galactic CenterThe Galactic Center

If happens, constraints on SUSY and/or density profile (If happens, constraints on SUSY and/or density profile (GondoloGondolo & Silk & Silk 
1999)1999)
It seems unlikely (It seems unlikely (UllioUllio et al. 2001; Merritt et al.2002)et al. 2001; Merritt et al.2002)

The GC is baryon dominated.The GC is baryon dominated.
Is SMBH at the DM center?Is SMBH at the DM center?
Disturbed by baryonic processes, e.g., starbursts and supernovaeDisturbed by baryonic processes, e.g., starbursts and supernovae

Merger of Merger of SMBHsSMBHs destroys the spike and cuspsdestroys the spike and cusps

The coolingThe cooling--flow clusters:flow clusters:
A giant A giant cDcD galaxiygalaxiy always at the dynamical centeralways at the dynamical center
DM dominates baryons to the center (Lewis et al. 2003)DM dominates baryons to the center (Lewis et al. 2003)
Adiabatic growth happens as a feed back to the cooling flowAdiabatic growth happens as a feed back to the cooling flow
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The cluster density profiles from The cluster density profiles from 
XX--ray observations ray observations Abell 2029

Lewis et al. 2003

Moore

NFW

stars

gas



Annihilation energy from the density spikeAnnihilation energy from the density spike
at the cluster centerat the cluster center

Density maximum determined by annihilation itself:Density maximum determined by annihilation itself:

The annihilation luminosity from  r<The annihilation luminosity from  r<rrcc : : 

A factor of about 10 enhancement by r>A factor of about 10 enhancement by r>rrcc and time averageand time average
Steady energy production after turned on!Steady energy production after turned on!
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Electron/positron energy lossElectron/positron energy loss
Electron/positrons lose their energy mainly by heating rather thElectron/positrons lose their energy mainly by heating rather than an 
radiationradiation

Proton/antiprotons lose their energy by Coulomb and pp inelasticProton/antiprotons lose their energy by Coulomb and pp inelastic
scatteringscattering
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The The NeutralinoNeutralino Mass PredictionMass Prediction

mmχχ<~ 100 <~ 100 GeVGeV favored.favored.
Annihilation rate Annihilation rate ∝∝ mmχχ--2/72/7

Heating loss should be more efficient than Heating loss should be more efficient than radiativeradiative
lossloss



ObservabilityObservability of annihilation signal:of annihilation signal:
gammagamma--raysrays

Continuum gammaContinuum gamma--rays at ~1rays at ~1--10 10 GeVGeV (for (for mmχχ<100GeV)<100GeV)
~30 gamma~30 gamma--rays per annihilationrays per annihilation
Very close to the EGRET upper limit for a cluster @ 100MpcVery close to the EGRET upper limit for a cluster @ 100Mpc

Many positional coincidence between clusters and unMany positional coincidence between clusters and un--ID EGRET ID EGRET 
sources (e.g. Reimer et al. 2003)sources (e.g. Reimer et al. 2003)
GLAST will likely detectGLAST will likely detect

Line gammaLine gamma--raysrays
A few photons for a cluster with <A few photons for a cluster with <σσvv>>lineline = 10= 10--2929 cmcm33ss--1 1 for GLAST for GLAST 
in ~5 yr operation.in ~5 yr operation.
Negligible background rate (~10Negligible background rate (~10--33) within the energy and angular ) within the energy and angular 
resolutionresolution
Air Air CerenkovCerenkov telescopes should have low energy threshold, since telescopes should have low energy threshold, since 
the prediction the prediction mmχχ<100 <100 GeVGeV is correctis correct

-1-2-21
245

8 scm Mpc)100/(107~ dmLF −−×γ



Annihilation gammaAnnihilation gamma--ray ray detectabilitydetectability: : 
summarysummary

ACTsACTs: : 
May detect line gammaMay detect line gamma--rays from the G.C.rays from the G.C.
Continuum may be detected, especially if baryonic Continuum may be detected, especially if baryonic infallinfall has has 
significant effectsignificant effect

GLAST:GLAST:
may detect continuum from the Galactic halo, if may detect continuum from the Galactic halo, if ｍｍχχ<~50<~50

Continuum detection from G.C. or halo: how to prove?Continuum detection from G.C. or halo: how to prove?

Clusters of galaxiesClusters of galaxies
Promising target, if cooling flow is suppressed by annihilation.Promising target, if cooling flow is suppressed by annihilation.
Continuum: can be separated from Continuum: can be separated from CRsCRs or or AGNsAGNs, by, by

Steady or variableSteady or variable
Point or extendedPoint or extended



Galactic center vs. Galaxy ClustersGalactic center vs. Galaxy Clusters
M/DM/D22::

Center/cluster ~ 10Center/cluster ~ 1044

Enhancement by SMBH adiabatic growth:Enhancement by SMBH adiabatic growth:
~10~1044--55 for clustersfor clusters

Galactic center: extendedGalactic center: extended
Clusters: practically point sourceClusters: practically point source

Many clusters: superposition would increase S/NMany clusters: superposition would increase S/N



Direct DM search and accelerator SUSY Direct DM search and accelerator SUSY 
searchsearch

WIMP direct detection status
De Jesus ‘04

LHC reach (2007)
Andreev @ DM2004



MACHOsMACHOs 探索の最近の話題探索の最近の話題



Constraint on MACHO DMConstraint on MACHO DM

Wambsganss 2002



~~MMsunsun MACHO searchesMACHO searches
Controversy in MACHO Controversy in MACHO seachesseaches to LMC:to LMC:

MACHO MACHO collabcollab. Has claimed ~20% MACHO contribution to MW . Has claimed ~20% MACHO contribution to MW 
halohalo

Theoretical challenge!Theoretical challenge!
Self Self lensinglensing is alternative explanationis alternative explanation

MACHO　result (Alcock et al. 2000)

EROS result (Lasserre et al. ’00)



MACHO candidate in M87/Virgo cluster?MACHO candidate in M87/Virgo cluster?
HST search by HST search by BaltzBaltz et al. et al. ’’0404
Several candidates, most of them could be Several candidates, most of them could be 
novanova
Consistent with ~20% mass fraction of Consistent with ~20% mass fraction of 
MACHOsMACHOs in DMin DM



ClusterCluster--Cluster Cluster MicrolensingMicrolensing

Search Search intraclusterintracluster MACHOsMACHOs in A2152 in A2152 
by ultraby ultra--magnified magnified microlensingmicrolensing event event 
of a star in A2152of a star in A2152--BB
A new probe of A new probe of MACHOsMACHOs in the open in the open 
mass window (10mass window (10--101055 MMsunsun) () (TotaniTotani
2003)2003)
First observation made in 2003 First observation made in 2003 
May/June by Subaru/May/June by Subaru/SuprimeSuprime--Cam, Cam, 
analysis now underwayanalysis now underway



ClusterCluster--Cluster Cluster MicrolensingMicrolensing (2)(2)

A2152 field (approx. 30’x30’) May              June               subMay              June               sub
I         V         I         V        I        VI         V         I         V        I        V



Dark Energy Study by Dark Energy Study by 
Distant SupernovaeDistant Supernovae



Latest Hubble diagram of highLatest Hubble diagram of high--z supernovaez supernovae
RiessRiess et al. astroet al. astro--ph/0402512ph/0402512
8 z>1 8 z>1 SNeSNe from GOODS surveyfrom GOODS survey



Constraint on Dark EnergyConstraint on Dark Energy
The cosmological constant (wThe cosmological constant (w00=1, =1, dw/dzdw/dz=0) consistent =0) consistent 
with the datawith the data



Systematic effect from extinction by dustSystematic effect from extinction by dust

Systematic evolution of extinction Systematic evolution of extinction 
by host galaxy evolutionby host galaxy evolution
Reddening is not large enough to Reddening is not large enough to 
be reliably removedbe reliably removed
Trend of evolution is similar to Trend of evolution is similar to 
the effect of the effect of ΛΛ

Interstellar gas increase, metal Interstellar gas increase, metal 
decrease, to highdecrease, to high--zz

How significant for the dark How significant for the dark 
energy study? energy study? 

TT, in TT, in prepatationprepatation

Totani & Kobayashi ‘99


