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Pl an

m Short introduction about dark matter in cosmology and astrophysics
m Free-streaming. Cold, warm, dark matter

m What is affected?

— Halo mass function
— Density profiles
— Suppression of the matter power-spectrum

m EXxisting observational data: evidence, constraints,. . .
m Lyman-a constraints

m Sterile neutrino — a particle that captures essence of realistic WDM
candidates
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Pl an

Extensive evidence for the presence of dark, non-baryonic matter,
dominating the mass balance of the Universe at scales above 100 pc.
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Concordance nodel at cosnol ogi cal scal es
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m ACDM: about 20% of total energy
density is in the form of non-baryonic
matter

m This dark matter is scale-free (non-
Interacting, “cold”, ...)

m Standard Model neutrinos do not
contribute significantly to the Universe
mass balance at matter-dominated
epoch (CMB, LSS, ...)
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Properties of dark matter candi dates

m Any DM candidate must be produced in the early Universe before
matter-radiation equality and have correct relic abundance

m It should be stable or cosmologically long-lived

m Its non-gravitational interaction with ordinary matter or electromagnetic
radiation should be feeble (to be “dark”)

m Its clustering properties should allow to explain the observed large
scale structure. All DM models are thus divided into 3 groups:

— CDM : particles were always non-relativistic

— WDM : particles were created relativistic , but became non-
relativistic in the RD epoch

— HDM : particles were created relativistic , and became non-
relativistic in or around the MD epoch
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Free-stream ng

m Relativistic particles free stream out of overdense regions and
smooth primordial inhomogeneities on the scales below free-

streaming horizon

" Lot)dt! bnr ¢/ bea ¢/
)\FS: / — / + 2(4/ +
o a(t) o alt’)  Ji,, @)

. 4 e\
Suppression mass scale: Mgg = gﬁ (TFS)

m Power spectrum of primordial

density perturbations IS
suppressed at scales below
free-streaming horizon Overdensity
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Thermal relics

m The simplest WDM model — thermal relics . Particles that freeze-

out relativistic at temperature T Bode et al.
(2001)
1
flv) =
M,
exp{ ngg;}} 41

m Decoupling temperature determines abundance:

Quuh? — (Td)?’ Mow <Td>3 _ 1075

T,) 94eV T, g« (Ta)
m The suppression of the power-spectrum is strong Viel et al.
(2005)
P(k k) h M
T(k) = R (—) ke ~ 20 -V
Prcom(k) k Mpc keV
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VWM af f ect s:

m Matter power spectrum of density fluctuations 6 (%) = 5%@ at scales
below the free-streaming

_ [Pk

P(l) = |~

T / d3feik'<f—f’><5(f)5(f’)>

m Halo (subhalo) mass function (decrease number of halos of small

mass)
> dn(M')
N(> M :/ dM’
(> M) y ¥V

m Density profile (central core rather than cusp)

p(r) = o 70 3
(r/r0)*(1 + (r/70)")"
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How to probe prinordial velocities?

m Primordial velocities affect :

— Power-spectrum of density fluctuations (suppress normalization
at large scale)

— Halo mass function (number of halos of small mass decreases)

— Dark matter density profiles in individual objects

m Scales probed by CMB and LSS experiments (linear regime of
perturbation growth)

k:fxﬁz ¢ h
2 6000 Mpc

m IS sensitive up to scales & < 0.1 A/ Mpc

m Smaller scales? Non-linear stage of structure formation

Oleg Ruchayskiy W ARM DARK MATTER



( Sub) hal o mass functi on

Halo (subhalo) mass function
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CDM scal e-free structures
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CDM scal e-free structures

m CDM structures form in a scale-
free manner
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m Via Lactea-ll simulations
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m Sub-subhalo mass function iIs
the same as for subhalos
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Hal o substructure 1n "cold" DM universe

Herc
<
T Mall
Milky "Way
[ alu\ }
'. ¥

45 X 10° substructures (Aquarius ~ 30 observed substructures within our
simulation) Galaxy. M. Geha 2010

Is small number of observed substructures due to dark matter
free—streaming? Moore et al. (1999), Klypin et al. (1999) and many others
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Mass vs. lumnosity function

There can be a large bias between satellite luminosity function  and Bullock et al.

satellite mass function in ACDM? (2000);
AL B Benson et al.
100.0F ~ T T (2002)
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Macci 0 & Fontanot'09
Suppression of number of structures in Koposov et al’09
WDM Universe
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VWDM substruct ure suppression

Thermal relics with mass ~ 1 keV would erase too many Maccio&
substructures . Anything “colder” would produce enough structures (FZOO“(;;;‘_N
to explain observed Milky Way structures |

Polisensky &
Ricotti (2010)
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Anot her over abundance problem

Trujillo-
Gomez,
Klypin,
Primack et al.
2010-2011
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ALFALFA Vel ocity wdth function vs. CDM
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Vel ocity wdth function vs. WM

Papastergis+
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Density profiles

Density profiles
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WM - finite phase-space density
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Unlike in the case
of CDM, finite WDM
phase-space density
should lead to
formation of DM
cores
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Cores 1n dark matter hal os

m Mass distribution in galaxies and galaxy clusters can be described
by different density distribution

m Highly degenerate (indirect tracers, contributions from various

baryonic mass components) Chemin et al.
ApJ 2009
[0909.3846]

VELOCITY [KM/S]
VELOCITY [KM/S]

RADIUS [KPC] RADIUS [KPC]
Amorisco &
m Dwarf spheroidal galaxies — degeneracy between central slope and [El"l"’(‘)”;l%z];
anisotropy parameter. Very recent works favor cores . Walker &
Penarrubia
(2011)
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Matt er power spectrum

Matter power spectrum at sub-Mpc
scales
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Suppr essi on of power spectrum
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How t o probe power spectrum
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Lyman-a forest and cosm c web

emission cosmic web
of light

\

quasar

quasar spectrum

Neutral hydrogen in intergalactic medium is a tracer of overall matter density. Scales
0.3h/Mpc < k < 3h/Mpc
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Lyman-a forest and cosm c web

I

-Background -+

quasar
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.

+ Hydrogen emission
/ from quasar

Intervening -
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~— Hydrogen
~— _ ,absorption

| 1 | | I | M ]
4000 2000 6000
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Image: Michael Murphy, Swinburne University of Technology, Melbourne, Australia

Neutral hydrogen in intergalactic medium is a tracer of overall matter
density. Scales 0.3h/Mpc < k < 3h/Mpc
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The Lynman-a net hod i ncl udes

m Astronomical data analysis of quasar spectra
m Astrophysical modeling of hydrogen clouds

m N-body+hydrodynamical simulations of DM clustering at non-linear
stage

m Simultaneous fit of cosmological parameters (€2, Q237, ns, h,05...).
Astrophysical parameters, describing IGM, are not known and
should be fitted as well (another 20+ parameters)

m The data: Lyman-a+ CMB + maybe LSS ... (thousands of data points,
sometimes correlated)
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Lyman- o forest flux power spectrum

Seljak et al.
'06

0.1

)
l\éﬁ.
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Measured flux power spectrum is compared against CDM and non-
CDM models
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Ly-a and thernmal relics

Boyarsky,
Lesgourgues,
16 =T | | | 1 OR., Viel
— - *s ; - [0812.0010]
E 12 AN | ‘g _ (JCAP 2009)
o “\ | =
N: - e E 93 77777777777 7 Also Viel et al.
2 8 . 2% - 2005-2007;
- Bt
23 i “._ O ] Seljak et al.
N Q [ R ""'ii;;;;'.” """"""""""""""""""""""""""""""""" A ] (2006)
< B ...‘-...... : _
ol [ I R [ e e
1.2 1.4 1.6 1.8 2 2.2 2.4
Mypm [keV]

These bounds are for thermal relics only!
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Lyman- o forest and war m DM

m Previous works put bounds on free-streaming Apg < 150 KpC Vieletal.

(“WDM mass” > 2.3 keV) 2005-2007;
Seljak et

m The simplest WDM with such a free-streaming would not modify al.(2006)

visible substructures: Maccio &

Fontanot
(2009):

Polisensky &
Ricotti (2010)

m Thermal relic with exponential cut-off ~ 1 Mpc would erase too
many substructures . Anything “colder” would produce enough
structures to explain observed Milky Way structures
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Q her WDM possi bilities?

Are there other WDM candidates
evading these Lyman-a constraints?
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Sterile neutrino — warm dark matter
candidate
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St andard Model

Mass — |
charge - | 245

Quarks

Bosons (Forces) spin 1

0,511 MeV 1,777 GeV spin 0
tn [=E e -1 A
[ g T
5 .
S| electron tau
_

Standard Model neutrinos are strictly massless
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Ri ght - chi r al

neutrino counterparts?

mass -

charge -

name —

Quarks

Leptons

The most natural explanation of neutrino experiments — adding right-

2.4 MeV 1.27 GeV 171.2 GeV
23 l l 23 C 23 t
up charm top
4.8 MeV 104 MeV 4.2 GeV
”d s Db
down strange bottom
~0.01 eV ~GeV ~0.04 eV ~GeV
0 \ ] oV
T
tau ;
electrpn  sterile muon’ - sierile | heutring Ste'ile
neutrino neutrind | M€YMA0 neytring neutrino
0.511 MeV 105.7 MeV 1.777 GeV
e T u 0T
electron muon tau

chiral counterparts to the Standard Model

Bosons (Forces) spin 1

e

gluon

i

photon

91.2 GeV

>114 GeV

H

Higgs
boson

spin 0
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Sonme general properties of sterile neutrino

Sterile neutrinos behave as superweakly interacting  heavy neutrinos

M; <1 MeV M[leeV M12140Mev
N; — vvi N; - vete™ N;— mteT
Ni — vy N; — 7

Mixing angle with usual neutrinos  6;:

M2

a=e,u,r  Majorana,l

Fermi constant: | Gr—0Gr

Lifetime 7 o §72M; °. Can be cosmologically long

Mixing angle § < 1 means that sterile neutrinos can be out of
equilibrium in the early Universe
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Properties of sterile neutrino DM

m Mass can be anything higher than ~ 300 eV Tremaine &
_ _ _ _ _ Gunn (1979)
The smaller is the DM mass — the bigger is the number of particles in a
gravitationally bound object.

The occupied phase-space density in the system with fermionic DM particles is
bounded by the maximal phase-space density of degenerate Fermi gas = the
lower bound on the mass of any fermionic DM

m Can decay Into the SM particles
With the lifetime at least 8 orders of magnitude longer, than the age of the
Universe

m Produced in many different ways. Have never been in thermal
equilibrium in the early Universe

Has a non-universal non-thermal spectrum of primordial velocities

m Can be warm or cold
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Lifetinme of sterile neutrino DM candi dat e

m Dominant decay channel for sterile neutrino (for M, < 1 MeV) is

N — 3v. Wolfenshtein
Pal (1982)

m Life-time 7 = 5 x 10%%sec x (z\i ) ( 5 ) Barger Phillips

s 0 Sarkar (1995)

m Subdominant radiative decay channel

M,

— Photon energy: E, = =

Dolgov

— Radiative decay width: Hansen (2000

9aey G2
rad — 256EM4 Z Sln2(29) M35 Abazajian
I Fuller Tucker
(2001)
m Sterile neutrino DM is not completely dark . Its decay signal can goyarsky, o.r
be searched for in the spectra of astrophysical objects. etal.

(2006-2009)
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Search for dark matter particles

m DM may be decaying with a cosmologically long life-time (age of
the Universe or even longer). Can we detect such decay?

m Yes! if you multiply a small number (probability of decay) with a large
number (typical amount of DM particles in a galaxy ~ 107°-10'°%)

Signal o / pom(T)dl

line of sight

Expected signal from the galaxy at a particular energy
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Search for dark matter particles

m DM may be decaying with a cosmologically long life-time (age of
the Universe or even longer). Can we detect such decay?

m Yes! if you multiply a small number (probability of decay) with a large
number (typical amount of DM particles in a galaxy ~ 107°-10'°%)

Expected signal from a galaxy at a particular energy (simulation from B. Moore)
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Decay vs. anni hilation

m In the case of decaying Dark Matter
the signal, If detected, Iis easy
to distinguish from astrophysical
backgrounds

m We have a lot of freedom in choosing
observation targets and, therefore, can
unambiguously check DM origin of a
suspicious signal.

Oleg Ruchayskiy W ARM DARK MATTER
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For decaying DM " indirect " search
becomes very promising!

Oleg Ruchayskiy W ARM DARK MATTER
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Restrictions on |life-tinme of decaying DM

MW (HEAO-1
Boyarsky, O.R
et al. 2005

1029 I I FTTTT I T TTTTT I T TTTTT I T TTTTT I T TTTTT

Coma and
Virgo clusters
Boyarsky, O.R
et al.

I T TTTT
] L 11111l

o
)
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I IIIIIII
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Bullet cluster
Boyarsky, O.R
et al. 2006

I IIIIIII

y” XMM, m\n HEAO-1 SPI

Chandra LMC+MW(XM

Boyarsky, O.R
et al. 2006

Life-time 1 [sec]
H
o
N

] lllllHl

T = Universe life-time x 10° MW Riemer-

Sagrensen et
al.; Abazajian
1025 Lol Lol Lol Ll Ll et al.
10% 10° 10! 10° 10° 10*
Mpy [keV]

I IIIIIIII
] IIIIIIII

MW (XMM)
Boyarsky, O.R
et al. 2007

Results of almost 20 published works. M31 Watson

et al. 2006;
g Poyarsky et al
2007
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How sterile neutrino DMis produced?

m Phenomenologically acceptable values of 6, are so small, that the
rate of this interaction I' of sterile neutrino with the primeval plasma
IS much slower than the expansion rate (I' < H)
= Sterile neutrino are never in thermal equilibrium

Mpw\ /?
1, ion ~ 130 MeV
production ( kGV)

m Simplest scenario:  sterile neutrino in the early Universe interact

with the rest of the SM matter via neutrino oscillations: Dodelson &
Widrow’93

e

Asaka, Laine,
. Shaposhnikov
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Properties of sterile neutrino DM

m The interaction strength d < 1 = Dodelson &
Widrow (1993

— Sterile neutrino DM had never been in thermal equilibrium in the
early Universe O.R. with
— Sterile neutrino DM does not contribute to neutrino flavour Boyarsky,
oscillation Shaposhnikov
: . _ et al. (2006),
— Two more sterile neutrinos are needed to explain dark matter (2009)

and neutrino oscillation data

m Sterile neutrinos have Majorana masses =- violate lepton number
and lead to leptogenesis

m The presence of lepton asymmetry in primordial plasma makes

active-sterile mixing much more effective — resonant production  shiFuller9s
Laine,
Shaposhnikov
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RP sterile neutrino spectra

Laine,

In the minimal model explaining neutrino oscillations and dark matter ‘;’2;‘;’;1@”*0"

(3 sterile neutrinos and nothing more), sterile neutrino DM has or.,

spectrum with two components Shaposhnikov
-2
W T T T 7 T fo I 3
N L6 - 16 7
M;=3keV
m Colder (resonant )
107 component with

\

(p) < T,)

T fRemonem N
N
(o .
10 i m Warmer (non-resonant )
. 3 component with ~
- / Non-resonant \\ = p <p>
component \ STV)
| A
10-5 I ' TR B |'\_ 1
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Prinordial velocities of sterile neutri no

8X10-3 1 I 1 I 1 I 1 I 1 I 1 _ é 1
L= 4 ====:
7x10° | Mass = 2 keV =6 === —

6x1073
5x10'3

4x1073

q° f(a)

3x107

2x1073

1x1073

ox10°

Velocity spectra of resonantly produce sterile neutrinos with the mass
2 keV, produced at different lepton asymmetries
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Free-streamng of sterile neutrino DM
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Transfer functions of resonantly produce sterile neutrinos with the
mass 2 keV, produced at different lepton asymmetries
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Col d+war m DM nodel

(VDM

m Models with admixture of cold DM component (relevant for resonantly

produced sterile neutrino

DM, gravitino DM)
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m For small WDM fraction T'(k)
cannot be distinguished from
CDM within the precision of the

Oleg Ruchayskiy

W ARM DARK MATTER

47



Power spectrumfor sterile neutrinos
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Boyarsky, Lesgourgues, O.R., Viel JCAP, PRL 2009;
Boyarsky, O.R., Shaposhnikov Ann. Rev. Nucl. Part. Sci. 2009
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Lyman- « bounds for sterile neutrinos

m Revised version of these bounds in CDM+WDM (mixed, CWDM)

models demonstrates that Boyarsky,
O.R.,

— The primordial spectra are not described by free-streaming Lesgourgues,
Viel JCAP &

— There exist viable models with the masses as low as 2 keV PRI (2009)

1 T T T T T T T T
0.8 ]
_ 0.6f :
a)
LL§
0.4F .
O | | | | | | | |
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1 keVim_
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W ndow of paraneters of sterile neutrino DM

Asaka, Laine,
Shaposhnikov

Laine,
Shaposhnikov

Interaction strength [Sin2(26)]

0.3 1 10 100
DM mass [keV]
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W ndow of paraneters of sterile neutrino DM

Asaka, Laine,
Shaposhnikov

Laine,
Shaposhnikov

from X-rays- O.R. and
many others

2005-2010
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W ndow of paraneters of sterile neutrino DM

Asaka, Laine,
Shaposhnikov

Laine,
Shaposhnikov

O.R. and
many others
2005-2010
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Exceeds PSD of degeneljate Fermi gas
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Sterile neutrino DMi1 n the vINSM

Boyarsky,
-6 O.R.,
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Sterile neutrino DMi1 n the vINSM

Boyarsky,
-6 O.R.,
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c-Mrelation for sterile neutrino DM

Macci0, O.R.
et al. (2011)

11. | | rrrrri | rrrrri | rmrrrrr

Resonant | y probuce 'sterile néutrino

. CDM nodel  ===sses=

C200

[ [ IIIIIII [ [ IIIIIII [ [ IIIIIII [ [ ) 1 1111
3

1011 1012 1013 1014 1015
Moo [ Msun]

Warm admixture decreases concentration of isolated halos at masses
above the free-streaming mass
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Hal o substructure wth sterile neutrino DM

work in
progress
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Hal o substructure wth CDM

AQ-A2 halo
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Hal o substructure wth sterile neutrino DM

PRELIMINARY: AQ-A-2 halo] made of sterile
neutrino DM (Gao, Theuns, Frenk, O.R., ...)

Ag-A-2 CDM halo|

m Simulated sterile neutrino DM halo (right) is fully compatible with
the Lyman-« forest data but provides a structure of Milky way-size
halo different from CDM
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Abundance of large satellites

Strigari, Frenk

200 I I I I I White (2011)
Lovell, Frenk,
® o Eke, ..., O.R.
100 ° | 1104.2929
o ® [astro-ph.CO]
ror o * |
® o @
20— ® —
%)
g o °
g ® -
Ag-A3 e
Ag-AW3 @
| | | |

40 50 60 70 80
Vinas [kMs™]
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Concl usi ons

Warm dark matter is indistinguishable from CDM at cosmological
scales and can reduce over-abundance of structures at (sub)Mpc
scales

Thermal relics WDM with interesting astrophysical and cosmological
applications are ruled out by Lyman-«

Particle physics motivated WDM models remain viable

Adding 3 sterile neutrinos to the Standard Model of elementary
particles can explain neutrino oscillations , provide a mechanism
of generation of matter-antimatter asymmetry and provides a
dark matter candidate.

This candidate can be warm (or luke-warm) and can leave its
imprints on formation of structures. It can be detected via its
monochromatic decays to photons. For sterile neutrino (and other
decaying DM candidates) astrophysical search is very promising
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In short: Warm dark matter
remains a viable (and exciting)
possiblility!

Thank you for your attention!
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Sakharov conditions 1n the SM

Sakharov
Quick reminded: necessary conditions for generation of baryon (967
asymmetry of the Universe (Sakharov conditions ): Kuzmin,
Rubakov,
Shaposhnikov
(+) B-number violation — sphalerons (1985)
Farrar &
@ CP (and C) non-conservation — phase of the CKM matrix Z‘;%%Sh”'kov
(© Out-of-equilibrium processes — no phase transition in the SM for (320 @

mg > 72 GeV!

What changes in the vMSM?
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Sakharov conditions 1n the vNMSM

Necessary conditions for generation of baryon asymmetry of the
Universe (Sakharov conditions ):

(+) B-number violation — sphalerons

@ CP (and C) non-conservation — phase of the CKM matrix plus
additional CP phases Iin the Dirac mass matrix of sterile
neutrinos

> Out-of-equilibrium processes — no phase transition in the vMSM
for mgyg > 72 GeV! but Yukawa couplings of sterile neutrinos
are small enough to keep them out of thermal equilibrium at
T ~ 100 GeV

Sakharov
(1967)

Kuzmin,
Rubakov,
Shaposhnikov
(1985)

Farrar &
Shaposhnikov
(1994)

Kajantie et al.
(1996)
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Lyman- o« anal ysis 1 n CADM nodel s

m CWDM Ly-a bounds: about 20% of DM can be rather warm
m Primordial velocities at MD epoch can be significant (~ 10 km/sec)

m Numerical simulations with velocities?

Effect of velocities is negligible at scales of interest: Work in
progress

AP(k, z) i ko \° [(keV\? [0.27
~ —9. - 1 7
P(k, z) 210 <hl\/lp0‘1) (M> Qp (4 2)
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Future of sterile neutrino DM
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Probi ng other sterile neutrinos
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| npr oved bounds on DM decay
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Uni versality

of dark matter hal os

Boyarsky,
7 T TTIm T T T O.R., Maccio
BRI B IR I B " T et al. (2009);
e Clusters of galaxé:ies e M - caustics, S - X-rays _| PRL (2010):
o 6 L Groups of galaxies «+ M-WL,S-WL - ( )
'S - v Spiral galaxies M - WL, S - X-rays - _
~ B Elliptical galax1es : . work in
5 S . dSphs ] progress
= " — . —. Isolated halos, ACDM N-body sim. _
2 === Subhalos from Aquarius simulation -
o0 4 - é —
2 : _
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Yv v 'Y > v M . 7]
= LF . 4o v A E _
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Non-resonant production of sterile neutrino

m Sterile neutrinos have non-equilibrium spectrum of primordial
velocities , roughly proportional to the spectrum of active neutrinos

(92
exp(75) + 1

fs(p) o

(for this distribution [ dq ¢*f(q) x 6% < 1)
m Average momentum (p) ~ 37,4, > M,

m Sterile neutrinos are produced highly relativistic
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Surface density and sinul ations

A couple of slides about dark matter
surface density
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Cbservati ons vs.

si nul at1 ons
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Dark matter surface density
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DM col unm density

m More than half of all objects obey the derived relation between
parameters of DM density profiles

m For most of them prg o< per.

m Observable not sensitive to the choice of dark matter density
profile?

m Dark matter column density

S = [ pom(r)dl o< piry

l.o.s

m r, IS a characteristic scale (r, = r, for NFW, r, = 6.1r,. for 1SO).

p, — average density inside r,
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Const ant surface density?

Donato et
6 T T T T T T T T T T T T T T al’09, Gentile
_ 4 etal’09
KI;\ N -
& N -
o 41 B
oy _ % Fr _
[ _ - __ T3 _
g g —- : -
3 | :
0 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
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DM surface density for different types of galaxies.
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An evidence 1 n favor of MOND?

Gentile et
al.09
'_l I | ] | 1 | | I | | I | i | I j
% 16 §
S f g =
st L3
2 F e }5{1 J2 s
5o 4 t s h MEjYET 38
= I 1 o
e | | | 3-0
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Mg

Baryonic surface density for different types of galaxies.
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Conparing DM density profiles

m There exist many works on dark matter distribution in individual
objects

m Going through the literature we collected a “catalog” of ~1000 DM o0911.1774
density profiles for ~300 individual objects, ranging from dwarf
spheroidal satellites of the Milky Way to galaxy clusters

m Different groups of astronomers use different dark matter profiles to
fit the mass distribution (ISO, NFW, BURK, ...)

m Often fits to different DM density profiles exist for the same object.
How to relate their parameters?
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Conparing DM density profiles

m Fitting the same (simulated) data with two different profiles

2

@ "«‘.«"“L

m one finds a relation between parameters of two DM density

distribution, fitting the same data 0911.1774
— NFW vs. ISO o re>06.17r. ;3 ps>~0.11p,
— NFWvs. BURK : ro~16rg ; ps~0.37p5B

m Is this relation actually observed?
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NFWvs. | SO

About 60 objects with both NFW and I1SO profiles

Number of profiles
35

100 ¢

ps /0.11p,

Rg/6.1Rg

78
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Uni versal scaling of DM col umm density

m The data spans many orders of magnitude in halo masses (10°M,
—101°M)

m The relation between S and M, IS Observed for halos of all scales

m Actual observed halos reproduce concentration-mass relation
known in simulations for decades but never probed before over such
a large mass scale

m Its median value and scatter coincide remarkably well with pure
dark matter numerical simulations

m Separately the slope of subhalos is reproduced

m No visible features — universal (scale-free ) dark matter down to the
lowest observed scales and masses?
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Checking DM origin of a line

m Dark Matter Search Using Chandra Observations of Willman 1, and Loewenstein ¢
a Spectral Feature Consistent with a Decay Line of a 5 keV Sterile Kusenko

Neutrino

6x107°

4x10°5
T

i

Photons cm=2 s71 keV1
2x107°

i

td

2
Energy (keV)

| L L

line flux

4x10°° 6x10°°

2x1075

(Dec’2009)

T T T T T T T T T T | T T T T T T
min = 7.030788e+02; Levels = 7.05&7889+02 7.076888e+02 7.1228889+05

PR I T

PR I T

o I N T A (T S S
2.3 2.35 2.4

P R
2.45 25
line energy

PR I S S S
2.55

68%, 90% and 99% confidence intervals

m Can the excess in the FeXXVI Ly gamma line from the Galactic Pprokhorov &
Center provide evidence for 17 keV sterile neutrinos?

Silk (Jan’2010
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Do we see this |1 ne anywhere el se?

Sy Msunp@ Objects with comparable
expected signal for which
archival data is available

m Fornax dSph (XMM)
Sr = 54.4Mopc?2

60
50

40 M31

m Sculptor dSph
(Chandra)
Willman1  Sg. = 140M pc™?

30

20
Sculptor
)

10 Formare m Andromeda galaxy
b o (M31) :
0 50 100 150 Sz ~ 100 — 600M fpc?

Do we see this 2.5 keV line?
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DM I n Androneda gal axy (2008)
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DM I n Androneda gal axy (2010)

Off-center distance [arcmin]
10 20 30 40 50 60 70 80

4X103 \ | [ | [ | [ | [ | [ | [ | [ | [
AN —— Widrow Dubinski (2005), M31B
NN — — — Cheminetal. 52009;, ISO §
\ NP Corbelli et al. (2009), r g = 28 kpc
- — - - Maximum disk, Kerins et al.’00

=
X
=
o
w
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O.R. et al.
MNRAS’'08

Chemin et al.
0909.3846

Corbelli et al.
0912.4133
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Loewenstein
1001.4055
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Checking for DMIine in M1l

350FW
Off-center distar 300 T

=
X
[
o
w

=
______
= - -
[ -

40

1x102

DM column density [M Sun/PCZ]

Illlll

4x10*1
2 4 6 8 10 12 14 16 18 20

Off-center distance [kpc]

Willman 1 spectral feature excluded with high significance from
archival observations of M31 and Fornax and Sculptor dSphs
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How to check DM origin of a |1 ne?

m Many DM-dominated objects would provide comparable decay
signal. Freedom in choosing observation targets that optimize the
signal-to-noise ratio (with well-controlled astrophysical backgrounds).

m Candidate line can be distinguish from astrophysical backgrounds
by studying its surface density and sky distribution .

For decaying dark matter

indirect search becomes
direct!
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Lyman- o« anal ysis 1 n CADM nodel s

m CWDM Ly-a bounds: about 20% of DM can be rather warm
m Primordial velocities at MD epoch can be significant (~ 10 km/sec)

m Numerical simulations with velocities? Require high resolution

%DM 5keV  2keV 1 keV 0.5 keV
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Lyman- o« anal ysis 1 n CADM nodel s

m CWDM Ly-a bounds: about 20% of DM can be rather warm
m Primordial velocities at MD epoch can be significant (~ 10 km/sec)

m Numerical simulations with velocities?

Effect of velocities is negligible at scales of interest: Work in
progress

AP(k, z) i ko \° [(keV\? [0.27
~ —9. - 1 7
P(k, z) 210 <hl\/lp0‘1) (M> Qp (4 2)
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