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Dark Matter 1 n the Universe

Extensive astrophysical evidence for the presence of the dark non-
baryonic matter in the Universe

m Rotation curves| of stars in galaxies
and of galaxies in clusters

m Distribution of intracluster gas
m (Gravitational lensing data

Galaxy cluster CL0024+1654 (z = 0.39)
Courtesy of ESA-NASA

Left: Galaxy cluster CL0024+1654 as a
gravitational lens

Courtesy of HST
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Dark Matter

m Rotation curves of stars in galaxies and of galaxies in clusters

m Distribution of intracluster gas

m Gravitational lensing data

These phenomena are
potentials In astrophysical systems.

IS dominated by a matter that is not observed in any part of
electromagnetic spectrum.
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Independent tracers
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I n the Universe

of gravitational
They all show that dynamics




"Bul | et”

cl ust er

1E 0657-56

weak Ienéiﬁg mass contours (Clowe et al. 2006)

* Subcluster

passed
through the
center of
the main
cluster.

* DM and
galaxies are
collisionless.
* Gas
has been
stripped
away (shock
wave, Mach
number

M = 3.2
and

Tshock ~
30 keV)
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Mass determ ned via gravitational |ensing

1E 0657-56

* Comparing
the weak
gravitational
lensing data
with velocity
distribution  for
galaxies

- weak lensing mass contours (Clowe et al. 2006)
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Cosnol ogi cal evidence for dark matter

m Universe at large scales is not completely homogeneous

m We see the structures today and 13.7
billions years ago, when the Universe was |, T
380000 years old (encoded in anisotropies ¢
of the temperature of cosmic microwave
background)

I T WMAP 5-year
-200 T(uK) +200

Multipole moment 1

m All the structure is produced from tiny w1
density fluctuations due to gravitational -
Jeans instability

]
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mIn the hot early Universe before -
recombination photons smeared out®”

1 1 1
90° 2° 0.5° 0.2°

all the fluctuations Anguiar Size

m To explain the observed anisotropies we need DM particles that
started to cluster before recombination.
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What do we know about DM a sunmary

m Is evidence for DM convincing?
Yes

m Is DM made up of particles?
Plausible assumption but no hard evidence.
More exotic possibilities such as primordial black holes or MACHOs are not

completely ruled out

m We will study the scenario of dark matter particle and its
consequences for particle physics.
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Properties of a DM candi date

m DM is not baryonic

m DM is not a SM particle (neutrinos|could be but .. .)

m Any DM candidate must be
— Produced in the early Universe and have correct relic abundance
— Very weakly interacting with electromagnetic radiation (“dark™)

— Be stable or cosmologically long-lived

m There are plenty of hon-SM candidates|
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| nteracti ons of a DM candi dat e

m DM interacts with the rest of the matter gravitationally
m Other possible interactions?

m It is possible that DM particles interact only in the early (very) hot
Universe with some unknown particles

m To be produced from the SM matter the DM particles should interact

m It may be absolutely stable and interact with SM particles via
annihilation only: | DM+DM—SM. ..

m It may decay with very small rate, ensuring cosmologically long life-
time: | DM—SM. ..
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DECAYING DARK MATTER
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Decayi ng DM

DM with radiative signatures: DM — ~ + v, v+, et +e ...

Appears in many models:

Right-handed neutrino Gravitino with broken R-parity Volume Modulus
Dodelson & Widrow’93; Takayama & Yamaguchi’00 Quevedo’07
Asaka, Shaposhnikov et al.'05 Buchmiller'07
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Properties of decayi ng DV

m WIMPs cannot decay. Their interaction strength with matteris ~ G
as in g-decay: n — p + e + ..

m Decaying DM should interact superweakly ~6-Ggrpand  « 1
m Radiative decay channel : DM — ~ + v

m Photon energy E, = 724
m Decay width I

m Life-time 7 = 1/T" > life-time of the Universe
m Flux from DM decay:

E, TMY T
- D2M ~ OV/pDM(r)dr (z <1, QK 1)
MDpM 47TDL 8T

line of sight

Fpom =

L /pDM(r)dr Is roughly equal for a large class of objects
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Decay signal from MMsi zed gal axy

Moore et al.
2005

/PDM(T)dT
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Anni hil ation signal from MMsi zed gal axy

Moore et al.
2005

/P%M(T)dT
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Decay vs. annihilation

m In the case of decaying Dark Matter
the signal, If detected, is 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.
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For decaying DM " indirect”
search becomes " direct" |
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Constraints from X-ray observati ons
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DM decay should produce a line background.

in X-ray spectra of various objects.
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How nuch DM do we have?
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ExXtrene case
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SPI
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103
Large FoV (~ 34°)

Nuclear lines: very
ubiquitous, less
studied than atomic

Strong instrumental
background, variable
In time

Not all lines identified

Can DM be hiding in
this line forest?
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Al | - sky source

1029

m DM is an all-sky source

Spy LkeV/cm?]

m Its variability over the sky
can be as low as factor
of 3

1028

0 50 100 150
¢p|degrees]

DM line could be confused with an instrumental line as always present
In the spectrum with ~ the same intensity
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SPI background subtraction

m Find observation off-GC “close in time” Teegarden
_ _ _ Watanabe
m Normalize by count rate of 198 keV (strong instrumental line) 2006
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m Hundreds of
lines cancel
better than 1%
by fixing only
one number

m Line at 511
keV remains

m No other lines
above 3 — 40

m We can control complicated background of this instrument
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SPI: spatial profile of |ines
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Restrictions on sterile neutrino DM

Boyarsky et al

MNRAS-2008
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Restrictions on |life-tinme of decaying DM
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New m SSi on: EDGE/ XENI A

m Spectrometers with big FoV and
spectral resolution better than
10~ are needed

108 |

104 : pectrometer @ 1 keV
m Future missions (XEUS or '
Constellation X) will have better
spectral resolution but very

small FoV

EDGE wide FoV
eROSITA A
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/ »
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m XENIA (former EDGE),
proposed for NASA’'s Cosmic
Origins by the team from
NASA/MSFC, INAF, SRON + 0.001
ISDC, EPFL,...).

EDGERRIA

Explorer of Diffuse Emission and Gamma-ray burst Explosions

1ol 1 1 3ol
0.01 0.1

Energy resolution, AE/E

A.Boyarsky, et
al. (2007)
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VELOCITIES OF DARK MATTER
PARTICLES

Oleg Ruchayskiy S UPER-WIMP DM

26



Neutri nos

m Data on neutrino oscillations tells that at least one neutrino
specimen has mass m, = 0.05 eV.

m IS neutrino a perfect dark matter candidate (stable, neutral, weakly
interacting)?

m No! Neutrinos remain relativistic very late and would homogenize
the Universe until baryons start to cluster (after recombination).

m This contradicts to the observed large scale structure and data on
CMB anisotropies
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observati ons vs. sinul ati ons

LSS

Example

success of CDM to reproduce large scale structures

Springel et al. 2006

28
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LSS 1 n neutrino Universe

Moore’05

Neutrino DM “Cold” heavy DM
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DM vel ociti es

m However there is a huge gap between neutrinos and particles,
that decouple non-relativistic, like for example weakly interacting
massive particles (WIMPS), in particular, DM candidates motivated
by SUSY.

m DM particles erase primordial spectrum of N
. . v(t')dt
density perturbations on scales up to the DM \7q = / y
particle horizon — free-streaming length o alt))

m Comoving free-streaming lengths peaks around %,,,. when (p) ~ m

m All DM models are thus divided into 3 groups:

— CDM : free streaming is negligible
— WDM : free streaming at galaxy scales, ¢, < t.,
— HDM : free streaming at cosmological scales t,,, > t.,
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Power spectrum of density fluctuations

Field of density fluctuations
8(x) = 2P

Fourier transform
3k = [d3x e KX g(x)

Power spectrum essentially square
of Fourier transformation

(Bkdie) = (2r)38(k - K') P(k)
with § the §-function

Power spectrum is Fourier transform of
two-point correlation function (x=x,—x,)

_ [ ikx
E(X) = <a(xz)a(x1)>-£ T P(k)
_[ dadk ikx k3P(k)
~) 4n k ol
A2 (k)

Gaussian random field (phases of
Fourier modes §, uncorrelated) is fully
characterized by the power spectrum

P(K) = 5k 2

or equivalently by

k3pg ) -
A(k)={ 2)} -
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(Li near) powerspectra
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Power spectrum of density fluctuations
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Transfer function

To separate in the powerspectra the influence of primordial velocities
from that of other cosmological parameters introduce transfer
function: T(k)

T(k) = Pwoum(k) _
Pepa(k)
1
10 | | |
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Tr ansf er

functi on
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o
o
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Transfer function
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What Is Lyman-« forest?

hydrogen

— Lyman-o amission

intrinsic guasar

specirum

*

Lyman-« forest ———|

quasar spectrum
transmitted through
the intergalactic
meadium

Mux

T
550
wawvalength (nanometars)

1
550

flug—>

528

530

524 526
wavelength (nanometers)
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What Is Lyman-« forest?

8 &
iwvm{f}”@ "/

$ O

Flux

Y

A—>

m Neutral hydrogen absorption line at A = 1215.67A
(Ly-oe absorption 1s — 2p)

m Absorption occurs at A = 1215.67A in the local reference frame  of
hydrogen cloud.

m From the Earth observer point of view we see the forest:
A= (1+2)1215.67A
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Cosm c web

T~ 2 x 10% years

T~ 13 x 10° years
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Lynman- o forest and cosm c web

|
emission cosmic web
of light

\

Quiasar
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| GM

m The neutral hydrogen is a part of the warm (~ 10* K) and
photoionized intergalactic medium (IGM).

m Opacity fluctuations in the spectra arise from fluctuations in the
neutral hydrogen density

m From this it is possible to infer fluctuations in the total matter
distribution

||||' 1 1 ||||||| 1 | ||||||' 1 1 |||||t
1 1 -1
Probed by CMB i i Probed by
H | Lyman-a
1

[any
o
o
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N
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N
I

T(k)

k [h/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 simulations of DM clustering at non-linear stage

m Solving numerically Boltzmann equations for SM in the early

Universe

m Finding global fit to the whole set of cosmological data (CMB, LSS,
Ly-a), using Monte-Carlo Markov chains

Main challenge:

reliable estimate of systematic uncertainties
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FI ux power spectrum

m For each quasar, the observed spectrum [(z) can be expanded in
(one-dimensional) Fourier space.

m The expectation value of the squared Fourier spectrum is called the
flux power spectrum Pr(k, 2)

m The Lyman-a data provides an estimate of the flux power spectrum
Pr(k,z) atscales k ~ (0.3 — 5) h Mpc ™~ " for redshifts z ~ 2 — 4
(for these redshifts light rays of wavelength A,y = (1+2)1265A pass
through the optical window of the Earth’s atmosphere)

m At these redshifts, the density perturbations of such scales already
entered into a mildly non-linear stage of gravitational collapse

0p/p 2 1).

Oleg Ruchayskiy S UPER-WIMP DM 44



Lyman- o forest : nethodol ogy

m Simulate (a part of) the Universe (including baryons, star feedback,
etc.) and compute in it the statistics of the absorption lines —
simulated Pr(k, 2)

m Compare the simulated results with the observed.

m In the Lyman-a range the effects of an admixture of WDM might
be compensated by a change in other cosmological parameters
(s, Qarh?, ng, etc.) or even astrophysical parameters = perform
collective fits to the Lyman-« data and other data sets (e.g. CMB).

m Find the combinations of cosmological parameters (2, Qas, ng, b, .. .)
that fit the data
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Lynman-a forest : chall enges

m Each hydrodynamical simulation (evolution and clustering of DM+
baryons in the expanding part of the Universe, ionization feedback
from stars, etc. from z ~ 100 down to z ~ 2) takes about 36 hours
with the 142 CPUs of modern supercomputer (optimistic)

m Need to fit simultaneously 7+ cosmological parameters

m 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)

m To try only 2 values for each parameters one has to explore 10!
models. To perform 10! simulations one need ~ 5 x 10° years

“HONEST" PROCESSING OF LYMAN-« DATA IS COMPUTATIONALLY
PROHIBITIVE
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Cosnol ogy with Lynan- o

m We can (semi)analytically computed only the linear Ps;p(k) and

its dependence on cosmological parameters (including the DM
properties)

m In some cases one can reconstruct Psp(k) from measured Pr(k).
Reason: within error bars of measurements all the non-linear evolution is Viel, Haehnelt
encoded into a bias function : Pp(k) = b%(k)Psp (k) Springel 2004

m Very poor constraints, comparable with those from PSD
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Inttial conditions of nunerical siInulations

m To perform the numerical simulations one starts by setting Initial
Conditions (ICs)

m Usually done In Zel'dovich
approximation : sy

;.;,«,mrmfrw 'b"
7 g

Random displacement of DM s =
particles off the (uniform) grid fi
according to the (linear) matter §iis B
power spectrum, computed atgE

Zini ~ 10 — 100. _';}ﬁﬁﬁffﬁ

o

e R B P

W e Tl

aciv
d

%
X

g e e e it

&
b3
kg

24

et bR L WAt

Zel'dovich velocities are functions of
position

Typical Zel'dovich velocity vz ~
20 km/sec
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| Cs for VWDM siI nul ati1 ons

Simplest non-CDM model — pure WDM. Primordial velocity
distribution is a relativistic Fermi-Dirac

TF of pure WDM contains a power-law cut-off in the linear matter
power spectrum

k2u

—5/v
T(k) = (1 — ) x k719 for k> kesn
kFSH

Position of the cut-off is determine by the free-streaming or DM
mass

WDM particles have primordial velocities. For masses ~ 1 keV
Upm ~ Uz

Difficult to take primordial velocities into account in the N-body
simulations. Usually this is not taken into account
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| nfl uence of VDM vel ociti es
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Difference can be quite large for small (~ 0.5 keV) masses
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Col d+war m DM nodel ( QDM

m Models with admixture of cold DM component (relevant for resonantly
produced sterile neutrino DM, gravitino DM)

LI II 1 1 1 I LI II 1 1 1
o SO . m kgsy depends on mass, does not
N =l depend on WDM fraction
S S T S :
: 3 .1 m T(k) falls slower if more CDM
g 0.1 = : E
S [ Purewom 1 m For small WDM fraction T(k)
- . CWDM with 20% CDM _ . . .
[ CWDM with 40% CDM ------ | cannot be distinguished from
CWDM with 60% CDM =:=:=:- . . .
" CWDM with 80% COM - - 1 CDM within the precision of the
0.01 1 FW?M WI"} 90% C|DIYI |"| | |"| 1 1 1 data
0.5 1 5 10 50
k [h/Mpc]
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Bayesi an approach to WDM bounds

m Change the region for M,y > 5 keV. Results agree:

ICs with thermal velocities | ICs without thermal velocities
MWDM = 13.5 keV | MWDM = 139 keV

m How robust are these Bayesian credible limits?

16 Y | | | | | 1

% l _

—_ B * I
= 12 € —

O $‘ i —l :
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Bayesi an bounds on m xture of CDWWWDM

I:WDM
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Frequenti st approach to the CADM bounds
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All models have the same number of degrees of freedom
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STERILE NEUTRINOS: A MINIMAL
UNIFIED MODEL OF ALL OBSERVED
BSM PHENOMENA.
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Neutrino oscillati ons?

Just add right-handed (sterile) neutrinos V7, to the Standard Model
. . g1 é I = D a1 My, —1\enrI
Lovism = ESM—I—’I,NR NR— LaMaINR+T(NR) NR—I—h.C.

m Majorana masses M;. Dirac mass matrix MO?I = Fo(®), a =

{e, u, 7} — mixing between left-handed leptons L, and Ni. Mp <
M7 F,; — Yukawa couplings, Higgs VEV (®) ~ 174 GeV.

m Active masses are given via usual see-saw formula :

1
(my) = —MDMMS

m Parameters of two sterile neutrinos are enough to fit the neutrino
oscillations data. Three sterile neutrinos give even more freedom.

m The scale of M; is not fixed!
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The m ni nal extensi on?

There is a very simple modification of the SM which can explain within
one consistent framework

v/ ...neutrino oscillations

v/ ...Mmatter-antimatter asymmetry of the Universe

v/ ...provide a viable (warm or cold) dark matter candidate
Based on this model one can build a theory that

® ...can incorporate inflation

m ...can provide a solution to the cosmological constant problem

m ...treats hierarchy problem differently

Without a new physics above the EW scale.
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vMBM all masses bel ow el ectroweak scal e

Just add 3 right-handed (sterile) neutrinos N/, to MSM: Asaka,

Shaposhnikov

. _ M; ;. PLB 620, 17
Lovism = Lsnr + ’&N1I:g dN{z — (LaMol?IN{:a + T(NII{) N1{a -+ h.c.) (2005)

The spectrum of the VMSM

ev.i@ t A
10 ¢ B« N2 N, 1101
106 i u d H VN, ] 106
k e N, j
102 | VN2 1102
ﬁ V3 i
1072 | VN, Vel 1072
1076 |  quarks leptons Vi 19076
Dirac masses Majorana

Mmasses
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Choosi ng paraneters of the vNSM

Parameters of two sterile neutrinos are enough to explain
baryogenesis and fit the neutrino oscillations data:

— If M5 3 ~ 150 MeV — 20 GeV and AM; 3 < M> 3 vMSM explains
baryon asymmetry of the Universe.

— Neutrino experiments can be explained within the same choice
of parameters.

See-saw with masses below EW scale.
The third neutrino?

Sterile neutrino interacts with the rest of the SM matter only
via coupling with active neutrinos, parametrized by 0 = =2

Phenomenology is similar to weak interactions but with 6 - G (and
1)
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DMiIin the vNMSM

m The third (lightest) sterile neutrino can have cosmologically long life bpodelson

time Widrow’93
keV\® /108\ " -
_ 26 Asaka, Laine,
7 =9 X 10%sec X ( M ) ( 2 ) Shaposhnikov
5 07
m Can be produced in the early Universe in the right amount: Laine,

— Via active-sterile neutrino oscillations Shaposhnikov

— Via resonant active-sterile neutrino oscillations in the presence shi, Fuller9s

of lepton asymmetries . (can produces sterile neutrinos up to ~
10% keV.)
— In singlet scalar decays. (neutrinos with the mass up to few MeV) Tkachev,
Shaposhnikov
(2006)

m Can play the role of (warm, cold or mixed ) DM
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How sterile neutrino DMis produced?

m Sterile neutrino interacts with the rest of the SM matter only via

coupling with active neutrinos, parametrized by 6 = %

m Acceptable 6 are so small, that the rate of this interaction I' is much
slower than the expansion rate (I' < H)
= Sterile neutrino are never in thermal equilibrium

m Simplest scenario:  sterile neutrino in the early Universe interact

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

/

Shi Fuller'98

m The presence of lepton asymmetry makes this production much
more effective
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Properties of the |ightest sterile neutrino

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

5% e\ 2
Np — 3v. Life-time 7 = 5 x 10%%sec x ( KZ/) (10 8) Wolfenshtein

m Subdominant radiative decay channel Pal (1982)

— Photon energy: E., = %=

92

Barger Phillips
Sarkar (1995)

— Radiative decay width:

9 agy G% 5
['rag = sin®(20) M?
rad = 56 44 in“(20) M
m Sterile neutrino DM is not completely dark Dolgov
Hansen (2000
— Flux from DM decay:
Abazajian
f Fuller Tucker
E T ogM® T g2 (2001)
Foy = ~ + rad ZDMz rad fov/po(T)dT
My 4wD7 87 Boyarsky et al
line of sight (2006)
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W ndow of paraneters of sterile neutrino DM
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W ndow of paraneters of sterile neutrino DM
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W ndow of paraneters of sterile neutrino DM
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W ndow of paraneters of sterile neutrino DM
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W ndow of paraneters of sterile neutrino DM

10®
10”
108
107
10710

107"

sin®(26,)

10712
1013
10714

1013

UL | | | I L I | | | I
Qy, >Rpm
NRP =
X-ray constraints —
E [ —— _ /.' - - — — ~ T
7)) —~ ~ —
c y __ ~
S E = Ry
— —
os e
S =
S ® %670 “
. S R — L6 X\7
§ o — \’m t\ \L 00
< ~ 2500
o — —
L1 1 1 1 1 I L1 11 I 1 1 1 I
5 10 50
M, [keV]

Boyarsky,
Ruchayskiy,
Lesgourgues,
Viel
[0812.3256]

Boyarsky,
Ruchayskiy,
Shaposhnikov
[0901.0011]

Oleg Ruchayskiy

S UPER-WIMP DM

67



W ndow of paraneters of sterile neutrino DM
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m Sterile neutrino is still viable and very attractive DM candidate. The
vMSM should be verified.

m To explore the allowed window, more theoretical efforts, both on
particle physics and astrophysics sides, and new methods of
analysis of the full set of the cosmological and astrophysical data is
needed.
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