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‘ Discovering dark matter in space I

The evidence for dark matter

The candidates, and the detection strategies
The opportunities in space

Sterile neutrinos as dark matter:
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‘ Dark matter I

The evidence for dark matter is very strong:

galactic rotation curves cannot be explained by the disk alone
cosmic microwave background radiation

gravitational lensing of background galaxies by clusters istsong that
It requires a signi cant dark matter component.

clusters are lled with hot X-ray emitting intergalactic gas; some
(merging) clusters show displacement of dark and baryonidtara
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Galactic rotation curves

Observed vs. Predicted Keplerian
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Cosmic microwave background radiation (CMBR)

At redshift zgec = 1089 1, the atoms formed and the universe became
transparent to radiation. Radiation emitted at that timetgec = (379
8) kyr, has been red-shifted into the microwave range. Fluctuatibase

been measured rst by COBE, and later by BOOMERANG, MAXIMA, ...,
WMAP:
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These uctuations can be represented in the form of a power spauti®.
First, one expands in spherical harmonics:

T X

?: am Ym ()

I:m

And then one plots
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Power spectrum measured by WMAP
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Power spectrum measured by WMAP
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Gravitational lensing: seeing the invisible

GRAVITATIOMAL
LENSING:

A Distant Source
Light leaves a young,
star-forming blue galaxy near
the edge of the visible universe.

2 A Lens
Of ‘Dark Matter”

-
CLUSTER OF
‘s, g GALAXIES -

Light
bent by
gravity

Somea of the light
passes through a largs
cluster of galaxies and sur- _ Light's
rounding dark matter, directly in the : <riarmal
line of sight betwsan Earth and the th

clistant galaxy. The dark mattar's gravity ?
acts like a2 lens, bending the incoming light.

Focal Point:
Earth

Mast of this light is
scatterad, but some is
focused and diracted toward
Earth. Obsarvars see multiple,
distorted images of the background
galaxy,

Lzl e

Tomy Tyson, Greg Kochanski ard
Ran DellAntonii

Frank O'Connell and Jim Meblanus!

The Mew Yark Times

Q2C
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Foreground cluster CL0024+1654 produces multiple images oblae
background galaxy in the HST image (left). Mass reconstructiamlt).
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‘ None of the known particles can be dark matter |

Q2C
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‘ None of the known particles can be dark matter |

XAXXX
XXX X
XAXXX
XXX X

Q2C
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‘ Dark matter ) new physics |

XAXXX
XXX X
XAXXX
XXX X
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‘ Dark matter: what iIs Iit? I

Can take guesses based on...

...compelling theoretical ideas
...simplicity

...observational clues

Dark matter properties determine the detection strategy

Q2C
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‘ Dark matter: compelling theoretical ideas I

SUSY is an appealing theoretical idea
Dark matter comes as part of the package as one of the following:

Lightest supersymmetric particle , stable because dR-parity

{ neutralino
{ gravitino
{ axino

SUSY Q-balls, stable for gauge-mediated SUSY breaking, thanks to tharyon
number and energy conservation.

Theoretically motivated!Mass vs cross section OK, evénmatural” .

By no means minimal. No experimental evidence so far, but thedeis
under way.

15



Alexander Kusenko (UCLA) Q2C

Direct detection

/ Weakly interacting particles (WIMP)
can penetrate through rock; they can be
detected in underground detectors, such as

SUSY Zeplin and others, screened by the rock
WIMP

from cosmic rays (unwanted background)
\

16
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‘ Indirect detection of WIMPs I

Annihilations of WIMPs in the center of MW galaxy can be detected by
gamma ray and x-ray telescopes in space

17
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‘ Axion I

P
- Strong CP problem]QCD vacuum is a superpositigni = expf in gjni
of topologically distinct vacuum stategi .

g2
Loco = Lopert + 32 ZFP
= +argdet M

Experiment:;j | 10 191!

18
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‘ Possible solution: Peccei-Quinn symmetry |

An elegant solution: relaxes to zero dynamically, by a VEV of tlagion .

Additional U(1) symmetry, Peccei-Quinn symmetry is spontaneously
broken by instantong axion has small mass.

Axion is a weakly interacting particle ) dark matter

19
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‘ Axion dark matter I

Q2C
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‘ Axion dark matter I

Various searches:

axion-photon conversion in magnetic eld
detection of solar axions

long-range forces,; possible advantage in spabeg-free environment

21
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‘ Sterile dark matter: a simple (minimalist) solution I

Needone particle) add justone particle
If a fermion, must be gauge singlet (anomalies)
Interactions only through mixing with neutrinos

) sterile neutrino

Small mass and, thereforetability! No symmetries required.

22
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Sterile neutrinos

The name "sterile” was coined by Bruno
Pontecorvo in a paper [JETP,53, 1717 (1967)],
which also discussed

lepton number violation
neutrinoless double beta decay
rare processes (e.g. ! e )
vacuum neutrino oscillations
detection of neutrino oscillations

astrophysical neutrino oscillations

23
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Q2C

Pontecorvo: neutrino oscillations can
"convert potentially active particles into
particles that are, from the point of view
of ordinary weak interactionssterile, i.e.
practically unobservable, since they have
the "incorrect” helicity" [JETP, 53, 1717
(1967)]

24
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Sterile neutrinos with a small mixing to active neutrinos

j i =cos joi sin )
j ol =sSin ] ¢l +COS | i
The almost-sterile neutrinoj ,i was never in equilibrium. Production of
> could take place through oscillations.
The coupling of » to weak currents is also suppressed, and sin?
The probability of ¢! ¢ conversion in presence of matter is

1 # 1

. 1 .5
hPmi = 5 1+ sSiN“2 m; (2)

where o IS the oscillation length, and s is the scattering length.

25
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‘ Sterile neutrinos in the early universe |

Sterile neutrinos are produced in primordial plasma through

0 -resonance oscillations[Dodelson, Widrow; Abazajian, Fuller; Dolgov,
Hansen; Shaposhnikov et al.]

oscillations on resonance, if the lepton asymmetry is non-igdgg
[Fuller, Shi]

26



Alexander Kusenko (UCLA) Q2C

Mixing Is suppressed at high temperaturieolgov, Barbiieri; Stodolsky]

( m?2=2p)2sin?2

.2
sin”© 2 = (3
" ( m2=2p)2sin®2 +( m2=2pcos2 V(T))2 )
For small angles,
. sin 2
sin2 (4)

1+0:79 10 13(T=MeV)b(keV *= m?2)
Production of sterile neutrinos peaks at temperature

2 1=6
Tmax = 130 MeV

keV 2
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10

[keV]

dark matter ———

S

m

The resulting density of relic
sterile neutrinos in conventional
cosmology, in the absence of a
large lepton asymmetry:

vl Lol Ll MR | M. )
le-11 1e-10 1e-09 1e-08 1e-07
. 2
sinq

!
sin? 2 me ?
10 8 keV
[Dodelson, Widrow; Dolgov, Hansen; Fuller, Shi; Abazaji&nller, Patel]

2
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‘ Lyman- forest: a look at the small-scale structure |

29
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The resulting density of relic
sterile neutrinos in conventional 3

cosmology, in the absence of a o |

large lepton asymmetry:
!
sin? 2 m <
, 03 ——
10 8 keV

Lyman- forest clouds show
signi cant structure on small

scales. Dark matter must be cold
enough to preserve this structure.

2 1

Seljak et al.

dark matter ———

Viel et al.

too warm

“T1e10 | 1e09
. 2
sinq

Tell

“le08  1e-07

Q2C
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‘ Cold or warm dark matter? I

CDM works well, but...
There are problem problems with cold dark matter on small sca les

31
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Some CDM problems eliminated by WDM

overproduction (by an order of magnitude!) of the satellite halos fGmlaxies of the
size of Milky Way.

WDM can reduce the number of halos in low-density voifiSeebles]

observed densities of the galactic cores (from the rotation cunesg) lower than what
is predicted based on theCDM power spectrum/Dalcanton et al.; van den Bosch et
al.; Moore; Abazajian]

The \angular-momentum problem"; in CDM halos, gas should cool atywearly times
into small halos and lead to massive low-angular-momentum gas coregalaxies.
[Dolgov]

disk-dominated (pure-disk) galaxies are observed, but not produceCDM because
of high merger rate[Governato et al.; Kormendy et al.]

observations of dwarf spheroidal galaxies m keV [Gilmore et al.]
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‘ Radiative decay |

Sterile neutrino in the mass range of interest have lifetimlesger than
the age of the universe, but they do decay:

n;
Photons have energias=2: X-rays. Large lumps of dark matter emit some
X-rays. [Abazajian, Fuller, Tucker; Dolgov, Hansen; Shaposhnikowald

Ny Ny Ny
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‘ X-ray observations I

Virgo cluster image from XMM-Newton

Q2C
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Chandra, XMM-Newton can see photons: ¢! e

[Abazajian et al; Hansen et al.; Boyarsky et al.; Watson et al.]
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Chandra, XMM-Newton can see photons: ¢! e

[Abazajian et al; Hansen et al.; Boyarsky et al.; Watson et al.]

36



Alexander Kusenko (UCLA) Q2C

‘ Emission of sterile neutrinos from a supernova I

Sterile neutrino emission from a supernova is anisotropic

Sterile neutrinos with masses and mixing angles consistent walkd
matter can explain the pulsar velocities

[AK, Sege; Fuller, AK, Mocioiu, Pascoli]
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‘ The pulsar velocities. |

Pulsars have large velocitiesyi 250 450 km =s.
[Cordeset al.; Hansen, Phinney; Kulkarnet al.; Lyneet al. ]
A signi cant population withv > 700 km =s,

about 15 % havev > 1000 km =s, up to 1600 km =s.
[Arzoumanianet al.; Thorsett et al. ]

Q2C
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A very fast pulsar in Guitar Nebula

HST, December 1994 HST, December 2001

Q2C
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Map of pulsar velocities

Q2C
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Proposed explanations:

asymmetric collapse [Shklovskii] (small kick)
evolution of close binaries [Gott, Gunn, Ostriker] (not enough)

acceleration by EM radiation [Harrison, Tademaru] (kick sinaredicted
polarization not observed)

asymmetry in EW processes that produce neutrinos [Chugai; [2eng
Rodinov, Ternov] (asymmetry washed out)

\cumulative" parity violation [Lai, Qian; Janka] (it'snot cumulative )

41
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‘ Asymmetric collapse I

— T — T T T T T T T T T T
Oxygen Shell Oxygen Shell
Only With Oscillations |
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\...the most extreme asymmetric collapses

Q2C

do not produce nal neutron star velocities above 200km/s" [lery'03]
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‘ Supernova neutrinos |

Nuclear reactions in stars lead to a formation of a heavy iron cdf¢hen
it reachesM  1:4M |, the pressure can no longer support gravity.
collapse.

Energy released:

Gn M Ige core 1053erg

99% of this energy is emitted in neutrinos

43
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‘ Pulsar kicks from neutrino emission? I

Pulsar withv 500 km/s has momentum

M v 10" gcml/s

SN energy released10® erg) in neutrinos. Thus, the total neutrino
momentum is

P . iota 10% gcm/s

| al1% asymmetry in the distribution ofneutrinos |

IS su cient to explain the pulsar kick velocities
But what can cause the asymmetry??

44
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‘I\/Iagnetic eld? I

Neutron stars have large magnetic elds. A typical pulsar hasface
magnetic eldB  10** 102 G.

Recent discovery ofsoft gamma repeatersand their identi cation as
magnetars

) some neutron stars have surface magnetic elds as high as
10> 10'° G.

) magnetic elds inside can be 10*® 10 G.

Neutrino magnetic moments are negligible, but teeattering of neutrinos
0 polarized electrons and nucleons is a ected by the magnetic eld.

45
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‘ Core collapse supernova I

Onset of the collapset = 0

Q2C
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‘ Core collapse supernova I

Shock formation and \neutronization burst't = 1 10 ms

PNS

Protoneutron star formed. Neutrinos are trapped. The shock waveaks
up nuclei, and the initial neutrino come out (a few %).

47
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‘ Core collapse supernova I

Thermal cooling:t =10 15 s

Most of the neutrinos emitted during the cooling stage.

Q2C
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Electroweak processes producing neutrinos (urca),
p+e §F n+ .andn+e" J p+ o

have an asymmetry in the production cross section, depending ensthin
orientation.

(e ;" )6 ("e # )
The asymmetry:

2 2
— = gv gA ko O4ko,
g2 +3 g2

wherekg 1s the fraction of electrons in the lowest Landau level.
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In a strong magnetic eld,

0.7 |
06 | B:3x1016G
05 ¢
04 |
" el a1
0.2 ¢ o 15
o1 | B=3x10 G
oL —
20 30 40 50 6
m MeV

Ko IS the fraction of electrons in the lowest Landau level.

Pulsar kicks from the asymmetric production of neutrinos?
[Chugal; Dorofeev, Rodionov, Ternov]
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Can the weak interactions asymmetry cause an
anisotropy in the ux of neutrinos due to a large
magnetic eld?

Neutrinos are trapped at high density.

Q2C
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Can the weak interactions asymmetry cause an
anisotropy in the ux of neutrinos due to a large
magnetic eld?

NO

Rescattering washes out the asymmetry
In approximate thermal equilibrium the asymmetries in scatteramgplitudes
do not lead to an anisotropic emission. Only the outer regions, rnea
neutrinospheres, contribute (a negligible amouniYilenkin,AK, Sege]
However, if a weaker-interacting sterile neutrino was produced in
these processes, the asymmetry would, indeed, result in a pulsar
Kick!
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Sterile neutrinos leave the star without scattering. Hence, theyegthe
pulsar a kick.
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Q2C

Allowed range of parameters (time scales, fraction of total eryeegnitted):

[keV]

S

m

10

W= 0.3—)
pulsar kick ———>
(off-resonance
oscillations)
IIII| 1 1 IIIIII| 1 IIIIIII| 1 1 IIIIII| 1 | N T I I
le-11 le-10 1le-09 1le-08

. 2
sin q

[Fuller, AK, Mocioiu, Pascoli]

54



Alexander Kusenko (UCLA) Q2C

‘ Resonant active-sterile neutrino conversions in matter I

Matter potential:

V(s) = O
V(e = V(e)=Vo@BYe 1+4Y))
z R B
V(. ) = V(;)=W({e 1+2Y,)+ LT
z_eG. 3N 77
C = V5 4

[D'Olivo, Nieves, Pal]
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The magnetic eld shifts the position of the resonance because @‘iﬁi
term in the potential:

In the absence of magnetic eld,s e‘scape isotropically

56
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The magnetic eld shifts the position of the resonance because @‘iﬁi
term in the potential:

. 4
Down going neutrinosvhave higher energies

of the

57
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The range of parameters (resonance, adiabaticity, weak dam)pi

[keV]

S

m

10}

[ pulsar kick /

L (resonant oscillations)

1111 1 1 | I I 1 1 IIIIIII 1 1 IIIIIII 1 1 ) I I |
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. 2
SInQ

1le-07

Q2C
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‘ Resonance & o -resonance oscillations I

[keV]

mS
T~
N\

pulsar kick

||||| | |||||||| | | ||||||| | |||||||| | | | I |
et 1e-10 16-09 16-08 le

. 2
sing
[ AK., Sege, PL B396, 197 (1997):; Fuller, A.K.,Mocioiu,Pascoli, PR 68, 103002 (2003)]
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‘ Other predictions of the pulsar kick mechanism |

Stronger supernova shodkryer, AK, ApJ, in press; astro-ph/0512033]

Convection
Region

Q2C
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‘ Other predictions of the pulsar kick mechanism |

Stronger supernova shodkryer, AK, ApJ, in press; astro-ph/0512033]

Q2C
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‘ Other predictions of the pulsar kick mechanism |

Stronger supernova shodkryer, AK, ApJ, in press; astro-ph/0512033]

No B v correlation is expected because

{ the magnetic eld inside a hot neutron star during therst ten secondsis very
di erent from the surface magnetic eld of a cold pulsar
{ rotation washes out thex;y components

Directional = v correlation is expected, because

{ the direction of rotation remains unchanged
{ only the z-component survives
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‘ Reionization I
+2 .7

WMAP, three years of data, reionization redshift; = 10 :97%,.5.
(This improves the one-year WMAP result; =17 5.)

Observations of distant quasars: reionization must be completgd b 6 .
First stars can ionize gas, but can they form so early?

WMAP 3 yrs) new challengecan one end reionization kg = 6 without
exceeding the optical depth,,,,, =0:10 0:03?

Small halos collapse rst and start ionizing gas. If reionizatics to be
completed byz = 6, small halos shine to early, too bright, and exceed

WMAP *
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Need suppression of star formation in small halos by an order of
magnitude: [Haiman, Bryan, astro-ph/0603541]

Warm dark matter @ravitinos) could suppress small structure and but
they would also delay the star formation.
What about sterile neutrinos?

they are warm) small halos suppressed

they decay and produce x-rays, and x-rays can ionize gas!
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‘ Photons from radiative decays |

Sterile neutrino in the mass range of interest have lifetimlesger than
the age of the universe, but they do decay:

Ny

Ny Ny

Photons have energian=2: X-rays. X-rays can ionize gas.
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Sterile neutrino decays: an increase in ionization fraction

0.001 N\

The ions too few to explain the WMAP results [Ferrara, Mapelli]..

...but it's a much higher fraction than in the absence of ster ile

neutrinos. lonization catalyzes formation of molecular hy drogen [AK;
P.L. Biermann]..

production of molecular hydrogen speeds up gas cooling, halo
collapse and star formation
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Molecular hydrogen

H+H! H,+ very slow!

In the presence of ions the following reactions are faster:

H+H ! Hy+ H™:

H * catalyze the formation of molecular hydrogen!
[Biermann, AK, PRL96, 091301 (2006)]
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“cm /s

» 10 cm

Kk

The fraction of molecular | L/\

hyd rog e nf O 200 400 600 800 1066

f—  Km(t) ng (1) Xe(t):

wherek,, Is the rate shown
End result: H, production is enhanced at z 100

Sterile neutrino decays can precipitate the early star formatiortar$ can
reionize the universe by redshaf =11 3 (WMAP) while avoiding the
minihalo problem
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Clues of sterile neutrinos

The sterile neutrinos can explain:

the light neutrino masses

dark matter

baryon asymmetry videptogenesis [ Asaka, Shaposhnikov; Akhmedov
et al. ]

pulsar kicks

reionization
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‘ Clues of sterile neutrinos I

This could be the greatest discovery of the cent
Depending, of course, on how far down it goe:

Q2C
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‘ Summary I

Dark matter is out there and needs to be discovered!

NASA can make the discovery in space using x-ray and gamma-raycteles

A sterile neutrino with keV mass is a viable dark matter candidate, fodeCDM
problems, consistent with dSphs observations.

The same neutrino is emitted from a supernova with a su cient anismiy to explain
the pulsar velocities

The same neutrino can boost the production of molecular hydrogad precipitate a
rapid early star formation.

A rather minimal extension of the Standard Model, the addition of dlkrsterile
neutrinos explains all the present data, includinglark matter, the baryon
asymmetry of the universe, theulsar velocities, and reionization
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