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GRAVITATIONAL LENSING
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GALAXY ROTATION CURVES
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ACOUSTIC OSCILLATIONS
IN CMB
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NE-SCALE ANISOTROPY OF THE COSMIC MICROWAVE BACKGROUND IN A

UNIVERSE DOMINATED BY COLD DARK MATTER
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FROM DENSITY FLUCTUATIONS TO GALAXIES
T Angular scale

90° 18° 1 0.2° 0.1° 0.07°
- Temperature fluctuations
measured by Planck satellite
compared to inflation prediction-
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EUCLIDEAN or flat space FITS TO HIGH PRECISION!

Q= 8nGp/3H,” H,=68+-1 km s Mpc -}

\\/ijrved

Q,=0.697+-0.011
Q_=0.303+-0.011

Qg=0.0484+-0.0007

t,=13.804+-0.058 Gyr



ACOUSTIC OSCILLATIONS IN BARYONS
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SUPERNOVAE AS STANDARD
CANDLES FOR COSMOLOGY



§
Lo

veu velocity

distance

e

- — - "--..-‘ -

dstance (Mpc)




Distant type Ia supernovae are too faint by ~25%

most of the mass-energy in the universe is dark
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SUSY WIMP in thermal equilibrium
relic abundance if <o,,,v>~3x102° cm3/s ~0.23/Q, generic WIMP
<0,,,v>~ a,2/m2=a,%/1TeV?

PREDICTING <ov>

annihilation




WIMPS or nonWIMPs
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NOW its one of many DM candidates...

One natural choice is asymmetric DM
for which m,=5 GeV

lepton-like asymmetry:  pg=mgn,mg  p,=Ngn,m,

Nussinov, Kaplan....

of interest for direct detection...

Another is minimal DM for which m =10 TeV

SM + quintuplet............. neutral, stable, thermal freeze-out + relic abundance

of interest for indirect detection.... Cirelli +



DARK MATTER DETECTION
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ndirect detection ;
of high energy vy, v, e*... DM SM

<ov>~3x1026 cm3/s
O, ~1036 cm?
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~20% of '

DIRECT
DETECTION

many WIMPs pass through lab per second
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Spin-independent elastic
scattering is coherent,

and all nucleons contribute
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Spin-dependent elastic scattering sums incoherently
(couples to nucleon spin, cancels in pairs)

aaf | — XENON100 limit (2013) proton
T 10} = 20 expected sensitivity
N= = 1o expected sensitivity
=40
- i
o
—
o S
® 10
w
m -
g ‘0 —
c
9 P | \\
© 10} Lo, »
T ~
O . - LT
= 1077} 2 e ="
§ . ot - . Iv'k.‘ll‘[.l" ,I
(% ‘O.j'_r \\ ,/ ‘_\"\_'i
\__—_N /’/ k_:l\:,_
10" - e
10 10 10

WIMP Mass [GeV/c?]



LHC reach

Log scattering cross section (pb)

300/fb at 14 TeV in 2015
O Models within LHC reach (18.3 %) /fb at 14 TeV energy in

® Models favoured by Planck (5.7 %) WMAP mean with 5-c Planck uncertainty
+ Models within IceCube reach (6.5 %) 5-0 for 1 yr of 80 strings data

XENON-10 excluded

CDMS-II excluded
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INDIRECT DETECTION

halo WIMPS occasionally annihilate into energetic particles




UNCERTAINTIES

Dark matter distribution

profiles, streams, clumps, velocity distribution
Cosmic ray propagation

diffusion, solar modulation, energy losses
Particle physics issues

fragmentation codes,

higher order corrections at TeVscales

Possible dark matter profiles in our galaxy Astrophysical backgrounds
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THE SUN

1998/03/30 18:50



VOLUME 55, NUMBER 2 PHYSICAL REVIEW LETTERS 8 JULY 1985

The Photino, the Sun, and High-Energy Neutrinos
Joseph Silk
Department of Astronomy, University of California, Berkeley, California 94720
and

Keith Olive
Theoretical Astrophysics Group, Fermi National Accelerator Laboratory, Batavia, Illinois 60510

and

Mark Srednicki
Physics Department, University of California, Santa Barbara, California 93106
(Received 29 April 1985)

If the Universe contains a nearly critical density of photinos which are also assumed to constitute
the dark matter in our galactic halo, then gravitational trapping by the Sun and ensuing annihilation
in the solar core yields a significant flux of — 250-MeV neutrinos. This results in about two
neutrino-induced events per kiloton-year in an underground proton-decay detector.




ENERGETIC NEUTRINOS FROM WIMPs ANNIHILATING IN THE SUN
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low mass (m, ~5-10 GeV) WIMPS are trapped, fill the
solar core.... and modify T(r) if non-annihilating
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NEUTRON STARS
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NEUTRON STARS

WIMP ANNIHILATIONS MAY CONVERT A NEUTRON STAR TO A QUARK STAR if neutron matter is metastable
|
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nA,—_SnAU
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= Pslet \Hillta, : ' Perez-Garcia, Silk and Stone 2010

145 150 155 160 185 170 175
8" (MeV)

This would be a dramatic explosion... and produce compact pulsars
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® Strange Quark
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The dark matter V|ew
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cannot distinguish the two..whatever AMS finds!

Delahaye, Kotera and Silk (2014
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Radio synchrotron emission

The WMAP microwave haze
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Via Lactea 2 simulation  =ns
(10° particles of 4000 M,,) i

Fermi inner galaxy excess
DM renderings by Lin Yang (2013) Otemand, Kublen, iisu 00




THE GALACTIC CENTER 7°x7°
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Yang et al 2013

(d)

mpy =10 GeV, B=3 uG, My =3 cm?, 2/3mu+1/3tau

otal Flux
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If GC is DM signal, then we should soon detect dwarf
spheroidal galaxies: ideal DM laboratories

MSSM s a1 *===+ Draco
WMAP compatible

bolow WNAP

Coma Berences —- Saxtans
Fomax

m,,, (GeV)



Madhavacheril + 2013
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Dark Matter around our SMBH
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CDM cusp steepens by adiabatic growth
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Density profile
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supermassive black hole at Galactic Center

prediction for CTA: superexponential signature of TeV DM annihilations
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NEARBY AGN

M87 is an attractive target
Distance 2000 x GC but Mg, 1000 x SagA*

Flux ~ n2<ov> (2r ) ~ Mg */<ov> for low <ov>

n,(rp)<ov>ty, ~1

Dynamical heating of spike ~ 104 yr vs 10° yr (GC)



relativistic jets emanate from ergosphere, so
high energy e,p collide with DM spike particles

Bul(py) | 1 (ps) 4(p1) y(ps) Bu(ps)

<
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THE EXTRAGALACTIC yRAY
BACKGROUND
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THE COSMIC y-RAY BACKGROUND FROM THE ANNIHILATION OF
PRIMORDIAL STABLE NEUTRAL HEAVY LEPTONS

F. W. STECKER
Laboratory for High Energy Astrophysics, NASA Goddard Space Flight Center
Received 1977 December 12; accepted 1978 February 14

ABSTRACT

In light of the recent work on the astrophysical implications of the possible existence of stable
neutral heavy leptons and the suggestion that continuing annihilation of heavy leptons produced
in the big bang might produce a substantial cosmic y-ray background radiation, we examine
in detail the spectra and intensities of such radiation from (1) a homogeneous cosmic lepton
background, (2) a possible lepton halo around the Galaxy, and (3) integrated background radia-
tion from possible lepton halos around other galaxies and from rich galaxy clusters. In the case
of our own galactic halo, y-radiation from heavy-lepton annihilation appears to be able to ac-
count for the intensity of the observed background only if there are ~ 100 y-rays produced per
annihilation. However, in that case both the energy spectrum and isotropy would be inconsistent
with the observations. More likely lepton annihilation fluxes from a galactic halo would be
confused with cosmic-ray-produced radiation and therefore would be difficult to observe. Heavy-
lepton annihilation radiation from the halos of other galaxies accounts for at most 5 x 10-?
of the background intensity, and those from rich clusters account for at most 5 x 107° of the
background intensity. Those from a homogeneous cosmological lepton background appear to
be able to account for <10~ * of the observed cosmic y-ray background, although the spectrum
and isotropy in this case would be consistent with the data.

requirements are compared with objects that are intense in the infrared and millimeter bands (e.g.,
Seyfert nuclei and QSOs), and we show that radio-quiet QSOs might be the most suitable objects.

ABSTRACT
The isotropic X-ray background may be interpreted by means of the superposed contributions from

normal galaxies, provided that one takes into account evolutionary effects of the type suggested by the
radio source counts,




EXTRACALACTIC DIFFUSE RAY BACKGROUND

L L} 'll ] 1 L L "l L | LI B l'l ] L T 'I 1 1 LB

u @  'ORD Spectrum (Abdo et al. 2010, PRL 104) |

10) — + l [N] WORE (E»100 OeV, prefminary) g

— AN /P . + I | BL Lac (preliminary) :':
: _&'Q‘Q’ 0’ N2 \J ! Sum of Componants B
'.. | & . N ﬂ—v 7

T . +
e 10'E aiidsisy X — —
(&) — M —
> — — —
[=]
E ¢ 3
% - ——
p St farming Galases (Ackermann accapt )

z T My E
. ¥ - T Hﬂ -
: FSR0s |Ajela at & 201D Hi”\ :

- ! N

1 0‘ - * Radio CGalaxies (Insue+11) i HH{ -—=§

; 2 2 ) ll 1 1 1 1 L L 1 l[ 2 1 1 1 1 1 ll! 1 1 ' l“l‘l 4 l! —'4_‘4_‘;.

2 12 — Sum of Components/IGRB =
) = -
S es —
c - =
8 esE- =
° A= =
= — -
& Th re |s room for an exotlc component from dark matter 3
10° 10° T 10°

Energy iMeV]



5
- T
10 a: g
Hr, =

10-1 L

—t
dA? (z

107

E*dN, /dE[GeV cm ™ s sr ]
S

=

<
=
=

Annihilations

In dark matter
spikes around
supermassive
black holes




BLACK HOLES

THE ULTIMATE PARTICLE ACCELERATOR: dark matter cusp around black hole

Black | /

maximum 4.5 m

hole

Orbits of objects
near black hole




NEAR KERR BLACK HOLES



Rotating black hole can feed Penrose effect via DM particle collisions

i
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Extraction of Rotational Ei
from a Black Hole

TrHERE has been considerable interest recently
the gravitational collapse of a massive body 1
astrophysical consequences of the existence ¢
which general relativity predicts should some
of such a collapse. In particular, the question
the mass-energy content of a black hole cou
curcumstanoeq be a source of available €

ASTROPHYSI(,AL JOURNAL 191 231-233 1974 July 1

'4. The American Astronomical Society. All rights reserved. Printed in U.S.A.

ENERGY LIMITS ON THE PENROSE PROCESS

RoBerT M. WALD
Department of Physics and Astronomy, University of Maryland, College Park
Received 1973 December 26

ABSTRACT

If a body in the vicinity of a rotating black hole breaks apart into two or more fragments, then under
appropriate conditions the rotational energy of the black hole can be used to enhance the energy of one of the
fragments (Penrose process). Wheeler and others have suggested that the Penrose process could serve as an
energy mechanism for jets. In this paper we derive strict limits on the energies which can be achieved by the
Penrosc process. It is shown that in no case can onc obtain energies which are greater by a significant factor
than those which already could be obtained by a similar breakup process without the presence of a black hole.



Black hole shadow

Event Horizon Telescope

Simulated image at 1Imm
~10 GM/c? at 50 u arcsec

Huang + 2007



NEAR BINARY BLACK HOLES



Kozai mechanism drives resonant infall of DM

in eccentric orbits operates for binary black hole

Supermassive black holes don’t merge!  remaine
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Dark Matter Torii

Mutual inclination distribution
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Figure 7. The final DM particles around IMBH with a
growing MBH. Results are shown after the MBH grows by a
factor of ~ 2. Same convention as figure 3, aynt = 0.03 pc, with
MBH set initially to 108 Mg. The plot shows the result of 1195
runs.

in BH binaries 7

Mutual inclination distribution
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Figure 8. The final DM particles around SMBH after
1Gyr of evolution. We consider m; = 10° Mg at 1 pc from
the mo = 10° M. Same as Figure 3. The plot shows the result
of 1000 runs. Note that the horizontal azis of the bottom left panel
shows the separation in units of pc and log,,.
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Navarro, Frenk, White 1997

Universal dark matter density profile

Ps Cvir = Rvir/rs-

p.\'l~'\\"(r) = (r/rs)(l -+ r/"s)2

Ayir = (1812 + 82x — 39x%)/{U(z), where x = (z) — 1, and ()(2)
is the ratio of mean matter density to critical density at redshift z.
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CLUSTER PROFILE
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CLUSTER CONCENTRATION
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Fitting diffuse radio data for the COMA
cluster of galaxies
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SELF-INTERACTING DARK MATTER

If dark matter self-interacts with

cross-section 0.1-1 cm?/g, dwarf bulges are
cored

clusters constrain this via multiple components
and shape



weak lensing mass contours [EEUSERAYS
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Simulation Lage & Farrar 2014
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Self-interacting dark matter
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DECAYING DARK MATTER

massive neutralino requires decay time ~ 10%° sec

Delahaye et al 2010

Eyy = 100 GV
b PAMELA
* HEATS450)
002F v AMs—0)
A CAIRICEX |
P B | PN N N N
1 5 00 S0 0w

Energy (GeV) _ | .



limits on Decaying Dark Matter
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130 GeV line ?
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If dark matter is a sterile neutrino

 Lyman alpha forest and hi z galaxies fix minimum mass ~ 1 keV
Markovic & Viel 2013

* maximum mass has to be warm

(~5 keV ~ co-moving mass of dwarf galaxy)  Pacucci+2013

* decay time (+ mixing angle) specifies relic abundance

7 keV vdecaysinto 3.5 keV photons

e the favoured mass range is constrained:
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Normalized count rate
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Ultra-faint dwarf galaxies

Segue 3 with SDSS
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Dwarf galaxies have cores Explained by baryon feedback
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Current searches for indirect
detection of particle dark matter




Following the light
TH E FUTU RE Higgs discovery and
the failure to find
evidence for SUSY,
the new frontier for
particle physics is
likely to be a 100
TeV collider

where the constraints
are increasingly tight
to heavy DM (1-30 TeV)

L

m(x;) (GeV)



The ultimate limit
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THE FUTURE FOR ASTROPHYSICAL SEARCHES
FOR DARK MATTER & DARK ENERGY

Large Synoptic Survey Telescope
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