DARK MATTER EXISTENCE AND OTHER RESULTS
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Galaxy clusters contain:

e 1-3% of mass in stars
e 10-20% inhotgas (~ 10keV, ~ 103cm™3, optically thin for X-rays)
e 80-90% in dark matter (~ 10%°Mg)

Plasma contains:

e magnetic fieldsB ~ 1 uG - plasma collisionless, but “hot” (8 = p/ps > 1)

e ultrarelativistic particles (y ~ 10%

Cluster mass function N(Mt) and baryon fraction Mgas/Miot —
sensitive cosmological probes
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Cluster mergers

The most energetic events since the Big Bang:
two 101°Mg clusters carry Exin ~ 10°%%*ergs

Laboratory for studying intracluster plasma:
shocks, instabilities, ram pressure stripping, transportprocesses,
relativistic particle accelertion, magnetic fields
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Chandra X-ray Observatory

ACIS detector:

e 0.3 -8 keV energy band
e 16’ x 16 FOV
e 1” on-axis angular resolution
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Shock front in 1E 0657-56
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Testing alternative dark matter theories
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Modified Gravity

MOND, TeVeS, others (Milgrom 1983, Bekenstein 2004)

¢ No need for dark matter — gravity laws modified to mimic effects of DM
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Modified Gravity

MOND, TeVeS, others (Milgrom 1983, Bekenstein 2004)

e No need for dark matter — gravity laws modified to mimic effects of DM

Can be falsified:
find an object where visible mass and center of gravity are sgally separated
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J163028.15+452036.2

J232120.93-0893910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope + Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team

STScl-PRCOS-32
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1E065/7-56

. » o\ weak lensing mass contours (Clowe 06)

Wnsing confirms, Bradac 06)
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Other examples of gas — lensing mass offsets:

e 1054-03

O

Q
~
o

Jee et al. (2005) Clowe et al. (in prep.)
\ \ \ \ \ \ \ \ \
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Gas mass — lensing mass offset:

e proves that dark matter exists

e does not say anything about the nature of DM

e does not prove that gravity is Newtonian



ttie opt lens Xray Intro merg chandra VI mona 1ensvu rings arcs nst-1ens X-lens asZU-MsS COll COllZ COllo NUl nuz takizZz tprojel solar sum

Self-interacting Dark Matter

SIDM with o/m ~ 0.5-5 cn?g~! was proposed to explain problems in standard CDM:

e Absence of central cusps in dwarf galaxies

e Too many surviving small-mass subhalos within large halos

(Spergel & Steinhardt 2000; Daw et al. 2001)

Upper limits on o/m from cluster mass peaks, evaporation of elliptical galaxy alos, ...
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Direct constraint on cross-section from 1E 0657-56

Observational evidence:
1. Offset between gas and dark matter clump
2. No offset between dark matter and galaxies
3. Subcluster’s velocity not less than free-fall velocity

4. Subcluster'sM/L ratio close to universal
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Direct constraint on cross-section from 1E 0657-56

Observational evidence:
1. Offset between gas and dark matter clump
2. No offset between dark matter and galaxies
3. Subcluster’s velocity not less than free-fall velocity

4. Subcluster'sM/L ratio close to universal

The best constraint comes frommethod 4 (Markevitch et al. 2004; Randall in prep.)

7 < 07 cmPgt
m

Excludes almost all of interesting range — unless velocity-dependent
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Direct constraint on cross-section from 1E 0657-56

Our limit:  o/m < 0.7 cmPg?

em=m, - o0<2x10%cm™?
o strong interactions ~ 1072 cm=2

e m=1eV - o0<2x1033cm2
o neutrino-neutrino interaction from SN 1987a;: o < 1073° =102 cm™2
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Sterile neutrinos as Warm DM

e Does not interact with ordinary matter

o If ms ~ 1— 10 keV, can explain cores in dwarf galaxies and deficit of smbhalos

e Decays into active neutrino and photon E, = mg/2

— constraints from X-ray observations of CXB and clusters
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Sterile neutrinos as Warm DM
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Sterile neutrinos as Warm DM

100 |

- r

3

10;‘\\‘\\
| \

| Lya (3)

/

\

\

m [keV]

| 1IE0657-56
N (Boyarsky et al. 06)

ye (1) S ( N

| Lya (2)

\

107" 1078 107® 107! 10719 10° 107® 1077 10°°
sin® 26

Abazajian & Koushiappas (2006)



utie opt lens Xray Intro merg chandra VI mona Iensu rings arcs nst-lens X-1ens aozU-mMs Coll COlliZ COllso nUul nuz takiz tprojel solar sum

Summary on exotic theories

MOND

SIDM

Sterile neutrino DM
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Summary on exotic theories

g
SIDM

Sterile neutrino DM
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Summary on exotic theories

Iorg
?I‘DM (or o is velocity-dependent)

Sterile neutrino DM
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Summary on exotic theories

Iorg
?I‘SM (or o is velocity-dependent)

Sterile neutrino DM  still alive
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Summary on exotic theories

Iorg
?I‘SM (or o is velocity-dependent)

Sterile neutrino DM  still alive

(Persistent strong / weak lensing mass discrepancy?)
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Mainstream physics from cluster mergers
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Electron-proton temperature equilibration
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Electron-ion nonequilibrium

e At shock, protons heated dissipatively

e Electrons heated adiabatically and then by collisions witfprotons ont ~ ¢,

Collisional (Coulomb) 7¢p  (simulations by Takizawa 1999)



ttie opt lens Xray Intro merg chandra VI mona 1ensvu rings arcs nst-1ens X-lens asZU-MsS COll COllZ COllo NUl nuz takizZz tprojel solar sum

In magnetized plasma, is electron-proton equilibration Calomb?

e Cluster outer regions — errors in cluster masses?

e Supermassive black holes in AGN: advection-dominated acetion?
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Temperature across shock front in 1E 0657-56
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Model predictions for shock in 1E 0657-56
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Model predictions for shock in 1E 0657-56
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Typical Earth’s bow shock:

Hull et al. (2001)
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Typical Earth’s bow shock:
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Summary

e Dark matter exists!

e DM self-interaction cross-section oo/m < 0.7 cnm? gt

o Excludes astrophysically interesting range (for velocityindependento)

e Sterile neutrino DM: improved constraints

e Electron-proton equilibration in plasma faster than Coulomb

o First such test for any astrophysical plasma
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