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DARK MATTER ANNIHILATION AS A SOURCE

» A dark matter particle with:

% » Weak Mass scale (~100 GeV)

Increasing
\ » Weak interactions

|
WU N =, OO0 0 AWNFF

bt e . e, ot e, e e
[ Y Yo [ J e L e [ | &
I

OO O
|
et et b

Will naturally achieve the
observed relic abundance in the
universe today.
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DARK MATTER ANNIHILATION AS A SOURCE
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» These interactions don’t stop
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» Some electrons are produced for
almost every dark matter
annihilation channel.
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DARK MATTER ANNIHILATION AS A SOURCE Neto (2005)

» The “"source” of dark A R
matter annihilation on p .
the sky correspondsto
the integral of thedark =~ .- == &
matter density overthe s % p
line of sight squared. §hws g
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Particle Physics = Astrophysics

» Dark matter halos from large

objects (e.g. clusters) can
extend for Mpc.




ELECTRON PRODUCTION AND PROPAGATION

Electrons produced in the dark matter
annihilation event
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ELECTRON PRODUCTION AND PROPAGATION

Electrons produced in the dark matter
annihilation event
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Solved Numerically:
e.g. Galprop

» Electrons can interact with
gas, ISRF, or magnetic
fields, producing gamma-
rays or radio emission.

Magnetic
field



ELECTRON PRODUCTION AND PROPAGATION

Electrons produced in the dark matter
annihilation event
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DARK MATTER ANNIHILATION AS A SOURCE

Positron Excess
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INTEGRATING DARK MATTER ANNIHILATION OVER COSMOLOGICAL DISTANCES

» As mentioned, we want total annihilation rate over line of sight:
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» Over cosmological redshifts, the total dark matter density changes:
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» The morphology is set by the (z-dependent) DM density and B-field models:
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» This makes the total synchrotron contribution over redshift:
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DARK MATTER ANNIHILATION AS A SOURCE Fornengo et al. (2012; 1108.0569)

— p'—u . MU_‘_:=](I‘ GeV, model A
b-b, M., =100 GeV, b.f.=20, model A =
TE=TIE M, =25 GeV, model B

Best-fit power-law of the excess
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these contributions can

reasonably produce the
ARCADE-Il excess.

» Spectrum is governed
primarily by DM mass and
annihilation channel. ' N,

24 3
ov=3 10 ecm/s

» Amplitude governed by DM annihilation rate, magnetic
field energy density, DM substructure model, etc.

» However, DM models are generally in the right ballpark.



DARK MATTER ANNIHILATION AS A SOURCE Hooper et al. (2012; 1203.3547)
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» Models with harder initial electron spectra (e.g. direct
annihilation to e*e’) produce a better spectral fit to the data.

» Similar to models motivated by the positron excess.



PROBLEM I: GAMMA-RAYS Hooper et al. (2012; 1203.3547)
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» However, this emission also produces ICS in the gamma-ray band.

» This tends to exceed limits from the Fermi-LAT isotropic gamma-

ray background.



PROBLEM |I: GAMMA-RAYS

» Part of this is inevitable from particle physics - any dark
matter particle that annihilates to e*e", can produce
gamma-rays via loop diagrams or final state radiation.



PROBLEM |I: GAMMA-RAYS
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—— Fractional Synchrotron Losses
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—— CMB Energy Density
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» More importantly, there is an inevitable contribution
from the inverse-Compton scattering of the CMB.

» Far from galaxies, the CMB energy density should
dominate the magnetic field energy density.



SOURCES SHOULD BE SMALL AND CLUMPY
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—— Fractional Synchrotron Losses
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—— Magnetic Field Energy Density

—— CMB Energy Density, z=1
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» This is more true at high-redshift: (1+z)%.

» This is a generic problem for any model of the ARCADE-II
excess. The synchrotron emission should be generated
inside the cores of dense sources.




PROBLEM Il: SOURCES CAN'T BE CLUMPY Holder (2012; 1207.0856)

95% confidence upper limits
Frequency (") AT /Toreade | AT/ Texcess
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» Observations of radio To0 Glts 17 T35 10T 0di T ois
Fomalont et al B | 1.2x10 1 0.016 0.019
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= - Partridge et al 7.9 x 107° 0.043 0.051
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» Even smoother than large-
scale structure.
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» This challenges most models R
of the ARCADE-II excess. BT




PROBLEM IlI: SOURCES CAN'T BE CLUMPY Vernstrom et al. (2014; 1408.4160)
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» Additionally, most of the emission can’t be from
individual sources smaller than 2’ on the sky.

» This observation again challenges most models where
the ARCADE-II excess correlates to sources.



GO EARLY OR GO BIG Holder (2012: 1207.0856)
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Subrahmanyan

sma I I et al (2000)
. :

» Produce the excess from objects larger than the (~2’)
sensitivity of radio observations.

» Both solutions are possible in dark matter model
building.



GOING EARLY Cline & Vincent (2013; 1210.2717)

» Can consider the
possibility of dark matter
decays.
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» Can preferentially occur
in the early universe
(z > 5).

Isotropy

» Occur with even lower
anisotropy, because they
trace the DM density.

» Personal Opinion: Models such as this are somewhat
finely tuned - e.g. the decay rates are not predicted by
any WIMP miracle.



GOING BIG

The rest of the talk will focus on methods to make the
emission sources larger than the ROI of radio constraints.



CAN DARK MATTER FIT THE EXCESS BETTER THAN BARYONS?

[ o o Angular Size Physical Size
» The 2’ constraint on the size 095 a—be o
of dark matter halo objects oo ko B9 OB
30 0.12 0.19  0.25
translates to ~0.6 - 1.3 MpC. 60 0.24 0.38  0.49

100 0.40 0.63 0.82
150 0.60 0.94 1.23

» However, the largest
clusters do have dark
matter halos of this size.

» This is not true for baryonic
emission, which is
significantly clumpier.

112 1 ‘,
10 10
M (h™ M)




SUBSTRUCTURE MODELING

==0.0 .

80 kpc
————t

Dark matter contribution gets
even bigger if substructure is

considered.

Leads to large boost factors far
from the cluster center.




MAGNETIC FIELDS SHOULD NOT BE BIG

» The major problem is the
magnetic field strengths.

» Magnetic fields should be
sourced by the baryonic
component.

—— Fractional Synchrotron Losses
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» Even if dark matter
annihilates at Mpc distances
- should mostly produce ICS
in this region.
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MAGNETIC FIELD MODELING Fang & Linden (2015; 1412.7545)

» Possible Solution: Produce a model where enhanced magnetic
fields trace cluster substructure:

;\/’ .
B(\J\’[T) = B(;( )

My

» This magnetic field strength is either 35 uG with an core at 0.008
R,:., or 7.6 uG with a core at 0.025 R,;,.

» This magnetic field is then supplemented, by a substructure
magnetic field, which persists out to the end-of the simulation

(often 2-4 R;,). We adopt 04=0.3, an test values of Bsub*.




DARK MATTER FITS

» Models with annihilations
primarily to hadronic quarks
still have too soft of a
spectrum to explain the
emission.

» The anisotropies in this case
can fall far below
constraints.




DARK MATTER FITS Fang & Linden (2015; 1412.7545)

» Models of light dark matter with \ - “
annihilation to leptonic pairs

‘M M<10"" M

produces a significantly harder
spectrum.

» Note that about 50% of the
emission is provided by
clusters, and 50% by high-mass
galaxies.

» Total anisotropy falls below
constraints.




DARK MATTER FITS

» Charge-coupled models
provide an intermediate
constraint (but are easier to
square with other
observables).

| —— 4.86 GH?
- D=<z<0.1

D.1<z<1

» Note that the signal is ; 10}% - 1ares
dominated by emission from NS
0.1<z<1.0 -10-§




GO EARLY OR GO BIG

» In these cases, the
majority of the
emission is produced

by structures larger
than 2’
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GO EARLY OR GO BIG Fang & Linden (2015; 1412.7545)

» Unfortunately, the necessary choices for the extension of
the magnetic field — and the termination of substructure -
are rather extreme.

» How do we generate large signal far from cluster centers?



ALFVEN REACCELERATION? Fang & Linden (2015; 1412.7545)

» What if electrons far from
the cluster center were re-
accelerated by magnetic
turbulence?

» Can multiply the effective
synchrotron emission at
large radial distances.

» Because electrons are accelerated in regions with high

magnetic turbulence (field strength), ICS can be
avoided.



ALFVEN REACCELERATION?

» Why appeal to two miracles when one will do?

» i.e. Can we just accelerate ambient electrons, rather
than dark matter produced electrons?



ALFVEN REACCELERATION?

Alfvénic reacceleration of relativistic particles in galaxy
clusters: MHD waves, leptons and hadrons

G. Brunctti,’ P. Blasi,*? R. Cassano,*! S. Gabici®
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ABSTRACT

There is a growing evidence that extended radio halos are most likely generated
by electrons reaccelerated via some kind of turbulence generated in the cluster volume
during major mergers. It is well known that Allvén waves channel most of their en-
ceroy flux in the acceleration of relativistic particles. Much work has been done recently

A Lo study this phenomenon and its consequences for the explanation of the observed
N non-thermal phenomena in clusters of galaxies. We investigate here the problem of
| particle-wave interactions in the most general situation in which relativistic electrons,
Lhermal protons and relativistic protons exist within Lthe cluster volume. The inler-
action of all these componenls with the waves, as well as the turbulenl cascading,
and damping processes of Allfvén waves, are treated in a lully lime-dependenl way.
This allows us to calculate the spectra of electrons, protons and waves at any fixed
time. The Lighthill meochanism is invoked to couple the fluid turbulence, supposedly
injecled during cluster mergers, to MHD turbulence. We find that present observations
ol non-thermal radiation from clusters of galaxies are well described within this ap-
proach, provided the fraction of relativistic hadrons in the intracluster medium (TCM)
is smaller than 5 — 10%.



RADIO EMISSION FROM CLUSTERS Brown & Rudnick (2011 412 2)

» Large scale radio
emission from galaxy
clusters is actually
detected.

» The source of radio
emission from clusters is
unknown.

» Can solving this problem tell us about the radio excess?



ABEL 3376 RADIO RELIC George et al. (2015; 1506.00451)

az™ oz2™  o1™ oo™
Right Ascension (J2000)

» Additionally, radio relics are observed far from cluster
centers - with almost no X-Ray emission!

» This provides an explanation for the ICS problem.



ALFVEN ACCELERATION IN CLUSTERS Brunetti & Jones (2014; 1401.7519)
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» In fact, observations of the Coma halo require the
existence of strong magnetic fields that extend to far

from the cluster center.



GIANT RADIO RELICS Brunetti & Jones (2014; 1401.7519)
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» A number of such sources exist - with bright, powerful
radio emission that occurs far from the cluster center.



RADIO EMISSION FROM CLUSTER MERGERS

» Magnetic turbulence can be
produced during both major and
minor merger events.

» Has been posited as an explanation .~ \'ﬂ* : ;
for radio relics and halos. R SR

» Collisional shocks during this merger can also
accelerate an electron population.



ALFVEN ACCELERATION Fang & Linden (2016; 1506.05807)

» Start with a turbulence spectrum and Reynolds
number for the hydrodynamic cluster merger.

94 IU [ /Ul (10
Re = 10%° —) ( )
y (:500 kpc> (‘300 kms—1/ \InA

X ( Tp ‘)—1 1T \Y?/ B )2
103 em—3 2 keV 1 G

» From this you can calculate a total power in the Alfven
wave of a post-merger cluster.

Py =42 x 10—32 ( Uy )23/’(5
| 300 kms 1

—-4/3 - 74 - —-1/12
/ ( Ty )O/J 1 ‘
. 103 em—3 2 keV

Lo
300 kpc

~7/6
) erg cm °s !




ALFVEN ACCELERATION Fang & Linden (2016; 1506.05807)

» Particles can now be accelerated (or de-accelerated)
through resonant damping with this wave, which
propagates at a velocity:

B 0 B ( Tp ) 1/2 T
VA = 170 — ! — s (I S
. (47 p)1/2 1uG 103 em—3 7

» Because the particles must be in
resonance with the wave, this
indicates a maximum electron
energy:

\ —1/6

) . (/ ’) \)2//‘5 ( T )
T, 300 kpc , 2 keV

—1/4 ' TLn 1, '6
?()(Dknlb 1/ 1() Jem™ )




ALFVEN ACCELERATION
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» The spectrum can become quite hard - due to the

“pinching” between particle acceleration timescales
and energy loss timescales




ALFVEN ACCELERATION IN CLUSTERS Fang & Linden (2016; 1506.05807)

» There are several appealing features of this model:

» 1.) The cluster merger rate is dominates by the most
massive clusters. Most power is generated at large
spatial scales.



ALFVEN ACCELERATION IN CLUSTERS Fang & Linden (2016; 1506.05807)

52} — M, =10 M.

— M, =10" M.
— M, =10" M.

» There are several appealing features of this model:

» 2.) The largest clusters also generate significantly
more power than smaller cluster mergers.



ALFVEN ACCELERATION IN CLUSTERS

» This emission is totally dominated by the most massive
clusters.

» And is dominated by nearby emission sources.

» Anisotropy is minimal.



ALFVEN ACCELERATION IN CLUSTERS Fang & Linden (2016; 1506.05807)

» This emission roughly matches
the ARCADE-II excess, though
the spectrum is soft.

» Unlike DM annihilation, we do
not have many choices in the
steady state electron
spectrum.

» This can be fixed by hardening
the injection in some energy
range (e.g. produced as
secondaries through hadronic
interactions)




GO EARLY OR GO BIG Fang & Linden (2016; 1506.05807)

—_— B, =4 nG

-- B, =10 uG

» The power requirement is reasonable:

» Need 0.5-5% of the total thermal power of the cluster
in magnetic turbulence.
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DISCUSSION AND CONCLUSIONS

» Nearly all explanations for the radio excess are difficult:
» Why is the X-Ray emission so dim?

» Why is the signal so diffuse?

» The most straightforward method to explain this emission is to
produce the radio excess in the most largest objects.

» Dark Matter annihilation can be dominated by clusters.

» Alfven Reacceleration from merger shocks occur primarily in
clusters.

» We have seen a number of radio halos with the intensity and
spectrum necessary to explain the excess.



