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|. Signatures of Non Thermal Activity

ll. Radiative Processes

l1l. Particle Acceleration



1. Non Thermal Radiation

Radio, EUV, Hard X-ray, Gamma-ray
2. Shocks, Turbulence, Magnetic Field

Sharp Features, Line Widths, Faraday
Rotation

3. Merger Activity and Substructures
Structure of Hot Gas: e.g. Cold fronts
Galaxy Velocity Dispersion



Radiative Signature: Radio

* First and Most Definite Signature

Diffuse Halo or Relic with steep spectrum synchrotron
Coma Halo Bullet Halo A 3667 Relic

Radio —
emissions . &
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1. Inverse Compton (IC), Nontherm. Brem. (NTB)
By electrons of Energy ENSNINI F f N {n, or uses}dV/d’

2. Decay of pions from p-p interactions

No observational evidence for CR p’'s F f N, *n,dV/d*
3. Decay or Annihilation of Dark Matter

Only if above processes do not work ¥ < f AV /d®



1. Inverse Compton Scattering of soft photons:
CMB, EBL, Starlight and Soft X-rays (Klein-Nishina Regime)

a. Spectrum (simple power-law)

E’TJ(E’T) — WTI:%EN[' mmACD) s-:-ft( ’T/E ) (3=p)/2

b. Normalization

c~.J(€ - _ |
;F((;j) X Q’(P)Hsnﬁ(fs)@ 3)/2 gp—(pt+1)/2



MODEL B:

MODEL C:
* Low magnetization * High magnetization
*Electrons distributed within *Electrons distributed within
the whole cluster

the cluster core
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« Low magnetization

MODEL B:

« Whole Electrons distrib.
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* High magnetization
» Core Electrons distrib.
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From = —p and e¢© — e interactions
a. Photon Spectrum (simple power-law)
kJ(k) oc kP (Ink + a); k= hv/m.c®
b. Normalization

- kJ(k) nm.c’ 0 ( n ) 114G\ *
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a. Gamma-rays Primarily from pi-zero decays
kJ(k) = enyk? / 0pp(E)N(E,) f(k/E,)dE,/E, < k™*"(a + Ink)

Only unknown: CR spectrum N(E,) = NoE,”

. _ Peg [ E,N(E,)dE,/3
Usually expressed as the ratio  x, = 5= = =77

b. X-rays (and radio) produced by secondary
(e+e-) as above



Coma cluster:

Xp based on the full energy band flux limits (0.1-300 GeV) and assuming a point source.

alpha Xp (beta=0) Xp (beta=-0.5) Xp (beta=1.0)

2.0 0.0642 0.0274 0.247
2.5 0.0313 0.0134 0.121
3.0 0.0391 0.0167 0.151

The Xp limits can be imporved by considering the flux limits in the 0.4-1.6 or 1.6-6.4 energy bands.
energy bands quoted in Table 1 as well as how these change if Coma is treated as an extended sc

energy range Xp (point) Xp (gauss=0.2deqg) Xp (gauss=0.6deq)

0.1-300 0.0642 0.0580 0.0805
0.1-0.4 0.148 0.0797 0.0777
0.4-1.6 0.040 0.0368 0.0396
1.6-6.4 0.0119 0.0149 0.04485
6.4-25.6 0.0393 0.0861 0.653

25.6-102.4 0.123 0.897 4,91



Summary of Radiative Signatures

Upper limits on X- and gamma-ray
fluxes can be used to set limits on

A. Magnetic Field (>0.3 microG)
B. Cosmic-Ray Protons (Xp<0.1)

C. Dark Matter Annihilation (not very
constraining yet)



1. Electric Fields || to Magnetic Fields

e.g. In reconnection process
But, unstable and leads to TURBULENCE
2. Fermi Acceleration

2"! order Stochastic Acceleration

1% order Shock Acceleration

Both need Plasma Waves-TURBULENCE



Fokker-Planck Kinetic Equation
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Whel‘e Ky = E/;d‘u( D,LF} and Kp = ﬁﬁldﬂﬂpp_ﬂfxpfﬂﬂﬂ}
With acceleration and scattering timesta. = 1/%, and T, = 8k, /v

2. If D,,/p* > Dy, then Tae =P/ < Dpp > <K Tse



3. If Homogeneous (or spatially averaged)
and defining N(E)dE = 4np’F (p)dpve get

ON(E) _ 32 Kl . ~ N(E) | .
o = 35 PN (E)] = 55 [(A(E) — EL(E) N(E)] - 3=+ O(E)
Dn‘fusmn Accel. Loss Escape
Dep =*B°Dy,  A(E) = ? (ngzpDPP) Tesc(E) 2 Teross (1 + Teross /Tse)

v
E; = 4nriInAmcn/B+ (4/9)r5cP*y B



3. If Homogeneous (or spatially averaged)

and defining N(E)dE = 4np’F (p)dpve get
ON(E) _ 0” d : N(E)

+Q(E)

> g2 DesN(E )]—E[(A(E)—EL(E))N(E)]— 7o (E)

Dn‘fusmn Accel. Loss Escape

2
Der = 2BD,, A(E) = — (ngprP) +Aghock (E) P R )

p2

v
E; = 4nriInAmcn/B+ (4/9)r5cP*y B



We need the diffusion coefficients Dgg(E) and D, (E)
From which we can get Tesc (E) and A(E)

These depend on the
1. Turbulence parameters

kmim kmax and q

2. Plasma Parameters

o= (%) o< (%) and Hiarb ™~ 8“832 vatzurh

Wave power

5= (D)o () gy (Sam)”

Wavenumber



Define  Ri = (Dpp/p*)/Dyu and Ra = (Dyp/p) /Dy
In general
(Dpp/P?) : (Dup/p) : Dy = [x3] : [xj (1 —paxj)] = [(1 — paxj)?] with xj = (Bph,j/B)°
1. Thus when a Single Modeldominates The
Acceleration Rate  xp= 5 | du(Dyy — D3y /D) —0
2. High Energy Protons and Relativistic Electrons
Alfven and Fast Mode Pph = (®/kc) =p4 and R = (BA/B)2 <1

But for highly magnetized plasmas or at low energies
R1 > 1 And Acceleration more Efficient than Scattering
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1. Background Thermal Particles
Competition between acceleration and heating

2. Injected High Energy Particles
From AGN activity and escaping From galaxies

Need for a re-acceleration of electrons
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Ny Vi
ﬂ[ch[(Ep) — ngal(Ep) pd gal " gal X THthlﬂ} Ep = 30GeV

-
cl Tesc

Filling factor
= NeVel 31078 and T | 900(E, /Gev) /8

cl Tesc

Spectrum and Pressure
nICh‘I(Ep) - D*Gﬂgﬂl(Ep) O E_2'42

Por ~ 0.0l1eVem™ and X, ~ 1073



In situ acceleration of thermal electrons and protons
for production of a non-thermal tail that may explain

the hard X-ray emission via
bremsstrahlung of electrons (with E>100 keV) VP and W. East 2008
inverse-bremsstrahlung of protons (with E>200 MeV) VP and B. Kang 2011

Simple Phenomenological Approach
Acceleration Timescale  7... = E/A(E) = (1 + E./E)*

Transport Equation for Tece > Trupbie

ON o L0

ot OE? (D(E> + Dc:c.m(E))f\"] — @KA(E) _ EL)?\]
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Electron Spectrum E*N(E)
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In summary: Attempts to accelerate
thermal background particles

a. leads to rapid heating in addition to
production of nhon thermal tails

AND

b. requires a more efficient
acceleration at higher energies



We require rapidly decreasing time scales BUT

In the inertial range In the damping range
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1. Injection alone not sufficient
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1. Injection alone not sufficient
Need re-acceleration: General requirements

Tecc > Tioss for all, and 7,.. < Tjoes forrelevant E's
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1. Injection alone not sufficient
Need re-acceleration: General requirements

Tecc > Tioss for all, and 7,.. < Tjoes forrelevant E's

2. Steady State Acceleration



Acceleration of Injected NonThermal Electron
[njected Spectrum Q) E) = Jadl B — Eq)
Example: Assume Parametric Forms

D(E)=DE?,A(E) =aDE?"}, and T,. = E*/(fD) (2)

:

Special case of s =2 — g

. ’ va—x4 EI?MJ 1 .
N(E) o Qs L~EKE;J;J Vi :‘ it E < Ey, (3)
{EK-E:G;IG—I—\’IEI +t'” j:[ .E :} El:h
Ir = I,.Iﬁ'. - J- + qi:l"llrz
Eut we need
E' —— _M.I."IITEG: <& 1
Sa
. (E/Eq)® it E < Ej '
NIE)oc Qoy i o oy | |
N{E) oc (g { (E/Eq)2+! i E = E, v

For p=3weneed ¢ =4 Far ¢ <2, p < 1.
Too flat. Predicts H}‘{RHEU\*F:EDD while ohserved value s < 2.



Tecc > Tioss for all, and 7,.. < Tjoes forrelevant E's
2. Steady State Acceleration

Kolmogorov and inertial range too flat.
Need steep turb. spectrum: Damping range
3. Time Dependent or Episodic



TIME DEPENDENT MODELS

2. Acceleration Plus Transport
Mo Diffusion; D(E) =10

For power law njection: Q(E) = Qg E/E — p)™™, pg = 2

ELL_EJ.-’FEP =1+ E.-’FEPJE - 'E'l.E.-’;Ep,ﬁJ_lj_-’rTﬂa
b=aDrES = 7/7acl Ep) ~ 10% o1 1
For shock and stochastic acceleration, respectively.
Forgd =2

[Ty, — (E/E,)tan(8t /7o) /6"
o8 5t/ 7) [T_(E/E,) + tan(5t /) /3]

0 =1—"b"/4and To = 1 £ btan(dt/m)/(25).
Ford=0arb=2

flEt) = exp{—t_f]_m}ﬂ?g

[l —(E/E, — 1)t /mgJ*

FEs ) = =xpi=t T} Qo[ 7E B/, — 1)t/
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Summary

1. There are multiple circumstantial evidence for NTA In
ICM of many clusters

2. Radio halos and relics in many clusters and Hard X-
ray emission from Bullet cluster are convincing

3. Synchrotron and IC and possibly NTB all provide
radiative signatures for NTA

4. Stochastic re-acceleration by turbulence of (episodic)
Injected energetic electrons seem to be required

5. CR protons escaping star forming galaxies may not
be sufficient



Acceleration of Thermal Electrons

The Source Term
Q(E) = (Vr/2)n(kT/E)*? vV Ee B/ (1)

Many Problems

NEED OBSERVED
BAlfyen ~ 1072 3 % 10-4
Miwry ~ 107 cm few kpc
o= wp/Se v 1 2 x 107
Lipput ~ 108 -~ 10

e Acceleration of protons more likely

e Too much heating unless shotrtlived

Duration < 10° yrs,



Optical depth for gamma-ray
photons emitted at the cluster
center, propagating through the
ICM, and annihilating on the soft
photon fields provided by the
cluster starlight, dust emission,
and bremsstrahlung.

Note that for example M87 in the
Virgo cluster as well as NGC 1275
in the Perseu cluster are
established gamma-ray emitters
(Fermi/LAT, IACTs)!
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ELECTRON ACCELERATION

8f _ &
bt ~ BE?

f
Twel E)

. o . . .
[D(E)f] = 5 £lAE) = | Bx]) 1] - +Q(E, ).

TIME DEPENDENT MODELS

QE,t) = Kbt — ta)
1. Transport Effects

D=A=0 T..and E; constants in time.

flE,t) = exp{—t /T } Qi E'(E, t_I_IELI E'E, f_l_l__fELl Ej,

F'E,t)=7"(7(E)—t) and 7 is the inverse function of

T(E) = J.';D a’E__fELI E)=7/2—tan Y E/E,), ™ (z) = cathz,
E'|E,=(E/E,+tan(t/70))/(1 — (E/E,)tan(t/m)).
For power law injection: Q(E) = Qu(E/E —p)™®, pg > 2

[1— (E/E,) tan(t/m)Fo>

F | = evpd —# 1
flE,t ...\D{ t [T} Qo e’ /70 )[E /E, + tan f._.frﬂ_u]ﬁi-'
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