Mean free path of photons
22 : :

16 photon horizon vy — eTe™

log10(E/eV)

Virgo |
kpc 10kpc  100kpc Mpc 10Mpc 100Mpc Gpc

10 ! !
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Origin of cascade photons:
o UHECRs:
* protons:

» Photon and neutrino production relatively tight connected:

p+73K—>{

p+7° —p+2y

’I'L+7T+—>p—|—2€i—|—4l/

=] 5 = E DAy
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B
Origin of cascade photons:
@ UHECRs:

» Photon and neutrino production relatively tight connected:
* protons:

0
P+’YSK—>{ pm =Pty

n+at —>p—|—2ei—|—41/
* nuclei: A+yxk —(A—1)+n—(A—1)+p+e +re
* connection to UHECRs looser

o F
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Origin of cascade photons:

o UHECRs:
» Photon and neutrino production relatively tight connected:

* protons:
p+m’ —p+2y

p+’y3K_7{ n+7r+_>p+2ei+4y

* nuclei: A+vgk = (A—1)+n—(A—1)+p+e +re

@ HE and VHE photons from AGNs
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Origin of cascade photons:

o UHECRs:
» Photon and neutrino production relatively tight connected:

* protons:
p+m’ —p+2y

p+73K_7{ n+7r+—>p+26i+41/

* nuclei: A+vgk = (A—1)+n—(A—1)+p+e +re

@ HE and VHE photons from AGNs

NN

NN diffuse
N\ extragalactic gamma
~ -~ 0.01-100 GeV
N N
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I
Diffuse cascade flux:
@ analytical estimate:

K(E/ex)"%/?
Jy(E) =

[Berezinsky, Smirnov '75 ]
at F <ex
K(E/ex)™? at ex < E<eg,
0 at
@ three regimes:

E>e¢,

=] 5 = E DAy
Michael KachelrieB (NTNU, Trondheim) High Energy Astrophysics



Diffuse cascade flux:
@ analytical estimate: [Berezinsky, Smirnov '75 |

K(E/ex)™3/? at E <ex
Jy(E) =X K(E/ex)™? at ex < E<e¢g,
0 at E > ¢,

@ three regimes:
» Thomson cooling:

4ep, E2 E. \?
By =3 =25 R 100MeV (1o

€

» plateau region

» above pair-creation treshold syin = 4F epL = 4m§:
flux exponentially suppressed
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B
Diffuse flux, analytical estimate for low-energy part:
@ ¢;(E): # particles crossing energy E

=] 5 = E DAy
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B
Diffuse flux, analytical estimate for low-energy part:

o ¢;(E): # particles crossing energy E

@ cooling regime:

no generation of electrons for ¢ < ¢,/2:

qe(Ee) =4qo

E, x E? = dE, x E.dE,

o F
Michael KachelrieB (NTNU, Trondheim) High Energy Astrophysics _



Diffuse flux, analytical estimate for low-energy part:

o ¢;(E): # particles crossing energy E

@ cooling regime:

no generation of electrons for ¢ < ¢,/2:  q.(F.) = qo
E, x E? = dE, x E.dE,
inserting in energy conservation,
E,dn, = q.(E.)dE,,
gives

J(E,) < E53/2
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B
Diffuse flux, analytical estimate for plateau region:

@ energy conservation and N./N, = const.
= qi(E;)E; = const

=

qe(Fe) x 1/E,

=] 5 = E DAy
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B
Diffuse flux, analytical estimate for plateau region:

@ energy conservation and N./N, = const.

= qi(E;)E; = const =

qe(Ee) x 1/E,
o IC regime:

_ 4F,
T3 In(2E.epn,/m2)

o F
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Diffuse flux, analytical estimate for plateau region:

@ energy conservation and N./N, = const.
= %(Ez)Ez =const = Qe(Ee) X 1/Ee

o IC regime:
4F,

E =
7 3In(2Ecepy/m2)

@ to log. accuracy

J(Ey) < E?

Michael KachelrieB (NTNU, Trondheim) High Energy Astrophysics Nordic Winterschool, 2011 5 /30



|
Monte Carlo vs. analytical estimate: single source

J.OIOM ..I.. wan s
1e+15 e

le+14

le+13

EZJ(E)

le+l12 | -

1e+11 1 1 1 1 1 1 1 : 1
le+06 1le+07 1e+08 1e+09 1e+10 le+1ll le+12 le+l13 le+l4 le+l5

E/eV
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|
Monte Carlo vs. analytical estimate: single source

le+td5+ " 1000MpC e
17}
le+14
w -
=1 =
o, le+13
le+12 | ]
1e+11 1 1 1 1 1 1 E 1 : 1
le+06 le+07 1le+08 l1le+09 le+l1l0 le+ll le+12 le+13 le+l4 1le+l5

E/eV
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Fermi-LAT vs. UHECR data: no evolution

E*J(E), eV cms™'sr”

Michael KachelrieB (NTNU, Trondheim)
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I
Fermi-LAT vs. UHECR data: no evolution (Berezinsky et al. '10]

10" romm oy gy
; z =2,E_=10""eV ]
I » HiRes 1
3 te, . 3
< 3 +4 Fermi LAT p E
Bl ey | ]
v
£ [ h
o = 3
>
() 1
o 10° e 4
o E 3
107
10° 10° 10 10” 10" 10" 10" 10° 10%

E, eV

integrating E.J(E) gives bound we.s < 61077 eV /cm?
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Cascade limit for cosmogenic neutrinos

[Berezinsky et al. '10]

6
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Cascade limit for cosmogenic neutrinos

1n®
Assumes proton primaries

@ for nuclei reduced neutrino fluxes. ..

a r PAVIVIVIRVITTS .
T 10°F E
o 3
E L 4
3 — 3
) Fo BAI%Lger ANITAdite \ . > __— ]
EI-J: 107 = E°cascade X\WUEM‘EUSO oS -
~ F ___ o emm=== 3
<2 4+ [lceCube Syr W 1
w10 < 3
E ., N 3]
- n N 22 m
0 . \ 10

10 E‘ 26 -....-_.. 2.0 \\ 1§
E am \ ]
107" Ll v o sl 0l T T T I

20 2 2

10*® 10" 10" 10° 10 107 10%

E, eV
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Gamma-rays and extragalactic magnetic fields (EGMF)

@ Observations only in clusters,

» synchrotron halo: = B ~ (0.1 — 1) uG
» Faraday rotation: = B ~ (1 —10) G

o F
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Gamma-rays and extragalactic magnetic fields (EGMF)

@ Observations only in clusters,
» synchrotron halo: = B ~ (0.1 — 1) uG
» Faraday rotation: = B ~ (1 —10) G

@ Origin of seed for EGMF is mysterious
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T —
Gamma-rays and extragalactic magnetic fields (EGMF)

@ Observations only in clusters,
» synchrotron halo: = B ~ (0.1 — 1) uG
» Faraday rotation: = B ~ (1 —10) G

@ Origin of seed for EGMF is mysterious

@ Seed required as input for EGMF simulations

0 = T
10 \ﬁ$\\\\ T
\ \\\\>\
-1 \ SO\~
107 N\ S~ E
[ N N\
N \
2 \ R
N
-2
S 107°F N N \ E
\ N \
Z N \
= \ \
= _ AN
=107k \ U3
2 \ \
= -
© B \ Vo
> 1077 F N N3
E "
3 : L
5 — — — Sigl et al. \ ‘\
1073 —— go\:gze/gu\. . L4
pnn
B < p \
---- B=p/(1+p7)
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Gamma-rays and extragalactic magnetic fields (EGMF)

@ Observations only in clusters,
» synchrotron halo: = B ~ (0.1 — 1) uG
» Faraday rotation: = B ~ (1 —10) G

@ Origin of seed for EGMF is mysterious
@ Seed required as input for EGMF simulations

@ Aharonian, Coppi, Volk '94: Pair halos around AGNs
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T —
Gamma-rays and extragalactic magnetic fields (EGMF)

@ Observations only in clusters,
» synchrotron halo: = B ~ (0.1 — 1) uG
» Faraday rotation: = B ~ (1 —10) G

@ Origin of seed for EGMF is mysterious
@ Seed required as input for EGMF simulations
@ Aharonian, Coppi, Volk '94: Pair halos around AGNs
@ Plaga '95: EGMFs deflect and delay cascade electrons
= search for delayed “echoes” of multi-TeV AGN flares/GRBs
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B
Influence of EGMF on flux from single source: deflections

@ deflection of electrons:

19,\,[“0_01

e
L

=] 5 = E DAy
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B
Influence of EGMF on flux from single source: deflections

@ deflection of electrons:

leool _
ﬁw%}jocEeQ

= flux within angle 9 reduced by factor E?

o F
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Influence of EGMF on flux from single source: deflections

@ deflection of electrons:

leool _
ﬁw%}ijeQ

= flux within angle 9 reduced by factor E?

= cooling regime: transition from

J(E) o E—1.5 N E0.5 _ E—1.5
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Influence of EGMF on flux from single source: deflections

" 05
£ N
& !
-l
Eisoi :Eo Log v
A
£
>
0]
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N
Log v
A
&£
>
&
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B
Influence of EGMF on flux from single source: time

@ probability for misalignement p o 9,5 = most blazars viewed with
ﬁobs ~ 19jet

o F
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B
Influence of EGMF on flux from single source: time

@ probability for misalignement p & ¥, = most blazars viewed with
ﬂobs ~ ﬁjet

= halos are not symmetric

o F
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Influence of EGMF on flux from single source: time

@ probability for misalignement p ¥, = most blazars viewed with
ﬁobs ~ 'lgjet

= halos are not symmetric

= time-delay is function of ¥,

g

Telay (9) ~ 3 x 10%yr [
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B
Observer misaligned with jet:

[Neronov et al. '10]

@ probability for misalignement p o 9,5 = most blazars viewed with
ﬁobs ~ 19jet

o F
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B
Observer misaligned with jet:

[Neronov et al. '10]

@ probability for misalignement p & ¥, = most blazars viewed with
ﬂobs ~ ﬁjet
= halos are not symmetric

o F
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Observer misaligned with jet: [Neronov et al. ‘101

@ probability for misalignement p ¥, = most blazars viewed with
ﬁobs ~ 'lgjet

= halos are not symmetric

= time-delay is function of ¥,

(Yobs + @jeo} [ 9 ]

Telay (9) ~ 3 x 10%yr [ = =
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I
Asymmetric halos around TeV blazars (“GeV jets"):
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T —
“GeV jets": B dependence

0.001 0.01 0.1 1
10717 G 10716 G 1071 G 107G
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“GeV jets": time dependence of flares

0.001 0.01 0.1 . 1
0 < Taelay < 10° yr 3 % 108 yr< Taeay < 107 yr
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Lower limit on EG MEF: [A. Neronov, I. Vovk '10, F. Tavecchio et al. '10]

@ choose blazar: large z, stationary, low GeV, high multi-TeV emission

: T T T T | T T T T | T T T T | T T ] 46
o F E
T - .
0 L 1ES 0229+200 - —
v ~10 [ 2=0.1396 . 45 D
£ E ] )
o —11 | 44 5
Qﬂ | —_
E r ,_*f‘
— —12 l>~, A
LT-c; r g 43 -
= r (‘g )
0 -13 ; —
8 E 42
-14 |
1 1 1111
10
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Lower limit on EG MEF: [A. Neronov, I. Vovk '10, F. Tavecchio et al. '10]

@ choose blazar: large z, stationary, low GeV, high multi-TeV emission

T T 48
-9 - I 1
T E 1
[ 1ES 0229+200 4 -
; —10 [ 2=0.1396 :45 i
g E ] en
S -11 F 44 3
0 £ Y )
3 F 4 e
— —12 \ a3 ®
5 f g
w —13F 3
3 E 1 42
—14
E. .
10

Log v [Hz]

@ TeV photons cascade down:
» small EGMF: fill up GeV range

» “large” EGMF: deflected outside, isotropized
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Lower limit on EG MEF: [A. Neronov, I. Vovk '10, F. Tavecchio et al. '10]

@ choose blazar: large z, stationary, low GeV, high multi-TeV emission

L e e e e e T B s =TT
-9 - I 1
T E 1
F 1ES 0229+200 i -
; —10 [ 2=0.1396 ] 45 i
g F ] en
S —11 | 44 5
0 E N A
5 E 1 y
— —12 \ a3 ®
N i ¥
w0 —-13 - =
Sk 142
-14 | /
B LA
10

Log v [Hz]

@ TeV photons cascade down:

» small EGMF: fill up GeV range

» “large” EGMF: deflected outside, isotropized
@ open questions:

> influence of EGMF structure?

» time-dependence for flaring sources?
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Lower limit on EGMF [A. Neronov, I. Vovk '10, F. Tavecchio et al. '10]
_9 : ||||||1T| ||||||1T| ||||||1T| ||||||1T| ||||||1T| |||||nT| IIIIIn'_ﬂ

C B=10-%¢ G .
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O [-—-6,=005 107G ]

C 102 G g 45
¢o-11 B 7 . -

C L) # ] '
g C 07 A f - 44 Z
o “1R P 7 ] 5
o J 443 —
— —13 . b \ 7 ._*f
e - " Jaz2
m —14 . 4 e \l ] &
& Fye e 41 7
S -15E - |

- I 340
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I_OWGI’ Iimit on EG M F [A. Neronov, I. Vovk '10, F. Tavecchio et al. '10]
R R e
o B=10"1 G ]
- _10 F— 6.=0.1 5x10-15 G s 1 46
[ [---6,=005 10"GC ]
C e - 45
T uf 17T
S g J44 2
w —12 o B g
5 F Ja 2
— -13 | =y
= f 42
m -14 ] 3
0k I qa1 7
a2 -15 = (-
— (-
_16 & PRI AR RTTTTY ISR RTTTT MATARRTTITT AR MRS TTT AT 40
0.01 0.1 1 10 100 1000 10* 10%

E [GeV]
e B>1071%G
@ some dependence on V.

@ no simulation of elmag. cascade with B
[m] = =
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LOWGF |imit On EG M F [A. Neronov, I. Vovk '10, F. Tavecchio et al. '10]
-9 L B B AL IR AL IR I
F B=10"' G -
- _10 F— 6.=0.1 5x10-15 G ’ 1 46
[ [-—--86,=005 10"GC ]
E e - 45
“-’E -11 F 7 ] -
3 - J44 °
w —12 o E %D
o 443 —
— -13 | =
5 . J42 2
@14 F |\ 12
L ] =
@ Fysot - 41
S -15 _s -t (-
— (-
16 Bl ol vl vl v vl v 40
0.01 0.1 1 10 100 1000 10¢ 10%
E [GeV]
e B>10715G

@ some dependence on Vjet

@ no simulation of elmag. cascade with B
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Lower limit on EGMF: uniform field [Dolag et al. 10]
HH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ I T TTT
) | . ]
S -1l g Fermi E
wn = I .
(\IIE 1070 G g F -] -
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T ]
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Lower limit on EGMF: uniform field [Dolag et al. 10]
11 HH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ I T T
HA = - i =
" - T Fermi E
o [101° G N
E |
o HESS
o 12 E
Q m
T ]
NLU 1
~ _13 =
o -
— -
m -
2 Y F ot - ]
- E__=100 TeV ™

for coherence lengths A < [;,y ~ Skpc: J

— bound improves as \!/2

TTIJUNT T T T s
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|
Lower limit on filling factor: [Dolag et ol '10]

@ model filaments by a top-hat:

B=10"1¢G

10 Mpc
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Lower limit on filling factor:

[Dolag et al. '10]

-11

T
@
3
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f=0.50
f=0.70
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log,, (E°Flerg cm™ s™)
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High Energy Astrophysics
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Lower limit on filling factor: [Dolag et ol '10]

o -1l Fermi E
(%) F ] 3
oy - .
5 HESS |
o 12 h
K 2 il ]
Linear filling factor > 50%
@ mainly 3-step cascade: v — et — v

@ photon mean free path D, (E) ~ 1000-50 Mpc

@ electron mean free path D (FE) ~ few kpc

()
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Lower limit on filling factor: [Dolag et ol '10]

M
®
3
| HHH‘

Linear filling factor > 50%

@ mainly 3-step cascade: v — et — v

@ photon mean free path D, (E) ~ 1000-50 Mpc
@ electron mean free path D (FE) ~ few kpc

= electrons are created “everywhere” and feel B only close to
interaction point

()
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Effect of time-delay (Dermer et al. 10]
' 1ES 0229+200, z = 0.14 3
[ EBL: Finke et al. (2010) ° HESS N
r o =0.1;E =6TeV (Aharonian et al. 2007) 1

-11 beam max
10 E A =1Mpc 3
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e s ) §
' [ Kneiske & Dole (2010) EBL ]
o L ]
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(&} F ]
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Effect of tE
F1ES 0229+200,2=0.14 B -10%G
I EBL: Finke et al. (2010) IGMF
| 6 =0LE =6TeV
10-11 L beam max __
- Ao = 1 Mpc L 3
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e 107F P
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. @
How to create EGMFs in voids?

@ primordial fields:

> inflation
> phase transitions (QCD, electroweak)
> reionization

@ astrophysical

(require seed fields):
+ outflows from AGNs, dwarf galaxies

o F
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How to create EGMFs in voids?

@ primordial fields:
» inflation

> phase transitions (QCD, electroweak)

> reionization too weak

[~} aStrOphySica| (require seed fields):
+ outflows from AGNs, dwarf galaxies

— outflows colliminated

B >0 and B = 0 plasma does not mix

contamination with heavy elements

Michael KachelrieB (NTNU, Trondheim) High Energy Astrophysics
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Expectation for “causally” generated fields: (Caprini, Durer,..

B)[nanoGauss]

Michael KachelrieB (NTNU, Trondheim)

Phase transitions, n=2

104 L

compression

001¢

. "T~=~~_QCD helical
107° ¢ ~~‘~-
Sseao dynamo

1071

107

-26
10 100 1000

0.001 0.01 0.1 1 10
A[Mpc]

High Energy Astrophysics



Primordial magnetic fields:
o for a Gaussian field

(Bi(k)B;(K)) = 6(k — k) [ (5ij - k:kj) S(k) + iz ik H (k)

energy density p = 4 [ k*S(k)
helicity density h = 4m [ kH (k)

@ characterized by B) and coherence length L.
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Primordial magnetic fields:

o for a Gaussian field
(Bi(k) B} (k) = 8(k — k) [ (8 — ks ) S(k) + izigik H (k)

@ characterized by B) and coherence length L.
@ inflation: “acausal”, L. > HO_1 possible
@ phase transitions:

> require 1./2.order transition

» “causal”’, L.(t.) < H(t.)™ !
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Primordial magnetic fields:

o for a Gaussian field
(Bi(k) B} (k) = 8(k — k) [ (8 — ks ) S(k) + izigik H (k)

@ characterized by B) and coherence length L.
o inflation: “acausal’, L. > H; ' possible
@ phase transitions:
> require 1./2.order transition
» “causal”’, L.(t.) < H(t.)™ !
= (B;(x)B,(y)) has compact support = [-- -] is analytic function
> analyticity & finite p = B ~ Bo(L./\)°/?
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Primordial magnetic fields:

o for a Gaussian field
(Bi(k) B} (k) = 8(k — k) [ (8 — ks ) S(k) + izigik H (k)

@ characterized by B) and coherence length L.
o inflation: “acausal’, L. > H; ' possible
@ phase transitions:
> require 1./2.order transition
» “causal”’, L.(t.) < H(t.)™ !
= (B;(x)B,(y)) has compact support = [- - -] is analytic function
> analyticity & finite p = By ~ Bo(L./\)*/?

@ how are fields evolving after creation?
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Evolution of primordial magnetic fields:

@ non-helical fields: damped above kp, below B o 1/a?

1000

kp(n)
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Evolution of primordial magnetic fields:

@ helical fields: fluctuations are tranferred to larger scales 1/k

100 1000
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Evolution of primordial magnetic fields:

@ helical fields: fluctuations are tranferred to larger scales 1/k

Picture assumes “static” large scale tail By oc A%/

interaction with turbulent fluid generates By oc A=3/2

= fields from phase transitions could be strong enough
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Summary

@ Fermi non-observation of TeV blazars requires EGMF

= quantitative conclusions:
» sure: large filling factor f > 0.5

» bound on EGMF: depends on assumed At, B > 10* G

@ can be improved by more/longer simultanous observations
@ limit = detection: CTA?

@ cascade limit from Fermi data reduced by factor ~ 7

= km3 neutrino telescope cannot detect cosmogenic neutrinos
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