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I UNERST Introduction

The origin of UHE CRs (> 10° GeV) and s is still unknown:
» how are they produced?
» where are they produced?

GRBs are among the best candidate sources:
» radiated energy of ~ 10°2 — 10°3 erg
» intense magnetic fields of ~ 10° G
» magnetically-confined p’s shock-accelerated to ~ 102 GeV

Problem: experiments (IceCube, ANTARES) are starting to
strongly constrain the simplest emission models

Solution: we need to build more realistic models!
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I T ESI Internal shocks in the fireball model

relativistic expandingT
matter shells

Long-duration GRB (> 2 s):
a compact object (~ 10% km)
emits relativistically expanding
baryonic-loaded matter ejecta

_» shells have
different speeds

shells colllde
and merge f Exn radiated away

M,Jf S p’s, V'S, V'S
o ) . .
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I UNIVERSIAT  The standard “neutron model” of emission
Joint production of UHECRSs, v’s, and ~’s:

+ —
+ nr”, BR=1/3
py — A (1232)—>{ o BR=2/3

pm
at — ,U,+I/H — D,Le"'yguu
7’ — Yy

n (escapes) — pe” e

(AT: ~50% of all py interactions)

After propagation, with flavour mixing:

Ve:Vy:vpip=1:1:1:1
(“one v, per cosmic ray”)

The simplest neutron model is now strongly disfavoured »
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The neutron model under tension?

== Waxman & Bahcall
= IC40 limit
== 1C40 Guetta et al

__ IC40+50 Combined . a4
limit

o 1C40+59 Guetta .
etal V!

10°

E’®,(GeVem™? st srt)
=
)

E* F, (GeV cm™?)

=y
o

\
10° 10° 10’
Neutrino Energy (GeV)

IceCube Collaboration:

» v flux normalised to GRB ~ fluence:
oo 10 MeV
/ dE,E F, (Ey) / deyeyFry (e+)
0 1 keV

» quasi-diffuse v flux from 117 GRBs

» analytical calculation — in tension with
upper bounds

ICECUBE CoLL., Nature 484, 351 (2012)
AHLERS ET AL. Astropart. Phys. 35, 87 (2011)
GUETTA ET AL. Astropart. Phys. 20, 429 (2004)
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0?® i i i
O anman & Bancat 10° More detailed particle physics (NeuCosmA):
- —C40 limit
1 T lcHCutaetal s ~ > extra multi-w, K, n production modes
o cete” & » synchrotron losses of secondaries
E etal ’ 3 » adiabatic cooling
3 - - » full photon spectrum
E Wt v flux ~ one order of magnitude lower
v , ‘ 1 BAERWALD, HUMMER, WINTER, PRL 108, 231101 (2012)
T U v T See also: HE, LIU, WANG, ApJ 752, 29 (2012)
Neutrino Energy (GeV)
NeuCosmA 2012 NFC prediction 100
a 1C40 — GRB, al
IceCube Collaboration: - GRB, zknown |50
stat. error
» v flux normalised to GRB ~ fluence: T atrophysca
- 10 MeV ” T, 107° x
o 1
/O dEy Ey Fy ( V)OC/lkeV deyey ’Y(E’Y) e | [ /AN - 10
N e
> quasi-diffuse v flux from 117 GRBs ol 5
w
» analytical calculation — in tension with N
upper bounds TRl
/ N
ICECUBE CoLL., Nature 484, 351 (2012) ’ A
AHLERS ET AL. Astropart. Phys. 35, 87 (2011) ¢ 1€86, 10y (extrapolated) 5
GUETTA ET AL. Astropart. Phys. 20, 429 (2004) 1 10 10 100 10°

E, [GeV]
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S e 10° More detailed particle physics (NeuCosmA):
— —C40 limit
Lo Spcwaea _ » exira multi-w, K, n production modes
o ,"C";;;m“m ‘ & » synchrotron losses of secondaries
3 Recent search by ANTARES optimised for NeuCosmA:
> ’
@lm'g R — e
o 2 { § wr®) 3 ! 5 Je,??olj)gi:z)
K & % 1 107 ww o)
10° ] O 10 g
aa S
u persliet 10° B ' 160
IceCube Collabo . ——— g zknown | 50
.~ 10 xror
> v flux normr 10* /, N | s
[anties
oo == ANTARES 2007 10'10 0
/ dE,E, i 102 = = = ANTARES NeuCosmA = 1
0 = = = ANTARES Guetta ___lwo
= |ceCube IC40+59 T 101 fe
> quasi-diffu: 10° v " e " 5
> analytical ¢ E [GeV]
upper bour - ANTARES Collab., 1307.0304 — see talk by J. Schmid
ICECUBE CoOLL., Nature 484, 351 (2012)
AHLERS ET AL. Astropart. Phys. 35, 87 (2011) ) f /186, 10y exrapotass,
GUETTA ET AL. Astropart. Phys. 20, 429 (2004) o o : o )

E, [GeV]
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WURZBURG e Detailed p~y cross section

Eun_p’}‘iéﬁ”é‘i“{%"? Revising the neutron model: NeuCosmA

1000

DESY, SLAC, Cornell | DESY, 199X
500 - late 60’s, early 70’s ~ Fermilab, 1978  Baksan, 2003
. - ————
_ 100t 1
c
8 s0f 1
E!
©
b
10+ |
5 [ -
. 18GeV 185 GeV
1 | | | L | |
0.1 1 10 100 1000 10*

S. HUMMER, M. RUGER, F. SPANIER, AND W. WINTER, & [GeV] lmplememed as fast gaorapchle/{'\rlts)gtslgg

Astrophys. J. 721, 630 (2010)
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e Contributions to the full photohadronic cross section

107

“WB flux”:
) traditional, analytical
- Waxman-Bahcall prediction
5 L
H‘;,, WB A —approx.x____‘-—_\‘ E3¢V = 0.45 % 10—80_2
3 yd ' .
< 7 \ . ,
L 100) wenes” \ Use this to normalise the
U A \ proton and photon spectra —
/7 \
A Y and to study spectral changes
’7 n
/7 W L.
o T WB A —approx.": explicit
E/GeV

synchrotron cooling of pions

Mauricio Bustamante
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e Contributions to the full photohadronic cross section

—7
10 NeuCosmA 2010
T
Ho 10—8
2 WB A*—approx.
Ibl x____‘____- =, 3
> /
] /7" \
e A \
= Y \
[y 9 /7 Y
& 10 WB fl ux\,{// W
o 77 W
w /7 W\
/77 L)
77 W
/1 W
l,// )
10—10 A ‘u
100 100 100 10° 100 10®
E/GeV
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e Contributions to the full photohadronic cross section

. . _ 7
Contributions to (v, + ) flux S A S—"
from == decay divided in:
> A(1232)-resonance _
a9
o
_If” WB A*—approx.
1 — — 2y
2 e \!
> /s \
D 7 \
e “ \
= S /4 \‘
& 10 WB flux\,f/’ \
W ’7 "
’7
P. BAERWALD, S. HUMMER, AND W. WINTER, ,l,/ ‘Q‘
Phys. Rev. D83, 067303 (2011) /7 \
107 -t .
100 100 10° 10° 100 10°
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WURCERRG e Contributions to the full photohadronic cross section
. . —7
Contributions to (v, + ) flux S A S—"
from == decay divided in:
> A(1232)-resonance _
£
» Higher resonances < 10°
o WB A" —approx.
Ib] >____
3
e
~
= 10°
e
W
P. BAERWALD, S. HUMMER, AND W. WINTER,
Phys. Rev. D83, 067303 (2011) 0
10°
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WURCERRG e Contributions to the full photohadronic cross section
. . —7
Contributions to (v, + ) flux S A S—"
from == decay divided in:
> A(1232)-resonance _
. 5 t—channgl
» Higher resonances 2 10 crem
o WB A" —approx.
> ¢-channel 4
. . 3
(direct production) )
~
= 10°
e
W
P. BAERWALD, S. HUMMER, AND W. WINTER,
Phys. Rev. D83, 067303 (2011) o
10°
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Euwm\’}‘iéi”g‘i“{%"? Revising the neutron model: NeuCosmA

URZBURG e Contributions to the full photohadronic cross section

. . —7
Contributions to (v, + 7,) flux 17 [ Necema
from == decay divided in:
Total flux
> A(1232)-resonance _
T
£ 3 )
> Higher resonances 2 00 reheme /- MuliT
o WB A" —approx.
1
> ¢-channel 4
. . 3
(direct production) )
N
» High energy processes @ 107
(multiple ) T
P. BAERWALD, S. HUMMER, AND W. WINTER,
Phys. Rev. D83, 067303 (2011) 10
10°

10°  10* 10° 10° 100 10°
E/GeV
Especially "Multi 7" contribution leads to change of flux shape; neutrino flux

higher by up to a factor of 3 compared to WB treatment
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WURZBURG e Further particle decays

Eum\’?"e"ii””é‘i"‘{?? Revising the neutron model: NeuCosmA
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e Further particle decays

" n Resulting v, flux (at the observer)
T = pt Aty
— 1077
,U+ — €+ + Ve _l_ l/# NeuCosmA 2010
LA N; 107
poo—e + Uty T
4
3
+ + S 107
K - u+tuy 5
&
W

n — pt+e +U

10—10

102 10° 10 10° 10° 100 10° 10° 10%
E/GeV

P. BAERWALD, S. HUMMER, AND W. WINTER, Phys. Rev. D83, 067303 (2011)
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e Further particle decays

Resulting v, flux (at the observer)
™ = pt+ Vy g
_ 1077
,U+ — €+ + Ve _l_ VP« NeuCosmA 2010
Total flux

L A TR E e
po e v+, "
2
3

+ + € 1w°
K — M + vy 5
&
W

n — pt+e +U0 10710

i

10? 10° 10* 10° 10° 10" 10° 10° 10%
E/GeV

P. BAERWALD, S. HUMMER, AND W. WINTER, Phys. Rev. D83, 067303 (2011)
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WU e Neutrino spectra including flavour mixing
Electron neutrino spectrum Muon neutrino spectrum
10-7 NeuCosmA 2010 10_7 NeuCosmA 2010
—~ Total flux s Total flux rescaled  10t@ flux
e £
‘_‘0 1078 r“o 10-8
Tl?l ﬁ‘m
é" 10°° 1@:: 107
o L
107 107
10 100 10° 10° 10° 107 10° 10° 10% 10° 10° 10 10° 10° 10" 10° 10° 10"

E/GeV E/GeV

P. BAERWALD, S. HUMMER, AND W. WINTER, Phys. Rev. D83, 067303 (2011)

Characteristic double peak structure from p and = decay in both
flavours, additional peak from K™ decay at 10® to 10° GeV
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URZEURG e How the spectrum changes...
Corrections to the analytical model:

10-2 » shape revised:
NeuCosmA 2011

shepe revised > shift of first break (correction of
photohadronic threshold)

» different cooling breaks for p’s and ©’s

» (1 + z) correction on the variability
scale of the GRB

» Correction cf. to 7 prod. efficiency:

E2F,(E,) [GeV cm™2]

> fc.: full spectral shape of photons

R > f~ = 0.69: rounding error in
: analytical calculation

\ > fo ~ 2/3: from neglecting the width
\ of the A-resonance

10° 10° 10° 10° 10° 10°  » Correction cs:

E [Gev] > energy losses of secondaries
S. HUMMER, P. BAERWALD, AND W. WINTER, » energy dependence of the mean free
Phys. Rev. Lett. 108, 231101 (2012) path of protons
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1072

NeuCosmA 2011

At example of GRB080603A:

1. Correction to analytical
model (IC-FC — RFC)

G107
£
o
g calculation\(full py) - NFC 2. Change due to full
= numerical calculation
)
5
o 107
/ Numerical calculation \
/ (WB A=approx) IC-FC: IceCube-Fireball Calculation
/—RFC RFC: Revised Fireball Calculation
107 / NFC: Numerical Fireball Calculation
10 10° 10 10 10% 10°

E, [GeV]

S. HOMMER, P. BAERWALD, AND W. WINTER, Phys. Rev. Lett. 108, 231101 (2012)
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Euwn_p’}‘ié?é‘i“fﬁ"? Revising the neutron model: NeuCosmA

» Same n = 117 GRBs, effective
area, and parameters as used by
the 1C-40 analysis

» Calculate the associated
neutrino flux for each burst and
the stacked flux F, (E.)

» Quasidiffuse flux:
11
v Eu :Fu El/ -
0 (B) = Py (B) g0 =
» Statistical uncertainty:

extrapolation of a few bursts to a
quasidiffuse flux

» Astrophysical uncertainty:

> 0.001 <t,[s]<0.1
> 200 < T < 500

> 18<a, <22

> 0.1<e/ep <10

667 bursts

E2 ¢,(E) [GeV cm 2 st sr7Y]

e The new prediction of the quasi-diffuse GRB v flux

NeuCosmA 2012 NFC prediction 1100
1C40 — GRB, dl
---- GRB, zknown { 50
stat. error
astrophysical
1C40+59 uncertainties | 20
10°° o
1
777777777 + 10
fe
_____________ 15
10710
l:'l / \“\\
',' y 4 1C86, 10y (extrapol ated)\\
i / kS
10° 10° 107 10° 10°
E, [GeV]

S. HOMMER, P. BAERWALD, AND W. WINTER,
Phys. Rev. Lett. 108, 231101 (2012)
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I UNIEERS T Further revisions: direct proton escape

The neutron model hinges on:

© »’s magnetically confined, only n’s escape

® p’s interact at most once, n’s do not (optically thin source)

However, under the “one v, per CR” hypothesis, GRBs are
disfavoured to be the sole source of UHECRs (AHLERS et al.).

M. AHLERS, M. GONZALEZ-GARCIA, F. HALZEN Astropart. Phys. 35, 87 (2011)

Mauricio Bustamante Universitat Wiirzburg ; 14




I UNIEERS T Further revisions: direct proton escape

The neutron model hinges on:
© »’s magnetically confined, only n’s escape
® p’s interact at most once, n’s do not (optically thin source)

However, under the “one v, per CR” hypothesis, GRBs are
disfavoured to be the sole source of UHECRs (AHLERS et al.).

What if @) and @ are violated?
» p’s “leak out”, not accompanied by (direct) v production
» multiple p interactions enhance the v flux
» in optically thick sources, only n’s at the borders escape

M. AHLERS, M. GONZALEZ-GARCIA, F. HALZEN Astropart. Phys. 35, 87 (2011)

Mauricio Bustamante Universitat Wiirzburg _:- 14



I R AT A two-component model of CR emission

Optical depth:

-1

— tp’Y
Tn = T
tdyn

[ <1, optically thin source
~ 1 >1, optically thick source

Ep,max

E, max determined from a competition of processes:

thoe (Bpmax) = M [y, thyn, (B max)]

E!
. . . / / o D
Acceleration efficiency, 11 tye (E;) = el

Particles can escape from within a shell of thickness A

I
mfp*

ptp (') = min [Ar', Ry () , cty,, (E')] }fe Aot
o /
! (E’) = min [Ar', ct;,7 (E )]

n,mfp

SC — AT/
fraction of escaping particles

Mauricio Bustamante Universitat Wiirzburg _:- 15
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107’

10710
10711

10712

Optically thin source

Ly 1o=10" erges™ 7,=3.04-1072

NeuCosmA 2013

EXFGeV.ecm™2
e
1

10—10

\ 10711
10712

100 10 10° 10° 106 107 10° 10° 10" 10"

E/GeV

Mauricio Bustamante

P. BAERWALD, MB, W. WINTER, ApJ 768, 186 (2013)

iversitat Wiirzbi

Optically thick source:

Lyiswo= 10 ergs! 7,=3.37 :é
Z
Epmax | 2
— - initial p e
= CR from n “
= direct escaping p
— Vv,
______________________ .
\
\
100 10° 10" 10° 10° 107 10° 10° 10" 10"

E/GeV

A two-component model of CR emission



I UNIER I A two-component model of CR emission

Scan of the GRB emission parameter space:

acceleration — 0.1
efficiency — 71 = 0.

n=1.0

1000 f

10% 10% 10%

Lyisoferg:s™

10% 10%° 10% 10% 10%

Lyiso/€rg:s™

P. BAERWALD, MB, W. WINTER, ApJ 768, 186 (2013)

Mauricio Bustamante
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I UNIVERSITAT The UHECR and UHE v fluxes at Earth

We use a Boltzmann equation to transport protons to Earth:

» Comoving number density of protons (GeV—! cm™3):
Y, (E,z) = 7’Lp(E,z)/(1—i—z)3 ,
with n,, the real number density

» Transport equation (comoving source frame):

YED = 0g (HEY;J) + Op (be‘*‘e—Y;)) + Op (bP'YY;J) + Lcr

adiabatic losses photohadronic losses
pair production losses CR injection from sources

Qcr (E) oc B~ e B/ Fpomax

Mauricio Bustamante Universitat Wiirzburg ; 18




I UNIVERSITAT The UHECR and UHE v fluxes at Earth

UHECR flux at Earth from n and direct p escape:

103 -
o HiRes-I = HiRes-II H
_ :
-
]
7
(2]
(\‘l Y
N% 10? .
> $,
8 ap = 2.5, two comp. model RS
— ap = 2.5, neutron escape only VY
~ . AR
m) —dip model Vi
VL — ap = 2.3, neutron escape only ‘\ it
w —dip model A
\
ol ap = 2.0, neutron escape only ‘\
— transition model \
\

8.0 8.5 9.0 95 100 105 110 115

E
logy GeV)
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I UNIVERSITAT The UHECR and UHE v fluxes at Earth

UHECR flux at Earth from n and direct p escape:

103 -
o HiRes-I * HiRes-II g
— | :
'n fiaa, <« the direct p escape
— [, .
n *\ enhances the high-energy
o
L P, \
g w02 e _peak
% kY
& ap = 2.5, two comp. model
- ap = 2.5, neutron escape only
w —dip model
T a@p = 2.3, neutron escape only A
w —dip model Y
o T ap = 2.0, neutron escape only \\ b
— transition model |

8.0 8.5 9.0 95 100 105 110 115

E
logy GeV)

Mauricio Bustamante
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I UNIVERSITAT The UHECR and UHE v fluxes at Earth

UHECR flux at Earth from n and direct p escape:

103 -
o HiRes-I * HiRes-II g
— | :
% thea, <« the direct p escape
— [, .
n %\ enhances the high-energy
o
L P, \
g w2l e _peak
% '-.
& ap = 2.5, two comp. model
- ap = 2.5, neutron escape only
w —dip model
T @p = 2.3, neutron escape only -
w — dip model s
o ap = 2.0, neutron escape only \ b
— transition model \

8.0 8.5 9.0 9.5 100 105 110 115
lo (—E )
So{ Gev

Our two-component model is able to fit the UHECR data

Mauricio Bustamante
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neutron model vs. two-component model:
prompt and cosmogenic v’s

10* 1075 =
= CR (neutron model) ot ~ 107 IC (2010-12) -
Y?/dof. =259 1076 diffuse UHE all Pd
o flavor limit/3 7
== CR (with direct escape)  fo~ ~ 144 , -
5 x¥dof. =11.94 10
T 10 T ge|1C40:20 sacklng
b 10 GR
‘n o 5 .~ L Py
g v 10
‘ D)
Ng 5 100
> >
8 8 wn
= s
“EU & 1012
10—13
1074 / == prompt GRB v, +v, [\
’ ’ — cosmogenic v+, \
10—15 Vi \
10° 10* 10° 10° 10’ 10° 10° 10" 10"

E/[GeV]

20
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1 1 1

1 1 1

X X
fo  fivesn  foak

X X
fo  fivesn  foak

x f, X fer X fpgl

fer X fool
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The big (multi-messenger) picture
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» We have revised the GRB n model of v emission:
» corrected, full numerical calculation with detailed particle physics
» yields a quasi-diffuse flux ~ 1 order magnitude below the
analytical one by IceCube
» We have explored a GRB emission model with:
» the standard n escape component, plus
» an explicit direct p escape component
— improves the fit to the UHECR observations
» The directly-escaping protons ...
» affect the prompt v flux,
» but not (much) the cosmogenic flux

By clarifying the UHE v—CR—v connection, we might rule out
large regions of emission + propagation parameter space

Mauricio Bustamante Universitat Wiirzb 22
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Backup slides
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UHE v’s in the GRB internal shock model

OOdEI/) !/ ! * / ! / / / !
= N, (E)/ cde'N!, ()R (E',E), ')
0

El E,

Normalisation to the observed GRB photon flux F,

Ish
JELACTL

1S0

F,, /E’N’ (EL)d

)dE, =

1 Elsh

ISO

fe 1s0

£y

fe

Fluence per shell, at Earth (GeV~! cm~2)

. (1 +z)2

J—"S 150 4 d2

QI

Mauricio Bustamante

Universitat Wiirzburg
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| UNVERSITAT  JHE s in the GRB internal shock model

Secondary injection of neutrons, neutrinos (GeV~! cm=3 s~ !

> dE) o
Q (E) = . E,PN' (E}) /0 cde'N!, ()R (E', E}, ')

» Photon density, shock rest frame (GeV~! cm™3):
N (€') x (a’)_Z" 7 617 min = 028V e’ < Ev break
! (&) € preak < € < &) max = 300 x &
8fy,break =0 (keV), ay = 1,8, ~2

~,min

» Proton density:
—ayp 2
N} (E))  (E;) X exp [— (E,/E) max) ] (ap =~ 2)
Maximum proton energy limited by energy losses:

acc (Ezl) ma,x) = min [tdyn7 syn (Ezl) max) s Ypy (E;:) max)]

Mauricio Bustamante Universitat Wiirzburg : 24
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RZBURG

< (F! o0
Q' (E) = EN, (E,) /O cde'N!, ()R (E', E}, ')

El E,

Normalisation to the observed GRB photon flux £,

/EIN,; (8/) dc‘:, _ ‘E‘l,:(g)1 ny , /EINI E/ dEI _ ; ‘E‘l,:(g1 %
€ e

ISO ISO

Mauricio Bustamante Universitat Wiirzburg
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> dE!

P
E/

N, (E;) /O - cde' N/, (') R (

/8’NA'Y (e de' =

Elsh

lSO

ISO

x F, /E’N’ (EL)dE., =

Normalisation to the observed GRB photon flux F

1 Elsh

fV

lSO

ISO

Fw

A

Fh =,V

Fluence per shell, at Earth (GeV~! cm™2)

(1+z)?
150 4 d2

Ql

Mauricio Bustamante

Universitat Wiirzburg

24



Julius-Maximilians-

WONSEORE Optically thin sources

Optically thin sources (7,, < 1):

102 102

Li0=10% ergs® 7=304102[ § L,i=10" ergst 72=0.34
10 § 10° c
4 3 4 BN
10 3 10
- initial p
10° 10°| = CRfromn
o 5 — direct escaping p
§ 10° § 10°) — vtV
g 107 E 107 T
" &
B (O ittt N &S 10
W W
10° 10°
107 107
10 10"
10 1072
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Optically thick sources (7,, > 1):

Optically thick sources
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I WONZEORG Three emission regimes

» the standard emission scenario
» p’'s magnetically confined: n’s and v’s from p interactions
» n’s escape and decay to produce UHECRs

Direct escape regime \

» directly-escaping p’s from the borders dominate
» subdominant n production
» more CRs emitted, so “one v, per CR” no longer valid

. J

Optically thick to neutron escape regime \

» n’s and p’s in the bulk trapped by multiple py interactions
» they only escape from the borders
» v production enhanced

. J

Mauricio Bustamante Universitat __
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Julius-Maximilians-
I N NeuCosmA

We use a sophisticated prediction of the GRB neutrino flux
(HUMMER ET AL.):

full background photon spectrum (not only peak energy)
energy dependence of the mean free path of protons
cooling of secondaries

high-energy photopion processes

neutrinos from decay of p*, 7%, K, n

helicity dependence of ;. decays

flavour mixing

vV VYV VvV vV VvV VY

One order of magnitude below prediction of benchmark models
used by IceCube

S. HOMMER, P. BAERWALD, W. WINTER, PRL 108, 231101 (2012) [1112.1076]
S. HUMMER, M. RUGER, F. SPANIER, W. WINTER, Astrophys. J. 721, 630 (2010) [1002.1310]

Mauricio Bustamante Universitat Wiirzburg 28




I R AT Interaction with the photon backgrounds

» Energy loss rate (GeV s™1):

dE
b(E) =
» For pair production py — pete™:
Emec o (5)
bete— (B, 2) = —aro / dén., ( o ,z) e

n.: isotropic photon background (GeV~' cm~?)
¢: photon energy in units of m..c?

proton energy: E = ym,c? (y > 1)

¢ (£): (tabulated) integral in energy of outgoing e~

>
>
>
>

G. BLUMENTHAL, Phys. Rev. D 1, 1596 (1970)
H. BETHE, W. HEITLER, Proc. Roy. Soc. A146, 83 (1934)

Mauricio Bustamante Universitat Wiirzburg 29



Julius-Maximillans» !
I WONERSTAT  Interaction with the photon backgrounds
Photohadronic interactions — p interaction rate (s~! per particle):

1 m 0o n. (€, 2 2FEe/my
Lpypn (B, 2) = ﬁ de#/ dererogfsép,b ()

2 E2 ﬂ;’;p € €th
© For given values of E and z, NeuCosmA calculates the cooling
rate t, ! = — (1/E) by, (s7') as

all channels

—1 7
t (B, z) = Z i, (B,2)K",

with K*F the loss of energy per interaction
@ From this, we calculate back b, (GeVs™')...

® ...and the corresponding energy-loss term in the transport
equation, 0g (byYy).

S. HUMMER, M. RUGER, F. SPANIER, W. WINTER, Astrophys. J. 721, 630 (2010) [1002.1310]

Mauricio Bustamante Universitat Wiirzburg : 30



Julius-Maximilians-

WONZEORG Interaction lengths

Interaction lengths
Note that L¢ig > Lcows:

107
—z=0 E
10° g
i ————z=6 S
10° T :
CIB only
104
B
= 0 \ adiabatic
53]
o o
[T AN
1 N
~ 101 \\
________ .
.
10° AY CMB + CIB
\\
"
107! .
1072
8 9 10 11 12 13

0]
gGeV

Matches, e.g., H. TAKAMI, K. MURASE, S. NAGATAKI, K. SATO, Astropart. Phys. 31, 201 (2009) [0704.0979]
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