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Ultra-High Energy Cosmic Ray Power

The energy spectrum measured by Auger and HiRes

Phenomenological fits
Confirm spectral cutoff
GZK or source feature?

Nature of Primaries
Debated, p or Fe?

Galactic/extragalactic
Where is the transition?

Local power output by
extragalactic sources
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Cum. Luminosity density (erg Mpc'3 yr'l)

Astrophysical Source Candidates - |

Non-thermal (>100 MeV) power output measured by Fermi LAT
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Astrophysical Source Candidates - li

Cumulative power (> 10 keV) output from Gamma Ray Bursts

Back of the envelope calculation
< Total electromagnetic energy release per GRB: 10°E, erg
< Observed GRB rate ~2 Gpc3 yrlatz~1-2 = ~0.2Gpc3 yrlatz~0
beaming corrected rate ~ 100 £, times higher
<% y ray power output ~ 10°1E, erg x 100 f, x 0.2 Gpc3 yr! ~ 2x10%E, f, erg Mpc3 yr!

< Detail calculation using luminosity density function gives ~1-10 times this number

A f ew cave at S Dermer & Razzaque, arXiv:1004.4249

< Total non-thermal power output may be smaller if most keV - MeV emission is
thermal, and Fermi LAT is dominated by non-thermal emission Eichler, Guetta & Poll,

. . ) . ) arXiv:1004.4249
< Time delay due to scattering by intergalactic magnetic field

Atop =2 x 10°Z ZB;%GE ;gEeVdg()/OZMpC 31</[2pc year
Effectively increases the GRB rate within GZK volume by (0.2)3Az,
Large baryon loading, 10-1000, seems required for GRBs to be UHECR sources
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Acceleration to 1020 eV

Q Acceleration to 10%° eV requires large magnetic field - Fermi mechanism

Q Collision between two plasma “shells” ejected by a black hole “central engine”
= Relativistic forward & reverse shockwaves plough through the “shells™
= Plasma instabilities, turbulent motion generate magnetic field
= Charged particles (fest particle) are accelerated in the induced electric field

UHECR
O I‘b I‘a I’ Gamma ray
Neutrino

Black hole
Plasma “shells” Colliding “shells”
Non-thermal y-ray luminosity ——» T
Particle energy &L 2 |
density in the u,=—=5"——= B _ Epl, Trs 41— : > o
shocked fluid 4nR°pl°c  8m ) Colligion
My hydrédynamics | 7',

Maximum CR energy

([ Ze)\ [2BesL, »Z [Be, L ‘ Power requirement to
Ema"_ﬁQBr_(?)\/ £,c =2x107 % e, V/ Produce 1020 eV CRs
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Which sources can accelerate to 1020 eV?

Radio galaxies,

blazars

Broadband SED model of Cen A4
Nearest (3.7 Mpc) radio galaxy
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0%k Swift & ]
- Suzku §
107 ; E
10“‘]; a
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10 E .
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Abdo et al. 2010, Ap]
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DH

One-zone SSC model of the SED
Extract model parameters
Jet Doppler factor, bulk Lorentz factor
Magnetic field, jet power

Use these parameters to calculate
maximum cosmic ray energy

Acceleration time
= variability (dynamic) time

B =ax109 2B | Ll [ 1 ev
9\ 6.2G \10°s 7.0

Acceleration time
= synchrotron cooling time

z(aV( B YT,
E. =6x10"_|=Z[Z || — eV
o\ Z)\62G 7.0
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Which sources can accelerate to 1020 eV?

Gamma Ray Bursts Minimum jet bulk Lorentz factors

: : : of bright Fermi LAT GRBs
Fermi has discovered/confirmed 1400 5
exciting new features _ ,
‘ o Opacity constraint 7,, = 1

» Delayed onset of high-energy emission 1300} R
» Additional hard power-law component 090510

: . 1200p 4 ~o0015
» Extended high-energy emission Ex31GeV

o 1100} .
Profound effects on emission 080916C
modeling 1000} o) f~05s
P 090902B et
Very high jet bulk Lorentz factor 500 .
Calculated from yy — e*e pair E~11GeV
S. Razzaque
production opacity argument for >10 S I S E—
GeV photons from GRBs detected with Z
Fermi LAT
(E) 3ord:  mich /°° de’ ¢T ¢E(1+ 2)
Toyn = — —n —"
g 140 B+ 2P Jpper @ "\112)% | T

SciNeGHE 2010 S. Razzaque 8



Wang, Razzaque & Meszaros, 2008

ume s

Which sources can accelerate to 1020 eV?

Available (dynamic) time and/or energy losses limit acceleration

GRB

1000
Fe nuclei
100
I'~300
10
toi
5 1 \
O'l Tais
001
0.001" _ - . ~ .
10" 10%% 10" 10% 10% 10--
10°
" Fe nuclei b 7
M ,’
1000 I'~1000 /' >

/
/
Vs
! s
'l"/ f
100 e

/
\ s
Cd
,
Cd
rd:\ t, ’
10 P

58 v LR RLL | T LB AL | ¥ v LRRLL | r '_l""”

" 1. GRB 090510A Blazars  GRBs -
56 - 2. GRB 080916C r~ ,\\\ 1 o
- 3.3C 454.3 I " 4 <
54 | 4.PKS 2155-304 /g JAZ ] g
| 5.NGC 1275 1A P <
= 6.Cen A ’ =
T  92f . S
o - 1 B
o 50 ’ <
g i S
2 48 |- )
g z=1 : IS
= (protons) (Fe) S
46 ’ . " - N
L :E’ —/ / - é

A SN2 _/ /

44 - 1‘6.. ‘// / 1 95
FT -:'-7“'? L 7 S
42 L / | — — — Cooling vs. Acceleration i s
i A Cooling vs. Available Time |_| S
/ A

40 211l b1l bl L3 o1l TERET

0.1 1 10 100 10° 10*
Br

= GRBs can most easily accelerate p and/or Fe
= Powerful blazars can easily accelerate Fe, and

td_\'n
1 “/ p in some cases
17 18 149 20 21 22 . .
10 10 o 0 ' = Radio Galaxies may only accelerate Fe
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UHECR signatures in GRB emission

Rees, Meszaros, Piran and others ... “standard GRB model”

External Shock

The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff. 1
parts of the flow

Y
&

collapse

3
~10"cm >10"%cm

Synchrotron emission by shocked electrons for prompt and afterglow emission
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UHECR signature in GRB emission

UHECR acceleration in magnetic field and interactions may
provide y ray signature from GRBs, specially in Fermi LAT

» Synchrotron radiation and associated e*e cascade radiation

» Photohadronic interactions with observed keV - MeV y rays and cascade emission

Very high jet bulk Lorentz factor reduces photohadronic cooling

1000 r r ' r
synchrotron A
100}
— photopion
= dynamic_ SN e
_E 10} 1
= .
50 B’ =100 kG = 1=0.01s L. =)
2 1t | T'=1000 ' ]
g t,=0.1s
&) X
0.1} .
acceleration E_, p~2x1 020eV
|
0.01 : : V. :
107 10® 10° 1010 10! 10'? 1013

Observable Energy E, [GeV]
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Synchrotron Radiation from GRB Jets

Q Particle acceleration in the forward shock B field
0 Cooling is dominated by synchrotron radiation in the same B field

Injection spectrum

Cooled spectrum Synchrotron spectmm
dN (Sheowcoobling)
dy A
1/3 —1/9
\A vV V. —(p-D)/2
! l . % ‘ i v
ym yc )/sat F
Minimum LF T T
Cooling LF  Saturation LF
tsyn - tdyn tsyn - tacc v, V. Vo

Q Fast cooling y,, > y.or v, > v_; Slow cooling y, < y.or v, <v,
Q All break frequencies evolve with time as the B field (and I') does
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Synchrotron radiation

Fermi LAT emission (>100 MeV)
modeled by proton-synchrotron
radiation from a coasting

(constant bulk Lorentz factor)
GRB fireball

» Synchrotron radiation by proton and
associated e*e” cascade from yy

" Accumulation of protons cooling in time
build-up flux in LAT

Can explain delayed emission in LAT

» Requires large (~10°-10° x y rays)
energy budget

Consistent with large baryon load

requirement for UHECRs from GRBs

» Narrow (1/1) jet opening angle can help

by reducing actual energy release

in GRB prompt phase

GRB 080916C
1073 v e e e
t 4
GBM triggering range | LAT range
Flopp=17, k=23

b
{p=5, B'=150kG ¥

I'=500, Iy =10

~€— 85, 45, 25, 055, 0.15, 0035, 0015
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Razzaque, Dermer & Finke, arXiv:0908.0513
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GRB Afterglow

Adiabatic blast wave decelerating in uniform density medium

Blandford & McKee 1976
o Relationship between ¢, T and R: R=2I"act(1+z)"

a =1 for coasting
« Deceleration time: t,, =~1.9(1+2z)(Es/Mm)"T;% s a =4 after decel.

Total KE in blast wave = swept-up material

e Bulk Lorentz factor: T =763(1+2)"* (Es/m)"®¢'®
« Blast wave radius: R=14x10"1+2)"* (E;s/m)"™ 1" cm
« Energy injection rate in the forward shock: e, =4mwnmc°T?

» Magnetic field in the FS: B’ =300(1+2)*%¢)* (En*)® " G

SciNeGHE 2010 S. Razzaque 14



Synchrotron Radiation in Afterglow Phase

e e Fast cooling : v, > v,
10" e AN
l‘l' B | ! \ °
3 g RN F, o« v-br closure relations
X 2 : : ‘ D
g . . h
/e W v.<v<v, :F, oy /2
0 " A ' \
0 ' - - -
1 ] ] \ vsv >v i F, xv P124~(314)(p=2/3)
10 10" 10" 10 10" 10"
. p; : : dN .,
sari, Piran & Narayan 1998 p-particle spectral index : ——*E
dE
VB v 12 slow1c:)oling
10" F S ) Yo C °
y N Slow cooling : v, > v,
:'_3: 10° //E \\.ﬂ\u » _B “ .
X F, « vP¢re closure relations
& o { o t' AN
10 . * \\
107 . . o v, <V <v,:F, oy D230
10° 10" 10" 10" 10" 10" v>v.>v, 1 F, x Yy P2 GIH(p=273)
v (Hz)
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Flux (Jy)

GRB 090510: Leptonic-Hadronic Model

Multi wavelength light curve in y ray, x ray and UV
fitted with p- and e- synchrotron radiation from afterglow

10‘1 ]TIHI T ]II LA L lllllll LI Illl”r L ITTl”' !"'T"T';ll”l LA | llll”] l? Smooth pOWer_laW
1072 Ll Razzaque, arXiv:1004.3330 P XRT | - ¢evolution of the fluxes
Fo ‘}I , i | o [att| 1 indicate their origin
10 \ o E
. g ! ; *+ BAT 3 fi fi |
. : II HiH] ‘Itﬂl - . . oBM | rom afterglow
10 . nE TT. e U E o
s : ==~ I*I' R 1  p-synchrotron radiation
10 Ta T e %3 (solid) produces >100
10° =18 T - M" -3 MeV LAT data
107 o) = L
g+ §  e-synchrotron radiation
10° 5 % 4  (dashed) produces XRT
9 3 "3 and UVOT data
10 i = ! =
P §
-10 —> S : :
10 i Afterglow 53 Requires ~100 times
10-11 ol l 1 1||1111110 po ol l L1 111111[2 1l 11111113 —i= :E:rﬂi? 1 11111115 1 more energy ln thejet
10 10 10 10 10 10 10 than in observed g rays
T-T,(s)
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Leptonic-Hadronic Synchrotron Model

Both electrons and ions are accelerated in the Forward shock

>FE

Y,1S0

 Total isotropic-equivalent jet energy : E, = 103 ergg

,is0

 Constant density surrounding medium : n,, = 1 cm™

« Jet deceleration time scale : ¢, < 1 sand I, > 1000 <« 2 Ly (from vy
Opacity calculation)

yih lon spectrum Electron spectrum

-k
Ve

dN
dy!

e

Ya

/ , Ve
I nAr ’}/sat,A T]e %F )/sat,e

e Crucial parameters: ¢;; 1, 1., kK and k, are fitted from data
« Fraction of jet energy: ¢, and ¢, are calculated from required spectra

SciNeGHE 2010 S. Razzaque 17



Modeling GRB 090510 Multiwavelength Data

Use closure relations F, « v-P#* to determine  and % or k,
Note: e-synchrotron model alone cannot satisfy the closure relations

QO XRT light curve: ¢-0740.03in between ~100 s and 1.4 ks
0 Model with e-synchrotron in the fast-cooling and for vypr > v . >V
Qk=(4/3)oygr +2/3=1.65+0.04; By =4/2=0.83 £0.02

Q LAT light curve: ¢-1380.07in between ~0.3 s and 100 s
0 Model with p-synchrotron in the slow-cooling and for v, , <vy,; <V,
Qk,=(4/3)a,+1=284+0.09;p,=(k,-1)2=0.92+0.05
Q B, needs to be compatible with measured LAT photon index (and it 1s)

c,e

p

Q Parameters such as n,, and I', are mainly constrained by ¢,,. < 0.3 s

0 Parameters such as E ;. ,€3, M., N, are set to produce required fluxes

0 Parameters ¢, ¢ are calculated from other parameters and constrained <1
a UVOT light curve is constrained by XRT (e-synchrotron)

Q BAT light curve can not be fitted = continued central engine activity

SciNeGHE 2010 S. Razzaque 18



GRB 090510: TeV Signature

Opacities for yy pair production and photopion
production for maximum energy particles

T-T, (s)
0 = synchrotron photons

10 10 10" 10

are targets for yy and py

= maximum e-sync.
photon ~100 GeV

= maximum p-sync.
photon >1 TeV

T T T T T yy pair production

10 F : ~
- -— ¥y : e- synchrotron ~ .
_F |- w:p-synchrotron . : can only be marginally
= - : protons N, i .
§_ ok =2 ] 1mportant

A . /\ : Ground-based
2 1 1 1 1 L llll 1 1 1 1 |- lll 1 1 1 1 L1l

10
o 0 e 0 detectors can probe

Energy (E, /GeV), (E,  /EeV) p-synchrotron model
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Detectability of >100 GeV y rays

Extragalactic Background Light (EBL) limits distance of the source

2
10 E I 1 L) LI I L] I _l L) LI l l I I 3
C — Finke et al. (2010) =
e lerk 501 . — . Stecker et al. (2UU0) i
[~F=h LES 0229+200 ... Kneiske et al. (2004)
10 F | Y= — - Gilmore et al. (2008) =
- "~ — — Franceschini et al. (2008) | 3
L |© . -
B % 1ES 1101-232 o
0

— 10F 3
> - = 0 |2 .
= ; e 5
[ -1<"_-5:_f ______________ T GRB 090902B |
E e I o 2
_2 | s 1 \\\\\\ ’—
10°F |E : /3
C I GRB 080916C 1
B R TYY =1 | .
i | -

10-3 ' 1 L 1 L L1 11 I L L L V L1l 1.1 I l l l

0.01 0.1 1 2 314

GRBsuptoz~0.5
can be detected at
<200 GeV

See talk by Luis
Reyes and poster by
Silvia Raino for
Fermi LAT
constraints on EBL

Finke, Razzaque
& Dermer 2010
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High-energy Neutrinos from GRBs

Massive stellar core _ During fireball expansion
collapse scenario = No shock, n-p interact
= Decoupling v's

n g:; » v Derishev et al. 1999
E%N\ Bahcall & Meszaros 2000
= Razzaque & Meszaros 2006

H envelope
He/CO star

Internal shocks

External shocks
Prompt y-ray (GRB
| Bursp ¢ z/’s y (GRB) Afterglow X,UV,0
Buried shocks Supernova shell  Afterglow v's
No y-ray emission Waxman & Bahcall 1997 GRB after SN
P ’ Dermer & Atoyan 2003 , Waxman & Bahcall 2000
recursor vs Supranova V'S Dai & Lu 2000

Razzaque, Meszaros & Waxman 2003 Razzaque, Meszaros & Waxman 2003
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High Energy GRB v Detection Prospects

O Neutrinos are very weakly GRB 030329/SN 2003dh
interacting -)Aonly 10-6 Typical long duration GRB with bright SN
probability at ~TeV energy ~10°! ergs/s luminosity at redshift z=0.17

QO UHECRs need to interact -2 - e

with soft photons in the GRB spranova Nl
to make v’s =» high opacity T. 3 /«%
Nearby (z<0.5) bright GRBs 4 ,—\ , \.-‘x:h_‘:;lmu _\:\:\

with high variability (~1 ms)
are the best bet candidates for

(GeVem s )

)
v

q

neutrino telescopes i | \ | 0.1d
Projected v events for IceCube
FI Mo del N v 4V v 11 Razzaque, Meszaros & Waxman 2004
ux W e Ve 4 5 6 7 8 9 10
Precursor I (H) 4.1 1.1 log10[ £,, / GeV)
Burst/prompt 3.2 0.3 Neutrino flux models:
Dai & Lu 2000
Afterglow (IS,M) Razzaque, Meszaros & Waxman, PRL 2003
Afterglow (wind) 0.1 - Razzaque, Meszaros & Waxman, PRD 2003
Supranova (~1 d) 13 2.4 Waxman & Bahcall 2000
Waxman & Bahcall 1997
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Galactic latitude (deg)

Fermi LAT Discovery of Nova in V407 Cygni

March 10, 2010

PSR J2021+4026 Q Fermi LAT found the nova in routine
LAT processing for transients

a Initially, counterpart was unknown
O Later developments established:
Q First y-ray detection of any nova

QO First clear y-ray detection of any
/‘ source associated with a white
Nova 2010 . .
1FGL V407 Cygni dwarf (in binary system)
J2111.3+4607
Cheung et al, ATEL 2487

Fermi LAT publication:
Science, 329, 817 (2010)

95 90 85 80
Galactic longitude (deg)
counts/pixel
—D See talk by Teddy Cheung for

0.0 0.1 0.2 0.3 0.4

details of Fermi LAT y-ray data
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Adopt the n° model for y rays

Q

10 GeV v’s from V407 Cygni?

n*are also produced in pp
interactions

Neutrinos are produced
through decays

T—=V+U
—e+V+V

Expected v fluxes of different

flavors can be calculated
using observed y-ray flux

10 GeV v fluence over the
transient lifetime ~10-4 erg

>100 MeV Yy ray fluence
~3x1073 erg cm

v ray and v spectra (15 day average)

E*®(E) [GeVem ™2 571

10—10 L
10!

Razzaque, Jean & Mena, arXiv:1008.5193
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Neutrino Oscillation

Earth’s
density
profile

neutrino

detector

Creation and detection of v’s at
separate places allow them to
change their “flavors” from
creation to detection

0 v’s are created with definite flavors
oa=eu,Tt

Q v’s propagate with definite mass states
i=1,2,3

0O o and i states are mixed while
propagation in vacuum and in matter
(Mikheyev-Smirnov-Wolfenstein effect)

0 neutrinos are mostly affected by matter
for normal mass hierarchy
m,/m, <m,

0 antineutrinos are mostly affected by
matter for inverted mass hierarchy
m,/m, > m,

SciNeGHE 2010 S. Razzaque 25



Conversion of v fluxes at Detectors

v flavor conversion probability
in vacuum and inside the Earth

P _ Psrc
Vo —Vg — Vo —V; ua—w

= Z |Uai || Z AG,Unil?

e.g., Razzaque & Smirnov 2010

Detail calculation depends on

= V407 Cygni direction (DEC = 45.7°)
= v oscillation parameters

= Earth’s density profile model

v flux at a detector at the
South Pole looking “down”

det __ gsrc src
QVQ - QV“ Puu_”/(x + @I/c PV(:_’VQ

Numerical calculation

50

SciNeGHE 2010

S. Razzaque
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IceCube Deep Core Sub Array

IceCube Lab =10 GeV v Detector
S O IceT
i 80 Salors, each vt at the South Pole
50m[— e e ey s = 2 IceTop Cherenkov detector tanks
°°°°° 2 optical sensors per tank
320 optical sensors
Q 13 “strings” at the core
2010: 79 strings in operation
2011: Project completion, 86 strings Of the ICeCUbe array
ooy Q 6 strings with closely
strings including 6 DeepCore strings
. /60 Optigalsensorsgon eacr?string ’ Spaced (7'10 m) HQE
] 5160 optical sensors .. .
1som|___ | Amancaiaray digital optical modules
(sl 0 allow detection of v’s
| oun 1o 410 GeV
Eiffel Tower .
4\ 24m a Detection volume ~10 Mt
2450 m
2820m Fully operational and
taking data since
~31st March, 2010
Bedrock
SciNeGHE 2010 S. Razzaque 27



v events at 10 Mt Deep Core from V407 Cyg

Neutrino-nucleon interactions in the detector volume produce
a detectable muon (electron and tau as well)

Nrt
B /dE,,/dQ Ve (E,, Q)
Vdet

X [Ugc(Eu)(I)Szt(Ew Q) +o3f (Eu)q)git (E., Q)]

Ny, =

N, ~05%4% "N, ~0.323 . 10< E,/GeV < 100

Atmospheric background in ~15 days

N(v,) + N(v,) ~ 60 (AB ~ 10°) « Depends on angular resolution
u W ] : )
~160 (A ~ 30°) Can be smaller if most v’s

come within <15 days
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Summary
a We have explored best-bet sources of UHECRSs

Q Total power output in local universe within GZK volume required
for observed spectrum
Q Radio galaxies, BL Lacs and Starburst galaxies
Q Gamma Ray Bursts with large baryon loading
0 Total power per source for acceleration to 10%° eV
Q Gamma Ray Bursts easily accelerates p and Fe
Q Most blazars can accelerate p and Fe
Q Radio galaxies may only accelerate Fe
Q We also explored y ray emission from UHECRSs from GRBs
O May explain >100 MeV radiation detected with Fermi LAT
0 Requires large baryon loading, energetically less favorable
Q High-energy neutrinos from UHECRs in GRBs
0 May be detectable from nearby GRBs
0 > 0.1 GeV neutrinos are expected from the Nova 2010 in V407 Cygni

Q If observed y rays are created by n® decays
Q Test of leptonic vs. hadronic model of y ray production

SciNeGHE 2010 S. Razzaque 29



