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The cosmic leg

The all-particle spectrum (as E> xJ) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E> xJ) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E> xJ) of cosmic rays.
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A word on scale...

10° eV = 1 MeV m, ~ 0.5 MeV
10° eV = 1 GeV m, ~ 1 GeV
102 eV =1 TeV Votac ~ 7 TeV
10" eV = 1 PeV Enmax Earth = 2 PeV
10'8 eV = 1 EeV ?
10*' eV = 1 ZeV 77777
June 13, 2012
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Zetta-electronvolt?

Mpa)] = 041kg
v ~ 120km/h

1
Eiin = Embanv2 =17ZeV
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A word on units. . .

e natural units: c=h=kg=¢y=po=1
e conversion factors:

he ~2 % 10" 7eVm c~3x 1082

S

eV 1 e?

kg ~ 8.6 x 1077 — ~ =
B x OEM =137 T a4
e example
Vs c hc 1

ITesla=1— = — —— ——(eV)® ~ 195(eV)>
esia m?  m/seVm /4ragy (V) (V)

e other important relations/definitions:

lerg ~ 624 GeV  1leV~18x107°kg  Ipc ~ 3.26ly ~3.09 x 10'® m
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Particle acceleration in the Universe

e Acceleration is a continuous process.

=» Accelerators need to confine the particle by
magnetic fields.

e Larmor radius:

E 11/ E B\
RL=—— —_— — kpc.
"= 78" Z (EeV) <MG) pe

e maximal energy from Ry, = Ryc.:

BZICC Racc
max =~ 0.9Z EeV.
& 09 (uG) (kpc) ¢

o for example, the LHC:

Bicc Race
Enax ~9 ( 8T> <4km) TeV.
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Acceleration mechanism?

e There is a problem with this analogy.
X Universe is a “perfect conductor”

=» Itis unlikely to build up large potentials on long time-scales that accelerate
charged particles.

e astrophysical environments are described (to leading order) as an ideal
magneto-hydrodynamical (MHD) system:

Op = —V(pv) (continuity)
p(O, +vV)v=(V xB)xB—Vp (momentum)
OB =-V xE (Faraday’s law)
VB =0 (no divergence)
E=-vxB (Ohm’s law)

e in particular, Ohm’s law gives E L v
=» no acceleration along electric fields

=» exceptions (NLO effects): magnetic reconnections, double layers, relativistic
motion,. ..
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Fermi’s idea

PHYSICAL REVIEW VOLUME 75, NUMBER 8

APRIL 15,

On the Origin of the Cosmic Radiation

ENRrIcO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the

spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation

e exercise (my only one for today!): Try to get this paper on the web!
e hints:

e http://inspirehep.net/ (typein"f a fermi and t cosmic")

e http://adsabs.harvard.edu/abstract_service.html
e http://arxiv.org/
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Fermi’s original idea

“collisionless” scattering of charged particles with “magnetic clouds”

cosmic ray /_\

cosmic ray
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Fermi acceleration (second order)

* “magnetic cloud” with velocity 5.
momentum in rest frame

E} = vEi(1 — Bcos ;)

elastic scattering within cloud
conserves energy (E; = E;) but
isotropizes the emission direction 65

e emitted energy

E> = yE5(1 + Bcos 65)

energy gain per scatter:

AE_ Bk

2 / _ _
£ £ =~ (14 Bcosh)(1 —Bcosh) — 1

=» can be positive or negative depending on scattering angle
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Fermi acceleration (second order)

« distribution of 6; is (appr.) isotropic -2, o 1
2

e averaging over 05:

<AE>9§ ! dn AE 1 ! AE
- d Z = 5 d 0, =" = A1 — 0,)—1
E, /71 cos > Toos @ Er 2/71 cos b2 (1 — Bcosb)

e distribution of 6, follows number of particles per second in direction 6,

dn
dcos 6,

x (1 — Bcosb)

o further averaging over 6,

AE / 1 AE) s
( >01&62 _ / dcos b, dn >02
E; 1 dcos@, E;

= 1/1 dcos (1 — Bcos )y (1 — Bcosby) — 1]
2./

_2(q B 171+%2 L1 2+52 17452
U tE) T T e s =3

=» on average energy gain with AE/E « 3
=» slow for 8 <« 1; these days called second order Fermi acceleration
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Macroscopic treatment

e second order Fermi acceleration can be treated by a diffusion equation in
momentum space:

1
om = V,DV,n — —n +0
o diffusion tensor D can be anisotropic, for instance if scattering centers have
preferred direction

(ApiApj)
D; = —
! )
« diffusion coefficient is momentum dependent D = D,1 and D, o Do(p/po)*~°

e Bohm diffusion 6 = 1, Kolmogorov diffusion § = 5/3, ...

steady-state solution for § =2 [e.g. Mertsch’'11]

_ 1 1 p;
E™" ~ -
e 7= 2T 3Dyr

X no universal power law
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Diffuse shock acceleration
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Diffuse shock acceleration

* OPTICAL

INFRARED
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Diffuse shock acceleration

“collisionless” scattering of charged particles across shocks

“Upstream” “downstream”

cosmic ray

Bsh = Vsh/C

cosmic ray
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Rankine-Hugoniot relations

e consider the particle flow through an area A on
the shock front during a time At in the
rest-frame of the shock

* Ush — U2

"
2 = tsh ulil Ushll
— UshlU2

= differential volume AV, » = Axj2A = Atuj ,A

=» relation between mass density p; ., pressure
pi,2 and energy density €, » from mass,
momentum and energy conservation across
shock

AV|p] = AVzpz (mass)
AVipiui + AtApy = AVapaus + AtAp, (momentum)

1 * * 1 * *
EAVIpl (u})? + AVie) + AmiAp, = EAVzpzuzz + AVzer + AtAu,pr - (Energy)
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Rankine-Hugoniot relations

e consider the particle flow through an area A on
the shock front during a time At in the
rest-frame of the shock

* Ush — U2

"
2 = tsh ulil Ushll
— UshlU2

= differential volume AV, » = Axj2A = Atuj ,A

=» relation between mass density p; ., pressure
pi,2 and energy density €, » from mass,
momentum and energy conservation across

shock
uipr = uz p2 (mass)
puids + p1 = pau3” + pa (momentum)
1 * * 1 3 *
501”13 +ui(er +p1) = Epzuzz + u5 (€2 + p2) (energy)
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Rankine-Hugoniot relations

e consider the particle flow through an area A on
the shock front during a time At in the
rest-frame of the shock

* Ush — U2

*
Uy = Ush 141*1 wr it
— UshlU2

= differential volume AV, » = Axj2A = Atuj ,A

=» relation between mass density p; ., pressure
pi,2 and energy density €, » from mass,
momentum and energy conservation across
shock

uipr =uypr = @
O(ui —u3) =p2—pi

1 * * * *
E'i‘(ulz —u3?) = ui(e2 + p2) — i (&1 + p1)

Markus Ahlers (UW-Madison) Cosmic ray sources
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Rankine-Hugoniot relations

e finally...
1 * * * *
E(PZ —p)( +wy) = u;(e2+p2) —ui(er +p1)

e compression ratio:

_ui _pr_ 2etp2) = (p2—pi)

w pr 2(e+p1)+ (p2—p1)

e equation of state: p = we

1 L 2 R
w=z (relativistic) W=z (non-relativistic)
=» fore; < e; we have r ~ (2 + w)/w and
r =7 (relativistic) r = 4 (non-relativistic)
=» cosmic frame velocity:
(r=1)Bm

Uy = >

7= B
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Fermi acceleration (first order)

. . — 1)y
shock with velocity Sg =» 5 = (r,,%hh upstream downstream

momentum in rest frame

P
Ei = vEi(1 — Bcos0;)

elastic scattering within cloud B
conserves energy (E; = E) but )
isotropizes direction

e emitted energy D1

E> = yE5(1 + Bcos 65)
energy gain per scatter:

AE  E—E
E. ~  E

=71+ Bcost)(1 — Bcosh) — 1

-» always positive since cos6; < 0 and cos6; > 0
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Fermi acceleration (first order)
e distributions of §; and ¢ follow projection onto the shock:

dn

/ ’
dcos 6, x cosd; (cosf; > 0)

o cos B (cos; < 0) erl
2

e averaging over 65:

(AE)g, ! dn  AE ! AE
= dcos 6} —— =2/ dcos#;cost—
z /71 cos " deosO] E; /0 cos 62 cos 6

2 2
= fyz(l — Bcos b + §ﬁ — gﬂzcosél) —1
e also averaging over 6,

(AE)g, g0y :/1 deos ;37 (AE)g,
El -1 d00891 E1

0
— —2/ dcos 6, 0056‘1[72(1 — Bcos b + %B — %ﬂzcosel) —1]

—1

) 2 \? 4 4
= 1+28) —1~14-8-1=-
7<+35) +3ﬁ 3,8

=» on average energy gain with AE/E «x 3
=» first order Fermi acceleration more efficient
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Spectrum

e particle acceleration per crossing AE/E = £

e relative rate of particles crossing the shock from upstream to downstream:

1 ! 1
Rcross = EZWA dCOS@l COSH[ = Z

relative rate of particles escaping the shock region

probability that particle crosses the shock and escapes downstream:

*
Rese  4uy
Reross c

Pese =

evolution of energy and particle number

§E aszﬂﬁN

tcyc]e [cycle

OFE =
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Spectrum

=» dividing
Pesc N
OgN = ———
E § E
=» re-arranging
dN P dE
N ¢ E
=» integrating
/N<E> dN' (" P dE'
Ny N’ Ey

=» final spectrum

N(E) = No(E/Eo)™"

e power index for non-relativistic plasma (r = 4) and strong shock

*
o Pesc 4”2

£ E

V=7 =

& @/3)ur —u3)
=» differential spectrum

= E?
dE =
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Candidate sources

e CR acceleration is (most

likely) a continuous process.

=» Accelerators need to
confine the particle by
magnetic fields.

® FEnax ~ Size x field strength

o A

magnetlc
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Neutrino flux predictions

e pion production in CR interactions
with ambient radiation

ot — ;ﬁuu — e+1/gl7uz/“

7T0 — Yy
e inelasticity:
E, ~E,/2 ~ KE, /4
e relative multiplicity:

K=N,+ /N

e pion fraction:

frl—e "7
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Neutrino flux predictions

e pion production in CR interactions
with ambient radiation

ot — ;ﬁuu — e+1/gl7uz/“

7T0 — Yy
e inelasticity:
E, ~E,/2 ~ KE, /4

e relative multiplicity:

«—>

K=N,+ /N

e pion fraction: (E2J, ~ energy density w)

frl—e "7
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Average pion fraction

e 3 neutrinos per pion; equally distributed after oscillation
e average energy loss in a single p~y interaction via A-resonance:

E, 1 N+ +N_-
=~ and K=—"—>T_"T" ~
E. 4 Noo

N —

e f. depends on optical depth 7, (E,) and mean inelasticity (x) ~ 0.2
=» particle number conservation (no magnetic field at the moment):

E

K i K 1 — e~ Oy (B)
dN”E .3 dNE 3 Ep( e )deEp)

vaE, B = g, ) = Tk ) aE, '
e can be rewritten as an (approximate) energy relation with E, ~ (x)E, /4:

E

» dN, 3K (1 B e_me(E,,)) EZ%(E,,)

vaE, B = 3055 ?dE,

wre o
N

¢ final neutrino spectra after meson/muon cooling in magnetic fields
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Optical depth for p~y
e interaction rate averaged over isotropic spectrum (E’, = (E,/m,)E+(1 — cos 9))

T, (E) = 1/dcos@/‘dE.y( cosﬁ)gg (E5)opy (ES")

[\

e Breit-Wigner approximation (width 'a ~ 0.11 GeV and oo ~ 34 ub)

2
, s ool"As
opy (EN") — FA\famrd s—mA
P’Y(’Y) 2(S7mA) +F E,2 ( )
Breit-Wigner narrow-width approximation

o opacity of py collision (emin = (ma — m;)/AE,)

T FAUomz mz, de
Toy (Ep) = RiizeTpy (Ep) = Reige (E T —m2 Elz ?2"7(5)
A P

P
€min

0.04
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Galactic y-ray sources

— IC59+IC40 sensitivity (90% CL)
== 1C59+IC40 discovery potential (50)

¢ hadronic interaction relate

neutrinos and ~-rays on

production (E, ~ 2E,) o

Qallu(Eu) =~ 3KQ7(E7) )

E? dN/dE [TeVem~2s7!]
SL-
\

« for close-by (galactic) sources this

translates into a direct relation /

between the observed point-source N —

1012

spectra -10 S = o5

Jaul,(E,,) ~ 3KJW(E7) s

o typical lceCube sensitivity for TeV-PeV neutrino sources in the northern
sky:
E*J,, ~ 10" TeVem 2s™!
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Neutrino point sources

e in general, flux F (erg/cm?/s) and luminosity £ (erg/s) of a source (vy-ray, neutrino,
...) are related via the luminosity distance d;

L

L

e for close-by sources 4, is just the Euclidian distance
X not so for cosmic sources at redshift z > 0:

d7
H(Z')

do=(1+7z)

e Hubble parameter accounts for the expansion of the universe; for ACDM model:

H(z) = Ho\/Qa + Qn(1 +2)3

Qa ~0.74, Q, ~ 0.26, Hy ~ 72kTmMpc_]
e neutrino spectrum:
(1+2)?
Jl/ 7E - v 1 E
@B = 5 (1 +2)8)
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Jetted sources

e many ~-ray sources show a jet-like outflow, e.g. quasars, micro-quasars, ~-ray
bursts

e neutrino in co-moving and observatory frame satisfy Ar = Ax and A¢’ = Ax’ and
are related by a Lorentz tranformation

Al =TAt—TAR- 3 AY - f=TAx.f— BTAt

e observation angle relative to the velocity

cos§ = 1(:(13/[0;700550
e convenient to define the Doppler factor
= N e
=» with this we can define
sin@’ = §sin 6 E =E/§
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Jetted sources

Comoving Frame Observatory Frame

Al cos08AL,
- on Ao
o / k r— / I ’

\ At Ater

4 2

e two neutrinos emitted in a time-interval Az, and Ax.,, = 0 are observed in the
co-moving frame within A, = Az,

e in the observer frame Aten = TAL, and Atgps = Atem — 808 0Atem = Aty /5
e apparent displacement of the source projected onto the night-sky is
Axobs = sin 08 At after the emission time intervall Az,

=» super-luminal motion:

AXobs sin6

Parw = Atobs 1o B cos b
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Jetted sources

e transformation of spherical elements

dQ’  dcost 8
dQ  dcosf

e number of particles emitted into a volume element Aw per energy AE., and
observation time At is independent of the frame of reference

dF;,

dE’

dF, . d© Ady, dE' dF,

dE (E) = dQ Ates dE dE'

(E') = 52 (/)

e for comoving emissivity Q) = Qy(E/TeV)™ (GeV~' s™') and also including
red-shift scaling we have

1+Z 27a62+a E —a
CRES 4)7rdz O\ Tev
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Extra-galactic ~-ray sources?

. . - 10°
e CMB interactions (solid lines) |
dominate in casade: 10t |
e inverse Compton scattering (ICS)  10° }
e +yoms — e+ g 02 |
e pair production (PP) ED 10|
Y+ yem = et e i .
2 [
e PP in IR/optical background £ o1l
(red dashed line) determines the =R Ial (CMB) —
“edge” of the spectrum. 10~ 'yl (IR/opt.) -
108 L [igs (CMB) — |
e this calculation: E/bsyn (pG) -
Franceschini ef al. ‘08 107t b

102 10% 10* 10° 10° 107 10% 10° 101910102103
E [GeV]

Rapid cascade interactions produce universal GeV-TeV emission (almost)
independent of injection spectrum and source distribution.
-» “cascade bound” for neutrinos [Berezinsky&Smirnov'75]
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Extra-galactic ~-ray sources?

e CMB interactions (solid lines) .
dominate in casade: diffuse y-ray background

107°

¢ inverse Compton scattering (ICS)
e* + o — e+

e pair production (PP)
Y + YemB — et 4 e

1076 ¢

e PP in IR/optical background
(red dashed line) determines the
“edge” of the spectrum.

E%J [GeV em =2 571 sr7Y]

~— EGRET (Sreckumar et al. '98)
-~ EGRET fit: E~>!

e this calculation: 10-8

Franceschini et al. '08 o ! 1 v

Rapid cascade interactions produce universal GeV-TeV emission (almost)
independent of injection spectrum and source distribution.
-» “cascade bound” for neutrinos [Berezinsky&Smirnov'75]
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UHE CR observation

10 3
/' AE/E=20% 1 -
S g o 1 K
% © Of’;@@@@ N ] §
L R R # 3
L 10" E A
@ [¢] 3 8
] 1 £
s %0 + 1 %
Z O HiRes 1 b
&)
= ¢ HiRes 2
=10 T E|
= Y Telescope Array 2011 3
kS © Auger 2011 TT E
1 | |
0% 10° 10
[PDG'12] Elevl <
N? 50 - -e- Auger event g
) E photon ~
‘;” 40 — — proton 55
g 2
£ af z
&
% L
g 20
> F
> C
@ 10f
2 L
o [

I
800

200
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400 600
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UHE CR observation

HiRes composition

® HiRes Data
---- QGSJETO1
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UHE CR observation

Auger distribution (E > 55 EeV)

Number of pairs
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Diffuse fluxes

e spatially homogeneous and isotropic distribution of sources
e Boltzmann equation of comoving number density (Y = n/(1 + z)*):

= Oe(HEY;) + Og(biY:) — T Yi + Z/dEj vi¥; + Li,
J

H : Hubble rate
b; : continuous energy loss
~;i ([';) : differential (total) interaction rate

e power-law proton emission rate:
£,(0,E) o< (E/Eo) ™" exp(—E/Enax) exp(—Enin/E)
¢ redshift evolution of source emission or distribution:

Ly(z,E) = L,(0,E)(1 + 2)"O(zmax — 2)O(z2 — Zmin)
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Diffuse neutrino fluxes
e homogenous distribution of neutrino sources £,

1 > dz

JV(E):H ; %

L.(z,(1+2)E).

e cosmogenic neutrinos from CR propagation

1 > dZ/ / ’ ’
J(E)) ~ — (7, &, (1 E))Y, s
nE) = o [T s [ @ g 1+ DE) 1 E)
e proton spectrum
1 ® d7
Yo(2, (2 Ep)) = S Lpen(Z & Ep))

14z ), H@)

z/ N 8EbBH (Z”7 gp (Z//7 Ep))
d
X“%[ C U+ HE)

o effective source term is defined as

ﬁlneff(zy Ep) = £p(z: Ep) + /dgp 'YPP(Z» 517:EP)YP(Za 517)
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UHE CRs and neutrinos

e observed UHE CR spectrum can be used to give an upper limit on diffuse

neutrino fluxes [Waxman&Bahcall'97]
3K _ dn, 3K
BB = g (1= e ) BV (B) < 2 S ENL(E,
( ) 4(1+K) e ldEp(I)—4(1+K) PP( 17)

e we can estimate the proton flux as
t _ a3
E'J,(E,) ~ ﬁQQCR th~ Hy ' ~ 14 Gyr Qcr ~ 10*ergMpc > yr™

e evolution factor

Zmax

e with K =1 and ¢; = 0.6 — 3 (no to strong evolution) we get

ELJyS ~ (1.6 —8.0) x 10 ®GeVem *s s
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Neutrino observation at very high energies

Cherenkov radiation in transparent media (glaciers, lakes, oceans,...).
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Neutrino observation at very high energies

Cherenkov radiation in transparent media (glaciers, lakes, oceans,...).
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Neutrino observation at very high energies

Coherent radio Cherenkov emission (Askaryan effect).
Observation in-situ, balloons or satellites.
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Neutrino observation at very high energies

Coherent radio Cherenkov emission (Askaryan effect).
Observation from lunar regolith.
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Neutrino observation at very high energies

Acoustic detection?
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Neutrino observation at very high energies

Deeply penetrating quasi-horizontal showers.
Observation by CR surface arrays.
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Neutrino observation at very high energies

Observation by CR surface arrays and/or fluorescence
detectors/satellites.
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Neutrino observation at very high energies

Earth-skimming tau neutrinos.
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Diffuse neutrino limits
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Diffuse neutrino limits

—3
10 projected & indirect v+, +v; limits
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Gamma-ray bursts (GRBs)

NUMBER OF BURSTS
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Gamma-ray bursts & UHE CRs

e possible sources of UHE CRs:

1

v/ comparable energy density: 10°° erg tyupe > day ' ~ 10% ergMpc ™ yr~!

v/ fulfill necessary conditions on time-scales (dynamical, cooling, acceleration) to
reach ultra-high energies [Hillas'84]

v/ acceleration of UHE CRs possible, e.g., in internal or external reverse
shocks [Vietri’95;Waxman'95]

=» smoking gun signal: neutrino production

e Neutrino emission of GRBs is one of the best-tested models: [lceCube, Nature'12]

v/ cosmological sources (“one per day and 4r”)
v/ wealth of data from Swift and Fermi

v/ good information on timing and location (= background reduction)
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GRB neutrino emission

e Neutrino production at various stages of GRB, e.g.

=» precursor pp and p~ interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros& Waxman’'03]

=» burst pv interactions in internal shocks [Waxman&Bahcall'97]

=» afterglow pr interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

Progenitor
(massive star)

External
Internal shocks

shocks \\ \ Fe line

|
F
3
3
H

Gamma-ray )
burst Afterglow Fe line

[Meszaros’01]

Markus Ahlers (UW-Madison) Cosmic ray sources June 13, 2012



Burst neutrino emission

e neutrinos from meson production, e.g.

4 =2 (Waxman'03) —

at - /.L+l/” — e+ueﬁuuu

e spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall'97]

E?J [GeV em™2 57! sr7Y]
S
I3

o for typical burst spectra thisc s a 10-10
“plateau” of neutrinos burst neutrino emission

1 1 1 1 1
104 10° 106 107 108

100TeV S E, < 10PeV E [GeV]

=» Different models for absolut normalization:

QHQ(— WUHECR
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Burst neutrino emission

e neutrinos from meson production, e.g.

T T T T T
~v =2 (Waxman’03) —

at - /.L+l/” — e+ueﬁuuu

e spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall'97]

E?J [GeV em™2 57! sr7Y]
S
I3

o for typical burst spectra thisc s a 10-10
“plateau” of neutrinos burst neutrino emission

1 1 1 1 1
104 10° 106 107 108

100TeV S E, < 10PeV E [GeV]

=» Different models for absolut normalization:

Q-0
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IceCube search for burst neutrinos

IceCube Lab

\ IceTop

- _—#80 Strlngs each with

50m[— 2 IceTop Cherenkov Detector Tanks
= 2 Optical Sensors per tank
320 Optical Sensors

IceCube In-Ice Array
86 Strings, 60 Sensors each
5160 Optical Sensors
AMANDA-II Array

| C>/Precursor to IceCube

=1 Deep Core
(e (ab) 6 Strings - Optimized for lower energies
] |

1450mf

: : ) - 360 Optical Sensors
U i | |Eiffel Tower
1l 1 i # 324 m

! ‘ !

2450 m

2820ml_____

\ Bedrock
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IceCube search for burst neutrinos

IC-86
10-11 Season
- o o o o IC-79
IC-59 - & e e o o 09-10 Season
08-09 Season - o & & e oo o

® © o IC-40
07-08 Season
IC-1 et
04-05 Season r J r.J
® e

Ic-9 1C-22
05-06 Season 06-07 Season

[courtesy of M. Santander]
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|C40+59 results

e Limits on neutrino emission coincident
with 215 (85) northern (southern) sky
GRBs between April 2008 and May

[Abbasi et al.'11;12]

2010 (“IC40+59").

emission model.

Model-dependent limit for prompt

“model-dependent”

108

1079

E?p, (GeV cm?s7 sr)

Model-independent limit for general

neutrino coincidences (no spectrum

assumed) with sliding time window

+At from burst.

o Stacked flux below “benchmark”
prediction of burst neutrino emission by

a factor 3-4.

GRB rate.

Markus Ahlers (UW-Madison)

conversion to diffuse flux via cosmic

[Guetta et al.’04]

Muon neutrino events
S

Waxman and Bahcall 100
1C-40
IC40 Guettaetal.  __..a=-
___ 1C40+59 Combined o~ —
limit 4 Q@
. 1C40+59 Guetta V4 g
tal. 4
etal # 3
/ [©)
e
W
10!
104 108 108 107
Neutrino energy (GeV)
“ : ”
model-independent
90% Upper limit —— 0.40
9 HiVity -eeeee-
90% Sensitivity 0.35
[ 030
Event 1 0.25
/ 020
»»»»»»»»»»»»»» 10.15
40.10
| 40.05
L L 0
10 100 1,000 10,000
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|C40+59 results

e |ceCube limit below benchmark

diffuse models normalized to UHE CR
data. [Waxman&Bahcall’03; Rachen et al.’98]

=» IceCube’s results challenge GRBs

as the sources of UHE CRs!

e Limit on burst neutrino emission
depends on neutrino break energy
“c» oc T (break in optical depth).

e Results from model-dependent

analysis translate into bounds of GRB
parameters. [Guetta et al.’04]

=» Neutron emission models largely
ruled out. [MA, Gonzalez-Garcia & Halzen'11]
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Cosmogenic neutrinos

e “Guaranteed” neutrino production from UHE CR propagation in cosmic radiation
background. [Greisen&Zatsepin’66;Kuzmin’66;Berezinsky&Zatsepin’70]

=» resonant proton interaction py — A — nw ™ with CMB: Ecg < Egzx ~ 40EeV

=» peak neutrino contribution at E, ~ 1EeV

UHE CR spectrum radiation background
10" £ , : ‘
= ] 10* IR /optical (Franceschini et al.’08) =
<> i}i\; 7 AE/E=20% 1 . max. radio (Protheroe & Biermann’96)
] 07 CMB =—

ooocﬁﬁ%%%@%ﬁﬁ

O HiRes 1 %]

_
<\
.

=
T
—0
R

E*F(E) [GeV"* m2 s sr1]

¢ HiRes 2
Y Telescope Array 2011
© Auger 2011 TT ] Y
07 F g ‘
1 L L R s ) ) ) . )
10® 10" 10% 1012 1071 10 10° 10 1072 1 10?
E [eV] w [eV]

[Particle Data Group’12]
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Cosmogenic neutrinos

=12 LLALLLL L L R e R L R X
TABLE II: Expected numbers of events Ny from several UHE neu-
i —— Yuksel & Kistler '07 | trino models, comparing published values from the 2008 ANITA-II
F — — - ESS '01 strong B flight with predicted events for a three-year exposure for ARA-37.
L — ==~ Kotera et al. 10 max
~ _1a ESS 01 baseline _| Model & references  Ny: ANITA-IL  ARA,
T Ahlers etal.'11 (2008 flight) 3 years
@ b Baseline cosmogenic models:
T E Protheroe & Johnson 1996 [27] 0.6 59
o i Engel, Seckel, Stanev 2001 [28] 033 47
b Kotera,Allard, & Olinto 2010 [29] 05 59
g —16 i Strong source evolution models:
© 4 Engel, Seckel, Stanev 2001 [28] 10 148
o i Kalashev ef al. 2002 [30] 5.8 146
b | Barger, Huber, & Marfatia 2006 [32] 35 154
w Yuksel & Kistler 2007 [33] 17 21
o~ 18 1 Mixed-Iron-Composition:
° Kotera et al. '10 mid Ave et al. 2005 [34] 0.01 6.6
o | ——+—— Kotera et al. 10 low 0 Stanev 2008 [35] 0.0002 15
o —-—- Aveetal. '07 Fe mix ‘\\‘ Kotera, Allard, & Olinto 2010 [29] upper 0.08 1.3
I ©——O ANITA-II (2010) W\ Kotera, Allard, & Olinto 2010 [29] lower  0.005 4.1
—20 |~ B——5 IceCube-40 (2011) Models constrained by Fermi cascade bound:
| = 3 Auger (2009) Ahlers et al. 2010 [36] 0.09 207
Fr==B ARA-37 3 yrs projected N Waxman-Bahcall (WB) fluxes:
YT IRARTYIY PSRRI ETSRTYON ERPRETITT AR 71 IFAPRUTAY STTy WB 1999, evolved sources [37] 15 76
10 10" 107 10'® 10" 102 10% WB 1999, standard [37] 05 27
log,,(energy, eV) [ARA'T1]

Best-fit range of GZK neutrino predictions (~two orders of magnitude!) cover various
evolution models and source compositions.
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Composition dependence of UHE CR sources

T
HiRes I&I1 (E/1.2)
Auger rer |

p source —

Fe source —

E?J [GeV em™2 57! sr7!]

2
~
2

. .
10° 101
E [GeV]

UHE CR emission toy-model: Q(z,E) o« E~ Ve /5 (1 4 2)"O (zmax —

L
1011

p source — o
Fe source —

P ST ¥
0.1 1 10 10% 10° 10* 10° 10°

E [GeV]

o 100% proton: n =5 & Zmax =2 & ¥ = 2.3 & Emax = 10 eV

¢ 100% iron: n=20 &Zmax =2& Y= 23 & Emax =26 X 1020'5 eV

P I THA V1
107 10® 10° 100101 10'?

7)

Diffuse spectra of cosmogenic ~-rays (dashed lines) and neutrinos (dotted lines)

vastly different.

Markus Ahlers (UW-Madison)

Cosmic ray sources

[MA&Salvado’11]

June 13, 2012



Approximate* scaling law of energy densities

Zmax n+vy;—4
Wy X ZAZ v Ei Eth) ></ dz%
2 Yi 0 H(Z)

composition evolution
* disclaimer:
e source composition Q; with mass number A; and index
e applies only to models with large rigidity cutoff Emax,i > Ai X Egzx
previous examples (zma = 2 & v = 2.3):

e 100% proton: n = 5 & Epax = 107 eV
wy o<1 x 12

e 100% iron: n = 0 & Enpux = 26 x 1027 eV
w~y o< 0.27 x 0.5

= relative difference: ~ 82.

Markus Ahlers (UW-Madison) Cosmic ray sources June 13, 2012



Guaranteed cosmogenic neutrinos

e Cascades of UHE CR nuclei in
background conserve
EN ~ ECR/A.

=» minimal cosmogenic
neutrinos from nucleon
spectrum:

IN"(En) = AdpsJcr (Ecr)

e dependence on cosmic
evolution of sources:

¢ no evolution (dotted)
o star-formation rate (solid)

=» ultimate test of UHE CR
proton models with ARA-37
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Guaranteed cosmogenic neutrinos

e Cascades of UHE CR nuclei in ‘ % ' !
107
background conserve
EN ~ ECR/A.
. . = 1078
=» minimal cosmogenic L
neutrinos from nucleon o
spectrum: ‘Tm 1079 F
=
min 2 ©
Jn"(En) = AgbsJcr (Ecr) > 10-10
<}
e dependence on cosmic ‘S T
evolution of sources: 10
¢ no evolution (dotted) 10-12 )
o star-formation rate (solid) 106 107 108 10° 100 10t
. E [GeV
=» ultimate test of UHE CR [GeV] [MA&Halzen'12]

proton models with ARA-37
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Guaranteed cosmogenic neutrinos

e Cascades of UHE CR nuclei in . 0 “ ' '
background conserve 1070 ¢
EN ~ ECR/A. “\
. . = 1078 L °
=» minimal cosmogenic L
neutrinos from nucleon - 1086 (1)
. @ -9
spectrum: o 1077 b e i00kev:
g 100%
i 2 © 10(7;$
IN"(En) = AgssJcr (Ecr) E 10-10 | 1(7:':
e dependence on cosmic ‘S u
evolution of sources: = F
. SFR evoluti
¢ no evolution (dotted) 10-12 /7 eronton 1
FAN ! ! ! L RN
o star-formation rate (solid) 106 107 108 10° 100 10t
. E [GeV
=» ultimate test of UHE CR [GeV] [MA&Halzen'12]

proton models with ARA-37
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