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Introduction

» Walter told you about NeuCosmA, which incorporates fast code
to calculate photohadronic interactions

» |t has been successfully used to calculate the v flux from GRBs
» We have reused the code to calculate:

» UHECR (proton) propagation while interacting with the
cosmological photon backgrounds (photohadronics + pair
production)

» cosmogenic neutrino flux from the p~ interactions
» Extends the thoroughly verified NeuCosmA code
» Does not use Monte Carlo methods for the propagation
» Written in C — a single external library needed: gs1

» Fast and easy to modify and add to
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Boltzmann equation
» Comoving number density of protons (GeV~! cm™3):
Y, (B.2) = a® (2)ny (B,2) = n,p (B,2) | (14 2)°
with n,, the real number density
> Transport equation (E: energy in source frame):
= (9E HE'Y + Og (be+e—sz) + O (bp,yY},) + Lcr

T /

adiabatic losses photohadronic losses

pair production losses

CR injection from sources
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Boltzmann equation
» Comoving number density of protons (GeV~! cm™3):
Y, (B,z) =d® (2)n, (E,2) =n, (B,2) / (1+2)°
with n,, the real number density
» Transport equation (E: energy in source frame):
Y, = Op (HEY,) + 0g (bet.-Y,) + 0g (byyY,) + Lcr

» Cast into an equation in z by using dz = —dt (1 + z) H (2):
-1
(1+2)H (2)
+ 0p [be+e— (E,Z) Y (E,Z)] + 0k [bP‘Y (E,Z) Y (E,Z)]

+ Ler (B, 2)}

8.Y (E,z) = {05 [H (2) EY (B, 2)]

M. Bustamante HAP code retreat : 3/21



Julius-Maximilians- .
UNIVERSITAT UHECR propagation
WURZBURG Interaction with the photon backgrounds

Interaction with the photon backgrounds

» Energy loss rate (GeV s™1):

b(E)= ry

» For pair production py — pe+e_:

» n.,: isotropic photon background (GeV~—' cm™—?)

» ¢: photon energy in units of mc?

» proton energy: E = ym,c? (v > 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)
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Interaction with the photon backgrounds (cont.)

Photohadronic interactions — p interaction rate (s~ per particle):

1 m2 e n- (€, 2 2E¢e/my
Lpyopry (B, 2) = ' ﬂ de#/ dererag)vtﬂp,b ()

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

all channels

GBS = Y T (BK

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

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

S. HUMMER, M. RUGER, F. SPANIER, W. WINTER, Astrophys. J. 721, 630 (2010), ARXIV:1002.1310
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Photon background redshift scaling — CMB

» Local CMB spectrum (GeV~! cm™3):

11 ¢
CMB _ [
nfy (6)Z - O) - T2 (hc)?’ 65/(kBT) -1

» Following Y, = dg (HEY,), with Y,, o a®n., it scales as
nSMB (¢,2) = (14 2)° nS™B (¢/ (1 + 2) , 2 = 0)
» This induces the scaling of the energy loss rate,

b(E,z) = (142)°b((1+2)E,0)

» This adiabatic scaling is exact for the CMB — not so for the CIB
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Photon background redshift scaling — CIB

» The CIB spectrum has been measured up to z = 2
» Redshift dependence:

nslB (e(14+2),2)=(1+2) / dz ﬁCIB (e(1+2"),2")

Lcig: comoving injection rate of IR photons (depends on source
evolution — more on this later)

» Following [M. AHLERS, L.A. ANCHORDOQUI, S. SARKAR, PRD 79, 083009
(2009), ARXIV: 0902.3993], we used

» Other CIB scalings possible
— the code can easily accommodate for them
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Interaction lengths
Note that L¢ig > Lows:

107
— z=0 §
108
———Z=6 g
108 ) *
CIBonly
10*
g
= 100 \ adiabatic

w | o
o
TN
1l M
| N
10t e
.________\

10° \ CMB + CIB
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UHECR propagation

Proton injection rate

Lcr(E,2) =H(2) Qcr (E,2)

Qcr: injection rate at source (GeV~! Mpc™

3 S—l)

‘H: cosmological evolution of sources (adimensional)
QcR (B, 2) oc B e/ Fpmax

e.g., star formation rate (Horkins & BEacom), %

(14 2)34 , 2 < 1, 60
Hser (2) = Ni(1+2)7%3 ,1<z<4
NiNg(142)73% | z2>4

with Ny = 2% 7 and Ny, =552 ...

..or GRB rate (KISTLER et al.),

20

Hare (2) = (1+Z)1.4 Hsrr (2) % 1 2 3 4 5 6

A.M. HOPKINS, J.F. BEACOM, Astrophys. J. 651, 142 (2006), ASTRO-PH/0601463
MS\HLERS M. GONZALEZ-GARCIA, F. HALZEN, Astropart hys. 35, 87 (2011), ARXIv:1103.3421

KISTLER et al., Astrophys. J. 705, L104 ( 2009) ARX1v:0906.0590
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Discretised Boltzmann equation

» Use z =log,, (E)
» Discrete variable Y; (z) =Y (z;, )
Yip1 (z) = Vi (2)
Az

— 1 logloe . 0
B (1+zi)H(zi){ T 10x (H (2) BY; (2))

+ O (be+e* ('Ta Zl) Yi ($)) + 0y (bp’Y (1‘, Zi) Y (.I))]
+ Ler (z,2:)}
» Spectrum evolved from z = 610 z = 0 in steps Az =5 x 107°

» Y; (z) calculated at N, = 60 values at each z; — then interpolated
» Protons injected down to z = 10~3 (inhomogeneity sets in)

» Typical running time (including CMB + CIB interactions, and
cosmogenic v production): ~ 120 s (on an i7 processor)
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A few extra tricks for speed-up

>

>

NeuCosmA already calculates the photohadronics fast

Protons and neutrons are treated as the same species:
— valid between 10° GeV and 4 x 10'! GeV
» below: diffusion effects due to magnetic fields
» above: neutron interaction time < decay time
T. STANEV, ECONF C040802, L020 (2004), ASTRO-PH/0411113
Local (z = 0) b.+._ and b,, on the CMB calculated only once,
and then scaled to different z
» ~ 120 s (w/ scaling) vs. ~ 40 min (w/o scaling)

CIB interactions calculated only every 500 redshift steps
» since CIB interaction length > CMB length

Cosmogenic neutrino flux calculated only every 1000 steps, for
the same reason
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Modification factor

Y,, (adiabatic+CMB+CIB losses)

modification factor = i i
odification facto Y, (adiabatic losses only)

= 100 10° 10° Epmax=100° eV
g no source evolution
E 10t 10t c 10! < CMB+CIB1
S ] \ \
8 s 8 2 \‘ R ‘\‘ —— pair production
£ 10° & 10~ \ 10~ \ ---- pair production
\
2 z2=6 é z=5 \ z=4 % + photohadronics
1023 10 b 107 >
8 9 10 11 12 8 9 10 11 12 8 9 10 11 12

- 10° 10° 10° 10°
c 10 10 T 107 % 10 \

3 Y \
2 \ | \ \
© 1 \ 1 1
g
£ 107 \ 102 \ 10 S 10 A
2 z=3 N z=2 A z=1 o z=0 -

103 2= 103 ===l g0 1073
8 9 10 11 12 8 9 10 11 12 8 9 10 11 12 8 9 10 11 12

lo (—E ) lo (—E ) lo (—E ) lo (—E )
9 GeV d GeV g GeV 9 GeV

Matches the results from R. ALOISIO et al., Astropart. Phys. 27, 76 (2007), ASTRO-PH/0608219
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Proton spectrum normalisation
Proton flux at Earth J, (Ey) = (¢/4m) n, (Ep, 0) normalised to

HiRes data (Phys. Rev. Lett. 100, 101101 (2008), ASTRO-PH/0703099):

10°
» HiRes-I = HiRes-II
'_\'m + LT . ++ * \
A e,
9
5 10
?
<)
,_%
U )
dip model, y = 2.5, SFR, CIB1
Epmax = 10°°° eV
10t

8 9 10 11 12
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Varying Ej, max

UHECR propagation — a few choice results

Varying Ep max
The flux grows with £, ax:

108
» HiRes-I = HiRes-II
T
%
‘_"m
5
£
o
~ \
= dipmodel, y = 2.5, SFR, CIB1 \
) 4
= — Epma= 10205ey \
1
kg —mms Epmac=100eV 4
\l
...... Epmax= 1075V VLN
10t A . . )
8 9 10 11 12
log (i)

GeV
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Source evolution

Source evolution
SFR vs. GRB evolution:

10°
* HiRes-I = HiRes-II
‘77 t!#—r..\ ++
7 Ly |
» -
R R B\
5§ 10 )
BN \
(‘B dip model, y = 2.5, CIB1 ‘\
= Epmax= 0205gy
el \
ur —— SFRevolution ‘\‘
---- GRBevolution \‘
\
10t . . .
8 9 10 11 12
log (—EO )
GeV

M. Bustamante HAP code retreat ]

15/ 21



UNIVERSITAT Cosmogenic neutrino flux
WURZBURG The “guaranteed” neutrino flux

The “guaranteed” neutrino flux
» We have measured UHECRs and the CMB and CIB

» - There is a “guaranteed” flux of UHE v’s coming from
p+y— AT (1232) — n+at

and the decays

at — ,u+yu — Dueﬂ/euu

n — pe Ve
» Additional contributions (higher resonances, multi-pion
production) implemented in NeuCosmA

» Our code calculates this cosmogenic, or GZK, v flux given the
proton injection at the sources

V. BEREZINKSY, G. ZATSEPIN, Phys. Lett. B 28, 423 (1969)
F. STECKER, Astrophys. J. 228, 919 (1979)
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Cosmogenic neutrino flux

The flux at Earth

107

1077

108

.
e
b

E2 J, (all flavours) [GeV cm2s tsrl]
=
2
5

10~ 11

1012

IceCube 2010-2012

dipmodel, y = 2.5, SFR, CIB1
Epmax=102° eV

NeuCosmA 2012

log -
°9 GeV
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The flux at Earth

IceCube bound from
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TALK AT NEUTRINO 2012
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The flux at Earth
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The flux at Earth

1076 - - " . ~
matches g
K. KOTERA, D. ALLARD, A.V. OLINTO, IceCube 2010-2012 E
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The flux at Earth

1076 - - - : ~
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)

"
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Varying Ej, max
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Per flavour

107 . . . .

IceCube 2010-2012
1077

NeuCosmA 2012

-8
10 dipmodel, y = 2.5, SFR, CIB1

Epmax= 1095 eV

10°°

E2J,[GeVcm2s s

10-10

wy S

1012

12
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SFR vs. GRB evolution
107 . .
107
108

Epmax=102° eV

E2 J, (all flavours) [GeV cm 2 s sr7Y]
[
S
b

10~ 11

1012

IceCube 2010-2012

—— SFRevolution

---- GRBevolution

NeuCosmA 2012

M. Bustamante

log -
°9 GeV
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To do

To implement:
» universal radio background
» probably still room for optimisation

To explore:
» different choices for CIB redshift evolution

» calculate the UHECR and cosmogenic v flux for different
models of CR injection at sources — e.g., we can test
different forms of cut-off

» (a bit further down the line) add calculation of photon flux
from py interactions with photon backgrounds
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Backup slides
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modification factor

modification factor

Modification factor with SFR source evolution

Modification factor with SFR source evolution

10° 10° 10° Ep max=10% eV
\/ \\/ SFRevolution
10t 107 v 107 T CMB+CIB1
8 \
8 '\‘ ‘\‘ —— pair production
102 2 10-2 \“ 1072 \‘ ---- pair production
z2=6 E z=5 kY z=4 kY + photohadronics
107 102 e =
8 9 10 11 12 8 9 10 11 12 8 9 10 11 12
N \-/ ° \/ * °
10! T 101 T 10" A 10" =
\ \ \ \
\
1 \ \ 1
102 \ 102 \ 102 Y 1072 \
z=3 ‘\\ z=2 A z=1 N z2=0 \
10 2= 10 ==t 108 102 .
8 9 10 11 12 8 9 10 11 12 8 9 10 11 12 8 9 10 11 12
E E E E
Iog(—) Iog(—) Iog(—) Iog(—)
GeVv GeV GeVv GeVv
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Cosmogenic ve,,,- flux with GRB source evolution

Cosmogenic v, , , flux with GRB source evolution

107 . . . .
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