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Ultrahigh Energy Cosmic Rays

29. Cosmic rays 15

 [eV]E

1310 1410 1510 1610 1710 1810 1910 2010

]
-1

 s
r

-1
 s

-2
 m

1.
6

 [G
eV

F
(E

)
2.

6
E

1

10

210

310

410

Grigorov

JACEE

MGU

Tien-Shan

Tibet07

Akeno

CASA-MIA

HEGRA
Fly’s Eye

Kascade

Kascade Grande
IceTop-73

HiRes 1

HiRes 2
Telescope Array

Auger

Knee

2nd Knee

Ankle

Figure 29.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [90–105].

and confinement in the galaxy [109] also need to be considered. The Kascade-Grande
experiment [100] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
primaries.

Concerning the ankle, one possibility is that it is the result of a higher energy
population of particles overtaking a lower energy population, for example an extragalactic
flux beginning to dominate over the galactic flux (e.g. Ref. 106). Another possibility is
that the dip structure in the region of the ankle is due to pγ → e+ + e− energy losses
of extragalactic protons on the 2.7 K cosmic microwave radiation (CMB) [111]. This
dip structure has been cited as a robust signature of both the protonic and extragalactic
nature of the highest energy cosmic rays [110]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above 1018 eV, consistent
with the maximum expected range of acceleration by supernova remnants.

The energy-dependence of the composition from the knee through the ankle is useful
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and confinement in the galaxy [109] also need to be considered. The Kascade-Grande
experiment [100] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
primaries.

Concerning the ankle, one possibility is that it is the result of a higher energy
population of particles overtaking a lower energy population, for example an extragalactic
flux beginning to dominate over the galactic flux (e.g. Ref. 106). Another possibility is
that the dip structure in the region of the ankle is due to pγ → e+ + e− energy losses
of extragalactic protons on the 2.7 K cosmic microwave radiation (CMB) [111]. This
dip structure has been cited as a robust signature of both the protonic and extragalactic
nature of the highest energy cosmic rays [110]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above 1018 eV, consistent
with the maximum expected range of acceleration by supernova remnants.

The energy-dependence of the composition from the knee through the ankle is useful
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Arrival Directions of UHECRs

Cosmic-Ray Sky above 1019 eV:
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Deflection in Galactic Magnetic Field
E > 1019.7 eV, Z = 1 (top) and 6 (bottom)
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Mass (and Charge) Composition of UHECRs
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How to Measure the Galactic Magnetic Field

composite arXiv:1302.5663 & www.nrao.edu + starlight polarization, polarized dust emission, Zeeman effect
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How to Measure the Galactic Magnetic Field

I coherent field B

I random field b

I rotation measure:
RM ∝

∫
ne B‖ dl

I Stokes parameters:
Q/U ∝

∫
B2
⊥ ncre dl∗

I proj. magnetic field angle:
〈ψmag〉 = 1

2 atan
(U

Q

)
+ π/2

I polarized intensity:
PI2 = Q2 + U2

I total intensity:
I = Icoh + Irand,
Icoh ∝ B2

⊥, Irand ∝ b2∗

∗for a cosmic-ray electron spectrum dn/dE ∝ E−3

T.R. Jaffe et al. MNRAS 401 (2010) 1013
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Jansson&Farrar Global Magnetic Field Model (JF12)

three (divergence-free!) components:

I disk field, (h . 0.4 kpc)

I toroidal halo field (hscale ∼ 5.3 kpc)

I “X-field” (halo)

I regular fielda: 21 parameters

I random fieldb: 13 parameters

I striation: 1 parameter

I CR electron norm.: 1 parameter

aR. Jansson & G.F. Farrar, ApJ 757 (2012) 14
bR. Jansson & G.F. Farrar, ApJ 761 (2012) L11

z = 10 pc z = −10 pc

z = 1 kpc z = −1 kpc
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Fitting GMF Models
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Thermal Electrons
I origin: ionization of ISM by OB stars
I clumps in HII regions, diffuse component
I emission measure EM ∝

∫∞
0 n2

e(l) dl from Hα map:

VTSS, SHASSA, WHAM, D. Finkbeiner ApJS 146 (2003) 407
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Thermal Electrons
Modeling of thermal electrons mainly based on dispersion
measure of Galactic pulsars with distance measurements

ATNF pulsar database v1.54

DM =
∫ D

0 ne(l) dl
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Thermal Electron ModelsNE2001(JF12) vs. YMW16

1
Yao, Manchester & Wang, ApJ 835 (2017) 32, J. Cordes&T. Lazio, arXiv:0207156 and 0301598
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Fitting GMF Models
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Cosmic-Ray Electrons
I origin: acceleration in supernova remnants
I data: cosmic-ray electron spectra at Earth, B/C, Be
I uncertainties: source distribution, propgation parameters,

local environment
I diffusion and cooling in Galactic magnetic field

Y. Genolini et al, A&A. 580 (2015) A9
Q. Yuana et al, arXiv:1701.06149
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Cosmic-Ray Electron Models

1.1 GeV 1.1 TeV

M. Werner et al, Astropart.Phys. 64 (2015) 18

H = 4 kpc

H = 10 kpc

T.Jaffe, private communication
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Disk Field

M51, R. Beck (MPIfR), A. Fletcher (Newcastle Univ)

E. Freeland, www.astro.wisc.edu

M51

C.L. van Eck et al, ApJ 799 (2015) 35
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Disk Field

x [kpc]
25− 20− 15− 10− 5− 0 5 10

 y
 [k

pc
]

20−

15−

10−

5−

0

5

10

15

20

Carina   Crux-Cen

  Scutum

  Sagit.

data

x [kpc]
25− 20− 15− 10− 5− 0 5 10

 y
 [k

pc
]

20−

15−

10−

5−

0

5

10

15

20

Carina   Crux-Cen

  Scutum

  Sagit.

JF12
o|b| < 5

background: NE2001 thermal electrons, squares: extragalactic RMs, circles: pulsar RMs

RM ∝
∫ 0

d ne(l)B‖ dl

16 of 30



Toroidal Field
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RM, no toroidal Field

data:

model:
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RM, BN
ϕ = −BS

ϕ = 0.5 µG

data:

model:
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RM, BN
ϕ = −BS

ϕ = 1.0 µG

data:

model:
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RM, BN
ϕ = −BS

ϕ = 2.0 µG

data:

model:
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X-field

NGC891, M. Krause MPIfR

NGC 4631, M. Krause, arXiv:1401.1317

NGC5775 TP+PI B-vect. 4.86 GHz 
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Q/U/ψmag, no X-field

data:

model:
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Q/U/ψmag, Bz(0) = 2 µG, θX = 49◦

data:

model:
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Q/U/ψmag, Bz(0) = 4 µG, θX = 49◦

data:

model:
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Q/U/ψmag, Bz(0) = 6 µG, θX = 49◦

data:

model:
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Q/U/ψmag, Bz(0) = 8 µG, θX = 49◦

data:

model:
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Q/U/ψmag, Bz(0) = 4.5 µG, θX = 0◦

data:

model:
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Q/U/ψmag, Bz(0) = 4.5 µG, θX = 15◦

data:

model:
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Q/U/ψmag, Bz(0) = 4.5 µG, θX = 30◦
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Q/U/ψmag, Bz(0) = 4.5 µG, θX = 45◦

data:

model:
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Q/U/ψmag, Bz(0) = 4.5 µG, θX = 60◦

data:

model:
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Q/U/ψmag, Bz(0) = 4.5 µG, θX = 75◦

data:

model:
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Random Field
total synchrotron intensity:

data (WMAP) model (spiral&halo)

WMAP (left) vs. Planck (right):

→ large difference in disk (anomalous microwave emission)
→ random field from synchrotron uncertain by up to factor

√
30

lambda.gsfc.nasa.gov
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Random Field
total synchrotron intensity:

data (WMAP) model (spiral&halo)

WMAP (left) vs. Planck (right):

→ large difference in disk (anomalous microwave emission)
→ random field from synchrotron uncertain by up to factor

√
30

lambda.gsfc.nasa.gov
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Fit Variations (coherent)
id disk toroidal poloidal NE ncre QU misc χ2/ndf

Parametric models
a JF JF JF 01 GP_JF W7 - 1.10
b JF JF FTC 01 GP_JF W7 - 1.09
c JF JFsym FTC 01 GP_JF W7 - 1.11
d JF JFsym FTC 01 GP_JF W7 warp 1.11
e UF JFsym FTC 01 GP_JF W7 - 1.09
f UF UF UFa 01 GP_JF W7 - 1.14
g UF UF UFb 01 GP_JF W7 - 1.09

Synchrotron products
h JF JFsym FTC 01 GP_JF W9base - 1.22
i JF JFsym FTC 01 GP_JF W9sdc - 1.24
j JF JFsym FTC 01 GP_JF W9fs - 1.11
k JF JFsym FTC 01 GP_JF W9fss - 1.22
l JF JFsym FTC 01 GP_JF P15 - 0.78

Thermal electrons
m JF JFsym FTC 16 GP_JF W7 - 1.21
n UF JFsym FTC 16 GP_JF W7 - 1.14
o JF JF FTC 01 GP_JF W7 κ = −1 1.05
p JF JF FTC 01 GP_JF W7 κ = +1 1.05
q JF JFsym FTC 01 GP_JF W7 HIM 1.12

Cosmic-ray electrons
r JF JFsym FTC 01 O13a W7 - 1.13
s JF JFsym FTC 01 O13b W7 - 1.12
t JF JFsym FTC 01 S10 W7 - 1.13
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Back-tracking, R = E/Z = 60 EV
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Back-tracking, R = E/Z = 30 EV
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Back-tracking, R = E/Z = 20 EV
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Back-tracking, R = E/Z = 10 EV
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Auger Dipole, 10 EeV, 〈Z 〉 = 1.7
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Auger Dipole, 10 EeV, 〈Z 〉 = 2.5
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Auger Dipole, 10 EeV, 〈Z 〉 = 3.3
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Auger Dipole, 10 EeV, 〈Z 〉 = 5
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TA Hot Spot, 60 EeV N
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TA Hot Spot, 60 EeV Fe

su
pe

rg
al

ac
tic

 p
la

ne

Abell 634

Abell 569

Perseus-Pisces

Coma

Centaurus
Hydra

Norma

Fornax

Pavo-Indus

Virgo

Mkn 421

o+360 o0

o+90

o-90

a

b

cd

e

f

g

h

i

j

k

l

m

n

o

p

q

r

s

t

29 of 30



Summary
I Galactic magnetic field important for the interpretation of the

arrival directions of ultra-high energy cosmic rays
I lower limit on deflection uncertainty due to modeling

uncertainties (work in progress)
I current model variations give similar deflections for

E/Z ∼ 5...10 EV

Outlook
AugerPrime and TAx4

Pierre Auger Coll., arXiv:1604.03637

improved modeling with new data

J.M. Cordes, SKA
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