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The Cosmic Ray Monopole
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The Cosmic Ray Monopole
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The Cosmic Ray Monopole
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Supernova Remnants

Tycho's Supernova Remnant (SN 1572)

Markus Ahlers (NBI) Cosmic Ray Anisotropy



Galactic Cosmic Rays

* Standard paradigm:
Galactic CRs accelerated in
supernova remnants

source

 sufficient power: ~ 107°M PR
per 3 SNe per century

[Baade & Zwicky'34]

e diffusive shock acceleration:
nCR X E_F

* rigidity-dependent escape
from Galaxy: Ko
-5 X fso00

» mostly isotropic CR arrival
directions

Markus Ahlers (NBI) Cosmic Ray Anisotropy



Galactic Cosmic Rays Anisotropy

Cosmic ray anisotropies up to the level of one-per-mille at various energies
(Super-Kamiokande, Milagro, ARGO-YB]J, EAS-TOP, Tibet ASy, IceCube, HAWC)

anisotropy map
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le.g. MA & Mertsch'16]
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Galactic Cosmic Rays Anisotropy

Cosmic ray anisotropies up to the level of one-per-mille at various energies
(Super-Kamiokande, Milagro, ARGO-YB]J, EAS-TOP, Tibet ASy, IceCube, HAWC)

® Tibet-ASy & ‘ Syper-

e
SR X

Pierre Auger
Observatory

lceCube & e
lceTop

Markus Ahlers (NBI) Cosmic Ray Anisotropy 6



Ground-Based Observations

relative acceptance at 09 00 LST

Equatorial

0.82 1.65

Field of View (FoV) of ground-based detector (e.g. HAWC at
geographic latitude 19°) sweeps across the Sky over 24h.
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Galactic Cosmic Rays Anisotropy

No significant variation of TeV-PeV anisotropy over the
time scale of O(10) years.

©
o) 60
D 40
o
8 20
A o
21.001F )
B Y ¥2/ndf  30.19/18
51 000 - N prob. 0.0367‘7‘ —
=1
= -
Eo.ggg - X"\-'-_—,-—;_
0 5 70 5 20
Local sidereal time(hour)
hase 4
g 60
D 40
o
8 20
o o W ,ﬂ
21.001F _ ,
2 A—-—:. x?/ndf  17.90/18
4000 N prob. 0.4627‘_7-’
C
= N\ >
&30.999 — ~——
0 5 10 15 20
Local sidereal time(hour)
phase 7
10‘ '
o) 60
o 0
o) 40
o
8 20
O O]
2>1.001F
i 7 S Cndt 1077718
%1 000 = prob.  0.904 e
g" *—\ 7
£ e
©o0.909 - P
0 5 70 5 20
Local sidereal time(hour)

Markus Ahlers (NBI)

phase 2
©
o
(o))
0}
°
o
a
21.001 ——
@ f"’"x xZ/nbdf 20961486/18
21,000 3 Proe- <
= N
0.999 | S
o \ \
0 5 10 15 20
Local sidereal time(hour)
phase 5
©
o
o
0}
°
(&)
a
21.001
7] o7 e ENdf 1924118
D 1000 NG prob 0.377774——'——::"
=1.
- \ >
20.999 = e
0 5 10 15 20
Local sidereal time(hour)
phase 8
©
o
o
0}
o
(&)
a
>
= 2
8 _._‘7*'?¢_,< x2/ndf 28.46/18 ]
3 1 | prob. 0.055 &
21.000 N 3
c<‘1:>o.999 — . .\ . »4’—. .
0 5 10 15 20
Local sidereal time(hour)

Cosmic Ray Anisotropy

©

9] 60

D 40

o

8 20 :

O O
21.001F — ,
D 1000 |- prob. 0.735 o= '
=1 5‘-\ 7
. e
'©0.999 [~ ~ =
o \ \ \

0 5 10 15 20
Local sidereal time(hour)
phase 6

g 60

D 40

o

8 20 :

O O

>1.001F )
‘» /ndf  12.75/18

5 |~ T érob 0.806 o=
£1.000 - M S
— \ ~
20.999 (= S~ T

0 5 10

15 20
Local sidereal time(hour)

phase 9

=>1.001
‘D = 2/ndf 32.86/18 ,
@ ) e ﬁrob 0.017 _/'__; =
21.000 = AN '
— \_ L
&:o.ggg — N

0 5 70 5 20

Local sidereal time(hour)

[Tibet-ASy '10]



Large-Scale Anisotropy

lceCube Preliminary

I : B

| |
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Relative Intensity [x 1073] [lceCube & IceTop '21]

Amplitude of large-scale dipole anisotropy has strong energy
dependence with a phase flip around 100 TeV.
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Large-Scale Anisotropy

lceCube Preliminary
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Large-Scale Anisotropy

lceCube Preliminary
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Large-Scale Anisotropy
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Amplitude of large-scale dipole anisotropy has strong energy
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Large-Scale Anisotropy
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Large-Scale Anisotropy
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Large-Scale Anisotropy
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Large-Scale Anisotropy

Cube Preliminary

Relative Intensity [x 1073] [lceCube & IceTop '21]

Amplitude of large-scale dipole anisotropy has strong energy
dependence with a phase flip around 100 TeV.
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Large-Scale Anisotropy
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lceCube Preliminary

Relative Intensity [x 1073] [lceCube & IceTop '21]

Amplitude of large-scale dipole anisotropy has strong energy
dependence with a phase flip around 100 TeV.

Markus Ahlers (NBI) Cosmic Ray Anisotropy



Dipole Anisotropy of UHE CRs

-90 [Pierre Auger Observatory '17]
Energy Dipole Dipole Dipole Dipole Dipole right
[EeV] componentd, componentd; amplituded declinationdy[°] ascension ay [°]
0.007 0.010 17
4t08 —0.024+£0.009  0.006" 7 0% 0.025" 3 007 —7573 80 + 60
0.011 0.013 12
8 —0.026 £0.015  0.060" ;010 0.065" 009 —247% 100 + 10

Markus Ahlers (NBI)

Cosmic Ray Anisotropy

0.46




lssues with Reconstructions

relative acceptance at 09:00 LST
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Ground-based detectors needs to be calibrated by the CR
data it collects while it sweeps across the sky over 24h.
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lssues with Reconstructions

dipole anisotropy

Equatorial

-0.0003 0.0003

True CR dipole is defined by amplitude A and direction (a, 9).

Observable dipole is projected onto equatorial plane: A" = A cos 6

[luppa & Di Sciascio’13; MA et al.’15]

Markus Ahlers (NBI) Cosmic Ray Anisotropy



lssues with Reconstructions

dipole anisotropy

Equatorial

-0.0003 0.0003

True CR dipole is defined by amplitude A and direction (a, 9).

Observable dipole is projected onto equatorial plane: A" = A cos 6

[luppa & Di Sciascio’13; MA et al.’15]
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lssues with Reconstructions
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True CR dipole is defined by amplitude A and direction (a, 9).

Observable dipole is projected onto equatorial plane: A" = A cos 6

[luppa & Di Sciascio’13; MA et al.’15]
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Dipole Anisotropy
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Reconstruction

* data has strong time dependence

» detector deployment/
maintenance

» atmospheric conditions (day/
night, seasons)

e power outages, etc.

* local anisotropy of detector:
* non-uniform geometry

* two analysis strategies:

* Monte-Carlo & monitoring
(limited by systematic
uncertainties)

events per 4min

o data-driven likelihood methods
(limited by statistical
uncertainties)

Markus Ahlers (NBI)
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9 12 15 18 21

local sidereal time [h]

[Pierre Auger Observatory'17; MA'18]
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Fast-West Method

o Strong time variation of CR background level can be compensated by

differential methods. le.g. Bonino et al.'11]

e East-West asymmetry:

Ni(t) — Ny(7) 0
Apw(t) = = LAEAPY Aa—ol(a,0) + const
NE(t) -+ Nw(t) 60{ e
- ocal asym.
assuming dipole!
* Fo rinstance, Auger data > 8EeV:
Auger E > 8 EeV
10.0f ] 30
S 50 7 e
? 7N T bl
&= 25} = 7 +1T--
E: 0.0 f \ S ) ,]l‘ l|\|l. L] || |I/| |I‘|~ I’,ill .
EWA R
2 : v £ —10 T
g —5.00} 5 ~
® 750 = -20 H
—10.0t
21 18 15 129 6 3 0 07T 18 15 12 9 6 3 0
local sidereal time [h] local sidereal time [h]

e best-fit dipole from EW method: (8.2 + 1.4) % and a; = 135° £ 10°
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|l ikelihood Reconstruction

o East-West method introduces cross-talk between higher multipoles, regardless
of the field of view.

* Alternatively, data can be analyzed to simultaneously reconstruct:
e relative acceptance </(¢, 0) (in local coordinates)
e relative intensity #(a, d) (in equatorial coordinates)

 background rate /() (in sidereal time)

expected number of CRs observed in sidereal time bin 7 and local "pixel" i:
He = /M(jfi’ ‘/VT’ ‘Q[l)

e reconstruction likelihood: [MA et al.'15]

g(n|f,/V,gf)=H

Tl
* Maximum LH can be reconstructed by iterative methods.

o used in joint IceCube & HAWC analysis [lceCube & HAWC '18]
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|l ikelihood Reconstruction

anisotropy (E > 8 EeV, 45° smoothing)
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-0.059

0.059

Method can also be applied to high-energy data beyond the knee, e.g. Auger.
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|l ikelihood Reconstruction

pre-trial significance (E > 8 EeV, 45° smoothing, omax = 4.86)
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Method can also be applied to high-energy data beyond the knee, e.g. Auger.
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Take-Away on Reconstruction

Data-driven methods of anisotropy reconstructions used by |

ground-based observatories in the TV-PV range are
only sensitive to equatorial dipole

(or, more generally, to all m # 0 multipole moments).

1 dr
Ncer Ncr

Monte-Carlo-based methods of anisotropy reconstructions are
sensitive to the full dipole, but are severely
limited by systematic uncertainties.
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Particles in Magnetic Fields

 natural Heaviside-Lorentz units:

h=6=1 IMO=€O=1

e For instance, Coulomb force:

_ %Qze _ leze
472 r =@ r2 '

F

e L orentz force:

F=gq(E+pxB)

* EoM in the absence of E: L

p=pXx

Markus Ahlers (NBI) Cosmic Ray Anisotropy



Particles in Magnetic Fields

 natural Heaviside-Lorentz units:

h=6=1 ,MO=€0=1

* For instance, Coulomb force:

Z.7Z Larm .

p_ 9% e = a2 or frequency: o=1p

4rr? r2 v
e | orentz force: Larmor radius: Fp = b = \‘%

|2 |B|

F=q(E+pxB) rigidity: % = 1P|
q
—

e FOM in the absence of E:

p=pXx
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Particle Gyration

The pitch angle & between v(¢) and B remains constant in time.

The path is a superposition of circular motion in the plane
perpendicular to By and linear motion along B, with velocity:

v = cos v = pv.
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e Cosmic rays with the same rigidity & follow same trajectories.
* We expect that cosmic ray anisotropies depend on rigidity, not energy.
* Low-energy cosmic rays are affected by the O(1G) geomagnetic field.

* High-energy cosmic rays experience deflections in Galactic O(10-¢ G)
and extragalactic O(10-9 G) magnetic fields:

luG &
B 1015V

* In addition to regular magnetic fields, random magnetic fields introduce
a random walk that can be treated as a diffusive process.

rp =~ 1.1pc

Markus Ahlers (NBI) Cosmic Ray Anisotropy



Cosmic Ray Diffusion

 Galactic and extragalactic
magnetic fields have a
random component (no
preferred direction).

Effectively, after some
characteristic distance A,
a CR will be scattered into
a random direction.

Cosmic ray propagation
follows a random walk.

After N encounters the CR
will have travelled an

average distance: d =

Markus Ahlers (NBI)
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Magnetic Turbulence

* In the following, we consider relativistic particles in magnetic fields
with vanishing electric fields (£ = 0) due to the high conductivity of
astrophysical plasmas:

B(r) = Bse. + 5B(r)

ordered turbulent

* We also consider only homogenous and isotropic turbulence.

* Turbulence can be characterized by its two-point correlation function:
(0B(r)6B(r)) = Ci(r — 1)

e To characterize the turbulence we look into the Fourier modes:

OB(r) = Jd3k OB (K)e®"
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Magnetic Turbulence

* Real valued fields obeying VoB = 0 require:
53;(1() = 6B(—k) & kéB (k) = 0

* The two-point correlation function can now be expressed in Fourier
space:

P (k)

47k?

o kik
(0B ()5B (k) = 5k — K| 6= —

* The power spectrum (k) is normalized to the energy density of the
turbulence:

L ono
Usy = - (5B%) = | dkP (k)
* For instance, in Kolmogorov turbulence:

Pk x k=P (k. <k<k

max)
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Particle Gyration

The pitch angle & between v(¢) and B remains constant in time.

The path is a superposition of circular motion in the plane
perpendicular to By and linear motion along B, with velocity:

v = cos v = pv.
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Particle Gyration

—leTlTlTlTlTlT 0B

Consider now a magnetic perturbation in form of a plane wave:
oB = é6Be, cos(kz + a)
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Particle Gyration

—leTlTlTlTlTlT OB

The time-averaged Lorentz force 0F; = gf X 6B along the path
has the strongest contribution at the resonance:
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Phase-Space Density

* We will work in the following with the CR phase-space density (PSD):

dN
d3rd3p

ft,r,p) =

o for cosmic rays moving into solid angle €2 with momentum p = yfm:
d’r x d°p — pdrdA, x dQp2dp

 cosmic ray intensity ("spectral flux"):

dN

dp
F(t,r,E, Q) = = fp*—— f(1,r,p) = p*f(,r,
( ) drdA, O dE pp dEf( p) =p-f(t,r,p)

 cosmic ray spectral density:

dN | dr
nt,r,E) = d3rdE 5 [dQF(t r,E, Q) = 7]) 2{f(t,r, p))47Z
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Liouville's Theorem

* Let's assume that CRs propagate in static magnetic fields without
dissipation or sources.

* Number of CRs per PS volume is constant: fit,r,p)=0
 Equivalent to Liouville's equation: 0.f+EV.f+pV,f=0
* Lorentz force in magnetic field:

p=pX(Q+®) with Q=eB/p, and © =esB/p,

—

backgroﬁnd field turbulence

» Vlasov equation: Of+PV.f+ [pX(Q+w)|V,f=0
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Vlasov Equation

» We can express the Vlasov equation in the form (L = ip X V)

0, f+PV, f-i|Q+w|Lf=0 (A)
« We now look at the ensemble-average PSD: (f)

 Expanding f = (f) + of and averaging (A) over magnetic ensemble:

() + BV, ()~ 1QL(f) = KLéf) = (Zf) ®

colhs10n term

 The evolution of of follows from the difference (A) - (B):

0,0f + PV, of — iQL 6f = iwL (f) — |i{wL &f) — iwL 5f]

~0
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Collision Term

* We can solve along unperturbed particle paths & [(\”C\”C\A
i I """"" I rrrrrr l
J\/\ ]

(.?\\5 fffff
Inin
AvAwES

5f (2, to(1), Py(t)) = — [ dr' [iwL f)]%(t,)

e This allows to derive a formal solution to the collision term:

of o
<E>C ~ <a)L LO dr’ |@L ( f)]%,)>

* The collision term on the R.H.S. depends on the form of the magnetic
turbulence and can, in general, not be solved analytically.

* In BGK approximation we can simplify it as: [Bhatnagar, Gross & Krook'54]
of i 1 J _
— | =- —-v — — | dQ
< 0r>c () =57 | 424
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Diffusion Approximation

* We will work with the BGK approximation in the following.

* Consider the monopole and dipole contribution of the ensemble
averaged PSD:

1
ot r,p) = Jd§2<f(t r,p(2) & ®(r,p)=

dr

1 .
JdQP(QXf (t,r, p())

4

* Ignoring higher harmonics we can re-write the Vlasov equation as:

0p+pVD=0 & at(I>+§ng+Q><(I)=—y(I>

 Assuming that d,| ® | < d,¢0 we arrive at the diffusion equation:

vt ot 0 v =v

2
M—a( i Jcb) K=% —vy' vt 0 v =v+ QM
0 0 1/”_1 v, = Q+1°/Q
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Diffusion Approximation

e Consider now a CR source term:

at¢ _ a < ij ]¢> Q(ta l',p)
» Green's function for Q(¢,r,p) = o(r — ry)o(t — t,):

ArTK: ! Ar )

G(t,r;
4At

959

r) = (4rA)~*(detK )~ 1/2exp(

e General solution:
nCR(t, l',p) — J Jdr G(t ra §9 r )Q( S’p)

 Impulsive source, Q = Q,(p)o(£)o(r —r,), in isotropic diffusion:

0,(p) Ar”
ner(t,p) = (At *180)3 > CXp ( K ) 1ff ~ (r?) = 6K !

1SO
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Quasi-Linear Approximation

* In the case of a strong background magnetic field and rapid gyration,
the CR anisotropy is expected to align with B,.

* We can evaluate the turbulence at the location of the gyrocenter.

* Ignoring any spatial gradient of the anisotropy, we then approximate

the collision term as:
of

* For homogenous (and isotropic) turbulence we expect:

Q2 [ o
—1Q7L
D.. = —J dzC; (e upr)e z

T Bg
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Sidenote : AM Operators

e defintion and commutation relation:

L; = e pi— o & [L;, L] = €Ly,
* in spherical coordinates:
L, =- l( — sm(pi — cotécos goi)
00 0p
L, = (cos qoi — cot @ sin gai)
Y 00 0Q
L =—1 0
< aqp

, 1 0 1 of. 0
L= , F— sIn 60—
sin@ dp?  sin@ 06 06
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Pitch-Angle Diffusion

* The product of angular momentum operators can be evaluated, e.g.

—iQily _ : —~iQzL,
e "L, = (cos QrL, + sin QtL )e™ """

e If we assume that (f) is only a function of pitch-angle (4 = cos 6):
0
0, <f>+Vﬂ—<f> < (f))
/4 HHU a,u

* The pitch-angle diffusion coefficient can be written as:

D Q? P(k
HU Jd3k ( )

m_

A(kJ_’ kll)J dT [ei(k||ﬂﬂ+ﬂ)f 4+ ei(kllﬂﬁ—Q)T]
1 —u? By

4rk? 0

* This expression has the expected resonance we discussed earlier:

I/” X D X Q[kzq)(k)]k ~Q/|u|p X Ql/3 X % 1/3

res—
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Resonant Scattering

102 | kPk) :
| by~ £2 5

10}

0.1}

energy density k P (k) [a.u.]

001}

kmin kres kmax
wavenumber k
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Boron-to-Carbon Ratio
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0.4
0.3

0.2

0.1

0.05
0.04

0.03

0.02

!_ ]B%:"Eé[ Ly 5 j’% o
¥ @B’J\fﬁ@

T g,

o C2/HEAOQO3

1 Webber et al.

A CRN/Spacela
AMSO1
ATICO2
CREAM-I
TRACER
PAMELA

e AMSO2

! &J{’

b2

Fp/Fe x EP

H

Ly
6 g
FC

szSSﬂlig .

O
s pﬁ\y

\

e e mm e e o am o mm mm

1

Markus Ahlers (NBI)

10
Ey [GeV/n]

Cosmic Ray Anisotropy

10°

10°



Compton-Getting Effect

e PSD is Lorentz-invariant:

ft,x,p) = f*(1,v*, p*)
e relative motion of observer (f = v/c) in plasma rest frame:

p* =p+pp+ O(p°)
* Taylor expansion:
) = f*(p) + pBV,f*(p) + OB

e dipole term @ is not invariant:

1 ap*
— H* (I):(I)*—|—
»=49 Bﬂélnp

=d*+ 2+D)p

Compton—Getting effect

« What is the plasma rest-frame? LSR or ISM : v ~ 20 km/s
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Summary : Dipole Anisotropy

* Spherical harmonics expansion of relative intensity:

Q) =1+6-nQ+ ) Y as,Y,(Q)
£>2 m=—¢

» cosmic ray density n-; o< E~' and dipole vector § from diffusion

theory:
atlflCR i V(K VnCR) ~+ QCR 5 ~ 3K VnCR/nCR

-~ —~

diffusion equation Fix’s law

o diffusion tensor K in general anisotropic along background field B:
Kij = K”BiBj + K l(5l-j — Bl-Bj) + KAeijkBk
* relative motion of the observer in the plasma rest frame (x):

[Compton & Getting '35]
O~6"+12+D)p
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TeV-PeV Dipole Anisotropy

. atistical error 2 11 //,/v'
* CG-corrected dipole: seistilenmors 8 ue
1t , .1,1""1022
% § 16. k04 4
s 8 7% 06
6" =6 — 2+ D) =3KVncg/ncg BN ALY
2.1. /* A1_7
1 v " . 24 ,,/' P
* projection onto equatorial plane: P R R N
) 287 . =
c|: P Jé)
* * * =, P 5 g
0™ = (3> Oy 0) e . T
. . _,F?_,J /’ ’ ’3.1 U )
* projection along strong regular T %.
magnetic fields: : & ‘T
[Mertsch & Funk'14; Schwadron et al.'14] = 5 \of ui
K“ ~ K éé o I;éCube(x1.54) ‘
y ” b —2r ¢ IceTop (x1.74) R
* ARGO-YBJ (x118) | .
» TeV-PeV dipole data consistent A TibetASy (x119) | ¢
. . . . . | EAS-TOP (x1.38)
with magnetic field direction |@ HAWC & IceCube
inferred from IBEX data. B S
[McComas et al.'09] reconstructed &3, [1073] [IMA'17]
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e IBEX ribbon: enhanced emission
of energetic neutral atoms (ENAs)
observed with the Interstellar
Boundary EXpIorer [McComas et al.'09]

Local Magnetic Field

ENA Flux [cm*s™ sr” keV"] “»
| = o S— -

* interpreted as local magnetic field s o 0
( < 0.1 pc) draping the heliophere

e ribbon center defines field
orientation (Galactic coordinates):

[ ~210.5°

e consistent with field inferred from
polarization of starlight by

interstellar dust ( < 40 pe): Neutral Atom (ENA) "Voyager 2

[ ~216.2°

H 350

300
[Funsten et al.'13]
'- 250
& b~-571° |
200

150

IBEX Energetic
100

ENA Flux ~1.1 keV [cm? s sr’ keV"]

flux painted on the
[Frisch et al.'15] Heliopause

& b~-—490

N\ NN\ B

[IMcComas et al.'09]
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Known Local SNRs

* projection along magnetic
field leaves two possible
dipole directions:

0 x £ B,

* Intersection of magnetic
equator with Galactic
Plane defines two regions
where CR sources
contribute to the dipole
with opposite phases:

120° <1 <£300° - a; ~49°
—-60° <[ <L 120° - oy ~ 229°

Markus Ahlers (NBI)
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Phase-Flip

« Observed 1-100 TeV phase ® alSNR((n)) K Vela ¢ Geminga
. . . A Loopl ® Monogem Cygnus Loop
indicates dominance of a local .
source with: 100}
120° < [ < 300° T
g
» plausible scenario: Vela SNR STERY
< i
e age: ~ 11,000 yrs 01l
e distance: =~ 1,000 lyrs '
_ 1}
e SNR rate: ~ 1/30 yr™! =
A *o-
* (effective) isotropic diffusion: = 0.1 -
Q} = <
- 28 171/3 2 = ~ -
K, ~ 3 X 10°°E5 ,cm*/s S 001} e
e Galactic halo width: ~3kpc ¥ |g3[7---_ Tl
e A R
e instantaneous CR emission Q, 1 1010 105
energy [TeV] [MA’'16]
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Position of SNR

Relatlve Posmon of SNRs

Monogé_‘l*'

Gem':ing*

R T R R R R R R R R R R R R R
o

R R N T T I A R

Galactic

.
.-

______

. .

piies

.
.
.
.
.
------
.t
........
;;;;;

----
PN

Relative position of the five closest SNRs. The magnetic field direction
(IBEX) is indicated by X and the magnetic equator by a dashed line.
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Position of SNR

Relatlve Posmon of SNRs

Equatorial

Relative position of the five closest SNRs. The magnetic field direction
(IBEX) is indicated by X and the magnetic equator by a dashed line.
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Phase-Flip by Vela SNR?

i Observed 1 —1 OO Tev phase A \ /%“" % projected
. . o [ ) . ‘,f A not projected | .-
indicates dominance of a local AN
source with: ’ *

120° < 1 < 300°

|
(\)
T R

* plausible scenario: Vela SNR

« age: ~ 11,000 yrs » %O‘

e distance: =~ 1,000 lyrs
e SNR rate: ~ 1/30yr™! .
* (effective) isotropic diffusion: e

K., ~3X 1028Eéfvcm2/ S

|
N
T

predicted 9}, [1073]

 Galactic halo width: =~ 3 kpc -8

- o1 10 .
e A energy [TeV]

e instantaneous CR emission Q, S s S
predicted 83, [1077] [MA'16]
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Small-Scale Anisotropy

* Significant TeV small-scale
anisotropies down to angular

scales of O(10°).

* Strong local excess (region A)
observed by Northern

observatories.
[Tibet-ASy'06; Milagro'08]
[ARGO-YBJ'13; HAWC'14]

| | | ¢ HAWC+IceCube
° @ IceCube
1 0‘6 Lo ........................... ............................ ........................... Lﬁ HAWC

* Angular power spectra of s : : : :
lceCube and HAWC data show PP P R SR S S S
excess compared to isotropic <} el
arrival directions. [IC'11; HAWC'14] . | | |

1 4 ,
C,= E a
=iy & ]

[lceCube & HAWC'18]
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Influence of Heliosphere?

e - o _Solar Wind Streamlines
—————— — / / e V
7 o’ ; P Interplanetary Magnetic
- Field Lines
7 —
P
— - 4 i
| Interstellar Magnetic
Field Lines
=3
Interstellar \
Neutral
Atoms
_____ —— .
N\ Heliotal ———>»
N
N
N
________ _ b e INNER HELIOSHEATH
Interstellar lons L
N ~
Mo e
~ TS
\ g — —
S = T e
b O Interstellar lons
TS
THE HELIOSPHERE

OUTER HELIOSHEATH
courtesy S. T. Suess
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,J—» monopole . %
i dipole .Cn —1
o (VO BO® -
- OOOOOSD -
MQOESCOeCH.

Re(Yfm(Hv gﬂ)) Yf()(ev gﬁ) Im(Yfm(Ha QD))
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Angular Power Spectrum

Every smooth function g(8, @) on a sphere can be decomposed in terms of
spherical harmonics Y, (0, @):

(09)

§0.0)= Y apYs(0.0) o ay,= JdcosejdwY;mw, )20, 9)
=0

angular power spectrum:

1 A
C, = Y Jagl’
4 2f—+]_ | fml

m=—¢

related to the two-point auto-correlation function:

1 1
) =<— Jdﬂl [dﬂﬁ(nl .M, — cos QL) = — D' (27 + 1)C,P(cos n)
T 4 pr

Note that power C, is invariant under rotations (assuming 4z coverage).
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Non-Uniform Pitch-Angle Diffusion

e stationary pitch-angle diffusion:

9 ra=0°
vu—(f) < <f>>
//i HU a,u
* non-uniform diffusion:
D ra=0°
W =+ const
1 — pu?
 non-uniform pitch-angle diffusion 8 e
modifies the large-scale anisotropy 2t [
aligned with background field o1
:>__</ or
» small-scale excess/deficits for 2 |
enhanced diffusion towards y = £ 1 =
2 F IceTop2 PeV o)
[Malkov et al.'10] e=107, 8=10° ——
5| e=10, 8=3x1072 ===~
e= 107 , 0= 3x107°

» large-scale features for enhanced e a0 o0 oo T 0 o o

diffusion at y = 0  [Giacinti &Kirk'17] Right Ascension [deg]
[Giacinti & Kirk'17]
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Anisotropy from Local Turbulence

Large Scale Structure

Markus Ahlers (NBI)

CMB temperature fluctuations

small scale temperature fluctuations

Cosmic Ray Gradient

small scale anisotropies

Cosmic Ray Anisotropy

95u3|NqJn| dndude|l, [e207]

[Giacinti & Sigl'12]



Small-Scale Theorem

* Assumptions:
* absence of CR sources and sinks
* isotropic and static magnetic turbulence

* initially, homogenous phase space distribution

» Theorem: The sum over the ensemble-averaged angular power spectrum is
constant: [MA'14]

(©9)

2 2¢ + 1){C,) x (&(1)) x const

£=0
* Proof: by angular auto-correlation function.

e Wash-out of individual moments by diffusion (rate v, 12 £(¢ + 1)) has to
be compensated by generation of small-scale anisotropy.

* Theorem implies small-scale angular features from large-scale average dipole
anisotropy. [Giacinti & Sigl'12; MA'14; MA & Mertsch'15,'20]
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Evolution Model

« Diffusion theory motivates that each (C,) decays exponentially with an
effective relaxation rate:

Uy VL2 =€ + 1)

* A linear (C,) evolution equation with partial rates v,_, . requires:

20"+ 1 ,
0{Cs) =—vACy+ Y Vo (Coy  with  v= ) vy
>0 2¢ T 1 £'>0

e Forv, ~v,_ .. and, initially, C,(t = 0) = C,0,, this has an analytic solution:

<Cf>(T)= H mz H L — g

n p=1#n) P 7

* At large times we arrive at the asymptotic ratio:

i (Co)(T) N 18
o (CNT) Q€+ DE+2)(Z+1)
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Comparison with Data

1070

10_7;_

power spectrum Cy
[
3

=

[S—
|

[E—

[

AV 4

iii* — ==
:HH“—,HHHHH%HH%%HH?

- Tv=0.1
- Tv=1
Tv>1
IceCube 2013 (prel.)

x  1sotropic background

18 ;
@I+ +2)(E+1) .

.
.
.

.
.
.
.
.

.

[S—

3
[
(\®)
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Cosmic Ray Backtracking

 Consider a local (quasi-)stationary solution of the diffusion approximation:
[IMA & Mertsch'15]

() =g+ @ -3pK)V¢

» Ensemble-averaged C,'s (£ < 1) from backtacking:

(C,) dp, [ dp | 0,NcrO-MCR
=~ [ 1 [ 2Pf(P1P2) lim (r;(=T)ry(=T)) >
4r dr ) 4n T— oo NéER
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Cosmic Ray Backtracking

 simulation in isotropic & static
magnetic turbulence with:

SR2 — R2
5B? = B2
» relative orientation of CR gradient:

e solid lines : By || Vacg

o dotted lines : By L Vncg

o diffusive regime at 7€2 = 100

* slightly enhanced dipole compared to
standard diffusion

o asymptotically limited by simulation
noise:

dr OncrINCR

N ~—2TK..
Nyx 7 ndg

Markus Ahlers (NBI)

power spectrum C; [(Vn)?/(Qn)?]

62 =1,r /L. =0.1, Apin/Le = 0.01, Amax/Le = 100

103§

102§

10}

0.1}

C, for (f)
(Co)

(C1)
(C)2<1L<9)
A (large-T noise)

P

o
4
]
o
v

solid: By || Vn

dotted: By L Vn

..........
. e,

.......
......

.....
.....
................

,,,,

Ahlers & Mertsch (2015) |

0.1

T 10
backtracking time 7 [Q ']

102 103
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Simulation vs.

Data

62=1,r./L.=0.1, Mpin/Le = 0.01, Apax/Le = 100, QT = 100

1L — model (p =2/3) |
: _\éF (E - - model (p =1/2)
_ ) - model (p =1/3)
<g o A ¢ simulation (B || Vn)
<Q§ ' @ A simulation (By L Vn) :
= ‘ N O IceCube (rescaled)
3 ‘\ 1 HAWC (rescaled)
> 1072} e .
5 0 T
2 o
o .
o ? ' B
g 10731 | ~ 3 ]
S B HAWCnoiselevel e T X T L AL B . '
2 e -
IceCube noise level
JO ™4 e e e
 Ahlers & Mertsch (2015) ]
5 10 15 20

multipole moment /¢
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"Via Lactea Incognita”

Super-K @ IceCube A Tibet-ASy <« Milagro % ARGO-YB]J @® Auger
@® MACRO ©® IlceTop ® Baksan EAS-TOP ® HAWC O K-Grande
180 ol ! L ! L ! R | L ! I A ! 'J-"""I ! L ! "
135} * 1
5 90} O %) JF
o0
A T L AR . [
v 0
< Q T
£ 315 A 0 |
g
é 270~ - - " Galactic Center k_a_ K 2o I + I
225 * 0 % 0
180 e ——
10%E ®

i o
1*”“ ”ﬁa} * e ‘o LHAASO, SWGO

projected amplitude [107°]

0.1} TALE, IceCube-Gen2
RS T
energy [GeV]
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More UHE CR Anisotropies

Galactic for Small-scye

— Calure

f

157

GC 3300j 300° "2 05 2408 210fi
| |

OO

latitude

-15°°

-75° longitude
0 5 10 15
Flux [10-3km~2sr1 yr—1] [Auger Collaboration'22]
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More UHE CR Anisotropies

75° Galactic for Small-scyla
feature

\

60°

15 4

{,
150°| 120°

latitude
=

E \
9 \
N \

=15°

-75° Iongitudvé o
=4 =2 0 2 4
Li & Ma significance [o] [Auger Collaboration'22]
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More UHE CR Anisotropies

Galaxies > 1 Mpc (IR) - Y = 25° Jetted AGN (y-rays) - W = 25°
750 Galactic o 750 Galactiﬁc

152

latitude
o

latitude
o

N
w
o

-75° longitude

0.0 0.2 0.4 0.6 0.8 1.0
Model flux, ®(Eauger = 40 EeV) [arb. unit]

0.6 0.8 1.0

0.0 0.2 0.4
Model flux, ®(Eauger = 40 EeV) [arb. unit]
Starburst galaxies (radio) - W =25° All AGN (hard X-rays) - W = 25°
o 7se_Galactic

750 Galactic

15° 152
(] (]
e} e}
20 20
© ©
-15°

-15°

-75° longitude

|

0.0 0.2 0.4 0.6 0.8 1.0
Model flux, ®(Eauger = 40 EeV) [arb. unit]

- *

S~ 75%. , _lon itude =~ __

|

0.0 0.2 0.4 0.6 0.8 1.0
Model flux, ®(Eauger = 40 EeV) [arb. unit]

[Auger Collaboration'22]
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Galactic Magnetic Field

105
[Cerri, Gaggero, Vittino, Evoli & Graso'17]
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A. Observation of CR anisotropies at the level of one-per-mille is challenging.
- large statistical and systematic uncertainties

- multipole analysis can introduce bias, sometimes not stated or corrected for

B. Dipole anisotropy can be understood in the context of diffusion theory.
+ TV-PV dipole phase aligns with the local ordered magnetic field
- amplitude variations as a result of local sources
- plausible candidates are local SNRs, e.g. Vela

+ What is the expected dipole anisotropy in the PV-EV range?

C. Observed CR data shows also evidence for small-scale anisotropy.
» induces cross-talk with dipole anisotropy in limited field of view

» constitutes a probe of local magnetic turbulence
+ What can we learn about our heliospher from TV small-scale features?
- What is the effect of local ( < 10 pc) magnetic turbulence?

+ How do we disentangle global CR transport features form local turbulence?
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Backup Slides
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Turbulence Simulation

® 3D-isotropic turbulence: [Giacalone & Jokipii'99]

N
6B(x) = Y A(kn)(ay cosay + by sinay,) cos(knx + By)

n=1
® a, and BB, are random phases in |0,277), unit vectors a,; x k;; X e; and b,, < k;, X ay
® with amplitude

B 20°B5G (ky)

k, Alnk
A (kn) = = L
anl G(kn)

1+ (knLc)7

with  G(k,) = 47k3

® Kolmogorov-type turbulence: v =11/3

* N = 160 wavevectors k, with k| = kmine™ DA% and Alnk = In(kmax/kmin) /N
® Amin = 0.01L; and Amax = 100L, [Fraschetti & Giacalone'12]
® rigidity: rp = 0.1L,

® turbulence level: 02 = B3/(6B%) =1
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| ocal Sources

1.0000 ;77
- y+d6 =2.67 H=1 kpc
- SN Rate: 1/100 yr~ |
0.1000 E
. :
O
: i
= 0.0100k
n C
o s
<C
o.omof
0.0001 Lo o
10° 10* 10° 10° 107

Anisotropy

1.0000
0.1000

0.0100 &

0.0010 g}~

0.0001

- SN Rate: 1/100 yr |

6 =1/3
v+6 =2.6/ H=4 kpc

10°
[Blasi & Amato’12]

10* 10° 10° 107
E(GeV)

® Distribution of local cosmic ray sources (SNR) in position and time induces

variation in the anisotropy.

[Erl

® variance of amplitude can be estimated as:

K(E)
cH

Op X

ykin & Wolfendale'06; Blasi & Amato’12]
[Sveshnikova et al."13; Pohl & Eichler'13]

[Blasi & Amato’12]
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Local Magnetic Field

101 3 T lllll T T lllllll lllll lllll T T lllllll
- —— KASCADE [13]
[ & Adelaide [14] ® Tibet AS-gamma [19]
10° E % Akeno [15] Milagro [20] -
£ ¥ Mt Norikura [16] ® EAS-TOP 2009 [21] ]
[ H EAS-TOP 1996 [17] @ IceCube [22] ]
2 10-1 k ® EAS-TOP 2003 [18] & IceTop [23]  , ..-*"" ]
g 2
N ¥
S L et —_ I =
S0 E L |
e
2 T 3
T 107 F eeg 3
1074 F o o E
©—© 5 random realisations ]
- ensemble average, isotropicy
10—5 1 1 lllllll 1 1 lllllll lllll lllll 1 1 lllllll
10?10 10* 10" 10 10" 10'8

® strong regular magnetic fields in the local environment

=¥ diffusion tensor reduces to projector:

EleV]
[Mertsch & Funk’'14]

Ki]' — K”BiB]'

dipole amplitude

[
X

[
T
w

10~4

KASCADE [13]

EAS-TOP 2003 [18]

v

30

60

90

120 150 180
long. of CR gradient [deg.]

=» reduced dipole amplitude and alignment with magnetic field: ¢ || B
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[e.g. Mertsch & Funk’14; Schwadron et al."14; MA'17]



Rigidity Cutoff & East-West Effect

* Rigidity cutoff: Low-rigidity cosmic rays can not enter the atmosphere from
vertical direction (see plot).

 East-West effect: Close to the rigidity cutoff, cosmic rays with positive charge

become first visible from the West (see graph). Glinary

Cosmic
Ray

Vartical Geomagnetic Cutoff Rigidity: IGRF 1998
18.0

17.0
16.0
15.0
14.0
13.0
12:0 Forbidden : @... ............
11.0 Trajectory .~ :
100
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Cosmic Rays

* Cosmic rays (CRs) are energetic } particle PEF 1 particle per 1 particle pey
nuclei and (at a lower level) M m2and year  km2 an yeq

leptons.

\
1 3 L)

I | | | | | Al | | | HIL I
\ '

106;‘ dpsmic Ray Data
* Spectrum follows a power-law - -. I

over many orders of magnitude,
indicating a non-thermal origin.

all particle

* Direct observation with satellite
and balloon-borne experiments

up to TeV energies (small o avs o
detectors with good resolution o cremwi o HiRen |
for individual elements). o amr o KaseADE |
o Auger © K-Grande .
. . . ® CASA-Mia ©O Tibet-III ]
e Indirect observation as air © EASTOP @ TUNKARex| |
O GAMMA E

showers above 10 TeV (large
detectors with poor resolution).

10 102 10° 10% 10° 10° 107 10° 109 10010
kinetic energy E [GeV]
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Conventions and Units

Cosmic ray physics is tightly connected to the advent of particle physics.

Unit of energy used in astroparticle physics: electron-Volt (eV)

10° eV = 1 MeV mec2 ~ % MeV

10° eV = 1 GeV mpc2 ~ 1 GeV ‘

10" eV =1 TeV Vsrne ~ 7 TeV

10 eV =1PeV  Enaxparth = 2 PeV

10'® eV = 1 EeV Joule ~ 6 EeV

102! eV = 1 ZeV 2??
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UHE CR Spectrum
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% Telescope Array

© Auger

UHE CR spectra
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lll

* UHE CR propagation limited to less than about 200 Mpc.

* UHE CR spectrum expected to show GZK cutoff due to interactions with

cosmic microwave background. [Greisen & Zatsepin'66; Kuzmin'66]

e resonant interactions p + yeyg = AT — X lead to Eg ¢ ~ 40 EeV
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UHE CR Composition

2 0.8 | QGSJET -4 —a—i
S 0.6 | EPOS-LHC —o—

°3§ R b

= E % :ﬁ;a:ﬁi ge ﬁxé% %EIE % :

é%%i%%%%%%$%%ﬁﬁﬂﬁ i é

18 19
10 E [eV] 10

Composition of UHE CRs is uncertain; depends on details of CR interactions in atmosphere.
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Leaky-Box Model

globular clusters —

\‘)o .

gas/CR halo

[from Kachelriess'08]
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Leaky Box Model

e Cosmic ray diffusion in our Galaxy is mainly limited to a volume V' that support
turbulent magnetic fields.

e The total number of CRs in this volume is given by the integral:

Ncr(t, E) = /drn(t,r,E)
V

® |n steady-state (0;Ncr = 0) the loss through the surface of the volume has to
balanced by the newly generated CRs from sources:

/dAL K-V = /er(t,r,E) — Quot(t E)
oV 1%

e In the “leaky-box" approximation, the loss is parametrized by an effective loss time:

Ncr (
Toss (

E)
oV

o For diffusion coefficient K(E) o E?, the loss time scales as Tjogq(E) o< E~°.

e |f the source spectrum Qior < E~ % then the observed CR spectrum is:

NCR(E) = Tloss(E)Qtot(t/E) X E_“_(S
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Galactic Cosmic Rays
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General Transport Equation

on, 0 X 0 (spatial diffusion)
= —n. spatial diffusion
or  or,\ “or, g
0| ,5 0 ([ n or s
+—|p°K (momentum diffusion)
op op \ p*
0 :
_ (Vani> (convection)
or,
0 (. p [ 0V, . . .
——/| pn; — n, (continuous & adiabatic 1oss)
op 3\ or,
— (E))n, (CR decay)
— cpismO(EDn; (loss from CR collisions)
+ CP1sMm 2 JdE] 1F (E;, E)n(E)) (gain from CR collisions)
j l
+ 0, (source term)
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Relative Abundance of Elements

10’ I L
---0--- Solar System (Lodders)
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Secondary-To-Primary Ratio

e The abundance of cosmic rays in the Li-Be-B group (Z = 3 — 5) is larger than
expected from solar abundance measurements.

e We can understand this phenomenon by considering the production of secondary
cosmic rays (75) in primary cosmic ray (#1,) collisions in background molecular gas:

D) =

* We can again look for the steady-state solution (d;N, = 0 & J;Ns = 0):

e The solution is
N (E) — Tloss(E)CPO'P—BNP(E)

e The secondary-to-primary ratio is:

N;s (E)
Np(E)

= Toss (E)CPUP%S o E7°
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Solar Magnetic Field

400 Years of Sunspot Observations
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[Sanchez, Fournier & Aubert, Ap] 2013]
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Solar Cycle
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Solar Modulation

* Voyager satellite observes T: _
proton & electron spectra = Ll
. . i 10 F .
in local interstellar LN !

. | = 4
medium (LIS): no solar 5 0| l | :
effect g 107} solar T T e |

8101} effect :
R 00 O 00q N :
PAMELA 2006-2009 £ 2| pod™ oo N |
solar minimum e RN\
> 107" — proton Lis KoY N -
i F O PAMELA Protons (2006 - 2009) ¥ N
c 4] o AMS-02 Protons (2011 - 2013) N N
AMS—OZ 2011-2013 o 107 ¢ Voyager 1 Protons (Stone et al., 2013) '*1‘;;‘ N
£ 10 5 Voyager 1 Protons (Webber and McDonald, 2013) ".,‘
© f —— Electron LIS \"4‘.‘;:\ :
E’ 6l + Voyager1 (GEANT4: E~¥) \
. O 107"F & PAMELA Electrons (2006 - 2009) Ry 7
* Effect can be treated viaa g [ o aws02Eiectrons (2011 - 2013) N
force field a mati 50 Tl07 107 100 100 102
pproximation O 10 10 10 10 10
corresponding to a solar Kinetic energy (GeV)
potential . [Potgieter & Vos, A&A 2017]
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