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High precision spectrometry of galactic cosmic rays (CR) has revealed the
lack of our understanding of how different CR elements are extracted from E
the supernova environments to be further accelerated in their shocks. The SRR )
similarity of He/p, C/p, and O/p rigidity spectra demonstrated by recent
AMS-02 measurements has provided new evidence that injection is a mass-
to-charge dependent process. Thus, comparing the spectra of accelerated

0

particles with different mass to charge ratios is a powerful tool for studying Ta o a ale e o Sy B
the physics of particle injection into the diffusive shock acceleration (DSA).
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Phase space f(x,v,) for protons and He?*  Magnetic field B(x,t) for a simulation
ions (vy = 10v4,t = 700w ). Upstream  with vy = 10v4. Waves excited by the

. : e of the shock transition, the cold inflowing particles are advected towards the shock
Anoma“es IN CR Composmon stream is visible. The hot downstream and compressed downstream.
plasma is at rest in the simulation frame.
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» AJZ =32 t=2001/w, % A/Z =32 t=5001/w,
oo The PAMELA and AMS-02 ex- S IS
. AMS-02 E : : S o S opsmErT 1077
—mwee 3 Periments [1, 2] determined a <
s 3 & 0.1 difference between the S S S — B S S — e s
b 3 rigidity spectral indices of protons e h
¥ = . . . Sf —7
*+*++++-*++.+ﬁm¢ﬁ +++ + 4 and helium. These findings call 3 §
™ 3 into question the leading hypoth- N N
 Rigidity (8) [GV] 3 esis CR origin. The CR acceler- o/le/) v/le/]
10 10° 10° ation mechanism, originally pro- Phase space f(x,v,) for ions with A/Z = 32. In the beginning of the simulation the

The p/He ratio as a function of particle rigid-  posed in 1949 by Fermi [3] and reflection of the wall is visible. By the end of the simulation the downstream plasma is not
ity. The plot is adopted from [2] actively researched under the thermalized.

name diffusive shock acceleration (DSA), is believed to be electromagnetic
In nature. Particles gain energy while being scattered by converging plasma
flows upstream and downstream of a supernova remnant (SNR) shock. aneCthn efflClenCy

From the particle equations of motion in terms of their rigidity R =

The injection energy F,; is calculated from the intersection of the

pc/Ze, Maxwellian

LdR _ (1) + R xB(r, t)) ldr R | fi = aVE exp(—E/T) (7)

c dt \/ R:+ R? cdt \/ RZ+R2 and the power-law tail
it is not difficult to see that even a small, difference in the rigidity spectral fpow =0 E™7 exp(—E/Eet). (8)
indices of different elements may seriously undermine any electromagnetic  The injection efficiency is calculated as
acceleration mechanism. o
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Scenarios Jo© fan(E)AE
1. contribution from several SNRs with different p-He mixtures [4] Injection  efficiency 7, obtained o R
— not testable from the simulations for different _,, 3 o He'+
, o o _ species as functions of the shock & ne

2. spallation [5] — not sufficient for explaining the p/He ratio  pach number Az,. A simple func- £ "
3. time-dependence of the shock evolution tion of the form § oo

(a) SNR environment [6] — C/He and O/He ratios are independent of R J(Ms) = alM, = b)M, * oo

_ P is fitted to the results. Proton in-
(b) time-dependence of shock strength [7] —> testable  jection is dominant at low Mach "+ ————
number shocks. M
Assumption ..
P mass-to-charge dependence of the injection

e mass-to-charge dependence of injection 0101« (4/2)

. _9 SIUCT R — T . Number efficiency (integral over
® power law exponent: Q(M) - 4/ <1 - M ) Sl - > power-law tail) as function of
e shock strength (Mach number A1) decreases with time Eom- ,,,,, « mass-to-charge ratio A/Z. For
e if He2T is injected more readily at earlier times Eonf > small A/ alinear increase of the

. = . injection efficiency with A/Z as in
— harder integrated spectrum 18] is visible.

A)Z

Hybrid Simulation

is calculated via a predictor-corrector method and is then used for propa-

The dynamics of collisionless shocks can be simulated by means of hybrid . D
gating the magnetic field,

simulations. In these simulations the ions are treated kinetically,

0B
z‘ﬂzq@ E+-v;xB—-nlJ and ﬁ:Vi, (1) ot eV x B (6)
dt C dt
while the electrons are assumed to be a massless, charge neutralizing fluid, In the simulation dimensionless quantities are used:
dve 1 t — inverse proton gyrofrequency w, 1 v — Alfvén velocity v 4
nem == =0=—ene (E T Ve X B> = Vpetenend, Q) hoton inertial length ¢/wp n — upstream density ng
meaning that in this approach the electron scales are neglected. The elec- [ — upstream magnetic field 5
tron pressure p. Is assumed to be isotropic with an adiabatic relation be-
tween pressure and temperature, The ions are initialized in thermal equilibrium with the electrons with a tem-
T N perature of T' = mvi/kB. In order to model the amount of helium in
pe =nekp T, Te = (n_€> , (8)  the interstellar matter a fraction of He*™ ions is 10% in number density is
0 0
added.
where an ad!abanc |r)dex of v = 5/3is used. In the Maxwell equations the _ A shock is created by sending
magnetostatic (Darwin) model is employed, 2 a super sonic flow of ions from
V x B = dm J. (4) g the right against a reflecting wall.
C 2 Hence the shock is traveling to
As in usual particle-in-cell simulations, the ion density and current are ex- the right, parallel to the back-
trapolated to a grid using a linear weighting, and serve as sources for the 3 ground magnetic field.
calculation of the fields. The electric field, | | | | X | | |
| /(J—J)xB All simulations are quasi one-dimensional (1D spatially, 3D in velocity and
E = ( ' — Vp) +nd, (5) fields). The size of the simulation box up to L, = 2 - 10 c/wyp With a grid
en C

spacing of Az = 0.25 ¢/wy, and 100 particles per cell.
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Scaled downstream energy distribution E7 f(E) for as simulation with M, = 10. The
distribution consists of a thermal part and a power-law tail, which develops over time.
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Downstream  energy  spectra o
(vg = 10wy, t = 1500%_1) for 103
ions with A/Z upto 32 (Z = 1 IRE
for all species). For large values =1
of A/Z the particles have not 0
thermalized. ~ Furthermore, the . .1
power-law tail is suppressed for PP [ s AN SO S 0 .\ S,
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the highest mass-to-charge ratio. E / tmyva?
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In order to model the time-dependent CR acceleration and extract the p/He
ratio, we combine the Mach number dependent injection efficiency with the
time dependence of the evolution of a SNR.

Sedov-Taylor phase of the SNR evolution:

Ry~ Cor 25 Vi~ (2/5) Cort 305 = (2/5) C Ry
(10)
with Cqr ~ (2 E./pp)t/°, where E, is the ejecta energy of the super-
nova and p is the ambient density. As the of the shock radius increases
from R, 10 Rmax, the number of CR particles of species o which are

deposited in the shock interior can be calculated as
M i

fOz(pv M) dM_Z'
(11)

Na(p) o / Rmaxfa(p, M(R))R* dR o /

Rmin M 2

max

Here the spectra are represented in the following way:

o < Na(M)(R/Riy)~ MM with  g(M) = 4/(1 — M72).
(12)

simulation

fit Malkov et al. 2012 Proton-to-helium ratio as a

AMS-02 function of particle rigidity.
PAMELA The results from the sim-
2% ulation (red line) are com-
i : pared to the PAMELA and
S _ AMS-02 data. The ob-

served p/He ratio is ac-

curately reproduced in the

range R = 10, as ex-

N R pected theoretically.
rigidity R / GV
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