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Theimpact of cosmic ray transport scenarios on the local positron fraction
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Abstract: The rising positron fraction, as measured by PAMELA, Fernd anost recently AMS-02, requires
an energetic positron population in addition to the secpngasitrons produced in cosmic ray interactions in the
interstellar medium. Possible explanations are locabphiysical sources such as pulsars, supernova remnants
or more exotic sources such as dark matter. In all cases thgaa| positron contribution crucially depends on
the galactic background model, which determines the weatntribution of secondary positrons from cosmic
ray interactions and on the specific transport parametetiseirsolar neighborhood. The latter is of particular
importance for high energy positrons due to their large gnérsses and therefore short propagation lengths.
Based on a full numerical solution to the transport equatignestimate the uncertainties of the background
model due to variations in the transport parameters. Theefriadorporates a realistic treatment of the local
environment of our Sun, as well as the galactic spiral arm @lows for radially varying galactic wind
strengths as expected from the ROSAT observations. Thalgi@nsport parameters have been fixed by a set of
independent observables (protons, antiprotons, ratise@ndary to primary isotopes and ratios of radioactive
isotopes). We show the resulting uncertainties in the logainic ray spectra, positron fraction and comment on
the implications for diffuse-rays.
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1 Introduction losses, which limit their propagation length to the sub-kpc

Galactic cosmic rays (CR) are believed to be producedange and consequently make them sensitive to only the
in supernova remnants (SNRs) throughout the Milky Waylocal transport modes. Usually transport models try to ex-

Upon injection into the interstellar medium (ISM) they sca-plain all observables at once by means of averaged trans-
tter on magnetic turbulences, leading to a random walkyort parameters. This, however, comes at the cost of accu-

Whi.Ch can be modelled by diffusion. In addit_ion to dif- racy and limits the predictive power of such models. Here
fusion, other transport processes, such as diffusive reac-

celeration, convection due to the common movement of /€ Pursue a different approa(ih. We uselghe Igcally mea-
the scattering centers out of the galactic plane, energ§ured proton spectrum, the/p, B/C and “Be/"Be ra-
losses, fragmentation and particle losses via escape frofiP to constrain theglobal galactic transport parameters.
the galaxy, modify the inital CR spectra on their way Protons suffer energy losses predominantly via ionization
to Earth. This process can be described by a diffusionand Coulomb losses leading to large energy loss times and

convection equation, as implemented in the publicly availapove-kpc transport lengths. TBEC ratio in combination
able GALPROP[1] or DRAGONL[2] codes. Both pro- it the 198e/9Be ratio is a measure for the CR interac-

grams solve the diffusion-convection equation in Steadyt'ion rate and the CR escape time. Thé Tatio is an in-

state, using a realistic treatment of the galactic gasiblistr d q fth . . high
tion and the magnetic and interstellar radiation field. ThedePendent measure of the CR interaction rate at higher en-

obtained models successfully describe most locally mezrgies. We employ Markov chain monte carlo (MCMC)
sured CR spectra, however, they fail to interlink the lgcall to determine the optimal set of transport parameters for
observed proton spectra with the galactic averaged protothese observables. This is descibed in se€fion 2. The so ob-
spectra as observed via the diffyseays. For instance, the tained transport parameters fix the globally averaged pro-

spectrum of diffuse/-rays tends to prefer a proton Spec-yon gpectrum leading to the known mismatch in diffuse
trum, slightly harder than the one locally measured. Slm—_ra s Here we assume that this discrepancy can be at-
ilarly the radial gradient of diffuse’ radiation seems to yrays. pancy

be incompatible with standard diffusion models, since ittributed to two structures, which are not accounted for by
requires either an artificially flattened source distribnti  the standard models for galactic CR transport: the local
or non-standard transport setups [[3, 4]. The question dbubble, an underdense region surrounding the Sun and the
the connection between local and global transport phenomgpiral arm structure of the Milky Way. In sectidns12.1 and
ena is intimately related to the explanation of the risingz 7 we give a first estimate of the impact of these structures
positron fraction as observed by PAMELA [5] and most ,qer simple assumptions. In sectidn 3, we compare our

recently by AMS-02[[6]. This excess clearly requires an ' . .
additional hard positron population, which has been propest fit model to the AMS-02 data on the positron fraction

posed to be produced in pulsars, SNRs or via the deca?rnd comment on the uncertainties in the local pulsar con-
or annihilation of dark matter particles. Such high energyiribution. The results are summarized in secfibn 4 and an
positrons suffer large synchrotron and inverse Comptoroutlook is given.
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2 Background model and uncertainties lium ratio is reduced by a factor 2 for energies below 100
We employ a model with a constant and isotropic diffu-G€V: indicating a much older CR population compared to

sion coefficient and a radial dependence of convection véle standard gas distributions. This is understandabie fro

locity proportional to the source strength of CRs. The lat-

ter is expected from the ROSAT observations of hot gas protons
at high galactic latitude [7.18]. The model depends on 1€ 1©°
free parameters describing diffusion, convection, diffes -
reacceleration, the halo height, beyond which free escap: rsssiseeeeeeni
of particles is assumed, and the proton injection spectrun 10
In order to examine the full potential of these kind of mod-<
els and their limitations, a MCMC method was used, tow
explore the 16 dimensional parameter space of transpo oot
parameters. MCMC sampling of the transport paramete
space has been performed in the past [9, 10] in simple
models. Here we follow a similar recipe as [9], however,
we incorporate the more efficient Multiple-Try-Metropolis
algorithm [11]. This algorithm accounts for the dimension- il L
ality of the problem by evaluating several models in paral- 1 ! 10 0 Efcev]
lel. In total 10.72 million models have been evaluated. Fot )

each of these models the full transport equation as give ., . antiproton/proton

in, e.g. [12], including energy losses and diffusive rekcce = e source
eration, was solved numerically using the DRAGON code — Spiral arm 2 s (x 0.1)
Two different sets of Markov chains were run: a first set - Pamela

using constraints from the local proton spectrynp and

B/C measurements (@0° evaluated models) and a sec-

ond set using additional constraints from #Be/°Be ra-

tio (4-10° evaluated models). Here we report on the results
of the second set of chains, which includes the constraint
on the CR escape time. Details on the method and the r-
sults derived from the full statistics will be presenteceels
where [13].

The best fit to the proton spectrum and by, B/C and
10Be/9Be ratio is shown in figs 11 and 2 as the black line.
Also shown as the blue band is the envelope derived fronfrigure1: The proton flux {op) and antiproton/proton ratido(t-

the top 100 models. A full statistical analysis will be pre-tom) for the best fit modelf(ll black ling). Theblue band refers
sented elsewhefe[[13]. A compilation of the most important© the uncertainty from thelobal galactic transport model as de-

. scribed in sectionl2. It is given by the tof001 % of the models
transport parameters can be found in tdlile 1. The so Ol-e. 100 runs). Théull biueline shows the best fit model with the
tained model reproduces the known discrepancy betweeiaterstellar gas distributed along the spiral arms,dshed blue
the locally observed proton spectral index and diffyse line shows the best fit model for CR sources distributed along

rays: while the best fit model has a proton spectral inde>Ehhe Sp"t?]' ams gtor d%talils ?ﬁctahsec2.1)_.t1rt_thler_réag<terr]1tallinel bub
: ; . shows the best fit model with the gas density inside the local bub-
of 2.74 for energies above 40 GeV, compatible with theble reduced by a factor of 0.1 (see secfiod 2.2 for details). Data

PAMELA data, the Fermi diffusg-ray data prefer a pro- from PAMELA [14] (protons) and [15] (antiprotons/protons).
ton spectral index of 3.14 between 20 and 200 GeV.

In addition to the uncertainties of tigbobal galactic trans-
port model, the Milky Way comprises several short-scale

3
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structures which are not implemented in the standard trans- Pari:zeter [ bestiit = [ Tower "m;t | upper "n;'t
port models, but are expected to have a significant im- Do [*¢] 1.35-10% | 4.0-10° 7.0- 107
pact on the transport of galactic CRs and consequently the aOWégﬁigh 0'3%0413 0'412/8';)05 1é§1/231é2
production of diffusey-rays. Two of these structures, the ‘L)O“Epc]} 6.59 1.70 30.0
Milky Way’s spiral arms and the local bubble, will be dis- Vo K] 16.57 061 20.28
; . : - . . .
cussed in the following subsections. Vo [0 017 0.005 29.39
2.1 Uncertaintiesfrom spiral arms dv/dz (5] 22.7 1.93 50.04
ar 1.0 0.0012 1.0

We included a simple spiral arm model into the DRAGON

code. The source and gas distributions are taken to d'reC“'YabIe 1: The best fit values of the most important transport pa-

follow the spiral arm structure as given in [21], while keep-rameters and the limits given by the minimum and maximum
ing the total gas mass constant and the relative contribwalue of the respective transport parameters from the top 100
tions of the different gas components as a function of galagnodels.Dg: strength of diffusion coefficient at a reference rigid-
tocentric radius unchanged. The impact on proton sped Of Po. nigh/iow: rigidity dependence of the diffusion coef-
trum, p/p, B/C anleBe/gBe ratio is summarized in figs. ficient above/belowpp, L halo height,vg Alfven velocity, Vo

’ ’ ok . strength of the galactic wind in the plangy /dz vertical in-
[ and 2. If the gas distribution follows the spiral arms We crease of wind velocity, coupling strength between wind ve-
see a strong decrease in the secondary production rate. Thigity and radial dependence of the source distribut@(R):
local secondary flux as given lyy B'ande™ decreases by V(R) OQ(R)%.

a factor 10 at energies below 10 GeV, the isotopic beryl-
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ing time a non-equidistant binning has been implemented

—best fit in the DRAGON code and the optimal bin size with re-
:25}{:} amgas spect to computing time and stability of the numerical solu-
T Focal bubble gas (x 0.1) tion, has been determined. The lower gas density in the LB
« ACE leads to lower local energy losses and lower secondary pro-
" CREAM duction rates. The latter is of specific interest for the sec-
ondary positron flux at high energies, since these positrons
are expected to be produced in the local ISM, due to their
large synchrotron and inverse Compton losses. The impact
of a gas density locally reduced by a factor 0.1 mnp,
_____ B/C and!°Be/®Beis shown in figs[ 1l throud 2 as the ma-
005 e genta line. In addition to the local gas density, we exam-
PO R sy o el OO ined the impact of local variations in the diffusion coeffi-
o 1 10 10° Teev] cient (factors 0.25-4) and the Alfven velocity (factors-0.5

_ _ 2). We find no significant changes in the local proton spec-
g2enllium ratio trum andp/p, B/C and1%Be/?Be ratio due to these vari-

- = Shal am source ations. We also find no significant modulation of the lo-
e s s (x 0.) cal positron flux due to local variations in the gas density,
" ISOmMAX diffusion coefficient or Alfven velocity above 1 GeV, the

found deviations are on the percent level at maximum. This

means that the very local transport processes will modify
the galactic CR contribution in the positron fraction only
marginally. A much stronger impact is expected from the
global galactic transport parameters, as shown in section

B
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3 Pulsarsassourcesof high energy
electrons and positrons

Figure2: The best fit model for the local B/@dp)and'®°Be/°Be  None of the found models is able to explain the rise in the
(bottom) ratio. Line coding as in fid.]1. Data from HEAO43]16], positron fraction, which steadily increases from 20 to 250
CREAM [17] and ACE[[18] forB/C and ISOMAX [19]and ACE eV Previous publications already showed (see E.4. [25]),
[20] for 1%Be/*Be. that this feature is impossible to construct under the as-

sumption of pure secondary production of positrons. It is

commonly believed, that an additional source of electron-
the fact that the Sun resides at the edge of a spiral arnpositron pairs should exist. Here, we model the predicted
while most secondary CRs are produced in the center of theontribution of 10 nearby pulsars, which are expected to
spiral arms. A comparison between the propagated 1 Gewontribute most to the local electron and positron flux on
proton population in the spiral arm model and the propatop of the best fit model for the global galactic transport of
gated 1 GeV proton population in a standard model usingRs. The analytic description of the signal is taken from
the SNR distribution by([22] is shown in fi§] 3. Sources [26], pulsar age, distance, spin-down tinee, production

distributed along the spiral arms lead to a strong concentr&fficiéncy, source spectral index and maximemenergy
are taken as fit parameters within their observational lim-

tion of 1 GeV protons in the inner Galaxy, compared to the! Usuall vt S fth |
reference model. Since the source distribution of the refeftS- Usually an analytic approximation of the energy losses

ence model has been tuned to best reproduce the diffus%}ven by only inverse Compton and synchrotron is em-

o . d in the literature (see e.g.[26]). Here we use the en-
-ray data, this will lead to a very steep radjaftay gra- oye e L TS :
gien¥ incompatible with the diffusyy,tray gbser‘Sati)(/)r?s. A Ery losses and the diffusion coefficient determined by our

. L . . ", best fit background model to calculate the pulsar contri-
smoother radial gradient is obtained if the gas distrilbutio bu;onl self-cgrrlsiustenﬂﬂz Despite thg small imF[J)lzJaSt of the f
follows the spiral arm structure. It is expected that such

) L X e achanges of diffusion within the LB on the local secondary
mode_zl will help significantly to improve the des_cr_lptlon of ot spectrum found in sectidn 2.2, the diffusion coefficient
the diffusey-ray data. The study of the uncertainties of the |5y a vital role in the prediction of the local positrondra
spiral arm structure on local CR fluxes and diffyseays  tion: Figure[3 shows our best-fit background model with
is ongoing, details will be shown elsewherel[23]. the additional pulsar contribution. In addition, the ligit
2.2 Uncertainties from thelocal bubble derived from the two background models with the minimal
Our Sun resides in the local bubble (LB), a low density re-and maximal diffusion coefficient among the top 100 mod-
gion of space extending about 20300 pcinto the Galac- els are shown. The same variations on the diffusion coeffi-
tic plane and 60(pc perpendicular to it. The density in- cient have been applied to the pulsar fit, leading to an un-
side the LB is about .osaiﬁgs, which is approximately a certainty of a factor of about 3 in the signal region.

tenth of the average density of the ISM [24]. We have im-
plemented the LB in the 3D DRAGON code. The struc-1. It should be noted that the discrepancy between the analytic

; ; ; ; description of the energy losses with the numerical values used
ture is approximated by a cube with a sidelength of 600 pc. by [26], results only in discrepancy of a factor of 2 at 10

Such scales require resolutions much higher than the com-Gev. For lower energies, where ionization and Coulomb losses
monly adopted 0.5 kpc grid spacing. To minimize comput- become important the factor increases to 10 at 1 GeV.
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4 Conclusions

More than 10 million different transport models have
been evaluated numerically to constrain thebal galac-

tic transport model. We showed how the local proton spec
trum and thep/p, the B/C and thel°Be/°Be ratios con-
strain theglobal galactic transport parameters. We find a
best fit model with a rather strong increase of the diffusion
coefficient with rigidity @ = 0.8), which points to either

a non-standard spectrum of turbulence or to an incomplet ™
description of the interplay between CR escape, which is 1
assumed to be energy independent, and CR reacceleratit

The galactic wind prefers a coupling to the source distribu M N
tionV(R) 0 Q(R), as it was found i [7]; the wind strengths 20 15 0 5 0 5 10 15 20
determined here are far below those expected from fits ti- Galactocentric distance along Sun-GC [kpc]
the ROSAT data [8]. We examined the influence of galac _ . _

tic spiral arms and the local bubble on the local CRS. WEF = bgmodel spread (e to mimmax difusion) ~ + AMS-02
found the secondary to primary ratios to be extremely Ser § o5 g b pulsar contribution (sum)  x ifusion)

sitive to the spiral arm structure and the exact position of i, nole pulsar Con o
the Sun within this structure, which means that a complete W ;
spiral arm model will prefer a completely different point
in parameter space than the one found here. This result hi
a significant impact on the predictions for diffugeays.
Here we presented a first estimate on the additional unce
tainties that are to be taken into account yenay produc-
tion via CR protons. We also showed the uncertainties ir
the local positron fraction due the global galactic model

Best fit model

————— gasdistribution [ spiral arms
——— source distribution O spiral arms
Sun’s position

.
om
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S
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. . . . . . 3-
A detailed examination of the impact of local variations ! 10 w Elcev]

in the local diffusion coefficient and local energy losses
and gains, possibly from within the local bubble, is subjectFigure3: Top: The 1 GeV proton distribution versus galactocen-
to future studies. With the modified DRAGON version we tric distance along the diameter connecting the Sun and the galac-

. tic center (GC). The best fit model obtained in sedfibn 2 is shown
have a powerful tool t(,) study t.he_ Impact qf the very. local in black as a reference. The blue line indicates the proton distribu-
transport parameters in a realistic scenario. In the light otion obtained with a model with the source distribution following

the upcoming high precision data from AMS-02 these unthe spiral arms and the red line is the proton distribution obtained

certainties and especially the impact on the expected siff2 @ model with the gas distribution following the spiral arrBet-

: . . tom: Contributions of CR electrons and positrons and the contri-
gle source anisotropy have to be examined with due Careytion of 10 close by pulsars to the positron fraction. The blue

line is the background contribution from the best fit model, the
Acknowledgment: The authors are grateful to L. Maccione, blue band indicates the uncertainty from the maximum and mini-
D. Grasso and D. Gaggero for helpful discussions. Some of th&num diffusion coefficient among the top 100 models. The black
computations were performed on the bw-grid. line is the total contribution from local pulsars, the red band in-
dicates the uncertainty obtained from the same variation in diffu-

sion coefficient as for the background model.
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