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Introduction

Common assumption: Cosmic rays originate from shock-wave acceleration in supernova remnants (SNR)
e Source spectrum index (before propagation) around two

* About 10> erg kinetic energy per supernova, conversion into cosmic rays with few percent efficiency

» Electrons one order of magnitude lower than proton flux: 1048 erg in electron cosmic rays per SNR

Investigated main question: Is the measured electron spectrum compatible with these assumptions?

Data:
e CALET all-electron flux shown at ICRC2021 over the full energy range from 10.6 GeV to 4.8 TeV
* AMS-02 positron-only flux from 2 GeV to 1 TeV

Concept:
* Calculate flux from random samples of individual SNRs and pulsars throughout the galaxy

 Fit to the data by adjusting the average of source spectrum power-law indices Yisnr)and Yipuisary and
acceleration efficiencies nsvr and 1pusay , SCan cut-off energies E..svr) and E pusar iN discrete values



Propagation Model
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Spatial distribution and SN rate:

The interstellar environment of our galaxy, K.

Pulsar and SNR Sample Creation
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total SNR: 4214168 ; 2.1 per 100 yr; 1/47 per yr
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Pulsar birth rate:

The galactic population of young y-ray pulsar,

Ferriere, Rev.Mod.Phys. 73, 1031-1066 (2001) Kyle P. Watters and Roger W. Romani, 2011

(same model as used in DRAGON for

ApJ 727 123

determining the propagation parameters)

For each of the studied samples, source
properties are randomly generated
(pulsars first — add SNR to each pulsar
— add more SNRs without pulsar)

Kinetic energy (SN explosion, pulsar
rotation)
Q. = 10°** erg, log-Gaussian spread

Q e = 10319 erg , log-Gaussian

spread, fit to energies from ATNF catalog
pulsars, calculate energy as

qulsar:QTZ/T s =10 kyr

Release delay time (time CR are trapped
in pulsar wind nebula) for pulsars up to
60 kyr in steps of 10 kyr (SNR: instant
emission)

Known pulsars and associated SNR from
ATNF catalog added, random sources in
same distance and age bin removed if
existing in the sample.



Calculating the Flux at Earth from

Pulsars and SNR
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b(E)=b,.(E)+by, (E) (IC takes Klein-Nishina effect into account)
source spectrum parameters: efficiency n,index vy, cut-off energy E_,
source properties: total energy Q,distance r, diffusion time ¢,
propagation parameters: D,,0,0,,0,, E., Ep, S

e Calculation method adopted from K. Asano et al. 2022 ApJ 926 5

semi-analytic calculation
for 7.5 million sources not
feasible inside the fitting
procedure

— combined flux of all
sources pre-calculated for
several indices

- interpolation used in
the fitting procedure to
quickly get the flux for any
index value

- injection spectrum cut-
off energies are scanned
parameters (10 bins per
decade on log scale)
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Fit to CALET and AMS-02

Scanned parameters: Ecuysnry= 10000 GeV
3 = Ecutipuisan= 7943 GeV ;
CALET ICRC2021 preliminary Fixed parameters: Trsesse= 20 kyr
all pulsar+secondaries , AMS x?=35.15 ndof=62
m— y;=1.86 N=3.59e-05
®=0.00 GV ®;=0.58 GV Rrs=1.00 GV
=== secondary positrons
SNRs+all pulsar+secondaries , CALET y2=28.86 ndof=32
m—— i=2.31 N=2.17e-04 ©;=0.00 GV
Wnorm=0.74 ; Werk=-1.17 ; Wchg=0.43 ; Wele=0.89 ; wnc=-0.60
=== secondary positrons + electrons
== J0940-5428 (2.93e+44 erg, 0.38 kpc , 22.20 kyr)

10724
* example fit (one of 108 samples)
* only sources contributing > 5% flux shown

== RP10050 (6.31e+47 erg, 0.89 kpc, 1154.57 kyr)

== RP11102 (9.46e+46 erg, 0.98 kpc , 130.03 kyr)
RP16181 (3.35e+45 erg, 1.13 kpc, 17.49 kyr)

== RP4268 (4.88e+47 erg, 0.58 kpc , 384.14 kyr)

RP5635 (1.00e+46 erg, 0.63 kpc , 45.03 kyr)

RP5905 (2.32e+46 erg, 0.73 kpc , 117.51 kyr)

RP6495 (1.39e+44 erg, 0.67 kpc , 3.04 kyr)

RP65663 (1.37e+48 erg, 2.37 kpc, 740.07 kyr)

B1737-30-SNR (1.83e+46 erg, 0.40 kpc , 20.60 kyr)

B2334461-SNR (7.93e+47 erg, 0.70 kpc , 40.60 kyr)

J1418-6058-SNR (3.94e+46 erg , 1.88 kpc , 10.30 kyr)

J1732-3131-SNR (2.45e+48 erg, 0.64 kpc , 111.00 kyr)

RS16139 (9.74e+48 erg, 1.18 kpc , 241.34 kyr)

RS31860 (1.85e+49 erg, 1.53 kpc , 69.41 kyr)

RS3392569 (3.49e+48 erg , 1.16 kpc , 136.41 kyr)

RS5905 (2.42e+48 erg, 0.73 kpc , 137.51 kyr)

RS8419 (9.16e+47 erg, 0.79 kpc , 69.97 kyr)

RS9320 (7.12e+48 erg, 0.83 kpc , 446.75 kyr)

s \/ela (1.66e+47 erg, 0.30 kpc , 11.00 kyr)

dotted color
lines: pulsars

solid color
. \ lines: SNRs
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® Source spectrum index

spread with Gaussian
distribution (0=0.033)

* Efficiency spread with log-

Gaussian distribution
(0=0.33), max factor 10

¢ Distributions re-rolled until

good fit (or 1000 attempts)

* Free parameters:

average SNR index vy,
average SNR efficiency ng
average pulsar index Yiey
average pulsar efficiency n,

solar modulation (4)
weights for energy
dependent systematic
uncertainties of CALET
spectrum (5)

* Scanned parameters:

pulsar cut-off E
SNR cut-off E

CUt(SNR)

cut(pulsar)

2
Charge sign and rigidity depended solar modulation potential based on 1 +(R/RO)
llias Cholis, Dan Hooper, Tim Linden Phys. Rev. D 93, 043016 (2016) P=®,+P,, 3
“A Predictive Analytic Model for the Solar Modulation of Cosmic Rays” ((R/R,)%)

4 parameters:
®,, P, , (positive charge),

@, (negative charge), R


https://arxiv.org/search/astro-ph?searchtype=author&query=Cholis%2C+I
https://arxiv.org/search/astro-ph?searchtype=author&query=Hooper%2C+D
https://arxiv.org/search/astro-ph?searchtype=author&query=Linden%2C+T

Parameter
Space

Parameter space covered by the
108 well fitting models.

Colored dots represent the best-
fit locations, also indicating the
prediction for events in CALET
above 4.8 TeV.

Gold-blue-cyan contours show
the regions and sample density
(by Gaussian kernel density
estimation) where x? <1 - limit,
and red contours show the region
where X2 > 90%-limit.
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n: expected events in CALET above 4.8 TeV
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Correlation Efficiency — Index

Yi(SNR)
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* SNR source spectrum index covers a range of pulsar source spectrum index generally harder
approximately 2 to 3 than the SNR source spectrum index

 strong correlation with acceleration efficiency range of about 1.4 to 2.5
* A majority of samples clusters around strong correlation with acceleration efficiency
n(SNR):SX1O‘4 or 5x10% erg of energy emitted in 7 s is found to be in the range of a few 10,

electron cosmic rays per SNR — realistic value for the acceleration efficiency.



Cut-off Energy Ranges
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This red region in the Ecut(pulsar) = Ecm(SNR) plane,

which was scanned,but in which »? of all
samples was found to be above the 90%CL
threshold, can be considered disfavored.
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SNR cut-off energy from several
hundred GeV to ~10" GeV.

Highest values not realistic
(magnetic confinement
requirement) but no constraint
from current electron and positron
cosmic ray data on this
parameter.

The unbounded SNR cut-off
requires the source index to be
softer than 2.3

Harder spectra would be cut-off
only by energy loss - spiky
structures not compatible with the
smoothness of the measurement



Predictions for CALET above 4.8 TeV

Example fit with strong contribution from Vela in the TeV region,
predicted number of events in CALET above 4.8 TeV: 11.9 (highest):

Scanned parameters: Ecuysnr)= 79432 GeV
Ecut(puisan= 3162 GeV ;

Fixed parameters: Trejease= 10 kyr .

all pulsar+secondaries , AMS x?=35.54 ndof=62 ‘ ! ‘ !C 0 r
—y=1.94 N=5.15¢-05

®0=0.12 GV 91=0.41 GV R;e=1.00 GV

. -
—~=- secondary positrons | IVe _tl m e
SNRs+all pulsar+secondaries , CALET x?=36.57 ndof=32

—y=2.61 N=5.40e-04 ®;=2.76 GV
Wnorm=0.76 ; Werk=0.17 ; Wchg=1.59 ; Wele=1.85 ; wuc=-1.83

4 =-== secondary positrons + electrons 2 x 1 08
] \ — === B0833-45 (3.08e+44 erg, 0.28 kpc, 1.30 kyr)
= B1737-30 (1.39e+43 erg, 0.40 kpc, 10.60 kyr)
= J0940-5428 (1.30e+45 erg, 0.38 kpc , 32.20 kyr)
= RP10574 (5.03e+44 erg, 0.88 kpc , 22.24 kyr) S e CO n S
=== RP17156 (1.34e+46 erg, 1.13 kpc, 24.75 kyr)
RP18132 (5.21e+47 erg, 1.18 kpc , 359.63 kyr) 2
RP22141 (3.26e+46 erg , 1.28 kpc , 47.54 kyr) ) 1 040 C m
=== RP23911 (1.33e+47 erg, 1.26 kpc, 260.19 kyr)
RP24362 (1.12e+48 erg, 1.42 kpc , 350.64 kyr) -
RP27895 (8.30e+47 erg, 1.45 kpc , 92.45 kyr)
RP27981 (2.19e+47 erg, 1.37 kpc , 327.49 kyr) e e C IVe
RP3642 (3.99e+46 erg , 0.51 kpc, 251.27 kyr)
RP4096 (8.31e+45 erg, 0.56 kpc, 80.11 kyr)
RP61422 (1.94e+48 erg, 2.04 kpc , 311.91 kyr) are a
RP6237 (4.88e+47 erg , 0.68 kpc , 487.51 kyr)
=== RP766 (1.08e+47 erg, 0.25 kpc, 399.72 kyr)
e B0656+14-SNR (3.71e+48 erg, 0.29 kpc , 111.00 kyr) [ ] 8 O%
me B1737-30-SNR (3.79e+47 erg, 0.40 kpc , 20.60 kyr)
m==]0940-5428-SNR (6.65e+47 erg, 0.38 kpc , 42.20 kyr) -
RS12709 (1.54e+49 erg, 0.91 kpc , 93.02 kyr)
RS2171 (2.29e+49 erg , 0.45 kpc , 195.17 kyr) an aIyS I S
RS22497 (5.05e+48 erg, 1.23 kpc, 10.30 kyr)
RS32162 (1.20e+49 erg, 1.54 kpc , 7.50 kyr) - -
RS3390916 (2.56e+49 erg, 0.42 kpc , 276.61 kyr) eﬁl C I e n Cy
RS3392803 (1.84e+49 erg, 0.83 kpc , 274.79 kyr)
s \/ela (1.20e+48 erg, 0.30 kpc , 11.00 kyr)
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Predictions for CALET above 4.8 TeV

Example fit with sudden drop around 3-4 TeV, predicted
number of events in CALET above 4.8 TeV: 0.04 (lowest):

Scanned parameters: Ecusnr)= 946 GeV
7 - % Ecut(puisan= 5011 GeV ;
CALET ICRC2021 preliminary Fixed parameters: Treicase= 10 kyr °
all pulsar+secondaries , AMS x?=25.59 ndof=62 ete Cto r
m—y;=2.02 N=6.52€-05
®0=0.10 GV ®;=0.49 GV Rer=1.00 GV » "
10_2 | —=- secondary positrons | IVe _tl m e
1 SNRs+all pulsar+secondaries , CALET x?=19.66 ndof=32
] — \;=2.67 N=6.12€-04 ®;=5.00 GV
g Wnorm=0.79 ; Werk=1.75 ; Wchg=-0.20 ; Wele=1.24 ; wuc=-0.60 8
4 secondary positrons + electrons 2 x 1 O
B0833-45 (7.79e+43 erg, 0.28 kpc, 1.30 kyr)
L. B1737-30 (3.64e+42 erg, 0.40 kpc, 10.60 kyr)
N> 1 «x s« J0940-5428 (2.66e+45 erg , 0.38 kpc , 32.20 kyr)
RP13516 (1.04e+47 erg, 1.05 kpc , 100.52 kyr) S e CO n S
q) === RP19142 (8.87e+45 erg, 1.11 kpc, 23.65 kyr)
O RP21777 (5.85e+47 erg , 1.27 kpc , 257.29 kyr) 2
— RP2890 (7.15e+46 erg , 0.46 kpc , 37.42 kyr) ) 1 040 C m
|L. 10—3 i RP4865 (3.50e+46 erg , 0.66 kpc , 109.36 kyr)
w0 ] === RP748 (8.60e+46 erg, 0.28 kpc , 87.49 kyr) -
o 4 me= B1727-47-SNR (1.03e+49 erg, 0.69 kpc , 80.40 kyr)
| 1 = RS18314 (3.38e+46 erg , 1.12 kpc , 7.16 kyr) eﬁectlve
E e RS3899 (3.00e+49 erg , 0.54 kpc , 28.48 kyr)
o 1 RS4165 (1.80e+49 erg , 0.58 kpc , 112.42 kyr)
— | RS481 (2.45e+48 erg, 0.20 kpc , 87.82 kyr) are a
| RS3389329 (2.79e+48 erg, 0.22 kpc , 71.76 kyr)
wn RS3389440 (7.59e+48 erg, 0.30 kpc , 71.91 kyr)
rYl')_‘ e \/ela (7.98e+47 erg, 0.30 kpc, 11.00 kyr) [ ] 8 O%
L
- analysis
' fficiency
1075 ———r ——




Conclusions

« The CALET all-electron and the AMS-02 positron-only flux can be fit well by the
overlapping spectra of randomly generated SNR and pulsar populations if
adjusting the average source spectrum parameters to the data.

* The found fit parameters from 108 studied samples agree with the common
assumptions on the electron-positron cosmic ray origin.

* Future extensions of the CALET spectrum to higher energy may provide
Important information, as the current predictions for the above 4.8 TeV range
leave a wide range of potential outcomes, with up to 11.9 events expected to be
detected in CALET with 2 10° seconds of live-time.

The author gratefully acknowledges the support of the CALET collaboration team in making the
preliminary results published at ICRC2021 available for use in this work.

This work is supported in part by JSPS Grant-in-Aid for Scientific Research (S) Grant No. 19H05608 and
by JSPS Grant-in-Aid for Scientific Research (C) Grant No. JP21H05463.
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Spectrum Interpolation (Index)

e Calculating the propagated spectrum for 7.5 million sources takes
several minutes - not feasible to put this through a minimizer

* Solution: Calculate spectrum for selected values, compensate for the
Index difference and interpolate to get intermediate values:

direct calculation Yo~y

for index: 2.1 F(y): F(y )
— 1

direct calculation Yom X GeV

for index: 2.3

direct calculation

for index: 2.4
\ direct calculation
\ for index: 2.7
‘ interpolated calculation
for index: 2.3
interpolated calculation
for index: 2.4

10° 10! 102 103 104 10°
E [GeV]
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The spectrum measured by CALET has systematic errors with known energy dependence
Instead of adding the systematic error quadratically to the systematic error, the data is shifted systematically by the function A calculated in
the same way as those in the S.M. of Phys. Rev. Lett. 120, 261102 (2018) with the normalization coefficients as fitted nuisance parameters
The systematic uncertainties of Normalization, Tracking, Charge Selection, Electron Identification and Monte Carlo are fitted in this way,

The squared weight of each uncertainty is added to the total x2 of the fit, while the fitting function is shifted as represented by the gray area.

1072 4

Scanned parameters: Ecyysnr)= 63095 GeV
Ecut(puisan= 796 GeV ;
Fixed parameters: Treease= 10 kyr
all pulsar+secondaries , AMS x?=29.20 ndof=62
m—y;=1.89 N=4.68e-05
©=0.00 GV ®,=1.42 GV Ryer=0.50 GV
=== secondary positrons

SNRs+all pulsar+secondaries , CALET x?=21.07 ndof=32
=2.04.0=2 70004 0,=0.00.G

Wnorm=0.39 ; Wrk=-0.11 ; Weng=-0.46 ; Wele=-0.56 ; wmc=0.17

—=- secondary positrons + electrons
«+ B0833-45 (2.38e+44 erg , 0.28 kpc , 1.30 kyr)
== RP21148 (1.46e+47 erg, 1.27 kpc, 110.93 kyr)
RP4774 (2.14e+47 erg , 0.56 kpc , 29.15 kyr)
RP7673 (3.46e+46 erg, 0.80 kpc , 129.02 kyr)
RP9435 (1.93e+48 erg, 0.85 kpc , 580.71 kyr)
= B0656+14-SNR (4.26e+48 erg, 0.29 kpc , 111.00 kyr)
we== B1737-30-SNR (5.20e+47 erg, 0.40 kpc , 20.60 kyr)
=== B2334+61-SNR (4.62e+47 erg, 0.70 kpc , 40.60 kyr)
RS17678 (2.76e+49 erg, 1.14 kpc , 272.23 kyr)
RS4013 (1.63e+48 erg, 0.55 kpc , 3.60 kyr)
RS3392811 (2.00e+49 erg, 1.19 kpc , 421.03 kyr)
RS9849 (2.16e+48 erg, 0.88 kpc , 98.23 kyr)
== \/ela (1.16e+47 erg, 0.30 kpc , 11.00 kyr)
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Treatment of systematic errors

(¢i+z Ayw _Ji>2
XZCALET: Z : I; ‘ +Zwi

i O; k

i: data point index
k: uncertainty type index
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