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Leaky Box and a Galaxy with large halo

Two models were popular for most of the 20th century:

» the Leaky Box (simplest)

e Considered the Galaxy as a volume uniformly filled with gas,
sources, and cosmic rays and a small leakage — here is the
name the LEAKY BOX

* Tuned to the local measurements, it can correctly reproduce
the fluxes of stable nuclei in one single point in the Galaxy

 a galaxy with large halo (a realistic model)
* Considered the Galaxy as a volume filled with cosmic rays
* The gas and sources are distributed in the disk
* Cosmic rays escape into the intergalactic space through the
boundaries

Both models were able to reproduce main features
observed in cosmic rays

:

¥‘_/the Box

/x halo

| gas disk

\ J and sources




Reminiscent of the popular view 100 years ago

In respect of CR with Ezr<101>-10%® eV there

generally remain some vague points, but in
the whole the picture is clear enough...

— V.L. Ginzburg, 1999

There is nothing new to be discovered in
physics now. All that remains is more and

more precise measurement... — Lord Kelvin
(William Thomson), 1900

Nowadays we have such excellent data that the whole
picture becomes completely unclear

This means that all theoretical breakthroughs are still ahead!
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Evolution of

Galactic modeIS/

This evolution leads to
better fits of the data at
the cost of dramatic
increase in the number
of free parameters, but
not necessarily better
understanding

Time-tested wisdom:

Occam's razor: “if you
have two competing
ideas to explain the same
phenomenon, you
should prefer the simpler

”

one

A. Einstein: “Everything
should be made as
simple as possible, but
not simpler”

Leaky Box

Galaxy with two halos
and a local source

Galaxy with
large halo

- ~
- ~
- S
4 .
2 .,
. \
./

N

Galaxy with
two halos

etc

Galaxy with two halos, local
source, and spiral structure



Low energy features

(Iron offers some clues)



°OFe as a tracer of SN activity in the solar neighborhood
<> The evidence of the past SN activity in the local ISM is abundant (Fry+2015;

Wallner+2016; Breitschwerdt+2016)

<> Indications of several SNe between ~1.5 and ~3 Myr ago within 100 pc of the Sun

<> The Local Bubble is a low-density region of the size of ~200 pc filled with hot H Il gas
that itself was formed in a series of SN explosions

<> OFe: a half-life 2.6 Myr, B~ decay

<> Excess of radioactive ®°Fe in deep ocean
sediments (Knie+'1999, 2004;
Ludwig+'2016; Wallner+'2016)

<+ Antarctic snow (Koll+'2019).

<> Lunar regolith samples (Cook+'2009;
Fimiani+'2012, 2014)

<> ACE-CRIS observations of ®°Fe (Binns+'2016)
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54 56 5 60 62 52
Mass (amu) N _

Cobalt Isotopes 3
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but only 1 event 61Co ]
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54 56 58 * 60 627 64
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R27 Flux [GV17/(m? sr sec)]

Relative difference

Aluminum excess
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- ¢ AMS-02 (2011-2019)

LIS - default

10° /¢ Modulated
1
i w. HelMod
’l
” | Ll L ol
s ' re'siduals |
0.2F ¥Wﬁ%ﬂ N
A M )
0.0 fef—Til
TTTI T
- excess
~0.2F
L
Rigidity [GV]

An excess in aluminum
becomes clearly visible
when we compare the
Al/Si ratio with model
predictions

A similar feature in
Na/Si ratio is absent

The excess is observed
in @ narrow region 3-10
GV (~0.8-4 GeV/n),
where the production
cross sections are
mostly flat

Indicates a presence of
low-energy Al
component, perhaps
associated with local
sources (massive stars?)
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A comparison of the model calculation with AMS-02 data shows an

thh UM excess excess above ~5-10 GV; the origin of this excess is unclear

» Xsections are flat above ~1 GeV/n, the excess is at >1.5 GeV/n (5 GV)

S lus ,;:.':.';\\ | Lithium * Proposed that some primary ’Li may come from nova explosions
5 ol ‘ prim+sec (Be decay), but perhaps there could be other sources of ®’Li
t * Usually assumed “Li/®Li ~1, but it may change at higher rigidity;
© measurements of the isotopic ratio can shed light on the origin of
z Lithium in CRs
% * . . | ".%1'6 ® ToF B Calorimeter 715 /61 ; .
I el W e E L Wy warsmioon| ['Li/®Li ratio] e Sl i P
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£ 0 1.2 L o SMILI-I|
%—o.zs _Tf é"
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(Preliminary data, refer to upcoming AMS publication)



Inventory of Galactic cosmic ray sources

Type Ejecta E,; , erg Frequency |Observed
number (MW)

Supernova 10°1 ~0.03/year 294 (Green Catalogue)

Last 1604
Wolf-Rayet wind 10°! -over the lifetime 354
O star wind 10°° (0.01 L, )-over 5 Myr 20,000
winds (2-4)x103 km/s

Pulsar (Crab) ~4x10% (total E, ) ~1500

Nova 104 ~30-40 per year 350

Stellar flare 1036

Solar flare 1032-1033 Some 10 per year



H/He ratio
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Hypothesis of the spatial distribution of elements

e Ohira, loka 2011, Ohira+2016:

o SN explodes in pre-SN wind, which consists of
lighter elements when the star is young, but
becomes enriched with heavier and heavier
elements at the final stages

o The young SN shell accelerates heavier elements
when young, and lighter elements when it fates

e Contribution from several SNRs

o Similar scenario when enrichment with heavier
elements is created by several SNe in a bubble

Cons:
* Spectra of He, C, O have the same index

* Spectra of Ne, Mg, Si are somewhat steeper




Hypothesis of two components in the H spectrum

* Empirical hypothesis (Aguilar+2021)

o Two types of sources inject
distinctly different proton spectra
into the ISM

o One of them injects the spectrum
similar to He, and another one
injects a steeper (by 0.3) spectrum

o Yang & Aharonian’2019 proposed
that harder spectrum sources are
surrounded by gas to reproduce the
observed excess e*

Cons

* Requires two types of distinctly
different sources unique for protons

* Not observed in other species

Ratio @, /®,,
Ry
N B

Same as He A

e
..
.

Steeper by A=-0.30

Y
e
.
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e
‘e
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- AMS -
— Fit to A+Cx(R/3.5GV)"_

Observed

5
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Hypothesis of different acceleration efficiency

* Acceleration efficiency (Hanush+2019,
Caprioli+2017):

o Most of the particles in the shock are
protons (A/Z=1), which generate Alfven
waves and became frozen into the
generated turbulence

o Nuclei with A/Z>1 or A/Q>1 are not in
synch with Alfven waves generated by

protons and are more efficiently
injected into the shock and accelerated

Predictions

* Injection of heavier species increases
relatively to protons with increase of the
Mach number and the increase of A/Q

e Same is true for all species A/Q>1

dNip;/dE / arb. units

injection enhancement

¢

102 AZ

- |- (A2)? -

S| A M=5 % //,/ 8

1 o M=10 e -
10°F 5 M=20 8 I

: o M=40 - l — A . A

[ e . ’ ]
10°F 8 Caprioli+2017 -

10° 10!
A/Q
Nt 1 . -== fit p*

. p injection efficiency - s ne-
I \\ I p“"
o ® He2t
i
: He P
I N\
| e Hanush+2019
:"'.".L-.-'—h,.__:::t"::::: - '

10 20 30 40 M

* Qis the charge of partly ionized atom

Mach number
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Silicon puzzle
O and Si are both primaries with A/Z=2

Low energies: Si —
Middle range: O and Si are mostly primaries, Si/O ~

large fragmentation Xsec and faster ionization energy losses

const

High energies: Oxygen spectrum is flatter. Why? Points to different origin or propagation

Local mterstellar ratio (LIS) — removes modulation
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Fluorine puzzle & B/*, F/Si ratios[ @ s
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- 02 : : _ * => Fluorine has a different origin or different
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Fluorine puzzle —another view  sispr——rr——rrr—em
0.16| F/S] T e 10
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~200 GV & 10 TV breaks or TV bump



200GV Db
iNn nucleo
spectra

Flux E26 , m2 s ! sr1 GeV!®

reak
N

ATIC-2 (Panov+'2009) and CREAM “Discrepant hardening observed in cosmic-

ray elemental spectra” (Ahn+'2010)

Initially looked like a calibration issue between <200 GeV and >200 GeV

instruments
Beautifully outlined by PAMELA (went up to 1 TeV)

Do not be confused, plots have different units: GeV/particle, GeV/nucleon
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AMS-02 measurements of
the break

* Itis most clearly seen in AMS-02 data, which
cover this range

* CR species are sorted by approximate order
of their spectral index in 50-200 GV range

* Fe has the flattest spectrum followed by He,
O, C,and then Si, S, Ne, Mg

* The steeper spectra are observed in H, Al, N
Na, F, B, Be, and the steepest is Li (partly
tertiary)

* Fluorine is flatter than Boron, and may
indicate a different origin or a presence of
the primary component
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TeV bump

* The TeV bump is now confirmed by
several instruments

e The two breaks, at ¥0.2 TVand 10TV,
plus anisotropy increase indicate a
single structure rather than two
separate features

* Protons are dominant: Rigidity = Kinetic
Energy per Particle (in TeV range)

4
L 4
S
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| ’l‘ | y s
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= & He 3} I ¥
— —_=-f--"" 1Y
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= Anisotropy increases
- ® Norikural973 A Misato1985 + Liapootah1995 Baksan1981 ® ARGO2011

m Ottawal981 ¢ Socomo1985 X Matsushiro1995 Norikural989 A IceCube2010
L 0 Londonl983 & Yakutsk1985 % Poatinal995 O EASTOP1995 A IceCube2012
— A Bolivial985 % Baksan1987 *  Kamiokande1997 v EASTOP1996 & IceTop2013
— v Budapest1985 V HongKong1987 Macro2003 ¢ EASTOP2009 B Tibet2005
— O Hobart1985 ¢ Sakashital990 SuperKamiokande2007 ~ # Baksan2009 O Tibet2013
— FI London1985 T Utah1991 Vl PeakMusalal975 . [] Milagro2009 Il This work

1011 1012 1013 1014 1015 1016

Energy (eV)
26



Flux RZ7 (m2sr's1Gv17)
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TeV bump

* The TeV bump is now confirmed by

several instruments

e The two breaks, at ¥0.2 TVand 10TV,

Flux X E275 (m?sr 5)~1(GeV) 7>

plus anisotropy increase indicate a
single structure rather than two
separate features

Protons are dominant: Rigidity = Kinetic
Energy per Particle (in TeV range)

10°

protons
ISS-CREAM 2022
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consistent with earlier
CREAM | & Il data
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Small-scale anisotropy @ 10 TeV o
& local B fleld * Verysharpjumpin

anisotropy across the
magnetic equator — a hint at
the proximity of the source

Relative intensity after

subtraction the multipole f|/t_ _ Magnetic equator

éiﬂ“""'---.

. The direction to the source

OO
coincides with the Galactic
anticenter, the direction of
’ the local B-field, and about
S - 45° off the “tail” of the
iy heliosphere
. Relative intensity
A A o)
360° 0°
Equatorial
-1 Relative Intensity [10?] 1
ICeCU be+HAWC . - ~ - - /,’// Equatorial
Abeysekara+2019 See a presentation by Malkov, CRD4-05 Significance: 250 . -

I 200 aas
2 Relative Intensity [107?] 2



Models of the TeV bump



Early hypotheses of the origin of ~20

Propagation

107 >,
Calculation P O CREAM
(Propagation effects) A ATIC-2 ]
Diff -Reacc. M odel o PAME LA L
P 2 2 2 2 aaa PP | PSP |

Injection

p2'7F 0. G Vom0 ! p2'7F 0. G Vom0 !

Calculation I O CREAM
(Injection effects) A ATIC-2
Diff -Reacc. M odel o PAMELA -
L 1 L L 1
1 10 10° 10° 10* 10°

Vladimirov+'2012

Rigidity p, GV

Vladimirov+2012
proposed 4 distinct
scenarios: Propagation,
Injection, Local Source
at low or high energies.
Propagation scenario
(break in the diffusion
coeff.) was a favorite

Blasi+12 proposed
physical motivation for
the break in the
diffusion coefficient

The diffusion coeff.
scenario reproduced
the observed
difference between
spectra of primary and
secondary species

O GV break

o'

slope: 1/3

-

Blasi+'12

Approx. slope: 0.7

Spectral Index y

1028 .
Diffusion coefficient ]
107! 10° 10’ 10? 10° 10* 109
E (GeV)
[T o T T
| O A Helium 2 Lithium i
o o Carbon e« Nitrogen |
e o 5 O Oxygen = Boron
25140 AMS-02 .
= A OD (ﬂ &] A -
A
SN A A Nes D¢[:] -
- |+ 4 + -
AN + [ l
oy b
-3 - L* —
B ++ T, Please refer to the AMIS PRL
* publication.
L L L s el L L s el L N
10 20 30 10% 2x10? 10° 2x10°

Rigidity R [GV] 30



LOCal SNR + gas Yang & Aharonian’2019

t‘u+'29210921 * Many models are speculating

cloud models ol on the idea of a local SNR (~300

Claimed to reproduce a+II observed Yuan+'2021 PC, Gemmga SNR)

features in CR nuclei, e”, pbars zhao+'2022, 2022 4 Consjder a combination of the
Luo+'2022, 2023 . .

SNR Qiao+'2022, 2023 Galactic CRs with concave
H He, C, O, Si, Fe Y. Zhang+2022 spectra + sharp peak from the
@ P-P. Zhang+'2023 local SNR

Nie+'2023

* Secondary species are
i Be. B, F produced in gas cloud(s)

¢, Ti, V, e* ¢ Propose to reproduce
oroduction of ’ antlprotons, electrons,
secondarie U\

positrons
Li, Be, B, F, Sc, T, V, e* anisotropy

+Galactic CRs

* Proposed to reproduce CR
Sun
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Qiao+'2022

Basic ideas
Molecular cloud
\
\
“
5 &
Satellite
,,,,,, - v
-~ et - E ”~ i
F A
284 GV 500 GV 1TV STV  1471v
o
| |
| |
| |
I l
| |
1 l i 1 . 1 ) E
10 GV 100 GV 1 10TV 100 TV

SNR accelerates
particles (primary
nuclei, e ) with a
cutoff at 5 TV

They produce
secondaries
(LiBeB, e*) in the
cloud

Primary e loose
energy to make a
break at 1 TV

e*are produced
with a cutoff at

300GV (5 TV
cutoff in protons)

Proposed source
Geminga SNR,
age 330 kyr at
330 pc
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Example spectrain t

[y
(==
-

a0} (Ek) [(GeV/n)"%s Im2sr-1]
S

2
k

E

3

L] L IIIIIII

[
(=]
L) L] llllIll

E."0 (E) [(GeVin)" s 'nr2sr )

[

ne SNR model

Red area shows SNR contribution
- (a)-p > CREAM — ICSNR = (b)-He > CREAM ~IoCSNR
m DAMPE -t :(3 103 m DAMPE —_t
: g
C REEAEN & :
L E‘ L
‘ H T T He
- Q
- — 0%
: S
- 0 SNR
m
ol v vl Al v vl v vl b v 3
1 10 100 10° 10* 10° 10° 1 10 100 10° 10 10°
E, [GeV/n] E, [GeV/n]
o AMS-02
:R.';Ow (b)-O
—tot

10

E70 (E) [(GeV/n)' s 'm2sr!]

10°
E, [GeV/n]

10° 10* 100 10°

[

._
<

E*0 (E) [GeV*s'm2sr-1]

=

[w—
<

[o—
o

llllllll

[o—

T e
—
)
o,
+

e AMS-02
—bkg
-—loc SNR
—tot

1 10 102 10° 10*
E [GeV]
+ - ® AMS-02
(c)-e"+e e fot S e
- loc SNR

- tot




Some issues with local SNR model

* A lot of fine tuning

* To make a room for the SNR component, one has to make a concave
spectrum of the Galactic CRs. l.e. one has to make a dip in the Galactic
CR spectrum and a peak in SNR component at the same energy
simultaneously

e Used a modified Tomassetti’s (2015) two-halo scenario

e 8 transport parameters + 6 spectral parameters + individual
normalization for Galactic (28) and SNR (28) components for each species
+ 7 parameters for primary e~ + gas cloud grammage = 45-50 free
parameters (not counting Galactic CR normalizations)

e Cannot reproduce the sharp jump in anisotropy along the magnetic
equator
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Diffusion length and anisotropy

* The gyroradius of a particle with rigidity 10
TV in the interstellar 3 uG magnetic field is

600-700 AU ~ (3-4) X103 pc
* Geminga SNR is at ~330 pc

* This is ~10° mean free paths — there is no
way to see such sharp anisotropy at such a

distance

* The observed anisotropy exhibits very sharp

break at the magnetic equator

* All global models of the TV bump have this

problem

* Conclusion: the source should be close

lceCube+HAWC
Abeysekara+2019

i S ; TS _— v Equatorial

2 Relative Intensity [107?] 2

Relative intensity

Gyroradius in B=3 puG

104; 10 TV
| 600-700 AU

107 Fe Lopez-Barquero+'2017 -

: ) | ) L . 1
102 10° 10 10° 10°
Primary Energy, E [GeV] 35




Reacceleration bump

<> Moderate reacceleration, Mach number ~1.5

<> Low-energy particles do not reach us as they
are convected downstream by the ISM flow

<> High-energy particles lost from the flux tube

Flux x R*’ (arb. units)

15—

AMS-02 ——
LIS[25]
CALET O
CALET err.
DAMPE A
DAMPE err.
LF ——
RM
CALET-2022 o
CALETerr. =

—
N
T

—_
w

—

I\) .
T oo
s

—
—
T

Flux R%7 *10% (m2sr's'GeV!7)

CR protons
CALET and DAMPE spectra
are renormalized to AMS-02

—
o
T

9 L MR | L L L L MR | L L L L MR |
4
Rigidity (Gv) 10

Lol L Lol L PR, L PR

Rigidity R (GV)

100 1000
<> Only 2 (3) free parameters —
fixed from CR proton spectrum

<> Use local interstellar spectrum
(LIS) below the bump

<> The steeper the spectrum of

ambient particles — that larger
the bump

Malkov & IVM’2021, 2022
see a presentation by Malkov, CRD4-05



Parameters

fs(R) =
4

RN

AR L1+

Table 1. Model parameters and fit results for the proton spectrum.

Parameter (St. err. %) Ro(GV) R (GV) g K=(r+2)/(g—7) X,::'ﬁn/dOf dof

Realistic Model (RM) 5878 (3.5%) 2.24 x 10° (28%) 4.2 3.59 (4.9%) 0.10 763

Loss-Free Model (LF) 4795 (3.2%) oo 4.7 2.58 (2.9%) 0.19 762
g=3r/(r-1)

VR

O - parameters fixed from CR proton spectrum

8103

N

—

o
W

Flux RZ7 (m2sr's1GV!7)

—

A

o
W

N

—

o
[

AMS-02 He <
AMS-02 err.

5102

© AMS-02C o

AMS-02 err.

| DAMPE He —A— CALETC V

CREAM He —— CALET err.
[ ATIC He —¥— ATIC C —A—
[ NUCLEON He CREAM C —l—

RM He NUCLEON C
i RMC ——
i Helium
v
Carbon x10

4

5
Rigidity (GV) 10

Malkov & IVM’2021,

108

2022

Table 2. Input parameters for CR species derived from their LIS
(Boschini et al. 2020b).

Parameters protons  helium boron carbon
Asm2s tsr vl 232x10* 3410 79 109
Ys 2.85 2.76 3.1 2.76

< A,, y.— fixed normalization and spectral
index of the LIS below the bump
(individual for each species)

<> LIS for H-Ni are given in Boschini+'2020

<> Model reproduces spectra of ALL CR
species with only 2 (3) parameters fixed
from the proton spectrum
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Epsilon Eridani and passing stars

Distance-shock-size relation: ¢ ,(pc) ~ 100+/L,(pc) ; for sufficiently large bow shocks, lceCube+HAWC
L, =103-107 pc, then the distance is ., = 3-10 pc Abeysekara+2016
(Malkov & IVM’2021, 2022) ® __----Magnetic equator

r"--

Any local shock with a small Mach number ~1.5 g

€ Eri: K2 dwarf (5 000 K), 0.82 M, 0.74 R, (preferred) ¢ Eri
Distance — 3.2 pc \‘h ' 2
Speed — 20 km/s (a bit small, but has a strong stellar wind) e - L

Mass loss rate — 30-1500 ng — — I —

Well aligned with the direction of the local magnetic field — within 6.7° | 1 Relative Intensity [10-°] 1

Huge astrosphere — 8000 au, 47’ as seen from Earth (larger than the Moon!) FSUH

¢ Indi: triplet K4.5V (0.77 M) + T1.5 (0.072 M) +T6 (0.067 M)
Distance — 3.6 pc —
Speed — 40.4 km/s (radial) y

TS

bow shock

Scholz’s Star: duplet M9.5 (0.095 M) + T5.5 (0.063 M)
Distance — 6.8 pc |
Speed —82.4 km/s (radial) N :

\ star




Cosmic ray electrons



Timescales E/E, years

3 3

E°J (Ar‘bitr‘ary Unit) E°J (Arbitrary Unit)
CR electrons o e e SRS
h=1kpc _ JO h=3kpc
with dource
1010 103 ? [ ¢ ]03
ElectrOn energy losses \ V\/\W - /“’
10° ' ALY 10
109 Coulomb Brems Hll \’Y | \/V\
10! \ 10!
108 10 100 1,000 10,000 10 100 1,000 10,000
Brems HI
ENERGY (GeV) Nishimura+'1979 ENERGY (GeV)
107 { * Electrons in CRs are subject to severe energy losses at all energies.
The fastest losses are at low (ionization) and high (inverse Compton
& synchrotron) energies.
108k Ny =1cm?3 Inv Compton -
N, = 0.01 cm’3 Synchrotron * Therefore, the sources of VHE electrons should be close and
— -3 1
[ tonizaton 3ph=—11eevvc(i:_13 relatively young
10°F ° 1 ¢ Perhaps Nishimura+'1979 was first to propose that “the electron
spectrum in TeV region would deviate from smooth power law
10t , , , , , behavior due to small number of sources which are capable of

10° 100 102 10® 10*  10°  10° 10”7 10® contributing to the observed flux... several bumps would be
Kinetic energy, MeV . . ”
observed in the spectrum correlating to each source...
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CR electrons

10* | :
5 Kobayashi+2004

- E=20TeV, 7=0yr

[ Dy=2x10®(cm?s7) + Tang 1984
B Golden et al. 1994

Distant component excluding ~ ® Kobayashi et al. 1999
T<1x10"yr and r<1kpc

10*

1000 E -

[y
e}
w

¢ DuVernois et al. 2001
© Torii et al. 2001

JXE> [GeV?m~2s7'sr7]

100

.- MRS 2 S 4 Aguilar et al. 2002

10 ARFPER D P o~ . Vela
100 frad® T 8 TN .

Energy [GeV] '

Eygnu&I

Loop

101 N N L1 1 181 " PR TR T T M v B " PR B A " " PR B R
10° 10! 10? 10° 10* 10°

Electron Energy (GeV)

* Early papers show possible contribution of local sources

* Follow up papers discussed the origin of the observed spectrum
and simulated contribution of the local sources beyond 1 TeV
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several experimentshave  Precise measurement of Electrons (e*+e™)

measured the electron

spectrum, they agree < 250 LA
within ~20% 8 N o Fermi-LAT
h_ B HESS syst.
It becomes clear that the L 200 imes R
spectrum cannot be " - o CALET
reproduced with a single ‘i‘E 150k o DAMPE
component — - l ¢ AMS-02
™ =
w _
It has a sharp decrease at o - %H
~ 750 —==
£ 1 Tev' partlly due to the statistics increased x3.4 from PRL2018
4_ (
ast energy losses - > ﬂ
The high-energy part >1 S i 0= Y )|
TeV does not exhibit P AR o £ GeV H BERE i
Signatures Of Iocal Sources q‘; 100: %é"—i—i"f“ ’]Ij 1 lnﬁrlgly [ L el I]l IIIlI 1 1 Ll IIlII } ll
et putting significant = L
y p 1 g g E B CﬁLeErtZint band (stat. + syst.) '*ﬁ *M",; [ 102 103 104
constraints on the sources ol ncertainty band (st + st i | j
o T
. . - . DAMPE 2017 + 5
Slow diffusion zones ?7?7? © o FemiLAT207 (IBALD | “}
010 10 10°
E [GeV] 42
The Astroparticle Physics Conference (ICRC2023) Nagoya, Japan, Jul 26 — Aug 3, 2023




Models with

* Multicomponent models include Galactic component from
distant sources, local source catalog (SNRs, PWNe), and may

contributions from
local sources

270°

-—-—- VelaYZ
--—- Cygnus Loop
Far SNRs

315° 225°

Manconi+2017 5
a
o :
guiny . O Velb ;
1 Jonogem o w
o | £ 05 O 180° g
© O 1 5 1'OCygnus . =)
&0 : @ . . . . >107% ?ﬂ
2.5 O O @ 10-°-10"°
3.0 12043+2740) ® O 10°-10°"
@) @ wt-10"
O ‘QO @ @ <0
(@]
®

45°
E [GeV]

90°
Galactic longitude |

use the observed radio spectral indices of the local SNRs

AMS-02
CALET
HESS
DAMPE
Fermi-LAT
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AMS-02 data on electrons (e”) AMS—OZ SpeCtrum Of e|eCtrOﬂS (e_)

offers a clue to the origin of

the break at ~1 TeV/ and o & clues to the positron excess

the source of excess positrons

A three-component fit: low-
energy power-law, high-
energy power-law, and e*
source term

see presentation by Kounine CRD5-01

« AMS: 57x10°e

The break in the all-electron

spectrum at ~1 TeV is related
to the cutoff in e* plus a

corresponding e~ component

Implies charge-symmetric
source of excess e* (DM,
pulsars, hadronic interactions)

Need more accurate data to
test if the charge-symmetry is
exact (e.g., hadronic
processes do not produce
identical e” spectra)

Power law b

e’ source term
1 10 E,Gev 100 1000




Cosmic ray positrons



Rising positron fraction

0.4} i

0.3 |k Adriani+’2009 =

©
—

Positron fraction, ¢(e*) / (p(e*) + ¢(e))

0.02

T I lllllll T IIIIIIII I llllllll

PAMELA

©
n
; @
&

l]llll

T

—IVM&Strong'1998 —

® PAMELA

x Aesop (ref. 13)

@ HEATO00

® AMS

v CAPRICE94

A HEAT94+95
[*]TS93

o MASS89

¢ Muller & Tang 198756

1 1 - | ll 1 | | | II
10-1 1 10 102
Energy (GeV)

* TS93 (Golden+'96): flat positron
fraction 0.078+0.016 in the range 5-
60 GeV

 HEAT-94,95,00 (Beatty+'04): “a small
positron flux of nonstandard origin”

* PAMELA team reported a clear and
very significant rise in the positron
fraction compared to the “standard”
model predictions

e “Standard” model:
* Secondary production in the ISM
* Steady state
* Smooth CR source distribution
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The positron flux is the sum of low-energy part from cosmic ray collisions plus
a high-energy part from a new source or dark matter both with a cutoff energy E..

U n eX p e Cte d 2 Collisions New Source or Dark Matter

. E By - s -
Positrons P+ (E) = = |Ca(B/ED)Y + C5(E/E,)  exp(~ E/E,)]
25T T T T

3 2n-2cr-le-1 -
« AMS positrons E>Flux [GeV*m*srs™] |

Zan N _

1000
Pulsar+FB Model A2_1037BB_2pC (x?/d.o.f.=1.18) +
Pulsar+FB Model A2_2913BA_2pC (x?/d.o.f.=1.00)

- - - FB 7=6 Myr, AT=0.5 Myr, n=1.4 (x30) ARSI s ’

FB 7=10 Myr, AT=3 Myr, n=1.4 (x20) g5~ “
—-— FB 7=6 Myr smeared (x100) 00 . )

~ 0.1~ =

/

LB

Sas S

Positrons
from
New Source A
or
Dark Matter

TP ositrons from
Cosmic Ray
Collisions

Energy [GeV]

A.Kounine | 10 100 1000




thormal freeze- out (early Univ.)

Positron Anomal Interpretations

Dark Matter

direct detection

DM SM

——
production at colliders

ation/decay (enormous # of papers)

Astrophysical origin :

* SNR shocks: _
* GalacticSNRs  « ) \\

* Local SNR(s) 4
" Positive volime charge created by protons
in gas clouds ahead the SNR shock-

“Nested Lea k.ygx” (SNRs) .

+ve volume Inhomqgéﬁelt f CR sources (SNRs) |

charge in gas
Bow Shock c;goudsg Slow dlffusmn zp:l’fs

Explosion Me Galactic center’
Model-independent-estimates” (too many tradeoffs)

“fresh” e

—

Flat/steep
spectrum

Local .
SOUrCes Photopreduction (requires a specific environment)

source  Pulsars & Pulsar Wind Nebulae

Slow diffusion ISM
zones : P .




NMSSM

Current
view on NG
Dark
Matter in
astro-
physics

Theories of
Dark Matter

Addressed a

review talk by 0\
Francesca C
Calore:

Review1-02

Little Higgs

Axion-like Particles
\ Littlest Higgs No Lack of Ideas!

QCD Axions

Borrowed from Tim Tait




Positron
oroduction

INn Galactic
SNR shocks

* First models speculated
on the idea of production
of secondary species in
the SNR shock (proposed
by Berezkho+2004)

e Soon it becomes clear
that other secondaries

0.01

0.001

0.0001
(pbars, B) should rise too,
which may contradict to
observations
le-05

0.10¢

Solid line — E___=100TeV i |
max n
dash—dotted line — E =10TeV
max -1 L . ~ -
o U B/Cratio <. :
"""" & TS ]
e =T L Q L ’
g . * X /M \\\ |
Blasi 2009 L
S~ 102k Mertsch & Sarkar 2009 SO
positron fraction ~T---___ . | | N
. - 1 10 10° 10° 10*
10 100 energy per nucleon [GeV]
E(Ge\/> 0.50 B T T T T T T
T ! ] R B/C ratio "HEAO 3
- Bohm-like ISM — \PAMELA
- ISM+B term pbar/p 030 - 'AMS—02
: Total
1.2 020 & Cholis & Hooper 2013
----- ©
.......... '
_ | 5 0.15 ----- Background
C 1% _ -3
. 1/ Ny =022cm™ M MR
i Blasi & Serpico 2009--.__ 0.10F - fggs = 043 cm™
I . S =~ Mgy = 0.67 cm™
- B term " Aterm | — n;as =20 cm"3
I » I » | | | | |
10 100 104 I 5 10 50 100 500 1000

Kinetic Energy, T [GeV]

50
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LOCa‘ SNR + gaS Yang & Aharonian’2019

Liu+'2019 * Many models are speculating

cloud models e on the idea of a local SNR (~300
pc, Geminga SNR)

Claimed to reproduce all observed Yuan+'2021
features in CR nuclei, e*, pbars Zhao+'2022, 2022 e Cor€Mer a combination of the
Luo+'2022, 2023 .
SNR Qiao+2022, 2023 ala&thc CRs with concave
H, He, C, O, Si, Fe Y. Zhang+2022 + sharp peak from the
Cd

&

4

023 06% SNR
X C_;C econdary species are
produced in gas cloud(s)

* Propose to reproduce
antiprotons, electrons,

Li, Be, B, F,

SC, Ti, V, et C P ~
¢
production of )‘ 1\
|

secondarie positrons
b +Galactic CRs
e e O S * Proposed to reproduce CR

Li, Be. B.F, Sc, Ti. V, e* anisotropy

Sun

51



Volume charge model by M. Malkov

<> Protons accelerated in a SNR shell are
interacting with the interstellar gas

<> Produce secondary particles (p, e, e*)
in hadronic interactions and develop a
positive electric volume charge

<> Electric charge preferentially expels
secondary positrons into the
interstellar medium

<> Passing SNR shock picks up positrons
from interstellar medium - produces
the same spectrum as protons

<> There are also other sources of positrons in the ISM, such as radioactivity



* Arons 1981 “Particle
acceleration by
pulsars”

* Harding & Ramaty
1987 “The pulsar
contribution to
Galactic cosmic ray
positrons”

e Boulares 1989 “The
nature of the cosmic-
ray electron spectrum,
and supernova
remnant
contributions”

Pulsars

“Therefore, the only role observed pulsars might play
as direct cosmic ray sources 1s in providing positrons

and electrons...”

BOULARES

<> Primary ¢ from pulsars

o
=

4 Fanselow et al. ‘69
* Daugherty et al. ‘75
o Buffington et al. 75
® Golden et al. ‘87
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Positron Fraction

0.1

0.01

Positrons from pulsars

Pulsars are the primary charge-symmetric
suspects as they allow the origin of

positrons to be disconnected from nuclear
species, and therefore to avoid constraints

IIIII

IIIIIII

Pamela

- Fermi

= AMS

Monogem

— Geminga
-- Background (Galprop)

Linden & Profumo’2013

i —— Geminga

Sum

B0656+14
Other Pulsars

10~ 1H
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Lt .
[ 4
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.t
.
.
.
.
.
............

o
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Opi /(Dpr + Dp-)

Hooper+'2017 )

10 100
Energy [GeV]
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magnetic axis

Pulsar bow shock model

|

rotation axis

‘radio beam

e+
e =
e*’e+

outer )
acceleration

gap

<> Pulsars with high spin-down power
produce relativistic winds

<> Some of the PWNe are moving
relative to the ambient ISM with
supersonic speeds producing bow
shocks

. inner
. acceleration
1 gap

Closed |
field lines :light
icylinder

<> Ultrarelativistic particles accelerated
at the termination surface of the

pulsar wind may undergo positrons from a millisecond pulsar PSR J0437-4715
. “ . T T T TTTTT] I T TTTTT] T T TTTTT T T TTTT
reacceleration in the converging flow

system — produces universal T 2T i
spectrum, same as for protons C?.E 15 —
. . > o -
<> Similar spectra for electrons and 8 1L .
positrons S .
g k | o° propagation + energy losses
L1l Lol L1l L1 1111l
See Bykov+'2017,2019, Petrov’+2020 | 10 102 103 10t

E [GeV]



The 5.7 millisecond pulsar PSR J0437-4715

<& Distance: 156.79+0.25 pc

<& Closest and brightest millisecond pulsar e e
(MSP), in a binary system with a white ~ o :

15"

dwarf companion and an orbital

period of 5.7 days fngiéc’%f;?é?eﬂlﬁ s
<& Velocity ~100 km/s : TR
<& Observed in optical, far-ultraviolet \§ '  ,'

(FUV), and X-ray bands MRl Teasnl
<& It exhibits the greatest long-term % N e
rotational stability of any pulsar | ,D,-,ec,,.o,, W g,
<t is the first pulsar for which the full ._ B
three-dimensional orientation of the . - Fiuchter (1995)
binary orbit was determined, enab”ng q  Optical image of the binary system containing PSR J0437-4715
new test of General Relativity

of motion



Antiprotons



Antiprotons

* Pbar spectrum is measured up to ~450 GV

* Rise at low energies due to the kinematics

* The ratio pbar/p is flat (constant) from 30 GV-450 GV
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Antiprotons

» Often repeated is a statement that e*/pbar ratio is const and is exactly 2

* In fact, the published fit was made to a constant function
* The fit could be done in different ways
* Constraining are only several lower-energy points 60-150 GeV

* A calculation of the LIS spectra would extend the ratio to lower energies and allow

us to check if it still holds
4

30 LELELELE | T T LA BN L L | L T T LY o o o mh =k LELELEL |

— - | | 14 3 e*/pbar
% 25— - AMS Antiprotons : : - © + AMS Data
‘kTD . - AMS Positrons : * : - o 3
_I: 20 | *“” l : 10 5 | ‘
o . *‘l’ | | g X n ;
E 97 ,,uw.**,:..m****ﬂd"“ i : B maam = t + ‘
o 0= T : | >
ALl 10_: . *'}** I I :_ 4 ()] E
. o K ! ! - 16 @./®;=2.00+0.035(stat.) + 0.06(syst.)
_ . . : » :
. .’ Energy [GeV] : = 2 =
1La .’...| aeeet .1 . gy d!- Sl— = == i, 1 B OE | . Energyl [Gev;l
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EkZFlux (GeV m2s! sr'l)

o RZ. 7 [m—2sr—1 s—1le . 7]

Antiprotons
Boschini+’2017

10 GeV antiproton excess

= Se—— 1« After publication of AMS-02 I modulation — HelMod ]
10°F Cui+2017 AMS.02 3 antiproton data in 2016, }

several groups independently

N w R ul (0)] ~ (o]
T

Differential Intensity x R%® [GV!8/(m? s sr)]

0lE . N S~
g noticed an excess around 10 *
0% GeV - T
o’k = excess 1 * All three papers are marked as 10° Rty () 10°
K : published on May 10-12, 2017 10" ; -
1074 Al il il ol S | $ AMg-022011-2015]
10 10 10 10 10 . . . R g N N
E. (GeV) * Cui+ and Cuoco+ interpretation S 107§
K g excess
LR II;IIIII N RRIL IR |l|1||||§ ] Was the dark matter 3 103L
-Cuoco+'2017 ; L] o _ _ E
i : * Boschini+ pointed to increased z 10
“E E systematics due to the high g,
- e T solar activity period during the £
i e data taking or due to the cross £1°F  Antiprotons
-s|_ il () sections (see also g,
- A S E Heisig+'2020; Engelbrecht & Di
[ L1 lll ll"l I'Illll l lllllll1\\l IlIIlIII l IlllIlIIE ] . 8
4 1 I_IIIIIIII 1 II:IIIII LI IIIIIII IIIIIIII I IIIIIIII- Fellce’zozo’. EngelbreCht & §
2 - 1 ~ Moloto’2021; Lv+'2023) s
:i |- IIIIIII 1 II%IIIII L1 IIIIIII 1 IrIIIIII 1 IIIIIIIg— § _0:4
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The two hypotheses remain, the (i) dark matter
contribution and (ii) systematics due to the
solar modulation/cross section uncertainties

(i) The same DM candidate (m,~50-100 GeV)
can reproduce the antiproton excess, y-ray

excess from the Galactic center, and y-ray 10
emission from 400 kpc halo of the Andromeda
galaxy =
(i) People like the DM hypothesis, but attempts %‘0
are made to improve on the cross sections &

10

Some DM papers:

Hooper & Goodenouth’2011
Hooper & Linden’2011
Abazajian & Kaplinghat’2012
Gordon & Macias’2013
Galore+'2015

Ajello+'2016 (Fermi-LAT)
Cholis+2019
Karwin+2019,2021

Some cross section papers:
Kachelriess+'2015,2019,2023 (QGSJET-11-04m)
Winkler’2017

Donato+'2017

Korsmeier+2018

Aaij+2018 (LHCb Collaboration)

10 GeV antiproton excess

H 7
2 % +
DM Indirect Detection Karwin+20 191 2021
- \Lu“\\"
Yy — bb
2| KX
. S\\“v
\\\\\4‘\
-25
_26-
- FM31
Casel P bars
10' 10’
M, [GeV]
Legend
Thermal Relic, Steigman et al, 2012 AP, Cuoco et al, 2017 === LMC, Buckley et al. 2015
GC, Gordon & Macias 2013 —— AP, Reinertetal. 2018 oo SMC, Caputo et al. 2016
@ GC, Abazajian et al. 2014 0 AP, Cholis et al. 2019 DM Subhalos, Hooper & Witte 2017
B GC, Calore et al. 2015 = MW Halo, Ackermann et al. 2012 GC Radio, Cholis ct al. 2015

B GC, Daylan et al. 2016
GC, Abazajian & Keeley 2016
@® GC, Karwin et al. 2017 (Pulsars)
@® GC, Karwin et al. 2017 (OB Stars)

= EGB, Ajello et al. 2015 M31 Radio, Egorov & Pierpaoli 2013
~== MW Satellites, Ackermann et al. 2015 —— M31IG, Di Mauro et al. 2019
= MW Satellites, Albert et al. 2017 B M3 (MW+M31 mid)
MW Satellites*, Ando et al. 2020 - FM31 (M31 mid)
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Thanks!

When you put it like this, it makes complete sense
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