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Victor Hess, an Austrian

. . <>
The dlSCOVCI’Y Of COSIMIC rays scientist, took a radiation

counter (a simple electroscope)

'.-;‘_--. e 1 ;:. .
g / onaballoon flight
R ! 3= '
(Ghamtern o aa /< Heroseto 5200 m (without
60— d oxygen) and found that the
§: 0 £ amount of radiation increases
E bl g0 é as the balloon climbed. Hess
<L p— o Po
g 10f- a) o (b) correctly concluded that the
5 = 20 : L. .
h’_y-: S ionization was caused by highly
, S O, Q3 elr penetrating radiation coming
. i 4 0 i - 6 R .
o il Ao from outside the atmosphere
Victor Hess Tgvt on
JAugust 7, 1912*
?l.\‘lobel Prize: 1936 <> Domenico Pacini, an ltalian scientist, measured ionization

on mountains, on the shoreline and at sea between 1906
and 1910; came to the same conclusion
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Spectrum of Cosmic Rays — 20" century

c oWt
§ wg%%%“@aﬂé; Fluxes of Cosmlc Rays
TEM{ ?"’%A& (1 partce per mi—second <> All particle CR spectrum:
) _*: + The knee (Kulikov & Christiansen 1958)
10
- + The ankle (Linsley 1963, Fly’s eye 1990s)
% “E 0, + GZK cutoff (predicted Greisen-Zatsepin-
| o
E "IEI_m— G':' Knes Kuzmln 1966)
@) i ha% (1 particle par m*=yaar)
SR &
() - ﬁx‘)%;
O 18 %
B 10 - ’g"@,/}
Q i %y
o? 1wk Y
- %
e i b y l & cutoff hv
: ¢ Ankla /-""A ﬂ
m—zs: (1 particle par km'—year) GZK CUtOff: Q_ _—— )&\/\’,
_aF extragalactic ++ Y
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Energy (eV)
>12 orders of mag
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ﬁ
The Origin of (:osmlc nnys

V L Glnzburg P Lotes
S I Syrovatskll ' l

Pergamon

RATHHIBYPE
cxcxrasaTeRni

KOCMM s Ngb77
1963 | |

bepe3unHckun B. C,,
bynaHos C. B., [MH36ypr

B. /1., lorenb B. A,
OCHOBHbIE€ KHUTU B
MNTycknH B. C. lNopg,

actpodumsmke K/ Ha B i,
MHOrume rogbil .. [uH36ypra, 1984, 1990
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| bepe3snHckun B. C., bynaHos C.
B., TuH36ypr B. /1., Jorenb B. A.,
MTyckuH B. C. Nopa pepakumen B.
/1. Tun36ypra, 1984, 1990
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Spectrum of Cosmic Rays — about now

— Proton_total
10* 4=~ —— He_total |0} Jme=——r e
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Ty — O_total P i
1 — Fe_total e
o ) ‘e | ; | & —— Z=53 group e | , |
e 3 i Sy ; E \ s s = \
e : i -
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pd el -
% 10 —¥— Pamela proton 2T N g 107
g, —+— Pamela He €3]
g —o— CreamlI proton g
= —o— CreamlII He , g
% o e —CreamlIC [ © 104
X 10 7 H ol
el —e— CreamII Mg T
CreamlII Si il d
—e— CreamllI Fe } T | \
/] s , El | | ; ; Py 1 il
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Primary energy. E/GeV Primary energy, E/GeV
< Are these features transient? Gaisser, Staney, Tilav 2013

< Which type of sources are producing them?

< Are they typical for the whole Galaxy?
<> What are the consequences if they do or they do not?
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Notice also a shift in our understanding of the
subject of CRs!

S _ “;x15 larger
“..this ionization might be [t

attributed to the penetration of
the earth’s atmosphere from
outer space by hitherto unknown
radiation of exceptionally high
penetrating capacity...” — V. Hess

In progress to 2024 and beyond
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Fluxes of CR species

E 2%Flux

- . . . 1*104 ;
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. He ™ He 17103 La* .
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= + pbars w 1710° ¢ et H
o e LN o~ +ﬁ+ He
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< Positrons and antiprotons are 104-10° /ess abundant then protons —

discriminating them especially at very high energies is a challenge

< Expect first reports about anti-deuterons and anti-He in CRs (AMS-02
talks in E1.3 section at COSPAR-2022)
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PAMELA discovery: Rising positron fraction

B T T LI lllll T T LI III] T T T IIIII 7l
o PAMELA <>TS93 (Golden+'96): flat
08 Adriani+’2009 1 positron fraction 0.078+£0.016
o | in the range 5-60 GeV
D <HEAT-94,95,00 (Beatty+'04):
- |_ @ “a small positron flux of
s = nonstandard origin”
s | 1| <~AMS-01 (Aguilar+'07, 1998
g - flight) confirmed HEAT results
§ [ pestrong1995] || <-PAMELA team reported a
8 x Aosop (re. 13) g:lear and very significant rise
002) ®AMS 01 ) " in the positron fra”ctlon )
g “oq compared to the “standard
g m's‘llsesrs&gTang19875-6 | | mOdel prEd|Ct|OnS
T 10 w0e | <“Standard” model:
Enenyi(Gev) — Secondary production in the ISM
— Steady state
Take home: — Smooth CR source distribution

<> New physics may appear early (at the current exp. limits)
<> Need a model to compare
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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;.

E2 Collisions  New Source)t/:r Dark Matter
o+ (E) = 25 [Ca(B/E) 4 + C5(E/E2) "exp(— E/E,)

« AMS positrons

®,. [GeV? m2 sr!sT]

3

E

A Kounine




Secondary production in a SNR shock

positron fraction]
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: s ~ o HlH :
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3
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10

4
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<> Arise in all secondary products

<> Time- and spatially-dependent (?)
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B/C ratio in reality

<> The B/C ratio as
measured by AMS-02
(2018) agrees pretty
well with the model
calculations

<> Does not exhibit any
significant excess
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Positron excess: Old friends — pulsars

< Jon Arons 1981 “Therefore, the only role observed pulsars might play as
“Particle acceleration| direct cosmic ray sources is in providing positrons and
by pulsars” electrons...”
1078 3 Goaan g
¢ Harding&Ramaty | [ | . ¥
1987 “The pulsar I T D —
contribution to LT
Galactic cosmic ray e
positrons” 107 , — ,: I
1 10 100
Energy (GeV) ULARES
-_‘I+< T ]Illllll T T TTTTT I [ llllll‘—-
<> Ahmed Boulares 3 components: CEENSRS ]
1989 “The nature of | <~ Secondary e |
. +\ d = -
the cosmic-ray <> Primary e from SNR|; F E
electron spectrum . S I ]
P " | <% Primary e~ from = [ i
and supernova = [, _
pUISarS 8 s Daugherty et ;l. 75 \\\\
remnant 5 orlo Dumsenea s o s
. . ” Dc: - E a M?xll:: aenda'I:ang ‘87 e*s(n*, K*;\:—E
ContrIbUtlonS jJ 1 11 I!|Ill | 11 IJIlll[ | |- lllll_
1 1 10 100
E (GeV)
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Pulsars as sources of CR positrons (& electrons)

1.00 y L v ’ v 1000 T X T T T
All Milky Way pulsars ~ st All Milky Way pulsars |
0.50F ] &
T @=1.50, £,=600 GeV 2| @=1.50, E.=600 GeV
020 f’
o 0.10 E
¢ 0.05 %
002 positron fraction 17
A L 1 L L ] L / A A A \
1 5 10 50 100 1 10 100 1000
E (GeV) Example: Cholis & Hooper ‘13 E@Gev)
E O e B, Postron Ea, 110
' [ an —a (_E_) 2002 N L
Pulsar spectrum is parametrized as: d—E~E e: Ec mm ’
1505_:'.5 *‘HH
< a, E,. —free parameters 3 ST
c 100=, iy
<> Free injection spectrum of electrons from SNRs i
Good: Ly ey (Gev]

v Affects only electrons and positrons, does not affect other CR species
v/ Given enough free parameters, it is possible to fit the positron fraction

Bad:

0

10

S0

— Pulsar-only-model cannot reproduce all-e spectrum and the cutoff in e*

spectrum at ~300 GeV
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l_3 1p et| e
=1 AMS-02 10 .
N y T What do pulsars
il B Fobopoh il }C Jooo o ¢ T know about CR
~° E : p B
.E 1 _:_ . 1 ?
5o 3 o pI’OtOHS r
’é‘ :- ik | 1 _—
3x10* Agyilar+'2016 T 1
M.Agluilar e.tal. PR:..1‘:7(|9),.0?1103(2016) l l l B —-_10
20 10 10 o | (a)
T
e AMS-02
< If excess pOSitI"OﬂS are o PAMELA
produced in pulsars or DM
decays why the p/e*ratio is }' - , : ('b)'_5104
ﬂat? "~-__~> ______ Qﬁ@e: _ -T_ _ -{— E g
< The flat p/e*ratio perhaps , -~ "~ ——t—dp i \}f
. . e e ~ P;ReT
indicates a common origin of ™ = = .= L e _ - 1:1’03%
the spectra of p and e*!
IRigidity| [GV] -
0 100 _ 200 _ 300 _ 400 _ 500
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Pulsar bow shock model by

A. Bykov et al. (2017)

<> Pulsars with high spin-down |ISM
power produce relativistic

W| n d S rota(;t;;w =
<> Some of the PWNe are
moving relative to the /
ambient ISM with supersonic /K e

speeds producing bow shocks

<> Ultrarelativistic particles /

accelerated at the

<

rotation axis

magnetic axis

gap

. inner

i acceleration
. gap

Closed
field lines :light
:cylinder

T T

ar PSR J0437-4715

ropagation + energy losses

| T IR

termination surface of the positrons from a millisecond
pulsar wind may undergo {puls
reacceleration in the _,: 20
converging flow system - N’é .
produces universal spectrum, %
same as for protons S 10
<> Similar spectra for electrons @ .
and positrons B

See also Bykov+'2019, Petrov’+2020, 1
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H_ubblé:- Orion Nebula

 Bow shocks — a shock at
the place of interaction
of the stellar wind with
interstellar gas

Large proper motion
speed of pulsars — due to
the kick at birth
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The 5.7 millisecond pulsar PSR J0437-4715

<& Distance: 156.79+0.25pc

<& Closest and brightest millisecond
pulsar (MSP), in a binary system with
a white dwarf companion and
an orbital period of 5.7 days

<& Velocity ~100 km/s

<& Observed in optical, far-ultraviolet
(FUV), and X-ray bands

<& It exhibits the greatest long-term
rotational stability of any pulsar

<& Itis the first pulsar for which the full
three-dimensional orientation of the
binary orbit was determined, enabling
a new test of General Relativity
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Energy Spectra of Abundant Nuclei of Primary Cosmic Rays
from the Data of ATIC-2 Experiment: Final Results

A.D. Panov%, J. H. Adams Jr.2, H. S. Ahn®, G. L. Bashinzhagyan?, J. W. Watts’, J. P. Wefel?,
J. Wut, O. Ganel, T. G. Guzik?, V. I. Zatsepin?, L. Isbert?, K. C. Kim¢, M. Christl’,
E. N. Kouznetsov?, M. L. Panasyuk?, E. S. Seo®, N. V. Sokolskaya?, J. Chang” &,
W. K. H. Schmidt®, and A. R. Fazely®

@ Skobel'tsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia
e-mail: panov@decl.sinp.msu.ru

b Marshall Space Flight Center, United States
¢ University of Maryland, United States
4 Southeastern Louisiana University, United States
¢ Southern University, Baton Rouge, Louisiana, United States
I Purple Mountain Observatory, China
¢ Max Planck Institute, Germany

The final results of processing the data from the balloon-born experiment ATIC-2
(Antarctica, 2002—-2003) for the energy spectra of protons and He, C, O, Ne, Mg,
Si, and Fe nuclei, the spectrum of all particles, and the mean logarithm of atomic
weight of primary cosmic rays as a function of energy are presented.
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The preliminary conclusions on the significant difference in the spectra of protons and
helium nuclei (the proton spectrum is steeper) and the non-power character of the spectra
of protons and heavier nuclei (flattening of carbon spectrum at energies above 10 TeV)

are confirmed.

Flux E*®, m2 s ! sr! GeV'®

Flux E2¢, m2 s~ sr! GeV!® 10% 5 a .
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i i | ; [ EO
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10 O <002 -ni:!-i-m!q-ﬁ%-.% .......

%

1
'
1
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| : * @%ﬁ‘g E i 7 %
B B OW&'F a1
cufirent breaké position ~400 GV 1(r22 ofg ‘
E, GeV/particle E, GeV/particle
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Earlier experiments pre-2000
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Strictly speaking, the inconsistency of p and He spectra with a single power-
law could be already seen in earlier data, but was considered as a likely
result of the energy calibration issues
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Break in the spectra of CR nucleons
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<> CREAM “Discrepant hardening observed in cosmic-ray elemental spectra

(Ahn+'2010) and ATIC-2 (Panov+'2009)

<~ Initially looked like an energy calibration issue...
< ...until it was confirmed by PAMELA and with more statistics by AMS-02
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Interpretation of the break at ~300-400 GV

PAMELA

Zatsepin et al. 2006 (fitted to data)
GALPROP ¢=450 MV

Zatsepin et al. 2006

Single power law fit

1
1

10

102
R (GV)

10°

Based on PAMELA data Vladimirov+'2012
considered 6 scenarios of the break:

¢

¢

10*

Injection scenario: associated with injection

prediction for secondaries — change in the spectral

index below/above the break Aygec ~AY prim

Propagation scenario: result of the diffusion
(preferred)

The ratio p/He shows no break

Prediction for secondaries — change in the spectral

index below/above the break Aysec ~2A¥ prim

Index of the diffusion coeff.: 5~ ¥sec — Vprim
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AMS-02: Breaks in the

spectra of CR species

& Spectral shapes of primary species are

similar
¢ Spectral shapes of secondary

are similar, but different from primaries
& Spectra of secondaries are steeper

than primaries in the whole en
range

species

Flux x B [ m2ssr' (GV)"]

ergy

¢ The break is at about the same rigidity
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Spectral Index y

Effect of interstellar propagation

x10°
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~ B ublication. - . . y .y
- I AMS-02 L ) (Vladimirov+'12, Blasi+’12):
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B/C in different scenarios
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Interstellar turbulence and the diffusion coeff.

<> 300 GV break: A transition

from the self-generated
turbulence to the cascading
of externally generated
turbulence (for instance due
to supernova bubbles) from
large spatial scales to smaller
scales

<> The agreement with AMS-02

data is pretty good, but does
not explain the difference
between the spectra of p and
heavier species (He-O)
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< Spectra of CR
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) Direct measurement of proton spectrum by CALET

— 3x10* = o p.IC
= CALET covers the range 50 GeV to 10 TeV with THE SAME INSTRUMENT > I ! .
% confirming the existence of proton spectral hardening with a deviation g H™ P. IC, it 5=2 lD
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A collection of data indicates two breaks
in H and He spectra (@ the same rigidity

= Diffusion coefficient?
™) P O
) 9 L C * Y
£ _ _ _ __ﬁ___*___*__ A M | : Blasi+’12 slope: 1/3
2 104”””%‘#&'&—& A%t & w ?% % T T 10°¢ - E
2 A N
" : 5 102 /"'/ 3
e | g i Approx. slope: 0.7
= 107 E
3, i
X 103- 1027 L L 1 1 1
> i 107! 10° 10' c 18’V 108 10* 10°
g He x 0.4 —‘t"’—#'_ -—#———1—- —_— e e (o)
£ BPPS S :
£ jeos ey ¥V +
= .o
£ N Boschini+’2020
v 2 | i
o 104F I e AMS-02 # CREAM-1(2004/12-2005/01) <& DAMPE(2016-2018)
&= *  ATIC02(2003/01) % CREAM-II1(2007/12-2008/01) A CALET(2015-2018)
o + NUCLEON(2015-2017)
10% 103 104 10°

Kinetic Energy [GeV/nuc]

<> Apparently, there are 2 breaks that very close to each other (at the same rigidity for p and He)
< Sharpness of the break is in conflict with large scale properties of the interstellar medium
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Anisotropy

S o © ° [ | * ¥
e § BT ark |
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< CR anisotropy has an enhancement in exactly the range of the bump
< Indicates the local origin of the bump
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Local SNR?

The TeV bump
has to be made
of the
preexisting CRs
with all their
primaries and
secondaries that
have spent
millions of years
in the Galaxy! -
weak local shock
that
reaccelerates CR
particles
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: 'v'vLocaI SNR 5cenar|o |s

'proposed by
: 'Fang et al. 2020
¥ Fornlerl et aI 2(321

Yuan et aI 2020
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<> Local SNR as an accelerator of prlmary speues from
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Fornieri et al. 2021
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_____

SN 1570135 _
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the mterstellar gas |s ruled out

» ,'<> A flne tuned scenarlo of many sources (N|u 2020)
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Local SNR scenario

Fresh primary
component from

3
4 nX1 ol | | | | | | | | | | I | | I
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Galactic Loops

& WMAPKband — A& [
polarization intensity map |

<> Unsharp mask version of
the Haslam et al. (1982)
map

< The origin of the Loops is

wemsssm ~0.30 Log (mK)
unknown WMAP K-band polarization intensity map

<~ If these are old SNRs,
accelerated particles may
still be present in the shell

Vidal+'2015

< Signatures of the past
(recent?) activity in the
Solar neighborhood

< How strong does this past
activity affect the current
fluxes of CR species?

Haslam et al. (1982)

584 K
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Bow shocks — a shock at
the place of interaction
of the stellar wind with
interstellar gas

Observed in many
systems




Bow shock of a passing star

ISM Wind
Sun

<> CRs propagate along the magnetic flux tube while self-generating turbulence;

<> Distance-size relationship {,,.(pc) ~ 102 \/ll (pc), I, —size of the bow shock;
<> Assuming [, =10-3-107 pc, the path length along the B-field lines: (. = 3-10 pc.

Malkov & IVM’2021, 2022
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Epsilon Eridani and passing stars

€ Eri: K2 dwarf (5000K), 0.82 Mg, 0.74 R

Distance — 3.2 pc

Speed — 20 km/s (a bit small, but has a strong stellar wind)

Well aligned with the direction of the local magnetic field — within 6.7°
Huge astrosphere — 8000 au, 47’ as seen from Earth (larger than the Moon!)

Mass loss rate — 30 M

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

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

I T R S S S S I

¢

Any local shock with a small Mach number
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Bump formation

<> Moderate reacceleration by x1.5-2 0.100;

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

0.010

Flux x B*7 (arb. units)

<> High-energy particle loss from the flux 100 1000 10 10° 106 107

tube Rigidity R (GV)
Y- —

1
CAL[ET] ° <> Only 2 (3) free

CALET err. o parameters — fixed
DAMPE A o
from CR proton

DAMPE err.
spectrum

—
N
T

—_
w

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

<> The steeper the
spectrum of ambient

—
—

CR protons

Flux R27 *10% (m=2sr's1GeV!”)
X

101 CALET and DAMPE spectra are particles — that larger
renormalized to AMS-02 the bump
O R
Rigidity (GV) Malkov & IVM’2021, 2022
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Table 1. Model parameters and fit results for the proton spectrum.

P a ra m ete r S Parameter (St. err. %) Ry(GV) R; (GV) g K=u+2)/(qg-7) xgﬁn/dof dof

Realistic Model (RM) 5878 (3.5%) 2.24x 10° (28%) 4.2 3.59 (4.9%) 0.10  76-3
Loss-Free Model (LF) 4795 (3.2%) o 4.7 2.58 (2.9%) 0.19 762
J\ }/ n @ R Table 2. Input parameters for CR species derived from their LIS
: — s Boschini et al. 2020b).
fs (R) :ASR Ys l_l_ exp . . (Boschini et a )
ﬁ ys R @ Parameters protons  helium boron carbon
Asm2s tsrm gyl 232x10* 3410 79 109
O - parameters fixed from CR proton spectrum % 2.85 276 3.1 276
awstare o mwsoec 1 ¥ A,y fixed
e Mo | normalization anc
403t b .
810°  CREAMMe —W— CALETer : spectral index of the LIS

o i R S below the bump
84.1(_-,3:- el (individual for each
o Ll species)
E 'y <> LIS for H-Ni are given in
%2-1035 Boschini+'2020
5 Carbon x10 < Model reproduces
1103 ; ] spectra of ALL CR
L. " ++ species with only 2 (3)
A T parameters fixed from
o1 10° 10° 19 Rigicity (@v) 1 0° the proton spectrum

Malkov & IVM’2021, 2022
BKKJI « HUMSA® MI'Y « 27 mions, 2022 :: UM 41



Example: B/C ratio

0.2

0.15

B/C Ratio

0.05

BKKIJI « HUMA®D MI'Y « 27 utons, 2022 ::
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+ .4'......I vl vl Ll T
- ° 102 108 10* 105 |
Rigidity (GV) ]
4
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i ATIC —A— i
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RM —— TS
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M| | L L L PR B | M|
102 108 Rigidity (GV) 104 10°

B/C is better
measured
than the
spectrum of
Boron

Malkov & IVM’2021, 2022



Low-energy cosmic rays. excesses
B/C tuned to the data

0.40

]
—=—- GALPROP LIS

Precise spectra of CR species by — HelMod
0.35F T ¢ AMS-02 (2011-2016) T
AMS-02 reveal excesses when ACE-CRIS bomoozoon
| 1998/ NUCLEON (2015-2017 |
compared to ACE-CRIS and Voyager 1 °>° 1999 , CREAM-1(2004-2005)
measurements 025} M -
Boschini+'2019, 2020, 2021, 2022 <o} ¥ 1
/
0.15} I *}Hﬂ' 1 _
So far excesses were found in the ook S 1 l
spectra of /YS! {
0.05F + %‘*L:
<> Lithium (secondary) Y o
<> Fluorine (secondary) S 2 ]
<> Aluminum (50-50 sec.-prim.) @ > T
5 —0.2F A
< Iron (primar 3 el
(p Y) < ~0.4h= 10-T 109 10 102 10° 10%

Kinetic Energy [GeV/nuc]
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<>

4

Primary Lithium

Classical novae are the new type of
sources of “Li

Observation of blue-shifted absorption
lines of partly ionized ’Be (half-life 53.22
days) in the spectrum of a classical nova
V339 Del ~40-50 days after the explosion
(Tajitsu et al. 2015) is the first
observational evidence that the
mechanism proposed by Arnould &
Norgaard (1975) and Starrfield et al.
(1978) is working.

Observations of other novae, V1369 Cen,
V5668 Sgr, V2944 Oph, ASASSN-16kt
[VA07 Lupi], V838 Her, also reveal the
presence of ’Be lines in their spectra.
The total mass of produced ’Li per novae
is estimated as 10°M 5—6x10°My.
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—-= Secondary Li LIS

== Primary+Secondary Li LIS
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~20-25% deficit

T~ »
—_——t e

it 4

0.25F Primary+Secondary Li GALPROP LIS

100

101

102
Rigidity [GV]

103




Relative difference Differential Intensity xR27 [m~2 s~1 sr~1 GV17]

uorine excess

1.4 / 3
1oLLIS
1.0}
0.8}
renormalize
0.6
0.4}
0.2F

0.0 - ———

T T T T TTTTT T T
—— Default GALPROP LIS |

- HelMod
¢ AMS-02 (2011-2019)

0.2_ \\\

S
S~
~~<
_____

0.0

-0.2F

_tpttHH b o) T
itk

Ll
102
Rigidity [GV]

Ll
10° 10!

Caal
10°

Deficit of secondary F, most likely
a production cross section issue.
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Relative difference Differential Intensity xR27 [m~2 s~ 1 sr~1 GV17]
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1.4F
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== Tuned LIS x 0.896 i
- HelMod
= = Add. Source (LIS)

¢ AMS-02 (2011-2019) 4

0.2

0.0

—-0.2F

109

il
10*

r sl
103
Rigidity [GV]

After renormalization, we see a
low-energy excess.



Fluorine excess — ||

<> The ISM abundance of fluorine is
anomalously low because it is
easily destroyed in stars through
either p- or a-captures

<> The origin of cosmic fluorine is
still not well constrained

<> The main astrophysical sources
of fluorine are thought to be
supernovae Type Il (SN II), Wolf-—
Rayet (WR) stars, and the
asymptotic giant branch (AGB) of
intermediate-mass stars
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Fe/He

! ' — G/-.\LPROP LIS - AMS Norm.alization
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0.04 F /O HelMod - 10 J ACE-CRIS(1997/08-1998/04) - 1o
. e ACE-CRIS(1997/08-1998/04) - 1o ACE-CRIS(2009/03-2010/01) - 10
0.02 ACE-CRIS(2009/03-2010/01) - 1o o AMS-02(2011-2018)
. | . [0} AMS-02(2011-2019) ] 102 10°
10° 10! 102 gidity [GV]
Rigidity [GV] -

——

Fe/Si
=}
o

1

== GALPROP LIS - AMS Normalization
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== = HelMod - HEAO Normalization
Voyager - 1o
M " HEAO3-C2(1979/10-1980/06) - 1o
features are absentin He/O and o} Fe/Sj .
ACE-CRIS(1997/08-1998/04) - 10
ACE-CRIS(2009/03-2010/01) - 10
® AMS-02(2011-2019)
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- 10 T T T
Iron excess — I N e
3 e \oyager
<> The excess in iron — follows from " ,
consistency between Voyager 1, < 102} o 20
ACE-CRIS, and AMS-02 data > i x 73
;
<> The likely source of the excess CR  § Fe 3 62
iron are the old SN remnants —falls © 1q1t
in line with other evidences X
>
<> Excess of radioactive ¢°Fe (half-life %
2.6 Myr) in deep ocean sediments £ 100}
(Knie+’1999, 2004; Ludwig+'2016; &
Wallner+'2016) o
(O]
<> Lunar regolith samples 5 - - -
, 5 - .p. , 10~3 10~2 101 109
(Cook+'2009; Fimiani+'2012, 2014) Kinetic Energy [GeV/nuc]

<> Antarctic snow (Koll+'2019).

<> ACE-CRIS observations of ®0Fe
(Binns+'2016)
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Aluminum excess

=== Aluminum LIS - default
— Modulated Spectra
- ¢ AMS-02 (2011-2019)

R27 Flux [GVY7/(m? sr sec)]

lOOT
)
U =
c
o 0.2F
qq;) i
< 0.0F
() i
=
w —0.2F
Ko |
ad 1 L1 31l 1 L1 333l 1 L1 3l 1
109 101 10?2 103

Rigidity [GV]
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R27 Flux [GVY7/(m? sr sec)]

Relative difference

109+
5 ]
|
5 "
i ” . excess - Aluminum LIS - total |
| Iy ——=- Aluminum Excess
[/ _,'I 4 —— Modulated Spectra
! P ¢ AMS-02 (2011-2019) -
0.2 .
0.0F _
-0.21 .
109 10° 10? 103
Rigidity [GV]



0.45

T T T T TITIr] T T T 1T
—— GALPRORP LIS - default

Aluminum excess — Il 0.40F  Al/S;] — et rat :
0.35F ACE-CRIS(2009/03-2010/01) - 10
ACE-CRIS(1997/08-1998/04) - 10
<> Apparently, the sources of 0.30F y 4  AMS-02(2011-2019) I
cosmic Al are numerous, and are 5 0.25f g "94% -
simultaneously also the sources <0.20 "
of other rare isotopes, such as 0.15 by b
’Li, 1°F, ®OFe. 0.10f default .
<> Particularly interesting is a 0.05f efau -
possible contribution of the wls oLy “ls oL
massive WR stars proposed to Rigidity [GV]
i 0.45 rrrr
explain the observed anomalous . T
22Ne/20Ne ratio and other 0.40F --= GALPROP LIS - default H
—— Modulated ratio
observed ratios, 12C/160’ and 0357 X?Sgslrs_(;gog/oazolo/o1)-1o-
>8Fe/>6Fe, in CRs (Binns et al 0.30F ACE-CRIS(1997/08-1998/04) - 10 -
’ . 18R ¢ AMS-02(2011-2019)
2008). % 0-25
< lIron excess is likely the result of < 0.20
consequent SN explosions (in OB 0.15
association) 0.10F | _
0.05L with LE component |

il L1l L3 i aal L3l
100 10% 107 103
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Local Bubble and OB associations vore

100, OB stars
50\‘ Hipparcos
o\
T «f Galactic
ﬁ 1008 . center
-13)‘I B
500 \
400 -\\\
300'”\\ "
200”\'\\ <
100—'\-\
0\ :
A . -
100 i\ Onon-li)n%ablus
: : superbubbpie = i
200 |\ IR, \
nsalbel .\ Orion _rffﬁ_‘_fﬂ_ﬂ\. . =
il i S 20 0 C
: -400 -300
-500 X, gg [PC]

Perhaps we are at the very beginning of the journey to explore the
place we live in and look through in our desire to understand the
universe
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Fermi Highlights and Discoveries (GeV range)

g ke f
u 1§+GTOSP%CWj‘ Blazars
— | Radio Galaxies P
. 277 LM, sme
— | Starburst Galaxies < M31 M33

E Globular Clusters /
t Novae | SNRs & PWN

y-ray Binaries

Pulsars: isolated, binaries, & MSPs

' Sun: flares & CR interactions _T

Terrestrial y-ray Flashes Unidentified Sources
& Earth’s limb
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(2160/6271) 4FGL-DR3




Bl

LAT Catalogs Type Energy range No. of SRS
4FGL-DR3 General 50 MeV-1 TeV 6271 (2160 unid)
4L AC-DR2 AGN 50 MeV-1 TeV 3148
FLSF Solar Flares 30 MeV-10 GeV 45
FAVA Flaring Sources 0.1-300 GeV 4547
1FLE Low Energy 30-100 MeV 198
2FHL Hard Sources >50 GeV 360
3FHL High Energy >10 GeV 1556
PC Pulsars 234
FLGC High Energy GRB 180
SNR SN Remnants 1-100 GeV 30+14 margin+245 UL
FGES Galactic Extended 10 GeV-2 TeV 46
FHES High-Lat Extended 21
1FLT Long-Term Transients 0.1-300 GeV 142
GBM Catalogs
GRB GRB spectra 2297
Mag Magnetars 440
TGF Terrestrial y-ray Flashes 4144




« 50 MeV-1TeV

« 5065 sources above 40
« 75 extended sources

* 354 identified

« >3130 identified or associated
sources are active galaxies
(blazars)

« SMC, LMC, and M 31

« 7 Starburst galaxies

« 239 - pulsars

« Other Galactic sources:

4th Fermi_LAT Catalog « 8 years of observations

> f: .:r = ';h‘!?'t e '.t. "3
e "

oy AR b

0 No association ® Possible association with SNR or PWN = AGN
* Pulsar A Globular cluster #* Starburst Galaxy ¢ PWN —_ 40 SNRS
® Binary + Galaxy © SNR # Nova
+ Star-forming region @ Unclassified source _ 17 PWNe
5 ~ * o T T O T i T
bee'mo0 | 8 © @08 T gor T Bwx | Eody o % — 30 Globular clusters
of ° % o ME NI o g"pﬂ-ﬂ"‘;ﬁﬁ;
. a 8 L%, TRre — 6 High-mass binaries

— 3 Star-Forming Regions
— 2 Low-mass Binaries
- n Carinae (binary)

— 1 Nova V5668 Sagittarii,
other novae not included

Galactic latitude (deg)

300 290 280 270 260 250 240 230 220 210 200 190 180
Galactic longitude (deg) o 1337 sources do not have any

counterparts at other
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Angular resolution: good, better, best!

o
o
(@)
(-
(4y)
b
S 10
S
|5
(4y)
—
c
(@)
3

T TTTTI I T TTTTT I llllllll I llllllll I llllllll

—e— PSF0 68%=
—— PSF1 68%
—— PSF2 68% |
—— PSF3 68%
—e— Total 68% ] -

(average over all data]

10°

—
L.

10~

2 3 4 5 6
10 10 10 10° Enerad Mev)

 Fermi-LAT PSF as a function of energy, averaged over off-
axis angle. The black line is the average over all data
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Example Templates — 36 (one energy band)

 These have been processed into predicted counts maps
GALPRORP-based, independently scaled

FixedSources Co 2 CO 3 CO 4

DNMn

DNMp

UNRESOLVED MoonE2 SolarDiskE2 SolarICE2

=Y Y Y X
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Fermi-LAT detection of normal galaxies

12 SFGs +2 candldate

L, [erg/s]

Detected
Undetected

mmmm Combined

Calorimetric Limit |-

s ACKL2

e Bona-fide SFGs
¥ Candidate SFGs

UL

L8—1000,um [L @]
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11

12

13
Ajello+'2020



HAWC observations of the extended emission
from Geminga & PSR B0656

B ‘E‘m Geminga :‘
0 [t . :
distance=250 pc |..
Geminga # Geminga \ m :,
/_/@ g —50 [ E | :
— . o £ 00
g & ’ ° Distar\zgefromPulszgr[pc] 40 > ’ ° *° Distar\zcoefrom Pul::r C
= g N
g RERUBPESEH14 2 Fast E-losses (100 TeV)
(] o . .
> -100 Slow diffusion (100 GeV)
j e 100 GeV e*
PSR B0656+14 -
T v i
ol 288 pc o 100 TeVe
109 104 99 o - - = - -
R.A. [deg] 300 250 200 150 100 50 0
, X offset [pc]
=4 =3 g =l O B F . & p Abeysekara+'2017
Significance [sigmas]

A non-uniform diffusion near the sources of CRs
The local value ~4.5x10%” cm? s™! @100 TeV is << the average from the B/C ratio

Proper motion ~60 pc since SN (Geminga)

S

Origin of the slow diffusion zone, the original SNR or pulsar? If the pulsar, how it
depends on the age?
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e’ and y from Geminga (2-zone model) [recicted: lonannesson+is

Detected: Di Mauro+'19

— 1.0
o i + AMS-02 —— Stationary

lg_‘ LR Scenario A .

Hm ’ N"”’H'f """ Scenario B - 0.8 ‘T
. ~

lm 10 E ../ IR e Scenario C Hw

o ] .o. e " === Scenario D —_— |
| L] o - "‘ %D n

E o Tt . :’/"—s\“ =, o
a “u' A///f; '.:\.-_ — E‘ |E
% 1 - . /, “’ N N \ 5 13
&) ; ~ T ..:\ 5 E
o 7/ positrons R\ =
< \ ~
~ = N s — e
0.1 E | II&{q e R N | IIHX: 5 &

10° 10* 102 103 10* 10° 10
Ej [GeV Inverse
, [ ] 10 205 200 195 190 185
Compton talil GLON Ideg]
!
+ AMS-02 —_ 1 = 2.0 (1 O GeV) : . — 1.0
——— Y1 = 22

1.8

N_'_'"_’ﬁi --- Y1
N,

10 5 /—'-/-/‘9

positrons

JeE? [GeVZ m™2 71 sr— 1]

L LA | LI LR | LR | LI
100 101 102 103 104 10°
Ey [GeV] —10

210 205 200 195 190 185
GLON [deg]

(also Profumo+, Tang&Piran, Fang+, Evoli+’18)
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Fermi- LAT detectlon of the Gemmga tail

Gemlnga halo] template

30° -

15° &

DEC

-15° -

120°

Count map

90°
RA

60°

Residual map w. all components subtracted

30° +

15° 4

vco

15°

-

e

120°

90°
RA

60°

1.00

0.75

-0.50

r0.25

r0.00

r—0.25

-—0.50

—0.75

-1.00

Counts

30°4

15%

DEC

15

120°

90°
RA

Residual map (han template not subtracted)

60°

L

- a
v
C-
»
4
120° - 90° 60°

1.00

0.75

-0.50

r0.25

r0.00

r—0.25

r—0.50

—0.75

-1.00

. RA
BKIKT » HHHSIO MY » 27 momn, 2022 :: umt 61 D1 Ml@auro+'2019, 2021 — more halos are now detected

Counts



Generalization to the whole MW galaxy

Distribution of the effective diffusion coefficient in 2D and 3D model
Johannesson+’19

15

10

5)

0

Y [kpc]

)

—10

—15
-15 —-10 =5 0 5 10 15

X [kpc]

-15

15

10 -

I
-15 -10 =5 0 5 10
X [kpc]

< Assuming the slow diffusion zone around each CR source, the effective
diffusion coefficient in the plane may vary by a factor of 2-3

< Produces relatively small effect on CR spectra — diffusion coefficient in

the halo remains unaltered

< Effect on the diffuse emission is still being evaluated
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Andromeda galaxy M31 — a closest spiral

<> Similar to the Milky Way at 778
kpc

< Provides an external view on
our own Galaxy

<> Large size on the sky 3°x1°—
easy to resolve

l <> The rotation curve remains
constant over large distances —
large content of DM

Virial radius ~300 kpc

DISTANCE TO CENTER (ARC MNUTES)

Rubin & Ford 1970 e il from Vera Rubin, 2006
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Test region and M31 field

+72.0°

+36.0°

-36.0°

Galactic Latitude

-72.0°

<>

+00.0° :

Total Interstellar Emission Model Les Milky Way Galaxy (overhead view)
e_

304 Fermi-LAT: TR

T L
H O 00

T
N

[ph cm~2 s~ sr1]

=

y [kpcl

144.0° 72.0° 00.0° 288.0° 216.0°
Galactic Longitude

The interstellar emission model for the MW (1-100 GeV):
n¥-decay + (anisotropic) inverse Compton + Bremsstrahlung

“Square” region 1s M31 field (28°%28°)
“TR” labels the test region

Schematic of the eight concentric circles which define the annuli (A1-AS8) in
the MW foreground model. Only A5-AS8 contribute to the Galactic foreground
emission for the field used in this analysis.

Karwin+'2019
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y-ray maps for m°-decay for different rings (GALPROP

HI n®, A6

+72.0°

+36.0°

+00.0°

-36.0°

Galactic Latitude

-72.0°

144.0°
H | gas
+72.0°
+36.0°
+00.0°

-36.0°

Galactic Latitude

-72.0°

144.0°

H I, H, gas

+00.

-36.

Galactic Latitude

-72.

144.0°
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HI . A5 (| ocal

72.0° 00.0° 288.0°
Galactic Longitude
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Galactic Longitude
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y-ray maps for anisotropic IC for different rings (GALPROP) -2

(Local) Anisotropic Inverse Compton Emission, A51 AIC/IC Flux Ratio

e-6

+72.0° -
0.8
S o6 B
2 +36.0° cL 3
pe SO
5 D 047§
L +00.0 ~ o
e e T
E 36.0° 0.2 v g
T 2
o o
-72.0
144.0° 72.0° 00.0° 288.0° 216.0° 144.0° 72.0° 00.0° 288.0° 216.0°
Galactic Longitude Galactic Longitude
Anisotropic Inverse Compton Emission, A6-I}e7_7 AIC/IC Flux Ratio
+72.0° 1 7_ ----~ — M3]: (1521.17°, -21.57°)
3 - ~ (0°,0°)
S o o Sso m— (180°,0°)
‘:| +36.0 ﬁ 1.6— ~~~ == (180°,45°)
+ - ~
4 +00.0° 4
9 ) b 1.5
£ .
© -36.0° =
s 5 T1.44
© &)
-
-72.0° <<
1.3
144.0° 72.0° 00.0° 288.0° 216.0°
Galactic Longitude 1.2+
Anisotropic Inverse Compton Emission, A81
o
1.1
+72.0°
[} l|3 1 1 Illlll|4 1 1 lIlIII|5
E +36.0° 10 10 10
H Energy [MeV]
5
° +00.0° H
] . . . . . .
£ <> Anisotropic/isotropic ratio illustrates the
& -36.
©
o

importance of the effect that reaches a
N PP P v v : factor of 1.7 for certain directions and is
Galactic Longitude .
non-uniform on the sky
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Galactic Latitude

Galactic Latitude

-10.0° @

-15.0°

-20.0°

Gaactic Longitude

—

Arc Template

ia

° Arc-Sout

-30.0°

132.0° 126.0° 120.0° 114.0° 108.0°
Galactic Longitude

Normalized Flux

FM31: Spatial residuals

1 GeV - 3.2 GeV (FM31)

3.2 GeV.20 GeV (FM31) 20 GeV - 100 GeV (FM31)

Galactic Latitude

YAaLadu LLAL Ly “AaAuv /uT

SRy "
P Sk DTE
Sl

—
132.0° .26.0° 120.0° 114.0° 108.0° 132.0° 126.0° 120.0° 114.0° 108.0°
Galactic Longitude Galactic Longitude
-0.5 -0.3 0.0 0.3 0.5 -0.10 -0.05 0.00 0.05 0.10
data - model data - model

—— —

Spatial count residuals (data — model) resulting from the
baseline fit in FM31 for three different energy bands.
Smoothed using 1° Gaussian kernel. The pixel size is
0.2°x0.2°

The “arc” structure is clearly seen in the 15t and 29 pixels
(see the Arc Template on the left)

M33 is in the bottom left angle
Dashed circle — “spherical halo” of 117 kpc radius (8.5°)



What 1s the arc? Loops, loops, loops...

Loop III Loops Il, 11, and llis
160.0° 120.0° 80.0°

+30.0°

+15.0°

+
)
o
)

Galactic Latitude
&
o

Galactic Latitude

-30.0°

° 126.6° 120.6° 114.0°
Galactic Longitude

le8.0°

-1.0 -0.5 0.0 0.5 1.0
(data - model) Counts

There are ~17 so-called Loops found on the sky in
radio and polarized radio emission; some of them are
seen in y-rays (e.g., famous Loop I)

Loops or Spurs are large structures covering a
significant part of the sky — their origin is unknown

A part of the shell of Loop III seems to be associated
with the north part of the arc, and Loops II and Ills
are covering the entire ROI

The Arc could be a part of the old Loop III or other
Loops; hard spectrum — particle acceleration
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Adding M31 components: all-component fit

Karwin+'2019

FM31 Intensity and Residuals FM31 Intensity and Residuals

-1
T T T TT1g 10°°E L T T TT 13
== HI T , A5 === Arc-Full = - == HI T, A5 Arc-South -

P o e e e 3 G o e mersnen 31 <> Inner Galaxy (IG):
+ 0<r<0.4 (5.5kpe)

sril]
sril]

FM31 Far Outer Halo FM31 Far Outer Halo

1
=
=)
N
T
1
=
=)
N
T

1 Isotropic 1 Isotropic E|

mi Arc-North

ul: piinnl o1l

%10'3 %10'3 ..... <> Spherical Halo (SH)
5. . + 04<r<8.5 (117
% % ; ....... T kpc)
e N e e e, 2 | 4 Far Outer Halo (FOH):
€ 0.0 _I_ l 4 £ .o + l 1 H + r>8.5(~200 kpc)
T 9.00 _'__+_—+——+—+ +++ + | | l | T 9 ee+_'__+_+++++_{_+ + || | M31 lated

zZ—e.as— T | | g zZ—e.es— T |T -5 . iR aj[e gepmetry.

g L & | Uniform intensity templates
3_0_1%03 1([)4 1 11 1 105 3_0_11‘}03 1 1 L1111 ;ul)4 1 1 L a4 105

Energy [MeV] Energy [MeV] Centered at M31

¢

Three spherically symmetric templates centered at M31 are added to the model: inner galaxy
(IG), spherical halo (SH), and far outer halo (FOH).

< Templates are given PLEXP spectral models and fit simultaneously with other components
of the IEM, including the arc template. Two fit variations are performed, amounting to two
different variations in the arc template: full arc with PL, arc north and south with PLEXP

< 1G, SH, and FOH are detected at the significance levels of 70, 70, and 50, respectively.
Results for the two fit variations are similar

< Spectral shapes (SH, FOH) are noticeably different from other components
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Excess 1n different foreground models

Statistical (1l6) + Systematic
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< A systematic excess is
observed between 3—20 GeV
at the level of 3—5%
independently on the
background (foreground)
model used

Absent only in case of the
foreground model that is built
using the LAT data itself, yet
with free index (FSSC index
scaled)

Interestingly, isotropic
component has a “bump” in
the same energy range as the
observed excess

Dark Matter halo around the
Milky Way?



Indirect detection of DM

DM Indirect Detection

- - cC .
e XX Bb e e e
10 =
DM limits from y- ]
ray emission of i
the M31 halo
e -25
appearsto be £10 3
. . A
consistent with %
\%
limits derived
from the Galactic |
10
Center and
antiprotons
M, [GeV]
Legend
H ’ Thermal Relic, Steigman et al. 2012 —— AP, Reinert et al. 2018 DM Subhalos, Hooper & Witte 2017
Ka rwin+ 202 1 GC, Gordon & Macias 2013 71 AP, Cholis et al. 2019 GC Radio, Cholis et al. 2015
@® GC, Abazajian et al. 2014 —— MW Halo, Ackermann et al. 2012 M31 Radio, Egorov & Pierpaoli 2013
[ GC, Daylan et al. 2014 ——— EGB, Ajello et al. 2015 —— M31 IG, Di Mauro et al. 2019
I GC, Calore et al. 2015 === MW Satellites, Ackermann et al. 2015 B FM31SH (MW+M31 mid)
71 GC, Abazajian & Keeley 2016 —— MW Satellites, Albert et al. 2017 FM31 SH (M31 mid)
@® GC, Karwin et al. 2017 (Pulsars) === MW Satellites*, Ando et al. 2020 D FM31 SHS (MW+M31 mid)
@® GC, Karwin et al. 2017 (OB Stars) —-= LMC, Buckley et al. 2015 FM31 SHS (M31 mid)
AP, Cuoco etal. 2017  eeee SMC, Caputo et al. 2016
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