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Galactic Cosmic Rays (CRs)

are charged Fmr?:ictes(nm:i.ei, Lso&wpes, i.ep&o»m.s, an&ipar&iti.es)
- diffusing in the Gralactic magnetic field
Observed ab Earth with £~ 10 MeV/in - 103 TeV/ia

Gabici, Evoli, Gaggero, Lipari, Mertsch,
C. Evoli at IAEP:Ps://ag'e.md.a.iwfn.i&/even&/zl?‘)l/ Orlando; Strong, Vittine 1903.115%4
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‘DLrQC& A v k Fig. 1. The individual CR flux for nuclear species up to Oxygen as measured by PAMELA and
AMS02. Shadow regions correspond to 1 sigma total errors (systematic and statistical added in
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CR dobabase: D. Maurine EPIC 2023 See also N, Tomasselttli 2301,10258



The observed elecktron spectrum

AMS Coll ?hvs.ﬁe[ok. 2021 CALET Coll, PRL 2023

o ATIC
o  Fermi-LAT
HESS syst.errors
 HESS
o CALET
o DAMPE
e AMS-02

uncertainty band (stat. + syst.)
AMS-02 2021
DAMPE 2017
Fermi-LAT 2017 (HE+LE)

Data on total electron not fully compatible among them
A pramiv\am& breals is observed at ~ TeV
still too uncertain to fix models, Pulsars can do the job



?T’OFQ&SO&E,OM Q;QMQ%EOM (tuned for L@.p&oms)

diﬁusmm en, losses source spet&rum
Diffusion: D(x,R) a priori
u,su,otti.fj assumed Lso&rapw i Ehe Gaiax:j: D YDolld
Do alnd O usually fixed b3 B/C

Ehergy losses: Nuclei: tonisation, Coulomb
Leptons: Synchrotron on the galactic B¥3.6 u&
Inverse Comp&ov\ oW Pho&oh fields (stellar, CMB, UV, IR)

Sources: Supernova Remnants, QE) « EY

Nuclear {ragmem&a&ion, QJQEZ) « Wism Oy Y
[ Dark Matter annihilation or deamj]



Debected e+ and e~ are local

E D(E’
,\2(E,Es):4/5dE’ (E')

i et | Typical propagation length in the Galaxy

Mawnconi, Di Mauro, FD JCAP 2017

Es=1 GeV
Es=10 GeV
Es=100 GeV
Es=1000 GeV
Es=10000 GeV

Sources of e+ & e- in the Galaxy

o Inelastic hadronic collisions (as-jmm.)

K15 propagation model

K, =0.0967 kpc?/Myr ® Pulsar Wiy\d MQbMLQe (?WN) (Svmm.>

0=0.408

® Supernova remmnants (SNR) (only e-)

Propagation scale Mlkpc]

‘e Particle Dark Mabter annihilation (e+,e-)?

10" 10°
Energy [GeV]

e-, e+ suffer strong radiative cooling and arrive at Earth if produced
within few kpc around it.
Local sources very likely leave their imprints in the spectra



Where is the end of the
cosmic ray (CR) spectrum?

Sudoh & Beacom, PRD 2024

Sources Propagation Detection
(Sec. 2)

Acceleration

Do sources
accelerate electrons

tox TeV ?

Do x-TeV electrons Is the x-TeV flux
escape the source? detectable?

End of spectrum at x TeV End of spectrum at x TeV End of spectrum at x TeV End of spectrum at x TeV

Robust electron detection up to few TeV

Y rays from pulsars are instead measured up to PeV energies



Cosmic ray experiments: species and energies

Direct detection CR experiments
. Z=527Z=6 .. Z=10 ... Z=14 ... Z=26 ...

(2029-2036)
(2028-2038)

CALET (2015-2030)
DAMPE (2015-2030)

Il —=GAPS™ 1l
Il (2025-) (I
Il (+dev.) |!

_———=1

\fc;:-jager and ACE have ou&ias&e_d Ehew inikial programme
AMS, CALET av\d DAMPE are rw\sr\s,ng
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Propagation models vs data

Several propaga&iam models are bested

Di Mauro, Korsmeier, Cuoco PRD 2024

Flux ratio
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CALET 4 DAMPE

See also Weinrich+ A$A 2020, Evolir PRD 2020; Schroer+ PRD 2021; CuoccodKorsmeier PRD 2021, 2022

Data on nuclear species are well described by propagation models with
diffusion coefficient power index d = 0.50 ¢ 0,03,
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Precision cross-sections for advancing cosmic-ray physics and other
applications: a comprehensive programme for the next decade

D. Maurin®®*, L. Audouin®®, E. Berti®¢, P. Coppin®9, M. Di Mauro®®, P. von Doetinchem®?,
F. Donato®®&" C. Evoli®, Y. Génolini®*, P. Ghosh®!, I. Leya®™, M. J. Losekamm®™°, S. Mariani®",
J. W. Norbury®P, L. Orusa®®*, M. Paniccia®?, T. Poeschl®®, P. D. Serpico®*, A. Tykhonov®4,
M. Unger®S, M. Vanstalle®t, M.-J. Zhao®%V, D. Boncioli®"+, M. Chiosso®*8, D. Giordano®®,
D. M. Gomez Coral®*, G. Graziani®®, C. Lucarelli®®, P. Maestro®¥-#*, M. Mahlein®®, L. Morejon®??
J. Ocampo-Peleteiro®®P, A. Oliva®?P, T. Pierog®*, L. Serkinyté®h

D. Maurin et al. 2503.1@1‘73, subm; to Physics Report


https://indico.cern.ch/event/1377509/
https://indico.cern.ch/event/1377509/

Sources of ez



Seﬁamdarfj e+ [orc;-du@&am channels

Di Mauro, D, Korsmeier, Manconi, Orusa, PRD 2023

Conv v,

E3® [GeV?/m?/s/sr]

L = 0.5 kpc — L:Skpc<
L =1 kpc — TOA

L =2 kpc ---- IS

L =4 kpe ¢ AMS-02
L =6 kpc

10! 102 10°
E [GeV]

e+ secondaries contribute significantly
below few GeV
Cross section uncertainties comparable

to propagation ones at fixed halo size




Electrons from supernova remmnants

ELRSOV\*‘ AP?J 007, Blasi 2013; Di Mauro+ JCAP 2014: Evolir PRD 2021,

SNR. are considered the main sources of
galactic CRs - nuclei from p to Fe, and e-
Mawnconi, DL Mauro, +D ’ )
IJCAPROL7; JCAPY 2019

® Hadrownic acceleration: evidence of 1o bu,m[p

FAR
(Fermi-LAT+ 2010)

Smooth distribution

el ° Leptonic acceleration: evidence of
synchrotron emission tn radic and X-rays

Imjea&iam spea&rum:

= G65.3057 G127.1005
G114.3003 G160.9026

e- flux from near SNR (Vela XY and Cyghus
Loop at d<o.8 k‘pc)

I Few SNR can contribute to TeV flux

o " " Additional e~ from a smooth SNR distribubtion
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et from Pulsars (PWN)

High magnetic fields (100-1012 G) extract wind of e-
from the pulsar surface, et pairs produced in EM cascades

Pulsar spi,vwdowm enerqgy (Wo) is kramsferred to et pairs,
accelerated to very high energy with @ ~ £-v.

After several kyrs et can be released in the ISM

These et pairs radiate bj Inverse Compton scattering
and synchrotoron radiation,

and shine at many frequev\cies

T 00
B =nWo= [ dt [ dBEQE,Y
0 B,

The total energy Ewot emitted in ez by a PWN is a fraction n (efficiency
conversion) of the spin-down energy Wo. Relevant parameters: v and n



e+ & e- spectra, a natural explanation

e+ and e~ AMS-02 spectra fitked with a nmulti-component model:
secondary production, e~ from SNR, e+ from PWN

DL Mauro, FD, Mancowni PRD 2021
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No need to add exotic (DM) sources, Sec+PWN do the job

(Hoc}paﬂ-ZOO‘); Grrassi+R009; "Detahaje+2010;1>£ Mauro, FD+2014, Orusa+ 2023... many others)

The breale at 42 GeV i e- is axptaime.d bj iv\&er[am-j between SNR and PWN

See also Fang+ 2007, 18601, Evoli+rPRD 2021, Cucco+ PRDRORO



Stimulation of Galactic pulsar populations:
a ik to AMS-02 e+ data

L. Orusa, S. Manconi, M. Di Mauro, FD JCAT 2021

® Simulation of space distribution and pulsar
properties

® The contribution of pulsars to er is dominant
above 100 GeV

® May have different features

® £>1 TeV: unconstrained by data

® Secondaries forbid evidence of sharp cub-off

® No need for Dark matter, indeed
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Sinmulations: effect of age and distance

o mock galaxies as selected bv e+ AMS-02 daka

L. Orusa, S. Mawnconi, M. Di Mauro, £D JCATY 2021

d<0.5 kpc --- PWNe 20 <T <100 kyr --- PWNe

0.5<d<1.0 kpc —== Secondary L =4 kpc 100 <T <500 kyr —-== Secondary L =4 kpc
---- 1.0<d<3.0 kpc — TOT - 500<T<103kyr —— TOT
---- 3.0<d<5.0 kpc ¥ et AMS-02 - 103 <T<10% kyr ¥ et AMS-02
---- 5.0<d<10.0 kpc - 10%<T <106 kyr
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1-3 kpe ring is the most fruitful in terms of er
Interplay bebween spiral arms and propagation length



Few F’u.i.sars suffice to fik AMS data

Very Af@.w ones, indeed

L. Orusa, S. Manconi, M. Di Mauro, FD JCAP 2021

4 4
3 3
2 2
1 1
0 0
4 4
3 3
2 2
1 1
0 0

N(E) is the mean number of PWNe that produce a flux higher than the
experimental flux error in at least one energy between above 10 GeV.

Typically 2-3 sources explain most of the measured flux (+ secs)




et pair emission from pulsars

We assume conktinuous E,Mje«t&mm .

Normalized ko

. i dErot L N 2 P
Having: E=—==100=—Ar"l5;.

We can derive a relakion for:




Positrons form catalogued pulsars

L. Orusa, M. DL Mauro, FD, S. Mancowni 2024, JCAT 2024

We pick pulsars from the ATNF catalog: position, age, dE/dE
The obther Fu,tsm pamme&ers are simulabed (sce orusa, Manconi, i Mauro, b ICAP 2021)

Propagation in the Galaxy treated according to latest nuclei resulks

(see DL Mauro, FD, Korsmeler, Manconi, Orusa PRD 2023)

Pulsar Simulated Benchmark Variations
property quantity
CB20(36| 70 = 10 kyr

MOd.A. To dESET’ibM&EOM Gaussian [0.3s; 0.15s]

Gaussian [12.85G; 0.55G]

*

ModB: To Afixecl o I

AL ‘ ‘ = A Uniform [1.0-2.0]

MOdLI d@.t&j&d LS SLOWN Uniform [2.0-2.8|
Uniform [300-600] GeV

ModD: two-zone diffusion _ Uniform [0.01-0.1




Catalogqued pulsars: a Lik ko e+ daka

L. Orusa, M. DL Mauro, D, S. Manconi JCAPROR4-
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Delayed injection Two zone propagation

— d < 0.5 kpe ==+=All pulsars — d < 0.5 kpe ==+=All pulsars

Nﬁ{}d. C: — 0.5<d<1kpc Secondaries Nﬁ(}d T) — 0.5<d<1kpc Secondaries

1<d<3kpe - Total . 1<d< 3kpe — Total
3 < d kpe I AMS-02 3 < d kpe I AMS-02

Exemplary best fits in Mod A-B-C-D
Catalogue pulsars & secondaries explain well the data.
Fixed To (Mod B) prevents scenarios with one dominant pulsar



et from the 10 most relevant ATNF pulsars

L. Orusa, M. Di Mauro, £D, S. Manconi JCAPRO24
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The average flux percentage produced by the top 10 brughtest sources in each
realization that fits AMS-02 data (left), relative to the total flux from all pulsars.
Right: the top 10 brightest sources
For £> 100 GeV, few PSR explain > §0% of the total flux



Predictions and the daka

L. Orusa;, M. DL Mauro, FD, S. Manconi JCAPR024

Tp distribution
Other pulsars T AMmS-02 —— Total Other pulsars I AMS-02

~ Secondaries ==== Top 10 Secondaries

E3®,: [GeV?/cm? /s /st]

102 10% T 2 10°
E [GeV] E [GeV]

Delayed injection Two zone propagation
Total —-—- Other pulsars —— Total Other pulsars I AMS-02

- Top 10 Secondaries Top 10 : Secondaries

Emission models and parame&evs are very relevant.
Some models are predictive also above TeyV.
Secondaries are allowed with a free normalization
(always found < 1.8, bypically around 1)
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HAWC detections cwf Y-ray haloes
around pulsars

Extended haloes have been d&éeaﬂ%ed bj HAWC around Geminga and
Monogem, and b‘ﬁ Lhaase around PRS J0622+3749

HAWC Collaboration, Sience 2017
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Interpreted as y-rays from Inverse Compton scattering



Inverse Compton scattering power

M. Di Mauro, S. Manconi, M. Negro, FD, PRD 2021

101 102 103 104 10 10°
E. [GeV]

The y-rays are §-60 times less energetic than parent leptons
HAWC y-rays probe eleckrons with 100-1000 Tey



Discovery of Greminga Y-ray halo in
- Fermi-LAT data

M. DL Mauro, S. Manconi, FD, PRD 2019 M DL Mauro, S. Manconi, M. Negro, D, PRD 2021

- = Best fit ICS ¥+ Fermi-LAT, IEM-ALT1
30 Band 4 Fermi-LAT, IEM-GC
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Interpreted as y-rays from Inverse Compton scattering

FOr a review ol y-ray haloes arcund pulsars: AmatogRecchia 24-09,00689




Detections of y-ray haloes around pulsars

Lhaaso Coll., PRL 2021

LHAASO-KM2A —&8—

HAWC —o&—

Fermi-LAT »——
Model

. —— Diffusion model

—

S
—
—

‘I_h
wn
(7))

o
=
(&)
>
()]
-

o
o -
= 1072
G
=
©

N
L

‘v
o
e
o
>
[}
=
x
=)
L
(V]
L

—

<
—
w

1 1.5 2
Distance from Source[degree]
FIG. 2. One-dimensional distribution of the > 25 TeV y-ray emission
of LHAASO J0621+3755. The solid line and shaded band show the

best fit and Ay? = 2.3 range of the diffusion model fit, which is the
convolution of Eq. (1) with the PSF.

Extremely high energy vy -rays are observed around the pulsar as an
extended halo, A spectrum is measured.

This new class of observations needs revisiting our understanding of

acceleration of leptons to very high energies and emission of photons



L.Qnsequenﬁe c::»ff IL_S GQMLMQ& halo on
Pos&rom ﬂftu.x at E"m*&k

M. Di Motu,-i‘d, ‘5_. Mdﬁtqy{{, ED ?m; 201§ % :

HAWC energy range —:= K15 y.=1.8,n=24%
— K15 y.=2.0,n=13% G1l5v.=1.8,n=24%
— G1l5Vy.=2.0,n=13% — K15, r, =30 pc, ye=2.0
21 — K15y.=1.9,n=16% === GI5, r, =30 pC, yo=2.0
— G15Vy.=1.9,n=16% ¢ AMS-02
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One single source as Geminga contributes significantly
to high energy positrons as measured bj AMS

Uncertainty in the diffusion around bthe source(s)
See also Schroer, Evoli, Blasi PRD 2023



?remse Measuremem&s c»f y-wmv hams aroumd

Géme& av\d Mmmgem wikh HAW(..

Ve Coll. & M.DL. Mauro AP:‘) zozs -

Energy S'Péﬂ‘:‘mm :

B Template \ B Template
== Power Law ' R " == Power Law

Log Parabola 11 e ~ — Log Parabola
{ Geminga .

110.0107.5105.0 102.5 100.0 97.5 95.0 92.5
al”]

-2 0 2 4 6 8 10 12 14
‘\“/ﬁ

102 100 ‘ 107
Energy [TeV] Energy [TeV]

Spé{’:&rat fik to the data
The template in an ICS physical modelwith supyressad diffusion,
DE) ~ 1026 (E£/1 Ge\;’)é ew/s



HAWC Sur{aﬁe Brgh&mess {cwr Mo—mogem m»\ci Gemus»\ga

ALberE+ Alv:‘) 2028

Sur{aaa bngh&mess in 8. 4— = “7“2’ ‘T‘e.\f

Distance from source [°] Distance from source [°]
8 10 6 8
Monogem Exp. Excess
Combined Exp. Excess
¢+ Monogem Excess
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Extension is de&er:&ed with high precision.
Grreen area: ICS model with a bwo-zone diffusion model.

Around the pui.sar, the diffusion coefficient is suppressed by ~ 100
wrt the average in the Galaxy,



Does the Geminga y-ray halo e;mfty i
. di{ﬂfusmm around fmi.so\rs’

S. Recchia, M. DL Mauro, F. Aharownian, FD, S. Gabidi, S. Manconi, PRD 2021

Propagation of electrons is firstly ballistic after .VE,.MJQCROV\, and becomes diffusive
only after mulkiple deflections on the turbulent circumstellar magnetic field.
The CR transport has three regimes: ballistic (b<<ke), diffusive (krbc), and a quasi-

ballistic Eransiktion.

6 [deg]

Le s bEhe ex c&ehsi&v
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—— E.=100 TeV
1044 —— E.=10TeV
— E.=1TeV
— Ee=0.1 TeV D0=1028 tmz/s

This solution offers a simple, physically well motivated interpretation
to the observation of the Greminga halo by HAWC



Fitting high energy pulsars surface brightness

S. Recchia, M. Di Mauro, F. Aharonian, FD, S. Grabici, S. Manconi PRDRO22

-- Diff. D=8 x 10?* cm?/s --- Diff. D=3 x 10%° cm?/s
—— Diff.+Ball. D=1 x 10?® cm?/s ! —— Diff.+Ball. D=6 x 10?7 cm?/s
Diff. D =1 x 1028 cm?/s \ Diff. D = 6 x 1027 cm?/s
68% Band Diff. | 68% Band Diff.
68% Band Diff.+Ball. 68% Band Diff.+Ball
t Geminga HAWC E>5 TeV + Monogem HAWC E > 5 TeV
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-~ Diffusion best-fit D = 2.5 x 10%° cm?¥/s
—— Diff.+Ball. best-fit D= 4.0 x 102’ cm?/s
68% Band Diffusion
68% Band Diff.+Ball.
+ PSR J0622 + 3749 LHAASO E > 25 TeV

d¢,/de [TeV/cm?/s/sr]

The fit to the surface brightiness is very good tn all cases both in the
diffusive case and in the ballsitic/semi diffuse one.
The efficiency tn the ballistic case is high (¥ 100%).



Multi-wavelength analysis of sources
Geminga’s pulsar halo: an X-ray view

S. Manconi, I Woo, R. Shang, R.Krivonos, C. Tang, M. Di Mauro, £ D, K. Mori, and C. I, Haitej A%A 2024

A Y-ray halo has been observed in HAWC and Fermi-LAT data.
Interpreted as et cooling by inverse-Compton scattering.

The same et emit synchrotron radiation and for a similar X-ray halo

Inverse Compton, 10°
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Gemmaas Fm,i.sar kato'boumds {rom eraj c&&%a

S Mancov\u, 3 Noo, R: Shang, R K’nvanos, L. ‘Tomg, M DL Mauro, . D. K. Mori, mr\d G HmLej Aa‘.A ROR4-

—— XMM-Newton (this work)
NuSTAR (this work)
Fermi-LAT
HESS
HAWC
Sync, 0.23 deg

«= IC, 30 deg, two-zone
IC, 1 deg
— = 1C, 10 deg

We use archival daka th XMM Newkon and NUSTAR.
No X-ray halo is detected,
AN upper bound on the magnetic field around the pulsar is set to 2 p&



Mu&cmw&veies«g&k observa&om cwf LHAASO 30§21+3?55
“scm.r&e &md {ws& Xﬂrav cle%ea&mm O%: ‘PSQ 30622*-3‘74-9

- '.:"‘\ferd:a's ,L.c_)_i.i.'.,,’- XMM"‘N?MEQWL-QU’—._-.;_f;5-; 'V-Mo\mcom, -.!-f"b'. ) M. Di Mauro APU RO2E
Veritas (0.3-10 TeV)  XMM-Newton (0.1-15 keV)
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HH  VERITAS
HH  LHAASO 062143755 (KM2A)
1LHAASO J0622+3754 (WCDA)
—— 1LHAASO J0622+3754 (KM2A)

10* | 6N23M305005 22M30° 005 21™M305 00°
Energy [TeV] . .

No significant detection i Veritas data First meatj detection of PSR J0622+3749



The .mutﬁnmwavateméa%h sm of LHAASO 30@21+3755
- as a F*u,i.sm HALOD.

i Vam&as L.ou XMM*New&on (..ou. S Mancom, MB M 15:, Mau.ro APU 2025

—— Inverse Compton, 1 deg
Inverse Compton, 1 deg, Two zone

—— Synchrotron, 0.17 deg, 3uG
=== Synchrotron, 0.17 deg, 1uG

4 VERITAS (this work)

4 Fermi-LAT

4 XMM-Newton (this work)

{  LHAASO (KM2A)
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The pulsar halo model is tumed to be z‘:@mpaﬁbt@. with IC emission at TeV energies.
A suppressed diffusion is modeled.
XMM-Newton data constrain the magnetic field B< 1 p&



Conclusions

The ez CR flux can be naturally understood i terms of a seca&\d&rj
component, and contributions from SNR (e-) and PWN (e+)

CR physics is strongly Linked to accelerator data
A small number of catalog pulsars can shape the e+ flux

y-ray hale arocund puisars open a hew window on the COMF’L&X pkvsms
around these sources

Multimessenger analysis are mandatory for a more reliable
understanding of pulsar ez emission and local diffusion



—— Two-zone diffusion (r, =50 pc)
---- One-zone diffusion

E,=1TeV,d=1kpc, T=100 kyr
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 Brightest pulsars wrt e emission

m distribution | fixed __|Delayed injection | Twosone | Overall___|d [kpd] ¢ k]
B1055-52 B1055-52 B1055-52 B1055-52 B1055-52 0.093

J0633+1746 |J1732-3131 |J0633+1746 J0633+1746|J0633+1746| 0.19 | 342.0 |3.2 x 103
B0656+14 |J0633+1746 B1742-30 B1742-30 B0656+14 111.0 3.8 x 1034
B0355+54 |J2043+2740 | B0656-+14 B1738-08 J1732-3131 111.0 [1.5 x 10%
J1732-3131 |B0906-49 J2043+42740 B1749-28 B03554-54 : 564.0 (4.5 x 1034
J2030+44415 | B0656+14 |B1738-08 J0957-5432  |J20434-2740 1200.0|5.6 x 1034

B0743-53 B0355+54 |J1732-3131 J2030+4415|B1742-30 . 546.0 | 8.5 x 1033
J1020-5921  |J0538+4-2817 | J0954-5430 B0743-53 J2030+4415| 0.72 | 555.0 [2.2 x 1034
J0954-5430 | J2030+4415|J2030+4415 J0945-4833 | B0906-49 . 112.0 |4.9 x 10%°
B1742-30 J1016-5819 |B0355+54 B1001-47 J0538+2817| 1. 618.0 |4.9 x 10%*



Model for ICS around LHAASO J0621+3755

.

— Inverse Compton, 1 deg 4 VERITAS (this work)
! Two zone 4 Fermi-LAT

See 18 {  LHAASO (KM2A)
——= Dy =0.5-10% cm? s7!

Benchmark model: D=2x1025 em?/s, et infection index 2.4, e{fi«:&enﬁy 0.0



