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The local CR spectrum
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- Energy density
e which are the CR sources?
e how can we identify them?
— photon and v astronomy

- Spectral shape
 which acceleration mechanism?
 what are the effects of the CR
propagation?

- Other observables
e (Chemical composition
e Sky distribution

Accelerators that can produce

| particles up to the knee (~1 PeV)|

with no cut-off are PeVatrons!




Outline of the talk

- The Supernova Remnant (SNR) paradigm for the origin of
Galactic cosmic rays:
* the issue with maximum energy;
» radiative signatures of SNR PeV activity.

- Alternative hadronic PeVatron candidate sources:
e Young massive stellar clusters (YMSCs).

- Opening the ultra-high-energy gamma-ray domain: recent
detections by LHAASO.
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The SNR paradigm for the origin of
Galactic CRs

Ucr = 0.5eV /cm®

V = 4000 kpc®
Tres — 1O X 10° VT
UcrV
Pop = CR7 3 x10% erg/s
Tres
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The SNR paradigm for the origin of
Galactic CRs
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Energy (eV)

Ucr = 0.5eV /cm®

V = 4000 kpc®
Tres — 1O X 10° VT
UcrV
Pop = CR7 3 x10% erg/s
Tres

Egn = 10°1 erg
Rsny = 0.03yr~1

Psn = RsnFEsn ~ 3 x 10 erg/s

— Eor ~ 10%



The SNR paradigm for the origin of
Galactic CRs

i

. Enough power in SN explosions to explain CRs
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Proton-proton collisions
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Gamma rays from SNRs | Middle-aged SNRs |
| (20000 yrs)
t < hadronic emission
| o steep spectra

. Emex< 1TeV ~

LB

s
|
|

—
Q
o
]
.iL
L
4

; & WsIC _. L .;i@gg RX J1713.7-3946 | |
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- (2000 yrs) :
i < hadronic/leptonic ? §
| < hard spectra :
Emax=10-100 TeV §

o
| lllllr
el
,||||” I
il
l I:iii!' '|“”
:
g
.
N
1[4
L

—
o
Mo
L Illlll
<
1111]“””
Q|
nlIIHH“HH
AT
1
i

1!

E* dN/dE Flux (ergs cm®

3
x;
%
i
|
|

]III[I

1 llllllll | llllllll | Illlllll | llllllll 1 llllllll 1

ST TR R TIT A

10°  10° 10" 10" 10 10™ 10
Photon Enerqy (eV)

N ‘
Wi Drury etal., A&A 287 (1994) 959 K
% Tsuguya & Fumio, J. Phys. G 20 (1994) 477 | ©
Wil Funk et al., ARNPS 65 (2015) 245F ﬁ




Flux (m? sr s GeV)?

Are SNRs proton PeVatrons?
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B-field amplification is
required to achieve
=T PeV energies
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The problem of maximum energy in
young SNRs

* Type la(e.g. Tycho) — expanding in constant density medium
 Core Collapse (e.g. CasA, RXJ1713.7-3946) — expanding in the dense slow wind

of the progenitor star

Remnants of type I

v =4.7 km /s

v =15 km/s

v =1000 km/s

: by NRSI : n::m20.05
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I With NRSI, only special explosions can achieve the knee l

iﬁ Cardillo et al., Astropart. Phys. 69 (2015) 1
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The role of particle escape or
how do accelerated particles become CRs?

~ Acceleration |
|_the shock: fotp)

~ Escape ,
| the shock: fess(p)

\_,. [Fropagation inside]
A the Galaxy: forop(p) |

L>ﬂ0bservation I




The role of particle escape or
how do accelerated particles become CRs?

Wil Ptuskin & Zirakashvili, A&A 429 (2005) 755

~ Acceleration at |
|_the shock: fo(p)

i'i Gabici, Aharonian & Casanova, MNRAS (2009)

Wil Ohira, Murase & Yamakazi, A&A (2010) 513

Wil Be!l & Shure, MNRAS 437 (2014) 2802

.~ Escape ,
| the shock: fese(p)

N . .
.|| Cardillo, Amato & Blasi, APh 69 (2015) 1

Defines Emax and spectral slope of both particles and radiation

e

A phenomenological model to investigate the particle
q escape through spectral and morphological features
of evolved SNRs in the HE and VHE domain.
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log,(E,/GeV)

A population study of evolved SNRs
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The hydrodinamical evolution of an SNR

contact discontinuity

NV
RIP Vink, A&A Rev 20 (2012) 1

. Ejecta-dominated (ED) stage

4
Mg > §7TpR§(t)

—— free expansion
Il. Sedov-Taylor (ST) stage

4
Mej ~ §7TPR§(?5)
—— energy conservation
lll. Radiative stage

—— momentum conservation

IV. Merging phase
— pressure comparable to ISM
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The hydrodinamical evolution of an SNR

Blast wave Sedov Merging
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Maximum energy in SNRs

e At Sedov time, particles at maximum
energy Ewm are still confined:

Ad(En, tsed) =~ Rs(tsed)

Us

. Later in the evolution, particles
b diffusion length increases faster than
SNR shock size:

)\d ~ D(EM)/US X t3/5
R, $2/5

Particles previously confined will now violate Hillas criterion
—» escape is expected to occur on shorter timescales
for the highest energy particles, but it is not an
instantaneous process
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Maximum energy in SNRs

——1 acceleration
tacc = tage I limited by

Ve D (Pras ) . remnant age
vi(t)
pmax _ ’U2 (t) t

. Bo F(t) i
OB (x, t))Q - /]—"(k,x,t)dlnk

> ED stage: > ST stage:
Vs (1) ~const vg(t) 2 t73/5

pmaX,O(t) X F(t)t pmaX’O(t) X .F(t) t_1/5 X If_5
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Maximum energy in SNRs

In the scenario where the maximum momentum of particles
confined by the shock is a decreasing function of time, I.e.

E— e ——— =

; )

n‘ t

‘ Pmax,0(t) = Pm ( tsed> — lesc(D)
|

Wil Ptuskin & Zirakashvili, A&A 429 (2005) 755 0 > 0: high-energy particles escape earlier

= = S—

 Magnetic field not amplitied
pmaX,O(t) X t_1/5

 Magnetic tield amplitication driven by resonant waves
7/5

pmax,() (t) X T

 Magnetic field amplitication driven by non-resonant waves
Prmax,0(t) o<t
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The CR spectrum injected into the Galaxy

Resc(p) 5
finj (p) — 477/ r fconf (tesc (p)a r, p) dr
0

—

p
A(p)

— finj (p) X Ugsc (p)Rgsc (p)

Exact balance
between v2esc and R3esc
during the ST phase

20



The CR spectrum injected into the Galaxy

Resc(p) 5
finj (p) — 477/ r fconf (tesc (p)a r, p) dr
0

— finj (p) X Ugsc (p)RgSC (p) i(p)

during the ST
phase

- p“ a >4
- Ultra-relativistic limit (p > myc): finj (p) X { pA

a < 4

iﬁ Bell & Shure, MNRAS 437 (2014) 2802

iﬁ Cardillo, Amato & Blasi, APh 69 (2015) 1

N
RiP Celii et al, MNRAS 490 (2019) 4317C

21



Ultrahigh-energy photonsup tol1.4
petaelectronvolts from12 y-ray Galactic
sources Wil LHAASO Coll., Nature 594 (2021) 33
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LHAASO Source Possible Origin
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Distance (kpc) Age (kyr)* L, (erg/s)’ Potential TeV Counterpart’ U nce rt ain

LHAASO J0534+2202 PSR J0534+2200 PSR 2.0 1.26 4.5 x 10°®  Crab, Crab Nebula
LHAASO J1825-1326 PSR J1826-1334 PSR 3.1+0.29 21.4 2.8 x 106 HESS J1825-137, HESS J1826-130,
PSR J1826-1256 PSR 1.6 14.4 3.6 x 10% 2HWC J1825-134 n atu re Of
LHAASO J1839-0545 PSR J1837-0604 PSR 4.8 33.8 2.0 x 10%  2HWC J1837-065, HESS J1837-069,
PSR J1838-0537 PSR 1.3 49 6.0 x 106  HESS J1841-055
" LHAASO J1843-0338  SNR G28.6-0.1 SNR 9.6 +0.37 <2 — HESS J1843-033, HESS J1844-030, SOU I‘CGS,

2HWC J1844-032

LHAASO J1849-0003 PSR J1849-0001 PSR

79 43.1 9.8 x 10% HESS J1849-000, 2HWC J1849+001 N t SN R
5.5" cy 0 many S

W43 YMC =

LHAASO J1908+0621  SNR G40.5-0.5 SNR 3.4 ~ 10 — 20/ - MGRO J1908+06, HESS J1908+063,

PSR 1907+0602 PSR 2.4 19.5 2.8 x 10 ARGO J1907+0627, VER J1907+062,

PSR 1907+0631 PSR 3.4 11.3 5.3 x 10%  2HWC 1908+063
LHAASO J1929+1745 PSR J1928+1746 PSR 4.6 82.6 1.6 x 10%  2HWC J1928+177, 2HWC J1930+188,

PSR J1930+1852 PSR 6.2 2.9 1.2 x 10%7  HESS J1930+188, VER J1930+188

SNR G54.1+0.3 SNR g.3*8 s 1.8 — 3.3 —
LHAASO J1956+2845 PSR J1958+2846 PSR 2.0 21.7 3.4 x 10  2HWC J1955+285

SNR G66.0-0.0 SNR 2.3+ 0.24 - -
LHAASO J201843651 PSR J2021+3651 PSR 1.8F1-T1 17.2 3.4 x 10°  MGRO J2019+37, VER J2019+368,

Sh 2-104 H 1I/YMC 3 +0.3/4.0 + 0.5" = - VER J2016+371

LHAASO J2032+4102  Cygnus OB2 YMC 1.40 = 0.08° — — TeV J2032+4130, ARGO J2031+4157,

PSR 203244127 PSR 1.40 + 0.08° 201 1.5 x 103  MGRO J2031+41, 2HWC J2031+415, .

SNR G79.8+1.2 R candidate = = = VER J2032+414 https://doi.org/10.1038/s41586-021-03498-2
LHAASO J2108+5157 — — — — — — Received: 21 October 2020
LHAASO J2226+6057 SNR G106.3+2.7 0.87 ~ 107 — VER J2227+608, Boomerang Nebula

PSR J2229+6114 0.87 ~107 2.2 x10% Accepted: 26 March 2021

Published online: 17 May 2021
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VHE gamma rays from
masswe stellar clusters
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Particle acceleration in wind-blown bubbles

see Peretti’s talk

—— WR Without Rotation (Fract=17%)
------ WR With Rotation (Fract=26%)

® CRIS data

& Other Data Averaged

< Volatility Corrected

 Anomalous CR composition can’t be
easily accommodated in the standard
SNR scenario for the origin of GCRs

______________ | mam Cassé & Paul , Apd
' 258 (1982) 860

| msag Binns et al., New Astr.
Rev. 52 (2008) 427

e In particular, the 22Ne/20Ne appears 5
times larger in CRs than in solar wind
—» Heavy ejecta required

o Ratio Relative to Solar System Abundances

\@\ Density (my; cm™)
) I | I | H s ]
4 compressed 10° 102 107! 10" 10! 10°

Compact star cluster

Shocked stellar wind

Termination
shock /

S

YN

density

velocity

radial distance = ® 0 N B 4 e
| 3 4 ;‘lach number i
N Weaver et al, ApJ 218 WP Voriino et al., MNRAS 504 WP Gupta et al., MNRAS 493 (2020) 3

(1977) 377 (2021) 4 24



Stellar winds vs SNRs

forward shock shell o;‘Ssl\f/lwocked R Shock\é\,;

- : e - '
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hot diluted
bubble

vind termination®
~shock
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Particle acceleratlon

Acceleratlon @ WTS

| 1o s
| ‘~~.‘\ S5
= 0.100} N
W ‘\\‘\\
[ o 0.010 Bohm R
e Kraichnan
1‘ 0.001§— ----- - Kolmogorov
(|
10 ?).1 1 | 10 | 100
p [TeVic]

M =10"*My/yr, vy, = 3000 km /s,
Ly =3 x10%erg/s,écr =g = 0.1

— PeV energies can be
reached in powertful
compact clusters only if
diffusion is close to Bohm

1 S
| ' Morlino et al., MNRAS 504 (2021)4

Acceleratlon @ SNR shocks in WTS -

|n d blown bubbles

1

(. N —— 500 massive stars ‘
3 Myr "‘\-,_‘ \'\.\ — 100 massive stars |
| 1048 : : : ) | ‘N . . : i'
o 10 15 20 25 30 35 |
| 0 Time [Myr]
l

|
'ACDC)‘ X. (0.1 pc)
0

X(Jp-.

' Badmaev et al., MNRAS 517 (2022) 18188




What about Galactic SuperPeVatrons?

=
o
o

Auger
HAWC

* *

- cecobencere * Compelling fit to CR data
|
A A KASCADE-Grande T
i L Noecton (spectrum & composition)
Im Telescope Array
~ P |,? -ﬁu y TALE
. ¥ Tibet
- \‘I\ T T b ® Tunka . .
S 100 N e e Contribution from clustered
> 1 I 7] .
o
S : \ SNRs in compact MSCs
W |
g : takes over at few hundreds
© | w—Total . .
~ |
~N -- Supernovae in loose clusters \ Tev, C re atl n g a kn ee—l | ke
w -- Supernovae in wind-blow!g clusters ‘\‘
e /o feature
]_03 — : - — —e— —
104 10° 106 107 108 10° 1010
Etor [GeV]
S —
.|| Vieu & Reville, MNRAS 515 (2022) 2256

Acceleration mechanism U (kms™1) B (uG) R (pc) Eax, canonical (PeV) Emax, optimistic (PeV)

SB forward shock 30 1-10 50-100 0.01 0.1

SNR inside SB 3000 10-50 10-30 1 5

WTS around a compact cluster 2000 10-50 5-30 1 5

SNR embedded in a WTS 5000 10-50 5-30 5 10

HD turbulence 100 1-10 50-100 0.5 1

Collection of individual winds (loose cluster) 10-100 10-50 1-10 0.05 0.5
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Conclusions

LHAASO observations have unveiled many PeVatrons the Milky Way:
* while spectral studies have allowed to locate accelerators, morphological
studies are also needed to firmly identity them.

> The role of SNRs as PeV-hadron accelerators is not yet established, the main
difficulties being the maximum achievable energy and the composition of injected
particles:
 isolated SNRs appear to be the main contributors of GCRs up to the knee;
* none of VHE emitters shows ongoing PeV acceleration, still possibly PeV
particles have escaped their shocks within the first 10-100 years;
e particle escape still nowadays poorly understood, mainly because of its
dependence on the dynamics of the magnetic turbulence —— MM signatures.

Massive stellar clusters are promising PeVatrons: a rigorous treatment for
acceleration in these systems is still lacking, as it works differently in young and old
systems:
e extreme WTSs might produce PeV patrticles;
* SNRs occurring in the hot and turbulent medium within WTSs might accelerate
up to 100 PeV;
* most likely, mixed scenarios at PeV.
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Thanks for your kind
attention!
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