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Outline of the talk

- The Supernova Remnant (SNR) paradigm for the origin of
Galactic cosmic rays:
* the issue with maximum energy;
* the role of particle escape in SNRs;
e radiative signatures of SNR PeV activity.

- SNR-escaping particles illuminating nearby molecular clouds:
* a catalog-based analysis of Galactic SNR-cloud pairs;
 comparison with LHAASO unidentified sources.
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The SNR paradigm for the origin of
Galactic CRs
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. Enough power in SN explosions to explain CRs
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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%



Gamma rays from SNRs | Middle-aged SNRs |
| (20000 yrs)
t < hadronic emission
| o steep spectra
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- (2000 yrs) :
i < hadronic/leptonic ? §
| < hard spectra :
Emax=10-100 TeV §
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Ultrahigh-energy photonsup tol1.4
petaelectronvolts from12 y-ray Galactic

SOUrces
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LHAASO Source Possible Origin Distance (kpc) Age (kyr)* L, (erg/s)’ Potential TeV Counterpart®
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+0.27 21.4 2.8 x 10%  HESS J1825-137, HESS J1826-130,
PSR J1826-1256 PSR 1.6 14.4 3.6 x 106 2HWC J1825-134
LHAASO J1839-0545 PSR J1837-0604 PSR 4.8 33.8 2.0 x 10°6  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,
2HWC J1844-032
LHAASO J1849-0003 PSR J1849-0001 PSR 79 43.1 9.8 x 10°°  HESS J1849-000, 2HWC J1849+001
W43 YMC 5.5" — _
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 34 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 1037 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 - g
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 II/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 2032+4127 PSR 1.40 + 0.08° 201 1.5 x 10%  MGRO J2031+41, 2HWC J2031+415,
SNR G79.8+1.2 R candidate = - = VER J2032+414
"LHAASO J2108+5157 — — — — — —
LHAASO J2226+6057 SNR G106.3+2.7 0.87 ~ 107 — VER J2227+608, Boomerang Nebula
PSR J2229+6114 0.87 ~ 107 2.2 x 10%7

Dec=0°

LHAASO J1843-0338

e
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RIP LHAASO Coll., Nature 594 (2021) 33

Dec=-10°
LHAASO J1825-1326

ASO J1839-:0545

Uncertain

nature of

sources,
Not many SNRs
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Flux (m? sr s GeV)?

Are SNRs proton PeVatrons?
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B-field amplification is
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=T PeV energies
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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

10



The hydrodinamical evolution of an SNR

Us

NV
RIP Vink, ASA Rev 20 (2012) 1
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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

12



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

13 ﬁ Celli et al., MNRAS 490 (2019) 3



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) Xt

 Magnetic field amplitication driven by non-resonant waves
Prmax,0(t) o<t

14



Escaping particles & molecular cloud
illumination

Delayed emission from molecular
clouds could help us understanding
whether nearby SNRs have ever
behaved as PeVatron

Wil Gabici et al., MNRAS 396 (2009) 1629G

RSNR(t)

Methods il Vitchell & Celli, 2024
SNRs from 2 catalogs: GreenCat & SNRCat; JHEA submitted
* Molecular Clouds detected through 2CQO line from Rice catalog:
distance, size and density known (with uncertainties);
 SNR-MC pairing requires angular separation and distance to imply a
physical separation < 100 pc;
e |f SNR distance is unknown, it is considered at cloud distance and

only angular separation is used as a selection criterion. "



Escaping particles & molecular cloud
illumination

CR injection model @ SNRs:

Jal e
O el )
 Acceleration slope a=2;
« Conversion efficiency &cr=0.1;
 Both type IA and type Il SN
modelling, with different tseq;
 Time-dependent escape with 8=2.5
and pm=3 PeV/c;
Rl Vitchell & Celli, 2024 JHEA submitted * Transport in Kolmogorov-like
diffusion coefficient, locally
suppressed @ Do(1GeV)=3x1026
cma2/s.

RSNR(t)

Hadronic (pp) collisions in clouds:

 Computation of emerging gamma rays and neutrinos (GeV-multi TeV);

« Additional contribution from CR sea

e Spectral analysis of spatially coincident LHAASO unidentified sources.
16



VHE & UHE gamma-ray sources in
the Galaxy

HGPS flux > 1 TeV (% Crab)
PN AN ) I &

r20

r15

—
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Significance
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17

Galactic Plane Survey by H.E.S.S.
e /8 sources detected
e 47 unidentified

Wil Aboalla et al., A&A 612 (2018) AT

1st LHAASO catalog:

90 sources detected

43 with UHE emission (0>4 @ E>100 TeV)
e 32 new TeV sources

Wi Czo et al., ApJSS 271 (2024) 25

| Are UNID sources related t
molecular clouds as
illuminated by SNR-

fl

escaplng CRs’?
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Type la SN scenario
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1LHAASO J1857+0203u

UNID source coincident with HESS J1858+020
Spatially coincident with clouds 240 & 190, illuminated by SNR G036.6-0.7

iﬁ Mitchell & Celli, 2024 JHEA
submitted

These are not fits, but
model prediction with
benchmark parameters
10% CR efficiency here
assumed, lower values
would result more
favorable!

— Cloud 240 — Cloud 190
~1w*y J1857+0203u ~10° J1857+0203u
L ~==- J1857+0203u ! ] === J1857+0203u
T 1071 T 10711
5 5
% 10—12 % 10124
E = 4
W 10-13 w 10—13,:
> Type I SN S | Type la SN
© 10-14] 3.4 kpc distance ~ 10-141 1.86 kpc distance
- n=90cm™3 - | n=36cm™3

10-1> , - - ' 10713 ' : . ;
1071 10° 10! 102 10° 1071 10° 101 102 103

Energy (TeV)

Energy (TeV)

1 —— Cloud 214
_ J1825-1256u
] === ]1825-1256u

1LHAASO J1825-1256u

; Type la SN
1 3.6 kpc distance
| n=163cm™

100

Energy (TeV)

......,\ T
103

A formally UNID source In
a complex sky region
Here, multiple SNRs
contribute to the total flux,
namely G0O17.0-0.0,
G017.4-0.1, G019.1+0.2
e thelir contributions can
also be considered

individually. 19



Conclusions

* [he most energetic particles — approaching ~PeV — are expected to
escape their source at early times

e Potentially illuminating nearby molecular clouds?
- The spectrum of particles penetrating the molecular cloud is different
from that injected by the accelerator
- A new population of high energy sources may be emerging,
coincident with target material rather than accelerators themselves

 The scenario of molecular clouds illuminated by nearby SNRs appears
viable to explain several unidentified UHE sources

* Ongoing investigation with neutrinos!

15°
= )" -— . }( q{ ..’
.~~~ Galactic Coord. kQ
-15° += -
160" -120° -180°

i% Aartsen et al., Science
l 380 (2023) 1338
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Future prospects with IACTs: a sensitivity
study with ASTRI & CTA

LHAASO-KM2A sources [50 TeV]
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Molecular clouds
illuminated by the CR sea
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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.

—

NV
RiP Celii et al, MNRAS 490 (2019) 3

24



(eV)

E

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

max

1 10 100
time (year)

1000

Remn ela

III T T Illllll

n_ =0.85

m

1 10 100 1000
N )
Wil schure & Bell, MNRAS 435 (2013) 2 time (year)

I With NRSI, only special explosions can achieve the knee l

iﬁ Cardillo et al., Astropart. Phys. 69 (2015) 1

N . .
25 .|I Cristofari et al., Astropart. Phys. 69 (2020) 102492



A model for particle propagation

Solution of the transport equation for accelerated protons

of . pdf_
v , _rPYJ |
VﬁVf z apv \% [DVf] \

ANALYTICAL I|I Celli et al., MNRAS 490 (2019) 3
DESCRIPTION
‘Partlcles confined inside the SNR | -

afconf | L P 8fconf
ot -V Vfconf — 3 ap

Assumption 1: spherical symmetry f=f(t,r,p);

Escaped parhcles

| afesc
ot

V-.v

=V DV fesc] ‘

Assumption 2: stationary homogeneous diffusion coefficient Is
assumed inside and outside the remnant

28 pc 1/3 - |
Din(p) - Dout(p) — XDGal(p) » Xlo (10 GGV) cim - s

20



A model for particle propagation

Assumption 3: at every time, a constant fraction &cgr of the
shock ram pressure is converted into CR pressure, such that the
acceleration spectrum reads as

3EaRPup s (1) .
tp) = S 0 [Pmaxc(t) =
fO( ’p) 47TC(mpC)4_aA(pmaX(t))p \[ ’ ( ) p]
acceleration / |
Sle | i
eff'C'tef‘C%’. normalization factor aC(C; irztlﬁgripsggm
constant In time such that

PCR — SCRIOupUs (t)

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

Assumption 4: the shock is evolving through the ST phase
Rs(t) oc t2°  wg(t) oc t73/°

27



Declination (J2000)

Middle-aged SNRs: IC 443
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Suppression of diffusion

coefficient required:

e |ocal turbulence?

 CR-induced turbulence
(streaming instability)?

D/Dgar < 0.3| mulhp

Y
.II Malkov et al., ApJ 768 (2013) 63
Bif Nava et al, MNRAS 461 (2016) 3552N

Wil D'Angelo et al., MNRAS 474 (2018) 1944D

How does magnetic turbulence
evolve with time?

Needs to include damping eftects
(MHD cascade, ion-neutral friction).

Standard assumption in the SNR
paradigm for the origin of GCRSs.

29



Morphological and spectral features of

escaping particles
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Volume integrated gamma-ray emission

from hadronic (pp) interactions

3 /R2
— [fesc(tarv p) + fp,esc(tarvp)] T2d7 3 ! | '
o vJreo 1L Shocked Unshocked -
107 IR —e s+ solution solution
9 6=2 6:4 2.5
— 10 Ei 5L
E =
(&) 10-10 151
s 1
O : _
:)::. 10-11 3 E 05 |- S — S -
< | | 0 i edov (1959)
107+ SOLID: R1=Rsng, R2=2Rsnr 0 05 | s >
13 - DASHED: R1=2Rsnr R2=3Rsng RO
10 10° 100 10t 10°  10° — 10° -y 0
1|_m 6=2 6:4
p (GeV/c) C}IE 107
(&)
fo(p) ocp™* > 108
D(10 GeV /c) =10%7 cm2s™ S 179
écr = 10% W j
. \I% Celli et al., MNRAS < 10710}
Nyp = 1 cm 490 (2019) 3 o % R <r< 2R
A1 | SNR r SNR
Tsng = 104yr 10 L NI
d =1 kpc 107 100 10" 102 10° 10* 10° 1of

Ev (GeV)



Volume integrated gamma-ray emission
from hadronlc mteractlons

T T T ‘_3
— ] i 6:1,n =1cm
—_ 10-6 X_O'O1 ] 10-4; 6:1,nu:p=100m'§
" v = 0.1 s | 5=1,n,,=100cm’
& %= R X = 0.3
E 10 o 10-6 L
G £
> 107 S 07|
—~ |_|_|>- o f
LIJ>— 10 = 109§
oV 11 6=3,np=1cm”,
LU 11 10 ¢ 6=3,n,,=10cm™,
10 1012 L . 0%=3n,=100cm" e
10" 10° 10" 102 10®*  10* 10°  10°
E, (GeV)
for = 10%
5=1,T=2x10%yr
4 —3
0=2,T=2x10, yr —
5=3T=2x10*yr Nyp = 1 cm
q.: 108 X =Y Tsng = 10 yr
(&]
> d=1k
9 — C
G 10 p
w
= 10710
N>~
L
107"
10'12 | PR | sl R | PR | MR | Lol L
10" 10 10" 102 10®  10* 10°  10°

E, (GeV)
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Middle-aged SNRs: W 28N

3 d
1 (a) Fermi-LAT -
= , 108 [ W28N Fermi-LAT -
2 Source N, z W28N HESS —+—
£ '- ? i d=4,py=1PeVic
& — 107 F I S .
“ ‘0 5 N
o ' i
5 107 | %
> | '
O 9 - ¢
& HESS J1800-240 S 107 ¢ e || |
' —~ ﬁfivvt
| C LLr‘
fce S p=¢ 10'10 : i
o z __
18:00:00 . et ;FGGV = 2.74 ]
Right Ascension (J2000) ]
0.1 0.2 0.3 0.4 0.5 0.6 0.7 :FTeV — 2.66
. o o N A A A 10_12 o o o o ‘ ‘ ¥ ‘ |

[counts/pixel]

H.E.S.S. 80 Ey (GeV)

-23°

PSR J1801-23
v

HESS J1801-233

W 28 (Radio Boundary)

- fo(p) o< p™*
Tsnr = 3 % 10% yr, nyp = 10cm™

-23°30°

3

20

il | KOl - 5 ( 10 GeV/C) _ 3 : 1027 Cm2 /S
o o f CR = 1 5%
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Declination [°]

The Gamma Cygni SNR

>250 GeV

41.5 EEEEEEEE TR - . 5 .
- 0.4

4.0 -
X
@
—
(-
40,5 - W SN e v A S Y c
40,0 SN VR A S S

306.0 305.5 305.0 304.5 304.0
Right Ascension [°]

« MAGIC observes a patchy and extended emission in the NW of the radio

Characteristic value used in this work  value range
Radius [°] 0.53 0.51-0.56
Distance [kpc] 1.7 1.5-2.6
Age [kyr] 7 4-13
shock speed [km/s] 1000 600 - 1500
gas density at y-Cygni [1/cm?] 0.2 0.14-0.32
explosion energy [10°! erg] 1 0.8—1.1

shell: a joint analysis with Fermi resolves this emission into a point source,
MAGIC J2019+408, and an arc-like structure;

e Energy dependent morphology hints for relevance of escape.
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Event counts

60
500-2500 GeV

i SNR

S = o o D i T

41.5-{—
40.5-{e—
40.0-TEu—

Event counts

- 0.40

I
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I
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1
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I
-+
I
I
I
I
I
I
I
-+

5-60 GeV

1
250-500 GeV

The Gamma Cygn

R

410~
41 5 R N

41.5-{SE—
40.0-FEEmu—

[.] uoneuldaq

Rel. Flux

Rel. Flux

[.] uoneuidaq

305.5 305.0 304.5 304.0

306.0

Right Ascension [°]

Right Ascension [°]
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Declination [°]

The Gamma Cygni

41.5-

41.04

40.5+

40.04

306.0

Spatial templates:

NR

HI, -19km/s<v < -=11km/s

i 41.5° 1 itk i
Source name Spatial model Centred at Extension
RA [deg] Dec [deg] [deg]
MAG | C \J 20 1 9 + 408 SNR shell disk 305.30 40.43 0.53 (radius)
i MAGIC J2019+408 Gaussian 304.93 40.87 0.13 (o) 47.0° | SN RS R, 1
Arc annular sector 305.30 40.43 0.15 (Fout — Fshell) — '
Arc (alternative) Gaussian 304.51 40.51 0.12 (o) 'E'
.8
©
£ o |, NR AR TS
L . S 405
pectral models :
" ()
Source name MAGIC
Np [TeV™' em2s71] r Eo [TeV] Det. Sign. []
SNR Shell (10 £ 24, 7§%,,) x 1077 —2.55 £ 016, "33, 1.0 A ) O SR, 0 A
| MAGIC12019+408  (10.0 0.9 *$2,) x 1077 ~2.81 + 010403, , 1.0 16.7 40.0° it~ . SR
Arc (annular sector) (3.9 + 074 *7g,,) X 1073 =3.02£ 0184 0%, 1.0 10.1
Arc (Gaussian model) (5.2 +0.8yu*38,,,) X 1073 =2.99 £ 0.164u*83,,, 1.0 10.3
Fermi-LAT
SNR Shell (37 £ 2gu™48y,) ¥ 10710 2110064y £ 0.0Lys  0.05 232 ) [
3055 305.0 3005 300.0 MAGICJ2019+408 (9.8 1.8gu'ld,) X 10710 —1.86 201340 £0.01y 005 8.9 306.0° 30.5_5o 305.00. 3? )
Right Ascension [°] Right Ascension [°]
Esn M  tsnr d no ECR @ Envax o NarcMarc Dgat/ Dout
10°"erg 5M, 7kyr 1.7kpc 0.2cm™ 3.8% 4.0 78 TeV 2.55 0.31 cm™ 16
[see Tableﬂ] [3%—-T7%] [3.9-4.2] [20-250] [2.2-3.8] | [0.25-0.45] [10-35]
# MAGIC Shell # MAGIC Gaussian MAGIC J2019+408
101 4 # MAGIC Arc 101 4 4 Fermi Gaussian
i 4 FermiShell
—_ $ FermiArc —_
D T
0 0
D D
£ 10°- £ 10°4
O (@]
> >
2, 2,
w W]
e e
= 101 = 10-1
S 1071+ S 1071
o~ o~
w w
1 0 _2 T T T T T T T 1 0 _2 T T T T T T T T
1072 1071 10° 10! 102 103 104 1072 1071 100 10! 102 103 104

Energy [GeV]
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The velocity profile in the downstream

The velocity field in the downstream plasma, adopted for
solution of the confined particle equation, follows from the
ST solution in a homogeneous medium

linear approximation: v(r,t) 1 : d ()
— : =(1—— Vs
PP u(T, ) R.()

NV
RIP Ostriker & McKee, RMP 60 (1988) 1

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

—— Sedov
Linear approx.
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The confined density function

—— Method of characteristics

Spectrum of particles contained within the shock:

fcon (t,r,p) — f (t (t,T),p ( >
f T\ Rs(to) adiabatic

10’ » * * | losses

SN

o OO
AWNGI= OO

ool ool

mninNipnN

0.5 0.6 0.7 0.8 0.9 1
r 1 Ry(Tope) 39



Self-generated turbulence

1672 vy NG growth rate by resonant
Per(k) = — B2F (k) | v(p) 5 3 streaming instability
P=Pres Wi skiling, ApJ 170 (1971) 265
I'neo (k) = (2¢) % 2 kva v/ F (k) non-linear damping rate
Qi Ptuskin & Zirakashvini, A&A 403 (2003) 1
100
10 -
@ ;
2 f Eor = 10%
> T Ny = 1 cm™?
:‘; f Tsng = 10% yr
D 0.10
0.01 -
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CR self-confinement around middle-aged

SNRs and TeV halos
a =4
Dself/D('r — 0-5RSNR) Dself/D('r' — 1-5RSNR)
p =10 TeV/c 9.2 x 107! 1.1 x 10°
p =50 TeV/c 3.6 x 107} 4.0 x 1071
p =100 TeV/c 2.9 x 107} 3.0 x 10~}
a=4+1/3
Self/D(’r = 0. 5RSNR) Dself/D(r — 1-5RSNR)
p=10 TeV/c 1.7 x 101 2.0 x 1071
p =250 TeV/c 1.7 x 1072 1.9 x 102
p =100 TeV/c 1.2 x 1072 1.3 x 1072

*No ion-neutral friction here included

41



Sensitivity to
extended sources:
synergies in neutrino
and gamma-ray astronomy
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Next generation gamma-ray instrument
performances

—— ASTRI CTA Alpha Array
— =+ CTA-N _
S (L:;ﬁ:so-szA 2106_ * North:
E d 4 LSTs (23m, FoV=4.5°),
ﬁ 1071 j 9 MSTs (12m, FoV=7°),
>
% é - South
< 0% 14 MSTs (12m, FoV=7°),
| | | . | , | | | | 37 SSTs (4m, FoV=9.5°)
1071 10° 101 102 103 10~1 10° 10! 107 10°
Energy [TeV] Energy [TeV]

@ ®) ASTRI

o
w
o

9 SSTs (4.3 m, FoV=10°)

o
N
Ul

LHAASO KM2A

5195 EDs, 1188 MDs

_O
[
ul

Background rate [Hz deg—2]
Energy resolution (68%)
o
N
o

o
o

T6-T T Tov 10T 107 10° 6T Io0 1ot 107168
Energy [TeV] Energy [TeV]
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Sensitivity studies

In each energy bin, these conditions h%y@i;go be satisfied:
> Minimum number of signal events, ° ; =
. Minimum significance in bkg rejection, 7™ ~ No/ v/ N ;
- Minimum signal excess over background uncertainty
evel (data driven for CTA);

N™I > 10
O min > O

N, /N, > 0.05

The energy bin is driven by the instrument energy resolution:
o (InE) = 0.2
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The bkg Is very sensitive to the source extension, as

Extended sources

2
Nb XX RROI

ASTRI
RSI’C
— —+— 0.1°
Tw ——— 0.2°
~ —+— 0.5°
'c 10" 0.8°
G 1.0°
% 1.2°
o - 1.5°
E —— 20°
r\l><
L
10712
102 10 10° 107 102
Energy [TeV]
(@)
CTA-South
S 10710¢
IUJ
R
5 10-1"
>
9,
X
>
L 1012
N><
L
10713 - . - -
101 109 101 102

1072

Bifl Celli & Peron (2024), A&A Eneray [Tev]

— 2
RROI - \/O-PSF - Rgrc

CTA-North

E?x Flux [erg cm™2 s71]

1072 10T 100 107 102
Energy [TeV]
(b)

LHAASO-KM2A

107 102 10°
Energy [TeV]
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Galactic sources: RX J1713.7-3946

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV |iRESE £ 107° £~ H.E.S.S. (2016) RXJ1713.7-3946 —
£ 2 {280 " — —
-39°00' | ]
e 8 e -
L {240 W B e 7
B Se=% o
20" it {220 % — -F_;_.*_\ —
L 1200 o TS
101 |— s NN —
I 1+%° — —— H.E.S.S. Data (this work) + . -
g 1% 5 - Systematic uncertainty + ‘{ .
% 190 2 - Best-fit model 2016 + ' -
° , 120 3 — - --- Bestit model 2007 R
-40°00' 8 100 \\
80 10712 |— \—
| L L L PR
H —
20' RXJ1713.7-3946 | ]
—~10719= CTA 50 hours 7
1'_(/) — — w— KM3NeT 10 years |~ ]
L (N : 4+ ¢ HESS 2016 = . N
Y~ () 68% PsF € B ceiiis ¢, HESS 2007 +*"‘+++ + """"""""" ]
. o . . o B e {HHHHHH ¢V based on HESS 2016 | .
rem rom 1,::‘ 0 % B T «~===«= ¢ based on HESS 2007 10
<101
M) -
= -
N B
LL L
1072
N //
— /
10_13:— o
HESS 2016: ?Illl_1 | | IIIIII| | | IIIIII| | | i:l/)(/?z | | IIIIII|3 Rsrc_ 0.6
10 1 10 10 10
' =2.06 4+ 0.02 E (TeV)
- —11 “1eom2g! Wil Ambrogi, Celii & Aharonian, APh 100 (2018) 69
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Neutrinos from LHAASO PeVatrons

Unigue probes of hadronic acceleration
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Proton-proton collisions

80 LILLLLLI LILILLL LILILLL LILILLL LILBLLLI LILILLL LILILLL LULLLLL EARLL
. I&DGﬂﬂiatamI L T’
70— Fit-formula —
Kelner(2006)
60[-- - . Kamae(2006) m
3! 50_ -]
£
“%340—- —
O._ 30_ —
accelerated target gas sl |
proton h

10~ | Kafexhiu et al., PRD 90 (2014) 12 ]
u|| u,|| ||||u|| ||||||,u| |||||u,|| |||||u|| ||||||u| Lol

10" 10° 10° 10 10° 10° 10" 10°

Tp [GeV]

1 PeV proton — ~100 TeV gamma rays, ~50 TeV neutrinos/electrons

..but cut-off region deserved detailed modeling A 2eﬂ|9€2alr200n2|g;1 & Gabic .0
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From protons to secondaries

Secondaries produced from spectrum of accelerated protons Jp (Ep)

* Hp 1: Proton spectrum is

E, \*
Jo(Ep) = Ky EJ%P exp | — ( P >

EO,p

 Hp 2: Secondary electrons cooled in surrounding B field:

To(E,) = TSY]EJ;E@) /E e (B)E

50




Synchrotron radiation
from secondary electrons

67Tm263 4 Ee - BO -
Toy (Fe) = o B 52 ~ 1.3 x 10 (GeV) (1 mG) VT

Warning: Cooling assumption is valid as long as To > Tsy(Ee)

o (B) = Y3 B0 ] /O AN ( ECE e)> dE.

21 mo.c® hE

| E
‘I E(; — 15h6B() © ~ 004

ili Derishev & Aharonian, ApJ 887 (2019) 181

5 r=9F/(8E.)
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A closer look to
gamma rays and neutrinos

ap =2, 8, =1, By, = 1PeV

/:"\ B T T T I—I
%) B .= Celli, Aharonian & Gabici,
O?E -16.5[— .|- ApJ 903 (2020) 61C
o B _
@) - ]
o) _ ]
Z %—175_ —_
© LLI -
(QV © B ]
SN
o) [ —
O B |
19l v, a, _189[3 _052E /E _0024 y' -
B L L _ I r— B

o
-
N
OO_ls
N
)
(@)

7
log(E/GeV)
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A closer look to
synchrotron radiation

ap =2, B, =1, By, = 1PeV, By = 1mG

,ﬂ:ﬁ B I I I | I I I I | I | I I I I_I
»n -16.5— B,=10 u G ii Celli, Aharonian & Gabici,
™ — 0
c B B, = 1 mG W AoJ 903 (2020) 61C
e B,=0.1G B
o N ]
=~ N
;:—17.5— ]
Z 5 N
O| 0 - 5
o C 18 —
L] - N
N S
o) B N
o —18.5_— ]
19— —
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Bp

Jo(Ep) = K,E5 % exp 2
0,p
1.0 ‘ ‘ ‘ 1.0 - ‘ : ‘ —
0o | Gamma rays : 09 | Neutrinos
(vu solid, ve dashed) .
0.8 | 0.8 |
0.7 | 0.7 |
0.6 | < 0.6 |
0.5 | 0.5 |
04 | 04 B
i p
03 | i 0.3 o
0.9 ‘ | | ‘ ‘ p ‘ | 0.2 ‘ ‘ ‘ ‘ ‘ P ‘
04 06 08 10 12 14 16 18 20 4 06 08 10 12 14 16 18 20
Bp 0.5 \ | | ‘ ‘ ﬁp
Synchrotron from
0.4 - secondary electrons
0.3 . i% Celli, Aharonian & Gabici,
B P 200 903 (2020) 61C
0.2 | // 1
0.1 |
=15 —
gg=2.o
ocp=2.5 e
0.0 ‘ ‘ ‘ ‘ ‘ ‘
04 06 08 10 12 14 16 18 20

55



Escaping CRs and related
Instabilities



Charged particles I

Ordered B-field \ T
1 [rIere © Plasma Instabilities I

l
N\

Turbulent B-field |

" Diffusive transport | /
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Self-amplification of the magnetic field:
the streaming instability

\ ,"‘\
\\
\-.
\'
................. “................. NS TN XX ............;.................)
~\__1/ "\_‘/ v BO
Wi Kulsrud & Pearce, 156 (1969) 445
NP skiling, ApJ 170 (1971) 265
~ » Power transfer from CRs

to resonant magnetic waves
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Self-amplification of the magnetic field:
the streaming instability




Self-amplification of the magnetic field:
the streaming instability

_ CR
Alfven




Self-amplification of the magnetic field:
non-resonant streaming instability

circularly polarised

escaping CRs barely deflected
—> CR current j along Bo
—> return current in the opposite
direction

wavelength < Larmor radius

—; X El force acting on the plasma —> expands the helical perturbation of B

(until the size of the perturbation is of the order of
the Larmor radius or magnetic tension balances it )
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Bell, MNRAS 353 (2004) 550
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Bell et al., MNRAS 341 (2013) 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 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
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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

— 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
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The CR spectrum injected into the Galaxy

What it acceleration suddenly stops when the remnant enters the
radiative phase of its evolution”

T < 10° K, vg ~ 200 Km/s, tyaq >~ 47 kyr

Prmax.0(trad) =~ 40 GeV/c
105 ]
10° — particles with
z 1000 p < pmaX,O(trad)
S 100 do not sutter further
o adiabatic losses and
Q 10

are soon released In
the ISM
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Electron transport and Emax in SNRs

Radiative + | dE <dE>  EdL|
+IC d

] ] — = ‘ Wil Reynolds, ApJ 493 (1998) 375
adiabatic losses “ dz I

|
E , L
— e,conf(E’ r, t) =fe,0

| i} Morlino & Caprioli, A&A 538 (2012) 381
o 1
L(t,n—IE ) (L-IE)

P

TIME-LIMITED ACCELERATION: /.o(p) = Ky fyo(p) ¢ mieo)

o 2 ) 2
LOSS-LIMITED ACCELERATION: /. () = K., £, o(p) |1 +0.523 (p/pmax,e,o)z] o)

S — _ S _
RIP Aharonian et al., A&A 465 (2007) 695  [jj] Blasi, MNRAS 402 (2010) 2807

Radiative losses in the proton self-amplitied magnetic tield and
radiation fields strongly affect the electron maximum energy:.

2
dE O-+C E
dt syntIC 6 \ m.c?
CE o (D) (- Dr 6B, F (@) v (1) |
= loss > — = 2 : : |
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N m,c? \ o [rB(l + 6g,) + o(rg + O'ezq)] orBfdd)  C

[

acC

606

— = - — — S —



Electron transport and Emnax in SNRs
The CR self-amplified magnetic field at the shock is given by:

t < tSed

t 2 tSed

In the shock downstream, magnetlc fleld compression and
ad|abat|c losses are included such that

| 2
| Bz( t)—— [( h()> + 20°LO(, r)(RSh(t)
m 3 r r
o ;t ) 1/3 I, 3/4
T R,
where L, 1) = [ e ] — L(t,1) = i accounts for
po(t'(t, 1)) R, ()

continuous adiabatic energy losses between t’ and t.
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Solving electron propagation

Numerical solution of the transport equation for accelerated
electrons, including radiative and adiabatic losses

————— rotons I
1000 g /"’@ (r:c)ime limited) :
500+ R NN electrons !
I s’ WS . i
I ,/’ \\ \\\ (loss limited) 4
- ’ |
|
E 100 :
— 90} |
% ﬁ :
£
Y10 '
Dl I
| :
1 L ‘ \!\
0
t/tseq ii Morlino & Celli,
P \VINRAS 508 (2021) 6142M
|
i maX,O,e(t) _ (6 - I)VB
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The Cygnus Loop SNR: particles

Middle-aged SNR
(~2x104 yr)
located at high latitudes

Wi Loru et al., MNRAS 500 (2020) 5177

0 0.2 . £$wum 0.6
—_— _— 2
— 10° Electrons 10
f= Protons
o -9
o 10 1
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()]
S 1079
5 g
= 10 < 10°
e &
8-0 10-12
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o
& o L— ] T A o ‘ ,
10° 10‘/ 10° 108 10* 10° 108 10
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Emax(Tsnr)=65 GeV

By=3uG, t=t }
Bg = 3 uG, t = tguq |
BO=1 uG,t=tage 7 '
- Bo=1uG, t=tgeq )

Pm,p=200 TeV

0.4 0.6 0.8 1.0 1.2 1.4

r/Rsn(t) T

Magnetic field at the shock
today at the level of 10 uG,
compatible with compression



The Cygnus Loop SNR: radiation

Cygnus Loop properties Acceleration model parameters

Assumed Derived

EgN M.; lage d no R, Ush &CR ) Em o0 K By X
7x100%erg 5My 2.1x10%yr 735pc  04cm™3 20pc 380kms~! 007 40 200TeV 3 015 3uG 1

N
QP Loru et al., MNRAS 500 (2020) 5177

T T T T -9 — —
By=3uG ’ 10 pp+HC —— |
Confined 1 ; IC total ]
Escaped ] I IC confined
By = 1_ uG —— 1010 | IC escaped
41| Confined - - - - | g pp total ]
10 Escaped ------- | i pp confined - - - - |
T i 1, I pp escaped ------- ]
(9N}
' C}IE 1011 . .
(@) o L
(@)
T o 1012 L . i
= 1072 | 1 =10 PTASEE ey N
C\ILlJ | NLU .
13 | \
1077 ¢ \
107 4 107 3 2 1 0 1 2 | “‘3 - \\ 4
10 10 10 10 10 10 10 10 10
E (eV) E (GeV)

|6 > 2| wmmp Temporal evolution of magnetic turbulence: MFA + damping effects?

' Electron to proton injection ratio: hints for Kep increasing with
0.15 decreasing shock speed?

=== CR acceleration efficiency: Standard value in the SNR theory.
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The observed CR-e spectrum

Many works on theoretical
-WiP HESS Collaboration (ICRC 2017) interpretation:

"'/‘\ Soongaind Wil Manconi et al., JCAP (2019) 024
.- QO "Hyg ‘é%";

i .,
2 02 tse ey Ty - -
* X B QP Diesing & Caprioli, PRL 123 (2019) 071101
$ | ~+— HESS HE (2000 < Bill Recchia et al., PRD 99 (2019) 103022
) - —4— HESS LE (2009) #.E‘Q ' !I! ecchia et al., ( )
— R i Q
L —+— wa Q} # I WiPl Brose et al., A&A 634 (2020) 359
w 3
x oL D Syt + | Wil Di Mauro et al, PRD 8 (2020) 083012
T - 4 Fermi-LAT HE (2017) _
- ¢ HESS (2017) QP Fornieri et al., JCAP (2020) 009
Prelimina ry [ ] stat. + sys. errors

R el S TY RS S E— ili Cristofari, Blasi & Caprioli, A&A 650A (2021) 62C

10° 10% 10 1 10
S e Wi Evoli et al., PRD 103 (2021) 083010
Wil Voriino & Celli, MNRAS 508 (2021) 6142M

» Origin of the spectral steepening of the CR-electron

. spectrum above 10 GeV?

l

* Origin of the TeV suppression in the CR-electron spectrum?

= m— e —_—— e ——
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The CR-e spectrum injected into the Galaxy

1. Self generated turbulence

0.100 o ey
S 0050 O PMETEE
= | T protons
z 0.010 electrons
L0005 T
Ty - S==___
=
S 0.001
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p [GeV/c]
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a=4.0; 6=2; py=10°GevV

p [GeV/c]

* Spectral steepening in both species of ~0.15 above pmax(tsp);

* Proton and electron spectra only differ if significant MFA is effective
— s large pm (~PeV) or & (>2);

* However, even in the PeVatron scenario, self-amplified magnetic

field can explain spectral differences only above ~1 TeV.

Wil Voriino & Celli, MNRAS 508 (2021) 6142M
ili Cristofari, Blasi & Caprioli, A&A 650A (2021) 62C

NV
Qi Brose et al., A&A 634 (2020) 359

ili Diesing & Caprioli, PRL 123 (2019) 071101
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The CR-e spectrum injected into the Galaxy

2. Turbulent MHD amplification

0.100

| | om=105 GeV
0.0507} S~ — protons |
Q ! v —
Z.E
"Z 00101 electrons
7 f = _.6g=0 -
< 0.005f 7 TN - - -
9 e =% RIP Morlino & Celli, MNRAS 508 (2021) 6142M
E é8=5%
0.001 ¢8=10% precursor contribution
1 10 100 1000  10% 105  10f

p [GeV/c]

* |t only affects electron losses downstream, not the maximum energy

reached at the shock;

 &=1% : efficient losses above 1 TeV, produce a steepening in
electron spectrum amounting to 0.8 up to 20 TeV,;

« — &>>10% values required to get steepening down to ~10 GeV.
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The CR-e spectrum injected into the Galaxy

3. Time-dependent electron-to-proton injection

z ,1n] (p ) 5CR1 ( esc(p )) Vesc(p )2 Resc(p )3

o [°CRe - —3¢,/(58) — ,,—As,
,N.._f = Vooo(p) % o p7IW0O) = P
p,in] CRp Hp

0.100 e | Qk — 5 5 Asep/3
: pm=10° GeV - ,
- 0.050 _\’\\\\ — protons | _
CHE | e With 02, ASep =~ 0.3
E
% 0.0101 electrons qk _ 1 !
Y 0005 =0 « Steepening down to 10
= %=0.5 GeV consistent with
DN L observations only if
. qk=1.5 7
{10 100 1000  10*  10°  10° Pmax(tsp) < 10 GeV.

N
p [GeV/c] RIP Morlino & Celli, MNRAS 508 (2021) 6142M
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The CR-e spectrum injected into the Galaxy

0.100 |
2 0.050]
= :
0,005/ .
N I 1
) \
£ 0001} ||
Y 5 %1074/ |
. [ pM:1 Pev,§B=0%,5 =2.5 ‘!
1 10 100 1000 10* 10°> 10
p [GeV/c] Wil Voriino & Celli, MNRAS 508 (2021) 6142M

Turbulent MHD amplification: Time dependent e/p injection:

T
 SCRe _ _3¢,/(58) — . —A
| = Vesc(p) T P W) = e

5 CRp
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E3¢ [GeV?/m?/s/sr]

The PWN contribution

Break at 40 GeV in electron spectrum also consistent with change
in main source contributor, from SNRs to PWNe

-==- SECe* -= TOT e~
----- SECe™ — TOT e*
—— PWNe e* ¥ e~ AMS-02

M —:- SNRs e~ ¥ e* AMS-02
e ki,

E3¢ [GeVZ/m?2/s/sr]

Mg, e SEC e -== TOT e~
200 - \.i# — PWNe e~ + e~ AMS-02
. —-— SNRs e~
175 - \:Q*M se
\,\'h’;
150 - \.:’ﬁw
N,
125- S Yy
S e }
: *
100- N e Sy +
‘~. ~ -
~. ~o
75+ =~ \+
50 - S
25 -
0 Do peepps
101 102 10°
E [GeV]

Bl Di Mauro et al,, PRD 104 (2021) 083012

PWN contribution is maximal at 500 GeV, ~21%.
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