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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

Y ..
Axford et al., ICRC1977, 11 132 [jjfl Krymskii, AKSSRD 234 (1977) 1306
Bell, MNRAS 182 (1978) 147 [§jJl Blandford & Ostriker, ApJ 221 (1978)

=

{

Aharonian et al., A&A 285 (1994) 645A
dN -
— . 2
dE



Flux (m? sr s GeV)?
o o -
B & <

-
o
-t

109

1011

10%*

1013 10"
Energy (eV)

1019

The SNR paradigm for the origin of
Galactic CRs

Ucr = 0.5eV/cm®

V = 400 kpc®
Tres = O X 10° VT
UcrV
Pep = RT3 % 10% 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 = 400 kpc®
Tres = O X 10° VT
UcrV
Pep = RT3 % 10% erg/s
Tres

Egn = 10°1 erg
Rsny = 0.03yr~1

Psn = RsnFEsn ~ 3 x 10 erg/s

— Eor ~ 10%



Proton-proton collisions
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Gamma rays from SNRs | Middle-aged SNRs |
| (20000 yrs)
t < hadronic emission
| o steep spectra
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i < hadronic/leptonic ? §
| < hard spectra :
Emax=10-100 TeV §
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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 | Remn ela

v =4.7 km/s | MFA n_=0.85
i k7 by NRS| i =0-00
-------------------- :\-1&15!_--------------------_
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: 10" =
1 10 100 1000 1 10 100 1000
time (year)  [§iff Schure & Bell, MNRAS 435 (2013) 2 time (year)
IOnIy special explosions might achieve the knee I

ili Cardillo et al., Astropart. Phys. 69 (2015) 1 9 .|I Cristofari et al., Astropart. Phys. 69 (2020) 102492



log,(E,/GeV)

A population study of evolved SNRs
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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.

—

NV
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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

Vs D(Panin) . remnant age
vs (t)
Pmax _ _ 02(1) ¢

|

> ED stage:

| Vs (1) ~const
Pmax.0(t) o< F(t)t

By F(t) ¢
b 5B(X,t)>2:/]:(k,x,t)dlnk
. pmaX,O O(.F(t) /Uz (t)t ﬂ

> ST stage:
vg(t) 2 t73/5

Pmax,0(t) o< F(1) t=1/5 5 70
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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) Xt

 Magnetic field amplitication driven by non-resonant waves
Prmax,0(t) o<t
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A model for particle propagation

Solution of the transport equation for accelerated protons

b T —

| v.-Vf==—V-v+V.[DVf]|

Ot - / 30p ] |
ANALYTICAL DESCRIPTION | Wil Celii et al, MNRAS 490 (2019) 3

WITH A DOWNSTREAM
VELOCITY PROFILE OF:

e (1 . %) R:(t) 04 (1)

Particles confined inside the
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The spectrum of protons inside the SNR

. 47T RSh (t) 5
J]19n (t’ p) — VSNR / [fesc (t, r, p) fp,esc (ta r, p) fCOnf(t7 T, p)] rdr
’ Wi Celi et al., MNRAS 490 (2019) 3
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n(r) / n,

Volume integrated gamma-ray emission
from hadronic interactions

Shoéked Unshéoked |
solution solution

Density profile
of the CSM

ili Sedov, New York Academic Press (1959)

r/ R, (t)
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Volume integrated gamma-ray emission
from hadronic interactions
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Middle-aged SNRs: W 28N
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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.

23



VHE & UHE gamma-ray sources in
the Galaxy

HGPS flux > 1 TeV (% Crab)
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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’?




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)

.ﬁ Mitchell & Celli, JHEA 44
(2024) 340

Methods
SNRs from both GreenCat & SNRCat catalogs;
* Molecular Clouds detected through 2CQO line from Rice catalog:
measured distance, size and density (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;

RSNR(t)

Nilfl Vitchell & Celli, JHEA 44 * Transport in Kolmogorov-like
(2024) 340 diffusion coefficient, locally
suppressed @ Do(1GeV)=3x1026
cma/s.

Hadronic (pp) collisions in clouds:

e Computation of emerging gamma rays and neutrinos;

e Additional contribution from CR sea;

e Spectral analysis of spatially coincident LHAASO unidentified sources.
26



|
Type la SN scenario
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1LHAASO J1857+0203u

Coincident with HESS UNID source J1858+020
Spatially coincident with clouds 240 & 190, illuminated by SNR G036.6-0.7
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Wil Vitchell & Celli, JHEA 44
(2024) 340

These are not fits, but
model prediction with
benchmark parameters
10% CR efficiency here
assumed, a lower value
would be more
consistent with datal
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10_15 v T T T
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; Type la SN
1 3.6 kpc distance
| n=163cm™

1 —— Cloud 214

1LHAASO J1825-1256u

J1825-1256u

] ==~ J1825-1256u

Energy (TeV)

100

T v .......,\ v
102 103

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 each contribution should
rather be considered

individually. o8



Conclusions

The most energetic particles — approaching ~PeV energies — are expected to
escape their source at early times;

The maximum energy of confined particles inside of middle-aged SNRs is
responsible for the measured cut-off energy in these systems;

Escaping particles could be traced via illuminated 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;

Confirming this scenario would require MWL as well as neutrino observations.
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Thanks for your kind
attention!
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