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THE COSMIC RAY PUZZLE
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THE COSMIC RAY PUZZLE
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THE COSMIC RAY PUZZLE

Energy []]
10710 108 10° 10% 102 1 102
I I I

AMS-02 s
L A |- Two Component CR Spectrum
CALET M .

CREAM
DAMPE

FERMI ’

HAWC -,;; Jones et al. 2005
HESS

lceCube

ICETOP ICECUBE
KASCADE
KASCADE-Grande
NUCLEON
PAMELA

TA nd '
TA 29¢ Tooth Fairy
TUNKA-133
VERITAS

s

|

[WLIeD /L
—

—

« 1¢* Tooth Fairy

winapads ¥y @y

e
=
[

E? Intensity [GeV m—2 s~ ! sr™!]
Flux X E%7

g| | l |
1 10° 10° 107 1012 Log E (eV)
Energy [GeV]

ek
3
ﬂ

Credit: C. Evoli

The 2nd LHAASO Symposium - Hong Kong 2025 3 %é)&g&&wgfINSTITUT



THE COSMIC RAY PUZZLE
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BEARS REPEATING
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ARE ALL ACCELERATORS THE SAME?

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV 300
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ARE ALL ACCELERATORS THE SAME?
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(HESS Coll. '22)
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LHAASO VIEW OF MICROQUASARS

above 25 TeV
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(@) O O (@) O O O O C

OOOOOOOO

What dlstlngmshes thermal and non-thermal phenomena?

. Injection & feedback

f What determines the shape of the non-thermal population?

Large dynamic range. Do GeV particles replicate physics of TeV, or PeV...?

What determines the maximum energy?

Is maximum energy limited by time / geometry / losses / escape /potential?

Is the Hillas limit the final word?
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THE CASE FOR DSA IN SNRS

a) We see their non-thermal emission
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c) L..~ 10% of SNR power input to Galaxy
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THE CASE FOR DSA IN SNRS

a) We see their non-thermal emission

b) Observations often agree with diffusive shock acceleration predictions Credi:NASA

Scattering on MHD fluctuations
—> |sotropic distribution
—> No intrinsic momentum scale

, —> Power laws (Bell 78, etc.)
' arccos(u’)
1 A
‘ arccos(u) a ln 3 1 /I/t
0lnp (l/ll/l/tz) — 1
c) L..~ 10% of SNR power input to Galaxy See Pasquale’s slides for derivation
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THE CASE FOR DSA IN SNRS

a) We see their non-thermal emission

b) Observations often agree with diffusive shock acceleration predictions Credi:NASA

Scattering on MHD fluctuations
—> |sotropic distribution
—> No intrinsic momentum scale

, —> Power laws (Bell 78, etc.)
' arccos(u’)
1 A
‘ arccos(u) a ln 3 1 / 1
i f() — ( 1 2) ~ 4
0lnp (l/ll/l/tz) — 1
c) L..~ 10% of SNR power input to Galaxy See Pasquale’s slides for derivation

So what’s the problem(s)?
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(@) O O (@) O O (@) O O O O O C

Acceleration must be efficient (~10% of SNR’s energy over its lifetime)

A

CR flux

w Pressure gradient ahead of shock does work

on external medium
* Decelerates incoming flow (relative to shock)

# « Amplifies magnetic fields

Shock front

Feedback unavoidable:
Hydrodynamic (Eichler 79, Blandford 80, Bell 86, Malkov 97, Amato & Blasi 05,06 etc.)

Hydromagnetic: (Bell 78, McKenzie & Volk 82, Lucek 01, Bell 04 etc.)
Broadly supported by kinetic simulations (caveat emptor)
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ooooooooo e OPEN ISSUES

(@) O O (@) O O (@) O O 0

OOOOOO O 0 O '

- -What are the essential ingredients of a “complete” model?

)

Consider for example Cassiopeia A:

CRflux vV, ~ 5,000 km s~
B, , ~3—-5uG
Pext X 10727 g cm3

# r, | (clwy,) = 10°

Laminar shock transition in such a scenario is
impossible

But this is a purely academic point.

Such scenarios do not exist.

w

Shock front

It is INEVITABLE that intense micro-macroscale magnetic fluctuations are
present in the shock vicinity (enhanced X-ray, low polarisation degree etc. etc.)

The 2nd LHAASO Symposium - Hong Kong 2025 %é)&g#@H@gL('INSTITUT



e OPEN ISSUES

O O (@) O O (@) O O 0

(o) o) O O O O 0 O

What are the essential ingredients of a “complete” model?

Acceleration time for DSA

)

CR flux

3v L, L,
’ tacc = 4 Fa—
| A4Au Y Y

Fractional energy Cycle time

' change per cycle
Rsh

Equate to dynamic time tdyn =

D O O O O O O O O O 0 O
O O O O O O

Shock front

|
L, ~ R /4 indep. of the scattering assumptions.

Note, precursors are in principle visible at highest energies in resolvable sources.

The 2nd LHAASO Symposium - Hong Kong 2025 %é)&g#@H@gL('INSTITUT



L CONFINEMENT ISSUES

-

Highest energy CRs are accelerated “early”

Why so ?
CR flux

’ We need confinement.

Ability to grow scattering fields (a la Bell 2004):

# Inertia \/:5 \//5

[ X X — X
growth "0 . :
Driving Jor pus3h

Shock front

Fast shocks in dense environments preferable

Favours CCSNR shocks in dense winds of RSG progenitor.

Maximum energies > PeV are possible only for favourable conditions.

The 2nd LHAASO Symposium - Hong Kong 2025 %é)&gkﬁfmgfINSTITUT



THE LIMIT OF SUPERNOVA REMNANTS

- Acceleration of particles to PeV is
0 . Funk 2015 hard (as it should be)
w1010 NG
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: N P | Are all detected supernovae past

their prime?
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0 could reveal former glory?
P | (See Xiao Zhang'’s talk)
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Photon Energy (eV)
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ceecooecoo..... DSAIN “NEW” SCENARIOS

(@) O O O O O O O O O O O O C

Shocked ambient medium

Scenario 2

T g ST TedT e
"""" ! - cd | ewe awe ewe ‘:';'."
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Shocked wind -, «Clumpy |
R | - - shocked
s 1
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v
@
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Accretion disk

Giovanni’s talk Enrico’s talk

WTSs (should they exist) are ideal sites for DSA. But magnetic field topology important!!
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OOOOOOOO STUDYING THE GLOBAL PICTURE OF YMSCS
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(@) O O (@) O O O O

oo o o recmol™ . Compact Cluster (Wd1 like)
I I;fzo:ﬁ Cluster (Cygnus like) lsosurface of WTS
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BEYOND PARALLEL SHOCKS?

The 2nd LHAASO Symposium - Hong Kong 2025

B -nl/ |B
1.0

UPSTREAM ii DOWNSTREAM i _ i - af af 1 du af —~ + Q(x, p,t)
i ot  ox| ax *ox 3 dx ¥ op
Plasma velocity :: DIFFUSION  ADVECTION COMPRESSION INJECTION
R Cem—
I
o I From Pasquale’s talk

For shocks with (B) }f n the transport equation can lead
to wrong results. Why?

Gyrotropy breaks down at shock transition due to sharp
change in field direction (5, u;, = const)
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BEYOND PARALLEL SHOCKS?

UPSTREAM ,7: DOWNSTREAM i _ i - af af 1 du af 9g . Q(x P t)
B-nl/ B _ : : ot ax ax ax 3 dx op il
it rlesmavelocy :: DIFFUSION  ADVECTION COMPRESSION INJECTION
os SR A
I
" o, Ui v, From Pasquale’s talk
: I
I

0.5 — |

For shocks with (B) }f n the transport equation can lead
to wrong results. Why?

Gyrotropy breaks down at shock transition due to sharp
change in field direction (5, u;, = const)

We revisit DSA at an oblique shock solving the full angle dependent
Vlasov-Fokker-Planck equation with the open-source code* sapphire++

F%Fﬁ*
* sapphirepp.org
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http://sapphirepp.org

BEYOND PARALLEL SHOCKS?

O O O O O O O O O O C

(b) u, =c/10 (c)

v/ wg=0.03

u, =c/30

0 cos@ 1 0

Bell, Schure, BR 2011

The 2rd LHAASO Symposium - Hong Kong 2025

cos@ 1

Anisotropies are larger for faster shocks,
weaker scattering.

Earlier work assumed power-laws, which holds

if v x , (or ﬂmfp x 1,) i.e. Bohm scaling

MAX-PLANCK-INSTITUT
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O O O O O O O O O O DO ¢

O O O O O O O O O 0

BEYOND PARALLEL SHOCKS?

(c)

v/ wg=0.03

u, =c/30

0 cosd

Bell, Schure, BR 2011

The 2rd LHAASO Symposium - Hong Kong 2025

cos@ 1

Anisotropies are larger for faster shocks,
weaker scattering.

Earlier work assumed power-laws, which holds

if v x , (or ﬂmfp x 1,) i.e. Bohm scaling

What happens if we assume Kraichnan scaling

Amfp X rg's for a 60° (cos 6 = 0.5) shock?

log E
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BEYOND PARALLEL SHOCKS?

O O O O O O O O O O C

/ (b) u_ = c/0 (c) u_ = c/30 Anisotropies are larger for faster shocks,
weaker scattering.
6 - ' Earlier work assumed power-laws, which holds
if v x @, (or A, x 7;) i.e. Bohm scaling
> ' V/,=0.03 What happens if we assume Kraichnan scaling
0.5 0 2
Amfp & tg~ fora 60° (cos 6 = 0.5) shock?
4
\
3
0 cos® 1T 0 cos® 1 o 10°:
Bell, Schure, BR 2011 o
109 104 10"
p/mc
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O O O O O O O O o O

]
(b) u,=c/10
6 -
5 -
4
\Weak
3 scattering
0 cos@ 1

Bell, Schure, BR 2011

BEYOND PARALLEL SHOCKS?

(c)

v/ a)g=0.03

u, =c/30

0

The 2rd LHAASO Symposium - Hong Kong 2025

cos@ 1

P*fo0o

Anisotropies are larger for faster shocks,
weaker scattering.

Earlier work assumed power-laws, which holds

if v x , (or /Imfp x 1,) i.e. Bohm scaling

What happens if we assume Kraichnan scaling

Amfp X rgs for a 60° (cos 6 = 0.5) shock?

104 -

scattering

10° 102 10
p/mc

Asma Shirin T et al. (in prep) MAX-PLANCK-INSTITUT
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O O O O O O O O o O

7
(b) u,=c/10
6 -
v/®,=0.03
S - Strong
scattering
v/0,=0.1
< v/m =1
4 \\ ........
\Weak
3 scattering
0 cosé

Bell, Schure, BR 2011

1

BEYOND PARALLEL SHOCKS?

(c)

v/ a)g=0.03

u, =c/30

0

The 2rd LHAASO Symposium - Hong Kong 2025

cos@ 1

Asma Shirin T et al. (in prep)

P*fo0o

Anisotropies are larger for faster shocks,
weaker scattering.

Earlier work assumed power-laws, which holds

if v x , (or /Imfp x 1,) i.e. Bohm scaling

What happens if we assume Kraichnan scaling

Amfp X rgs for a 60° (cos 6 = 0.5) shock?

sEEEEEERENy

N
.lllllll-l"

104 -

Strong

_ scattering
scattering

10° 102 10
p/mc
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BEYOND PARALLEL SHOCKS?

O O O O O O O O o O

e H.E.S.S. Coll. 2016

S RXJ 1713
------- n 1049 | 1
108 - Proton spectrum assuming ny = 1cm3 ;
—~ Wh(E, > 1TeV) = (5.80 £ 0.12) x 10* erg (;.%5) ' :
10%- o 10"
WS 46 =3
< > 10 :
Q 2 Electron spectrum
W10 E W(E, > 1TeV) = (1.19 + 0.05) x 10¢7 erg
04
101 A EEEE EEEREERRL AR R N EREERRL SRR 1043< PSR IERpegey e
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p /mc Particle Energy ( eV )

Curved spectra are expected for oblique shocks, even in test particle limit.
Since shocks can (probably) accelerate at all angles, but with variable efficiencies,
broader implications still unclear
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Summary

Galactic CR production best explained in shock acceleration scenarios.

New players in the game thanks to new gamma-ray discoveries in VHE & UHE
regimes

Many questions remain on highest energies, and escape from sources,
transport in the near environment, escape etc.

DSA still holds many surprises. Curved spectra possible even in test-particle
limit (opens prospects for improved probing?).

LHAASO discoveries have made a profound impaction the field.
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