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THE MOST EFFICIENT ACCELERATOKS IN THE
GALAXY
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_  ACCELERATION EFFICIENCY UP TO 30%

ENERGY

} MOST OF THE

Crab Nebula (composite) = PSR B1509 (X-ray

PECULIARITIES

-  FLAT LOW ENERGY SPECTRUM WITH BREAK
AROUND 500 GEV

- NO SIGNS OF THERMAL PARTICLES




WHEKE AND HOW
ARE PARTICLES ACCELERATED?
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Adapted from Kennel & Coroniti 1984
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PARTICLE ACCELERATION IN PSR
MAGNETOSPHERE

DIRECT E-FIELD ACCELERATION IN GAP OF SIZE £R; WITH POTENTIAL
DIFFERENCE ® VS CURVATURE
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rotation
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THE PULSAR WIND
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UHECRS FROM PULSARS?

Ecr(t) = Eo (1+1t/tsa) ™
~ 1.2 X 1020 eV T]A56I64I45Bl_31R:,2 t7.5_1 for
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_ / " dtNey (£) (B — Ecr(t)) =

E

PURE IRON EXTRACTION AND
PHOTO
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ENERGY DEPENDENT COMPOSITION

AND CORRELATION WITH STARBURST
[Auger coll. 2020]




PARTICLE ACCELERATION IN THE
(RECONNECTING)
CURRENT SHEET

Coroniti 1990 (adapted)
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EFFICIENT DISSIPATION BEFORE THE SHOCK REQUIRES x > 10°
[Kirk & Lyubarsky 2001]

PARTICLE ACCELERATION (LEPTONS) WOULD RESULT IN PULSED
EMISSION [Kirk, Skjaeraasen & Gallant 2002]



PARTICLE ACCELERKATION AT
THE TEKMINATION SHOCK

November 26

Weisskopf+ 2001

COLLISIONLESS RELATIVISTIC SHOCK
DRAMATIC DEPENDENCE ON:

- COMPOSITION

- MAGNETIZATION

- INCLINATION

HILLAS CRITERION

Emax ~ LebB TSRTS
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FERMI ACCELEKATION
(RELATIVISTIC, UNMAGNETIZED, PAIRS))
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POWER-LAW DEVELOPS BUT SLOW PROCESS!
SCATTERING ON SMALL-SCALE TURBULENCE: Ey ax o £/

NO PeV ELECTRONS IN CRAB
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FERMI ACCELERATION
(RELATIVISTIC MAGNETIZED PAIRS!)
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o ACCELERATION COMPLETELY SUPPRESSED "™ **°
FOR ¢ > 1073

ec > 1073 LIKELY OVER MOST OF THE
SHOCK SURFACE

REST OF
‘ PARTICLES

Olmi+ 2015
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SHOCK ACCELERATION VARIANTS
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Cerutti & Giacinti 20

ITURBULENT sHock FRONT (RIS e

{- CORRUGATED SHOCK [Lemoine 17]
DIFFERENT TURBULENCE LEVELS AT DIFFERENT LATITUDES [Giacinti & Kirk 18] f
| _ POSSIBLY PROVIDED BY ANISOTROPIC B- FIELD [Cerutti & Giacinti 20]
f- PRODUCES HARD (STEEP) SPECTRA FOR LOW (HIGH) TURBULENCE LEVEL

¥~ SPECTRUM HARDENS WITH INCREASING MAGNETIZATION
}- INTERESTING LATITUDE DEPENDENCE OF SPECTRAL INDEX
}- ACCELERATES ONE SIGN OF CHARGES PREFERENTIALLY (focus particles in current sheets)

:

f- SPECTRUM EXTENDS TO I'y < 108 < 100 TeV

IN THE END ALWAYS NEED HIGH TURBULENCE LEVEL AT THE RIGHT SCALES [Bells talk]
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FORCED MAG’N‘EZTIL. QELONNEZL.TION

Sironi, Spitkovsky 2611

e IN PRINCIPLE VERY FLAT SPECTRA AT
LOW ENERGY

e FERMI ACCELERATION IN
UNMAGNETIZED PLASMA AFTERWARDS
[see also Lu+ 2021]

A
. RESULTS DEPEND ON 6 AND —

I’LO'

e CRAB SPECTRUM WOULD REQUIRE ¢ > 30 AND k ~ 10°

(10° MORE THAN CURRENT PSR THEORIES CAN EXPLAIN)
[e.g. Timokhin & Harding 19]

e WIND WOULD RECONNECT BEFORE SHOCK [Kirk & Kyubarsky 01]

14



ION CYCLOTRON ABSORKYTION

AT THE SHOCK LEADING EDGE
COLD RING IN MOMENTUM SPACE

AN

Drifting e*-e"-p
plasma

B increases

COHERENT GYRATION LEADS TO
COLLECTIVE EMISSION OF CYCLOTRON WAVES

Plasma starts
gyrating

e PAIRS THERMALIZE TO OVER 10 — 100 X (1/€2_,)

e IONS TAKE m1,/m,TIMES LONGER

o IF PLASMA IS COLD 6u/u < m,/m; ION EMIT VERY - /e, |
HIGH CYCLOTRON HARMONICS . ——w
S S
: Cold gymeg io
e HARMONIC 71 = m;/m, CAN BE RESONANTLY o}

ABSORBED BY PAIRS [EA & Arons 2006] 18



ION CYCLOTRON ACCELERATION
AT SHOCK

IF—: = IONS CARRY MOST OF THE ENERGY k < m;/m,
= WIND SUFFICIENTLY COLD ou/u < m,/m;

ACCELERATION EFFICIENCY:
Ul/U,, ~60% = e~ few%
U/U, ~80% = e~30%

SPECTRAL SLOPE:
Ui/UZOZN 60% =S > 3
UJU,, ~80% = s <2

MAXIMUM ENERGY:
Ui/UZOI e 60% = E

max

Ui/UZOZ ¢ 80% = E

max

~ 20 % m.c*T
~ 80 % m;c’T’

[EA & Arons 2006]

IF k < 10* AND IONS THERE
PROCESS COULD ENSURE PeV PAIRS IN CRAB 16



AL.L.E”LE'QATION IN TUQBULEN@E’
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viv,

N ) 1Lof ’ | Comisso, Sobacchi, Sironi 20
Olmi + 2015 -
A POSSIBILITY FOR RADIO NS e - R
EMITTING PARTICLES? | : AR
[Olmi + 2014]
= SPECTRA TYPICALLY STEEP s ~ — 3 102 10°

Evoli + 2021 E|[GeV]
= |_ARGE ANISOTROPY AT LOW ENERGY

=EVEN MORE RADIO EMITTING ELECTRONS REQUIRED? STILL HIGH MULTIPLICITY?
= RESULT OF ANISOTROPY IS TO MIMIC FLAT SYNCHROTRON SPECTRUM AT LOW ENERGY
= CONSEQUENCES ON COSMIC LEPTONS: BREAK IS ESSENTIAL [e.g. Evoli + 2021]

GROWING INTEREST AND MUCH ONGOING WORK
[Zhdankin+ 2018, 2020; Lemoine & Malkov 2020; Lemoine 2021;

Comisso+ 2020, 2021, 2022; Bresci+ 2022] 17



LHAASG KESULTS
12 SOURCES DETECTED BY LHAASO ABOVE 100 TeV

Table 1| UHE y-ray sources Cao+ 2021

Source name Significance above 100 TeV (x0) E .. (PeV) Flux at100 TeV (CU)

LHAASO J0534+2202
LHAASO J1825-1326
LHAASO J1839-0545
LHAASO J1843-0338

LHAASO J1849-0003
LHAASO J1908+0621
LHAASO J1929+1745

LHAASO J1956+2845
LHAASO J2018+3651
LHAASO J2032+4102

LHAASO J2108+5157 .

LHAASO J2226+6057

ALL SOURCES BUT ONE HAVE A PSR IN THE FIELD
PSRs ARE THE ONLY POTENTIAL SOURCES OF PeV LEPTONS IN THE GALAXY

17.8
16.4
7.7
8.5

BUT...

0.88+0.1
0.42+0.16
0.21+0.05

0.26 -0.10*0-16
0.35+0.07
0.44 +0.05

0.71-0.07*01¢
0.42+0.03
0.27+0.02
1.42+013
0.43+0.05
0.57+0.19

PeV PROTONS OR ELECTRONS?

1.00(0.14)
3.57(0.52)
0.70(0.18)
0.73(0.17)

0.74(0.15)
1.36(0.18)
0.38(0.09)

0.41(0.09)
0.50(0.10)
0.54(0.10)
0.38(0.09)
1.05(0.16)

1%



MAXIMUM ENERGY IN A PWN

STRICT LIMIT FROM THE PSR POTENTIAL DROP Bpop = \/Eilc

-.t Emax,abs e egEB N RTS

| Pnosas = €8s b5 VGRS PeV & & Esg |

: p2
{ S

APPLIES TO ALL SPECIES! Emax.crap ® 30 PeV
NO MATTER THE PROCESS!

IN YOUNG ENERGETIC SYSTEMS ACCELERATION LIKELY
LOSS LIMITED

i 0 il
i Emax ~ 6 PeV gE B_4 f’-

NOTICE: EPSR —  ENRS

max max
Vs
EVEN FOR MAXIMALLY EFFICIENT (BOHM REGIME) SHOCK ACCELERATION 19



PEV GAMMA-RAYS FROM CRAB?

Crab
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- Emax LARGE ENOUGH!

= PEV ELECTRONSZ SEEN TN TAKE INTO ACCOUNT EVOLUTION, ALL SED,
FLARES BUT 10-2 THAN DIFFERENT MODELS FOR ESCAPE

NEEDED HERE [Fiori, EA + in prep.; see Olmi’s talk]




LHAASO PEVATRONS AND PWNe

MAXIMUM
ELECTRON ENERGY
AS A FUNCTION
OF PSR POTENTIAL DROP
AND LHAASO SOURCES

CYGNUS

—— Maximum efficiency
% LHAASO maximum energy
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SUMMARY AND CONCLUSIONS

- MECHANISM(S) RESPONSIBLE FOR PARTICLE ACCELERATION IN PWNe STILL
NOT KNOWN BUT INCREASINGLY WELL CONSTRAINED FROM DIFFERENT
SIDES

- VHE AND UHE GAMMA-RAY OBSERVATIONS PROVIDE NEW POWERFUL PROBE:
* TEST MAXIMUM ENERGY
* POTENTIAL TO CONSTRAIN THE PRESENCE OF IONS IN PULSAR WINDS

- WHATEVER THE MECHANISM: THE POLAR CAP POTENTIAL DROP OFFERS AN
ABSOLUTE LIMIT FOR THE MAXIMUM ENERGY

« USEFUL TOOL, IN THE WAIT FOR ASTRI AND CTA, TO POSSIBLY EXCLUDE
LEPTONIC NATURE OF LHAASO PEVATRONS

- NEW QUESTION: PWNE AS HADRONIC PEVATRONS?
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