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Article

The First 12 Sources
The brightest UHE sources in the Galaxy

LHAASO 2021

Extended Data Table 2| List of energ

LHAASO Source
LHAASO J0534+2202
LHAASO J1825-1326

Possible Origin
PSR J0534+2200
PSR J1826-1334
PSR J1826-1256

| objects p

Distance (kpc)
20
31£027
1.6

Age (kyr)*
126
214
14.4

L, tergls)’

36 x 10%°

d with each LHAASO source

Potential TeV Counterpart®

Crab, Crab Nebula

HESS J1825-137. HESS J1826-130,
JHWC J1825-134

LHAASO 11839-0545

PSR J1837-0604
PSR J1838-0537

48

1.3

338
49

20x10°°
6.0 % 10%

2HWC J1837-065, HESS J1837-069,
HESS 11841

LHAASO J1843-0338

SNR G28.6-0.1

9.6 0.3/

<Y

HESS J1843-033, HESS J1844-030,
2HWC J1844-032

LHAASO 11849-0003

PSR 11849-0001
W43

98 % 10%

HESS 11849-000, 2HWC J1849+001

LHAASO J1908+0621

SNR G40.5-0.5
PSR 1907+0602
PSR 1907+0631

SNR
PSR
PSR

2.8 x 10°
5.3 % 10°°

MGRO 11908+06, HESS J1908+063,
ARGO J1507+0627, VER J1907+062,
2HWC 1908+063

LHAASO J1929+1745

PSR J1928+1746
PSR J1930+1852
SNR G54.140.3

PSR

SNR

1.6 10°°
12 x 1097

2HWC J1928+177, 2HWC J1930+188
HESS 11930+188, VER 11930+188

LHAASO J1956+2845

LHAASO J2018+3651

PSR J1958+2846

SNR G66.0-0.0

PSR J2021+3651
Sh 2-104

PSR

SNR

PSR
HIIFYMC

14
3.3£03"M40£05"

34x10%

34 x10%°

2HWC J1955+285

MGRO 12019437, VER J2019+368,
VER J2016+371

LHAASO J2032+4102

Cygnus OB2
PSR 2032+4127
SNR G79.8+1.2

YMC 140 £0.08°
PSR 140£0.08°
SNR candidate -

TeV J2032+4130, ARGO J2031+4157,
MGRO 12031441, 2HWC J2031+415,
VER J2032+414

LHAASQ J2108+51

7
7

3
LHAASO 12226+605

SNR G106.3+2.7
PSR 1222946114

SNR
PSR

VER J2227+608, Boomerang Nebula




The First 12 Sources

The brightest UHE sources in the Galaxy

Article LHAASO 2021

Extended Data Table 2 | List of energetic astrophysical objects possibly associated with each LHAASO source

LHAASO Source _ Possible Origin Type Distance (kpe)  Age (kyn® L. (ergls)’ Potential TeV Counterpart
; = 5 5 z AT T

LHAASO J1843-0338  SNR G28.64
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ILHAASO Sources Associated Pulsars LHAASO 2024

Source Name PSR Name Sep. d 7. i P, Tdentified Type in TeVCat
(deg) (kpe) (kyr) (ergs™")

ILHAASO J0007-+7303u PSR 100077303 005 140 14 450135 73605 PWN €N
ILHAASO J0216-+4237u PSR J0218+4232 033 315 476000 240435 3.60-03 n
ILHAASO J0249+6022 PSR J0248+6021 0.16 2,00 &2 2.1e435 15003 oc
ILHAASO J0359-+5406 PSR J0359+5414 0.15 . 75 1.3e+36 7.20-04 o
ILHAASO J0534+2200u PSR J0534+2200 0.01 2.00 1 4.5e+38 3.2e-06 PWN o
ILHAASO J05424+231 1 PSR 1054342329 030 1.56 253 4.le+34 8.30-03 -
ILHAASO 1062243754 PSR 106223749 009 208 27434 25604 PWN/TeV Hilo | 3
ILHAASO J0631+1040 PSR 1063141037 0.11 2.10 44 1.7e+35 3.5¢-04 PWN )
1LHAASO J0634+1741u PSR J0633+1746 0.12 0.19 342 3.3c+34 1.3¢-03 PWN/TeV Halo =
ILHAASO J0635+0619 PSR J0633-+0632 039 1.35 59 120435 9.40-03 £
ILHAASO J1740+0948u PSR J1740+1000 021 123 114 23435 1.4¢-03 =
ILHAASO J1809-1918u PSR 11809-1917 0.05 327 51 1.8¢436 6.20-04 (0]
ILHAASO J1813-1245 PSR J1813-1245 001 263 3 620436 63¢-06 =
ILHAASO J1825-1256u PSR J1826-1256 0.09 155 14 36436 16603
ILHAASO J1825-1337u PSR J1826-1334 0.11 3.61 21 2.8e+36 2.8e-03 PWN/TeV Halo o
ILHAASO J1837-0654u PSR J1838-0655 0.12 6.60 23 5.6e436 2.2e-03 PWN U’
ILHAASO J1839-0548u PSR J1838-0537 0.20 5 6.0¢+36 6.1¢-03 <
ILHAASO J1848-0001u PSR J1849-0001 0.06 - 43 9.8e+36 1.2e-04 PWN <
ILHAASO J1857+0245 PSR J1856+0245 0.16 6.32 21 4.6e+36 3.1e-03 PWN I
ILHAASO J1906-+0712 PSR J1906+0722 0.19 49 106436 5.9¢-03 5
ILHAASO J1908+0615u PSR J1907-+0602 0.3 237 20 280436 6.8¢-03 =
ILHAASO J1912+1014u PSR J191341011 013 461 169 2.9¢436 1503
ILHAASO J1914+1150u PSR J1915+1150 0.09 1401 116 54435 18003 £
ILHAASO J1928-+1746u PSR J1928+-1746 0.04 434 83 1.6e+36 1.6e-04 7))
ILHAASO J1929-+1846u PSR J1930+1852 029 7.00 3 126437 2,603 PWN o
ILHAASO J19544+2836u PSR J1954+2836 001 1.96 69 L1e+36 16605 PWN o
ILHAASO J1954+3253 PSR 1195243252 033 3.00 107 37¢436 6.7¢:03 =
ILHAASO J1959+2846u PSR J1958+2845 0.10 1.95 2 340435 2.8¢:03 PWN 3
ILHAASO 12005+ 3415 PSR J2004+3429 025 10.78 18 580435 9.9¢-03 o
ILHAASO J2005+3050 PSR J2006+3102 0.20 6.04 104 2.2e+35 9.2e-03 @
ILHAASO J2020+3649u PSR 1202143651 005 1.80 17 340436 1.5¢-04 PWN 0
ILHAASO J2028+3352 PSR J2028+3332 0.36 .- 576 3.5e+34 8.0e-03 (o]
ILHAASO J2031+4127u PSR J2032+4127 0.08 133 201 1.5¢+35 1.0e-03 PWN
ILHAASO 12228+6100u PSR 1222946114 027 3.00 10 22437 2203 PWN
ILHAASO 1223845900 PSR 1223845903 0.07 283 27 8.9¢+35 3.00-04




The First LHAASO Catalogue
90 Sources & 43 UHE Sources

1LHAASO Sources Associated Pulsars

LHAASO 2024

Source Name

1LHAASO J0007+730:
1LHAASO J0216+423
1LHAASO J0249+602:
1LHAASO J0359+540¢
1LHAASO J0534+220!
1LHAASO J0542+231
1LHAASO J0622+375
1LHAASO J0631+104(

1LHAASO J1809-1918
1LHAASO J1813-1245
1LHAASO J1825-1256%
ILHAASO J1825-1337
ILHAASO J1837-0654
1LHAASO J1839-0548{
ILHAASO J1848-0001
1LHAASO J1857+024:
1LHAASO J1906+071!
1LHAASO J1908+061.
1LHAASO J1912+10L.
1LHAASO J1914+115
ILHAASO J1928+174¢
1LHAASO J1929+

ATNF Pulsars
< Al

= P.<0.01

10° 107
Age (year)

nificd Type in TeVCat

VN

N
VN/TeV Halo

VN
'N/TeV Halo

VN/TeV Halo
VN

VN
N

1LHAASO J1954+2836u
1LHAASO J1954+3253
1LHAASO J1959+2846u
1LHAASO J2005+3415
ILHAASO J2005+3050
1LHAASO J2020+364%u
ILHAASO J2028+3352
1LHAASO J2031+4127u
1LHAASO J2228+6100u
1LHAASO J2238+5900

PSR 1195442836
PSR J1952+3252
PSR J1958+2845
PSR 120043429
PSR J2006+3102
PSR J2021+3651
PSR J2028+3332
PSR J2032+4127
PSR 1222946114
PSR 1223845903

1.96

Lle+36
37e+36
340435
5.8¢+35
220435
34e+36
3.5e+34
1.5¢+35
220437
8.9e+435

1.6e-05
6.7¢-03
2.8¢-03
9.9¢-03
9.2¢-03
1.5¢-04
8.0e-03
1.0e-03
2.2¢-03
3.0e-04




The First LHAASO Catalogue
90 Sources & 43 UHE Sources

1LHAASO Sources Associated Pulsars LHAASO 2024

Source Name

1LHAASO J0007+730:
1LHAASO J0216+423
1LHAASO J0249+602:
1LHAASO J0359+540¢
ILHAASO J0534+-220(
1LHAASO J0542+231
1LHAASO J0622+375
1LHAASO J0631+104(
1LHAASO J0634+174
1LHAASO J0635+061
1LHAASO J1740+094¢
1LHAASO J1809-1918
1LHAASO J1813-1245
1LHAASO J1825-1256%
ILHAASO J1825-1337
ILHAASO J1837-06541
1LHAASO J1839-0548{
ILHAASO J1848-0001
1LHAASO J1857+024:
1LHAASO J1906+071!
1LHAASO J1908+061.
1LHAASO J1912+10L.
1LHAASO J1914+115
ILHAASO J1928+174¢
1LHAASO J1929+

nificd Type in TeVCat

VN

ATNF Pulsars
< Al

2
Pe=1—exp|—

;
2
"d

forrg =

10° 107
Age (year)

1LHAASO J1954+2836u
1LHAASO J1954+3253
1LHAASO J1959+2846u
1LHAASO J2005+3415
1LHAASO J2005+3050
1LHAASO J2020+364%u
ILHAASO J2028+3352
1LHAASO J2031+4127u
1LHAASO J2228+6100u
1LHAASO J2238+5900

PSR 1195442836
PSR J1952+3252
PSR J1958+2845
PSR 120043429
PSR 1200643102
PSR J2021+3651
PSR J2028+3332
PSR J2032+4127
PSR 1222946114
PSR 1223845903

1.96




Fundamental Constraints
on Leptonic PeVatrons

Short Cooling Time Klein-Nishina Cutoff
Inverse Compton scattering dominates
ww | eptons lose energy very easily the production of « rays by electrons in
s 102(i)’2( E )"yr VHE and UHE regimes
o 5uG 1PeV

= |n the Thomson regime, electrons
radiates away only a small fraction
of its energy, ew/(mac?) [« 1]

= This implies a limited propagation
length (here D = Do(E/1PeV)’)
1

Dy )2 L :
, <1030¢> = |n the Klein-Nishina regime, the
Ryir ~ 10%pe x o et cross section decreases consid-
(sis) (v) erably, so the efficiency of the

process drops
Hillas Criterion

. —1
Source Size, /> Rg = 1018(i> ( £
5uG 1PeV

the maximum energy of accelerated particles

)cm, and electric potential drop, en < eas, limits



Short Cooling Time / Transport

High-energy electrons must met different
environmental conditions, on their way
across these scales

The length scale defined by observa-
tion may cover several physical scales,
and the dominant transport scenario can
change accordingly

Furthermore, on a sub-degree scale the
transport can be very complex falling in
the middle of the standard approxima-
tions (“not yet diffusion”)

> Blast Wave Radius

R ~ 20pc x (

_E
10%0¢rg

)" (

n

1em—3



Short Cooling Time / Transport

> Blast Wave Radius

Galactic sources are relatively small:
1/5 2/5
(o) ()
1050 105
R ~ 20pc x o A

R .00 (R/10pc)
ol " (d/3kpc)

i.e., likely all extended sources seen

by LHAASO include the source and its [\

vicinity

PWN:
Relativistic gas

The length scale defined by observa-
tion may cover several physical scales,
and the dominant transport scenario can
change accordingly

Furthermore, on a sub-degree scale the
transport can be very complex falling in
the middle of the standard approxima-
tions (“not yet diffusion”)



Short Cooling Time / Transport

> Blast Wave Radius

Galactic sources are relatively small:
1/5 2/5
(o) ()
1050 105
R ~ 20pc x o A

R .00 (R/10pc)

ol " (d/3kpc)
i.e., likely all extended sources seen
by LHAASO include the source and its [\
vicinity

PWN:

High-energy electrons must met different [EEEVETEES
environmental conditions, on their way
across these scales

Furthermore, on a sub-degree scale the
transport can be very complex falling in
the middle of the standard approxima-
tions (“not yet diffusion”)



Short Cooling Time / Transport

> Blast Wave Radius

£ 1/5 t 2/5
R~ 20pC % 10%0¢rg 105yr

n

Galactic sources are relatively small:

R o (R/10pc)
d ~02° (d/3kpc)

i.e., likely all extended sources seen
by LHAASO include the source and its
vicinity

1cm—3

PWN:
High-energy electrons must met different JEEGEEVETFES

environmental conditions, on their way
across these scales

The length scale defined by observa-
tion may cover several physical scales,
and the dominant transport scenario can
change accordingly

ww Diffusion speed, Rar/t

D

Var 6D 1030 em?
= — ~1.
c Rc 3

50pc



Klein-Nishina Cutoff

w |n the regime when ' > mec?, the
electron recoil needs to be accounted
for, i.e., the cross-section starts to devi-
ate from the classical (Thomson value)
when

-1
we ~ mic“ — €~ 0.3TeV(1eLV)

ww Cross-section obtained with QED fea-
tures a significant reduction in high-
energy regime (the Klein-Nishina effect)



Klein-Nishina Cutoff

= A high-energy electrons up-scatters a
low-energy photon:

Po + ko — p1 + ki

in the electron rest frame the the incident
photon energy is

/ (Po kO)

w =
Me

ww Cross-section obtained with QED fea-
tures a significant reduction in high-
energy regime (the Klein-Nishina effect)



Klein-Nishina Cutoff

= A high-energy electrons up-scatters a
low-energy photon:

Po + Ko — p1 + ki

in the electron rest frame the the incident
photon energy is

/ (Po kO)

w =
Me

w |n the regime when ' > mec?, the
electron recoil needs to be accounted
for, i.e., the cross-section starts to devi-
ate from the classical (Thomson value)
when

w —1
Wwe n~ miC4 —> € 03T€V<m>



Klein-Nishina Cutoff

= A high-energy electrons up-scatters a
low-energy photon:

Po + Ko — p1 + ki

in the electron rest frame the the incident
photon energy is

W = (Poko)
Me

w In the regime when o' > mec?, the w What is the lowest energy of

electron recoil needs to be accounted low-energy target?

for, i.e., the cross-section starts to devi-

ate from the classical (Thomson value) w ~ 3kT ~1072% eV

when T=2.7°K

—1
we ~ mMact = €~ 0.3TeV<1L> = Thus, the Klein-Nishina cutoff
eV is important for

w Cross-section obtained with QED fea- ¢ > 400TeV

tures a significant reduction in high-
energy regime (the Klein-Nishina effect) i.e., in all UHE sources



CMBR & UHE Sources

If one measures a ~-ray spectrum with
LHAASO from a PeVatron. Can one deter-
mine its nature (leptonic vs hadronic) based
just on the spectral properties using the Klein-
Nishina effect?



CMBR & UHE Sources

If one measures a ~-ray spectrum with
LHAASO from a PeVatron. Can one deter-
mine its nature (leptonic vs hadronic) based
just on the spectral properties using the Klein-
Nishina effect?

w Of course, CMBR photons are up-
scattered to differnt energies by different

electrons
1 1
. mﬁc“ V/2(1 +2V/2) In(1 4 v'2)
T 4w 2 In(1+v'/2/3)

where ¢, ¢ are electron/photon energies,
4ekg T N € T

m2ct ~ T 1PeV 2.7K
ww Does an “almost power-law” spectrum
rules out the leptonic scenario?

and v =



CMBR & UHE Sources

If one measures a ~-ray spectrum with
LHAASO from a PeVatron. Can one deter-
mine its nature (leptonic vs hadronic) based
just on the spectral properties using the Klein-
Nishina effect?

w CMBR provides the dominant target for
production of the PeV emission

ww Does an “almost power-law” spectrum
rules out the leptonic scenario?



CMBR & UHE Sources

If one measures a ~y-ray spectrum with (Cygnus Bubble (LHAASO 2024)

LHAASO from a PeVatron. Can one deter-

mine its nature (leptonic vs hadronic) based

just on the spectral properties using the Klein-

Nishina effect?

—=— Cyg Bubble(<6Y)
GDE estimation1

GDE estimation2
— Diffuse Model

w CMBR provides the dominant target for
production of the PeV emission

w Of course, CMBR photons are up-
scattered to differnt energies by different
electrons

—
7]

b
£
]
o
(<)
B
2
T
e
=
o

o
w

5

10 10° 10°
Energy(TeV)

-

1/2 1/2
m204 4 1+2v In(1+ vi/2
~ = ( ) ult ) 2w The 1-30 TeV range defines the

4w 2 In(1 + vi/2/3)
power-law slope
where ¢, € are electron/photon energies, & The 30 — 10° TeV range requires
and v = dekgT op e T an implausible high-energy
méc* 1PeV 2.7K cutoff (or even hardening)
(=3 to compensate for the Klein-

Nishina cutoff



Fitting Cygnus Bubble with IC

Let’s fit the spectrum with an inverse Comp- e Cygnus Bubble (LHAASO 2024)
ton model using naima by V.Zabalza

Naima is a Python package for computation of
non-thermal radiation from relativistic particle
populations. It includes tools to perform MCMC
fitting of radiative models to X-ray, GeV, and TeV
spectra using emcee, an affine-invariant ensemble
sampler for Markov Chain Monte Carlo. Naima is
an Astropy affiliated package.

—=— Cyg Bubble(<6Y)
GDE estimation1
GDE estimation2

— Diffuse Model

—
()

B
£
]
)
o
2
o
2
w
]
3
=
S

o
w

10 10? 10°

There are two main components of the package: Energy(TeV)

a set of nonthermal Radiative Models, and a set
of utility functions that make it easier to fit a given
model to observed spectral data (see Model fitting).

Nonthermal radiative models are available for Syn-
chrotron, inverse Compton, Bremsstrahlung, and
neutral pion decay processes. All of the models
allow the use of an arbitrary shape of the particle
energy distribution, and several functional models
are also available to be used as particle distribution
functions. See Radiative Models for a detailed ex-
planation of these.



Fitting Cygnus Bubble with IC

Let’s fit the spectrum with an inverse Comp-
ton model using naima by V.Zabalza

w= The most basic model ECPL with a non-
flat posterior distributions for cutoff en- Je——
ergy
@ = AG) e (1))
de €0 €c
scatter CMBR

= |n fact, even the simplest model should
be more complicated: ) . .
aN N . = Power-law index is quite
a4 = A(*) exp {— (*)} steep~ 3.6
€ €0 €c
up-scatter CMBR and some higher-
temperature photon fields

= Exponential cutoff in electron
spectrum appears at ~ 10PeV



Fitting Cygnus Bubble with IC

Let’s fit the spectrum with an inverse Comp-
ton model using naima by V.Zabalza

= The most basic model ECPL with fla
posterior distributions

= A) e (5)]

scatter CMBR

=
Eneray [TeV1
€c
) i Exponential cutoff in electron

w |n fact, even the simplest model should spectrum shifts to ~ 3PeV

be more complicated: . .

—a = Power-law index remains
dN € €
& = Al — exp|—| — unchanged~ 3.6
€ €0 €c

up-scatter CMBR and some higher-
temperature photon fields



Fitting Cygnus Bubble with IC

Let’s fit the spectrum with an inverse Comp-
ton model using naima by V.Zabalza

= The most basic model ECPL with flat
posterior distributions

= A5) e ()

— = Al— exp|—( — up-
de €0 €c
scatter CMBR

= The most basic model ECPL with a non-
flat posterior distributions for cutoff en-

ergy
Y -
— = A(i) exp {— (iﬂ up- = Exponential cutoff in electron
de € ce trum shifts to the values
scatter CMBR spec g
smaller that the highest energy
= ~-ray point, to ~ 1.7PeV

= Power-law index is getting notice-
ably harder ~ 3.2

= The properties of IR photon field
are quite reasonable



Hillas Criterion

B R

€max
R> R; = = emax < €BR ~ 5PeV5 G‘Ipc

eB




Hillas Criterion

B R

€max
R> R; = = emax < €BR ~ 5PeV5 G‘Ipc

eB

Potential drop

1z Electric field is £ = @B

w Potential drop Ad®u., = %BR

= Maximum energy ema < %eBR



Hillas Criterion

€ B R
R> R; =12 = ¢, < €BR ~ 5PeV——
97 eB 5uG 1pc
Potential drop Acceleration-Losses Balance
& Electric field is & = @B w Accelerating Electric field is & = B/n

w Synchrotron losses ty, = —¢/¢é

- _ Vi
= Potential drop A®p = c BR &= Maximum energy, ¢ < ecEw:

& Maximum energy ems < —2% eBR Ne€max
Cc tsyn >
ceB

tsyn
max BR
e < (23 )e

B\ "
Emax < 3OPCV77_1/2 (%)



Hillas Criterion

€ B R
R> R; =12 = ¢, < €BR ~ 5PeV——
97 eB 5uG 1pc
Potential drop Acceleration-Losses Balance
w Electric field is £ = 2% B w Accelerating Electric field is & = B/n
Vol w Synchrotron losses ty, = —¢/¢é

ww Potential drop A®u = — BR . . i
c ww Maximum energy, é < ec€y:

. Vbik
= Maximum energy ems < — eBR o -
c fiyn > e — Emax < by eBR
ceB cRn
Another formulation: energy flux from the source o - 30PeV77_1/2( B )“/2
max SHG

BcB? oL o \/I
= BR=,/——1/=
dr  (4rRPAQ) snaVc
outflow parameter:
= o is magenetization O_B 1 e2
w Bis .bulk speed A E€max < AQ T

= AQ is outflow solid angle




Hillas Criterion

of |Le? N of L
<\l aq\ o ® 2PV ag)\/ Tome




Hillas Criterion

of |Le? N of L
m <\l ag\ o 20V aq 1038

? How strongly can the parameters in
this estimate vary?

The solid angle of the outflow, AQ, for
Galactic sources should be large (with
exclusion of nQs?)

Bulk speed, 8, may ranger from 5 = 1
for pulsar winds to 3 ~ 1072 for stellar
wind

Outflow magnetization, o, is probably
small between 1072 and 10~°



Hillas Criterion

of |Le? N of L
mx <\l ag\ ¢ ©20PeVy AQ\/ 10382

Promising sources

= SN shocks (DSA):
B=3-10"%0~10"% AQ ~ 1

= Stellar clusters (DSA):
B=5-10"°06~5-10"° A0 ~ 1

ww Pulsar wind termination shocks
(rel):
B=10~10%AQ~1and L ~
1037¥ (no protons!)

? How strongly can the parameters in
this estimate vary?

= The solid angle of the outflow, AQ, for
Galactic sources should be large (with
exclusion of nQs?)

ww Bulk speed, 5, may ranger from g = 1
for pulsar winds to 3 ~ 1072 for stellar
wind

= Qutflow magnetization, o, is probably
small between 1072 and 10~° w 1Qs (DSA):

B~ 01,0 ~107% AQ ~ 0.1 and
L~10%%E
S



Pulsar Magnetosphere

Two important length / /
scales:

o —

Electric potential
(vacuum):

1QBR°
3 ¢

Plasma charge density:

&(r,0) = r=3Pa(cos )

Energy Losses:

1 B2Q*RE
QB Lying =~ Aq)PGJﬂ'RscC ~ 2 3
o= 2rc Pulsars are very ef- | BPOtRe
(Goldreich-Julian density) ~ ficient plasma ‘ma- La= 109~ £

chines” 6 c3



Pulsar Magnetosphere

Arons 1997

=
1951+32

Electric potential

(vacuum):
&(r,0) = :13 QBR > (cos 0)
Energy Losses:
Plasma charge densit
? v 2 1 B?Q*R®
QB med ~ Aq>PGJ7T"'? .C ~ Z 3
PO = 2rc Pulsars are very ef- e
(Goldreich-Julian density) ~ fcient plasma “ma- La =100 ~ =

chines” 6 c3



X-ray/TeV nebula

termination shock

Pulsars Eject Relativistic Winds

t Re = 10°R,,

L R

o A 10km




X-ray/TeV nebula

termination shock

R. ~ 10°R.

Pulsars Eject Relativistic Winds




Pulsars Eject Relativistic Winds

Lwind = 47TR2|_2BW(1 + 0‘)
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Pulsars Eject Relativistic Winds
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Pulsars Eject Relativistic Winds
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Pulsars Eject Relativistic Winds

-

H.E.S.S. Collaboration 2019
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Crab@UHE
Spectrum Extends to 2PeV

Hillas Criterion

for ~ 4 PeV electrons

ol
\l 1038erg/s >02

i.,e. o > 0.01 or B > 100uG. It means
that the synchrotron emission of PeV electrons
brighter by a factor of

sof B \°
1.4 x 10 (112“G)

is that consistent with SED?
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Crab@UHE
Spectrum Extends to 2PeV

Hillas Criterion

for ~ 4 PeV electrons

ol
\/ 1038erg/s >02

i.,e. o > 0.01 or B > 100uG. It means
that the synchrotron emission of PeV electrons
brighter by a factor of

sof B \°
1.4 x 10 (112HG)

is that consistent with SED?
Only if magnetic field is ~ 120uG. A
precise measuremnt of magnetic field
in the Crab Nebula? (TS region)

KJ
E
S
2
e
x
2
i

Energy (eV)




Summary

Among the first 12 sources reported by LHAASO Col. only
two do not allow association with pulsars. Three can be asso-
ciated only with pulsars

In the first LHAASO Catalogue, at least one third of the
sources is associated with pusars

The size of diffuse sources is determined by the source age
for protons and cooling time for electrons (i.e., it might be
easier to see lepton sources in the data)

On the other hand, pulsar wind termination shocks seem to
feature the best conditions for particle acceleration, with all
constraints implying a multi PeV limits, thus it could be that
PWN are indeed very efficient PeVatrons

LHAASO data allow determing the strength of the magnetic
field at the termination shock in the Crab Nebula with impres-
sive accuracy (will we have to reconsider the “strength” of the
constraints?)



Binary Systems Detected With LHAASO

Binary system detected with LHAASO (2

= Qs were among the first source
classes to be claimed to detected
in the HE/VHE/UHE regime (40
years ago)

= These earlier detections were
considered wrong, and little
progress was done for decades

= Detection of SS433 with HAWC
(2017) opened a new era in the
field

significance (o)

Galactic Latitude

0.8 -2.5TeV K 2.5-10TeV § O ) above 10 TeV |

40°30' 00' 39°30' ' 40°30' 00' 39°30' 00' 40°30' 00' 39°30'
Energy-dependent morphology in $5433 (HESS 2024) [3alactic Longitude Galactic Longitude




