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o TeV halos detected around middle-aged pulsars (HAWC,
LHAASO)

o nobt understood wikth currenkt Eramspor& models
8 new window on CR propagaﬁom abk mulki-TeV
@ many open quesﬁoms

o what can be done with current and future inskruments?
LHAASG, ASTKI Mini-Array ... CTAQG
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Pulsars and their nebulae |
o ¢* pairs confined in PWNe before release in ISM
o Cannol leave system while pulsar is in SNR
o proper motion v, ~ 100skm/s —» out of SNR =~ 10skyr
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o Cownsider only middle~aged pulsars that are out of SNR

® diffuse in ISM to A& >> PNe (tens pc VS < Fw:)
® ICS on CMB —> TeV emission (™ of 10s-100s TeV)

o Clean probe of CR &rw\spar% i mu&w‘f@.\f particles
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| CR tramsport physics and datay

‘ “FREE ESC/APE BOUNDARY
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o high energy less confined w
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o maqgnetic confinement
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o source injection (10s th)

o GR Eroma o fileld Line walk

o scattering off waves R @ cascade to k~ 1/r i
o CR jump between lines

@ k~1/r, (resonance) o ciamF»LmS?
o large-scale perp diffusion

o scattering mean free path 1, | & P doeert b?f CRs ?
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hysics around sources

CR transport p
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@ small L. << size coh =
o 3D isotropic diffusion ® typical Dy, D, <D,

@ Svwall D 3

o elongated structures
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10-200 TeV ¢, ICS on CMB ® small L << size —> small 1 ¢,

E,~100TeV, E ~ 20TeV
e LAeLE L ; e 3D isotropic diffusion & small D

O ® enerqy losses CMB/B 7\ & 10kyr

diskance ~ 300 pe
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9 need small i, for spherical halo
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o look for features?

o chanee? marphotagv?
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10 De La Torre et al. 2022




111 - High turbulence- sebfmgem

0 several works shows that the effect can be
there but...

0 dbfﬂfitui.& even with nfiux“%u.be géameﬁrfj and
. ™ high @.ﬁi&mmaj
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0 same F?rc)blems of anisotropic diffusion with
morphology
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TeV halos interpretations in a nutshlell

2D tsotropic fci&f{us Lo
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o ij omi.:j 23?

o are TeV halos rare?

o dedicaked surveys Ehat %argeE V\@.Od‘bj Kirowin mgddtemaged R et SR S
e | LHAASO: PSR 3062213749 |
ot LHAA‘SO:Mgk sensikivity, 2sn FoV . ... B

2:3749 7
PSR J0622+37484

, 975 97.0 965 960 955 950 945 94.0 935
14 R.A.[deg]



MOM*SPL«Q\‘&!@QL EemiLSsSLONn OC\/DII/DL
orientation of B field
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ASTRI Mini-Array HAWC LHAASO

Location 28° 18’ 04” N 18° 59’ 41" N 29° 21’ 31" N
16° 30’ 38" W 97° 18’ 27" W 100° 08’ 15" E
Altitude [m] 2,390 4,100 4,410

e\

Angular Res. £005° (30TeV) 7 0.15°@ (10 TeV) (0.24-0.32)*® (100 TeV)
Energy Res. 12% (10 TeV) 30% (10 TeV) (13-36)% (100 TeV)®
Energy Range (0.3-200) TeV (0.1-1000) TeV (0.1-1000) TeV

o bias on sph@.ﬁ,{ta{ shape?

need for tarqgeted a&\atyses o Geminga-like @ q0 bevowi amatvses that assume sgherwat sjmm&rj
putsars
o discriminating morphological features
high sensitivity, large FoV —> LHAASO ...
D {Liamevx&&rj structures

high sensitivity, angular resolution —> IACTS :
| O separa&mm pulsar - TeV source

probe different energy ranges o asymmetbry in halo shape
18
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@ proper motion v, ~ 100skm/s —
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] CSM bubble

1 Superbubble
B0656+14: 110 kyr
J0622+3749: 208 kyr

mmmm Geminga: 342 kyr

Pulsar Age [kyr] Inside (CSM, 4%!) Inside (SB, 96%*)
B0656--14 110 49% 85%
J0622+3749 208 19% 61%
Geminga 342 6% 33%
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| Relevant probability for middle-aged pulsar to in |

Probability of being inside
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o TeV halo o No halo? Features?

o syheric:ai. eymiLsSsLton @ X"‘T&j ﬁfiia\mem%s?

o multiple (mirage) sources

Chandra

Best-fit-1 ACIS-53

Best-fit-2
Best-fit-3
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Sum MATY

TeV halos detected around middle-aged pulsars (HAWC, LHAASO)
not understood with current transport models

new window on CR propagaﬁom ok mulki-TeV

Surveys with high-sensitivi & larqge FoV —> LHAASO ...

high sensitivity & qood angular resolution —> IACTS

enerqy dependent analysis —> complementarity

loolke ab Ehe Futsars enviromnment ...
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o 0502 (d = 300 Fw‘:)

@ 05002 (d =3 kpc)

Location

Altitude [m]
FoV
Angular Res.
Energy Res.
Energy Range

ASTRI Mini-Array

28° 18" 04" N
16° 30" 38" W
2,390

<, 005° (30Tev) f

12% (10 TeV)
(0.3-200) TeV

HAWC

18° 59’ 41" N
97° 18’ 27" W
4,100
2sr
0.15°@ (10 TeV)
30% (10 TeV)
(0.1-1000) TeV

LHAASO

29° 21" 31” N
100° 08" 15" E
4,410
2 sr
(0.24-0.32)°® (100 TeV)
(13-36)% (100 TeV)®
(0.1-1000) TeV




