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Summary

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

not understood with current transport models 

new window on CR propagation at multi-TeV 

many open questions 

what can be done with current and future instruments? 
LHAASO, ASTRI Mini-Array … CTAO

Amato & Recchia 2024 - review TeV halos
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Pulsars and their nebulae
 pairs confined in PWNe before release in ISM 

Cannot leave system while pulsar is in SNR 

proper motion   ——> out of SNR   

Bow shock —-> particle release in ISM

e±

vpsr ∼ 100s km/s ≈ 10s kyr

HALO
bow-shock phasein-SNR phase

20-30 pc
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big 
caveat  

…



Bow-shock PWNe and TeV halos
Consider only middle-aged pulsars that are out of SNR  

diffuse in ISM to d >> PWNe        (tens pc VS  pc)  

ICS on CMB  ——-> TeV emission    (  of 10s-100s TeV) 

Clean probe of CR transport in multi-TeV particles

≲

e±

HALO

 HAWC: Geminga-Monogem LHAASO: PSR J0622+3749 

20-30 pc
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 CR transport physics and data  
secondary /primary 

unstable isotopes 

diffusion in Galactic halo  few kpc 

high energy less confined 

   

magnetic confinement

∼

D(E) ∝ E0.3...0.7
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Global VS local CR transport Global VS local CR transport 

on large scales 3D isotropic diffusionon large scales 3D isotropic diffusion

rL ≈ 10−6 pc EGeV/BμG

Gabici et al. 2019 - review CRs 
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CR gyromotion 

scattering off waves 

  (resonance) 

scattering mean free path  

 

k ∼ 1/rL

λmfp

D∥(E) ∝ λmfp

 parallel diffusion  perp. transport MHD turbulence
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CR transport in magnetized ISMCR transport in magnetized ISM

 CRs gyrate around field lines  

 CR scatter on plasma waves

 diffusion along B

 resonant scattering

B

parallel diffusion parallel diffusion MHD turbulenceMHD turbulence

 injected  on large scales (10s pc)

 need  cascade to 

 without damping 

 not become inefficient in scattering

 can be produced by CRs

depend on type of turbulence, damping, ...

Fornieri et al. (2021)

Lazarian  (2023)
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CR transport in magnetized ISMCR transport in magnetized ISM

perpendicular transportperpendicular transport

 field line random walk

 turbulent motion of field lines

 large-scale (>> r
L
) turbulence

 field-line diffusivity  D
M 

 

 small-scale perpendicular diffusion

 particle jump to other field lines

 scattering, drifts, ...

 large-scale perpendicular diffusion

 FLRW + small-scale perp. diffusion

 scales > L
RR 

anisotropic transport anisotropic transport 

field line walk 

CR jump between lines 

large-scale perp diffusion 

D⊥(E) ≲ D∥(E)

source injection (10s pc) 

cascade to  ? 

damping? 

Produced by CRs ?

k ∼ 1/rL

Mertsch  2020 - review turbulence & transport Shalchi  2020 - review perp. Transport 
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 CR transport physics around sources   



small  << size 

3D isotropic diffusion 

Small D 

spherical morphology

Lcoh
size  

typical ,         

emission morphology depends 
on flux-tube orientation 

elongated structures

Lcoh ≳

D∥ D⊥ ≪ D∥

Lcoh
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 highly turbulent ISM  anisotropic transport 

 CR transport physics around sources  



TeV halos - Observations

small  << size ——> small  

3D isotropic diffusion & small D 

energy losses CMB/B   

Lcoh λmfp

τCMB ≈ 10 kyr

10-200 TeV , ICS on CMB 

,   

age  100s kyr 

distance  300 pc 

10s pc extension 

e±

Ee ∼ 100 TeV Eγ ∼ 20 TeV

∼

∼
Rhalo ∼ 4DτCMB ∼ 30pc D27τ4

D halo
(100TeV) ≈ 102

7 cm
2 /s

D ISM
(100TeV) ≈ 103

0 cm
2 /s
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 highly turbulent ISM 



I - High turbulence from environment

HIGHLY TURBULENT REGION  

filling factor?  

extension? 

how many halos? 

impact on positron fraction? 
 

D halo
(100TeV) ≈ 102

7 cm
2 /s

D ISM
(100TeV) ≈ 103

0 cm
2 /s

Martin et al.  2022
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pulsar’s 
environment 

…. 



II - Typical turbulence + anisotropy

ANISOTROPIC DIFFUSION 

need small  for spherical halo 

chance? morphology? 

look for features?  
 

ψincl

D halo
(100TeV) ≈ 102

7 cm
2 /s

D ISM
(100TeV) ≈ 103

0 cm
2 /s

De La Torre et al.  202210

If the suppression needs to be by a factor 100-1000 , then D? . Dk/100 and � . 5�763

(see e.g. [92]).764

Fig. 5: Top panel: ��ray SB in the range E� = 8� 40 TeV for di↵erent values of the
Alfvénic Mach number, MA, and of the angle � between the mean field and the LOS
(taken from [90]). Center panel: ��ray emissivity map at E� = 20 TeV for di↵erent
values of MA and fixed angle � = 90� (taken from [91]).

These qualitative arguments were confirmed by [90, 91], who studied the765

anisotropic propagation of leptons around Geminga in the assumption that766

D? = M4
ADk, (17)

36



III - High turbulence- self-gen. 
SELF-GENERATED TURBULENCE 

several works shows that the effect can be 
there but… 

difficult even with flux-tube geometry and 
high efficiency 

same problems of anisotropic diffusion with  
morphology  

D halo
(100TeV) ≈ 102

7 cm
2 /s

D ISM
(100TeV) ≈ 103

0 cm
2 /s

Evoli et al.  2018

11Mukhopadhyay & Linden 2022



TeV halos interpretations in a nutshlell

anisotropic diffusion more realistic setup? 3D isotropic diffusion

D⊥
D∥

Fig. 4: Taken from [83], the figure shows the ��ray SB in polar coordinates for
di↵erent values of the field coherence length: Lcoh = 0.25 pc (top left panel), Lcoh =
5 pc (top right panel), Lcoh = 10 pc (bottom left panel), Lcoh = 40 pc (bottom right

panel). The corresponding SB profile, integrated over a quadrant and compared with
the HAWC data, is shown in every panel at the top and right-hand side of every plot.

In summary, analyzing TeV haloes in the framework of pure 3D isotropic di↵usion685

contains the implicit assumption that the field around the source is su�ciently turbu-686

lent, so that Lcoh is substantially smaller than the size of the emitting region. In typical687
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If the suppression needs to be by a factor 100-1000 , then D? . Dk/100 and � . 5�763

(see e.g. [92]).764

Fig. 5: Top panel: ��ray SB in the range E� = 8� 40 TeV for di↵erent values of the
Alfvénic Mach number, MA, and of the angle � between the mean field and the LOS
(taken from [90]). Center panel: ��ray emissivity map at E� = 20 TeV for di↵erent
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These qualitative arguments were confirmed by [90, 91], who studied the765

anisotropic propagation of leptons around Geminga in the assumption that766

D? = M4
ADk, (17)
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Lopez-Coto & Giacinti  2018 De La Torre et al. 2022 

Lcoh = 0.25 pc Lcoh = 10 pcD⊥/D∥

∼ 0.002 ∼ 0.06 ∼ 0.4
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What more? - Dedicated Surveys
 So far “only” 3 clear observations of TeV halos 

Why only 3? 

are TeV halos rare? 

dedicated surveys that target nearby known middle-aged 
pulsars  

… LHAASO: high sensitivity, 2sr FoV 

nearby = could be seen as an extended source (~ 2-3 PSF)
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 HAWC: Geminga-Monogem 

LHAASO: PSR J0622+3749 

 … we mean sources old enough to be in ISM … 

θPSF ≈ 0.3∘RHALO ≈ 10 − 20 pc D ≈ 1 − 2 kpc



What more? - Features
 FEATURES OF ANISOTROPIC DIFFUSION 

non-spherical emission 

orientation of B field 

separation ray source - pulsar 

filamentary structures

γ−

Fig. 4: Taken from [83], the figure shows the ��ray SB in polar coordinates for
di↵erent values of the field coherence length: Lcoh = 0.25 pc (top left panel), Lcoh =
5 pc (top right panel), Lcoh = 10 pc (bottom left panel), Lcoh = 40 pc (bottom right

panel). The corresponding SB profile, integrated over a quadrant and compared with
the HAWC data, is shown in every panel at the top and right-hand side of every plot.

In summary, analyzing TeV haloes in the framework of pure 3D isotropic di↵usion685

contains the implicit assumption that the field around the source is su�ciently turbu-686

lent, so that Lcoh is substantially smaller than the size of the emitting region. In typical687
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Liu et al.  2019Lcoh = 10 pc Lcoh = 40 pc
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∝ D∥/D⊥



Fig. 4: Taken from [83], the figure shows the ��ray SB in polar coordinates for
di↵erent values of the field coherence length: Lcoh = 0.25 pc (top left panel), Lcoh =
5 pc (top right panel), Lcoh = 10 pc (bottom left panel), Lcoh = 40 pc (bottom right

panel). The corresponding SB profile, integrated over a quadrant and compared with
the HAWC data, is shown in every panel at the top and right-hand side of every plot.

In summary, analyzing TeV haloes in the framework of pure 3D isotropic di↵usion685

contains the implicit assumption that the field around the source is su�ciently turbu-686

lent, so that Lcoh is substantially smaller than the size of the emitting region. In typical687
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need for targeted analyses on Geminga-like 
pulsars 

high sensitivity, large FoV —-> LHAASO … 

high sensitivity, angular resolution —-> IACTS 

probe different energy ranges

ASTRI Mini-Array Core Science

Table 2
Summary of the performance of the current main imaging atmospheric Cherenkov telescope arrays compared with those of
the ASTRI Mini-Array. References. ASTRI Mini-array: this work. MAGIC: Aleksić et al. (2016). VERITAS: Holder et al.
(2006) and https://veritas.sao.arizona.edu. H.E.S.S.: Aharonian et al. (2006a). Notes. (a): considering the contribution of
H.E.S.S.-II telescope unit (de Naurois 2017).

ASTRI Mini-Array MAGIC VERITAS H.E.S.S.

Location 28° 18® 04®® N 28° 45® 22®® N 31° 40® 30®® N 23° 16® 18®® S

16° 30® 38®® W 17° 53® 30®® W 110° 57® 7.8®® W 16° 30® 00®® E

Altitude [m] 2,390 2,396 1,268 1,800

FoV Ì 10° Ì 3.5° Ì 3.5° Ì 5°

Angular Res. 0.05° (30TeV) 0.07° (1TeV) 0.07° (1TeV) 0.06° (1TeV)

Energy Res. 12% (10 TeV) 16% (1TeV) 17% (1TeV) 15% (1TeV)

Energy Range (0.3-200)TeV (0.05-20)TeV (0.08-30)TeV (0.02-30) TeV(a)

Table 3
Summary of the performance of the current main particle sampling arrays compared with those of the ASTRI Mini-Array.
References. ASTRI Mini-array: this work. HAWC: Abeysekara et al. (2017c,b). LHAASO: Cao (2010). Tibet AS�: Kawata
et al. (2017); Amenomori et al. (2019) Notes. (a): (0.15–1)° as a function of the event size. (b): angular resolution is
(0.70–0.94)° at 10TeV; (0.24–0.32)° at 100 TeV; 0.15° at 1000TeV. Energy resolution is (30–45)% at 10TeV; (13–36)% at
100TeV; (8–20)% at 1000TeV; Aharonian et al. (2021). (c): angular resolution is Ì 0.5°at 10TeV and Ì 0.2°at 10TeV at
50% containment radius (Amenomori et al. 2019). Energy resolution is Ì 40% at 10 TeV and Ì 20% at 100TeV (Kawata
et al. 2017).

ASTRI Mini-Array HAWC LHAASO Tibet AS�

Location 28° 18® 04®® N 18° 59® 41®® N 29° 21® 31®® N 30° 05® 00®® N

16° 30® 38®® W 97° 18® 27®® W 100° 08® 15®® E 90° 33® 00®® E

Altitude [m] 2,390 4,100 4,410 4,300

FoV Ì 10° 2 sr 2 sr 2 sr

Angular Res. 0.05° (30TeV) 0.15°(a) (10TeV) (0.24–0.32)°(b) (100TeV) 0.2°(c) (100TeV)

Energy Res. 12% (10 TeV) 30% (10TeV) (13–36)% (100TeV)(b) 20%(c) (100TeV)

Energy Range (0.3-200)TeV (0.1-1000)TeV (0.1-1000)TeV (0.1-1,000)TeV

compared with the ASTRI Mini-Array ones.
Figure 9 shows the ASTRI Mini-Array di�erential sensi-

tivity compared with those of current very high-energy imag-
ing atmospheric Cherenkov telescope arrays. The integra-
tion time is 50 hr. The di�erential sensitivity curves come
from Aleksi� et al. (2016) (MAGIC), the VERITAS o�-
cial website3, and Holler et al. (2015) (sensitivity curve for
H.E.S.S.–I, stereo reconstruction).

Figure 10 shows the ASTRI Mini-Array di�erential sen-
sitivity compared with those of current very high-energy PSAs
in the northern hemisphere. The integration times are 200 hr
and 500 hr for the ASTRI Mini-Array and about 1 yr for PSAs,
respectively. The di�erential sensitivity curves come from
Abeysekara et al. (2017d) (HAWC), di Sciascio & Lhaaso
Collaboration (2016) (LHAASO), We note that the 507-day
HAWC di�erential sensitivity curve corresponds to about

3https://veritas.sao.arizona.edu

3000 hr of acquisition on a source at declination of 22° within
its field of view (Abeysekara et al. 2017d). Given the very
small number of pointings that are planned for the ASTRI
Mini-Array, the two di�erent sensitivity curves correspond
to a deep observation on a specific sky region at the end of
the first year of operations (200 hr) and to the typical ob-
serving time accumulated on a particular target of interest at
the completion of the “Pillar” observational time-frame (3–4
years, 500 hr), prior to the “Observatory” phase.

3.1. Beyond the current IACTs
H.E.S.S., MAGIC and VERITAS allowed the scientific

community to access the VHE sky in a systematic fashion.
Highlight results include the H.E.S.S. survey of a large frac-
tion of the Galactic plane, detecting both known and still
unidentified sources (H. E. S. S. Collaboration et al. 2018b),
the VERITAS discovery of M 82, the first starburst galaxy

S. Vercellone et al.: Preprint submitted to Elsevier Page 7 of 52

bias on spherical shape? 

go beyond analyses that assume spherical symmetry 

discriminating morphological features  

filamentary structures 

separation pulsar - TeV source 

asymmetry in halo shape

2∘
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What more? - Features
COMPLEMENTARITY WITH IACTS



Pulsar’s Environment ???
proper motion   ——> out of SNR   

Bow shock —-> particle release in ISM

vpsr ∼ 100s km/s ≈ 10s kyr big caveat  
…

For how long a pulsar stays in a given environment?

Bourguinat + paper in preparation 2024-2025

Relevant probability for middle-aged pulsar to in 

hot ionized medium … ALSO HIGH TURBULENCE? 
 
ARE TeV HALOS A ENVIRONMENT-DEPENDENT SOURCE?



Pulsar’s Environment & TeV sources

Could we envisage the following situation? 

 pulsar in hot/turbulent ISM pulsar in cold/warm & “quiet” ISM

TeV halo 

spherical emission

No halo? Features? 

X-ray filaments? 

multiple (mirage) sources

Olmi et al.  2024

Bao et al.  2024



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

not understood with current transport models 

new window on CR propagation at multi-TeV 

surveys with high-sensitivi & large FoV —-> LHAASO …  

high sensitivity & good angular resolution —-> IACTS 

energy dependent analysis ——> complementarity 

look at the pulsars environment … 
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∼ σPWN

σPWN ≲ 1 pc

   (d = 300 pc) 

  (d = 3 kpc)

θ ≲ 0.2∘

θ ≲ 0.02∘

Lcoh ≈ 10 − 20 pc

   (d = 300 pc) 

  (d = 3 kpc)

θ ≲ 2 − 4∘

θ ≲ 0.2 − 0.4∘

  

L/H 

∝ D∥/D⊥

≈ 3 − 10

halo asymmetry

ASTRI Mini-Array Core Science

Table 2
Summary of the performance of the current main imaging atmospheric Cherenkov telescope arrays compared with those of
the ASTRI Mini-Array. References. ASTRI Mini-array: this work. MAGIC: Aleksić et al. (2016). VERITAS: Holder et al.
(2006) and https://veritas.sao.arizona.edu. H.E.S.S.: Aharonian et al. (2006a). Notes. (a): considering the contribution of
H.E.S.S.-II telescope unit (de Naurois 2017).

ASTRI Mini-Array MAGIC VERITAS H.E.S.S.

Location 28° 18® 04®® N 28° 45® 22®® N 31° 40® 30®® N 23° 16® 18®® S

16° 30® 38®® W 17° 53® 30®® W 110° 57® 7.8®® W 16° 30® 00®® E

Altitude [m] 2,390 2,396 1,268 1,800

FoV Ì 10° Ì 3.5° Ì 3.5° Ì 5°

Angular Res. 0.05° (30TeV) 0.07° (1TeV) 0.07° (1TeV) 0.06° (1TeV)

Energy Res. 12% (10 TeV) 16% (1TeV) 17% (1TeV) 15% (1TeV)

Energy Range (0.3-200)TeV (0.05-20)TeV (0.08-30)TeV (0.02-30) TeV(a)

Table 3
Summary of the performance of the current main particle sampling arrays compared with those of the ASTRI Mini-Array.
References. ASTRI Mini-array: this work. HAWC: Abeysekara et al. (2017c,b). LHAASO: Cao (2010). Tibet AS�: Kawata
et al. (2017); Amenomori et al. (2019) Notes. (a): (0.15–1)° as a function of the event size. (b): angular resolution is
(0.70–0.94)° at 10TeV; (0.24–0.32)° at 100 TeV; 0.15° at 1000TeV. Energy resolution is (30–45)% at 10TeV; (13–36)% at
100TeV; (8–20)% at 1000TeV; Aharonian et al. (2021). (c): angular resolution is Ì 0.5°at 10TeV and Ì 0.2°at 10TeV at
50% containment radius (Amenomori et al. 2019). Energy resolution is Ì 40% at 10 TeV and Ì 20% at 100TeV (Kawata
et al. 2017).

ASTRI Mini-Array HAWC LHAASO Tibet AS�

Location 28° 18® 04®® N 18° 59® 41®® N 29° 21® 31®® N 30° 05® 00®® N

16° 30® 38®® W 97° 18® 27®® W 100° 08® 15®® E 90° 33® 00®® E

Altitude [m] 2,390 4,100 4,410 4,300

FoV Ì 10° 2 sr 2 sr 2 sr

Angular Res. 0.05° (30TeV) 0.15°(a) (10TeV) (0.24–0.32)°(b) (100TeV) 0.2°(c) (100TeV)

Energy Res. 12% (10 TeV) 30% (10TeV) (13–36)% (100TeV)(b) 20%(c) (100TeV)

Energy Range (0.3-200)TeV (0.1-1000)TeV (0.1-1000)TeV (0.1-1,000)TeV

compared with the ASTRI Mini-Array ones.
Figure 9 shows the ASTRI Mini-Array di�erential sensi-

tivity compared with those of current very high-energy imag-
ing atmospheric Cherenkov telescope arrays. The integra-
tion time is 50 hr. The di�erential sensitivity curves come
from Aleksi� et al. (2016) (MAGIC), the VERITAS o�-
cial website3, and Holler et al. (2015) (sensitivity curve for
H.E.S.S.–I, stereo reconstruction).

Figure 10 shows the ASTRI Mini-Array di�erential sen-
sitivity compared with those of current very high-energy PSAs
in the northern hemisphere. The integration times are 200 hr
and 500 hr for the ASTRI Mini-Array and about 1 yr for PSAs,
respectively. The di�erential sensitivity curves come from
Abeysekara et al. (2017d) (HAWC), di Sciascio & Lhaaso
Collaboration (2016) (LHAASO), We note that the 507-day
HAWC di�erential sensitivity curve corresponds to about

3https://veritas.sao.arizona.edu

3000 hr of acquisition on a source at declination of 22° within
its field of view (Abeysekara et al. 2017d). Given the very
small number of pointings that are planned for the ASTRI
Mini-Array, the two di�erent sensitivity curves correspond
to a deep observation on a specific sky region at the end of
the first year of operations (200 hr) and to the typical ob-
serving time accumulated on a particular target of interest at
the completion of the “Pillar” observational time-frame (3–4
years, 500 hr), prior to the “Observatory” phase.

3.1. Beyond the current IACTs
H.E.S.S., MAGIC and VERITAS allowed the scientific

community to access the VHE sky in a systematic fashion.
Highlight results include the H.E.S.S. survey of a large frac-
tion of the Galactic plane, detecting both known and still
unidentified sources (H. E. S. S. Collaboration et al. 2018b),
the VERITAS discovery of M 82, the first starburst galaxy

S. Vercellone et al.: Preprint submitted to Elsevier Page 7 of 52

∼ Lcoh tan(ψincl)

ASTRI science paper 2022
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COMPLEMENTARITY WITH IACTS

What more? - Features


