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tc = 342000 yr
d=190-250 pc 

Psd=3.3 1034 erg/s

tc = 110000 yr
d=290 pc 

Psd=3.8 1034 erg/s
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Fig. 1. Sketch of the main evolutionary stages of a PWN. The upper left panel shows early times, t . 10 kyr (“stage 1”), when the PWN is
contained inside the SNR and before the reverse shock (RS) interacts with it. The SNR forward shock (FS) and contact discontinuity (CD) are
plotted with green lines. The electrons that are responsible for the TeV gamma-ray emission of the nebula are thought to be confined within the
nebula at this stage. The upper right panel shows intermediate times, t ⇠ 10� 100 kyr (“stage 2”), after the PWN is disrupted by the reverse shock,
but before the pulsar escapes its SNR. At this stage, TeV gamma-ray emitting electrons start to escape from the PWN, into the SNR and possibly
into the ISM. The lower panel depicts the system at late times, t & 100 kyr (“stage 3”), when the pulsar has escaped from its —now fading—
parent SNR. At this stage, high-energy electrons escape into the surrounding ISM, and may, only then, form a halo. See the text in Section 2 for
more details. The key is in the lower left corner. In all three panels, the ISM density gradient is upwards, and the pulsar “kick” velocity towards
the left.

than the physical size of the PWN as determined in other wave-
lengths. Within the X-ray domain, the physical PWN size is
also often energy dependent, which is interpreted as a signature
of the rapid cooling of the highest energy electrons producing
the keV synchrotron emission. Indeed, the typical cooling time
of electrons emitting photons with characteristic energy h⌫c is
⇠ 103 yr (B/10 µG)�3/2(h⌫c/5 keV)�1/2. In the radio domain, the
cooling e↵ect is unimportant, but surface brightness sensitivity
is usually su�cient only for young and compact sources.

Here we consider various estimates of the expected size of
the nebulae around pulsars that have been associated to TeV
emission, comparing these estimates to the measured sources
sizes. We also assess the fraction of the power that is present in
sources with and without halos and hence their contribution to
the total gamma-ray emission of all pulsars within star-forming
systems.

2. Pulsar Wind Nebula Evolution

According to the above definition, halos may exist only around
PWN whose electrons and positrons have started to escape into
the surrounding, unperturbed ISM. It is therefore instructive to
recall briefly the main stages of the evolution of a PWN. The
environment of pulsars changes dramatically over time, firstly
as contained within an evolving supernova remnant (SNR), and
finally within the general ISM when the “kick” velocity received

by the pulsar at birth moves it beyond the decelerated shell of the
host SNR. There is considerable literature associated with PWN
evolution, including several reviews, see in particular Gaensler
& Slane (2006). In general, however, the existing work focuses
on X-ray and radio, rather than TeV emission, and/or exclusively
on the early to middle ages (⌧ 100 kyr) of PWN evolution. Here
we consider briefly the physical properties of the region from
which TeV emission originates during the lifetime of a pulsar.

Figure 1 illustrates three stages in the evolution of a TeV-
emitting PWN. We depict in chronological order: first, the sys-
tem at early times t . 10 kyr after the supernova in the upper
left panel, then intermediate times t ⇠ 10 � 100 kyr in the upper
right panel, and, finally, late times t & 100 kyr in the lower panel.
Hereafter, we refer to these three stages as “stage 1”, “stage 2”,
and “stage 3”, respectively. In all three panels of this sketch, the
“kick” velocity that is initially imparted to the pulsar during the
supernova explosion is assumed to point towards the left, and
the ISM density gradient in which the SNR evolves to point “up-
wards”. The areas shaded in grey correspond to the SNR, and
the surrounding —solid, dashed or dotted— green lines denote
the location of its forward shock. The black dots show the lo-
cation of the pulsar, the PWN is shaded in blue, and the pulsar
wind termination shock is represented with the thin solid blue
line inside the PWN. The inset in the lower panel corresponds
to an enlargement of the innermost regions of the PWN in stage
3. The high-energy electrons and, or, positrons that are respon-
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The value of D100 derived from our HAWC observations (4.5±1.2 × 1027 cm2 s−1) is smaller 
by a factor of about 100 than those considered in previous models of electron diffusion 
into the local ISM (5; 6; 7; 8; 24). These other models assumed that D was similar to the 
value inferred from hadronic cosmic rays, which may not be applicable to positrons in the 
local ISM. Spatial inhomogeneities are possible (25), and such a low D could arise from 
additional effects of turbulent scattering (26; 27), for example. Because the angular extent 
of the TeV source is proportional to √𝐷100, a diffusion coefficient larger by a factor of 100 
would result in an angular extent for the source that is larger by a factor of 10, and a 
surface brightness for the same total flux that is smaller by a factor of 100. This would 
make these two sources undetectable by HAWC.  

 
 
Fig. 2: Surface brightness of the tera-electron volt gamma-ray emission. Surface brightness is shown as 
a function of the distance from the Geminga pulsar (A) and PSR B0656+14 (B). The solid line represents the 
best fitting model with a common diffusion coefficient, and the shaded band is the ±1σ statistical uncertainty. 
Error bars are statistical. The distance from each pulsar in parsecs is calculated based on nominal distances 
of 250 and 288 pc for Geminga and PSR B0656+14, respectively (14). 
 
To calculate the positrons that have diffused to Earth, the history of the pulsar’s emission 
must be included because the lifetime of sub-tera-electron volt positrons in the ISM can 
exceed that of the pulsar. Assuming that a pulsar is a pure dipole radiator and hence has 
a braking index of 3, its luminosity L at a time t after its birth is predicted to vary as 
L=L0(1+t/W)-2. We take the characteristic initial pulsar spin-down timescale (W) of 12,000 
years for Geminga (28) and assume it to be the same for PSR B0656+14. The electron 
transport equation is solved using the EDGE code (29) for electron diffusion (12). 
 
Figure 3 shows the expected flux of positrons as a function of energy from Geminga (blue 
line) compared with the measured flux of positrons by AMS-02 in low Earth orbit. The 
positron flux from Geminga exceeds by several orders of magnitude that from PSR 
B0656+14, owing to the combination of Geminga’s greater gamma-ray flux that injects 
more energy into electrons, its older age and its closer distance. We consider the impact 
of different systemic effects (12): if the spectral index of the diffusion coefficient G�were 
smaller, lower energy positrons would diffuse faster; if the characteristic initial spin-down 
timescale W were shorter, the luminosity would have been higher in the past. If the current 
distance were smaller that would not change the local positron flux substantially because 
the true D100 would also have to be smaller (because it is derived from the angular extent 
of the sources). Therefore, in this model, these pulsars do not produce a measurable 
contribution to the positron flux measured by AMS-02 at Earth. Moreover, regardless of 
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๏ Modeling the observed intensity profiles
‣ continuous injection of pairs with power-law spectrum
‣ homogeneous diffusion-loss transport in the CSM/ISM
‣ suppressed diffusion within at least 20-30pc, with DHALO~DISM/100-1000
‣ inverse-Compton scattering of ambient photons (CMB, IR)

Alternative scenarios: Recchia et al. 2021 (but see Bao et al. 2021)  
                                    Liu et al. 2019 (but see De La Torre Luque et al. 2022)
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๏ Motivations
‣ Theoretical difficulty to achieve high levels of late confinement
‣ Fraction of real halos in known gamma-ray sources unclear

๏ Goal 1/3: Find a minimal model for halos around J0633 and B0656
‣ Minimizing diffusion suppression extent and magnitude

๏ Goal 2/3: Extrapolate to other nearby middle-aged pulsars d<1kpc
‣ Can they all develop a halo ?

๏ Goal 3/3: Assess the contribution of halos to the VHE landscape
‣ Are current TeV observations consistent with widespread halos ?
‣ How many halos could be detectable in future surveys ?
‣ What is the level of unresolved emission from halos ?

Evoli et al. 2018, Lopez-Coto&Giacinti 2018, Fang et al. 2019, Mukhopadhyay&Linden 2021
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๏ Phenomenological halo model
‣ Static two-zone diffusion-loss model (Di Mauro et al 2019, Tang&Piran 2019)
‣ Injection is typical of PWNe but delayed (Bucciantini et al 2011, Torres et al. 2014)

✤ Broken power law with index 1.5/2.0-2.8 below/above 100GeV
✤ Constant efficiency 10-100% of pulsar spinning down with n=3
✤ Start time 20-80kyr

ISM

SDR

Note: Neglect pulsar’s motion  
(not interested in morphology)

Suppressed diffusion region 
Extent >20-30pc 

Suppression level 100-1000
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HAWC data require diffusion suppression 
by ~500 around Geminga  

Small sizes 30-50pc require >200% efficiency
(because steep injection)

and lead to excessive positron flux

(Martin et al. 2022)
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Solutions to excessive positron flux and efficiency for Geminga:
Smaller ages to reduce time for diffusion and shift positron flux peak

and/or relaxing LAT constraint to allow harder injection (Xi et al. 2019)
(and/or higher than average ISRF locally)
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๏ There are solutions for B0656 and J0633
‣ with injection spectrum typical of (young) PWNe
‣ with injection efficiencies ~50-100% typical of PWNe
‣ with smallest possible diffusion suppression extent ~30pc
‣ with diffusion suppression levels ~50-500

What if all other nearby middle-aged pulsars develop halos ?
(14 in the ATNF data base within 1kpc)



Positron flux from nearby pulsars
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If other nearby <1kpc middle-aged pulsars DO develop Geminga-like halos:
Total positron flux exceeds measurement unless injection efficiency < 10-15 %  

Not typical of PWNe. Not even typical of halos.
Decrease of injection efficiency between young PWNe and older halos ?

But why did J0633 and B0656 retain high efficiencies ?

30pc SDR 50pc SDR
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If all other nearby <1kpc middle-aged pulsars DO NOT develop halos:
Injection efficiencies 40-70% allowed

All pulsars have similar injection properties over first few 100kyr
This requires no exceptional status for J0633 and B0656
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A more simple scenario is that pulsar halos are rare
Halo occurrence rate would be 5-10% (2 objects out of >16 nearby pulsars)

BUT ! Injection discrepancy between scenarios  
very much dependent on actual population properties  

and pair injection in early times
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๏ More simple solution is that halos are rare
‣ Halo occurrence rate could be as low as 5-10%
‣ BUT ! this conclusion very much dependent on 

✤ actual population properties 
✤ pair injection in early times

Can we go further from the existing census of Galactic VHE sources ?



Model

14

๏ Individual objects
‣ SNRs from Cristofari et al. 2013
‣ PWNe from Abdalla et al. 2018
‣ Halos around all middle-aged pulsars with different options

✤ J0633-like halos with 30,50,80pc sizes and B0656-like halos with 50pc size
✤ Injection in halos starts when pulsar exits initial nebula (at 20-80kyr)
✤ PWNe then proceeds as relic (no more injection, only ageing)

๏ Galaxy
‣ Magnetic field from Strong et al. 2000
‣ Radiation field from Popescu et al. 2017
‣ Density distribution at SNRs from Leahy et al. 2020
‣ Pulsar spatial distribution from Faucher-Giguere et al. 2006
‣ Supernova properties: rSN=2/100yr and rCC/Ia=2 and rPSR=1/100yr
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Caveat: deficit of <1kpc objects
(no local arm in model)



Flux distributions
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Mock PWNe marginally consistent with observed PWNe + UnIDs
Halos seem viable counterparts to some UnIDs

in HGPS footprint
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Nice match to HGPS results with ~50 PWNe and ~20 halos
Underestimate for HAWC 1523-day survey with ~35 objects versus 48-65

Prospects for CTA: 150-250 PWNe and 50-200 halos
Sensitive to halo extent and rising fast as sensitivity improves

Caveats: simple flux criterion for detectability  
+ single characteristic size for each object (at TeV energies)

See poster #428 by Vodeb et al. for more refined prospects for CTA

Geminga-like halos
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HESS survey: unresolved halos comparable to interstellar emission
CTA survey: widens the gap between resolved/unresolved

(using De La Torre Luque et al. 2022 ``Base Max’’ model as reference)

If only 5-10% of pulsars do develop halos, 
unresolved emission is subdominant
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๏ Widespread halo consistent with current TeV obs.
‣ (Geminga-like around all middle-aged pulsars)
‣ 15-20 sources in each of the HESS and HAWC surveys
‣ 50-200 in future CTA survey
‣ Subdominant contribution as unresolved diffuse
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๏ The commonness of pulsar halos is still unclear
‣ Rare scenario suggested by local positron flux constraint+ATNF
‣ Widespread scenario consistent with Galactic TeV observations

๏ The occurrence rate could be as low as 5-10%

๏ Going beyond static phenomenological diffusion model
‣ Dynamical effects (Evoli et al. 2018, Mukhopadhyay et al. 2021)
‣ Early stages: PWN-halo transition (after reverse-shock crushing ?)
‣ Late stages: Halo dissolution into ISM ?


