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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
‣ ~10% of spin-down power into >1GeV pairs
‣ continuous injection spectrum with power-law index ~2.3 (above ~100GeV)
‣ homogeneous diffusion-loss transport in the ISM
‣ suppressed diffusion within at least 20-30pc, with DHALO~DISM/100
‣ inverse-Compton scattering of ambient photons (CMB, IR)
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๏ Pulsars = major players in the VHE/UHE sky

47/78 sources in HGPS coincident with energetic pulsars
14/20 new 3HWC sources (with no previous TeV counterpart)

10/12 of LHAASO >100TeV sources
(3-4x more accounting for pulsars not beamed towards us)

+ spectral and energetic arguments supporting IC from pulsars 

Abdalla et al. 2018a/b, Albert et al. 2020/2021, Cao et al. 2021, Linden et al. 2017  
Sudoh et al. 2021, Breuhaus et al. 2021

H.E.S.S. Collaboration: Population of TeV pulsar wind nebulae

Fig. 1. Histograms of spatial separation between PMPS pulsars and TeV source components from the HGPSC list. In the high-Ė pulsar sample
(left), a clear correlation is seen as a peak at small squared angular distances, whereas the low-Ė associations, if present, are not significant beyond
the expected rate of chance coincidences (right). The angular separation cut of ✓ < 0.5� applied in the preselection of PWN candidates (Sect. 3.2)
is indicated by a dashed vertical line in the left panel.

where the whole HGPS sky map of that time was used along
with the PMPS pulsar catalogue to evaluate a detection fraction
Ndetected/Npulsars for pulsars in di↵erent bands in Ė/d2.

To investigate whether this spatial correlation is still manifest
in the data, Fig. 1 shows the distribution of angular distances be-
tween all pulsars of a given range in Ė/d2 and all “Gaussian
components” listed in the unbiased HGPSC component list5.
The shaded band shows the expectation derived from simulated
pulsar samples. It is derived for the same band of Ė/d2, calcu-
lating 30 000 randomisations of the PMPS pulsar sample. The
observed Galactic latitude and longitude distributions of the pul-
sars are preserved in the reshu✏ing. A significant correlation
beyond chance coincidences is found for pulsars with Ė/d2 >
1034 erg s�1 kpc�2 and is absent for less energetic pulsars. An es-
timate for the number of chance coincidences for a cut of 0.5�
yields a value of 9.7, while 35 HGPSC components are actually
found. Using the full ATNF catalogue instead of PMPS and the
HGPS source catalogue instead of the components list, the study
is more similar to the source selection we do in the following,
but involves statistically less unbiased samples. The estimated
number of chance coincidences derived in this case is 11.5.

3.2. Pulsar wind nebulae preselection candidates and flux

limits

The strategy employed to select and evaluate unconfirmed PWN
candidates in this paper is a two-step procedure: First, a loose
preselection of candidates has been carried out. Secondly, these
candidates are distinctly marked in the various observables cor-
relation plots of Sect. 5, leading to a subsequent judgement on
their physical plausibility to be a PWN in the post-selection of
Sect. 6.

The criteria we impose for the preselection are that a pul-
sar should be more energetic than Ė/d2 = 1034 erg s�1 kpc�2 and
have an angular separation ✓ from an HGPS source of less than

5 We use Ė/d2 as an estimator for detectability for consistency with
previous works. This is optimal under the assumptions that (a) the TeV
luminosity scales linearly with Ė, and (b) the sources appear small com-
pared to the correlation radius. Both of these assumptions are question-
able, given the large extension of some objects and the weak correlation
between Ė and TeV luminosity. For this reason, we cross-checked the
study with just Ė as the estimator, and we find very similar results. Pre-
sumably, the fact that d only varies by a factor of 10 throughout the
population makes the distance correction a subdominant e↵ect against
intrinsic luminosity variations.

0.5�. We also require a characteristic age ⌧c < 107 yr to prevent
millisecond pulsars, which are di↵erent concerning their nature
and physics of emission, from entering the PWN candidate sam-
ple6. While these criteria are arbitrary to some extent, we note
that, as a preselection, they were chosen to be relatively loose
and amply include all firmly identified PWNe.

Energetic pulsars that do not have an HGPS source nearby or
that coincide with an HGPS source that is already firmly asso-
ciated to another pulsar are selected for the calculation of a flux
upper limit. In the latter case, the flux of the established source
is not subtracted, since one cannot isolate one from the other
and the conservative flux limit is therefore on top of the emis-
sion of the main source. In the limit calculation step, we include
all pulsars with Ė > 1035 erg s�1, independent of their distance.
For very old and extended objects, a large distance can even be
favourable because only then can their full supposed extent be
covered within the H.E.S.S. FOV, leading to a meaningful flux
limit (see also Sect. 2.3).

For the same reason as in the selection of firmly identified
PWNe, we deliberately choose not to treat pulsar systems in
which the pulsar is not clearly identified in terms of period,
derivative (presumably because the pulsar beam does not inter-
sect Earth), and distance. We require a known pulsar distance
so as to be able to quantify TeV properties, such as luminos-
ity and extension, and compare them with the firmly identified
population. But we should note that this implies that we can-
not consider among PWN candidates the TeV sources coincident
with PSR J1459�6053, PSR J1813�1246 and PSR J1826�1256
(see H.E.S.S. Collaboration 2018), which are pulsars that are de-
tected in high-energy gamma-rays but not in the radio domain.

As a caveat of our cut in Ė/d2, we note that potential ancient
nebulae from very old pulsars cannot make it into our selection
and are not be considered in this work (except for being included
in terms of a flux limit). Figure 1 (right) shows that the TeV de-
tection of such ancient nebulae has to be treated as hypothetical,
judging from the global catalogue point of view we adopt in this
paper.

The result of the preselection is that besides the 14 firmly
identified PWNe we consider here, 18 additional PWN candi-
dates pass the criteria; two of these additional candidates have
two pulsars they could be associated with and four pulsars

6 There is only one case of such a coincidence, PSR J1832�0836,
which correlates with HESS J1832�085 along with the much more
likely ordinary PSR B1830�08.
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between Ė and TeV luminosity. For this reason, we cross-checked the
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At the crossroads of hot topics

5Nava et al. 2016/2019, D’Angelo et al. 2016a/b, Acciari et al. 2020, Schroer et al. 2020

Freshly released CRs modifying their environment: time/energy-dependent confinement
 Possible impact on certain observables (grammage, gamma-ray emission)
Opportunity to probe earlier acceleration stages (Emax(t), PeVatron,…)

๏ Behaviour of CRs in the vicinity of sources
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Confusion about the 
definition and boundaries of 

the halo phenomenon

Obs: hard to differentiate 
from PWNe 

Phy: uncertainty about the 
medium in which halos 

develop

Additional complications 
from likely existence of 

hybrid/transitional objects

Giacinti et al. 2020
Sudoh et al. 2019/2021

Minimalist definition:  
emission structure produced by pairs escaped from the shocked pulsar wind  

(very inclusive but not very practical)

A&A proofs: manuscript no. aanda
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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-

Article number, page 2 of 10



Halo spectrum
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Geminga-like halo model
injection-diffusion-loss  

 

3x1034 erg/s @ 320 kyr
spin-down time scale 3kyr

1kpc distance

30% acceleration efficiency
BPL injection spectrum

index 1.5/2.3 Ebr=0.1TeV 

two-zone diffusion
DHALO=DISM/300 within 50pc

B = 3μG
ISRF ~0.3eV/cm3 in CMB,IR,O

CMB
IR

Opt.



Halo spectrum

8

> 1-10TeV: loss-limited regime
current spin-down power 

recent injection and transport

<0.1-1TeV: diffusion-limited regime
integrated injection history  

past transport conditions (incl. proper motion)
Decomposition of spectrum and profiles  

as function of injection start time

5-50TeV

5-50GeV



Halo morphology
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FIG. 9: Calculated intensity maps for Geminga ICS �-ray emission at four energies without considering the pulsar proper
motion. The color bar is in units of MeV�1 cm�2 s�1 sr�1. We use �e = 1.8 and D0 = 2.0 ·1026 cm2/s. The color bar minimum
is a factor of 100 lower than the maximum.

ICS �-ray emission is expected to be very extended in
Fermi-LAT data as we have seen in Figs. 9 and 10. This
is why we choose to consider this position and width of
our ROI. We bin the data with a pixel size of 0.06� and 6
bins per energy decade. Our model includes the IEM, the
isotropic template and cataloged sources from the prelim-
inary 8 years list9. In the analysis the normalization and
the spectral shape parameters of the point sources and of
the IEM are free to vary while for the isotropic template
only the normalization is a free parameter. For the tem-
plates of the two source halos, we vary D0 in the range
1025 � 1029 cm2/s and their spectral slope.

9 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
gll_psc_8year_v5.fit

C. Analysis results

We start our analysis with a fit to the ROI, where
we include Geminga and Monogem both as pulsar point
sources and their ICS halos. We include the proper mo-
tion of Geminga in our analysis when we calculate the
ICS �-ray flux. The flux of the Geminga pulsed emis-
sion is particularly relevant between 8 � 20 GeV, while
Monogem is very faint with a TS ⇡ 010. Indeed, these
sources have an energy cuto↵ in their energy spectrum of
about 700 MeV for Geminga and 400 MeV for Monogem
[63]. We re-localize all the sources in the ROI and then
search for new point sources with TS > 25. We perform

10
The Test Statistic (TS) is defined as twice the di↵erence in

maximum log-likelihood between the null hypothesis (i.e., no

source present) and the test hypothesis: TS = 2(logLtest �
logLnull) [62].

Di Mauro et al. 2019
One-zone diffusion model

energy-dependent morphology (both extent and profile)
maximum extent reached from <100GeV to >1TeV (age-dependent)



Effects of proper motion
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FIG. 10: Same as Fig. 9 but considering the proper motion of Geminga pulsar.

this analysis for di↵erent values of D0 for Monogem and
Geminga ICS halos.

The Monogem ICS halo is detected with TS values be-
tween 3 and 26 depending on the IEM considered. Since
the detection of Monogem ICS halo is not significant re-
gardless the choice of the IEM, we place 95% lower limits
on the value of the di↵usion coe�cient. Our analysis is
not designed to place upper limits on D0 because for val-
ues larger than about 1028 cm2/s the ICS �-ray emission
starts to be very extended and almost isotropic. There-
fore, our analysis does not have enough sensitivity to
constrain very large values of D0 for such nearby pul-
sars. The 95% lower limits for the di↵usion coe�cient
are between D0 > 1�10 ·1026 cm2/s and are compatible
with the value reported by the HAWC Collaboration in
HAWC2017 for this source. The values of these lower
limits might change if one would assume a two-zone dif-
fusion model with di↵erent values for rb and considering
particular radial shapes for the change of D between the
low and high-di↵usion zones.

The Geminga ICS halo is detected with TS = 65�143
and D0 = 1.6 � 3.5 · 1026 cm2/s depending on the IEM

considered. In Tab. I we report the results of the analysis
for Geminga and Monogem for each IEM. In Fig. 11 we
show the TS versus the best fit values and 1� errors for
D0 as derived in our analysis for the di↵erent IEMs. The
weighted average11 of the di↵usion coe�cient is D0 =
2.3 · 1026 cm2/s that corresponds, in the energy range
of our Fermi-LAT analysis, to D(100GeV) = 1.1 · 1027

cm2/s. The value we find for D0 is compatible within
2� errors with the result from the HAWC Collaboration
(see HAWC2017, D0 = 6.9+3.0

�2.2 · 10
25 cm2/s 12). The dis-

crepancy in the rescaling of the di↵usion coe�cient from
our analysis (E > 10 GeV) and from HAWC2017 (E > 5
TeV) to 1 GeV might be the due to a slope of the di↵u-
sion coe�cient which is di↵erent from � = 1/3. Indeed,

11
We calculate the weighted average by considering the following

equation: D̄0 =
P

j
1
�2
j
·
P

i
D0,i

�2
i

, where �i and D̄0,i are the best

fit and 1� error for the measurement of D0 for each IEM model.
12

This number is obtained by rescaling their di↵usion coe�cient

for electrons at 100 TeV, D100, to D0.

Di Mauro et al. 2019
One-zone diffusion model

Variety of source morphologies and pulsar offsets depending on  
injection history (spin-down history+ injection parameters)

diffusive properties of the medium (self-confinement or externally-driven)
Zhang et al. 2020

Geminga halo detected in 
Fermi-LAT observations

Proper motion evidenced 
with significance > 4σ



Questions raised by the HAWC observations
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๏ Observationally
‣ Full extent of the phenomenon (in space/energy) ? 
‣ Are these two objects representative of a (much) larger population ?

๏ Physically
‣ How is such an extended and long-lasting confinement achieved ?
‣ Are the pulsars playing any role in this ?
‣ … or do they just happen to be located in specific environments ?

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). 
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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). 
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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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Johannesson et al. 2019, Tang&Piran 2019,  
Profumo et al. 2018, Di Mauro et al. 2019b, Manconi et al. 2020

๏ Bounds on the low-diffusion region
‣ >20-30pc: HAWC intensity profile (+AMS-02)
‣ <50-100pc: LAT and MAGIC measurements
‣ <kpc: average Galactic diffusion coefficient (from B/C,…)



Broadband/multiwavelength objects
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Di Mauro et al. 2019a
๏ At lower energies

‣ No diffuse X-rays around Geminga, B<1microgauss (Liu et al. 2019)
‣ Prospects for detection with eRosita sub-pc to 10s pc (Li et al. 2021)

Geminga halo detected in 
Fermi-LAT observations
Proper motion evidenced 

with significance > 4σ



Rapidly growing population ?
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๏ Under the (strong) assumption that all pulsars develop halos:
‣ Highly populated source class
‣ Several 10s already detected as unIDs in HGPS/HAWC surveys
‣ Non-negligible contribution as diffuse from unresolved sources
‣ Now also including MSPs ?
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LHAASO collab. 2021
PSR J0622+3749, ~200kyr

Di Mauro et al. 2019b, Sudoh et al. 2019, Linden et al. 2017, Linden et&Buckmann 2018, Hooper & Linden 2021

+3HWC candidates
+LAT candidates 



A promising source class 
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Martin et al. (in prep.)

Galactic model of 
SNRs+PWNe+Halos

Mock population  
of normal pulsars

PWN stage ~0-50kyr 
Halo stage ~50-400kyr

Geminga-like 50pc halo model
ISRF and B-field Galactic models

PRELIMINARY

๏ Synthetic halo population (~2600 objects)
‣ Flux distribution similar to PWNe down to 10mCrab
‣ PWNe+Halos saturating the known population (incl. unIDs)



A promising source class 
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PRELIMINARY

๏ Detectable halo population
‣ ~20 already in 3HWC, ~30 already in HGPS, >100 in reach of CTA
‣ Note: flux > sensitivity only (extension accounted for)
‣ Actual data analysis: lots of confusion, non-trivial morphologies, backgrounds

Martin et al. (in prep.)

Galactic model of 
SNRs+PWNe+Halos

Mock population  
of normal pulsars

PWN stage ~0-50kyr 
Halo stage ~50-400kyr

Geminga-like 50pc halo model
ISRF and B-field Galactic models



Turbulence (kinetic)
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Pair halos as dynamical objects
t<10kyr: powerful pulsar, turbulence growth, particles can still escape

10kyr<t<100kyr: weaker pulsar, turbulence damping, relaxation

Dependent on injection history and spectrum, turbulence model for wave damping  

Problems: 1) growth in PWN stage, 2) rapid relaxation, 3) proper motion  
(for maximum injection efficiency, hard injection spectrum, 1D)
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Turbulence (fluid)
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๏ Fluid option: externally-driven4 López-Coto, R. & Giacinti, G.
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Figure 1. Di↵usion coe�cient of 100TeV CRs in pure Kolmogorov (left panel) and Kraichnan turbulence (right panel), versus the
turbulence coherence length Lc. Each solid line corresponds to a di↵erent magnetic field strength: Brms = 3µG (thick red line), 2 µG
(magenta), 4 µG (orange), and 5 µG (green). HAWC measurement assuming Brms = 3µG (Abeysekara et al. 2017) is shown with the
dotted red line, together with its uncertainty (pale red area).

for the interstellar medium. The lines for 2, 4, and 5 µG can-
not be directly compared with the data, because the value
of the di↵usion coe�cient is not published for these values
of Brms. These cases will be studied in the next Subsection
by comparing our predicted surface brightness profiles with
that measured by HAWC Collaboration.

Another important property is the asymmetry (or lack
thereof) of the distribution of CRs around their sources. To
estimate this, we inject 100TeV protons at (x, y, z) = (0, 0, 0)
and t = 0, and calculate the eigenvalues d(k)1,2,3 of the di↵u-

sion tensor Di j (t) = hxi xji/(2t) in each magnetic field real-
ization (k), where k = 1, ..., 10. In Figure 2, we present the

average eigenvalues d1,2,3 =
Õ10

k=1 d(k)1,2,3/10 as a function of

t, with blue, green and red dashed lines, see key for the or-
dering d1 < d2 < d3. We use Kolmogorov turbulence with
Lc = 1 pc, 5 pc and 40 pc, respectively for the left, centre
and right panels. Brms = 3 µG in all three panels. The solid
black lines represent the average instantaneous di↵usion co-
e�cients D(t). At su�ciently long times t after CR injection,
the di↵usion regime is reached and D(t) plateaus at its lim-
iting value D. As can be seen by comparing the three panels
in Fig. 2, reaching this plateau takes more time for larger
coherence lengths. The spread between the three eigenval-
ues is initially large, and decreases with time up until d1, d2,
and d3 all converge towards the same limit D. This conver-
gence takes more time for larger values of Lc, too. The spread
between the eigenvalues at early times shows that particle
propagation proceeds significantly faster in some directions
than in others. This di↵erence can be orders of magnitude:
For example, there are two orders of magnitude di↵erence
between d1 and d3 at t = 0.1 kyr for Lc = 40 pc. This is
due to the fact that particles follow the magnetic field lines
surrounding their point of injection, i.e. their source. Their
propagation is then initially very anisotropic. As long as the
bulk of particles remains at distances . a few Lc from the
source (early times t), the resulting �-ray emission for an ob-
server at Earth appears asymmetric. The convergence of the
eigenvalues at late times shows that CR propagation tends
towards isotropic di↵usion. This happens when CRs reach

distances & a few Lc form the source. This is why the eigen-
values take more time to converge for larger Lc. Propagation
of each individual CR still remains anistropic at late times,
because they all follow their own local field lines, but the
tangling of field lines on scales ⇡ Lc makes the CR distribu-
tion around the source appear symmetric, as a whole.

The cooling time of ⇠ 100TeV electrons is ⇠ 10 kyr.
By looking at the separation between the eigenvalues at
t ⇡ 10 kyr in Fig. 2, one can infer that the �-ray emission
around Geminga should look symmetric for Lc = 1 pc, but
very asymmetric for Lc = 40 pc.

3.2 Gamma-ray emission: Surface brightness
profiles, and best fits to the data

Let us compare the �-ray surface brightness obtained from
our simulations with those reported by HAWC for Geminga.
Figure 3 illustrates the evolution of the asymmetry in the
surface brightness for di↵erent Lc. We show in polar coor-
dinates the surface brightness as seen in the sky. The plots
are shown for Kolmogorov turbulence, a magnetic field with
Brms = 3 µG and coherence lengths Lc = 0.25, 5, 10 and 40 pc
(see Figure caption for details). The maximum of each panel
is marked by the colorscale shown at the left side of it. We
can see that for Lc > 5 pc, the VHE �-ray surface brightness
distribution is very anisotropic, due to the electrons prop-
agating along the magnetic field lines. At the top and the
right side of each figure, we show the surface brightness inte-
grated over the corresponding quadrant (stated in the inset
of the plot), and compared to HAWC measured radial profile
for Geminga. The surface brightness in the four quadrants
become more similar for small coherence lengths due to the
isotropy of the distribution of electrons in these examples.
We can see that for Lc = 0.25 pc, the emission is isotropic
and very peaked at the center, with an overshoot of the
VHE �-ray emission close to the center, while for Lc = 40 pc
the opposite occurs, with a more irregular profile due to the
preferred direction where electrons propagate in a turbulent
magnetic field with such a coherence length. Before deter-

MNRAS 000, 1–10 (2017)
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Figure 3. VHE �-ray surface brightness in polar coordinates for di↵erent coherence lengths. Lc = 0.25 pc (top left), Lc = 5 pc (top right),
Lc = 10 pc (bottom left), Lc = 40 pc (bottom right). The radial distance indicates the angular distance from the pulsar and is marked
with black ticks. The polar angle is marked with grey ticks. The surface brightness integrated over a quadrant is located in every panel
at the top and right side of every plot in polar coordinates. The color line in these plots corresponds to the result of our calculation in
that quadrant, while the black points are the HAWC measured VHE gamma-ray surface brightness.

of �2/ndf = 13.3/15 shows that our model gives a very good
fit to the data provided by HAWC. To evaluate the asym-
metry of the �-ray profile, we also show the two dimensional
profile of the gamma-ray spectrum generated by the simu-
lated electrons on the right panel of Figure 6. This spatial
distribution is similar to that shown by HAWC on the Test
Statistic skymap they show in Figure 1 of Abeysekara et al.
(2017).

4 DISCUSSION

Propagating individual electrons in 3D realizations of mag-
netic turbulence, we have demonstrated that the extended
gamma-ray emission detected by HAWC around Geminga
is compatible with the emission from ⇠ 100TeV electrons
in isotropic, homogeneous Kolmogorov or Kraichnan turbu-
lence with realistic physical parameters. The best fit values
for Kolmogorov turbulence are found to be Lc ⇡ 1 pc and
Brms ⇡ 3 µG, although reasonably larger values of Lc and

MNRAS 000, 1–10 (2017)

Lc=5pc

Lc=40pc

HAWC measurement compatible  
with turbulence with Brms=3!G and Lc<5pc

Lopez-Coto & Giacinti  2018

Turbulence inherited  
from parent SNR or stellar-wind bubble  

Fang et al. 2019

From individual 40-500TeV electron trajectories  
in 3D realizations of turbulence



Open questions and challenges 
(certainly a non-exhaustive list)
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๏ What is the origin of the efficient confinement around (some) pulsars ?
‣ Kinetic option:

✤ Is turbulence generation by streaming pairs a possible solution at all ? 
✤ Power problem if injection starts after few 10 kyr with typical PWN spectrum
✤ Magnetic turbulence saturation levels and spectrum including cascade ?
✤ Could there be an additional role of accelerated protons ?
✤ Could non-resonant streaming instability help ?
✤ … numerical simulations produce some charge separation (Bucciantini 2020)
✤ Other instabilities e.g. firehose ?
✤ Time evolution of the injection term, spectrum and efficiency

‣ Fluid option: 
✤ Are known halos probing regions of turbulence with reduced coherence length ?
✤ What would be their origin ? How often can they be found ?
✤ If turbulence was imparted by parent SNR, can it last long until ~300-500kyr ?
✤ Impact on other observables, e.g. direct CR measurements ?

Serious challenges on the numerical side  
owing to the variety of time/spatial scales involved



Theory/Modeling
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Observations/Data analysis
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๏ What are the properties of halos as a population ?  
Do most pulsars go through a halo phase ?
‣ Gamma-rays

✤ How to tell PWNe apart from halos in existing/forthcoming observations ?
✤ What fraction can we hope to detect/identify/exploit ?
✤ …HESS J1825-137 illustrates the challenge
✤ What is the potential/added value of IACTs here ?

‣ Other wavelengths
✤ X-ray halos: problems with extension, absorption, backgrounds
✤ Radio halos: more or less the same issues

‣ Probes of interstellar turbulence
✤ What are the prospects for a better understanding of turbulence in the disc ?  

Very likely that gamma-rays cannot do it alone


