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Milagro and HAWC have detected extended TeV gamma-ray emission around nearby pulsar wind
nebulae (PWNe). Building on these discoveries, Linden et al. [1] identified a new source class —
TeV halos — powered by the interactions of high-energy electrons and positrons that have escaped
from the PWN, but which remain trapped in a larger region where diffusion is inhibited compared to
the interstellar medium. Many theoretical properties of TeV halos remain mysterious, but empirical
arguments suggest that they are ubiquitous. The key to progress is finding more halos. We outline
prospects for new discoveries and calculate their expectations and uncertainties. We predict, using
models normalized to current data, that future HAWC and CTA observations will detect in total
∼50–240 TeV halos, though we note that multiple systematic uncertainties still exist. Further,
the existing HESS source catalog could contain ∼10–50 TeV halos that are presently classified as
unidentified sources or PWN candidates. We quantify the importance of these detections for new
probes of the evolution of TeV halos, pulsar properties, and the sources of high-energy gamma rays
and cosmic rays.

I. INTRODUCTION

Milagro observations revealed extended TeV γ-ray
emission surrounding the nearby Geminga pulsar, now
confirmed by the High Altitude Water Cherenkov
(HAWC) observatory [2–4]. Additionally, HAWC has
detected similar emission surrounding another nearby
pulsar, PSR B0656+14, commonly associated with the
Monogem ring [5], and which we refer to as the “Mono-
gem pulsar.” These sources are bright (∼ 1032 erg s−1),
have hard spectra (∼ E−2.2), and are spatially extended
(∼ 25 pc). In addition, the High Energy Stereoscopic
System (HESS) has detected a number of TeV γ-ray
sources coincident with pulsars or pulsar wind nebulae
(PWNe) [6, 7]. Though they refer to these as “TeV
PWN,” they find that many are significantly larger than
expected from PWN theory [1, 8, 9]. The sources noted
above appear morphologically and dynamically distinct
from PWNe detected in X-ray and radio observations.

Linden et al. [1] identified these sources as a new γ-ray
source class (“TeV Halos”) and interpreted their emission
as the result of electrons and positrons interacting with
the ambient interstellar radiation field outside the PWN.
The possibility of significantly extended leptonic emission
was first predicted in Ref. [10], and its importance was
further discussed in Ref. [11–14]. Moreover, Linden et al.
[1] showed that a large fraction of 2HWC catalog sources
are coincident with pulsars, and predicted that TeV halos
are a generic feature of pulsar emission.

In Fig. 1, we show how a TeV halo compares to other
features at the site of a past core-collapse supernova ex-
plosion. For a given source, it may be that not all com-
ponents are detectable or even present at the same time.

FIG. 1. Schematic illustration of a TeV halo in relation to the
more familiar PWN and supernova remnant (SNR). A TeV
halo may not form early, and the SNR may be fading when
the halo appears.

A PWN, powered by the rotational energy of the central
pulsar, is delimited by the contact discontinuity between
the shocked pulsar wind and the ejecta or interstellar
matter. An SNR, powered by the energy of the super-
nova explosion, is delimited by its interaction with the
interstellar medium. A TeV halo is likely intermediate in
size, is powered by cosmic rays diffusing away from the
PWN, and does not have a well-defined boundary. The
size of a PWN can be on the order of 0.1–1 pc, though
some may range up to ∼10 pc [9, 15], and the size of an
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SNR may span ∼1–100 pc [16, 17], depending on their
properties, evolutionary stages and environment. The
typical size of a TeV halo is not known, but Geminga
and Monogem observations indicate that it may be on
the order of 10 pc for middle-aged pulsars. For the three
types of object, differences in radii lead to larger differ-
ences in volumes that further support different physical
origins.

The identification of TeV halos as a new source class is
supported by the subsequent detection of two more TeV
halos by HAWC [18, 19], one of which was predicted by
Ref. [1]. However, many details about TeV halos remain
unknown and further observations will have broad im-
plications. Apart from shedding light on the properties
of the TeV halos themselves, these observations will re-
veal new aspects of pulsar formation and evolution [1],
and will probe sources of high-energy γ-rays [20–22] and
cosmic-ray electrons and positrons [23–30].

Here, we outline a multifaceted strategy to discover
more TeV halos and to constrain their evolution. We
quantify the role of Galactic source searches and dif-
fuse measurements using water Cherenkov telescopes
like HAWC. We also consider Galactic and extragalac-
tic source surveys by imaging air Cherenkov telescopes,
focusing on the Cherenkov Telescope Array (CTA). Fur-
ther, we show that follow-up studies of existing TeV γ-ray
sources in the HESS catalog, especially those classified as
PWN or unidentified sources, could find more TeV halos.
For our overall approach, we use standard methods for
pulsar population synthesis and treat the Geminga TeV
halo as a prototype. Our results go significantly beyond
those of prior work, yielding new insights into both the
prospects for future TeV halo discoveries, and the impli-
cations of TeV halo observations for our understanding
of astrophysics.

In Sec. II, we briefly review the properties of TeV halos.
In Sec. III, we present our methods for modeling TeV halo
populations. In Sec. IV, we compare predictions with
current observations and constrain model parameters. In
Sec. V, we outline future directions to find more TeV
halos. In Sec. VI, we present our conclusions.

II. WHAT ARE TEV HALOS?

TeV halos are defined as the non-thermal emission
produced in regions outside a PWN, but within a re-
gion where pulsar activity dominates cosmic-ray diffusion
([1, 10–13]). Within this region, multi-TeV γ-rays are
produced by the inverse-Compton scattering of ambient
photons by ∼10 TeV electrons and positrons accelerated
by the pulsar wind termination shock. Observations in-
dicate that the TeV halo produces bright γ-ray emission
with a hard spectrum.

We begin by examining the key features of the best-
studied TeV halo, Geminga, which is about 340 kyr old
[31] and believed to reside approximately 250 pc from
Earth [32]. HAWC detects TeV γ-ray emission extend-

ing to an angular size of ∼5◦, corresponding to ∼25 pc
in physical extent [3]. The differential γ-ray luminosity
at 7 TeV is 2.9×1031(d/250 pc)2 erg s−1, with a local
spectral index of −2.2.

The lack of gas-correlated emission indicates a leptonic
origin. Within the context of an inverse-Compton model,
several parameters regarding the electron population can
be calculated [3, 23]. To produce the bright γ-ray lumi-
nosity, ∼10% of the total pulsar spin-down power must
be converted into e± pairs. Furthermore, to produce the
hard γ-ray spectrum, the electron population should be
injected with a hard power-law spectrum between ∼−1.5
and −2.2.

The most notable feature of TeV halos is their size.
The Geminga TeV halo is significantly larger than its X-
ray PWN, which is confined within 3′ of the central pul-
sar [33]. This indicates that the electrons and positrons
responsible for TeV halo emission have already escaped
the PWN and are interacting with the interstellar radi-
ation field. The TeV halo morphology is consistent with
cosmic-ray diffusion, rather than advection [3]. However,
this diffusion must be inhibited. Assuming that the TeV
halo medium is filled with the ∼1 eV cm−3 interstellar
radiation field and the ∼3 µG magnetic field typical of
the Galactic Plane, we would expect 10 TeV e± to cool
in ∼40 kyr. In the interstellar medium, electrons and
positrons that propagate for ∼40 kyr should diffuse over
a distance of ∼700 pc [34]. However, the TeV halo power
appears to be confined within∼25 pc of the pulsar center.

TeV halo emission is not unique to Geminga. The
HAWC collaboration has identified at least three other
TeV halos with similar features: Monogem (111 kyr,
290 pc), PSR B0540+23 (253 kyr, 1.56 kpc), and PSR
J0633+0632 (59 kyr, 1.35 kpc) [18, 19, 31]. In addition,
Linden et al. [1] listed 13 more TeV halo candidates in the
2HWC catalog. The 2HWC survey also provides a hint
of TeV halo emission around millisecond pulsars [22].

In addition to HAWC, imaging air Cherenkov tele-
scopes like HESS, MAGIC and VERITAS have detected
a number of extended TeV γ-ray sources that are as-
sociated with pulsars or PWNe observed at other wave-
lengths. These systems are called “TeV PWN,” but many
of them have an extension exceeding ∼10 pc [6, 7], while
hydrodynamical simulations predict a typical PWN size
on the order of 1 pc [9, 35–41]. More pointedly, they are
usually much more extended than the size of X-ray PWN
observed from the same system [42, 43]. These observa-
tions suggest that some of these γ-ray sources may be in-
terpreted as TeV halos, instead of emission from confined
particles inside PWNe. In particular, HESS J1825-137
has the largest radius (∼50 pc [44]) among “TeV PWN”
[8]. A TeV halo explanation for this source is already
discussed in Ref. [12, 14].

Despite the significant number of TeV halos that have
been (or are potentially) detected in current surveys,
many of their properties remain mysterious. In partic-
ular, we do not understand the evolution of the key ob-
servable TeV halo properties: their luminosity, spectrum,



3

and spatial morphology. In recent work [1], TeV halo
predictions have been evaluated utilizing a “Geminga-
like” model, where the ratio of the γ-ray flux to Ė/d2

is constant for all systems with an efficiency set to the
best-fit value of Geminga, and the physical size of all
TeV halos is ∼10 pc. On one hand, this model appears
reasonably consistent with the data — choosing to in-
stead normalize the TeV halo flux to the average γ-ray
efficiency of all firmly identified TeV halos changes the
normalization constant only by a factor of ∼2 compared
to the “Geminga-like” model. On the other hand, there
is nearly an order of magnitude variation in the efficien-
cies of individual candidate sources, the origin of which
is not understood.

A key question is when a TeV halo first forms. Several
considerations indicate that the “Geminga-like” model
may not apply to young pulsars. Theoretically, high-
energy cosmic rays are expected to be efficiently con-
fined in young PWNe and quickly lose energy to adia-
batic and synchrotron cooling in the strong PWN mag-
netic field [45–51]. This may imply that particles do not
escape into young TeV halos. Moreover, the creation of
a halo may require cosmic-ray self-generated turbulence,
which is produced through the resonant interactions of
Alfvén waves with accelerated electrons and positrons.
The growth-rate of self-generated turbulence is model de-
pendent, but typically occurs on > kyr timescales [25].

Observationally, the Crab pulsar (964 yr, 2 kpc) does
not appear to produce TeV halo emission [52–54], in-
dicating that TeV halos may not be visible within the
first kyr of pulsar evolution. An intriguing edge case is
the Vela pulsar (11 kyr, 280 pc). Vela does not appear
to produce a bright TeV halo (compared to the lumi-
nosity expected if the formation efficiency is Geminga-
like). However, Vela does have dim, spatially-extended
emission detected in radio and GeV-TeV γ-ray observa-
tions [55–58]. This has historically been interpreted as
a class of “relic PWN” that are left behind after the in-
teraction of the expanding PWN and the SNR reverse
shock, and which are powered by old electrons accumu-
lated since the birth of the pulsar [59–62]. Interestingly,
the size of this extended emission is ∼10 pc, comparable
to that of observed TeV halos. Thus, Vela could be inter-
preted as a transition case, where inefficient TeV halos
first form. Further TeV observations around ∼1–10 kyr
pulsars are needed to study the properties of young sys-
tems.

Because detailed examinations of young systems are
beyond the scope of this study, in this paper we use
a standard “Geminga-like” model, but introduce a new
parameter Tmin, before which pulsars are assumed to ex-
hibit no TeV halo activity. Observations of the Crab
and Vela suggests Tmin & 1–10 kyr, while Monogem and
Geminga TeV halos suggest Tmin . 100–300 kyr.

Another key question is whether TeV halo activity is
ubiquitous to all pulsars. Theoretically, the creation of
halos require strongly inhabited diffusion around pul-
sars, which might be expected for all pulsars if a steep

cosmic-ray gradient around them efficiently excites self-
generated turbulence [25]. Observationally, Linden et al.
[1] listed seven middle-aged pulsars that should be de-
tected by HAWC, under the assumption that every pul-
sar has a Geminga-like TeV halo, and find that five are in
fact associated with the 2HWC sources. These are con-
sistent with the expectation that a significant fraction of
pulsars have TeV halos.

We operate under the assumption that all pulsars older
than Tmin produce TeV halos. This can be tested in
future surveys. We do not consider the maximum age of
TeV halos, because late-time sources are not important
due to their small spindown power.

III. TEV HALO POPULATION MODELS

To model the population of TeV halos, we generate
an ensemble of pulsars with randomly assigned initial
spin periods (P0) and magnetic fields (B0). We assume
M = 1.4 M� and R = 12 km for all pulsars [63]. We then
assign each pulsar an age (Tage) drawn from a uniform
distribution spanning from 0 to 1 Gyr, and calculate the
pulsar spindown power as:

Ė(t) =
8π4B2

0R
6

3c3P 4
0

(
1 +

t

τsd

)−2
, (1)

where τsd = 3Ic3P 2
0 /4π

2B2
0R

6 is the spindown timescale
[20, 64]. We associate each pulsar with a randomly dis-
tributed position within the Milky Way, based on the
pulsar distributions determined by Refs. [65–67]. Specif-
ically, we adopt the radial distribution of Ref. [65], and
a scale height of 200 pc [66], and calculate the pulsar
position relative to Earth assuming a galactocentric dis-
tance of 8.5 kpc. Our results are only slightly affected
if we use the alternative spatial distributions defined in
Ref. [67]. We have verified that our models are reason-
ably consistent with the observations of nearby neutron
stars, i.e., the seven isolated neutron stars and several
pulsars younger than 1 Myr within around 500 pc [68, 69].
Further, we calculate the probability that the pulsed ra-
dio emission from each pulsar is beamed towards Earth
following the empirical relation defined in Ref. [70],

fbeam =

[
9

(
log10

P

10 s

)2

+ 3

]
%. (2)

Of all choices in our calculation, the most significant are
those of P0 and B0, due to their strong dependence in
Eq. 1: B2

0/P
4
0 in the pre-factor and P 2

0 /B
2
0 in τsd.

The P0 distribution is poorly constrained [71–79], be-
cause population statistics are not sensitive to it [78, 79].
Conventionally, pulsar population models adopt a Gaus-
sian distribution with 〈P0〉 = 300 ms and σP0

= 150 ms,
based on radio observations [71]. However, studies of
the γ-rays pulsar population hint at much smaller values



4

1032

1033

1034

1035

1036

1037

1038

1039

1040

100 101 102 103 104 105 106 107

Blue: P0 = 50 ms
Black: P0 = 300 ms

S
pi
nd
ow
n
P
ow
er
[e
rg
/s
]

Pulsar Age [yr]

log10B [G] = 13.20

log10B [G] = 12.65

log10B [G] = 12.10

FIG. 2. Evolution of the pulsar spindown power for six rep-
resentative cases, as labeled.

〈P0〉 = 50 ms and σP0 = 50/
√

2 ms [73]. In what fol-
lows, we present results for both P0 distributions. We
also test an intermediate case of 〈P0〉 = 120 ms and
σP0

= 60 ms. Finally, in Appendix A, we examine models
that utilize a uniform, rather than a Gaussian distribu-
tion, for the initial spin period. In all cases, we set a min-
imum spin period at the Newtonian centrifugal breakup
limit, P0,min = 0.85 (M/1.4 M�)1/2 (R/12 km)3/2 ms
[63].

For the B0 distribution, we adopt a log-normal mag-
netic field distribution with mean 〈log10B0〉 = 12.65 and
variance σlog10 B0

= 0.55, which is derived from popula-
tion studies of radio pulsars [71]. Other studies predict
magnetic fields that are larger by a factor of 2–4 [79, 80].
This uncertainty is discussed in Sec. IV C. We do not in-
clude any term to account for the decay of the magnetic
field strength, because it occurs on timescales of >Myr,
much greater than the age of the majority of detectable
TeV halos.

In Fig. 2, we show the evolution of the spindown power
for six representative pulsars. Most of the integrated
spindown power is spent before ∼ τsd, which is 4 kyr
for P0 = 50 ms and 160 kyr for 300 ms in the fiducial
case of B0 = 1012.65 G (this would be more evident if we
had plotted the power per log time, which would include
multiplying by a factor t).

Using the ensemble of pulsars generated above, we as-
sign a “Geminga-like” TeV halo to each pulsar that has
an age older than Tmin. We normalize the differential
γ-ray flux at 7 TeV (Φ7TeV) for each TeV halo relative

to Geminga, using the spindown power (Ė) and distance
(d) as

Φ7TeV = ΦG7TeV

(
Ė

ĖG

)(
dG

d

)2

. (3)

We adopt physical quantities for Geminga (superscript
“G”) as summarized in Table I.

In addition to directly observable parameters such as
the spindown energy and the 7-TeV γ-ray flux, our mod-
els also require us to derive parameters such as the inte-
grated γ-ray flux (FTeV) and luminosity (LTeV) for each
pulsar; we calculate these above 1 TeV. To normalize
these parameters to Geminga, we follow the theoreti-
cal treatment of Ref. [21], which calculates the inverse-
Compton scattering γ-ray spectrum from Ref. [81]. We
model the electron spectrum following Ref. [23], which
derives the best-fit γ-ray spectrum from a combination
of HAWC (7 TeV) and Milagro (35 TeV) observations of
the Geminga TeV halo [2, 4]. Specifically, we assume that
electrons are injected with a power-law index of α = 1.9
that cuts off exponentially at Ecut = 49 TeV. We adopt
an energy-independent escape time of 1.8×104 yr from
the TeV halo emission region [23]. The total e± luminos-

ity is normalized to be ηĖ. We find the best fit value of
η = 0.12 from the observed γ-ray flux. The derived val-
ues of FGTeV and LGTeV are provided in Table I. We again
calculate FTeV and LTeV for every other pulsar by scal-
ing the best-fit Geminga values with Ė and d as shown
in Eq. (3).

The 2HWC catalog reports the photon index at 7 TeV
(2.23 for Geminga). If we extrapolate this spectral in-
dex down to 1 TeV and use the 7-TeV differential flux,
we derive values of FGTeV that fall within ∼20% of the
theoretically derived photon flux reported in Table I. On
the other hand, the values for LGTeV are increased nearly
by a factor of 2, and hence our calculated luminosity in
Table I may be pessimistic.

In Fig. 3, we show the γ-ray luminosity function of
Milky Way TeV halos for two different P0 distributions
and three different values of Tmin. We normalize the total
number of Milky Way pulsars using a pulsar birth rate
of 0.015 yr−1 [67]. The upper panel shows the number
weighting only, while the lower panel also includes the
luminosity weighting.

If we do not set Tmin, the bright end of the number
count (upper panel) has a slope of ∼ L−0.8, which is
driven by the distribution of P0. As pulsars get older
(above τsd), they lose spindown power following Ė ∝ t−2
and move to the left in this plot, producing a shallower

Observed
ĖG [erg s−1] 3.2×1034 [31]

dG [pc] 250 [32]

ΦG7TeV [TeV−1cm−2s−1] 4.87×10−14 [4]

Calculated
FGTeV [cm−2s−1] 3.5× 10−12

LGTeV [erg s−1] 1.1×1032

TABLE I. Physical quantities for Geminga and its TeV halo.
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FIG. 3. TeV γ-ray luminosity functions of TeV halos for two
choices of P0 distribution. The upper panel shows source
counts and the lower panel shows the contributions to the
total luminosity.

slope of ∼ L−0.5 before the peak, where pulsars with av-
erage properties (P0, B0, Tage) reside. We do not include
the effect that old pulsars may terminate their activities
below the radio death line [82], because late-time sources
have small γ-ray luminosities and contribute negligibly to
the source count. Furthermore, due to the shallow slopes
of the number count, dim sources contribute negligibly to
the total Galactic emission, as shown in Fig 3 (bottom).

IV. EXISTING MODEL CONSTRAINTS

The range of model parameters used in our predictions
below can be constrained by current data. In Sec. IV A,
we predict the number of TeV halos that should be de-
tected in the 2HWC source catalog. In Sec. IV B, we
estimate the contribution of unresolved TeV halos to the
diffuse TeV γ-ray emission across the Galactic Plane,
comparing our predictions with Milagro observations. In
Sec. IV C, we summarize model constraints and briefly
discuss uncertainties.

A. Sources in the 2HWC Catalog

The 2HWC catalog utilizes 507 days of HAWC data
and identifies 39 high-significance sources within the field
of view of −20◦ < decl. < 60◦. The sensitivity depends
on the photon spectral index and the source declination.
We adopt the average of quoted values for spectral in-
dices of −2.5 and −2.0 and the declination dependence
given in Ref. [4]. The best sensitivity of 4.3×10−15 TeV−1

cm−2 s−1 (9% of the Geminga TeV halo flux) occurs at
a declination of 20◦, and is degraded by a factor of ∼2
for declinations that differ by 30◦. We take into account
the degradation of the flux sensitivity for sources that are
larger than the size of the PSF, utilizing a model where
the sensitivity decreases by a factor of θsize/θPSF com-
pared to the point source sensitivity [83]. We assume a
PSF size of θPSF = 0.2◦ for HAWC [84]. To determine
the source size, we again utilize a Geminga-like model,
assuming that all TeV halos have the same physical size
as that of the Geminga halo (θsize = 2◦ at a distance of
250 pc). We ignore source confusion, where HAWC may
identify neighboring or overlapping sources as one source,
because our calculations show it to be unimportant.

We constrain our TeV halo models by requiring that
they do not produce too many or too few systems that
would be detected in the 2HWC catalog search. We
set the maximum number of potential TeV halos in the
2HWC catalog at 36, because three sources (the Crab,
Mrk501, and Mrk421) are associated with objects that
are definitively not TeV halos. For the minimum num-
ber, we choose 2, because Geminga and Monogem were
detected while the two other sources announced by As-
tronomer’s Telegrams [18, 19] did not meet the flux
threshold to be included in the 2HWC catalog. Both
of these choices are conservative, as they do not take
into account additional information concerning individ-
ual 2HWC objects.

We can additionally constrain the number of detectable
TeV halos that would have radio beams oriented towards
Earth. Such sources are especially compelling because
the spatial coincidence points towards a TeV halo origin.
We note that while the Monogem pulsar is a firmly de-
tected radio pulsar, the Geminga pulsar has extremely
dim radio emission and would not have been detected in
blind radio searches [85]. Hence, we conservatively as-
sume that at least 1 TeV halo (Monogem) has been de-
tected in the 2HWC catalog with a radio beam oriented
towards Earth.

The lower limits on the number of beamed and un-
beamed TeV halos would become much stronger if the
TeV halo candidates that were first identified by Ref. [1]
are confirmed by subsequent observations. Ref. [1] finds
three additional 2HWC sources that are consistent with
the position of middle-aged radio pulsars, and twelve
additional 2HWC sources that are consistent with the
positions of younger pulsars. They estimate that only
2.6 chance coincidences would be expected if the 2HWC
sources were not associated with pulsar activity. We com-
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pare our model predictions with these candidate sources.

In Fig. 4 (top), we show the total number of de-
tectable TeV halos produced by our model, regardless of
whether the system has a radio beam that is oriented
towards Earth. This prediction should thus be com-
pared to the total number of detected 2HWC sources.
We plot results for models with initial pulsar spin peri-
ods of 〈P0〉 = 50 ms, 120 ms, and 300 ms, and find that
our parameters allow us to vary the predicted number of
detected halos by about one order of magnitude.

This variation translates into a constraint on the value
of Tmin. If typical pulsars are born with relatively large
spin periods (e.g., 〈P0〉 = 300 ms), TeV halos produce
about 10 sources in models where Tmin = 0. In this case,
the lower bound of Tmin is not strongly constrained by
2HWC data. On the other hand, if we utilize our mini-
mum value of 〈P0〉 = 50 ms, TeV halos produce about 100
sources in models where Tmin = 0. Because this exceeds
the total number of 2HWC sources, this would require
a simultaneous constraint of Tmin & 50 kyr. In the re-

minder of the section, we adopt Tmin = 50 kyr for the
case of 〈P0〉 = 50 ms as the most optimistic case, which
predicts that most of the 39 sources in the 2HWC cata-
log are TeV halos. Models with 〈P0〉 = 120 ms provide
a critical case, approximately saturating the number of
detectable TeV halos in models with Tmin =0. Thus, in
this case, the value of Tmin is not strongly constrained at
this point, but may be better constrained if future obser-
vations indicate that several 2HWC sources are not TeV
halos.

To produce at least two detectable TeV halos, we need
to set Tmin . 300 kyr for 〈P0〉 = 120ms. This con-
straint is not strong, because such a large value of Tmin

is already disfavored by the observations of Monogem
(110 kyr) and Geminga (340 kyr). On the other hand,
for 〈P0〉 = 300ms, we can constrain Tmin . 70 kyr.

In Fig. 4 (bottom), we show model predictions for
the expected number of TeV halos in the 2HWC cata-
log that have radio beams aligned with Earth, compared
with the age distribution of these TeV halo candidates.
We first focus on middle-aged pulsars (>100 kyr). The
〈P0〉 = 50 ms model predicts ∼9 sources, which slightly
exceeds the number of TeV halo candidate systems iden-
tified in Ref. [1]. This model is allowed, but if future
observations rule out the TeV halo nature of several of
these systems, it would be in tension with the data.

On the other hand, models with 〈P0〉 = 300 ms pro-
duce . 1 middle-aged TeV halo with a radio beam di-
rected towards Earth, which approximately saturates the
lower limit produced by the identification of Monogem.
This model is allowed, but if future observations con-
firm the TeV halo origin of candidate sources, it would
be disfavored. Intriguingly, though we adopted models
with 〈P0〉 = 50 ms and 〈P0〉 = 300 ms based on previous
pulsar studies [71, 73], they coincidentally also serve as
reasonable estimates for the largest and smallest values
allowed by the 2HWC data. The firm interpretation of
existing 2HWC observations could potentially rule out
either model.

We additionally show an intermediate case, with
〈P0〉 = 120 ms, which predicts the observation of ∼ 2
middle-aged TeV halos with radio beams oriented to-
wards Earth. This model matches current observations
well, and is likely remain consistent regardless of the in-
terpretation of the 2HWC candidate sources.

Expanding our analysis to include all TeV halos with
aligned radio beams regardless of the TeV halo age (in-
cluding young sources), we find that the interpretations
become trickier because models predict fairly similar TeV
halo number counts. Models with 〈P0〉 = 300 ms pro-
duce ∼ 3 TeV halos in case that Tmin = 0. Meanwhile,
models with 〈P0〉 = 50 ms predict approximately ∼15
sources for Tmin = 50 kyr. Our intermediate model
with 〈P0〉 = 120 ms also predicts the observation of ∼15
sources for Tmin = 0. However, the age distribution of ob-
served TeV halos differs markedly between models with
and without a firm value of Tmin. Thus, future obser-
vations that correlate TeV halo activity with pulsars of
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FIG. 5. Cumulative number distribution of the differential
γ-ray flux at an energy of 7 TeV for all TeV halos within the
HAWC field of view, as labeled. The 2HWC sensitivity is
approximately equal to 10% of the Geminga flux.

known ages can more clearly distinguish between mod-
els of TeV halo formation, even in light of degeneracies
between 〈P0〉 and Tmin.

In Fig. 5, we show the cumulative flux distribution of
all TeV halos within the HAWC field of view. The 50-ms
model with no Tmin produces ∼20 sources that have γ-
ray fluxes larger than that of Geminga, while the 2HWC
catalogue contains 5–12 such potential sources (depend-
ing on source extension), so the prediction is somewhat
too high. Furthermore, this model predicts a few sources
that are at least an order of magnitude brighter than
Geminga, while no such source is reported, so the predic-
tion is again somewhat too high, though consistent with
Poisson fluctuations. Therefore, while this model is not
ruled out by the flux distribution, it is in slight tension.
All of the other models are consistent with data.

Due to the steep slope at the bright end of the luminos-
ity function (Fig. 3), nearby sources are expected to dom-
inate the source count. Indeed, in our estimate, about
50% of observable sources are located within ' 3 kpc
from Earth. This suggests that many observed TeV halos
might have large angular sizes, indicating the importance
of HAWC, which is suited for detecting extended sources.

B. Diffuse TeV Gamma-Ray Emission
Measurements with Milagro

Milagro measured the diffuse Galactic γ-ray flux above
3.5 TeV, finding φ(>3.5 TeV) = (6.8±1.5±2.2) ×10−11

cm−2 s−1 sr−1 within a region spanning 40◦ < l < 100◦

and |b| < 5◦ [86]. We constrain our model by requiring
that unresolved TeV halos do not overproduce this flux.
Due to the hard TeV halo spectrum, alternative diffuse
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FIG. 6. Cumulative contribution to the diffuse Galactic γ-
ray flux from unresolved TeV halos with ages above Tage, com-
pared to the measurement by Milagro above 3.5 TeV. Solid
unmarked curves have Tmin = 0. Line colors have same mean-
ing as Fig. 4.

emission measurements at lower energies by ARGO-YBJ
[87] or a higher energy in a smaller region analyzed by
Milagro [88] give comparable constraints.

To estimate the contribution from TeV halos to this
emission, we include contributions from unresolved TeV
halos with fluxes below that of Geminga. We also include
the contribution from electrons and positrons that escape
from unresolved TeV halos and provide a diffuse emis-
sion component that fills the interstellar medium. We
remove contributions from any individual halo with a γ-
ray flux exceeding Geminga because such a source would
be detected by Milagro [21]. Because the number of such
sources is small (∼1 or fewer) and particles lose a signif-
icant fraction of their energy in the halo region, their
contribution to the diffuse emission is not important.
This treatment also allows us to remove unrealistically
bright individual halos predicted for the Tmin = 0 model,
as seen in Fig. 3. Note that we show our model pre-
dictions in cumulative contributions from pulsars above
1 kyr. Thus, the results for Tmin = 0 are identical for any
model Tmin ≤ 1 kyr, and are not affected by these unre-
alistically bright halos that only occur for Tmin ' 0. We
have verified that the number of sources that contribute
is large enough that the result is not subject to statistical
fluctuations.

In Fig. 6, we show that the current diffuse measure-
ment does not strongly constrain our models. However,
we stress that having a more precise measurement in the
future could provide complementary constraints to future
source surveys.

The diffuse TeV γ-rays are particularly important, be-
cause, as first shown in Ref. [89], the Milagro measure-
ments [86] of the diffuse flux from the Milky Way plane
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is significantly higher than expected from extrapolations
of the GeV data (the “TeV excess”). In Ref. [21], it was
shown that TeV halos could provide an explanation of
this long-standing mystery. Our results also show that
unresolved TeV halos could significantly contribute to
the diffuse TeV γ-ray flux. We note that the diffuse
emission is dominated by bright sources (Fig. 3). The
predicted contribution for 〈P0〉 = 300 ms is smaller than
that estimated by Ref. [21], which adopted a harder elec-
tron spectrum of α = 1.7 and Ecut = 100 TeV. In other
words, a better determination of the average electron in-
jection spectrum could increase the predicted flux from
unresolved TeV halos, producing tighter constraints on
〈P0〉 and Tmin. Interestingly, in the case of 〈P0〉 = 50 ms
or 120 ms, unresolved TeV halos can explain a significant
fraction of the Milagro diffuse data without changing the
spectral shape from that of our best-fit Geminga model.

C. Summary of Allowed Models and Uncertainties

Our results are primarily affected by the P0 distribu-
tion, and the 2HWC source count allows us to constrain
50 ms . 〈P0〉 . 300 ms. Both the 50-ms and 300-ms
models are barely allowed, and further investigations of
TeV halo candidates will place stronger constraints on
〈P0〉. This indicates that TeV halo observations can
provide an important new probe of the P0 distribution,
which is difficult to constrain by pulsar statistics.

2HWC data require Tmin & 50 kyr for 〈P0〉 = 50 ms
and Tmin . 70 kyr for 〈P0〉 = 300 ms. The value of Tmin

is not well constrained for 〈P0〉 &120 ms, but the firm
identification of TeV halos around Geminga and Mono-
gem suggest Tmin .100–300 kyr. Further observations
are needed to better constrain this parameter. We stress
that 50 kyr is not a strict minimum age for a TeV halo.
Rather, we found that, operating under the assumption
that the initial spin period of pulsars has an average
〈P0〉 = 50 ms, this minimum age was required to en-
sure that the TeV halo number was consistent with data.
However, the true initial period may have a larger mean,
which would eliminate the need for such a cutoff. Al-
ternatively, there may be significant variations between
individual objects that are not taken into account in this
model. Furthermore, our calculations have several uncer-
tainties noted below, which could relieve the constraint
on Tmin for the 〈P0〉 = 50 ms model.

We have fixed the distribution of B0 to follow a
lognormal distribution with 〈log10B0〉 = 12.65 and
σlog10 B0

= 0.55. Other studies that examined the mag-
netic field evolution of pulsars find best-fit mean values
that are about 2–4 times larger [79, 80]. In these mod-
els, the larger magnetic field causes pulsars to spin down
faster, producing a smaller spin-down power for pulsars
with ages exceeding ∼1 kyr. Adopting an alternative
model with 〈log10B0〉 = 13.10 and σlog10 B0

= 0.65 as
derived in Ref. [79], we find the predicted number of de-
tectable TeV halos are reduced by a factor of ∼ 2. This

increases the tension between 〈P0〉 = 300 ms and cur-
rent HAWC observations, but relieves some tension be-
tween 〈P0〉 = 50 ms and the HAWC data. In particular,
for these stronger magnetic fields, 〈P0〉 = 50 ms mod-
els become consistent with HAWC upper limits for much
smaller values of Tmin &10 kyr. Further examinations of
the B0 distribution will also be important for the study
of TeV halo populations.

We also note that throughout this section we focus on
“Geminga-like” TeV halos. We can also adopt different
models to take into account deviations from this assump-
tion. We first study the effect of variations in the γ-ray
efficiencies. There might be nearly an order of magnitude
variation among individual sources, as noted in Sec. II.
We examine alternative models where γ-ray fluxes are
multiplied by a factor of 10x. If x is fixed to 0.5 (i.e., all
TeV halos are about 3 times brighter than the Geminga
halo), then the number of detectable sources is increased
by a factor of ∼3. Similarly, if x is fixed to -0.5, the
source count decreases by a factor of ∼3. We then exam-
ine the case where x is a random variable drawn from a
normal distribution with mean 0 and standard deviation
0.5. The primary effect of such a dispersion would be to
smooth out the falling number-count distribution (Fig 3),
and increase the number of detectable sources. We find
that the number of detectable sources is increased by a
factor of ∼2 in the case of 〈P0〉 = 120 ms.

Finally, we study the possibility that pulsars younger
than Tmin produce TeV halos with different properties.
In particular, at early ages, TeV halos may have smaller
γ-ray efficiencies, because most of the injected energy
should be lost to synchrotron emission and there may
be less particle energy escaping into the TeV halos, as
discussed in Sec. II. Throughout this paper, this effect
is simply treated by sharply cutting off contributions
from pulsars younger than Tmin, but one could alter-
natively assume a smooth changes in the γ-ray efficien-
cies. This could lead to a detectable population that
does not exceed 2HWC constraints. To be more quan-
titative on this point, we examine alternative models
where the γ-ray fluxes are smoothly reduced by a fac-
tor of (Tage/340 kyr)β for pulsars younger than Geminga.
This replaces the sharp cutoff (Tmin) in our standard for-
malism. We find that the 〈P0〉 = 50 ms model does not
produce too many TeV halos for β &0.7. Further studies
are needed to more thoroughly examine this parameter
space.

In Table II, we show each major uncertainty, men-
tion an alternative model, and roughly indicate the net
effect of this model on the predicted number of TeV halo
sources. In addition to models mentioned above, we fur-
ther test several different scenarios, which are explained
in Appendix B. The exact effect of different uncertainties
depends on the standard model that we use for compari-
son, so we adopt a constant default model of 〈P0〉 = 120
ms and Tmin = 10 kyr in all cases, and show their age
dependence in Fig. 12 in Appendix B.

All of the uncertainties noted above could change the
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TABLE II. The most important uncertainties in the number of TeV halos that are discussed in this work. For each uncertainty,
we note an alternative model, and roughly indicate the effect that such a model would have on the predicted TeV halo source
count.

Name of Uncertainty Default Alternative Effect

pulsar population

P0 distribution Gaussian Uniform increase, ×2

B0 distribution 〈log10B0〉 = 12.65 〈log10B0〉 = 13.10 decrease, ×0.5

γ-ray efficiency

Ė dependence Lγ ∝ Ė
Lγ ∝ Ė0.8 decrease, ×0.5

Lγ ∝ Ė1.2 increase, ×2

age dependence Lγ/Ė = const.
Lγ/Ė ∝ (Tage)

0.5 decrease, ×0.3

Lγ/Ė ∝ (Tage)
−0.5 increase, ×3

source-to-source scatter none log10(Lγ/Ė) ∼ N(1, 0.52) (lognormal, σ = 0.5) increase, ×2

number of detectable sources by a factor of ∼2. While
these changes are important, they are subdominant to
the effect of variations in the P0 distribution, and sup-
port our assertion that the P0 distribution dominates the
uncertainty in our models. Note that different B0 distri-
butions may lead to smaller number counts, while source
variations may increase the number of detectable sys-
tems, implying that our default case occupies a reason-
able middle value. More TeV halo observations would al-
low us to better examine these models, and place stronger
constraints on pulsar properties.

V. FUTURE DIRECTIONS

Upcoming surveys have great power to detect TeV ha-
los. In Sec. V A, we quantitatively assess the prospects
for Galactic source searches with HAWC and CTA. In
Sec. V B, we do the same for extragalactic searches with
CTA. In Sec. V C, we show that detailed morphological
studies of existing HESS sources could potentially iden-
tify many TeV halos.

A. Extended Source Survey with HAWC and CTA

We begin by outlining methods to identify TeV halos.
One straightforward way to claim that TeV emission is
powered by a pulsar is to detect the radio beam from
the pulsed emission or to find a compact PWN at the
center of the γ-ray source. We may also detect a TeV
halo component in a composite (TeV halo + PWN) sys-
tem by examining if its γ-ray emission can be fit by two
morphological components rather than one. In the case
of bow-shock pulsars, we can more clearly discriminate
TeV halos from PWN, whose size is clearly determined
by the stand-off radius [90].

In some cases we may be able to detect extended
emission around PWNe in other wavelengths, from syn-
chrotron radiation produced by the same electrons and

positrons that escape the compact PWN and produce
TeV halo emission. Interestingly, Ref. [91, 92] poten-
tially detected such emission in X-rays, suggesting the
potential for identifying TeV halos in multi-wavelength
observations.

In Fig. 7, we show expectations for the TeV halo pop-
ulation that could be uncovered by HAWC observations.
We assume a 10-yr sensitivity that is improved by a factor
of
√

5 compared to the quoted sensitivity of the 2HWC
catalog, following the same declination dependence. This
corresponds to a sensitivity that is approximately 4% of
the Geminga flux for sources residing in optimal sky posi-
tions. These predictions are pessimistic, because HAWC
has recently installed an upgrade and increased the in-
strumented area [93], an effect which is not included in
our calculation.

The 10-yr HAWC survey promises to discover a signif-
icant TeV halo population. Even in the pessimistic case
of 〈P0〉 = 300 ms, we expect that ∼20 sources (includ-
ing 4 already found) will be detected for Tmin = 0. In
the most optimistic case (e.g., 〈P0〉 = 50 ms and Tmin =
50 kyr), HAWC would be expected to detect ∼80 TeV
halos. We note that these cases are nearly ruled out by
existing TeV halo observations (Sec. IV A). Our inter-
mediate case (〈P0〉 = 120 ms) predicts ∼70 sources if
Tmin = 0, though this model prediction is only barely
allowed from the 2HWC source count (see Fig 4). Such
a large number of sources would allow us to significantly
improve our constraints on the spectral, morphological,
and evolutionary properties of TeV halos.

We stress that our predictions are based on the
Geminga-like assumption provided in Eq. (3), combined
with standard models of pulsar population synthesis es-
tablished by previous studies (e.g., [71, 94]). If HAWC
detects a significantly smaller number of TeV halos, it
would indicate that Eq. (3) cannot be applied to all pul-
sars, and that the observed Geminga-like halos must have
unusually large TeV γ-ray efficiencies or may have spe-
cific properties or environment that generate halos. Con-
versely, if significantly more sources are observed than
predicted, it would indicate that observed sources have
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relatively dim halos, compared to the average popula-
tion. Either result would substantially enhance our un-
derstanding of these systems.

In Fig. 8, we show our prediction for the Galactic lon-
gitude distribution of detected TeV halos (top) and the
diffuse flux from unresolved TeV halos (bottom) for our
intermediate case of 〈P0〉 = 120 ms. In addition to 10-
yr HAWC observations, we make a prediction for hy-
pothetical HAWC-like telescope that uniformly observes
the sky with a sensitivity that is 3% of the Geminga flux.
We also show the predicted contribution from TeV ha-
los to the Milagro diffuse measurement, which probed
the region within 30◦ < l < 110◦ and 136◦ < l < 216◦

[86, 88], and also to the HAWC diffuse measurement, for
the region that falls fairly within the field of view. The
source count (top panel) shows the sizeable impact of a
HAWC-like water Cherenkov telescope at the Southern
hemisphere, like the Southern Gamma-Ray Survey Ob-
servatory [95–97]; it would allow us to probe a region at
the edge or outside the HAWC field of view, where we
expect a significant number of detectable TeV halos. It
also demonstrates that the effect of source confusion is
not large; we expect at most ∼4 sources over ∆l = 5◦,
which means that the typical intersource spacing is large
compared to the angular resolution (∼ 0.1◦ in radius)

and the typical source size (also ∼ 0.1◦ with significant
variations).

In Fig. 8 (bottom), we show that HAWC measurements
will greatly improve our understanding of the diffuse TeV
flux. In particular, in the region of 40◦ < l < 100◦, where
the diffuse TeV excess was first identified, our predictions
indicate that more than half of the diffuse emission from
TeV halos will be resolved into individual sources by fu-
ture HAWC surveys. Apart from shedding light on the
nature of the diffuse TeV emission, this would also put
constraints on the population of unresolved sources that
contribute to the remaining diffuse flux.

We also make a prediction for the future Galactic Plane
survey with CTA [98]. We assume that CTA will observe
from l = 0◦ to 360◦ and |b| < 3◦ with a sensitivity of 3
mCrab, where 1 Crab is defined as a γ-ray flux above 1
TeV of 2.26×10−11 cm−2s−1, and 3 mCrab corresponds
to 2% of the Geminga flux (defined as FGTeV in Sec. III).
We assume a PSF size of θPSF = 0.05◦ to take take into
account the degradation of the sensitivity for extended
sources. Because the PSF of CTA is smaller, this effect
is more important compared to HAWC observations.

Even in the pessimistic case of 〈P0〉 = 300 ms, we
predict that ∼30 TeV halos could be detected. In the
case of 〈P0〉 = 50 ms with Tmin = 50 kyr, we predict
that about 160 TeV halos could be detected. Our inter-
mediate model, 〈P0〉 = 120 ms, also predicts ∼150 for
Tmin = 0. These detections will be highly complemen-
tary to HAWC observations. HAWC is located in the
Northern hemisphere, while CTA is expected have better
sensitivity in the Southern hemisphere. Moreover, while
HAWC is suited for spatially extended sources, CTA can
find more distant and dimmer sources. In our prediction
for HAWC, the 10–90% containment fraction of TeV halo
distances corresponds to roughly 1–10 kpc. In contrast,
for CTA, the 10–90% containment window spans from
3–15 kpc. Together, these observations can map out
much of the Galaxy in TeV halos. This also indicates
that another water Cherenkov telescope at the Southern
hemisphere would be critical for detecting nearby sources
throughout the Galactic Plane.

Finally, we study the effect of source confusion for
CTA. First, we find that CTA is expected to detect ∼ 7
sources in a 5◦ wide bin even in the densest regions (near
the Galactic Center). Second, 90% of CTA sources has
distances of above 3 kpc, which translates to an angular
extension less than 0.5◦ assuming the source size of 25 pc.
These indicate that the source confusion has marginal ef-
fect on our results, but further understanding of lumi-
nosity function of other sources and CTA properties are
needed to better quantify this effect.

B. Extragalactic Survey with CTA

Milky Way TeV halo searches must deal with large an-
gular source size and distance uncertainties. One way to
avoid these issues is to search for extragalactic sources. A
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good target is the Large Magellanic Cloud (LMC), which
is nearby and face-on, and which will also be extensively
observed by the CTA as part of its Key Scientific Pro-
gram [98]. CTA observations are expected to achieve an
integrated energy flux sensitivity of 3 × 10−14 erg cm−2

s−1 above 1 TeV. The collaboration expects to uncover
∼10 sources that are primarily SNRs, without including
TeV halos.

We estimate the number of TeV halos that can be de-
tected in the Large Magellanic Cloud (LMC) by the CTA
survey. We adopt a standard distance of 50 kpc, and
count the number of halos with luminosities exceeding
9 × 1033 erg s−1 above 1 TeV. The birth rate of pulsars
in the LMC is normalized to be 0.005 yr−1, which is the
lower value obtained by a previous study of LMC pul-
sar population modelling [99]. Though the interstellar
infrared radiation field in the LMC is weaker compared
to the Milky Way [100], the predicted TeV halo flux is
reduced only by a factor of 1.3 even if we set ρIR = 0,
due to the contribution from the cosmic microwave back-
ground photons. Since this modification is degenerate
with a number of uncertainties, we do not take this into
account in what follows.

In Fig. 9, we show that CTA will likely detect at
least ∼1, and potentially ∼30, extragalactic TeV halos
in the LMC, substantially increasing the total number
of sources detected with this survey. These observations
will provide more important information than the source
count alone, shedding insight into the brightest TeV ha-
los in a region without significant distance uncertain-
ties. Thus, CTA observations will provide complemen-
tary constraints to HAWC Milky Way observations. The
differentiation of extragalactic TeV halos from PWNe
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FIG. 9. Same as the upper panel of Fig. 7, but for the LMC
survey with CTA. Curves have Tmin = 0 unless marked.

will be challenging, because both will appear pointlike
even with the unparalleled angular resolution of CTA.
The best path forward will be to employ followup ra-
dio observations of synchrotron counterparts to further
examine the emission morphology. Because the size of
halos are poorly understood, there may also be a possi-
bility that we could observe TeV halos extended beyond
a radius of ∼ 100 pc, which could be detected as extended
sources even in the LMC.

We note that the observed radio pulsars in the LMC
appear to have a strikingly different distribution of spin-
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down powers compared to expectations from pulsar evo-
lution (Fig. 3). In particular, current observations detect

two very bright (Ė > 1038 erg s−1) pulsars, while the 11

other detected pulsars have low Ė (Ė < 6×1034 erg s−1).
There are no pulsars in between these ranges [31]. This
is most likely due to the combination of selection effects,
weak correlations between Ė and radio luminosity [101],
and the randomness of pulse radiation beamed toward us.
Future pulsar surveys may enable us to better examine
the pulsar population in the LMC. Since TeV halo emis-
sions are expected to be more isotropic and may better
correlate with Ė than radio pulse emissions, they could
provide complementary information regarding the popu-
lation of bright pulsars, potentially resolving this tension,
or confirming it. In the latter case, it would demand sig-
nificant modifications to the theory of pulsar formation
and evolution.

Finally, we note that we might also be able to observe
a similar number of TeV halos in the Small Magellanic
Cloud, because it has a distance and pulsar formation
rate comparable to the LMC [99]. This would potentially
provide information regarding the evolution of TeV halos
in low metallicity environments.

C. Followup Study for HESS Sources

So far, we have focused on the existing survey cata-
log by HAWC, which is suited for extended source sur-
veys. However, existing source catalogs from imaging air
Cherenkov telescopes should also contain as-yet identi-
fied TeV halos.

Here we focus on the HESS Galactic Plane Survey
(HGPS) catalog, which has detected 78 sources in to-
tal, 42 of which are associated with ATNF pulsars [6].
Five of these tentative pulsar associations are known to
be either an SNR or a binary, as well as the Arc and
Galactic Center, while the remaining 37 sources are cat-
egorized as firmly identified PWN (including composite
system), candidate PWN, or unidentified sources. We
examine how many of these sources could be interpreted
as TeV halos.

We make a prediction following the methodology for
the CTA Galactic Plane survey in Sec. V A. We in-
clude sources between Galactic longitudes spanning from
l = 250◦ to 65◦ and latitude |b| < 3◦. The sensitivity of
HGPS is non-uniform across the Galactic Plane. Since
our goal is not to make precise estimates of the HESS
sensitivity, we simply assume a sensitivity of 1% Crab
for point sources and utilize a PSF of θPSF = 0.08◦. We
further assume that any source of θsize > 0.7◦ is not ob-
served, because HGPS is not able to detect such an ex-
tended source. This removes the contribution from any
halos within about 700 pc of Earth.

In Fig. 10 (top), we show that 10–50 sources in the
HGPS catalog could be TeV halos. This indicates that
detailed morphological studies of HGPS sources could
uncover many TeV halos in this catalog. The definitive

 1

 10

 100

C
um
ul
at
iv
e 
N
um
be
r 
N
(>
T
ag
e)

 1

 10

 100
Exceeds HGPS counts

All
Tmin = 50 kyr

 1

 10

 100

1 10 100 1000
Tage [kyr]

 1

 10

 100

1 10 100 1000

(firm)
PWN

(candidate)
PWN

With aligned beam

UNID

Tmin = 50 kyr

FIG. 10. Same as Fig. 4, but for the HESS Galactic Plane
Survey (HGPS). In the bottom panel, the histogram of HGPS
sources associated with ATNF pulsars is also shown, divided
into three classes following Refs. [6, 7]. Note that from all
unidentified sources in HGPS we only plot those associated
with radio pulsars.

identification of these sources would be important in con-
straining particle transport due to the unparalleled an-
gular resolution of HESS.

In Fig. 10 (bottom), we compare the predicted number
of TeV halos to the observed number of radio pulsar asso-
ciations. Our model predicts that, among the 37 sources
associated with ATNF pulsars, ∼6–20 sources could be
TeV halos. Interestingly, the shape of our predicted age
distribution matches observed data well. Because our
predictions are based on the assumption that the γ-ray
flux is proportional to Ė, this agreement suggests that
these HGPS sources are powered by pulsar activity, ei-
ther PWNe or TeV halos, rather than SNR.

VI. CONCLUSIONS

TeV halos are a new class of γ-ray sources [1–3, 11,
13, 18–22, 25]. They are bright, have hard spectra, and
are spatially extended. They are powered by electrons
and positrons that escaped from the PWNe, but which
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remain confined in a region where diffusion is strongly
suppressed. Empirical arguments suggest TeV halos are
common around pulsars. However, among many candi-
date sources, only four TeV halos have been confirmed
so far. The rest are likely undetected due to the dimin-
ishing sensitivity of TeV instruments to extended γ-ray
sources.

In this work, for the first time, we theoretically quan-
tify the role of future surveys to detect more TeV ha-
los. We also study new implications for pulsar physics
and existing γ-ray sources. We use standard methods for
pulsar population synthesis and focus on a model where
the TeV halo luminosity is calculated based on Geminga
observations. Our analysis produced three main results.

• TeV halos could be the most important
source class in future TeV γ-ray surveys.
Within the context of our standard Geminga-like
model, and utilizing the range of P0 and Tmin that
are consistent with current datasets, we predict that
HAWC will eventually detect ∼20–80 TeV halos,
and future Galactic surveys by CTA will also find
∼30–160 halos, for a total of ∼50–240 halos. Fur-
ther, CTA can potentially detect ∼10 TeV halos in
the LMC and SMC. This indicates that TeV ha-
los could be the dominant source class in the TeV
γ-ray sky. Such a large number of sources would
allow us to examine their properties and evolution
in great detail.

• Further studies of unidentified TeV sources
and “TeV PWN” are needed. We find that the
HGPS catalog might contain ∼10–50 TeV halos,
which are currently classified as either unidentified
sources or PWNe. These results have three implica-
tions. First, imaging air Cherenkov telescopes like
HESS, MAGIC and VERITAS can also play an im-
portant role in studying TeV halos. In particular,
their high angular resolution would be critical in ex-
amining particle transport inside the halo. Second,
it might be important for modelling of “TeV PWN”
to take into account the emission from TeV halo re-
gions. Third, X-ray and radio observations of “TeV
PWN” may find many extended halos around com-
pact PWNe. This synchrotron emission counter-
part could help to identify TeV halos.

• TeV halos observations can constrain pul-
sar properties. Our predictions are primarily af-
fected by the distribution of the initial spindown
period, which is not well constrained by pulsar pop-
ulation studies. In other words, TeV halo obser-
vations can provide complementary constraints to
existing radio surveys. Current 2HWC data allow
50 ms . 〈P0〉 . 300 ms, and further studies will
place tighter constraints.

We finally note that TeV halo observations may unlock
new opportunities to study astrophysics.

• TeV halo observations would allow us to detect pul-
sars with radio emission not aligned toward Earth
and hence which have been missed in previous blind
searches [1]. Further, the angular size of halos
could provide useful distance estimations for Galac-
tic pulsars. Thus, many observations of TeV halos
could allow us to map out pulsars in the Galaxy,
including misaligned systems. This new method
would work as an independent and complementary
method compared to radio observations. In this
regard, the Southern Gamma-Ray Survey Obser-
vatory would play an important role in detecting
TeV halos across the Galactic Plane, especially in
the inner Galaxy. In addition, next-generation tele-
scopes like LHASSO [102] can find more TeV halos.

• TeV halo observations would substantially improve
our understanding of total galactic γ-ray emission.
Usually, galactic γ-ray emission is assumed to be
dominated by hadronic processes induced by dif-
fusing protons and nuclei, especially in the GeV
energy range. The bright and hard-spectrum emis-
sion from TeV halos suggests that leptonic emis-
sion mechanisms may be important for the dif-
fuse emission in the TeV energy range. This has
two implications for the cosmic background emis-
sion. First, the hard spectrum of TeV halo emis-
sion might make ordinary galaxies more important
for TeV γ-ray background than expected only from
hadronic emission, which falls off steeply. Second,
the leptonic nature of TeV halo emission may make
star-forming galaxies less important for the TeV
neutrino background than expected from the as-
sumption that all TeV galactic γ-ray emission is
hadronic. In particular, predicting neutrino flux
from galaxies by simply extrapolating their γ-ray
flux could result in a substantial overestimate.

• TeV halos could help pinpoint the sources of Ice-
Cube neutrinos in our Galaxy. A promising way
to search for neutrino emitters is to look into γ-ray
source catalogs. However, if most γ-ray sources are
TeV halos, there is less room for hadronic sources.
This has both positive and negative implications
for neutrino astronomy. It is unfortunate, since
we can only expect high-energy neutrinos from a
small fraction of identifiable γ-ray sources. On the
other hand, if we can identify TeV halos in γ-ray
source catalogs, we can ignore their neutrino con-
tributions and reduce the trials factor in IceCube
neutrino cross-correlations.

• Existing TeV halo observations indicate that pul-
sars contribute to the cosmic-ray electron and
positron flux. However, future observations are
necessary to understand the exact degree they con-
tribute, which classes of systems are important, and
the constraints which can be put on residual contri-
butions by exotic physics such as dark matter an-
nihilation. In particular, follow up observations of
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TeV halos with GeV γ-rays and other wavelengths
can provide important complementary information
capable of constraining the pulsar contribution to
the positron excess, which is seen in GeV energy
range.

Finally, it is remarkable that such an important source
class escaped identification until the development of TeV
γ-ray instruments, especially those that can detect ex-
tended sources. Although TeV halos may have corre-
sponding emission in radio, X-ray, and GeV photons, this
was not sufficiently obvious to recognize this source class.
The significance of these observations thus predicts the
importance of future TeV surveys in understanding the
multi-wavelength sky.
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Appendix A: Effect of Uniform Pulsar Period
Distributions

One of the most important modeling assumptions in
this paper is the spin-period of the pulsar at birth. In
the main paper, we utilized several models that utilized a
Gaussian distribution to describe the initial pulsar period
distribution. We chose three average periods of 50 ms,
120 ms, or 300 ms with this Gaussian, along with vari-
ances σP0 = 50/

√
2 ms, σP0 = 60 ms and σP0 = 150 ms,

respectively. However, recent modelling of pulsar pop-
ulation indicates that a uniform period distribution of
0 < P0 < 500 ms may be consistent with the pulsar
statistics [103].

In Fig. 11, we show a version of Fig. 4 that shows the
expected number of TeV halos in the 2HWC catalog as a
function of the pulsar age for models with uniform initial
spin-period distributions between the breakup limit and
2〈P0〉. In addition to three cases of 〈P0〉 =50, 120, and
300 ms, we show the case of a uniform P0 distribution up
to 500 ms, as suggested in Ref. [103].

We find that, in general, models with a uniform pul-
sar distribution of P0 predict a greater number of pulsar
than Gaussian models. This is because the uniform dis-
tribution produces a larger number of sources with very
small P0. In general, the effect of these models on the
number of pulsars as a function of Tage is about a factor
of ∼ 2, compared to models with a Gaussian distribution
centered at 〈P0〉.

Appendix B: Model Uncertainties

Here, we describe all uncertainties in Table II. In
Fig. 12, we show how our results are changed for alter-
native models for the case of 〈P0〉 = 120 ms.

• P0 distribution: In the main text, we adopt a
Gaussian distribution following Refs. [71, 73]. In
Fig. 12 (top left), we compare this with a uniform
distribution, motivated by Ref. [103].

• B0 distribution: In the main text, we adopt a log-
normal distribution with mean 〈log10B0〉 = 12.65
and σlog10 B0 = 0.55 following Ref. [71]. In Fig. 12
(top left), we compare this with another log-
normal distribution with 〈log10B0〉 = 13.10 and
σlog10 B0

= 0.65, as defined in Ref. [79].

• Ė dependence: In the main text, we adopt Lγ ∝
Ė. In Fig. 12 (top right), we compare this with

different models which adopt Lγ ∝ Ė0.8 and Lγ ∝
Ė1.2, normalizing the γ-ray flux with the Geminga
halo.

• age dependence: In the main text, we assume
that γ-ray efficiency Lγ/Ė is constant for all pul-
sars. In Fig. 12 (bottom left), we compare this

with different models where Lγ/Ė depends on the

age of pulsars as Lγ/Ė ∝ (Tage)
0.5 and Lγ/Ė ∝

(Tage)
−0.5, normalizing the γ-ray flux with the

Geminga halo and adopting 340 kyr as the age of
Geminga. In the case of Lγ/Ė ∝ (Tage)

0.5, we do
not assume age dependence for sources older than
340 kyr, in order to avoid producing unrealistically
bright late-time sources.

• source-to-source scatter: In the main text, we
assume that Lγ/Ė is constant for all systems. In
Fig. 12 (bottom right), we compare this with differ-

ent models where log10(Lγ/Ė) is a random variable
drawn from a normal distribution with mean 1 and
standard deviation 0.5.
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