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Observations by HAWC and Milagro have detected bright and spatially extended TeV γ-ray sources
surrounding the Geminga and Monogem pulsars. We argue that these observations, along with a substantial
population of other extended TeV sources coincident with pulsar wind nebulae, constitute a new
morphological class of spatially extended TeV halos. We show that HAWCs wide field of view unlocks
an expansive parameter space of TeV halos not observable by atmospheric Cherenkov telescopes. Under
the assumption that Geminga and Monogem are typical middle-aged pulsars, we show that ten-year HAWC
observations should eventually observe 37þ17

−13 middle-aged TeV halos that correspond to pulsars whose
radio emission is not beamed towards Earth. Depending on the extrapolation of the TeV halo efficiency to
young pulsars, HAWC could detect more than 100 TeV halos from misaligned pulsars. These pulsars have
historically been difficult to detect with existing multiwavelength observations. TeV halos will constitute a
significant fraction of all HAWC sources, allowing follow-up observations to efficiently find pulsar wind
nebulae and thermal pulsar emission. The observation and subsequent multi-wavelength follow-up of TeV
halos will have significant implications for our understanding of pulsar beam geometries, the evolution of
pulsar wind nebulae, the diffusion of cosmic rays near energetic pulsars, and the contribution of pulsars to
the cosmic-ray positron excess.
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I. INTRODUCTION

Recent observations by the High Altitude Water
Cherenkov Observatory (HAWC) [1], along with earlier
results from Milagro [2], have detected diffuse TeV
emission surrounding the Geminga and B0656+14 (here-
after referred to as Monogem [3]) pulsars. While it is
difficult to constrain the exact morphology of this emission,
both systems are well fit by Gaussian distributions with an
angular extension of ∼2°. These observations are intriguing
for several reasons. First, the short cooling times of very
high-energy electrons imply that even middle-aged pulsars
accelerate eþe− to energies exceeding ∼50 TeV. Second,
the angular size of these “TeV halos” indicates that the

propagation of cosmic rays near pulsars is significantly
more constrained than typical for the interstellar medium
[4,5]. Third, the intensity of this emission indicates that a
significant fraction of the total pulsar spin-down luminosity
is converted into eþe− pairs, providing evidence in support
of pulsar interpretations of the rising cosmic-ray positron
fraction observed by PAMELA and AMS-02 [4,6–8].
The observation of extended TeV halos surrounding

Geminga and Monogem augments a growing class of TeV
sources coincident with pulsars and pulsar wind nebulae
(PWN). To date, Atmospheric Cherenkov Telescopes
(ACTs), such as H.E.S.S. and VERITAS, have discovered
a population of at least 32 such sources [9–12].1 H.E.S.S.
refers to these sources as “TeV PWN,” noting that the TeV
emission is correlated with pulsars that have visible PWN.
However, results from the H.E.S.S. collaboration indicate
that the TeV emission is significantly more extended than
the x-ray PWN [13]. Thus, these systems may have a
unique origin, morphology, and dynamical evolution.
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H.E.S.S. observations indicate two important features of
TeV halos. First, there is a close correlation between the
pulsar spin-down luminosity and the luminosity of the TeV
halo. Second, the physical size of the TeV halo is correlated
to the pulsar age [13]. While ACT observations have been
extremely efficient in finding TeV features surrounding
known radio pulsars with high spin-down luminosities
( _E > 1036 erg s−1), they have struggled to find nearby
pulsars with lower spin-down luminosities. The H.E.S.S.
sensitivity to TeV halos degrades significantly for systems
with angular extensions exceeding 0.6° [13]. Indeed, the
2° TeV halos surrounding Geminga and Monogem have
not been detected by ACT instrumentation despite their
high flux.
Intriguingly, observations of TeV halos provide a new

avenue to discover pulsars. To date, the vast majority of
pulsars have been discovered based on their beamed radio
emission. However, these systems are only the tip of the
iceberg; a substantial population of “invisible” pulsars with
misaligned beaming angles lurks below. Misaligned pulsars
have traditionally been extremely difficult to detect. In
particular, the effectiveness of ACTs in finding misaligned
pulsars is inhibited by their small field of view. This
suggests that HAWC observations can reveal an untapped
parameter space, finding a significant population of nearby
pulsars via their spatially extended TeV halos.
In this paper, we first argue that TeV halos are a generic

feature of pulsars. Second, we show that current searches
for misaligned pulsars suffer from significant incomplete-
ness, even for nearby systems. Combining these two
results, we conclude that HAWC is likely to detect many
unassociated TeV halos, with a particular advantage in
detecting middle-aged2 pulsars in close proximity to Earth.
We discuss multiwavelength observations capable of con-
firming the nature of these sources. HAWC’s wide field of
view will provide sensitivity to TeV halos over nearly half
the sky, providing new insights into the size of pulsar radio
and γ-ray beams, the evolution of PWN, the cosmic-ray
diffusion parameters near compact objects, and the con-
tribution of pulsars to the cosmic-ray positron excess.
The paper is outlined as follows. In Sec. II we establish

that TeV halos constitute a new morphological class of TeV
emission sources, with characteristics that are distinct from
both supernova remnants (SNR) and PWN. In Secs. III and
IV we discuss the sensitivity of H.E.S.S and HAWC to TeV
halos, respectively. Our analysis indicates that HAWC is
sensitive to an expansive population of TeV halos not
observable by ACTs. In Sec. V we discuss the population
of invisible pulsars which are not detected because their
radio beams are not oriented towards Earth. Utilizing the
observation of TeV halos coincident with previously known
pulsars, we argue that TeV halo observations will uncover a

large population of these systems. In Sec. VI we discuss
x-ray and optical observations that could definitively prove
the TeV halo origin of these hidden sources. In Secs. VII
and VIII we note that the unbiased nature of TeV halo
observations provides new insight into multiple open
questions concerning the evolution of pulsars, the diffusion
parameters of the Milky Way, and the origin of the cosmic-
ray positron excess.

II. TEV HALOS ARE A NEW
MORPHOLOGICAL FEATURE

In this section, we argue that the population of extended
TeV sources coincident with known pulsars constitutes a
new morphological source class. We name these sources
TeV halos. We note that the radial extent of TeV halos is
significantly smaller than their associated SNR [14,15], but
significantly larger than PWN [16]. Observations of TeV
halos corresponding to middle-aged pulsars are crucial
to differentiate these sources, as the morphological
differences between each source class become more pro-
nounced over time.
The morphology of supernova remnants is determined by

the interactions of the supernova-powered shock front with
the interstellar medium. The size of supernova remnants
expands monotonically, though the rate varies as the density
of the interstellar medium and radiative losses inside the
remnant begin to play more important roles (see e.g. [17]).
For middle-aged SNR near the solar position, a radius
≳50 pc is typical. This significantly exceeds the ∼10 pc
extensions observed in middle-aged TeV halos. This dis-
tinction is particularly stark for Monogem; the SNR is
found to be extended by ∼25° [18], while the TeV halo is
∼2°. In addition to their different sizes, TeV halos are found
to be offset from the centers of SNR. This is expected,
as pulsars are born with typical kick velocities of
∼400 km s−1. For ages of ∼100 kyr, this translates to
average offsets of ∼40 pc. Observations of TeV halos by
high-resolution ACTs indicate that the emission is more
closely correlated to the pulsar than the SNR [13].
The radial extent of PWN is similarly determined by the

interactions of the pulsar’s relativistic wind with the
surrounding medium. In the early stages of pulsar evolu-
tion, the pulsar is confined within the SNR, where it
expands freely for up to ∼104 yr until the reverse SNR
shock compresses it. These interactions, along with the
significant kick velocity of the pulsar, make the morphol-
ogy of early PWN extremely complex. Simulations indicate
that the PWN can reach radial extents up to ∼4 pc [19–23].
However, pulsars with kick velocities v ≳ 100 km=s and
ages ≳105 yr have typically exited the SNR [24] and have
begun interacting with the diffuse interstellar medium.
Thus, their termination shock front, which is similar to
their forward shock, is constrained by the ram pressure of
the interstellar medium. The radius of the PWN can be
calculated as

2Throughout the paper we define middle-aged pulsars to be
those with characteristic ages between 100 and 400 kyr.
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RPWN ≃ 1.5

�
_E

1035 erg=s

�1=2� ngas
1 cm−3

�
−1=2

×

�
v

100 km=s

�
−3=2

pc; ð1Þ

where _E is the spin-down power of the pulsar, ngas is the
local gas density in the interstellar medium, and v is the
pulsar kick velocity. This falls below the radial extent of
middle-aged TeV halos by approximately 1 order of
magnitude. In the case of Geminga, this difference is
striking; the PWN is observed to be confined within
∼2 arcminutes of the central pulsar [25], while the TeV
halo extends for ∼2°.
It is worth noting, however, that the morphology of the

Geminga PWN is peculiar, belonging to a class of bow-
shock wind nebulae produced by the rapid motion of the
Geminga pulsar through the interstellar medium. While
most middle-aged pulsars have escaped from their natal
supernova remnants and are producing some form of bow-
shock nebulae, the Geminga PWN is particularly elon-
gated, producing two dim tails which extend nearly
5 arcminutes from the central pulsar [25,26]. While it
may be argued that the pulsar’s proper motion influences
the morphology of its TeV halo, we note three arguments
against this interpretation. First, while the tails of the bow
shock are observable out to 5 arcminutes, the vast majority
of the Geminga synchrotron emission is still concentrated
very close to the pulsar location (<0.5 arcminutes). This
implies that the electron/positron population responsible
for the PWN cannot be responsible for the TeV halo.
Second, the 5 arcminute extension of the dim PWN tails
still fills a volume 10,000 times smaller than the observed
2° TeV halo extension. Third, a similar TeV halo is found
around the Monogem pulsar, which does not have pro-
nounced bow-shock nebulae [27].
Thus, standard models of SNR and PWN evolution do

not explain the existence of a morphological feature
extending for ∼10 pc and centered near the pulsar location.
ACT observations indicate that the dynamics of this region
are complex. For example, TeV halos are found to be
centered at a position offset from their associated pulsar.
The degree of this offset is found to increase with the pulsar
age [13]. It is clear that the SNR, PWN, and interstellar
medium all play important roles in determining the extent,
morphology, and characteristics of TeV halos, and further
investigations are needed to understand the dynamics of
this region.
While the physical source of the TeV halo region is

unknown, observations indicate that cosmic-ray diffusion
inside TeV halos is significantly inhibited compared to the
surrounding interstellar medium. In particular, the lumi-
nosity of the TeV halo associated with Geminga implies
that ∼7%–29% of the pulsar spin-down energy is converted
into eþe− pairs in order to generate the γ-ray signal [4]. If a

significant fraction of the eþe− energy escapes from the
TeV halo, the necessary eþe− injection power would
exceed the total pulsar spin-down energy. Thus, eþe− must
remain confined within TeV halos for a significant fraction
of an energy loss time.
Given that the pulsar spin-down power is incapable of

providing significantly enhanced magnetic field or inter-
stellar radiation field (ISRF) energy densities on ∼10 pc
scales [4], we adopt typical values for the magnetic
field and ISRF energy densities near the solar position
(ρmag ¼ 0.224 eV cm−3, ρISRF ¼ 1.56 eV cm−3 [28]). The
energy loss time of ∼10 TeV particles is then [temporarily
ignoringOð1Þ effects such as Klein-Nishina suppression of
inverse-Compton scattering]

τloss ≈ 2 × 104 yr

�
10 TeV

Ee

�
: ð2Þ

We immediately note two implications. First, requiring
that particles diffuse only ∼10 pc in 2 × 104 yr implies that
the diffusion coefficient at 10 TeV is no larger than
2.5 × 1026 cm2 s−1. Compared to standard diffusion param-
eters in the interstellar medium (e.g. D0 ≈ 5 × 1028 cm2 s−1

at ∼1 GeV, a diffusion index of δ ¼ 0.33, with fairly
negligible convection and reacceleration [29]), the diffu-
sion of cosmic rays in the TeV halo is less efficient by
nearly 4 orders of magnitude. We note that this does not
require the propagation of particles to be diffusive, and in
fact the spectrum of the Geminga TeV halo is best fit if the
particle propagation is convective (or is diffusive with a
diffusion index δ ¼ 0) [4].
Second, the slow propagation of particles, compared to

the ∼60 yr light-crossing time of the TeV halo, indicates
that the TeV halo is not beamed, but produces γ-ray
emission isotropically. The isotropy of TeV halos implies
that these systems could be detected even if the associated
pulsar produces emission that is not beamed towards Earth,
making the detection of TeV halos important for our
understanding of the misaligned pulsar population.
In order to determine the expected luminosity, spatial

extent, and spectrum of these halos, we assume throughout
the remainder of this paper that the TeV halo luminosity
of a pulsar is proportional to its spin-down luminosity,
normalizing the ratio to Geminga,

ϕTeV halo ¼
� _Epsr

_EGeminga

��
d2Geminga

d2psr

�
ϕGeminga: ð3Þ

We set ϕGeminga ¼ 4.9 × 10−14 TeV−1 cm−2 s−1 at an
energy of 7 TeV based on the best-fit HAWC value for
the extended Geminga source [1]. The value _E is the spin-
down luminosity of the pulsar, as calculated from the pulsar
period and period derivative. The spin-down luminosity of
Geminga is calculated in the Australia Telescope National
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Facility (ATNF) catalog to be 3.2 × 1034 erg s−1. We note
that this provides a linear relationship between the spin-
down power and the γ-ray luminosity, in some contract with
H.E.S.S. observations which find a weaker correlation [13].
We comment on this in detail in the next section.
The expected spatial extension of each source can be
calculated as

θTeV halo ¼
�
dGeminga

dpsr

�
θGeminga ð4Þ

where we set θGeminga ¼ 2.0°, again using the results
provided by HAWC [1]. We discuss the nature of these
HAWC observations in Sec. IV.

III. ACT OBSERVATIONS OF TEV HALOS

Due to their large effective area and impressive angular
resolution, ACTs have discovered most of the TeV halos
observed to date. The most recent results from H.E.S.S.
note that 19 TeV sources have been firmly associated with
TeV halos,3 with an additional 20 potential associations
[13]. These observations indicate several important trends
between observed TeV halos and the associated pulsar.
First, a clear correlation is found between the pulsar spin-

down power and the TeV halo luminosity. In particular, for
higher luminosity pulsars (those with average spin-down
powers of around ∼1036 erg s−1), H.E.S.S. observations
indicate that the γ-ray luminosity scales as _E0.59�0.21

psr , albeit
with a large source-to-source dispersion of 0.83 dex.
However, we note that these observations extend down to
spin-down powers of approximately 1.7 × 1036 erg s−1,
which is similar to the luminosity of the dimmest TeV halos
definitively detected byH.E.S.S.This lies approximately 1.5
orders of magnitude above the spin-down powers of either
Geminga or Monogem, the two template HAWC TeV halos
considered in this study. Furthermore, we note that extrapo-
lating these H.E.S.S. observations down to the spin-down
powers of Geminga and Monogem would predict γ-ray
luminosities in the 1–10 TeV band of approximately
2.3×1032 and 2.5 × 1032 erg s−1, respectively. This slightly
overpredicts the observed 1–10 TeV luminosity of these
sources, calculated by assuming the best-fit HAWC power-
law spectrum holds throughout the relevant energy range. In
particular, HAWC observations of Geminga indicate a
luminosity 8þ21

−4.3 × 1031 erg s−1, with the very large uncer-
tainties originating from the large distance uncertainty to the
Geminga pulsar. For Monogem, observations find a lumi-
nosity of 4þ0.9

−0.8 × 1031 erg s−1. While we note that these
measurements both fall within the 1σ source-to-source
dispersion calculated by the H.E.S.S. collaboration, they

are better fit by a steeper power-law which falls as approx-
imately _E1

psr below 1036 erg s−1. Thus, throughout this
paper, we make a default choice to normalize the luminosity
of TeV halos detected by HAWC to the current HAWC
observations of Geminga [as given in Eq. (3)], rather than to
H.E.S.S. observations at higher energy.
Second, a correlation is found between the pulsar age

and the radius of the TeV halo [13]. This correlation is best
presented in terms of the TeV halo radius and the spin-
down power (which is strongly correlated with the pulsar
age), and is found to scale as RHalo ∝ _E−0.65�0.20.
Most importantly, these results indicate that the popula-

tion of H.E.S.S. detected TeV halos is strongly biased
towards distant sources with high spin-down powers. Of
the 35 pulsars associated with TeV halos,4 only five have
spin-down powers below 1036 erg s−1, and only two have
ages above 100 kyr. This biased population of TeV halos is
expected based on two factors affecting the H.E.S.S.
sensitivity. First, since the H.E.S.S. sample is flux limited,
we expect that at any radial distance there is aminimumspin-
down power _Emin ∝ r2, belowwhich a TeV halo is too dim to
be seen. Thus flux threshold is the standard expectation for
any class of sources. In the case of H.E.S.S. observations,
there is a second sensitivity limit due to the fact that H.E.S.S.
observations are insensitive to any TeV halos that are
spatially extended by more than∼0.6° [13]. Since the radius
of a TeV halo varies inversely with the spin-down power, as
shown above, this can be translated to a second sensitivity
limit which is given by _Emin ∝ r−1.53. Note that these two
limits have opposite slopes, and thus combine to strongly
limit the parameter space of H.E.S.S. observations. ACTs
are only sensitive to systemswith extremely high spin-down
powers found at moderate distances from Earth. In particu-
lar, given the best-fit models for these correlations calculated
by [13], H.E.S.S would be incapable of detecting any TeV
halo with a luminosity below 1036 erg s−1 located within
∼2.4 kpc of Earth.
We note here that in reality the flux and angular

sensitivity limits are somewhat degenerate, and are also
dependent on the exact morphology of the TeV halo in
question. For example, H.E.S.S. observations identify TeV
emission from Vela [13], which is expected to have an
angular extension exceeding 0.6°. However, Vela is also
expected to produce a γ-ray flux exceeding the H.E.S.S.
sensitivity limits by approximately 5 orders of magnitude.
Thus, even small deviations in the γ-ray morphology of
Vela may be detected as a bright point source by the
H.E.S.S. algorithm. In fact, we note that H.E.S.S. reports
Vela to have an extremely small γ-ray luminosity of only
8.3 × 1032 erg s−1, which may be due to the misidentifi-
cation of a more diffuse γ-ray emission.

3We note that in all cases, previous authors refer to these
morphological features as TeV PWN. We maintain the phrasing
of TeV halos throughout this paper for consistency.

4Four pulsars in the H.E.S.S. catalog are associated with two
possible TeV sources.
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IV. HAWC OBSERVATIONS OF TEV HALOS

In this section, we argue that HAWC observations probe
an important new parameter space not observable by ACTs,
namely the population of nearby middle-aged pulsars with
significantly extended TeV halos. Unlike ACTs, HAWC
directly detects the particles within the air showers gen-
erated by γ rays, allowing it to simultaneously observe a
large field of view (>1.5 sr). At present, HAWC is the
best tool to detect very high-energy γ rays from spatially
extended sources.
At present, HAWC has accumulated ∼17 months of

observations, achieving a remarkable sensitivity of 5%–
10% Crab ([1], hereafter 2HWC). The exact sensitivity
varies based on the declination of the observed source, with
a maximum sensitivity at b ¼ 20° that decreases by a factor
of≲2 for sources with declinations differing by up to ∼30°.
The HAWC sensitivity is computed as a differential
flux at a standard energy of ∼7 TeV, and in these units
it varies significantly as a function of the assumed
spectral index. At b ¼ 20°, the flux sensitivity varies from
ð3–6Þ × 10−15 TeV−1 cm−2 s−1 at 7 TeV, for assumed
spectral indices of −2.0 and −2.5, respectively.
We compare these sensitivities to the detected fluxes of the

spatially extended TeV halos surrounding both Geminga and
Monogem, which are ð4.87�0.69Þ×10−14TeV−1cm−2s−1

and ð2.30�0.73Þ×10−14TeV−1cm−2s−1, with spectral indi-
ces of −2.23� 0.08 and −2.03� 0.14, respectively [1].
We assume that the HAWC sensitivity for these sources is
the average of the quoted sensitivities for spectral indices of
−2.5 and −2.0, and calculate that Geminga (Monogem)
would be observed out to a distance of ∼950 pc (∼650 pc)
if it were found at the optimal declination of b ¼ 20°.
Geminga- or Monogem-like pulsars observed throughout
the range −10° < b < 50° would be observed to distances
exceeding 660 pc (450 pc). These values significantly
exceed the observed distances to each pulsar of 250þ230

−80 pc
(280þ30

−30 pc) [30].5 If the HAWC sensitivity scales with the
square root of time, 10 years of data will be sensitive to
emission from similar pulsars up to distances of ∼1.5 kpc.
The above estimate does not account for the degradation

in HAWC sensitivity for extended emission sources. The
HAWC sensitivity to extended TeV halos will depend on
the size of the emission source as well as the modeling of
both diffuse γ-ray and cosmic-ray backgrounds. We note
that the large field of view of the HAWC instrument (∼2 sr
compared to ∼30 deg2 for typical ACTs) makes it uniquely
suited for TeV halo studies, as it is able to perform a
background subtraction on regions much farther from the
putative extended source. Additionally, early results from

the 2HWC are promising. Already the source 2HWC
J1040+308 was observed with a statistically significant
spatial extent of 0.5°, and an observed flux of
ð6.6� 3.5Þ × 10−15 TeV−1 cm−2 s−1. This flux lies only
a factor of ∼2 above the current point-source sensitivity of
HAWC. Moreover, distant TeV halos will have smaller
angular extensions, producing sensitivities closer to the
nominal values for point-source emission. Additionally, we
note that recent HAWC studies have analyzed extremely
diffuse sources, such as the Fermi bubbles [31], indicating
the vast potential of HAWC to detect diffuse sources in
targeted studies.
Intriguingly, Monogem and Geminga are not unique in

the 2HWC catalog. Of the 39 2HWC sources, seven are
listed as possibly associated with a PWN [1]. Additionally,
18 sources are found to exhibit detectable spatial extension.
These 2HWC sources appear similar, but not identical, to
the ∼20% of TeV catalog sources observed primarily by
ACTs that are currently unidentified.6 Some combination
of these sources may comprise a significant population of
extended TeV halos that produce a significant fraction of
the total TeV γ-ray sky.

A. Current tentative detections

In Tables I and II we list 15 2HWC sources7 possibly
associated with ATNF [32]8 radio pulsars (including
Geminga and Monogem). Seven of these systems have
been labeled as possible associations in the 2HWC catalog,
while nine others are listed based on their angular prox-
imity to a known pulsar. We have aimed to be maximally
inclusive in producing these lists. We have separated these
sources into two tables based on the age of the associated
pulsar, noting that younger pulsars are less likely to be in
steady state, and more likely to be significantly contami-
nated by emission from the associated supernova remnant.
From these tables we note three interesting results. First,

a significant fraction of the 39 2HWC sources is located
near an ATNF radio pulsar. As there are ∼2500ATNF radio
pulsars, and the majority of 2HWC sources lie in the
galactic plane, it is possible that some of these associations
are due to chance overlaps. To calculate the number of
expected chance coincidences for each 2HWC source, we
count the average number of ATNF pulsars with character-
istic ages below 106 yr in a 20° × 2° strip in longitude and
latitude centered on each pulsar association. Assuming that
these sources were repositioned randomly in the region, we
calculate the probability that a source would lie within the
circular region determined by the angular separation
between the 2HWC source and the ATNF pulsar. We find

5For the remainder of this paper, we utilize the ATNF distance
measurements of 250 pc (290 pc) for Geminga (Monogem), in
order to facilitate comparisons with the remainder of the ATNF
catalog.

6http://tevcat.uchicago.edu/.
72HWC J1837-065 is potentially associated with two separate

ATNF pulsars. Thus, there are 15 associated 2HWC sources,
and 16 possible associated pulsars.

8http://www.atnf.csiro.au/people/pulsar/psrcat/.
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that of the 16 listed associations, only 2.67 are expected to
be due to chance associations. Moreover, these chance
associations are dominated by the double association
of 2HWC J1837-065 along with the system 2HWC
J1814-173. The number of chance overlaps among the
remaining 13 systems is only 0.90. Eight systems have a
smaller than 5% probability of being explained as a chance
overlap. This strongly indicates that a large fraction of all
2HWC sources is associated with pulsar activity. However,
this does not preclude the probability that these systems are
TeV bright due to a convolving factor, such as the super-
nova remnant that is associated with the pulsar.

Second, nine of these 14 systems9 have an observed flux
that falls within an order of magnitude of the expected flux
from a Geminga-like TeV halo. For sources that are nearly
an order of magnitude brighter than the Geminga-like
expectation, the TeV halo interpretation may be stretched.
Notably, the intensity of the TeV halo surrounding
Geminga requires that 7%–29% of the spin-down power
is converted into eþe− [4]. Any TeV halo that exceeds the
Geminga-like flux by an order of magnitude would require

TABLE I. HAWC sources listed in the 2HWC that are associated, or potentially associated, with an ATNF pulsar of age greater than
100 kyr. These systems have the highest probability of being TeV halos. This source list is meant to be maximally inclusive, including
both potential chance associations, and sources for which the majority of the TeV emission may come from an associated supernova
remnant. For each source, we list the distance as estimated by the ATNF catalog, along with the angular separation and projected
separation between the 2HWC source and the ATNF pulsar. In addition, we provide the flux and spatial extension expected if each pulsar
were represented as a Geminga-like pulsar (same efficiency in converting spin-down power into eþe− production; see Eqs. (3) and (4).
These predictions are compared to the actual flux and extension reported in 2HWC. The fluxes are recorded following 2HWC
convention, which lists the differential flux at 7 TeV in units of TeV−1 s−1 cm−2. The ratio is defined as the expected flux divided by the
actual flux. The quoted age is the characteristic age, P=2 _P, and is an approximation of the true pulsar age. Finally, we list the probability
that a random ATNF pulsar will fall in the region bounded by the angular offset between the 2HWC source and the ATNF pulsar, as
described in the text. The two systems listed under the double horizontal line are tenuous associations, as the projected TeV halo flux is
more than an order of magnitude smaller than the observed flux from the system. 2HWC J0631+169 is Geminga; thus the ratio is unity
by construction.

2HWC
name ATNF name

Distance
(kpc)

Angular
separation

Projected
separation

Expected flux
(×10−15)

Actual flux
(×10−15)

Flux
ratio

Expected
extension

Actual
extension

Age
(kyr)

Chance
overlap

J0700+143 B0656+14 0.29 0.18° 0.91 pc 43.0 23.0 1.87 2.0° 1.73° 111 0.0
J0631+169 J0633+1746 0.25 0.89° 3.88 pc 48.7 48.7 1.0 2.0° 2.0° 342 0.0
J1912+099 J1913+1011 4.61 0.34° 27.36 pc 13.0 36.6 0.36 0.11° 0.7° 169 0.30
J2031+415 J2032+4127 1.70 0.11° 3.26 pc 5.59 61.6 0.091 0.29° 0.7° 181 0.002
J1831-098 J1831-0952 3.68 0.04° 2.57 pc 7.70 95.8 0.080 0.14° 0.9° 128 0.006

TABLE II. Same as Table I for 2HWC sources correlated with pulsars that have characteristic ages below 100 kyr. These systems
(compared to those in Table I) are more likely to be contaminated by considerable emission from an affiliated supernova remnant.
Moreover, their age is similar to the cooling time of TeV eþe− making their luminosity uncertain. We note that the characteristic age,
P=2 _P, is approximate, and typically overestimates the age of the youngest pulsars. 2HWC J1837-065 is potentially associated with two
ATNF pulsars.

2HWC
name ATNF name

Distance
(kpc)

Angular
separation

Projected
separation

Expected flux
(×10−15)

Actual flux
(×10−15)

Flux
ratio

Expected
extension

Actual
extension

Age
(kyr)

Chance
overlap

J1930+188 J1930+1852 7.0 0.03° 3.67 pc 23.2 9.8 2.37 0.07° 0.0° 2.89 0.002
J1814-173 J1813-1749 4.7 0.54° 44.30 pc 243 152 1.60 0.11° 1.0° 5.6 0.61
J2019+367 J2021+3651 1.8 0.27° 8.48 pc 99.8 58.2 1.71 0.28° 0.7° 17.2 0.04
J1928+177 J1928+1746 4.34 0.03° 2.27 pc 8.08 10.0 0.81 0.11° 0.0° 82.6 0.002
J1908+063 J1907+0602 2.58 0.36° 16.21 pc 40.0 85.0 0.47 0.2° 0.8° 19.5 0.26
J2020+403 J2021+4026 2.15 0.18° 6.75 pc 2.48 18.5 0.134 0.23° 0.0° 77 0.01
J1857+027 J1856+0245 6.32 0.12° 13.24 pc 11.0 97.0 0.11 0.08° 0.9° 20.6 0.06
J1825-134 J1826-1334 3.61 0.20° 12.66 pc 20.5 249 0.082 0.14° 0.9° 21.4 0.14
J1837-065 J1838-0655 6.60 0.38° 43.77 pc 12.0 341 0.035 0.08° 2.0° 22.7 0.48
J1837-065 J1837-0604 4.78 0.50° 41.71 pc 8.3 341 0.024 0.10° 2.0° 33.8 0.68
J2006+341 J2004+3429 10.8 0.42° 80.07 pc 0.48 24.5 0.019 0.04° 0.9° 18.5 0.08

9We ignore Geminga, which is Geminga-like by definition.
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a pair-conversion efficiency that approaches or exceeds
unity. However, large variations are expected in the
modeled TeV flux due to uncertainties in the distance,
eþe− spectrum, and local interstellar radiation field of each
pulsar. Additionally, the power that is injected into eþe−
should be compared to the average spin-down power over
the ∼20 kyr cooling time of 10 TeV eþe− in the TeV halo.
Utilizing the current spin-down power of each pulsar
potentially underestimates the energy available for eþe−
injection. Finally, we note that the 2HWC catalog is highly
biased by the HAWC sensitivity cut, and the observed
systems are likely to be those with the largest upward
fluctuation in their flux compared to the average TeV
source.
Third, the majority of 2HWC sources shown in Tables I

and II are coincident with relatively young pulsars (11 have
characteristic ages below 100 kyr). This echoes previous
observations by H.E.S.S. [13], which finds a large pop-
ulation of TeV halos coincident with young pulsars. This is
also expected theoretically, as young systems have
extremely high spin-down powers. Within the context of
our Geminga-like model, these systems are expected to
provide a tantalizing population of highly luminous TeV
halos. However, in what follows, we conservatively ignore
the contribution from systems with characteristic ages
below 100 kyr for three reasons. First, their TeV emission
is more likely to be contaminated by bright emission from
their corresponding supernova remnant, making the frac-
tional contribution of the TeV halo to the total γ-ray
emission difficult to determine. Second, they may not be
in steady state, as their age may be smaller than the eþe−
cooling time. Third, they are less likely to exhibit signifi-
cant spatial extension, as the size of the TeV halo (like the

x-ray PWN) is expected to expand over time [see Eq. (1)].
However, in Sec. VII we integrate these sources into our
model, and consider several observational tests that can be
performed using the joint HAWC and H.E.S.S. catalogs.
We stress that several associations in this list are tenuous,

and we intend Tables I and II to err on the side of
inclusivity. In particular, many ATNF pulsars appear
coincident with bright (and likely associated) supernova
remnants, which may contribute the majority of the TeV
emission. The source 2HWC J1837-065 is potentially
associated with two different ATNF pulsars. We note
that several of the 2HWC sources (most notably 2HWC
J1837-065 and 2HWC J1857+027) have observed spatial
extensions which exceed that expected from a Geminga-
like system by more than an order of magnitude. These may
be difficult to accommodate within our model of TeV halos,
though the expected spatial extension depends sensitively
on assumed diffusion coefficients within the TeV halo.
Finally, as we discuss in Sec. VII, if all of the sources listed
in Tables I and II are TeV halos associated with known
pulsars, the number of TeV halos produced by currently
unknown pulsars would exceed the 39 observed 2HWC
sources.

B. Predicted detections

Using Geminga as a standard candle for TeV halos, we
can predict which ATNF radio sources are most likely to be
associated with bright TeV halos. In Table III, we provide a
list of the 11 ATNF radio pulsars that fit the following
criteria: (1) an age between 100 and 400 kyr, (2) a decli-
nation in the HAWC field of view (between −10° and 50°),
and (3) an expected flux exceeding 1.0×1033 ηergs−1kpc−2,

TABLE III. The 11 ANTF catalog sources with ages between 100–400 kyr that are located in a declination range accessible to HAWC
and have expected TeV halo fluxes that are at least 2% as large as the measured Geminga flux (assuming an equivalent conversion
efficiency of spin-down power to eþe− pairs in all systems). The distance to each source is based on the calculated free-electron density
[33], and the spin-down luminosity is the value reported in the ATNF catalog. The spin-down flux is calculated from the spin-down
luminosity and distance. We provide the 2HWC name for sources potentially associated with HAWC catalog sources. We note that
Geminga and Monogem are expected to be the brightest TeV halos observable by HAWC, and three of the next five brightest systems
have already been detected in current HAWC observations. The current spin-down flux sensitivity of HAWC should be
∼4 × 1033 erg s−1 kpc−2, with significant uncertainties.

ATNF name Dec. (°) Distance (kpc) Age (kyr)
Spin-down luminosity

(erg s−1)
Spin-down flux
(erg s−1 kpc−2) 2HWC

J0633+1746 17.77 0.25 342 3.2e34 4.1e34 2HWC J0631+169
B0656+14 14.23 0.29 111 3.8e34 3.6e34 2HWC J0700+143
B1951+32 32.87 3.00 107 3.7e36 3.3e34 � � �
J1740+1000 10.00 1.23 114 2.3e35 1.2e34 � � �
J1913+1011 10.18 4.61 169 2.9e36 1.1e34 2HWC J1912+099
J1831-0952 −9.86 3.68 128 1.1e36 6.4e33 2HWC J1831-098
J2032+4127 41.45 1.70 181 1.7e35 4.7e33 2HWC J2031+415
B1822-09 −9.58 0.30 232 4.6e33 4.1e33 � � �
B1830-08 −8.45 4.50 147 5.8e35 2.3e33 � � �
J1913+0904 9.07 3.00 147 1.6e35 1.4e33 � � �
B0540+23 23.48 1.56 253 4.1e34 1.4e33 � � �
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where η is the (assumed universal) efficiency in
converting spin-down power into TeV halo emission.
These systems are expected to have fluxes exceeding
∼1×10−15TeV−1cm−2s−1 at 7 TeV, and to eventually be
detectable by HAWC. Implementing the 100–400 kyr age
cut significantly decreases the population of systems com-
pared to those shown in Tables I and II, and limits the
potential overlap of our model with bright supernova
remnants.
Intriguingly, five of the seven ATNF pulsars with the

brightest expected TeV halos are associated with a 2HWC
source. Moreover, all five of the middle-aged pulsars
associated with 2HWC sources in Table I were expected
to be among the brightest TeV halos. As there are 55 ATNF
sources corresponding to middle-aged pulsars in the
HAWC field, this overlap strongly suggests a close corre-
lation between the pulsar spin-down luminosity and the
luminosity of the TeV halo.
We note some tension with the pulsars B1951+32 and

J1740+1000. Using our Geminga-like model, these systems

are expected to have fluxes of 3.9 × 10−14 TeV−1 cm−2 s−1

and 1.4 × 10−14 TeV−1 cm−2 s−1 respectively, and should be
detectable in the 2HWC. The current HAWC upper limit for
the flux from these point sources is not known. However, the
lack of detected TeV halos from these systems indicates that
there is either dispersion in the value of η, or alternatively that
the diffusion environment of TeV halos differs significantly
between systems. This may decrease the number of observ-
able TeV halos by a factor of ∼2. We discuss this in more
detail in Sec. VIII.
In Fig. 1 we combine our results from the previous two

sections, and demonstrate that HAWC observations open a
vast new parameter space for TeV halo detections—middle-
aged TeV halos in close proximity to Earth. To illustrate
this parameter space, we show all TeV halo associations
and ATNF pulsars, regardless of their characteristic age or
location relative to the HAWC field of view. We first note
that bright pulsars at large distances are efficiently detected
by both HAWC and ACTs. In fact, a significant fraction of
all known ATNF pulsars with high spin-down periods have

FIG. 1. The new discovery space provided by HAWC observations of TeV halos in the Milky Way (shaded orange region). Orange
points represent 2HWC sources associated with ATNF pulsars, as listed in Tables I and II. Blue (black) data points represent
H.E.S.S. TeV halos associated (potentially associated) with ATNF pulsars, as provided by [13]. Gray data points represent ATNF radio
pulsars with known distances and spin-down energies [34]. The gray circles include all ATNF pulsars, regardless of whether they lie
within the field of view of HAWC. Thus, we stress that isolated gray points above the HAWC sensitivity threshold do not indicate failed
detections. The green squares include only middle-aged ATNF pulsars that lie within the HAWC field of view. The orange dashed (solid)
line represents the sensitivity of HAWC in the 2HWC catalog (after 10 years of observation), assuming all pulsars produce TeV halos
with luminosities calculated using our Geminga-like model. The blue H.E.S.S. angular sensitivity lower limit excludes regions of
parameter space where the TeV halo would be expected to be extended by more than 0.6° [13]. H.E.S.S. observations also include a flux
sensitivity limit (not shown), which falls within a factor of ∼2 of the HAWC 10 year sensitivity limit, depending on the H.E.S.S.
observation time. The large number of gray data points in the HAWC sensitivity region (orange shaded) demonstrate the potential for
HAWC to observe a large number of new TeV halos.
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been detected at TeVenergies. This indicates that TeV halos
are a generic feature of pulsars.
We note that the slope of the HAWC sensitivity curves

depends directly on the correlation between the spin-down
power of known radio pulsars (which is provided by the
ATNF catalog), and the γ-ray luminosity of these pulsars.
Throughout this paper, we have assumed a linear correla-
tion based on HAWC observations of the Geminga pulsar
[see Eq. (3)]. Altering this correlation to follow the L ∝
_E0.59
psr preferred by the H.E.S.S. analysis [13] would produce

a steeper sensitivity line which rises as d3.39 rather than d2,
and which intersects our default line at a spin-down energy
of 4.8 × 1035 erg s−1. This correlation would more than
double the number of ATNF pulsars which may potentially
be detected by 10 yr HAWC observations. Of course,
because the data concerning TeV halos are currently
limited, other trends are also possible, including drastic
decreases in the γ-ray luminosity below some cutoff spin-
down power (i.e. a TeV γ-ray death line). The most drastic
choice allowable by the data is the extinction of all γ-ray
emission from any pulsar with a spin-down luminosity
below Geminga. We note that even in this extreme
example, the number of observable TeV halos predicted
in our analysis falls by only a factor of ∼2, given that half of
the ATNF pulsars in the HAWC discovery region have
spin-down powers exceeding Geminga.
Unlike the case of HAWC, the small field of view of

ACTs inhibits the detection of TeV halos with radial extents
exceeding ∼0.6°. We utilize the correlation between the
radial extent of a TeV halo and its spin-down power [13],
and find that this prevents ACTs from observing TeV halos
produced by pulsars with spin-down luminosities below
1036 erg s−1 at distances below ∼2.5 kpc. The wide field of
view of HAWC allows us to detect these systems. ATNF
observations indicate that this region of parameter space
(depicted as an orange shaded region) includes approx-
imately twice as many pulsars as the region accessible
to ACTs.
We note that we have made some simplifying choices in

determining the sensitivity of ACTs to TeV halos. Most
notably, the detection of TeV halos by ACTs is also flux
limited, and the current flux sensitivity of the H.E.S.S.
galactic plane survey is roughly similar to current 2HWC
limits. This preludes observations from either ACTs or
HAWC from accessing the large number of ATNF pulsars
observed in the bottom right of the plot. Additionally, we
have assumed that the size of TeV halos continues to grow
for halos with spin-down powers below 1036 erg s−1.
However, this is based on an extrapolation of H.E.S.S.
observations to the low spin-down power regime.
Alternatively, we could assume that TeV halos do not
continue to grow at luminosities below 1036 erg s−1. This
would produce a sudden drop in the H.E.S.S. angular
sensitivity lower limit at that representative energy (and a
distance of ∼3 kpc). However, H.E.S.S. is not expected to

see these systems anyway due to their flux sensitivity lower
limit—and thus the resulting “HAWC discovery space”
remains unaffected by these simplifying assumptions.

V. INCOMPLETENESS IN THE NEARBY
PULSAR POPULATION

In Sec. IV, we demonstrated that HAWC observations
have the unique ability to observe TeV halos from nearby
pulsars with low spin-down power. However, thus far we
have only considered systems coincident with known
ATNF radio pulsars. We now discuss the capability of
HAWC observations to detect a large population of
invisible pulsars without any ATNF association.
Stars with initial masses between ∼8 and 25 M⊙ are

expected to end their lives as neutron stars [35,36].
A fraction (potentially unity) of these neutron stars will
move through a pulsar stage that is expected to last
Oð100 MyrÞ. During this period, strong magnetic fields
on the pulsar surface [37] and termination shocks in the
pulsar wind nebula accelerate eþe− to extremely high
energies [38]. As the pulsar slows down, these fields decay
and particle acceleration ceases.
To date, over 2500 pulsars have been detected using their

beamed radio emission (see e.g. [32]). This constitutes the
vast majority of known pulsars, most of which have not
been detected at other wavelengths. Thus, the known pulsar
population is highly biased towards systems with radio
beams oriented towards Earth. The fraction of pulsars with
favorable radio beam orientations is modeled by [39],

f ¼
�
1.1

�
log10

�
τ

100 Myr

��
2

þ 15

�
%: ð5Þ

For middle-aged pulsars (100–400 kyr) this corresponds
to beaming fractions between 21% and 25%. We note that
these results are based on a braking index of 3, and may
change by ∼50% (i.e. 10%–30%) for reasonable modifi-
cations of the time evolution of the braking index. To
approximate the number of misaligned pulsars with TeV
halos detectable by HAWC, we sum the inverse of the
beaming fraction of each ATNF pulsar listed in Table III.
The 11 ATNF radio sources listed in Table III are likely to
be the detectable subset of a population that includes ∼48
pulsars. Using a binomial distribution with the number of
detected pulsars set to 11, we estimate that 37þ17

−13 additional
invisible pulsars exist. These pulsars have intrinsic char-
acteristics similar to those listed in Table III, but have radio
beams that are not oriented towards Earth. We note that this
is a statistical uncertainty, and that the actual uncertainty in
the implied population is larger, given the uncertainties
associated with the beaming fraction of Eq. (5).
Of the 11 sources listed in Table III, five are consistent

with TeV sources in the 2HWC catalog. Using binomial
statistics once again to estimate the underlying population
of TeV halos, we find that the current observation of
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HAWC sources surrounding Geminga, Monogem, 2HWC
J1912+099, 2HWC J1831-098, and 2HWC J2031+415
would indicate that an additional population of 16þ12

−9 TeV
halos invisible to radio observations should already be
observed in the 2HWC catalog. This is potentially prob-
lematic, given that only 27 2HWC sources are currently not
associated with low-energy emission, and Tables I and II
indicate that many TeV halo candidates correspond to
young pulsars that are not in our sample. This result implies
that the current observation of five TeV halos in Table III is
either due to a slightly fortunate arrangement of beaming
angles among the brightest TeV halos, or alternatively that
one or two of the 2HWC sources listed in Table III is not, in
fact, a TeV halo.
Additionally, the above calculation is conservative.

While the ATNF catalog lists 53 middle-aged pulsars
within the HAWC field of view, an additional 155 non-
millisecond ATNF pulsars without defined ages are also
found in this region. Of these 155 systems, 36 are located
within 2 kpc of the Earth, indicating that they may be
among the brightest pulsars, depending on their spin-down
luminosity. Of these 36 systems, 20 have rotation periods
below 1 s and 10 have rotation periods below 0.5 s, which
are very roughly compatible with a middle-aged pulsar
population. However, it is difficult to estimate how many of
these systems have spin-down luminosities indicative of a
bright pulsar population.
As an alternative estimate for the number of middle-aged

pulsars near Earth, we employ a pulsar distribution follow-
ing the Lorimer parametrization [40]. Specifically, we
calculate the pulsar column density as ρr ∝ rn expf−r=σg
where r is the galactocentric distance and n and σ are fit
parameters. We transform this function to a pulsar surface
density around the solar position. We then fit n and σ to the
observed number of pulsars with an age of up to 107 yr
within 5.5 kpc from the solar position. We account for the
fact that more distant pulsars are only detectable if they are
particularly bright by including a relative normalization
factor of 1=ð1þ rαÞ, where α is a fit parameter. We
normalize the total number of pulsars in the Milky Way
with an age of up to 107 yr to be 2 × 105, based on a birth
rate of two pulsars per century (for details see [41]). We
obtain best-fit values of n ¼ 2.1 and σ ¼ 1.14 kpc. These
models predict a beaming fraction of∼20% for middle-aged
pulsars, in agreement with previous estimates [39].
Since this model is insensitive to the beaming fraction of

the pulsar population, we can directly calculate the number
of expected pulsars as a function of the solar distance. Our
model indicates an expected number of 13 (60) middle-
aged pulsars within 1 kpc (2 kpc) of the Sun. We compare
this population to the 9 (19) middle-aged ATNF pulsars
(with favorable beaming angles) within 1 kpc (2 kpc) of the
Sun. Given that the beaming fraction for middle-aged
pulsars is expected to be ∼20%–25%, we find that the
number of nearby pulsars appears to exceed the predicted

value by nearly a factor of 2. In part, this is likely due to the
presence of the spiral arms, which produce significant
overdensities within a kpc of the Sun and are not accounted
for in the Lorimer parametrization. On the other hand, the
number of observed pulsars between 1 and 2 kpc from the
Earth (47) is compatible with the ATNF population and a
beaming fraction given by Eq. (5). We note, however,
that to make this comparison work the population of 36
pulsars without known ages must contain few middle-aged
systems.

A. Multiwavelength detections of misaligned pulsars

While most pulsars have been detected via their beamed
radio emission, it is possible that some nearby pulsars have
been detected through either their γ-ray pulsations or their
x-ray PWN. This would decrease the number of TeV halos
detected by HAWC that are not associated with known
emission sources. Unlike the case of radio observations,
where distance measurements can be made based on pulse
dispersion, the proximity of these sources will remain
unknown. However, large γ-ray or PWN fluxes would be
indicative of bright TeV halo emission as shown in Eq. (3).
We first consider Fermi-LAT pulsars that were detected

in blind γ-ray searches. The Fermi Second Pulsar Catalog
(along with updates available online) [42] contains 107
young (nonmillisecond) pulsars, including 54 selected by
blind-search γ-ray observations. However, out of these 54
systems, 35 have characteristic ages that fall outside
of the 100–400 kyr time scale employed throughout this
paper, and 12 more have no age determination. Of the 19
systems which might be middle aged, only five (J1844-
0346, J0622+3749, J2017+3625, J1846+0919, and J2032
+4127) fall within the latitude range observable by HAWC,
three of which are known to be middle aged (J0622+3749,
J1846+0919, and J2032+4127). The first two systems have
spin-down luminosities below 3 × 1034 erg s−1, and would
thus only be observable (with 10 yr observations) if they
fell within ∼1.4 kpc of Earth. J2032+4127 has a spin-down
luminosity of 3×1035 ergs−1, and is potentially observable
out to ∼4.5 kpc from Earth. Still, these systems encompass
only a small number of the missing TeV halo population.
Thus we conclude that currently detected Fermi-LAT
pulsars constitute only a small fraction of the expected
population of TeV halos.
On the other hand, observations of Geminga and PSR

J1954+2836 indicate the potential for γ-ray pulsars to be
correlated with bright TeV halos. While Geminga has
been detected as a radio pulsar, it is an extremely dim
radio emitter. The detection of Geminga depends on its
bright x-ray and γ-ray emission, and it is not clear that the
pulsar would have been detected in blind radio searches
[43]. The γ-ray pulsar J1954+2836 has a characteristic age
of only 69 kyr, and thus does not make the age cut for
ATNF pulsars listed in Table III. However, this pulsar is
potentially correlated with the HAWC source 2HWC J1955
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+285. While the distance to PSR J1954+2836 is not known,
it has a large spin-down luminosity of 1.0 × 1036 erg s−1,
making it potentially observable by HAWC at distances up
to ∼7 kpc from Earth.
Misaligned pulsars could also be detected via an asso-

ciated x-ray PWN. Since PWN emit isotropically, the
population of detected x-ray PWN should significantly
exceed the population of detected pulsars. At present,
however, the catalogs of PWN without associated pulsars
are sparse. An analysis by [9] found 24 such sources.
Subsequent observations found pulsars coincident with ten
of these PWN [32]. Of the remaining 14 sources, only six
fall within the HAWC field of view. Moreover, the spin-
down period of the pulsars found in follow-up observations
indicates that these PWN tend to be much younger than
100 kyr.
A more recent effort directly considered the overlap

between PWN and unidentified TeV sources [12], identi-
fying a population of 15 additional PWN without known
pulsars. Of these systems, five lie within the HAWC field of
view, and only two lie within 5 kpc of Earth. However, one
of these sources DA 495 (G65.73+1.18) does overlap with
the HAWC source 2HWC J1953+294, indicating that this
x-ray PWN likely has a TeV halo counterpart. Additionally,
the second source IC 443 (G189.23+2.90) has potentially
been detected in follow-up observations by VERITAS
(VERITAS J0616.9+2230). This association is question-
able, however, as IC 443 is known to be coincident with an
extremely bright supernova remnant that likely produces
the majority of its TeV emission [44]. These observations
do indicate a strong association between x-ray PWN and
TeV halos, and suggest that full sky observations of PWN
candidates could potentially detect x-ray emission from
many of the TeV halos observable by HAWC.
By combining results from the ATNF pulsar catalog with

theoreticalmodels of the radio pulsar beam size, we estimate
that 37þ17

−13 TeV halos may exist with fluxes detectable by
HAWC after 10 years of observation. Given that, at most,
seven of these sources (and likely many fewer) have been
detected by γ-ray or x-ray PWN observations, we are forced
to conclude that a significant population of TeV halos may
be initially detected byHAWCas unassociated TeV sources.
Follow-up observations of these sourceswill be necessary to
determine their TeV halo origin.

VI. FOLLOW-UP OBSERVATIONS
OF TEV HALOS

In the previous section, we established that HAWC can
observe a sizable population of new TeV halos. Here, we
argue that multiwavelength observations can determine the
nature of these sources. This argument is primarily moti-
vated by two facts. First, our models predict that a large
fraction of all 2HWC sources are produced by TeV halos.
This implies that the rate of false positives is low and that
follow-up observations are likely to be fruitful. Second,

previous multiwavelength searches have been successful in
the opposite direction. This signals that there is a close
correlation between observations of pulsars, PWN and TeV
halos. In particular, studies by [12,13,45] showed that a
significant fraction of the brightest x-ray PWN have
associated TeVemission that can be observed with targeted
ACT searches.

A. Diffuse x-ray observations

X-ray observations provide the clearest path forward.
There are two morphological regions to consider. The first
is diffuse x-ray emission with the same spatial extent as the
TeV halo, a signature we refer to as the “x-ray halo.” Since
TeV halos are produced through the inverse-Compton
scattering of ambient radiation, this emission should be
coincident with synchrotron emission in the x-ray band.
Thus, all TeV halos should produce morphologically
similar x-ray halos. The ratio of the x-ray and TeV halo
intensities depend only on the ratio of the magnetic field
energy density to the ISRF energy density. Assuming a
standard 5 μG magnetic field and a 1.0 eV cm−3 ISRF,
approximately half of the total eþe− energy is lost in the
form of synchrotron radiation. The spectrum of this
synchrotron emission peaks near the critical energy,

Esync;critical ¼ 22 eV
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Thus, the Chandra energy band (>0.2 keV) receives
contributions primarily from electrons with energies
exceeding ∼30 TeV. Utilizing a spectral fit for the
Geminga pulsar described in [4], we calculate the synchro-
tron emission spectrum from an eþe− injection spectrum of
E−1.5 expð-E=35 TeVÞ. We assume energy-loss rates are
dominated by synchrotron and inverse-Compton scattering.
In this scenario, we find that only ∼3% of the total eþe−
injection power above 1 TeV is converted to synchrotron
radiation in the Chandra band. Normalizing this to the
observed TeV halo flux, this equates to a count rate of
∼2 × 10−6 ph cm−2 s−1 deg−2 above 200 eV, which is sev-
eral orders of magnitude below current Chandra or XMM-
Newton sensitivities. Thus, we conclude that it is unlikely
that current x-ray observations could detect x-ray emission
coincident with the TeV halo in a Geminga-like system.
However, x-ray halos could be detected in more lumi-

nous pulsars that are more distant than Geminga. These
systems will have a significantly higher x-ray surface
brightness due to their smaller angular size. Intriguingly,
such a system may have already been detected coincident
with the supernova remnant G327.1-1.1 [46]. This source,
at an estimated distance of 9 kpc, boasts a “cometary PWN”
of size ∼970 arcsec2, surrounded by a “diffuse PWN” of
size ∼20; 000 arcsec2. The size of the diffuse PWN is
approximately equivalent to the size of a Geminga-like TeV
halo projected to a distance 9 kpc from Earth. Additionally,
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this source is known to produce bright TeV emission
detectable by H.E.S.S. [47], and this TeV emission is
found to be spatially extended and coincident with the
PWN. This source could constitute the first joint detection
of a TeVand x-ray halo. Unfortunately, this source does not
fall within the HAWC field of view.
Even if x-ray observations are not able to directly

observe the synchrotron emission from x-ray halos,
x-ray observations will be more successful in detecting
the compact PWN correlated with TeV halos [48]. Compact
PWN are more accessible to x-ray telescopes due to their
larger magnetic fields and higher surface brightnesses. In
particular, since the peak synchrotron flux in x-ray halos
falls below the Chandra band, the fraction of the total
synchrotron emission entering the Chandra band in the
x-ray PWN will rise as ∝B2. For example, observations of
Geminga find a bright PWN with a size of only ∼1’ [25].
The x-ray flux from this region (0.3–8.0 keV) is
∼7.51 × 10−13 erg cm−2 s−1, which lies far above the
Chandra sensitivity threshold for a source of this size.
Models of this PWN indicate that the magnetic field
strength is ∼20 μG, significantly larger than the average
interstellar medium value [25,49]. If the intensity ratio of
the compact x-ray PWN and TeV halo is consistent for
Geminga-like pulsars, it is likely that Chandra observations
could detect PWN near the center of TeV halos, despite
the fact that they would be unable to detect the broader
x-ray halo.
While x-ray observations are unable to determine the

distance to a PWN, additional radio observations of PWN
can potentially provide distance information through HI
absorption measures (e.g. [50]). Recent studies indicate
that nH measurements can also be correlated with x-ray
absorption features in PWN [51]. In both cases the
uncertainties in PWN distance measurements are consid-
erable. However, these observations can potentially indi-
cate which TeV halos are most likely to be located near
Earth, and thus require more careful follow-up.

B. Thermal emission from misaligned pulsars

While PWN observations offer the ability to conclu-
sively determine the TeV halo origin of HAWC sources, the
combination of TeV halo and x-ray PWN observations will
be unable to lift the degeneracy between the pulsar distance
and its luminosity. For pulsars with beams oriented towards
Earth, the dispersion in the radio pulse is typically
employed to calculate the pulsar distance [33]. However,
for misaligned pulsars, the neutron star point source is
likely to be visible only through its thermal emission.
Fortunately, observations of thermal neutron star emis-

sion can constrain the distance to the nearest pulsars, due to
the correlation between the temperature and luminosity of a
blackbody. The thermal evolution of 104–106 year old
pulsars is an area of active research [52,53]. At birth,
pulsars are believed to reach temperatures of 1010 K and

rapidly cool through neutrino emission to temperatures of
T ≲ 107 K within 104 years. In the absence of additional
heat sources, after ∼104 years the photon emission of the
neutron star can be modeled as a blackbody with a
luminosity L ¼ 4πRσBT4 where L, R and T are the
luminosity, radius, and blackbody temperature of the
neutron star for a distant observer. For pulsars like
Monogem and Geminga, with ages ð1-3Þ × 105 yr, the
blackbody emission depends on the composition of the
neutron star. Neutron star crusts composed of heavier
elements inhibit cooling at lower temperatures, implying
a higher luminosity and temperature for middle-aged
pulsars. Depending on these factors, ∼105 year old neutron
stars should have T∞ ≃ 105.2–106.2 K, corresponding to
blackbody luminosities L∞ ≃ 1030–1034 ergs s−1.
Detections of neutron star thermal emission have typically

been obtained via x-ray observations of young systems.
This technique has previously been employed to follow-up
the “magnificent seven” neutron stars first observed by
ROSAT [54,55]. For a neutron star with a temperature of
106 K, the peak in the blackbody spectrum occurs at 243 eV,
producing a significant thermal flux in the energy range
observable by existing x-ray instrumentation. While neutron
stars with temperatures of ∼105 K have blackbody spectral
peaks which fall somewhat below the x-ray band, a
significant tail of x-ray emission will still be observable.
The sensitivity of Chandra and XMM-Newton to x-ray

emission from 104– 105 year old pulsars will depend on
local backgrounds and observing conditions. However,
publicly available point-source sensitivity estimates pro-
vided by Chandra and XMM [56,57] can be used to
determine the detection prospects for neutron stars at
various temperatures and distances. While the exact sensi-
tivity of any x-ray observation depends strongly on the
local background, in general the ACIS instrument on
Chandra can resolve point sources that deposit 4 ×
10−15 ergs cm−2 s−1 over 0.4–6 keV energies after
104 seconds of integration [56]. Using the overall
Advanced CCD Imaging Spectrometer (ACIS) efficiency
for accepting photons (Fig. 6.3 of [56]), and convolving
this with the high-energy tail of the blackbody spectrum
of a ∼106 K neutron star, Chandra could find neutron stars
out to ∼3 kpc in 104 seconds. Because these measurements
are quite sensitive to the fraction of the neutron star
blackbody spectrum that exceeds the minimum energy
cutoff, this sensitivity drops off sharply for lower temper-
ature neutron stars. For example, Chandra would find
5 × 105 Kelvin neutron stars only out to 200 pc in
104 seconds. Similarly, the XMM-Newton EPIC instru-
ment typically obtains 5σ sensitivity to sources with an
integrated flux of 3 × 10−15 ergs cm−2 s−1 in the energy
range 0.5–2 keV for a 104 second integration time [57].
In addition to x-ray observations of thermal neutron

star emission, we also consider the potential for optical
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observations to constrain the distance to nearby pulsars.
While optical telescopes are typically less sensitive to
thermal neutron star emission, we consider this avenue
for two reasons. First, a number of high sensitivity optical
telescopes will come online over the next few years.
Second, optical observations have higher angular resolu-
tion, potentially providing parallax distances for nearby
pulsars.
The direct optical observation of a neutron star candidate

inside a TeV halo is challenging, due to the large (∼2°)
region of interest that optical surveys must cover. These
observations would require survey instrumentation. Among
the most sensitive current data sets is the DECam Legacy
survey data, which overlaps a sizable portion of the HAWC
field of view. A T ¼ 106 K neutron star has an absolute
g-band magnitude of 19.8, assuming a representative
neutron star size of R∞ ¼ 10 km. Assuming a limited
survey magnitude of 25.0, this only enables us to observe
neutron stars out to a distance of ∼100 pc. It is relatively
improbable that such a neutron star exists. However, as data
from these catalogs are already available, it will be easy to
quickly survey a large ensemble of TeV halos looking for
extremely local pulsar associations.
Fortunately, deeper observations are possible in targeted

searches. In this case the putative pulsar must first be
localized based on the observation of an x-ray PWN, an
observation of thermal x-ray emission, or through a careful
study of the correlation between the location of observed
pulsars and TeV halo morphologies. Using Hubble Space
Telescope observations, limiting magnitudes between 28
and 29 are possible, depending on the observation duration
and survey mode. These observations would allow for
optical detection of neutron stars out to distances of
∼350–500 pc. Given the high angular resolution of optical
measurements, this would still allow for accurate distance
measurements via parallax, offering a unique chance to
identify hidden pulsars in close proximity to Earth.

VII. YOUNG TEV HALOS

Throughout Secs. IV through VI, we have concentrated
only on middle-aged pulsars. However, of the 15 TeV halo
candidates listed in Tables I and II, ten have ages below the
100 kyr cutoff used in this study, and five have ages below
20 kyr. Moreover, H.E.S.S. observations have detected
19 TeV halos (and 20 additional potential TeV halos),
19 (15) of which are associated with pulsars younger than
100 kyr. This is not unexpected, as these sources have the
largest spin-down powers.
For the moment, we concentrate on HAWC sources and

optimistically assume that each of these associations is real.
Taking the beaming fractions for each of these ten systems,
as calculated in Eq. (5), we predict that an additional 23þ13

−9
misaligned TeV halos with ages below 100 kyr should
already be observable by HAWC. Indeed, there is evidence
that at least one such system, 2HWC J1955+285, does exist

in the HAWC data, owing to γ-ray observations that
confirm a pulsar origin. Projecting these observations to
10 years of HAWC data indicates a possible contribution of
194þ26

−23 TeV halos.
These numbers almost certainly overestimate the con-

tribution of TeV halos to this population of young sources.
If all 15 young and middle-aged TeV halo candidates listed
in Tables I and II had emission dominated by TeV halo
activity, we would anticipate a current population of
54þ15

−13 TeV halos in the 2HWC catalog. This exceeds the
total population of 39 2HWC sources, and indicates that
some of the associations in Tables I and II are likely due to a
convolving factor, such as a SNR that emits isotropically.
While we argued in Sec. II that these sources are distinct, at
young ages they may have similar radial extents and be
difficult to differentiate in TeV observations. A similar
result is found for TeVCAT sources observed by both
H.E.S.S. and VERITAS. At present, 30 sources coincident
with known PWN are listed in these catalogs. Since the
majority of these sources are young, a beaming fraction of
∼30% is appropriate. This would predict that an underlying
population of 70þ18

−16 unidentified TeV halos would be
expected to be observed in the H.E.S.S. and VERITAS
data. However, only 33 such sources are observed. We
stress that while this comparison is illuminating, it should
not be taken at face value, as VERITAS and H.E.S.S. are
pointed instruments, and have made deeper observations of
regions with associated pulsar sources.
However, the population of young TeV halos is particu-

larly intriguing. The study of these systems provides a
unique handle constraining both the spin-down evolution of
young pulsars and the eþe− injection spectrum in young
systems. In particular, Eq. (2) shows that the energy loss
time of eþe− varies inversely with energy. Since the inverse-
Compton scattering of≳10 TeV eþe− occurs primarily near
the Klein-Nishina limit, the observed γ-ray spectrum is a
proxy for the eþe− energy. The γ-ray spectrum encodes the
eþe− spectrum. However, in young systems the spin-down
power of the pulsars evolves significantly within the cooling
time of eþe−. The steady-state eþe− spectrum of young TeV
halos is thus dependent on the braking index of young
pulsars. In particular, younger pulsars with higher braking
indices will be expected to have softer TeV halo spectra.

VIII. CONCLUSIONS

Observations by H.E.S.S. have indicated that the lumi-
nosity of TeV halos is correlated to the spin-down power of
the pulsar generating them. HAWC observations indicate
that this trend continues for pulsars with significantly
smaller spin-down luminosities. By employing such a
model, and utilizing Geminga as a standard candle, we
have demonstrated that HAWC observations open a vast
new parameter space for TeV halo detection. In particular,
HAWC is likely to detect 37þ17

−13 middle-aged TeV halos that
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are not currently associated with any presently known radio
pulsar. Very few of these systems are likely to have been
previously detected as γ-ray pulsars or x-ray PWN.
Additionally, HAWC may detect as many as ∼100 TeV
halos corresponding to pulsars with ages below ∼100 kyr
that are not associated with any known radio pulsar. The
expected number of young TeV halos depends sensitively
on the degree of source confusion between the SNR and
TeV halo in young systems. Follow-up observations will be
necessary to determine the nature and proximity of these
sources.
We note that throughout this work, we have assumed that

TeV halos are produced among all young and middle-aged
pulsar systems. As discussed in detail in [4], this requires
that the diffusion constant surrounding the pulsar is sup-
pressed by more than 2 orders of magnitude compared to
the average value for the interstellar medium (e.g. [29]).
Thus, it is concerning that the physical mechanism
which acts to impede electron propagation is not known.
Energetic arguments indicate that such a mechanism must
exist, as the pulsar spin-down power is grossly insufficient
to power the observed TeV emission if eþe− pairs did not
effectively lose energy to inverse-Compton scattering
within the 2° extension of the TeV halo. We stress that
the results shown in this study do not depend on the specific
mechanism (or mechanisms) that confine eþe− to within
∼10 pc of a pulsar for a reasonable fraction of an eþe−
cooling time. Our model only requires that this mechanism
is active in a large fraction of young and middle-aged
pulsars. We note that the observation of bright TeV halos
from five of the seven brightest middle-aged ATNF pulsars
in the HAWC field of view (in addition to the several dozen
bright TeV emission observed by HESS to be consistent
with ATNF pulsars) strongly supports this interpretation.
However, future work is necessary to understand particle
propagation near these energetic compact objects.

A. Constraints on pulsar evolution

One significant advantage of pulsars originally discov-
ered as TeV halos is the relatively unbiased detection
probability offered by HAWC’s wide field of view and the
isotropic emission of TeV halos. The detection of such
systems will allow for improved observational constraints
on the size of pulsar beams at both radio and γ-ray energies.
The angular extent of the γ-ray beam for young pulsars, in
turn, has significant implications for our understanding of
the eþe− acceleration regions in young pulsars [58–60].
Additionally, because TeV halos are expected to be

powered by the spin-down luminosity of the associated
pulsar, the evolution of the TeV halo luminosity provides
information concerning the evolution of a pulsar’s eþe−
conversion efficiency and the pulsar braking index. As
discussed in Sec. VII, these constraints are particularly
useful for understanding the young pulsar population, since

young pulsars are believed to evolve considerably over the
cooling time scale of ∼TeV eþe−.

B. Cosmic-ray diffusion in TeV halos

The null observations of TeV halos coincident with the
pulsars B1951+32 and J1740+1000 are slightly unsettling,
as they indicate dispersion in the correlation between
the pulsar spin-down luminosity and the observed lumi-
nosity of the TeV halo. H.E.S.S. obtains similar results,
recording null observations of TeV halos surrounding five
ATNF pulsars with spin-down luminosities exceeding
∼1036 erg s−1, and distances smaller than ∼10 kpc [13].
Our Geminga-like model would predict that these systems
are detectable by current observations.
This dispersion may be introduced by two separate

mechanisms, both of which are theoretically interesting.
The first, advocated by the H.E.S.S. collaboration [13], is
that the conversion efficiency of spin-down power to eþe−
injection may vary considerably between different pulsars.
This may, in turn, have significant implications for our
understanding of both pulsar acceleration models, and our
understanding of the pulsar contribution to the cosmic-ray
positron excess.
The second possibility is that the diffusion environment

may vary significantly within the TeV halos surrounding
different pulsars. As discussed in Sec. II, if a pulsar does not
produce a region with significantly inhibited diffusion
(compared to the surrounding interstellar medium), the
angular scale of TeV halos (compared to current observa-
tions) would be stretched by more than 2 orders of
magnitude. These ultradiffuse TeV halos would be inacces-
sible to ACT observations, and would be difficult to detect
with HAWC, due to their extremely low surface bright-
nesses. There is some evidence for this second scenario. In
particular, variations in the size of and properties of TeV
halos can be motivated by the dependence of both SNR and
PWNmorphologies on the surrounding interstellarmedium.
The effect of supernovae, and their pulsar progeny, on

the local diffusion of cosmic rays is of significant interest.
H.E.S.S. observations of TeV halos indicate that the size
of the TeV halo grows as a function of time. However,
spatial regions with inhibited diffusion cannot persist for
periods ∼1 Myr over regions of ∼100 pc without signifi-
cantly affecting the average cosmic-ray diffusion parame-
ters of the Milky Way [4,29]. Thus, the impact of TeV halos
on the efficiency of cosmic-ray diffusion is squeezed by
observational constraints from both directions. The HAWC
detection of TeV halos surrounding Geminga and
Monogem is of particular importance, as these systems
are significantly longer lived than previously known TeV
halos. Future observations of TeV halos will allow models
to correlate the observable parameters of each system with
the resulting TeV halo size. These measurements will have
important implications for our understanding of cosmic-ray
propagation within, and in close proximity to, TeV halos.
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C. The cosmic-ray positron excess

Finally, we note that observations, or null observations,
of nearby mature pulsars can significantly affect our
interpretation of the cosmic-ray positron excess observed
by PAMELA and AMS-02 [6,7]. In the past, dark matter
[61–64], pulsar [65–69], and stochastic acceleration
[70–75] models have all provided plausible fits to the
observed data. However, the recent observations of TeV
halos have indicated, for the first time, that pulsars are
guaranteed to provide the necessary eþe− flux to drive the
rising cosmic-ray positron fraction, and that low-energy
eþe− are likely to escape into the interstellar medium [4].
The unbiased observation of nearby pulsars is critical to

predict the high-energy behavior of the rising cosmic-ray
positron fraction, as the eþe− flux above ∼500 GeV is
dominated by the nearest middle-aged sources. In particu-
lar, the cutoff energy of the pulsar contribution to the eþe−
spectrum can be calculated based on the age, proximity and
spin-down luminosity of the nearest pulsars. Recently,
Fermi-LAT observations have indicated that the hardening
of the combined eþe− spectrum continues until at least
2 TeV [76], making a complete understanding of the nearby
pulsar population even more imperative. Additionally,
if a small number of pulsars produce the highest
energy leptons, then “wiggles” may be observable in the

cosmic-ray positron fraction and total lepton spectrum
[66,67,77], an observation which could definitively differ-
entiate models of the cosmic-ray positron excess. However,
these features can only be correlated with the positions and
ages of known pulsars in the case that the entire nearby
pulsar population is known. The observation of the closest
TeV halos thus plays an important role in producing
smoking gun evidence in favor of a pulsar origin of the
cosmic-ray positron excess.
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