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Abstract

Extended very-high-energy (VHE; 0.1-100 TeV) ~-ray emission has been observed around several middle-aged
pulsars and referred to as “TeV halos.” Their formation mechanism remains under debate. It is also unknown
whether they are ubiquitous or related to a certain subgroup of pulsars. With 2321 days of observation, the High
Altitude Water Cherenkov (HAWC) Gamma-Ray Observatory detected VHE ~-ray emission at the location of the
radio-quiet pulsar PSR J0359+5414 with >6¢ significance. By performing likelihood tests with different spectral
and spatial models and comparing the TeV spectrum with multiwavelength observations of nearby sources, we
show that this excess is consistent with a TeV halo associated with PSR J0359+4-5414, though future observation of
HAWC and multiwavelength follow-ups are needed to confirm this nature. This new halo candidate is located in a
noncrowded region in the outer galaxy. It shares similar properties to the other halos but its pulsar is younger and
radio-quiet. Our observation implies that TeV halos could commonly exist around pulsars and their formation does
not depend on the configuration of the pulsar magnetosphere.

Unified Astronomy Thesaurus concepts: Pulsars (1306); Gamma-ray astronomy (628); High energy
astrophysics (739)

1. Introduction

Original content from this work may be used under the terms Extended TeV gamma-ray emission has been observed
oY of the Creative Commons Attribution 4.0 licence. Any further around several middle-aged (>100 kyr) pulsars and grouped as
distribution of this work must maintain attribution to the author(s) and the title a new source class named “TeV halos” (Linden et al. 2017;
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Lépez-Coto et al. 2022). Seven sources are referenced as TeV
halos in the online catalog for TeV Astronomy, TeVCat™®
(Wakely & Horan 2008), including the first halos around the
Geminga and Monogem pulsars, discovered by HAWC
(Abeysekara et al. 2017a), HESS J1825-137 reported by the
H.E.S.S. collaboration (H.E.S.S. Collaboration et al. 2018), and
the halo of PSR J0622+3749, identified by the LHAASO
collaboration (Aharonian et al. 2021). The VHE fluxes of these
halos suggest that ~10%—40% of the spin-down power of the
pulsars is converted into e™ pair population that interacts with
the ambient interstellar radiation field (Sudoh et al. 2019;
Aharonian et al. 2021). The diffusion coefficients derived from
the sizes of the halos are typically two orders of magnitude
lower than the average diffusion coefficient of the interstellar
medium (ISM; Hooper et al. 2017; Sudoh et al. 2019).

The formation mechanism of the TeV halos is still under
debate (Linden et al. 2017; Sudoh et al. 2019; Giacinti et al.
2020; De La Torre Luque et al. 2022; Liu 2022; Fang 2022;
Loépez-Coto et al. 2022). Whether they are related to the local
environment, such as extended, diffuse emission by other
sources near the pulsar (e.g., the Monogem Ring; Plucinsky
et al. 1996), is also questioned. If TeV halos commonly exist
around pulsars, they can be used to study the propagation of
cosmic rays (e.g., Evoli et al. 2018) and to identify pulsars that
are otherwise invisible to radio and ~-ray observations (Linden
et al. 2017).

In this letter, we report the detection of a new TeV halo
candidate around the pulsar PSR J0359+5414 (hereafter
J0359) using 2321 days of HAWC data. The detection of
JO359 was first reported in the Fermi Large Area Telescope
(LAT) First Source Catalog (1FGL, Abdo et al. 2010) where it
remained as an unclassified source until the Third Source
Catalog (3FGL, Acero et al. 2015). J0359 was later classified as
a radio-quiet pulsar by Clark et al. (2017) with an age of 75 kyr
and a spin-down power of £ = 1.3 x 10® erg s~!. In Zyuzin
et al. (2018) a pseudo-distance of J0359 is reported as d = 3.45
kpc, derived from the E and the gamma-ray flux. The latest
report at high energies of J0359 appears in the Fermi-LAT
Fourth Source Catalog (4FGL, Abdollahi et al. 2020) where it
is detected above 330 in the MeV-GeV energy range. A pulsar
wind nebula (PWN) with an extension of ~30” was observed
by Chandra as a result of an X-ray analysis on gamma-ray
pulsars (Zyuzin et al. 2018). No radio emission has been
detected from the pulsar (GrieBmeier et al. 2021). The VHE ~-
ray emission from the vicinity of J0359 observed by HAWC
presents similar properties to the other TeV halos candidates,
including the derived acceleration efficiency and diffusion
coefficient. If this source is a TeV halo, it will support the
hypothesis that halos are ubiquitous.

The paper is organized as follows. The data set and analysis
framework are described in Section 2. The results of the
spectral and spatial analysis are presented in Section 3. In
Section 4, the broadband spectral energy distribution (SED) of
JO359 is presented, and the origin of the TeV emission is
discussed. The conclusions are summarized in Section 5.

2. Instrument and Data Analysis

The HAWC Gamma-Ray Observatory consists of 300 water
Cherenkov detectors located at 19°N in Puebla, Mexico at an
altitude of 4100 m. Each detector is instrumented with four

2 hitp: //tevcat2.uchicago.edu/
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photomultiplier tubes (PMTSs) that are capable of detecting the
Cherenkov radiation produced in the detector water when an
electromagnetic or hadronic shower hits the ground, which is
initiated by a 7-ray or a cosmic ray, respectively, when it enters
the Earth’s atmosphere. HAWC is sensitive to sources with
declinations between —41° and +79° and to energies in the 300
GeV-100 TeV range. The data set used in this analysis
comprises 2321 days of live data taken from 2014 November to
2021 October. The data set is divided into 11 analysis bins
(fuiv) based on the fraction of PMTs that are triggered in each
event, on and off the main detector array. A full description of
HAWC’s design and performance can be found in Smith &
HAWC Collaboration (2015) and Abeysekara et al. (2017b).

A maximum likelihood analysis was performed using
the Multi-Mission Maximum Likelihood (3ML) framework
(Vianello et al. 2015) with the HAWC Accelerated Likelihood
(HAL) plugin (Abeysekara et al. 2021). For model selection,
we use the likelihood ratio test statistic (TS) which is defined
by

TS = 21In M, (1)
B

where Lg,p is the maximum likelihood of a signal plus
background model, which depends on the spectral and spatial
parameters, and Lg is the maximum likelihood of the
background-only hypothesis. Three spectral models are tested,
including single power law (PL, Equation (2)), log-parabola
(LOGP, Equation (3)), and power law with an exponential
energy cutoff (PL4-CO, Equation (4)):

aN _ N[ E) @
dE E,
—a—f31n(E/Ey)
aN _ N[ £ : 3)
dE E
daN =N, L2 exp —£ . 4)
dE Eo E.

In the above equations, N is the flux normalization in units of
[TeV~'em 257", E, is the pivot energy fixed at 30 TeV to
minimize correlations with the other parameters, « is the
spectral index, E. is the cutoff energy, and [ is the curvature of
the log-parabola spectrum. Two spatial models are tested: a
point-like template and an extended template. The extended
template is described by a symmetric Gaussian with width as a
free parameter.

The energy range in which a source is detected is computed
by multiplying a step function with the best-fit model (nominal
case). The lower and upper values of the step function at which
the likelihood decreases by 1o, 20, or 30 from that of the
nominal case are regarded as the upper limit to the minimum
energy and lower limit to the maximum energy, respectively.

3. Results
3.1. Association with J0359

We first free the position of the emission and fit the PL point-
source model to data. The best-fit R.A. and decl. are
59.83 +0.07, and 54°22 4+ 0°05, (the systematic uncer-
tainty at this location is 0°02), which are consistent with the
position of J0359 (59?86 and 54725 for R.A and decl
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Figure 1. HAWC significance map in Galactic coordinates using 2321 days of
live data. The significance is computed with a point-like spatial template and a
power-law spectrum with spectral index « = 2.7. For comparison, the positions
of PSR J0359+5414 and PSR B0355+54 are marked.

respectively). The TS of the model is TS =38.18, which
corresponds to a significance of 6.180 for four degrees of
freedom based on the Wilks theorem (Wilks 1938). As the
position is consistent with the pulsar position, we fixed the TeV
emission to the pulsar position to perform the spectral analysis
(see Figure 1).

Table 1 summarizes the best-fit parameters of different
spectral and spatial models. The simplest model assuming a
point-like morphology and nonbroken PL yields TS = 37.86.
In general, more complicated models with extended morph-
ology and spectral curvature yields a larger TS since they have
more degrees of freedom than the PL point-source model. So,
the preferred spectral model for both spatial assumptions is a
PL, based on the BIC values, where these models have the
lower ones.

Figure 2 presents the model and residual significance maps,
and the residual histograms for the two spatial templates
assuming a PL spectral model. The residual histogram shows
the distribution of the significance value in each pixel within
the region of interest centered at J0359. The residual
significance is defined as the deviation from the background
expectation after fitting and subtracting the modeled emission
from J0359. If only random background fluctuations are left,
then the significance values follow a standard normal
distribution (dashed red line). A positive tail is visible in the
residual map of the point-source model. Although the current
sample does not allow us to distinguish between the different
spatial models, the residual histograms in Figure 2 indicate that
we get a better fit for an extended model.

The energy range of the detection is found to be 7-188 TeV
at 1o level, 11-89 TeV at 20 level, and 15-51 TeV at 30 level,
with the PL point-source model. For the PL-extended model,
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the energy range is 4-190 TeV at 1o level, 9-110 TeV at 20
level, and 17-78 TeV at 30 level.

The luminosity of the VHE emission is Li5_s; tey = 3.6 X
10*? ergs™! for a distance of 3.45 kpc. The typical energies of
the synchrotron and inverse Compton photons produced by the
same electrons are related by Egy, &~ 2.1 keV(Eic/30 TeV)(B/
10 uG) (e.g., Aharonian et al. 1997), where B is the magnetic
field strength in the PWN. As the magnetic energy density of a
PWN is usually higher than the energy density of the Cosmic
Microwave Background (CMB) and infrared (IR) photons of
the ISM, the synchrotron flux of a typical PWN at keV energies
is expected to be higher than its inverse Compton emission at
the HAWC energies (see e.g., the Crab Nebula H.E.S.S.
Collaboration 2020). However, the X-ray luminosity of
J0359’s PWN, Los 10kev =2.8 x 10* ergs™ ' (Zyuzin et al.
2018), is instead ~13 times lower than the VHE gamma-ray
luminosity. This suggests the existence of a VHE electron
population outside the region where the nebula is energetically
dominant, which is expected in the case of a TeV halo (Linden
et al. 2017; Lopez-Coto et al. 2022).

Figure 3 presents the broadband SED of J0359. The pulsar,
PWN, and TeV halo components are shown in gray, black, and
blue/green colors, respectively. The multiwavelength data
points include an upper limit of the pulsar emission by the
Effelsberg telescope at 1400 MHz (GrieBmeier et al. 2021),
X-ray measurements of the pulsar and PWN (Zyuzin et al.
2018), y-ray observation of the pulsar from 50 MeV to 1 TeV
by the Fermi-LAT (Abdollahi et al. 2020), and the VHE flux of
the halo measured by HAWC.

3.2. Nearby Pulsar BO355+54

Another pulsar, PSR B0355+54 (B0355) is only 0°09 from
J0359. BO0355 is classified as a radio-loud pulsar with
characteristic age of 564 kyr and spin-down power
E =45 x 10**erg s ! at a distance of 1 kpc. B0355 has not
been detected at high or very-high energies (Benbow et al.
2021). Below we investigate whether B0355 is related to the
HAWC excess emission.

We performed likelihood fits and compared three scenarios:
(1) the VHE emission is only associated with J0359, (2) the
VHE emission is only associated with B0355, and (3) the VHE
emission is contributed by both sources. We present the
detailed results of scenarios 2 and 3 in Appendix A and B,
respectively. We find that the two-source scenario (scenario 3)
is disfavored compared to the single-source scenarios. Scenario
1 (JO359) yields lower BIC values than scenario 2 (B0355) for
various spectral and spatial models, though the preference of
scenario 1 is not statistically significant.

The VERITAS telescope searched for emission from the
PWN of B0355 and posed tight upper limits on the TeV flux
(Benbow et al. 2021). The right panel of Figure 3 shows the
broadband SED of B0355, which includes the radio observa-
tion of the pulsar (Lorimer et al. 1995), X-ray observation of
the pulsar and its tail at 0.5-8 keV (Klingler et al. 2016), and
the VERITAS upper limits at 95% C.L. between 1 and 10 TeV
(Benbow et al. 2021). For comparison, we show the best-fit
flux between 16 and 59 TeV obtained by assuming that the
VHE emission is centered at the position of B0355. The upper
limits set by VERITAS on B0355’s tail are in tension with the
HAWC’s flux at 16 TeV for both the point-like and extended
models. This suggests that the excess emission observed by
HAWC is more likely associated with J0359 than B0355,
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Table 1
PSR J0359-5414 Likelihood Fit Results for the Two Spatial Scenarios and Different Spectral Shapes

Model TS ABIC Extension Ny « 5 E.
© (x107°Tev—"em 257" (TeV)

PL, point-like 37.86 —12 1345034 2.60 £0.16

LOGP, point-like 39.18 —1 16503 2.80 + 0.23 0.14 £ 0.12

PL+CO, point-like 37.98 0 4130 25412 500

PL, extended 40.27 12 02+0.1 2.0108 252+ 0.16

LOGP, extended 41.72 —-12 02+0.1 2.6413 2.71+0.22 0.14 +0.13

PL+CO, extended 40.48 0 0.23+£0.1 1443 2.40 +0.19 2707340

Note. All the associated errors are statistical. The best model is the one with the lowest BIC value, so ABIC is the difference between a model and the best model, such
that it quantifies the evidence against the model with the highest BIC value. In this case, from both spatial models, the PL+CO spectral model results in the highest

BIC value. The energy cutoff of 500 TeV of the PL4+CO point-like model is the boundary of the fit.

though future multiwavelength observation is needed to
confirm the finding.

4. Systematic Uncertainties

The systematic uncertainties arising from the detector
performance and simulations are described in Abeysekara
et al. (2017b) and Abeysekara et al. (2019). The systematic
contribution is calculated in a single energy band for each
spectral and spatial parameter, with the positive (negative) shift
results added in quadrature to account for the upward
(downward) uncertainties. The systematic uncertainties are
calculated for the PL spectral model and for both the point-like
and extended templates.

To account for additional sources of systematic uncertainties,
such as the variations in the atmosphere that are not considered
in simulations, a 10% error has been added to the normalization
flux (Albert et al. 2020). The total systematic uncertainties are
reported in Table 2.

5. Conclusions

With 2321 days of HAWC observation, VHE ~-ray emission
is detected in a relatively source-empty region in the outer
galaxy. Based on likelihood fits with different spectral and
spatial models to the HAWC data and the comparison of VHE
~-ray flux with multiwavelength observations, we conclude that
the emission is a TeV halo candidate associated with the pulsar
PSR J03594-5414.

If this TeV emission is a halo, it will share similar
characteristics with the existing population. We find a 95% upper
limit on the extension of the emission as 0°41 (with the PL-
extended model in Table 1), corresponding to a physical size of
Ry =25(d/3.45 kpc)pe. The diffusion coefficient of the halo is
confined to be D < R5/(41,)=3.7 x 10” ecm*s ™ '(t,/12 kyr) "
(d/3.45 kpc)z, where 1, ~ 12 kyr(E,/100 TeV)~! is the cooling
time of an electron at energy E, by upper-scattering the CMB.
Like the other halos (Abeysekara et al. 2017a), the diffusion
coefficient is much lower than the average diffusion coefficient of
the ISM.

The candidate halo of J0359 joins the observation of
extended VHE emission surrounding PSR J0622-+3749
(Aharonian et al. 2021) as the first evidence of TeV halos
around radio-quiet pulsars. Their presence suggests that the
formation of the halos is insensitive to the configuration of the
pulsar magnetosphere, in particular, the geometry of the 7-ray
and radio beams (Harding 2001).

PSR J0359+5414 PSR J0359+5414

149 48 147 149 48 147

1 1
10°] 10°]

-4 -2 0 2 4 6 8 10 12 14 -4 -2 0 2 4 6
VTs VTS

(a) PL, point-like model (b) PL, extended model

8 10 12 14
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Figure 2. Comparison of the model maps, significance maps, and 1D residual
histograms for point-like and extended spatial models. The source position is
fixed to PSR J0359+5414 (black cross in the significance maps), and the
spectrum is assumed to be a nonbroken power law. The best-fit parameter
values are listed in Table 1.

With an age of 70kyr, JO359 is younger than the other
pulsars with halos. It is likely in a transition between the so-
called relic- and halo-stage of a PWN, the boundaries of which
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Figure 3. Left panel: spectral energy distribution (SED) of the emission around PSR J0359+-5414, including the TeV halo (green and blue bands corresponding to the
HAWC observation for a point-like and extended model, respectively, as explained in Section 3), the PWN (black band at 0.3-10 keV; Zyuzin et al. 2018), and the
pulsar (in gray color; including the upper limit in radio at 1400 MHz from GrieBmeier et al. (2021), the band in X-ray at 0.3—-10 keV from Zyuzin et al. (2018), and the
data points or limits at 100 MeV—1 TeV from Abdollahi et al. 2020). Right panel: SED of the emission around PSR B0355+-54. The green and blue bands indicate the
TeV excess emission obtained from fits to the HAWC data with models that center at BO355 with point-like and extended spatial profiles, respectively (see
Appendix A). For comparison, the upper limits on VHE gamma-ray emission from the PWN by VERITAS with hard spectral cuts are shown in orange, with the upper
and lower bars corresponding to region sizes of 071 and 0235, respectively (Benbow et al. 2021). The black band at 0.5-8 keV indicates the PWN in X-rays (Klingler
et al. 2016). The gray band at 0.5-8 keV (Klingler et al. 2016) and the circular data markers at 1400 and 1600 MHz (Lorimer et al. 1995) correspond to the emission
from the pulsar. The HAWC bands correspond to statistical uncertainties only.

Table 2

Systematic Uncertainties Considering a PL for Each Spatial Scenario
Model Parameter Lower Sys. Upper Sys.

Point-like No -39 4.6

o —0.15 0.3

Extended No —4.6 34

«@ —0.05 0.03

extension —0.02 0.02

Note. N is in units of 107" TeV~' em 2 s~ and extension is in degrees.

are not well defined and have motivated different classification
criteria of TeV halos (Linden et al. 2017; Giacinti et al. 2020;
Lépez-Coto et al. 2022). Our observation of TeV halo features
associated with JO359 implies that high-energy particles may
already start escaping in the ISM in the late relic stage.

Our observation provides spectral evidence toward a TeV
halo nature of J0359. Future data from HAWC and multi-
wavelength follow-ups of this new TeV source are crucial to
confirming its nature via morphological studies that identify the
halo extension and exclude the association with the nearby
pulsars. Future observations of young to middle-aged pulsars
like PSR J0359+-5414 with wide-field -ray experiments and
imaging atmospheric Cherenkov telescopes may provide a
further understanding of the evolution of TeV PWNe and their
connection with TeV halos.
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Appendix A
PSR B0355+54 Fitting Results

In this section, we explore the possibility that the TeV excess
comes entirely from B0355. We fit models with a power-law
(PL) spectrum and the spatial templates described in Section 3.
The results are summarized in Table 3. The energy ranges at
which the source is detected are 7-180 TeV at 1o level, 11-90
TeV at 20 level, and 17-54 TeV assuming at 3o level assuming
a point-like morphology. For an extended morphology, the
energy ranges are found to be 8-155 TeV for 1o level, 11-90
TeV at 20 level, and 17-59 at 30 level.

As single-source scenarios are not nested models, we have
employed the Bayesian Information Criterion (BIC) to select
the models. The difference in the BIC value, ABIC, quantifies
the evidence against the model with a higher BIC value.
According to Kass & Raftery (1995), if ABIC is between 0 and
2 it is not clear which model is preferred; ABIC between 2 and
10 and above 10 indicates a slight and strong preference for the
model with the smallest BIC, respectively.
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Table 3
Results of the Likelihood Fit Assuming That the Only Emitting Source Is PSR B0355+54
Spatial model TS ABIC Extension No e
[o] Tev 'em 257!
Point-like 35.86 -1.9 0.0 (1.28793%) x 1016 2.56 £ 0.17
Extended 41.83 -15 0.22 & 0.09 (2.0707) x 10710 2.51£0.15

Note. The PL spectral model along with the two different spatial models was tested. All associated errors are statistical. ABIC is obtained by comparing the BIC value
with the best spectral model fit for both spatial models assuming that the emission is coming from J0359 (Section 3).

The small difference in ABIC from the fits of models
centered at J0359 and B0355 does not allow us to distinguish
between the models. This is expected as the angular distance of
the two pulsars is smaller than the spatial resolution of HAWC.
However, the tension between the VERITAS limits on B0355
and HAWC fluxes, as explained in Section 3, suggests that the
TeV emission is more likely associated with J0359.

Appendix B
Fitting Results of a Two-source Scenario

We further explore a scenario where both J0359 and B0359
contribute to the TeV emission observed by HAWC. Such a
two-source model is disfavored by the data.

Table 4 presents the results of the two-source models. We
consider three combinations of spatial profiles of the two
sources: (A) both sources are point-like, (B) both sources are
extended with a Gaussian shape, and (C) J0359 is an extended
source and BO0355 is point-like. The energy spectrum is
assumed to be a PL. The normalization flux N, and the spectral
index « in each fit were free to vary while the position of the
sources for all the scenarios was fixed.

The ATS column shows the gain of test statistics by adding
an extra source to the one-source model presented in Section 3
and Appendix A (the baseline model considers pure back-
ground plus the emission from the other source). The two-
source model is disfavored in all cases.

Table 4
Results of the Likelihood Fit Assuming That the Excess Observed Comes from Two Sources: PSR J0359+5414 and PSR B0355+54
Two-source model Source ATS ABIC Extension No @
[o] Tev 'em 257!

J0359 2.32 0.0 (1.0793) x 10716 2.63%9%,
Model A B0355 0.32 —24 0.0 (0.000345§ g04) x 10713 24113

J0359 8.73 15007048, (3.3713) x 10716 22104
Model B B0355 10.29 -26 0.14799%8 (1.5793) x 10716 2.56 £ 0.20

J0359 13.02 1.5000 £ 0.0010 0.0443 ) x 1071 22428
Model C B0355 8.62 —26/—15 0.0 (32139 x 10716 2.60 +£0.28

Note. The spectral model for all the spatial models is a PL. All associated errors are statistical. Model A corresponds to a scenario where both sources are point-like,
model B assumes that both sources are extended with a Gaussian shape, and model C assumes that PSR J0359+5414 is a point-like source and PSR B0355+-54 is an
extended source with a Gaussian shape. ABIC is obtained by comparing the BIC value with the best model fit assuming that the emission is coming from J0359
(Section 3). For model A with the PL point-like model, for model B with the PL Gaussian model, and for model C with the two previous models.
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