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Abstract

We present the most precise measurements to date for the spatial extension and energy spectrum of the 7-ray region
between a pulsar’s wind nebula and the interstellar medium, better known as the halo, present around Geminga and
PSR B0656+14 (Monogem) using ~2398 days of >1 TeV data collected by the HAWC observatory. We interpret
the data using a physically motivated model for the diffuse v-ray emission generated from positrons and electrons
(e™) injected by the pulsar wind nebula and inverse Compton scattering with interstellar radiation fields. We find the
morphologies of the regions inside these halos are characterized by an inhibited diffusion that are approximately three
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orders of magnitudes smaller than the Galactic average. We also obtain the e* emission efficiencies of 6.6% and
5.1%, respectively, for Geminga and Monogem. These results have remarkable consequences for the study of the
particle diffusion in the region between the pulsar wind nebulae and the interstellar medium, and for the interpretation
of the flux of positrons measured by the AMS-02 experiment above 10 GeV.

Unified Astronomy Thesaurus concepts: High energy astrophysics (739); Particle astrophysics (96); Pulsars (1306);

Pulsar wind nebulae (2215)

1. Introduction

The first detection of TeV emission around the pulsar
Geminga (PSR J0633+4-1746) was reported by Milagro with an
angular size of 2?8 0.°8 (A. A. Abdo et al. 2007). The
HAWC collaboration confirmed this observation and reported
the detection of an extended gamma-ray (v-ray) halo around
Geminga with an extension of 5.°5+0.°7 and around
Monogem (PSR B0656+14) with an extension of 4.°8 +0.°6
(A. U. Abeysekara et al. 2017a, hereafter referred to as
HAWC2017), respectively. The HAWC collaboration further
reported a number of extended halos around other Galactic
pulsars in the 3HWC source catalog (A. Albert et al. 2020).
The most recent detection of a halo is located around PSR
J0359+4-5414 (A. Albert et al. 2023). y-ray halos around pulsars
are generated from electrons and positrons accelerated by
pulsar wind nebulae (PWNe) and inverse Compton scattering
(ICS) on the low-energy photon fields present in the Galaxy.
These emissions have become a new subclass of galactic ~-ray
sources referred to as “pulsar halos,” “TeV halos,” or “inverse
Compton halos” (M. Di Mauro et al. 2020; D. Hooper &
T. Linden 2022). We will use in this paper the former name,
which is more generic than the other two. In fact, extended
halos around pulsars can be measured also at GeV energies,
and they could be generated in major part by ICS with a
contribution from synchrotron radiation. Criteria to identify
TeV halos and the number of possible candidates are discussed
in T. Sudoh et al. (2019), G. Giacinti et al. (2020),
M. Di Mauro et al. (2020), and R. Lopez-Coto et al. (2022).
Since pulsar halos are generated by ICS of e* injected by
PWNe, pulsar halo candidates are of great interest because their
detection would provide further evidence that PWNe efficiently
accelerate positrons and electrons and that PWNe are likely the
main contributors to the anomalous local positron excess
measured by PAMELA, Fermi-LAT, and AMS-02 (D. Hooper
et al. 2017; 1. Cholis et al. 2018; L. Orusa et al. 2021).

High-energy cosmic rays have been measured by PAMELA
(O. Adriani et al. 2013), then Fermi-LAT (M. Ackermann et al.
2012), and with unprecedented precision AMS-02 (M. Aguilar
et al. 2019) measured high-energy cosmic-ray (CR) positrons
(™). AMS-02 recently released the 7 yr data for the flux of
cosmic e up to 1 TeV (M. Aguilar et al. 2021), showing a
prominent excess with respect to the secondary component,
which is due to the spallation of CRs with atoms of the
interstellar medium (e.g., I. V. Moskalenko & A. W. Strong
1998; T. Delahaye et al. 2009; M. Di Mauro et al. 2014). This
excess is called positron excess, and its spectral shape suggests
the presence of primary e* sources in our Galaxy. Since very
high-energy e suffer intense energy losses while propagating in
the Galaxy, AMS-02 observations require this primary source to
be within a few kpc from the Earth. PWNe have been considered
as a primary source of high-energy e for more than a decade
(e.g., J. P. Ostriker & J. E. Gunn 1969; R. E. Lingenfelter 1973;
A. K. Harding & R. Ramaty 1987; A. M. Atoyan et al. 1995;
F. A. Aharonian et al. 1995; D. Hooper et al. 2009; M. Di Mauro

et al. 2014; D. Hooper et al. 2017; L. Orusa et al. 2021). This
makes the interpretation of the positron excess e' injected by
PWNe one of the most physically motivated interpretations (e.g.,
D. Hooper et al. 2017; L. Orusa et al. 2021).

The HAWC observations of -ray halos around the Geminga
and Monogem pulsars can thus provide important information
about the acceleration of e* from PWNe and can be used to
demonstrate that the nearby and more powerful pulsars, i.e.,
with large spin-down luminosities, are finally giving the
evidence that these sources contribute to the positron excess
(D. Hooper et al. 2017; M. Di Mauro et al. 2019).

The extension of the ~-ray halos around Geminga and
Monogem suggests that a diffusion coefficient D 2 to 3 orders
of magnitude smaller than the average in the Galaxy is needed.
In fact, the estimate for the value of D performed using
HAWC data for Geminga and Monogem gives a value of
D~45x 10*"cm?s™! at 100 TeV, while the value needed to
fit CR data is about ~1—3 x 10°°cm?s ™" at the same energy
(V. S. Berezinskii et al. 1990; R. Trotta et al. 2011;
M. Korsmeier & A. Cuoco 2022). Suppressed diffusion around
PWNe is challenging to explain theoretically (e.g., C. Evoli
et al. 2018; S. Recchia et al. 2021; P. Mukhopadhyay &
T. Linden 2022; B. Schroer et al. 2023).

We present in this paper an updated study of the ~-ray
morphology of Geminga and Monogem using ~2398 days of
data from the HAWC observatory. The present work better
constrains the diffusion coefficients in the region of these two
pulsars. We utilize a physically motivated model of diffuse
emission generated from ICS emission interactions of electrons/
positrons injected with a power law with a cutoff spectral shape
for diffusion coefficients between 10*° cm?s™" to 10*” cm?s ™!
at 1 GeV. Additionally, we take into account emission from a
third source, 3HWC J0631-107 (A. Albert et al. 2020) that is
associated with the pulsar PSR J0631.54-1036 (hereafter J0631)
with an age of 43kyr at a distance of 2.1kpc and
E = 1.7 x 10%ergs~' (R. N. Manchester et al. 2005).

The paper is divided into the following sections. The model
of extended v-ray emission from inverse Compton interactions
with the light from interstellar radiation fields (ISRFs) is
discussed in Section 1. The HAWC detector and data selection
are discussed in Section 2. In Section 3, we describe the
analysis framework. The results from this multisource analysis
are presented in Section 4. Sections 5 and 6 summarize the
results and highlight their importance based on our current
understanding of TeV halos with Geminga-like characteristics.

2. Gamma-Ray Model

In this section, we describe the physical model employed for
generating the templates we fit to the data.

We are interested in the extended ~-ray halo at TeV energies
and a few degrees around PWNe. These v-rays are produced by
e* pairs accelerated and escaped from the PWN and ICS
against the ISRF’s low-energy photons. The Galactic ISRF is
composed of the cosmic microwave background (CMB),
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described by a blackbody energy density at temperature
Tevms = 2.753 K, the IR light with the peak of the spectrum at
Tir=3.5%x103eV, and by the stellar light (SL) with
Ts. =0.3eV (S. Vemnetto & P. Lipari 2016; C. C. Popescu
et al. 2017). The study of small-scale regions in the range of a
few arcseconds to arcminutes observed in the nebula, typically
measured in X-ray energies (e.g., B. Posselt et al. 2017, for
Geminga), is beyond the scope of this paper and the angular
resolution of HAWC (A. Albert et al. 2024). The model has
been extensively used in previous papers (M. Di Mauro et al.
2019, 2020, 2021). The model assumes that electrons and
positrons are injected in the interstellar medium by the PWN
following the spin-down power of the pulsar. Once the e™
travel in the interstellar space, they encounter different
processes due to CR propagation—in particular, diffusion of
the Galactic magnetic field inhomogeneities and energy losses
due to inverse Compton scattering and synchrotron radiation.
Other process and energy losses are subdominant for electrons
and positrons with energies below 10 GeV.

The photon flux emitted for the ICS by a source, in a solid
angle A} and at an energy E., is written as

¢IC, Sync(EW” AQ)

1 (oo

- IC
= 0 It dEM(E, AQ)P(E, E,). €]
The term P'(E, E.) denotes the power of photons emitted by
et from ICS emissions. Furthermore, M(E, AQ)) represents
the spectrum of e and e~ of energy E propagating in the
Galaxy, and it is calculated as follows:

M(E. AQ) = fA _dg j; " ds N(E. s). @)

N,(E, s) is the energy spectrum of e of energy E emitted by
the source, and s is the distance along the line of sight.

The ICS power of a photon of energy E., produced by an
electron of energy E is calculated as

3orc m2ct pl dN
20rcm, € b a8
B g @

m2C4
x|l - ——¢—
49E°(1 — 7)

X [2qlogq+q+ 1 —2g% +

PYE, E,) =

E(l—q)]
22t [
3)

where € is the ISRF photon energy, %(G(q)) is the energy
spectrum of the ISRF, and
€ 4¢E E,

=—— L= , &= — 4
LA —2?) m2ct E @

q

We assume that the ISRF is homogeneous, and we use the
spectrum found in the local Galaxy in (S. Vernetto &
P. Lipari 2016). Our results do not change when using the
model for the local Galaxy in C. C. Popescu et al. (2017).
The model assumes continuous e emission from the PWNe
with a rate proportional to the pulsar spin-down energy. Under
the continuous injection, the injection spectrum (Q(E, 1)) is

Albert et al.

energy- and time-dependent and can be expressed as

E\" E
Q(E, t)—L(t)(E—O) eXP(E), o)

where the L(r) incorporates time dependence of the e™
emission, and E, is a cutoff energy for which values above
tens of TeV energies are necessary to produce v rays through
ICS at the energies measured around the Geminga PWN with
HAWC and Milagro. L(f) varies due to magnetic dipole braking
according to

_ Lo
.
(1+2)
T0

The normalization of the power law is fixed to Ey=1 GeV.
The total energy emitted by a pulsar in e* is given by

L) = (6)

El = fo " fE TO dEEQ(E, 1) — j; " aLo. %)

The normalization Ly for a single PWN is obtained by
assuming that a fraction 7 of the total spin-down energy W,
emitted by the pulsar is released in form of e™ pairs, i.e.,

Eio = nWo. (8)

The value of Wj is obtained from the age of the pulsar 7, the
typical pulsar decay time 7o, and the spin-down luminosity E:

. 7Y
Wo = TOE(I + —) . C)]
To

The spin-down luminosity E, the observed age 7., (Where
T = tys + d/c is the actual age), and the distance d for the pulsars
are taken from the ATNF catalog (R. N. Manchester et al. 2005).
The characteristic pulsar spin-down timescale 7 is assumed to be
To = 12 kyr, while the magnetic braking index is assumed to be
k=3, which was assumed in HAWC2017 from F. A. Aharonian
et al. (1995). We consider d=250pc, t.s=370kyr, and
E =32 x 10%ergs™' for Geminga, and d=288pc,
fos=110kyr, and E = 3.8 x 10*ergs™' for Monogem
(R. N. Manchester et al. 2005). In the continuous injection
scenario and with homogeneous diffusion in the Galaxy, the flux
N,(E, r, 1) of e* at an energy E, a position r, and time 7 is given
by the following equation (H. Yuksel et al. 2009):

b(Es(t)) 1
b(E) (mX(ty, t, E))>

_ 2
xexp(—&)mb‘s(m», (10)

A(to, t, E)?

NAE, 7, 1) = fo’ dto

where the integration over 7, is included because the PWN releases
et continuously in time. b(E) is the function that includes the
energy losses for ICS and synchrotron radiation, 7, indicates the
source position, and A is the typical propagation scale length:

D(E")
b(E")’

ES
X = X(E, E) = 4f dE' (11)
E

with the diffusion coefficient D(E) given by D(E) = Dy(E/1 GeV)’.
E, is the initial energy of e™ that cools down to E during the loss
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Figure 1. Example of intensity maps of the Geminga ICS ~-ray emission at energies of 10 TeV (left), 25 TeV (middle), and 63 TeV (right). The diffusion coefficient
assumed is Dy = 1.3 x 10* cm? s~ ' and o, = 1.8 for a region of 15° x 15° around the pulsar.
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We assume for § a value of 1/3, as previously done also in
the work of A. U. Abeysekara et al. (2017a), M. Di Mauro et al.
(2019), T. Sudoh et al. (2019), G. Giacinti et al. (2020),
M. Di Mauro et al. (2020), and R. Lopez-Coto et al. (2022).
The energy range considered in our analysis is between 1 and
300 TeV. However, the peak sensitivity is reached in the range
5-50 TeV. This variation of energy is too limited to permit a
determination of 6.

3. HAWC Observatory and Data Selection
3.1. HAWC Detector

The High Altitude Water Cherenkov (HAWC) ~-ray
Observatory is located in Puebla, Mexico on Sierra Negra at
an elevation of 4100 m. HAWC is composed of 300 water
Cherenkov detectors (WCDs). Each WCD (7.3 m in diameter
and 4.5 m in height) houses 200,000 liters of ultrapurified water
and is equipped with four photomultiplier tubes (PMTs; three
peripheral 8” PMTs with a central 10” PMT). The full array has
an effective detection area of 22,000 m?. For a full description
of the HAWC detector operations, see A. J. Smith (2016) and
A. U. Abeysekara et al. (2019, 2023).

HAWC has an active duty cycle of >95% combined with an
instantaneous field of view of 2 sr; it can observe 2/3 of the
northern sky. It is sensitive to sources with declinations of
—26° to +64° for energies between 300 GeV up to 100 TeV
(A. U. Abeysekara et al. 2023).

3.2. Data Selection

We utilize ~2398 of days of Pass 5 data (A. Albert et al.
2024) collected between 2015 June and 2022 July from the
HAWC observatory. The data are binned according to a 2D
scheme of estimated energy (E) with quarter-decade bin widths
in log;o and fraction of detector active during an air-shower
event. The energy bins extend from E = 1TeV to
E =316TeV using the “Neural Network” (NN) energy
estimator introduced in A. U. Abeysekara et al. (2019). The
NN energy estimator consists of a two hidden layer node NN

map with a total of 479 weights. The primary energy of -ray is
estimated from air-shower parameters that are measured during
the standard HAWC reconstruction process.

We selected a region of interest (ROI) with a radius of 8°
centered in between Geminga and Monogem. In addition to
Geminga and Monogem, we see the emission of 3HWC
J0631-107.

4. Analysis Approach

The model for the analysis is implemented using spatial
template mapcubes that consist of skymaps that span over R.A.
and decl., where each map corresponds to -ray intensity maps at
different energy bands from electron ICS interactions as they
escape the pulsar. Each template is binned in energy for the
range of 0.1 TeV, with each pixel having units of
(TeV~'em2s 'sr™!) for a region of 15° x 15° around the
source, Geminga and Monogem in this case (see Figure 1). The
left panel shows more extended morphology because the e™
cooling time is comparable to the pulsar age for <1 TeV.
Therefore, es can travel distances on the scale of tens of parsecs
before experiencing energy losses (see Figure 3 of
R.-Y. Liu 2022). However, the e® experience increasing energy
losses that shows a more compact morphology as depicted in the
middle and right panels of Figure 1. The mapcubes are stored in
FITS files that follow the same format used in Fermi-LAT and
the fluxes estimates are from M. Di Mauro et al. (2019).

We use a grid of template mapcubes for diffusion
coefficients in the range 10°—10%" cm”s ™' at 1 GeV electron
energy, with electron spectral index values of o, = 0.0-2.2.

A custom spatial model was developed for the analysis of
HAWC data with the aforementioned templates, which allows
for the interpolation of template map parameters, i.e., diffusion
coefficient and injection spectral index in this case. This
generates a look-up table that is used during parameter sampling.
A similar process is used for the spectral shape, which uses
spectral flux estimates from M. Di Mauro et al. (2019) with a
power-law spectral shape with an exponential cutoff at 100 TeV.
These flux values are integrated over a region of 30° around the
pulsar to maximize the containment of the extended ~-ray
emission for energies between 1 and 10 TeV.
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Figure 2. Left: HAWC significance map region, for reconstructed energies between 1 TeV and 316 TeV. Right: Model map assuming best-fit parameters in analysis.
The map is in equatorial coordinates. The significance is calculated by assuming a 1° disk for each pixel with a power-law spectral shape of o, = —2.25. The contours
show the 50, 70, and 100 levels. Source outside the ROI is the supernova remnant IC 443. The white circle illustrates the ROI in both figures.

Table 1
Best-fit Results
Source R.A. £ stat Decl. =+ stat 7 £ stat £ syst «, £ stat + syst D, + stat & syst TS
@) ©) [1072] [10% ecm?s™1)
Geminga 98.69 + 0.02 17.57 + 0.02 6.60+0.7+£25 0957998 + 0.32 107403 2073 1010
Monogem 105.06 =+ 0.02 14.34 +0.02 510930 + 2.7 1.06739%9+0.14 1475034 03, 481
Geminga* 8.70 + 0.40 + 4.10 1.30 + 0.50 + 0.40 1.05 £+ 0.11 52 982
Monogem* 1.90 + 0.49 + 0.49 0.72 +0.14 + 0.53 1.05+0.11 )2 400

Notes. The columns list the best-fit position, emission efficiency 7, injection spectral index «,, diffusion Dy coefficient at an electron energy of 1 GeV, and the test

statistic. The * indicates the best-fit values for the joint fit of diffusion coefficient.

For JO631, we have assumed a simple power-law spectral shape:
E, Y “
PE,) = %(—’) : (13)
Ey

The pivot (Ey) is chosen at 20 TeV with flux normalization (¢)
and spectral index o, set free during the likelihood fit. For the
spatial shape, we have used a symmetric Gaussian model
described by

dN 180\ 1 62
= == -, 14
dQ ( i ) 27o? exp( 02) (19

where 6 is the angular distance, and o is the Gaussian width
used to measure the size of the extended source. The parameter
o is fit to the data.

The parameters of interest are e™ emission efficiency, 7,
diffusion coefficient D, electron spectral index .. We
evaluated the best-fit parameter values using a multisource

likelihood fit with the multi-mission maximum likelihood
(3ML)* Python framework (G. Vianello et al. 2015), which
handles data from different observatories via a common plugin
scheme. The specific plugin for the HAWC observatory is the
HAWC Accelerated Likelihood plugin (HAL)?' (A. U. Abeys-
ekara et al. 2021). Moreover, the custom spatial shape and
spectral shape are part of the astromodels,’ an astrophysical
model package interface with 3ML.

5. Results
5.1. Best-fit Results

Figure 2 shows the significance map (left panel) of the
Geminga region with the pass 5 NN map and the model map
(right panel) assuming the best-fit values listed in Table 1. We
see a maximum significance of 20.90 for Geminga, 14.7¢ for
Monogem, and 6.40 for J0631. Figure 3 shows the residual
map (significance map after source subtraction, assuming

30 hittps://github.com,/threeML/threeML
31 hitps: //github.com/threeML /hawc_hal
32 hitps:/ /github.com/threeML /astromodels


https://github.com/threeML/threeML
https://github.com/threeML/hawc_hal
https://github.com/threeML/astromodels
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Figure 3. Left panel: significance map after subtraction of the best-fit model from HAWC data. The significance map is calculated assuming a point-source
morphology to prevent any pixel correlation, which occurs for an extended source assumption. The white circle represents the ROI shown in Figure 2. Right panel:

significance histogram of residuals within the ROL

Table 2
Best-fit Results for J0631
Source R.A. + stat Decl. =+ stat ¢o £ stat o7 stat Oext £ stat TS
©) © (107 TevV~em257"] ©)
PSR J0631+1036 97.87 + 0.026 10.72 + 0.02 7607339 —2.257%12 0.38070:49 50

Note. The extension is the Gaussian width.

best-fit results). The right panel shows a one-dimensional
significance histogram for the region within the ROL

For each of the sources, we calculate a test statistic (TS),
which is defined as twice the likelihood ratio test,

TS =2In (ﬁ),

15
EN 15)

where L is the best-fit hypothesis that contains the best-fit
model with all the sources we have identified within the ROI
and Ly is the null hypothesis (S. S. Wilks 1938). Within the
scope of Wilks’ theorem, the significance, JTS , can be
approximated by the standard deviation of a Gaussian
distribution. The validity of Wilks’ theorem for HAWC data
is discussed in A. U. Abeysekara et al. (2017b).

The best-fit results for Geminga suggest an efficiency n =
6.6 +£0.7%, a, = 0957598 and Dy = 1.07732" x 1026 ecm?®s™!;
those for Monogem are 1 = 5.1705%, a, = 1.06709, and
Dy = 1477014 x 102 cm®s™". The best-fit results suggest a
TS =1010 for Geminga and a TS =481 for Monogem. This
corresponds to a significance VTS of 310 and 210, respectively.
We further performed a joint fit of the diffusion coefficient for
Geminga and Monogem and derived a diffusion coefficient of
Do= (1.05+£0.11) x 10*°cm?s~! with TS values of 982 and
400 for Geminga and Monogem, respectively. We list the best-
fit parameters for JO631 in Table 2 because of differences in the

models. The best extension is (0.387009)°, ¢ = 7.16734x
10710 (TeV'em ?s™"), o, = 2257013, with a TS of 50 that
corresponds to a +/TS of 7.070. We find that the emission from
J0631 does not affect the diffusion coefficients for Geminga and
Monogem.

We thus find parameters for the injection of electrons and
positrons from Geminga and Monogem that are quite similar.
In particular, the best-fit values for the spectral index are quite
hard, ~1.1, and the necessary efficiency is between 4% and
6%. Moreover, a similar diffusion coefficient of the order of
Do=1—-15x%x10*cm?s™" is required for both sources to
explain the extension of the 7-ray halos. Therefore, we confirm
that a diffusion coefficient inhibited by about three orders of
magnitude with respect to the Galactic average is needed.
Similar results have been found by A. U. Abeysekara et al.
(2017b) and M. Di Mauro et al. (2019).

5.2. Energy Range

We follow the procedure from A. U. Abeysekara et al.
(2017c) to determine the energy values for which the TS varies
by ATS =+ 1. The spectral shape is fixed to the best-fit values
from Table 1 and multiplied with a step function with an
artificial cutoff. This process is applied for the lower and upper
limits. We determine the detection energy range with limits
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Figure 4. Spectral fit of Geminga (left) and Monogem (right). The darker bands show the statistical uncertainties, while the lighter band shows the systematic
uncertainties. The fits for power-law and log parabola are shown for the same diffusion coefficient obtained from best-fit results. For energies where source is not

significantly detected, we show a 90% confidence level upper limit.

defined as Ey, + lo to Enax — 1o. We find an energy range
of 1.8-75 TeV for Geminga and 5.4-68 TeV for Monogem.

5.3. Spectra

The SED for Geminga and Monogem are shown in Figure 4
for the energy ranges discussed in Section 5.2.

We remind the reader that the spatial templates shown in
Figure 1 are normalized with fluxes that are integrated for a
field of view of 30°. This is to ensure we take into account the
excess emission for GeV energies that are below the energy
range of HAWC. Because of the increasing energy losses, the
size of gamma-ray emission only decreases for energies
>1TeV, which is appropriate for the HAWC energy range.

The teal band in Figure 4 shows the best fit, the £lo
statistical uncertainties are shown by the darker band, and the
systematic uncertainty is shown by the lighter band. In both
cases, the SED shows a break above the maximum energy of
the source in a burst-like injection scenario. The maximum
energy is estimated by 1/bt,,. Where b is the energy-loss rate,
and t,, is the age. For typical energy loses of
5x 10" GeV~'s™! and using the age of Geminga, this result
is ~1 TeV and and ~2 TeV for Monogem. This feature can be
observed in both e and ~-ray spectra (see for example, Figure
2 of G. Johannesson et al. 2019). Above this break, the ~-ray
spectrum is dominated by continuous injection. At multi-TeV
energies, we observe that the spectrum softens because of the
increasing e energy losses.

In Figure 4, we show the comparison of three spectral shapes
for Geminga and Monogem with the same data used in Table 1.
During the comparison, we kept the parameters of J0631 fixed
to reduce the number of free parameters during the fit. The
crimson band shows the fit assuming a power law, and the
orange band shows the fit with a log parabola. In the case of
power-law spectral shape and log parabola, we assume the
spatial model introduced in HAWC2017. The diffusion
coefficient is fixed for all spectral templates here to the
diffusion coefficients listed in Table 1. The goodness of fit is
listed in Table 3.

We use the ATS for the comparison of nested models and
the Bayesian information criterion (BIC) and Akaike (AIC)
information criterion for the comparison of non-nested models

Table 3
Comparison of Three Spectral Morphologies for Geminga and Monogem
Model —log(L) AIC BIC
Power 513952 1026992 1027074
Log 513287 1026588 1026684
Template 513328 1026675 1026799

Note. The values for log-likelihood, AIC, and BIC are the summed values for
both sources.

to distinguish the preferred spectral morphology for Geminga
and Monogem. Both BIC and AIC provide a way to estimate
the model quality that prevents overfitting, with a penalty for
models with higher number of parameters in a model
(R. E. Kass & A. E. Raftery 1995; A. R. Liddle 2007). In all
cases, we fix the parameters of J0631 to the best-fit values from
Table 2. The power-law spectral shape has the highest AIC and
BIC values and is therefore disfavored. The power-law and log
parabola multisource models have a ATS of 1330; the log
parabola is the preferred spectral shape. Since the template and
log parabola spectral shape are not nested models, we use the
AIC and BIC statistic criteria to compare the two models. The
differences are ABIC = 115 and AAIC = 87. These values are
included in Table 3. Although the log parabola has a lower BIC
and AIC values compared to the other two models, it is not a
physically motivated spectral shape. We therefore favor the
template model, as it is directly derived from the pulsar
properties.

The best-fit values for the power law (crimson band) and log
parabola (orange band) for Geminga and Monogem are listed
in Table 4.

We see no ~-ray emission for Geminga or Monogem beyond
100 TeV. The statistical uncertainty is obtained from the best-
fit results. We estimate the systematic uncertainties by
repeating the multisource fit with a set of different response
functions that arise from the detector performance and
simulations, as outlined in A. U. Abeysekara et al. (2019).

The spectral index reported on Table 1 suggests a harder
index compared to HAWC2017 for Geminga and Monogem
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source.

Table 4
Best-fit Parameters for Monogem and Geminga Assuming the Power-law (Crimson Band; Left Section of Table) and Log Parabola Spectral (Orange Band; Right
Section of Table) Shapes Shown in Figure 4 (Right Panel)

Parameter Monogem Geminga
Best-fit Statistical Systematic Best-fit Statistical Systematic
Value Uncertainty Uncertainty Value Uncertainty Uncertainty
¢o [107"* (TeV cm? s)7] 1.10 byt +0.21 1.50 1008 +0.21
a —2.48 +0.03 +0.11 —2.47 o0 +0.10
¢o [107™* (TeV em? )] 2.20 012 +13.6 2.45 012 +0.43
e —2.69 +0.08 +1.5 —2.43 +0.06 +0.22
Ié] 0.79 +0.10 +0.87 0.50 +0.07 +0.26

because of the assumed spectral shape. However, as shown in
Figure 4 the flux points follow the overall fit within +10.

5.4 Surface Brightness

Figure 5 shows the surface brightness (SB) profile of multi-
TeV ~-ray emission assuming the best-fit results in Table 1.
The SB profiles are shown as a function of distance from the
sources, Geminga (left panel) and Monogem (right panel),
expressed in units of TeVem ?s™' deg 2. We show the SB
profiles for the common energy range of 5.4 to 68 TeV
(obtained from Section 5.2) for consistency between the two
sources. Moreover, we subtract the emission from J0631 from
data when calculating the SB profiles. The data show the excess
emission, with the error bars being the sum of excess and bkg,
Jexcess + bkg. The green band shows the expected
emission from the ICS model with a suppressed diffusion
coefficient. The SB profiles show good agreement between the
data and model. In particular, we see good agreement for the
central source and the contamination from its neighboring
source in the ROI. In particular, for Geminga, there is a small
bump at ~26 pc that is associated with Monogem. Similarly,
for Monogem, we see a much larger contamination due to
Geminga for distances beyond 30pc. This is why a
simultaneous fit is required for this analysis. The morphology

from the surface brightness profiles is compatible with that of
HAWC2017.

5.5. Systematics

We studied the systematics associated with the HAWC
detector with the procedure described in A. U. Abeysekara
et al. (2019). The multisource fit is run with a number of
different detector responses generated for the testing of
different systematics: angular resolution, analysis bins selec-
tion, PMT efficiency/time dependence, PMT threshold, charge
uncertainty, and late light simulation. Previous studies in
HAWC found no correlation between the systematics
(A. U. Abeysekara et al. 2019), allowing a simple addition in
quadrature. The systematics introduce an uncertainty to the
spectral energy distribution, E%dN /dE (see Figure 4) in the
range of ~TO0M8% at 1TeV and ~'1%% at 100 TeV for
Geminga; similarly, for Monogem, there is an additional
uncertainty in the range of ~'02%% at 1TeV and ~ (3% at
100 TeV. This is the green band in Figure 4. We list the
systematic uncertainties in Table 1.

5.6. Energy-dependent Morphology

We investigate the energy-dependent morphology for
Geminga and Monogem in three energy regions: 1-17,
17-31, and 31-316 TeV. We fit the diffusion coefficient at
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Figure 6. Significance maps of data (top) and model (bottom) for the Geminga region for three energy bands: 1-17 TeV (left), 17-31 TeV (center), and 31-316 TeV
(right). The maps are generated with a spatial shape model of 1°5 disk and the best-fit spectra from Table 1.

Table 5
Best-fit Results for the Diffusion Coefficient of Geminga and Monogem at Three Different Electron Energy Bands: 24, 100, and 160 TeV
Source E, =24 TeV E, =100 TeV E, =160 TeV
D, = stat. D,, = stat. TS D, = stat. Do =+ stat. TS D, =+ stat. D¢ =+ stat. TS
[10% cm? s '] [10*7 cm? s '] [10% cm? s '] [10%7 cm? s '] [10% cm? s '] [10%7 ecm? s~ ]
Geminga 7207147 2007348 289 9.80731 440758 512 13.842% 7607143 403
Monogem 10.20712 2.807939 202 13.273% 5.90713] 369 18201832 9.5073%8 124

Notes. The first diffusion coefficients are at an electron energy of 1 GeV and the latter is the diffusion coefficient evaluated at the electron energies assuming 6 = 1/3.

The spectral index is fixed to the best-fit result of Table 1.

each of these bands, with the spectral index fixed to the best-fit
results from Table 1. The diffusion coefficients are evaluated at
the spectrum-weighted median y-ray energies of 1.8, 20, and
40TeV that correspond to electron energies 24, 100, and
160 TeV using E, ~ 17E0-54+0.04610g0(E./TeV) — dorived in
HAWC2017. The diffusion coefficients at those energies are
then scaled to the pivot energy of an electron energy of 1 GeV
with

D(E,) = Do(E./1 GeV)’, (16)

where ¢ is 1/3, assuming the Kolmogorov model (A. N. Kolm-
ogorov 1941). The best-fit values are reported, including the TS

values in Table 5. When comparing the diffusion coefficients at
100 TeV we again find values comparable to the previous
estimate of (4.5 + 1.2) x 1027 cm®*s~! from HAWC2017. We
can also find that the diffusion coefficient at 160 TeV
comparable to the estimate by the LHAASO collaboration
for PSR J0622+3749 of 8.97%3 x 10%(d/1.6 kpc)®> cm®s ™!
(F. Aharonian et al. 2021).

We estimated the diffusion index, 6, by a function of the
form of Equation (16) over the diffusion coefficients in Table 5
for both sources. We obtain the best-fit values of
6=10.66+0.13 for Geminga and 6 =0.58 + 0.14 for Mono-
gem. The scaling relation suggests that the energy evolution is
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Figure 7. Radial profile of Geminga (left) and Monogem (right) divided into three energy bins. Top: for energies of 1-17 TeV. Middle: for energies of 17-31 TeV.
Bottom: for energies of 31-316 TeV. Radial profiles show no significant change for the three different energy bands.

closer to an index of 1/2, given that our results have a
difference of ~2.50 and ~20, respectively, from the value of
1/3. However, the uncertainties in our results prevent a clear
distinction between indexes of 1/3 and 1/2. Therefore, probing
the evolution of the diffusion coefficient over a larger energy
range would help provide a stronger constraint on the value
of 6.

We show the significance maps for the three energy bands in
Figure 6. The maps are generated with a 1°5 disk spatial
morphology, but with the best-fit spectrum from Table 1. The
upper panel shows the significance map for data, while the
bottom panel shows the model maps. The corresponding
significances are: 5.9¢, 160, and 9.8¢ for Geminga, and 4.390,
140, and 60 for Monogem. The discrepancy between the TS
from the source fit and the significance maps is the morphology
of the spatial shape assumed during the multisource fit. The
radial profiles for the three energy bands are shown in Figure 7.
Similarly to Figure 5, here the green band shows the model
contribution from a single source and the blue band shows the
contribution from its neighboring source. There is no evident
change in morphology in the radial profiles at the three energy

10

bands. For Monogem, we see the contamination from Geminga
at distances beyond 30 pc for all energy bands.

5.7. Asymmetry

We investigate the presence of asymmetry by dividing the
region around both Geminga and Monogem in four quadrants
and fitted the diffusion coefficient. The spectral index is fixed
to the best-fit value of Table 1. To reduce the contamination,
the emission from the neighboring sources is subtracted. The
quadrants are defined as follows:

1. Q1: RA. > R.A.iouree and decl. > decl.gources
2. Q2: R.A. <R.A.gouree and decl. > decl.qqurces
3. Q3: R.A. <R.A.ouree and decl. < decl.gyyree, and
4. Q4: R.A. > R.A . ouce and decl. < decl.goyrce-

The results are shown in Table 6. From the best-fit results, we
can see that the values differ by 220 in both diffusion
coefficient and emission efficiency. More observations are
needed to corroborate asymmetric diffusion, as suggested by
R. Lopez-Coto & G. Giacinti (2018).
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Table 6
Diffusion Coefficient and Emission Efficiency for Four Quadrants around
Geminga and Monogem

Best-fit Values Source
Quadrant Geminga Monogem
Q1 Dy + stat [10% cm?s™'] 5.40*170 11.50359
n =+ stat [1072] 4.50 £ 0.70 5.20 +0.70
TS 152 123
Q2 Dy + stat [10% cm?s™'] 18.207419 6.701123
n + stat [1072] 6.10+0.9 4.40 + 0.6
TS 249 190
Q3 Dy = stat [10% cm? s '] 18.607379 5370433
n + stat [1072] 9.70 + 1.10 7.50 + 2.20
TS 450 97
Q4 Dy + stat [10% cm?s™'] 117259 12434
n =+ stat [1072] 7.70 £ 0.80 5.50 £ 0.80
TS 285 182

Notes. The TS is reported for each of the quadrants. The spectral index is fixed
to the best-fit value of Table 1.

6. Discussion
6.1. Other Diffusion Models

Other physical processes, such as ballistic propagation as
presented in S. Recchia et al. (2021), have been claimed to be
able to fit the surface brightness of these two sources. The
authors suggest that e injected by pulsars undergo quasi-
ballistic propagation for distances of up to <30 pc at multi-TeV
energies. Therefore, when the transition from quasi-ballistic to
a diffusive region is considered, HAWC data can be used to fit
the morphology of ~-ray halos with diffusion coefficients that
are consistent with the average Galactic value. However, the
efficiency needed to fit the Geminga surface brightness can be
larger than the total spin-down luminosity of the pulsar, as
shown in L.-Z. Bao et al. (2022). A conclusive statement about
the ballistic interpretation needs to fully account for the
magnetic turbulence around the pulsars, which can make the
diffusion anisotropic and thus reduce significantly the effi-
ciency needed to fit the data (e.g., R.-Y. Liu et al. 2019).

6.2. Comparison to HAWC2017

We summarize here the differences in methodologies
between our current work and HAWC2017. The current work
models the diffuse -ray emission from pulsar properties (see
Section 1). In HAWC2017, the authors utilized an approxi-
mated solution to the electron number distribution integrated
along the line of sight (see S4 in supplemental materials of
HAWC2017). This suggests an overestimate of the diffusion
radius and in turn diffusion coefficient. We compare the
derived diffusion coefficients and electron/positron emission
efficiencies under the assumption that the diffusion coefficient
changes with energy with Equation (16) using the diffusion
coefficient from Table 1, and 6 is assumed to be 1/3 as it was
done in HAWC2017. The derived coefficients at an energy of
100 TeV (referred to as Dyqp) from this work are respectively
Digo = (4787033 x 107 em?s™' and Do = (6.571982) x
10 cm?s ', Our estimates are consistent within ~1o from
the previous result, (4.5 & 1.2) x 10?7 cm? s~ !, assumed for both
sources. After conducting a joint fit for the diffusion coefficient,
we estimate a diffusion coefficient of (1.5 4 0.11) x 102
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em?s ! at 1GeV, or Djgy = 6.767038 x 102" cm*s ™!, which
is again comparable to the result from HAWC2017. In
HAWC2017, they assumed an ISRF model described by three
blackbody distributions (see Table 1 in supplemental materials of
HAWC2017). We use the ISRF model from S. Vemetto &
P. Lipari (2016) with no approximation. The blackbody
approximation results in an ISRF spectrum with an emission
that is 25% lower than the complete model for frequencies in the
range of 10°~10"* Hz. This suggests higher emission efficien-
cies under the blackbody emission model. Therefore, using the
blackbody approximation, higher efficiencies are found. This can
account for the discrepancy in our best estimate ~6.1% for
Geminga and 5.1% for Monogem, which differs significantly
from the values reported in HAWC2017 of 40% and 4%,
respectively.

The authors of G. Johannesson et al. (2019) find that the
spectrum shape of e™ and energy range of injection play a
major effect on the emission efficiency. For spectra with softer
values, o, yields fewer e* at TeV energies, so higher
efficiencies are required to coincide with HAWC observations

(M. Di Mauro et al. 2019). We find spectral indices of 0.95" 08

for Geminga and 1.06f8_‘?3 for Monogem, which helps support

our estimates of lower emission efficiencies.

6.3. Comparison with Fermi-LAT

In M. Di Mauro et al. (2019), the authors analyzed the
extended ~-ray halos around Geminga and Monogem with 115
months of Pass8 data from Fermi-LAT. They considered an
energy range between 8GeV and 1TeV and assumed a
considerably larger ROI of 70° x 70°. This choice is motivated
by the fact that, at GeV energies, below the HAWC energy
range, the e cooling time is on the scale of the pulsar age and
therefore requires a larger extent. They report a diffusion
coefficient in the range of 1.6—3.5 x 10*°cm?s ! at 1 GeV,
assuming the interstellar emission models used in F. Acero
et al. (2016) and M. Ackermann et al. (2017). They provide a
weighted average of 2.3 x 10*®cm?s ™' at 1 GeV. Our best-fit
value for Geminga 1.07 x 10**cm?s™" is ~1/2 from their
estimate. They fitted the HAWC data assuming three spectral
indices a, =[1.8, 1.9, 2.0] and obtained emission efficiencies
of n=1[0.24, 0.16, 0.13] for Geminga. For Monogem, they
used a, =1[1.9, 2.1] and derived an upper limit of 1 < 0.011
and 0.009, respectively. In comparison, our best-fit to HAWC
data suggests an emission efficiency of Geminga ~3 times
smaller than their estimate. Furthermore, the emission effi-
ciency for Monogem is ~5 times higher than their upper limit.
In any case, these numbers should be taken with some care
because the injection spectrum we use has a different shape
than the one in M. Di Mauro et al. (2019).

1

6.4. Comparison with H.E.S.S

The H.E.S.S collaboration studied the extended emission of
Geminga with observations from 2006 to 2008 with a total of
14.2 hr and an additional data set obtained during the first quarter
of 2019 with total live time of 27.2 hr. They estimate a diffusion
coefficient for Geminga of D(E,) = (7.571%) x 107 cm?s™" at
an electron energy of 100 TeV with two different background
estimation methods, on-and-off and ring for a radius of 1° around
Geminga, and estimate the emission to extend up to ~3° for
energies of 5-40TeV (H.E.S.S. Collaboration et al 2023). Our
estimate agrees with that of H.E.S.S. for the diffusion coefficient
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for the individual and combined fit of Geminga. It is worth
mentioning that full y-ray emission of Geminga is beyond the
available sky region, i.e., their current observation data set.
Therefore, their size estimate should be treated as a lower limit
(H.E.S.S. Collaboration et al 2023).

6.5. Physical Interpretation

The extended ~-ray emission around Geminga and Mono-
gem is consistent with electrons and positrons being acceler-
ated by the PWNe and injected in the interstellar medium. The
injection spectrum can be modeled with a power law with a
quite hard slope of around 1 with a cutoff above tens of TeV.
The slope could achieve softer values by reducing the cutoff
energy. Moreover, the efficiency required to fit the data is about
5%—6%, which is of the same order of the one needed to
explain previous HAWC data and the detection of the Geminga
halo at GeV energies in Fermi-LAT data M. Di Mauro et al.
(2019). We also confirm, with good precision, that the size of
extension of the detected halos around Geminga and Monogem
can be fitted only if we assume a diffusion coefficient around
these two pulsars that is about a factor of 100 smaller than the
average value assumed in the Galactic halo to fit primary and
secondary cosmic rays (see, e.g., M. Di Mauro et al
2023a, 2023b). The inhibited diffusion should be extended at
least 3040 pc. The physical interpretation on the contribution
from Geminga to the positron flux can vary due to the choice of
the spatial extension of the inhibited diffusion around the
pulsar. Local pulsars, such as Geminga, can produce a sizeable
part of the positron flux measured by AMS-02 above 10 GeV
(M. Aguilar et al. 2019). In fact, as already discussed, for
example, in M. Di Mauro et al. (2019a) and L. Orusa et al.
(2021), Geminga alone can produce about a few tens of percent
of the total measured flux, assuming a two-zone diffusion
model. On the other hand, when assuming that the diffusion
coefficient is inhibited in the entire Galactic disk, as in
HAWC2017, the contribution of Geminga can be negligible.

7. Conclusions

In this paper, we presented a follow-up analysis of the
physical interpretation of the ~7-ray halos surrounding the
Geminga and Monogem pulsars. We employed a template
fitting method that allows for the direct modeling of spatial and
spectral morphology of e ICS diffuse 4-ray emission from
interactions with the interstellar medium (ISM).

We further constrain the diffusion coefficients for regions
around Geminga and Monogem 4.78 to 7 x 10*” cm®s ™" at an
electron energy of 100 TeV. This confirms the presence of an
inhibited diffusion region, which differs by a factor of 100 from
the average Galactic value that extends up to 30 to 40 pc from
the pulsars. The above conclusion is further verified by the
agreement between data and model using surface brightness
profiles.

Current experiments such as HAWC, LHAASO, and the
future SWGO are expected to increase the number of TeV halo
candidates. These observations are essential to perform a pulsar
halo population study to determine whether diffusion inhibited
regions are an innate characteristic or a product of their
environment. Moreover, observations from Imaging Air
Cherenkov telescopes (IACTs) such as VERITAS, MAGIC,
and HESS, as well as the future CTA, are also essential for the
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morphology study of pulsar halos at angular scales that are
unachievable for wide field-of-view ~-ray observatories.
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