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Pulsar Inverse Compton halos (TeV halos) are a new subclass of gamma-ray sources. HAWC
detected the first two candidates, Geminga and Monogem. These two candidates are of great
interest to the anomalous positron excess observed by PAMELA, Fermi-LAT, and AMS-02. This
positron excess has been considered to originate from dark matter annihilation, but pulsars can
also explain this excess. The HAWC collaboration presented their analysis of the morphology
of these pulsars and derived high electron/positron emission efficiency but a diffusion coefficient
lower than the average value by a factor of 2 orders of magnitude. Here we present a more in-depth
study of Geminga and Monogem with 2139 days of observations from the HAWC observatory. We
apply a 3D template model from diffuse-gamma ray electrons/positron emission inverse Compton

interactions as they escape the pulsar.
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1. Introduction

TeV (TeV = 10'? eV) halos are a new subclass of gamma-ray (y-ray) sources, which surround
pulsars. The first candidates were first reported by the High Altitude Water Cherenkov (HAWC)
collaboration [1]. Two mid-aged pulsars, Geminga and PSR B0656+14 (Monogem) showed an
extended diffuse emission of (5.5 +0.7)" and (4.8 + 0.6)°, respectively. Furthermore, the HAWC
collaboration derived a diffusion coefficient of (4.5 + 1.2) x 10>’ cm?/s which differs by two orders
of magnitude of the average Galactic value.

This launched the search for other halo candidates. The halo candidates have characteristics
described in [2]. The evolution of pulsar wind nebulae (PWNe) can be divided into three main
stages. The first stage occurs for 7., < 10 kiloyears (kyrs) after the supernova explosion (SN).
Its remnant drives a strong shock into the surrounding interstellar medium (ISM), which forms a
reverse shock (RS). The RS moves radially inwards shocking the inner stellar ejecta. The pulsar
drives a pulsar wind that is delimited at the wind termination shock (WTS) forming a pulsar wind
nebula. The second evolutionary stage occurs between the ages of 10 < f44. < 100 kyrs when
the RS reaches the PWN and crushes it. Because the geometry of the SN explosion is often
asymmetric, the pulsar receives a kick velocity and displaces significantly from its birth location.
The e* emission begins to escape into the shocked ejecta and the ISM. The third stages occurs for
ages g 2 100 kyrs when the SNR shock has become subsonic and begins to merge with the ISM.
The pulsar has escaped at this point forming a bow-shaped PWNe where e* can now escape into
the ISM. Geminga and Monogem are the first halo candidates in the third evolutionary stage since
they have ages of 343 kyrs and 111 kyrs [3].

The presence of an anomalous positron excess in cosmic ray flux was measured by PAMELA
[4], then confirmed by Fermi-LAT and AMS-02 [5, 6]. The positron (e*) excess in the cosmic
ray fraction begins above an energy of 10 GeV (GeV = 10° eV). This excess is in disagreement
with the population of secondary e* generated by cosmic-ray interactions with the (ISM). AMS-02
has furthered measured this excess with high precision up to energies of 1 TeV [7]. Given the
high energy losses of e*, their emission should be located within a few kiloparsec (kpc) [8]. The
physical mechanism responsible for this excess remains unanswered. However, dark matter particle
mechanisms such as annihilation and decay have been postulated as possible explanations [9].
However, pulsars also present likely contributors to this positron excess [10-12]. Geminga and
Monogem are pivotal candidates to explain the above excess, given their proximity to Earth with
distances of 0.250 kpc and 0.288 kpc [13], respectively.

We analyze the morphology of two TeV halo candidates, Geminga and Monogem region with
2139 days of the HAWC y-ray observatory. We study the diffuse emission of these halo candidates
with a 3D template model of diffuse y-ray emission from e* as they escape from the pulsar. We
show preliminary results of the morphology study and find agreement with the ICS diffuse emission
morphology.

2. HAWC Observatory

The High Altitude Water Cherenkov (HAWC 7y-ray) observatory is in Puebla, Mexico at an
elevation of 4,100 meters above sea level. The HAWC observatory has a primary detector with
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300 water Cherenkov detectors (WCDs), each of which houses four photomultiplier tubes (PMTs;
one 10” with 3 surrounding 8” PMTs) which yields a detection area of 22,000 m?/s. This large
detection area provides HAWC with an instantaneous field of view (FOV) of 2 sr. Combining this
large FOV and the >94% duty cycle allows HAWC to observe 2/3 of the sky everyday. HAWC
observes sources with declinations of —26" to +64° in the energy range of 300 GeV - 100 TeV. The
operations of the HAWC primary detector are discussed in [14], [15].

The current work uses 2139 days of HAWC data with the "Neural Network" (NN) energy
estimator defined in [16], which is optimized for energies >1 TeV. The NN energy estimator utilizes
an artificial NN to estimate the energy of y-rays using shower parameters estimated during HAWC
data reconstruction. The data is binned in both fraction of detector present and in bins with quarter
decade width in energy. The data presented here is for reconstructed energies of 1 TeV to 316 TeV.

3. Model
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Figure 1: Diffuse y-ray emission for a diffusion coefficient of Dy = 1 x 10%® cm?/s at e* energy of 1 GeV

with an injection spectral index of @ = 1.2. Left: Geminga morphology at an energy of 0.1 TeV. Right:
Geminga morphology at 1000 TeV.

The model is physically motivated as the derived diffuse y-ray emission from e* comes from
inverse Compton scattering (ICS) interactions with cosmic microwave background (CMB), stellar
light and infrared light (ISRF) as they escape the pulsar. The e* are injected with a spectral shape
of power law with an exponential cutoff at 1000 TeV. The details of y-ray emission from e* ICS are
discussed in [17].

Figure 1 shows templates of diffuse y-ray emission from electrons/positrons (e*) as they escape
the pulsar into the interstellar medium (ISM) for a region of 15° x 15° around the pulsar. The left
panel shows the more extended morphology an energy of 0.1 TeV that is attributed of e* cooling
time that is on the scale of > 10° years (see Figure 3 of [18]). The cooling time scales down
to > 107 years for an energy of 1000 TeV. The template contains the y-ray emission at different
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energy bins in the range of 100 GeV to 1000 TeV. Each pixel represents the normalization in units of
MeVem~2s~!'sr~!. The normalization is defined as the efficiency in converting the pulsar spin down
energy, K(E — e%), to e*. The y-ray emission is generated by a power law with an exponential
cutoff at 1000 TeV. The details of the generation of y-ray emission from e* are discussed in [17].

4. Analysis Approach
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Figure 2: Significance map of the Geminga region for a 1 degree extended disk.

The y-ray emission can be affected by several parameters including the spectral index, diffusion
coeflicient, and solid angle over which the integration is performed. We first investigate the effects
of three different solid angles for the extended y-ray emission. Figure 3 shows the y-ray spectrum
for Geminga for different sized regions (left panel) of 10, 20", and 30°. The difference in emission
for different region sizes is due to the cooling time of e* which is on the order of > 10° years (see
Figure 3 of [18]). We utilize the values for y-ray emission corresponding to solid angle of 30" as to
maximize the amount of contained emission for energies between 100 GeV to 1 TeV. The spectrum
shown on the right is shown for a solid angle of 30° (right panel) for two diffusion coefficients of
Do = 1x10% cm?/s and Dy = 7.94x 10%% cm?/s both at an e* energy of 1 GeV. There is a difference
in the y-ray emission for energies below 1 TeV which can again attributed to the e* cooling time.
For energies above 1 TeV, the differences become negligible with the increasing energy losses. This
energy is well within the energy range of the HAWC y-ray observatory.
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Figure 3: Diffuse y-ray emission from e* ICS. Left: Gamma-ray spectrum with a spectral index of a.=1.5
and a diffusion coefficient Dy = 1 x 10%® cm?/s at an e* energy of 1 GeV. The y-ray emission for different
regions around the pulsar shown in Figure 1. Right: The y-ray spectrum is shown for different diffusion
coefficients.

We normalize the template maps flux values shown in Figure 1 by the flux values integrated
over the solid angle of 30" for the corresponding D and .. This leaves the pixels in units of 1/sr
and allow the spectral shape parameters free to vary during the fit.

In this work, we analyze the diffuse morphology of the TeV halos with templates for diffusion
coefficients of 10%3-10%7 cm?/s at an e* energy of 1 GeV. The spectral morphology follows from
y-ray emission from e* ICS, which follow a power law with an exponential cutoff with an spectral
indexes of @, = 0 to 2.2 with the same shape as presented in Figure 3.

The analysis consists of first interpolating over a grid of templates for parameters, Dy and ..
There is a second interpolation over RA” and Dec’ per energy bin between 100 GeV to 1000 TeV.
Finally, the parameters K(E — e*), Dy, . are fit over the interpolated flux values.

The region of interest is shown in Figure 2. The significance map assumes an extension of
1" degree. In addition to Geminga and Monogem, we see emission from 3HWC J0631-1037 [19],
which is associated with PSR J0631+1036. PSR J0631+1036 is a pulsar with an age of 43 kyrs at
a distance of 2.1 kpc [3]. Because this source has a significance > 50 and it is more distant than
Geminga and Monogem, we assume a simple Gaussian spatial morphology model
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where 6 is the angular distance and o is the Gaussian width. The spectral is a simple power law
E -
¢(E) = ¢o (E_) . (2)
0

where ¢ is the normalization in units of TeV~'cm~2s~!, E is the pivot energy, and « is the spectral

index. The pivot energy is fixed at 20 TeV.
We fit the morphology of the three sources with the Multi-mission Maximum Likelihood
analysis framework (3ML!) [20] with the specific HAWC Accelerated Likelihood (HAL) plugin?.

thttps://github.com/threeML/threeML
2https://github.com/threeML/hawc_hal
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The model is implemented via the Astromodels3 framework, which interacts with 3ML. For each
source, we perform a likelihood ratio analysis (test statistic; TS) test defined by the following

LS+B
TS=2In , 3
Ts 3)
where L s, g is the best-fit likelihood of a y-ray source and background and £ g is the likelihood of
the background only. The validity of the TS statistic with HAWC data is explained in [21].

5. Results
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Figure 4: Left: Significance map of the model morphology assuming best-fit parameters with 1~ extended
disk. Right: Significance model map after source subtraction (residual map).

Figure 4 shows significance model (left subpanel) and the residual map (skymap after sub-
traction from the model; right subpanel). We find this models agrees with the morphology as we
see no excess emission in the residual map. The model map is shown in the left panel, assuming
the best-fit parameters from the 3ML fit, assumes the morphology of an extended disk of 1°. The
residual map is generated for a point source assumption to avoid any pixel cross correlation.

6. Conclusion

The model suggests good agreement with the morphology of Geminga and Monogem. More
detections of TeV halos are essential for quantification of diffusion coefficient within the Galaxy.
TeV halos are also of great interest in their likely contribution to the local positron excess. We
expect the number of TeV halos to increase with observations from current wide field observatories
such as HAWC, LHAASO and in the future from SWGO.

3https://github.com/threeML/astromodels
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