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INTRODUCTION

▪ TeV halos: characterized as extended TeV emission around middle-aged pulsars

▪ Formation mechanism unknown

▪ Found around Geminga, Monogem, and several other middled-aged pulsars [A. U. 

Abeysekara et al., Science 358, 911 (2017), F. Aharonian et al., Phys. Rev. Lett. 126, 241103 (2021), 

▪ Existence around millisecond pulsars (MSPs) and links to Galactic center excess 
proposed [D. Hooper and T. Linden, Physical Review D 105,103013 (2022)]

▪ We carried out stacking analyses using data from the High Altitude Water 
Cherenkov (HAWC) gamma-ray observatory on samples of middle-aged pulsars 
and MSPs.
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DATA

▪ HAWC is an extensive air shower 
observatory located in Puebla, Mexico. 
Sensitive to gamma rays with energies 
between 300 GeV ~ hundreds of TeV.

▪ For this work, data sets comprised by 2321 
and 2565 days of observations is used.

▪ The data is divided in 5 quarter-decade 
bins, covering an energy range of 0.3-100 
TeV. 
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METHODOLOGY

▪ A maximum likelihood technique is used to perform all the analysis.

▪ Spatial model: Each source is assumed to have a Gaussian morphology with fixed 
extension, scaling Geminga halo’s physical extension by the source’s distance.

▪ Spectral model: Each source is individually fitted to obtain individual likelihood profiles 
with a power-law: 

▪
𝑑𝑁

𝑑𝐸
= 𝐴𝑖𝑁

𝐸

𝐸𝑝𝑖𝑣

−𝑝

where 𝐴𝑖 is model-dependent flux factor, 𝑁 is the normalization flux, 𝐸𝑝𝑖𝑣 is the pivot 
energy (center of each energy bin) and 𝑝 = 2.7 is the spectral index.

▪ Then we add the log-likelihood profiles and find the value ෡𝑁 that optimized the joint 
likelihoods.

▪ We define a test statistic (TS) to be 𝑇𝑆 ≡  2 ln
ℒ ෡𝑁

ℒ 𝑁 = 0
.
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MODELS

▪ Two scenarios are proposed to describe the TeV gamma-ray 
emission around pulsars:

▪ ሶ𝐸/𝑑2 model: 

Closer and more energetic pulsars emit more gamma-rays, 𝐴𝑖 ∝ ሶ𝐸/𝑑2

▪ 𝐹>100𝑀𝑒𝑉 (or 𝐺100) model: 

Integrated flux between 100 MeV and 100 GeV is correlated to the 
very-high energy gamma-ray emission 𝐴𝑖 ∝ 𝐹>100𝑀𝑒𝑉.
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Middle-aged Pulsar Sample

▪ From: The Third Fermi-LAT pulsar catalog (3PC) and the 

the Australia Telescope National Facility (ATNF) catalog 

▪ Criteria:

1. Middle age: 𝑃/(2 ሶ𝑃) >  20 𝑘𝑦𝑟

2. Not in a binary system

3. Has an associated distance 

4. Within HAWC’s FoV (-26◦ < δ < 64◦)

5. Detectable: above sensitivity level of HAWC

6. Away from any TeVCat source (except known TeV halos) 

within a 2º radius 

▪ A total of 86 sources met the criteria 

▪ 49 gamma-ray

▪ 72 radio-loud pulsars, 14 radio-quiet

MSP Sample

▪ From: 3PC, ATNF Catalog, the West Virginia University 

catalog (WVU) and the LOFAR Tied-Array All-Sky Survey 

(LOTAAS)

▪ Criteria: 

1. Millisecond pulsar (P < 0.03s)

2. Away from the Galactic plane (|b| > 3◦)

3. Has an associated distance 

4. Within HAWC’s FoV (-26◦ < δ < 64◦)

5. Detectable: above sensitivity level of HAWC

6. Away from any TeVCat source (except known TeV halos) 

within a 2º radius 

▪ A total of 57 sources met the criteria

▪ 39 gamma-ray bright

▪ 45 radio-loud, 12 radio-quiet
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BACKGROUND TS DISTRIBUTION

▪ To study the background, we perform 
the analysis at random positions of 
the sky.

▪ 10 random locations, treated as fake 
sources, are stacked in each trial.

▪ Random points within 2º of TeVCat 
sources were removed.

▪ Middle-aged pulsars:

▪ 109102 trials 

▪ Random locations generated using a 
density map after normalizing the 
pulsar flux map

▪ MSPs:

▪ 11068 trials 

▪ Random locations generated using a 
uniform distribution
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BACKGROUND TS DISTRIBUTION

Middle-aged Pulsar background test 
distribution

MSP background test distribution
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RESULTS: MIDDLE-AGED PULSARS
▪ When stacking the pulsars not associated with 

known TeV halos, the highest TS was found for 
gamma-ray pulsars in the spin-down scenario with 
TS = 108 corresponding to a post-trial significance 
of 5.10σ.

▪ This rejects a null hypothesis, where the excess 
emission around the middled-aged pulsars is 
consistent with background fluctuations.
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RESULTS: MIDDLE-AGED PULSARS

▪ On average, the differential energy flux in TeV 
halos is at the level of (0.01 − 1)% of the spin-
down power. 

▪ For gamma-ray pulsars, the energy deposited 
in TeV halos ranges from (0.1 − 10)% of that in 
the GeV emission of the pulsars.
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RESULTS: MSPS

▪ In all weighting schemes and energy 
ranges, we find that the stacked TS is 
consistent with which is expected from 
background fluctuations. 
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RESULTS: MSPS

▪ Our limits suggest that 
the TeV halo emission 
efficiency of MSPs is 
lower than the observed 
TeV halos, especially for 
above 10 TeV. 
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CONCLUSION

▪ Middle-aged pulsars:

▪ The resulted TS rejects the null hypothesis at the level of 5.10σ.

▪ Our analysis implies that TeV halos may commonly exist around isolated middle-
aged pulsars. 

▪ MSPs:

▪ We find no significant emission at the positions of MSPs.

▪ The TeV halos of MSPs should not significantly contribute to the Galactic diffuse 
emission at TeV or higher energies.

▪ As their TeV halos are not constrained by TeV or radio observations, MSPs remain 
one of the plausible explanations to the Galactic Center gamma-ray excess. 
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BACK-UP SLIDES
▪ Total normalization flux is defined as 𝒩 = σ𝑖=1

𝑛 ෡𝑁𝐴𝑖.

▪ And the total differential flux of the stacked sample is
𝑑𝑁

𝑑𝐸
= 𝒩

𝐸

𝐸𝑝𝑖𝑣

−𝑝

.

▪ Weighting scheme difference:

▪ Middle-aged pulsars: 𝐴𝑖 = ሶ𝐸𝑖/𝑑𝑖
2 and 𝐴𝑖 = 𝐹>100𝑀𝑒𝑉,𝑖

▪ MSPs: 𝐴𝑖 =
ሶ𝐸𝑖/𝑑𝑖

2

σ ሶ𝐸/𝑑2 and 𝐴𝑖 =
𝐹>100𝑀𝑒𝑉,𝑖

σ 𝐹>100𝑀𝑒𝑉
, normalized such that σ𝑖=1

𝑛 𝐴𝑖 = 1
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RESULTS: MIDDLE-AGED PULSARS
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The measured efficiency of conversion of spin-down power to gamma-ray power output 

for the radio-loud sample (left) and GeV power for the gamma-ray sample (right).



SPATIAL DISTRIBUTION OF 
PULSARS IN THE GALAXY
▪ From Steppa, C. & Egberts, K (2020), the pulsars distribute in the Galaxy as

where r and z are the distance to the Galactic center and height over the Galactic 
plane, respectively. We take R⊙ = 8.5 kpc, roff = 0.55 kpc, α =1.64, β =4.01, and z0 = 
0.18 kpc. 

▪ ρ does not depend on the azimuthal angle ϕ if we assume an azimuth symmetric 
distribution. 
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SPATIAL DISTRIBUTION OF 
PULSARS IN THE GALAXY
▪ The pulsar flux in direction of Galactic longitude l and latitude b with a solid angle 

𝑑Ω = sin 𝑏 𝑑𝑏𝑑𝑙 is:

where s is the line of sight. 

▪ To generate random sources following the pulsar distribution: 

▪ 1. Compute a healpy map for every point (l, b) in the sky. This describes the 
probability of seeing a pulsar in a random direction. 

▪ 2. Generate random sources using this probability map and use them for the 
background test.
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DIFFERENCE WITH HOOPER 
& LINDEN
▪ [D. Hooper and T. Linden, Physical Review D 105,103013 (2022)]

▪ A total of 37 MSPs selected based on −20° <  𝛿 <  50° and ሶ𝐸/𝑑2> 5 × 1033 erg 
kpc-2 s-1. 

▪ Among them, four sources are found with (TS)1/2 ≥ 2.55 using the public HAWC 
software. 

▪ This work: 
▪ Data from HAWC’s fifth pass, with updated reconstructed algorithms to inspect 

these sources. 

▪ Gamma-ray emission in the regions is consistent with background fluctuations 
with more data and better event reconstruction. 

▪ All sources have (TS)1/2 < 2. 

▪ The detection in Hooper and Linden is most likely a result of detecting 
stray galactic plane emission from sources near the galactic plane. In our 
work, this excess emission is absent due to the exclusion of the Galactic 
plane during source selection.
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CONSISTENCY WITH THE 1LHAASO 
MSP DETECTION

▪ LHAASO’s first source catalog detects 11 pulsars older than 100k years

▪ This marks the corresponding 1LHAASO sources to possibly be PWNe/TeV halos

▪ Among which PSR J0218+4232 is a millisecond pulsar

▪ Expected to produce VHE emission but with a lack of observation evidence

▪ Spatial coincidence between this MSP and 1LHAASOJ0216+4237u is at a confidence level 
of 2.9σ

▪ Favor the existence of VHE emission around MSPs
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