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A B S T R A C T 
We report on a likelihood-stacking search for γ -ray pulsars at 362 high-latitude locations that coincide with known radio pulsar 
positions. We observe a stacked signal conserv ati vely 2.5 σ over the background. Stacking their likelihood profiles in spectral 
parameter space implies a pulsar-like spectral index and a characteristic flux a factor of 2 below the Fermi Large Area Telescope 
point-source sensitivity, assuming isotropic/unbeamed emission from all sample pulsars. The same procedures performed on 
empty control fields indicate that the pulsars as a population can be distinguished from the background with a # (TS) = 28, 
where TS refers to test statistic, at the peak location (or 4.8 σ ), and the stacked spectra of the control fields are distinctly softer 
than those of the pulsars. This study also probes a unique region of parameter space populated by low Ė pulsars, most of which 
have no γ -ray ephemeris available, and is sensitive to high duty cycles. We also discuss the possible γ -ray emission mechanism 
from such pulsars. 
Key words: methods: data analysis – methods: statistical – stars: neutron – pulsars: general – gamma-rays: diffuse background –
gamma-rays: stars. 
1  I N T RO D U C T I O N  
Identifying astrophysical γ -ray sources is one of the main goals of 
the Fermi Gamma-ray Space Telescope. While the updated 10-yr 
source catalogue, 4FGL-DR2 (the 4FGL-DR2; Ajello et al. 2020a ), 
hereafter the 4FGL, identifies 279 sources as pulsars and the 12-yr 
catalogue, 4FGL-DR3, identifies 30 more γ -ray pulsars (Abdollahi 
et al. 2022 ), this is less than 10 per cent of the pulsars in the Australia 
National Telescope Facility (ATNF) pulsar catalogue (Manchester 
et al. 2005 ). 

With o v er 15 yr of almost continual all-sky survey data, the Fermi 
Large Area Telescope (LAT) is now becoming sensitive to pulsars 
that are below the putative γ -ray pulsar ‘death line’ in spin-down 
luminosity Ė ! 10 33 erg s −1 (Smith et al. 2019 ) where the majority 
of rotationally powered pulsars reside. Studies of faint γ -ray pulsars 
(e.g. Hou et al. 2014 ; Bruel 2019 ) illustrate both the potential and the 
difficulties of pushing the limits of sensitivity. Bright backgrounds, 
steep source spectra with low energy cut-offs, and broad, hard-to- 
discern pulses make identifying low-luminosity pulsars challenging. 
Nevertheless, it is worth trying to detect this population because they 
are found in a corner of pulsar parameter space predicted to probe rare 
alignment geometries and potentially no v el emission mechanisms 
(Smith et al. 2019 ). 
⋆ E-mail: yuzhesong@swin.edu.au 

Stacking methods in γ -ray observations date back to the oper- 
ational era of the Compton Gamma Ray Observatory’s Energetic 
Gamma Ray Experiment Telescope (EGRET) when stacking stud- 
ies on galaxy clusters (Reimer et al. 2003 ) and galaxies (Cillis, 
Hartman & Bertsch 2004 ; Cillis, Torres & Reimer 2005 ; Cillis, 
Reimer & Torres 2007 ) were carried out. Other γ -ray observatories 
like the High Altitude Water Cherenkov γ -ray observatory used a 
similar joint-likelihood analysis (Albert et al. 2021 ) that resembles 
the stacking techniques developed for EGRET and Fermi -LAT. 
A significant amount of γ -ray flux from the known pulsars not 
yet detected in γ -rays should be present in the Fermi -LAT data. 
Authors such as Huber et al. ( 2012 ) proposed that it should be 
disco v erable using stacking techniques, but such techniques have 
up until now been unsuccessful in probing this population (McCann 
2015 ). In contrast, stacking techniques that aggregate photon counts 
have been successfully employed in surveys of galaxy clusters 
(Dutson et al. 2013 ; Griffin, Dai & Kochanek 2014 ; Prokhorov & 
Churazov 2014 ; Reiss & Keshet 2018 ), providing strong upper 
limits or detections of galaxy clusters as a population. More re- 
cently, an impro v ed lik elihood-stacking technique w as developed 
to push beyond the point-source detection limit of the LAT, and 
it successfully characterized the faint blazar and starburst galaxy 
populations at GeV energies (Paliya et al. 2019 ; Ajello et al. 2020b ). 
This study extends these kinds of likelihood-stacking methods to 
the pulsar population with a new approach that stacks the measured 
test statistic (TS) values for pulsar fields, and, in so doing, provides 
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some of the first measurements of this undetected population. This 
new method quantifies the significance of a stack observation and, 
when applied while varying spectral parameters, characterizes the 
γ -ray emission of the pulsar population under investigation. Such 
information can be used to inform how undetected populations 
of pulsars contribute to the diffuse γ -ray background, the γ -ray 
e xcess observ ed at the Galactic centre, and γ -ray flux from globular 
clusters. 

With this project, we show evidence for the existence of a popu- 
lation of sub-threshold γ -ray pulsars and begin the investigation of 
this elusive population. We probe pulsars with high duty cycles with 
greatly impro v ed sensitivity of the stacking methods. Furthermore, 
without assuming any beaming geometry of the sample pulsars, this 
work can potentially characterize unpulsed γ -ray emission that may 
be produced by this population. The organization of this paper is as 
follows: In Section 2 , we describe our list of targets, the observational 
methods, and the stacking techniques. We outline the results of 
our analysis in Section 3 , where we summarize the new candidate 
population of sub-threshold pulsars including information that can be 
extracted from our stacking analysis. We also analyse control fields to 
validate the results. The o v erall properties of these sources are placed 
in context with the known pulsar population in Section 4 . This is 
followed by a brief conclusion and five short appendices, which detail 
justifications for the specific choices in the methodology detailed 
in the main text and additional analysis of particularly significant 
candidate sources. 
2  OBSERVATIONS  A N D  M E T H O D S  
We identify a sample of undetected pulsars in relatively uncrowded 
parts of the γ -ray sky to perform our stacking analysis. These 
locations are then analysed using specialized software for Fermi - 
LAT observations and the results are stacked as a sum of the TS 
(defined in Section 2.2 ), which is derived from the likelihood of a 
source detection at a given location. Normal thresholds for detection 
(nominally, TS > 25 as seen in the 4FGL) do not apply in such 
circumstances as, on average, the Fermi data tend to yield slightly 
positi ve TS v alues indicating that any gi ven random point in the 
sky is somewhat fa v oured to be modelled as having a source. To 
better understand the significance of a TS stack, a comparison to 
control fields – locations on the sky randomly selected to be similarly 
distributed as our test sample – is provided. 
2.1 Data selection 
We choose target pulsars from the ATNF pulsar catalogue version 
1.64, No v ember 2020 1 that were not in the 4FGL catalogue using 
the PSRQPY PYTHON package 2 (Pitkin 2018 ). To optimize sensitivity, 
we a v oid pulsars located in regions with complicated γ -ray emission 
backgrounds, such as the Galactic plane and bulge, and regions near 
extremely bright γ -ray sources. We therefore limit the search to high 
latitudes ( | b | > 20 ◦). Detailed reasoning for selecting this latitude 
cut is described in Appendix B . We also a v oid all glob ular clusters 
and the Magellanic Clouds. A total of 362 pulsar positions met these 
initial selection criteria. 3 
1 https:// www.atnf.csiro.au/ research/ pulsar/ psrcat/ 
2 https:// psrqpy.readthedocs.io/ en/ latest/ 
3 The complete list of pulsars in this study can be found at https://github.com/ 
yuzhesong/stacking funcs tutorial/blob/main/pulsars results 2023.csv . 

Our target ATNF pulsars – along with the full ATNF catalogue 
and 4FGL pulsars – are plotted in Fig. 1 . This high-latitude study, 
while aimed primarily at reducing the background systematics, also 
probes a unique region of parameter space populated by older, 
transitional, and recycled millisecond pulsars (MSPs). The surveyed 
source distribution also more closely reflects the o v erall distribution 
of objects in the ATNF compared to those in the 4FGL. 

Over 12 yr of data from the LAT were used in this surv e y. The 
third revision of the PASS8 data, P8R3, released on 2018 No v ember 
26 was used along with the 4FGL and diffuse background models 
(Abdo et al. 2009 ). Data analysis in this work is performed with FER- 
MIPY (Fermi-LAT Collaboration 2017 ) version 1.0.1 4 based on the 
Fermi Science tools’ ANA COND A distribution (Anaconda Software 
Distribution 2020 ) version 2.0.8. 5 Data were chosen between mission 
elapsed times (METs) 239 560 000 (MJD = 54682) and 641 950 000 
s (MJD = 59340). Each region of interest (ROI) is a 21.2 ◦ × 21.2 ◦
square, which corresponds to a ∼15 ◦ radius ROI. The data were 
also filtered using a zenith angle cut of 90 ◦ to a v oid bright emission 
from the Earth. Good time intervals were chosen with conditions 
DATA QUAL == 1 && LAT CONFIG == 1 . The data were binned 
in 30 logarithmically spaced energy bins (unbinned analyses for such 
a large duration of time are computationally prohibitive). An all-sky 
livetime cube and all-sky exposure cube 6 within the specified time 
range from abo v e were created and utilized for all ROIs. 

Some previous studies hav e unco v ered potential systematic effects 
studying faint populations at low energies (Paliya et al. 2020 ; Principe 
et al. 2021 ). We took a data-based approach to quantify this effect 
by conducting the likelihood analysis in two different energy ranges. 
Our primary stacking analysis only uses photons in the energy range 
of 300 MeV to 100 GeV to constrain the spectral energy distributions 
(SEDs) and calculate final fluxes. An analysis that includes additional 
photon data from 100 MeV to 300 MeV is found in Appendix D . 
We also note that raising this lower energy limit further, e.g. to 1 
GeV, would impro v e the differentiation of target sources and the 
background even more, but at too great a cost. The average cut-off 
energy of all Fermi -detected pulsars is 830 MeV, so such a restriction 
eliminates most of the γ -ray signal we are attempting to unco v er. 

We also have created a library of 540 control fields from which we 
pull samples to validate the likelihood results, identify any systematic 
effects, and estimate the background signal. The control fields have 
the same radius of 15 ◦ and are drawn from locations within the same 
Galactic latitude and longitude distributions as the target pulsars. The 
centre of each control field is chosen to be at least 1 ◦ away from any 
known 4FGL source to be more certain that any measured signal can 
be attributed solely to fluctuations in the background. 
2.2 Fermi -LAT data analysis 
FERMIPY automatically reads the currently available version of the 
4FGL catalogue and creates a model file for each ROI, along with the 
Galactic diffuse background emission and the isotropic background. 
We model an additional source at the centre of each ROI as a power 
law (PL) with an exponential cut-off (PLEC) as the standard γ - 
ray spectral shape for pulsars (Abdo et al. 2013 ). For the model 
parameters, prefactor , index1 , and cutoff are set free to be 
fitted, while scale is set to 1000 MeV and index2 is set to 1.0 
4 https:// fermipy.readthedocs.io/ en/ latest/ 
5 https:// fermi.gsfc.nasa.gov/ ssc/ data/ analysis/ 
6 https:// fermi.gsfc.nasa.gov/ ssc/ data/ analysis/ scitools/ binned likelihood 
tutorial.html 
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Figure 1. P–Ṗ diagram of the pulsars surv e yed: Sub-threshold sources that were stacked (green diamonds), Fermi catalogue pulsars (blue dots), and ATNF 
pulsars (grey dots). Lines of constant characteristic age and Ė are indicated. The right-hand side histogram shows the distribution of Ṗ for all the pulsars for 
which this has been measured, and the top panel histogram shows the distribution of P for all the pulsars including those not appearing on the scatter plot due 
to a lack of Ṗ measurements. The histograms have the same colour coding as the symbols, and the colour bars are placed on top of each category. Out of the 
entire pulsar population, 482 pulsars do not have Ṗ measurements and 26 of these do not have period measurements. 
throughout the analysis. We set free the spectral parameters of all 
sources within 7.5 ◦ from the ROI centre, and the diffuse background 
models. The pulsar positions are fixed at the values reported in 
ATNF catalogue. We note that some of the pulsars in the sample 
do not have a timing position and may hav e relativ ely uncertain 
coordinates. Ho we v er, it is be yond the scope of this work to provide 
precise locations of these pulsars; hence, we fix the coordinates 
of the pulsars throughout our analysis. This process yields the TS 
value of each pulsar, defined as TS = 2 log L / L 0 , a comparison of 
the log-likelihoods of the source model and the null hypothesis (no 
source, L 0 ). Usually, √ 

TS is used as a rough estimate of the source 
significance. 

Additional unmodelled sources with TS > 25 were identified using 
the find sources function in FERMIPY , assuming that they are PL 
sources. 
2.3 Stacking methods 
In γ -ray observations, count maps of each ROI can be o v erlaid 
and added up to create a stacked count map. Broadly speaking, the 
resulting ‘stack’ can be processed through the likelihood analysis 
to estimate the signal significance. Stacking photon counts have 
been applied to varied populations such as g alaxies, g alaxy clusters, 
and flare stars (Cillis et al. 2004 , 2005 , 2007 ; Griffin et al. 2014 ; 
Song & Paglione 2020 ). The work done by Huber et al. ( 2012 ) 

was among the early efforts to stack Fermi -LAT data by comparing 
stacked signal and background counts to calculate their likelihoods 
and the TS value of any detection. Direct likelihood stacking has also 
been conducted on blazars (Paliya et al. 2019 , 2020 ), star-forming 
galaxies (Ajello et al. 2020b ), and young radio galaxies and quasars 
(Principe et al. 2021 ). These studies not only obtained sensitive upper 
limits on the γ -ray emission, but have also made robust detections 
of some populations, plus a characterization of their optimal average 
spectral parameters. This study takes these methods and extends 
them to the undetected pulsar population described in Section 2.1 
while adopting a new interpretation of the cumulative TS stacks 
for characterizing the significance of a population’s potential signal 
o v er background and the TS maps of sources in spectral parameter 
space. 

To test the existence of an undetected population, the first method 
used in this study is to consider simply adding up the TS values 
of all the sources of interest (SOIs) and comparing that sum to the 
cumulative TS of a population of control field test sources. Here, we 
assume that a TS stack of SOIs, when compared to a TS stack of ROIs 
of blank sky positions, will result in a higher cumulati ve TS v alue 
if there is an underlying population of γ -ray sources emitting below 
the detection threshold. Stacking TS values is a much more sensitive 
measure than simple count stacks, which are o v erwhelmed by noise 
given the low counts. The calculation proceeds as follows: For N 
sources, each with a TS value TS k = 2 × ( ln L k, source − ln L k, null ), 
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Figure 2. Results of TS stacking. Top left: TS values of 362 target pulsars from analysis between 300 MeV and 100 GeV. Bottom left: TS values of 362 
randomly sampled control field test sources. The histogram values and the error bars are the averages and standard deviations after 100 samplings of the 540 
control fields. The orange histograms represent the χ2 /2 distribution for 2 degrees of freedom. The red dashed vertical line represents TS = 25, the usual 
detection threshold. Top right: Cumulative TS values of the target pulsars (blue) and control field test sources (green). The light blue shaded area represents 
randomly reordered stacks of the pulsar TS values. The light green shaded areas represent uncertainties of the stack for control fields estimated from bootstrap 
resampling of the stacks. Bottom right: The final mean cumulative TS value for pulsars (vertical blue line) and control fields (green histogram). The dashed green 
line represents the mean of the distribution. The dotted lines represent the mean of the standard deviations of the 1000 realizations of the bootstrap resampling 
process. 
the cumulative TS value is 
TS = N ∑ 

k= 1 TS k = 2 × N ∑ 
k= 1 ln L k, SOI − 2 × N ∑ 

k= 1 ln L k, null , (1) 
which is a comparison between the collective maximum source like- 
lihood and the collective null likelihood. Similarly, the cumulative 
TS value for N control field test sources is 
TS cf = N ∑ 

k= 1 TS k, cf = 2 × N ∑ 
k= 1 ln L k, cf − 2 × N ∑ 

k= 1 ln L k, null . (2) 
Subtracting equation ( 2 ) from equation ( 1 ) ef fecti vely cancels the 
summed null term given appropriately chosen control fields. Thus, 
we can quantify the significance of the stack by introducing # (TS): 
# ( TS ) = 2 × N ∑ 

k= 1 ln L k, SOI − 2 × N ∑ 
k= 1 ln L k, cf . (3) 

If the stacked SOI TS values are consistently higher than the control 
field test source TS values, we may conclude that a signal exists, and 
the # (TS) can be used to estimate the significance of the population, 
considering the control field likelihood term as the null. 

One complication to address is that there is considerable variation 
in the distribution of TS values at various locations. Thus, a naive χ2 

interpretation of the # (TS) value may o v erstate the significance of 
a stack’s signal (see the left-hand panel of Fig. 2 for the distribution 
of TS values for SOIs and control field ROIs and how they differ 
from the χ2 distribution). To account for this potentiality, a bootstrap 
resampling scheme is adopted to provide a conserv ati ve estimate of 
the uncertainties. Given N sources in either population in the stack, 
we randomly resample a given population N times, and calculate 
their cumulative TS distributions as a function of the stacked number 
of ROIs. This bootstrapping procedure is repeated M times, and the 
average and standard deviations of the cumulative TS values are 
calculated. 

The entire process described abo v e – a random sampling of N 
sources M times – is repeated for a total of P realizations. This 
process returns the distribution of the mean final cumulative (stacked) 
TS values for the population. Multiple sampling of a population that 
exceeds N (as in the case of our control fields) also yields a measure 
of the distribution for the final point of the stack. If a stack of sources 
is detected, the distributions of the cumulati ve TS v alue of the control 
fields should be statistically distinguishable from the final cumulative 
TS value of the source stack. 

In the right-hand panel of Fig. 2 , we quantify the significance of 
this signal by measuring the separation of the two stacks. For the 
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target pulsars, the uncertainty of the stack is estimated by stacking 
randomly reordered ROIs, which creates a characteristic spindle- 
shaped envelope (shown in blue) as the variance increases halfway 
through the stack and then decreases until the final cumulative 
TS value. In contrast, for control fields (shown in green), the 
bootstrap resampling method described abo v e yields an uncertainty 
that increases with the number in the stack. The # (TS) between the 
final stacks can be used to roughly estimate the separation between 
the two populations, and √ 

# ( TS ) between the bootstrap uncertainty 
of the control fields can be used to estimate the significance of the 
separation. 

As a second method, we investigate the spectral properties of this 
pulsar population by performing a TS stack in spectral parameter 
space similar to the likelihood stack in Paliya et al. ( 2019 ) and other 
works mentioned abo v e. A TS map of the pulsar in spectral parameter 
space is created as described below. A point source with a PLEC 
spectrum is placed at the location of each pulsar fixing flux, spectral 
index, and cut-off energy. Only the background isotropic and Galactic 
diffuse normalizations are free to be fit by FERMIPY ’s fit function. 
This process returns a log-likelihood for the ROI given these spectral 
parameters for the central source. We repeat this process o v er a grid 
of flux and index values, keeping the cut-off energy fixed at 823.3 
MeV to lower the degrees of freedom to 2. This cut-off energy is 
the median of all pulsars recorded in 4FGL. A detailed justification 
for fixing the cut-off energy is given in Appendix E . TS maps in 
flux–index parameter space for each ROI are made by subtracting 
the log-likelihood of the grid point representing the null, which is 
chosen to be at the lowest flux (7.2 × 10 −12 ph cm −2 s −1 ) and spectral 
index of −4, then multiplying this result by 2. The stacked TS map 
is then made by summing the individual TS maps. An o v erabundant 
amount of control fields is utilized for this study. To obtain the 
control field stack, we randomly choose the same number of control 
fields as the pulsar ROIs and add up all their TS maps, repeating 
this 1000 times, and averaging. Validation of this method is done by 
performing the analysis on a pulsar from the sample list, as described 
in Appendix A . 
3  RESU LTS  
3.1 Cumulati v e TS stack 
Fig. 2 shows the TS distributions of the central sources in the target 
ROIs measured abo v e 300 MeV. The likelihood analyses for nine 
of the pulsars in our sample did not converge and were omitted 
here. For comparison, the TS values for test sources at the centres 
of the control fields are also shown. The χ2 /2 distribution for 3 
degrees of freedom is also shown, which should be equi v alent to 
the theoretical null (Mattox et al. 1996 ). Some of the pulsars have 
TS values abo v e 25 and are further discussed for the possibility of 
detection in Appendix C . 

To e v aluate the uncertainty of the TS stacks, we did a bootstrap 
resampling of all ROIs M = 100 times for a total of P = 1000 
realizations. The average cumulative TS value of the control fields 
is shown in two panels on the right of Fig. 2 along with their 
standard deviations. The cumulative TS values for the pulsars, 
with a standard deviation estimated from the bootstrap resampling 
technique, are shown in the same panels. There is a statistically 
significant difference between the cumulative TS values of the pulsars 
and the control field test sources, # (TS) > 200. 

We quantify the significance of the stacked signal in a few 
different ways. First and most intuitively, a Kolmogorov–Smirnov 
test (Kolmogoro v 1933 ; Smirno v 1948 ) comparing 10 000 bootstrap 

Figure 3. Parameter space stacks of pulsars and control fields with various 
weights. Left: Parameter space stack of 353 ROIs with candidate pulsars. 
The white X marks the optimal parameters with the largest TS value of 
300. Right: Parameter space stack for control field test sources, produced 
by randomly choosing 353 ROIs out of 540 control fields and repeating this 
random selection 1000 times, then av eraging o v er the randomizations. The 
white X marks the optimal parameters with the largest TS value of 349. The 
brown, red, and white contours indicate 3 σ , 4 σ , and 5 σ , respectively, from 
the maximum in all panels. 
resamplings of each distribution results in a statistic of D = 0.67, 
verifying that the two distributions are distinct with near statistical 
certainty . Secondly , we compare the final cumulati ve TS v alues of 
the pulsars and control field test sources. For the control fields, the 
final cumulati ve TS v alue is around 940 following the bootstrapping 
procedures. The mean bootstrap uncertainty is 82 and is represented 
by the green shaded area in Fig. 2 . For the pulsars, the final cumulative 
TS value is 1144. The mean bootstrap uncertainty is 108 and is 
represented with the blue shaded area in Fig. 2 . Between the two 
populations, # (TS) = 204, naively indicating a 14.3 σ difference. 
More conserv ati vely, using the bootstrap uncertainty ranges yields a 
2.5 σ difference. 
3.2 Parameter space stacking results 
The results of the parameter space stacking are shown in Fig. 3 . Each 
panel indicates the location of a peak TS value, and the contours are 
within # (TS) = 13.2, 20.7, and 30.3 of the peak, which correspond 
to idealized 3 σ , 4 σ , and 5 σ likelihoods. The left-hand panel shows 
the result of all 353 pulsar ROIs stacked, and a similar analysis of 
control field test sources is shown for comparison. 

For the pulsar ROIs, the maximum TS value of 300 occurs for a flux 
of 1 . 70 + 1 . 41 

−0 . 68 × 10 −10 ph cm −2 s −1 and a spectral index of −0 . 56 + 0 . 56 
−0 . 93 , 

using 5 σ uncertainties. The sensitivity of the LAT for these latitude 
ranges is 3–5 × 10 −10 ph cm −2 s −1 , about 2–3 times higher than 
the fluxes we are able to probe here. The spectral index is typical for 
4FGL pulsars (Smith et al. 2019 ). For the control fields, the maximum 
TS value of 349 occurs at a flux of 3 . 94 + 2 . 04 

−1 . 22 × 10 −10 ph cm −2 s −1 and 
a spectral index of −2 . 63 + 1 . 12 

−1 . 38 . At the location in parameter space 
where the peak TS value for the pulsars occurs, the # (TS) = 28 
between the pulsars and control fields, which corresponds naively 
to 4.8 σ for 2 degrees of freedom. We note that although a peak 
of similar TS and flux occurs in the parameter space stack for the 
control fields, that peak corresponds to a significantly softer spectral 
index than for a typical pulsar. As such, the diffuse background 
and/or unmodelled sources in Fermi data can be systematic effects 
or signal contamination in stacks that resemble the stack of the 
control fields. Very soft spectra generated from stacking should be 
treated with suspicion as our analysis and previous work (Paliya 
et al. 2020 ) show that these may be generated when stacking blank 
sky. 
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Figure 4. Stacked SED of 218 pulsars with ATNF distances that are not at 
25 kpc and for which the likelihood-stacking pipeline successfully converged 
in all three energy bins. The blue data points represent the best-fitting PL 
model in each energy bin. The blue dashed curve represents the inverse- 
Compton scattering model result using NAIMA as described in Section 4.2 . 
The data points and the inverse-Compton scattering model are plotted on the 
scale shown on the y -axis on the left. The green dash–dotted line and green 
dotted line are the average young/millisecond pulsar SEDs from McCann 
( 2015 ), scaled down by 100 times to show proper comparison to the stacked 
SED. 
3.3 Stacked spectral energy distributions 
We stack the signals in different photon energy bins to generate a 
stacked SED for pulsars with properly calibrated distances (Fig. 4 ). 
To assess the SED of the collection of pulsars properly, the pulsar 
fluxes are recalibrated to the same distance of 1.695 kpc (the average 
of the distances in the sample). Here, we bin the data into three energy 
bins: 300 MeV to 1 GeV, 1–10 GeV, and 10–100 GeV. While pulsars 
are known for their distinctively curved SEDs, in each energy bin a 
PL fit is used, as is standard practice, 7 to simplify the analysis and 
reduce the degrees of freedom. The binned parameter space stack 
converges for 218 of the pulsar fields. We first obtain the best-fitting 
PL index for the sample pulsars from the parameter stack. Fixing this 
PL index, the flux in each bin is then calculated from the best-fitting 
flux value of the largest TS in the stacked parameter space map, and 
uncertainties are e v aluated from the 3 σ spread of the flux value from 
the peak. The TS map of the highest energy bin does not converge 
in parameter space, so an upper limit is given. The stacked SED 
further corroborates the pulsar-like properties of the sub-threshold 
sources. To examine the effect of background contamination on the 
SED, the stack of pulsars without distance calibration is compared to 
that of the control fields. These results have similar parameter stack 
structures in all energy bins, although the maximum cumulative TS 
v alues v ary. In particular, between 1 and 10 GeV, the parameter 
stack of the pulsars has a much higher peak TS than the control 
fields. 

To show that this stack of pulsar ROIs is consistent with previous 
pulsar observations, we compare the stacked SED to the previous 
pulsar stacking results of McCann ( 2015 ). In Fig. 4 , the green dash–
dotted line is their average best-fitting spectrum for young pulsars in 
7 https:// fermipy.readthedocs.io/ en/ latest/ advanced/ sed.html 

the catalogue with a PL index of −1.46 and a cut-off energy at 3.6 
GeV; the green dotted curve is the average best-fitting spectrum for 
the catalogue MSPs, with a PL index of −1.59 and a cut-off energy 
at 3.54 GeV. Our stacked SED is about an order of magnitude less 
luminous than the average MSP and two orders of magnitude less 
luminous than the average young pulsar, which shows the sensitivity 
of the stacking technique. To compare our results to the average SEDs 
of young pulsars/MSPs, the previously modelled SEDs are plotted 
on a different scale to match the positions of the data points. This 
result is consistent with the pulsars in our stacking surv e y being less 
luminous and with generally lower Ė , which is explored further in 
Section 4.2 . 
4  DI SCUSSI ON  
4.1 Rate of false detection/controlling for the background 
In this study, we find that five target ROIs and two control field 
test sources have TS values exceeding the nominal source-detection 
threshold of TS > 25 (Fig. 2 , right-hand panel). Modulo issues 
with interpreting the tails of the distribution of TS values, we can 
consider the control fields as ef fecti vely probing the false detection 
or background floor in this study. 

We also examine simulated data to understand whether the control 
fields with high TS could be caused by uncertainties in modelling 
the background and/or other sources. The simulated observations 
are generated by the simulate roi function in FERMIPY . The 
central source is left out of the model when creating the simulated 
observation, and the normalization of the isotropic background is 
adjusted to test the effects of varying count noise. The simulated 
observations of each of the control field ROIs are then fed through the 
analysis pipeline with the central source added back to the model, and 
the TS value of the central source is measured. Without altering the 
background normalization, the resulting TS distribution is indistin- 
guishable from the null, χ2 /2, which is inconsistent with the control 
field results in Fig. 2 and indicates that systematic observ able ef fects 
are causing a high control-field signal. TS mapping and stacking 
are thus highly sensitive to background modelling. An increase of 
only 0.1 per cent in the isotropic background normalization yields 
test source TS values that stack in a similar way as the control fields 
(Fig. 5 ). The resulting simulated TS distribution slightly exceeds the 
null, but still produces no detections (TS > 25). Thus, while spurious 
count noise or background modelling systematics can account for 
much of the relatively large background signal we find, it seems 
likely that emission from unrelated sources along the line of sight 
contributes as well. The control field parameter stacking results in 
Section 3.2 indicate that these contaminating or spurious sources 
should have notably softer spectra, ho we ver, and are distinguishable 
at least from pulsars as a population. 
4.2 Luminosities 
Unsurprisingly, we find that, as a population, the undetected pulsars 
in our stack have significantly lower luminosities than the 4FGL- 
detected pulsars. This study allows us to probe the low rotation 
power ( ̇E ) regime. Most of the pulsars in our sample also do not 
have γ -ray pulsations detected. Comparing the implied luminosities 
of our stack to the known γ -ray luminosities allows us to extend the 
known correlation between γ -ray luminosities and Ė (Abdo et al. 
2013 ). 

During the course of this study, the Fermi -LAT collaboration 
updated the point-source catalogue to 4FGL-DR3 containing ∼30 
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Figure 5. Results of ROI simulations. Top: TS distributions of null (orange 
histogram) and simulated test sources (red histogram). The uncertainty is 
estimated by randomly sampling the TS distribution of the simulated test 
sources. Bottom: Cumulative TS distribution of the pulsars (blue), control 
fields (green), and simulation (red). 
more pulsars. For a fairer and more complete comparison, we use all 
the pulsars in Data Release 3 (DR3). We extracted the energy flux 
from 4FGL-DR3 and used the default ATNF distance modelled with 
YMW2017 (Yao, Manchester & Wang 2017 ) with a 30 per cent 
uncertainty to estimate their luminosities and uncertainties. We 
consider a beaming factor f & = 1, where the luminosity is the energy 
flux multiplied by 4 πd 2 f &. We estimated the luminosity of candidate 
pulsars based on the results from the parameter space stacking in 
Section 3.1 . The flux and photon index are obtained from the stacked 
TS maps in each Ė range and integrated to get the energy flux in 
the 100 MeV to 100 GeV energy range. Uncertainties in energy flux 
are estimated from the 3 σ spread of the parameters. Luminosity is 
then calculated by scaling to the mean of distance squared of the 
sub-threshold sources. The 7 pulsars without a YMW2017 distance 
or the 51 pulsars set to the flagged value of 25 kpc based on the 
dispersion measure are again excluded. 

The luminosity and Ė of all 4FGL-DR3 pulsars and the candidate 
pulsars are plotted in Fig. 6 . The sample pulsars appear to ef fecti vely 
extend the luminosity–Ė dependence to low Ė and provide more 
evidence for the suggestion that at low Ė the heuristic relation of 
L γ ∝ √ ̇

E could change to an even stronger dependence and a very 
high efficiency (Smith et al. 2019 ). 

There are two issues that might impact the results of this analysis. 
First, pulsar distances in the YMW2017 surv e y are quite uncertain. 

Figure 6. γ -ray luminosity versus Ė , along with their distributions, for 
220 4FGL-DR3 pulsars (blue) that have Ė and distance measurements, and 
stacked candidate pulsars (green). Each Ė bin for stacked pulsars, from lowest 
to highest, contains 104, 168, and 70 pulsars, respectively. The stacking results 
for the candidate pulsars are indicated in green with 3 σ error bars, with the 
luminosity estimated by multiplying the stacked energy flux with the mean of 
distance squared of the stacked pulsars. The red triangles on the left represent 
15 4FGL pulsars without Ė measurements b ut ha ve a luminosity estimate. 
The yellow triangles at the bottom represent 30 4FGL pulsars that have Ė 
measurements but no distance for luminosity estimation. The red dashed line 
indicates the maximum efficiency limit for a beaming factor f & = 1. The 
empirical dependence of L on √ ̇

E is noted by the purple dashed line. Top: 
Ė and luminosity distributions of 4FGL-DR3 pulsars (blue) and candidate 
pulsars (green). Right: Luminosity distributions of 4FGL-DR3 pulsars in 
blue. 
These distances, when compared to some existing parallax mea- 
surements in the ATNF catalogue, can be a factor of few different, 
resulting in as large as an order of magnitude difference in the final 
luminosity estimation. Secondly, the Ṗ measurements of MSPs in the 
ATNF catalogue are not corrected to the Shklovskii effect (Shklovskii 
1970 ). Subsequently, the estimated Ė of MSPs are not accurate. 
Ho we ver, in this work, only 22 out of the sample pulsars in the 
stacked sample are MSPs. Especially when considering the fact that 
none but five of the stacked pulsars are individually detected, and 
none of these five pulsars are MSPs, corrections for this effect are 
not crucial in this work. 

Many models of γ -ray emission from pulsars indicate that the 
emission mechanism leading to the pulsed signal may turn off at low 
Ė (Watters et al. 2009 ). Low Ė also precludes them from being pulsar 
wind nebula candidates. This surv e y was designed specifically to 
have clean backgrounds, so the γ -ray source should originate with the 
neutron star itself, similar perhaps to the presumed magnetospheric 
off-peak emission seen in some pulsars (Abdo et al. 2013 ). It is worth 
noticing that the majority of γ -ray pulsars are not detected with off- 
peak emission. This work provides better sensitivity that would likely 
detect said weak off-peak emission. We investigate a simple scenario 
where the isotropic γ -ray emission is from an inverse-Compton halo 
located near the light cylinder. Using the NAIMA code (Khangulyan, 
Aharonian & Kelner 2014 ; Zabalza 2015 ), we assume a seed photon 
field from photospheric thermal emission at 10 6 K. Integrating over 
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all scattering angles, inverse-Compton scattering from an electron 
distribution with a PL index of −1.8 and cut-off energy of 4 GeV 
generates a spectrum that is consistent with the fluxes and SEDs of the 
detected and sub-threshold sources, as shown in Fig. 4 . The required 
normalization depends on the product of the non-thermal electron 
density and photon density (which depends on the characteristic 
scattering distance from the stellar photosphere). If this distance is 
comparable to the light cylinder radius, " 10 neutron star radii, then 
the lepton densities required to create such a spectrum are orders of 
magnitude below the Goldreich–Julian density (Goldreich & Julian 
1969 ). Recent development of pulsar magnetospheric models, such 
as the current sheet model (Kalapotharakos et al. 2018 ), indicate the 
existence of such leptons at the equatorial plane of a pulsar around 
the light cylinder, which can provide the population for the inverse- 
Compton scattering process. 
4.3 Further discussion on the pulsar γ -ray emission mechanism 
In this work, we make no assumptions on beaming or emission 
geometry of the pulsars. Out of the 362 pulsars in our sample, 105 
have either no Ṗ or no P measurement, meaning that we cannot 
readily search for γ -ray pulsations from them, and we cannot assume 
any emission geometry. The fraction of pulsars with γ -ray pulsations 
is a few per cent to 2/3 for different Ė ranges (Abdo et al. 2013 ). 
Detectability depends not only on the pulsar luminosity and its 
distance from the Earth, but also on the beaming geometry, e.g. 
the size of the beam and the viewing angle. How do we determine 
whether the stacked signal is from faint γ -ray pulses beamed towards 
the Earth from a small subset of our sample, or some unknown 
isotropic γ -ray emission emitted by all pulsars? 

We first examine the correlation between pulsar Ė and their 
TS values from the single ROI binned likelihood analysis. As 
shown in Fig. 7 , there is no obvious correlation between TS and 
pulsar Ė . Since pulsed γ -ray luminosity is generally dependent 
on Ė , the stacked signal is not dominated by just a few high Ė 
pulsars. Instead, these pulsars may have weak, unpulsed, or very 
broadly pulsed γ -ray emission that originates, for example, from the 
equatorial region around the light cylinder of the pulsar, or is more 
isotropic. 

Similarly, there is no significant difference in the parameter 
space stacking results after grouping by Ė (Fig. 8 ). The peak 
TS values in each Ė bin are very similar, and their parameter 
uncertainties o v erlap considerably. This result reinforces that the γ - 
ray emission mechanism from the three distinctive pulsar populations 
might be very similar. Given the large error bars on the luminosity 
estimation of these populations, we cannot say with any further 
certainty that this mechanism is Ė dependent or not. We defer the 
exploration of low Ė pulsar γ -ray emission mechanism to future 
study. 

Previous searches for γ -ray pulsations from pulsars (e.g. Smith 
et al. 2019 ) did not detect pulsations from a large fraction of high Ė 
pulsars. This result might be dominated by the emission geometry 
rather than their γ -ray luminosities. From our sample of pulsars, 174 
were phase-folded in Smith et al. ( 2019 ). Here, we try to correlate our 
results with the H max values introduced in Smith et al. ( 2019 ). H max 
is defined as the maximum H-test value when H-test is performed 
in six different ways (refer to section 3 in Smith et al. 2019 for 
further details). The highest H max was 1212 for J0514 −4408, which 
is a 4FGL-DR3 recorded pulsar, an indication of a significantly 
detected periodic signal. We note that 5 pulsars have H max > 25, 
including J0922 + 0638, 148 have H max < 25, and 21 did not return 
a valid H max . Again, there is no significant difference between the 

Figure 7. TS versus Ė of our sample pulsars. Pulsars without Ė measure- 
ments are plotted as green triangles on the left. 
parameter stacks of the subgroups of pulsars that were phase-folded 
or not, or resulted in high or low H max values. The stack of the five 
pulsars with H max > 25 seems to exhibit a significant peak with 
TS = 30, as shown in the bottom left panel of Fig. 8 . It is worth 
noting that the parameter space stack of two of these five pulsars 
did not converge, and the parameter space stack of J0922 + 0638 as 
shown in Fig. A1 dominates this stack. The stack for the 148 low 
H max pulsars shows a peak with TS = 120. Randomly selecting 
5 pulsars out of this list indicates a small chance ( < 2 per cent ) 
of a peak TS larger than 30. While the parameters are not well 
constrained in either case, this result seems to imply a correlation 
between the peak TS and the H max values of the pulsars being 
stacked, but with a very small number of high H max pulsars, the 
correlation is not significant. One can also search for the existence 
of weak, isotropic γ -ray emission from pulsars by examining the 
off-peak phases of detected pulsars, which is reserved for future 
study. 
5  C O N C L U S I O N S  
In this work, we examined the γ -ray emission from 362 locations 
that coincide with ATNF pulsars using Fermi -LAT data. Our sample 
ranges widely from young to old pulsars, magnetars, MSPs, and low 
Ė pulsars. 

The stacked signal from the 362 target sources exceeds that of the 
background. Using the bootstrap range as a very conserv ati ve mea- 
sure of the uncertainty indicates at least a 2.5 σ difference. Stacking 
in spectral parameter space implies a higher significance as well as a 
clear distinction between the target and background SEDs. Stacking 
the TS profiles of the candidate pulsars in spectral parameter space 
(flux and photon spectral index) indicates a pulsar-like spectrum 
assuming a cut-off energy at 823 MeV, with an index of −0 . 56 + 0 . 56 

−0 . 93 , 
which is consistent with known pulsar SEDs. The characteristic γ - 
ray flux between 300 MeV and 100 GeV flux of 1 . 70 + 1 . 41 

−0 . 68 × 10 −10 
ph cm −2 s −1 is about a factor of two lower than the Fermi -LAT point- 
source sensitivity. The stacked SED of these pulsars is also consistent 
with previous population studies. The candidate pulsar luminosities 
roughly follow the expected dependence of L γ on Ė , extrapolated to 
lo w spin-do wn po wer. 

Five of the candidate pulsars, J0038 −2501, J0922 + 0638, 
J1610 −17, J1705 −04, and J2336 −01, have TS values exceeding 
the detection threshold of 25, with J0922 + 0638 detected in 4FGL- 
DR3. Details about these five candidate detections are discussed in 
Appendix C . 
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Figure 8. Top panels: Parameter space stacking results of the three different Ė bins in Fig. 6 . Bottom left and bottom mid-left: Parameter space stacking results 
of the two sub-populations of sample pulsars that have been folded in γ -rays (left) or not (right). Bottom mid-right and bottom right: Parameter space stacking 
results of the two sub-populations of sample pulsars with H max > 25 (left) or H max < 25 (right). 
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APPEN D IX  A :  VA LIDATING  PA R A M E T E R  
SPAC E  A NALY SIS  M E T H O D  
As a proof of concept, we performed the same parameter stack 
scheme on J0922 + 0638 because it was not recorded in 4FGL, but 
was recorded in 4FGL-DR3 as 4FGL J0922.3 + 0644. DR3 gives 
a PL model of the source, with TS = 29, a PL spectral index of 
−2.65 ± 0.14, and a flux from 1 to 100 GeV of (1.19 ± 0.28) ×
10 −10 ph cm −2 s −1 , which can be converted to (8.2 ± 3.0) × 10 −10 
ph cm −2 s −1 for photons between 0.3 and 100 GeV. 

The parameter space analysis of the pulsar in the left-hand panel 
of Fig. A1 yields a peak TS = 28 with a γ -ray flux (300 MeV 
to 100 GeV) of (3 . 0 + 2 . 5 

1 . 4 ) × 10 −10 ph cm −2 s −1 , consistent with the 
catalogue value, as well as a PL index of −1 . 6 + 1 . 6 

−1 . 7 and a fixed cut-off 
energy of 823 MeV. We plotted the SED of the pulsar using the 
results of the spectral parameter space TS map, using the parameters 
from the catalogue as described in the last paragraph, and using the 
results from a standard binned likelihood analysis as tabulated in 

Figure A1. Left: TS map of PSR J0922 + 0638 (4FGL J0922.3 + 0644) in 
parameter space, following the parameter stacking analysis scheme described 
in Section 2.3 . The white X marks the peak TS value of 28 in the chosen 
region in parameter space and the black and red contours represent the 3 σ
and 5 σ away from the peak, respectively. Right: Comparison of the SED of 
J0922 + 0638 generated using the catalogue parameters (red) as described 
in text, results from the standard binned likelihood analysis as recorded 
in Table C1 (blue), and parameter stack results from the left-hand panel 
(green). The shaded areas each represent the 95 per cent uncertainty in the 
flux estimation. 

Figure B1. Cumulati ve TS v alues and uncertainties of the pulsars (blue 
line with error bars) and the corresponding control field test sources (green 
line with error bars) with the same spatial distribution, plotted against the 
minimum latitude selection. 

Table C1 (Fig. A1 ). These results are all consistent with each other 
within the uncertainties. 
APPENDI X  B:  DETERMI NATI ON  O F  LATITUDE  
C U T  
In the main text, only the 362 pulsars that are 20 ◦ away from the 
plane are used in the stacks, which was moti v ated by analysing 
the impact of different latitude cuts on the stack sensitivity. This 
appendix describes the determination of this latitude limit, which 
derived from an analysis all pulsars located 5 ◦ away from the Galactic 
plane not already detected in γ -rays. For sources within 20 ◦ of the 
Galactic plane, only those 30 ◦ away in longitude from the Galactic 
centre were analysed. A total of 726 pulsars satisfy these selection 
criteria. 

Fig. B1 shows the final cumulati ve TS v alue for the pulsars and 
control field test sources as a function of the lower latitude cut. The 
error bars on both curves are the standard deviations of the final 
cumulati ve TS v alues using the bootstrap technique described in 
Section 2.3 . The sensitivity (separation of the stacks) is best given 
a 20 ◦ or 30 ◦ latitude cut. Overall, as expected, when the latitude 
cut is low, extending the source population into the Galactic plane, 
the noise and false positive rate increase. When the latitude cut is 
higher, the noise impact is small but the number of sources decreases 
quickly. We chose the 20 ◦ latitude cut in this study to maximize both 
sensitivity and the number of possible detected pulsars. 
APPENDI X  C :  DI SCUSSI ON  O F  PULSAR  
C A N D I DAT E S  WI TH  TS  > 2 5  
As mentioned abo v e, fiv e pulsars from our sample have TS > 25, 
the usual detection threshold. To further assess the γ -ray emission 
from these locations, we found the peak TS value for each of 
these pulsars using the localize routine in FERMIPY . We also 
reoptimized the ROIs. Their optimized locations and uncertainties, 
original locations and uncertainties from the ATNF, and SEDs are 
shown in Fig. C1 . Their spectral properties obtained in this work are 
shown in Table C1 . The same analysis was performed on the two 
control field test sources that have TS > 25 and the results are also 
shown in Fig. C1 and Table C1 . One candidate, PSR J0922 + 0638, 
has now been subsequently reported in the 4FGL-DR3 as a newly 
detected γ -ray pulsar. 

PSR J0038 −2501 and PSR J1705 −04 have well-fitted parameters 
and pulsar-like SEDs. PSR J1610 −17 has a poorly fit index, and its 
cut-off energy is e xtremely low, which o v erall results in a very soft 
SED. PSR J2336 −01 has a relatively soft spectral index, a largely 
unconstrained cut-off energy, and its SED is slightly more consistent 
with a simple PL spectrum rather than a PLEC shape. The curvature 
significance of each source is quantified by the TS curv value included 
in Table C1 . 

We also examined the individual map for these five pulsars. 
J0922, J0038, and J1705 all have relatively good individual maps 
in parameter space. The other two, J1610 and J2336, have upper- 
limit/background-like maps in parameter space. 

Overall, PSR J1705 −04 is potentially a good candidate for follow- 
up study to see whether its γ -ray flux can be confirmed to be 
associated with the pulsar. PSR J0038 −2501 has a TS value as 
high as 55 before localization and reoptimization; the TS value 
is 33 after localization and reoptimization. It is only 0.04 ◦ away 
from 4FGL J0038.2 −2459, a γ -ray-detected flat spectrum radio 
quasar, making it hard to distinguish the signal from the two 
sources. PSR J2336 −01 and PSR J1610 −17 seem more likely to be 
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Figure C1. SEDs and TS maps of target pulsars and control field test sources with TS > 25. Fluxes with error bars are shown in each energy bin with TS > 4, 
and the rest are shown with 95 per cent upper limits. We also plot the best-fitting PLEC (black solid line) spectral models from the likelihood analysis o v er the 
full energy range along with the uncertainties (grey shaded area), with the parameters given in Table C1 . The red + and ellipse represent the radio position and 
uncertainty of each pulsar; the white x and ellipse indicate the optimal γ -ray location and 95 per cent uncertainty. 
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Figure C1. Continued. 
spurious or due to flux from an unassociated source near the line of 
sight given their soft and/or lo w-curv ature SEDs. Additionally, PSR 
J2336 −01 is within 1 ◦ of three flat-spectrum radio quasars (FSRQs) 
in the catalogue: 4FGL J2335.4 −0128, 4FGL J2338.0 −0230, and 
4FGL J2333.4 −0133. Ho we ver, the likelihood analysis pipeline 
could separate these signals. While phase-folded pulse detection 
is needed to confirm the pulsar nature of these candidates, at- 
tempting to establish γ -ray timing solutions is reserved for future 
work. 

Two of these five pulsars have Ė measurements. Their efficiencies, 
L γ / ̇E = 53 and 334, respectiv ely, are e xtraordinarily large. These 

extremely high over-unity efficiencies could be an indicator that these 
γ -rays do not originate from the pulsars. Ho we ver, like all the other 
sample pulsars, the distances of these two are largely uncertain, a 
factor that impacts the estimated luminosity greatly . Additionally , 
both of these pulsars have Ė much lower than the death line value of 
10 33 erg s −1 . Given the limited understanding of pulsar behaviours 
in this re gime, the y also could possibly hav e f & values very different 
from unity due to different emission geometries. 

It might be worth noting that, another pulsar in our list, 
J1455 −3330, which has slightly higher, yet still undetected signals 
(10 < TS < 25), is also now present in the 4FGL-DR3 catalogue. 
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For completeness, we note that there are also two TS > 25 control 
field test sources found in our library. Performing a similar analysis 
on them resulted in poorly localized positions and uncertain spectral 
parameters. The fitting results did not converge for the control field 
labelled as CF970. CF8, while seemingly well localized and with 
a pulsar-like SED, has a suspiciously low index uncertainty, which 
usually indicates a poor fit. Thus, we consider this control field 
detection to be spurious as well. 
APPENDIX  D :  STACKING  RESULTS  F RO M  1 0 0  
MEV  
Recent work has revealed that due to the worse resolution and con- 
tamination from the backgrounds, parameter stacking that includes 
photons below 300 MeV may introduce a spurious population of 
extremely soft sources (Paliya et al. 2020 ). Here, we test this claim 
by comparing the stacking analysis results using the 300 MeV to 100 
GeV data to those using the 100 MeV to 100 GeV data following the 
same prescription outlined in Section 2 . In Fig. D1 , we plot the TS 100 
(TS value of a source obtained using data between 100 MeV and 100 
GeV) distribution and the cumulative TS 100 distribution of both the 
pulsar ROIs and control field ROIs. While the stacked pulsar signal 
still persists when examining the cumulative TS 100 distributions, the 
difference from the control stack is less significant and the standard 
deviation of the mean final cumulative TS value is larger. 

We also investigated the 100 MeV to 100 GeV pulsar and control 
field ROIs using the parameter space stacking technique. Only 315 
of the pulsar ROIs converged at all points in parameter space using 
this method. In Fig. D1 , we show the parameter stacking results 
of these 315 pulsar and control field ROIs that converged between 
100 MeV and 100 GeV. The control field stack is again performed 
by randomly choosing 315 fields out of the 540, repeating this 
1000 times, and averaging. The parameter space stacking of pulsars 
shows no significant difference from the results using 300 MeV to 
100 GeV data in Fig. 3 . The control field stacking results still have 
a softer spectral index than the pulsars, though slightly harder than 
the stack results between 300 MeV and 100 GeV. The average flux 
is also higher, enough to breach the detection threshold of Fermi and 
contribute significant spurious signal. 

Overall, stacking the control fields from 100 MeV does seem 
to capture the noise/background contamination in the low energy 
range. Hence, we recommend using the higher energy range, due 
to the following additional considerations: (1) In our analysis, 
we used a curved PLEC spectrum for our sources instead of a 
simple PL. A larger systematic effect could occur for PL sources. 
(2) Abo v e 300 MeV, the impro v ed resolution of Fermi -LAT can 
greatly aid in localizing faint signals and in making less ambiguous 
source associations. (3) We also saw a decrease in the control field 
background signal when excluding the lower energies. 
APPENDIX  E:  THREE-DIMENSIONAL  
P  ARA M ETER  SP  A  C E  STA  C K  
With three parameters ( prefactor , index1 , and cutoff en- 
ergy) for PLEC fitting, a complete parameter space stack could 
include, in addition to the flux and index, the cut-off energy. It is 
a feature of the known population of γ -ray pulsars that the cut-off 
energies lie within a very small range, which is 1.7 GeV for MSPs, 
and 0.9 GeV for radio-loud γ -ray pulsars (Abdollahi et al. 2022 ). It 
is therefore reasonable to set the cut-off energy to a fixed value in 
our methods. 
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Figure D1. Top left: TS 100 values of target pulsars using data from 100 MeV to 100 GeV. Middle left: TS values of control field test sources from analysis 
with 100 MeV to 100 GeV data. The orange histogram represents the χ2 /2 distribution for 2 degrees of freedom. The red dashed vertical line represents TS 
= 25, the presumed detection threshold. Right: Cumulative TS 100 values of the target pulsars (blue) and control field test sources (green). The light blue curves 
represent stacks after one random reordering of the TS distribution of the pulsars. The light green shaded areas represent uncertainties of the stack for control 
fields estimated from bootstrap resampling of the stacks. Bottom left: Parameter space stack of 315 pulsars. The white X marks the optimal parameters with the 
largest TS value of 397, and the contour shows the 5 σ range. Bottom right: Parameter stack of 315 control fields. 

To further test the dependence on cut-off energy, we calculated 
the same parameter stack using data from 300 MeV to 100 GeV at 
4 different cut-off energies with a sample selection of 138 pulsars 
from the target list. The results for cut-off energies of 655, 823, 
1034, and 1300 MeV are shown in Fig. E1 . There is a slight 
softening of the spectrum with increasing cut-off energy, which is 
consistent with the trends for 4FGL pulsars and the analytical relation 

between the two quantities deri v able directly from the PLEC model. 
Ho we ver, the 5 σ range is large compared with the trend, and the 
peak TS value does not heavily depend on the choice of the cut-off 
energy. We therefore chose to fix the cut-off energy at the median 
value of all the PLEC 4FGL pulsars for the analysis presented 
in Section 3.1 , which also conveniently reduces the degrees of 
freedom. 
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Figure E1. Parameter space stacking of 138 randomly sampled pulsar ROIs with 4 different cut-off energies of 655, 823, 1034, and 1300 MeV, from top left to 
top right to bottom left to bottom right, respectively. 
This paper has been typeset from a T E X/L A T E X file prepared by the author. 
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