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In this work, we investigate the potential of gamma-ray pulsar time array (PTA) on gravitational
wave background (GWB) using future gamma-ray detectors with larger effective areas. We consider
both spaceborne detectors and ground-based imaging air Cherenkov telescope arrays (IACTs). We
simulated the detected photons from pulsars using the response of hypothetical detectors taking into
account the backgrounds and analyzed the sensitivities. Our results showed that thanks to the higher
statistics of IACTs, the PTA using IACTs can improve significantly the performance compared with the
PTA using Fermi-LAT data.
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I. INTRODUCTION

Pulsars are ideal cosmic laboratories for their excellent
periodicity. The pulsar timing array (PTA) is the only
method so far to detect the low-frequency gravitational
waves (GWs) in nHz [1]. The GWs can be detected using
ensembles of millisecond pulsars (MSPs) known as pulsar
timing arrays (PTAs). PTAs monitor the arrival times of
steady pulses from each pulsar, which are affected by
spacetime perturbations and may arrive earlier or later
than expected. For observations taken on Earth, the low-
frequency GWs are expected to produce a signature
quadrupolar pattern of the TOAs of the photons that
come from the pulsar, known as the Hellings-Downs
correlation [2].
Low-frequency GWs have many origins, and they can

provide a wealth of information about the Universe.
Supermassive black hole (SMBH) binaries are expected
to emit GWs, and the superposition of GWs from many
SMBH binaries throughout the Universe is predicted to
build up a GW background (GWB). GWs from inflation
would help describe the Universe at its earliest moments [3]
and are also an important way to test cosmology theories.
Cosmic strings are theorized topological defects produced
by phase transitions in the early Universe, vibrating and
losing energy via gravitational wave emission over the
history of the universe [4]. If cosmic strings exist, they will

create a stochastic GWB, and the observation of such kind
of GWB would bring confirmation of physics beyond the
Standard Model [5]. As mentioned above, since many
processes can produce GW signals, the information derived
from stochastic GWB would provide significant informa-
tion about astrophysical processes over the history of the
Universe [6].
Recently, the Fermi-LAT Collaboration has performed

for the first time the study of gravitational wave back-
ground using PTA observed in gamma-ray band [7],
which demonstrates the great potential to study the
GWB. Gamma PTA has many advantages compared
with the traditional ratio PTAs. For example, a main
noise source for radio PTAs is the effect of radio
propagation through plasma, including the solar wind
and the ionized interstellar medium (IISM). These effects
are time dependent and introduce noises similar to the
GW signals. On the other hand, the effects of the IISM
and solar wind can be ignored for gamma-ray photons. In
this regard, gamma PTA has smaller noise and much
easier data analysis.
But gamma PTA also suffers from poor angular reso-

lution and limited exposure of the current instrument. In
this letter, we investigated the potential improvement of
gamma PTA [8] by future detectors. We considered two
types of instruments. One is future spaceborne telescopes
(FSTs) like Fermi-LATwith a larger effective area, and the
other is Image Air Cherenkov Telescopes (IACTs); these
ground-based telescopes has a much larger effective area
with high-time accuracy.*yangrz@ustc.edu.cn
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Our work follows this structure. We described the
method we used to simulate the observation of pulsars
using the hypothetical instruments in session 2, we ana-
lyzed the simulated data and investigated the sensitivities of
gamma PTA with future instruments in session 3, and the
last session is the conclusion.

II. SIMULATED DATA BASED ON FUTURE
DETECTORS

In Fermi-LAT gamma PTA, pulsar PSR J1231-1411
gave the best constraint of the photon-by-photon method,
so we used this object in the following simulation as an
example.
In the simulation, two different types of detectors are

considered. Firstly we consider FSTs similar to Fermi-LAT
but with 10 times more effective area. Another type is low
threshold IACTs. In this work, we adopt 5@5 as an
example of such kind of detector. 5@5 is a large
ground-based Cherenkov telescope array planned for the
mountains of the Atacama Desert in northern Chile. Due to
its low energy threshold, it shows great potential for pulsar
research. In this paper, we used the response of 5@5 to
perform the simulation. In the analysis we did not consider
the true geometrical location of the arrays, instead, we just
assumed a 100-hour exposure of the pulsar with the fiducial
telescope response. We admit that the true instrument
response will depend on the site location as well as the
source declination, but for a single pulsar, it is easy to find
100 hours of observation times every year with reasonable
declination. Thus in the work, we use a uniform instru-
mental response for IACTs for simplicity. The telescope’s

effective area can be described as Aharonian et al. [9]
calculated,

Aeff ¼ 8.5E5.2½1þ ðE=5 GeVÞ4.7�−1m2; ð1Þ

and the point-speared function (PSF) of 5@5 can be
described as

ϕ ¼ 0.8ðE=1 GeVÞ−0.4 degree; ð2Þ

by integrating with the spectrum of the pulsar, we can
derive the expected photon number of the IACTs. Figure 1
shows the result of the photon number by Fermi-LAT and
5@5 which makes an observation for 100 h per year in
12.5 years. We found that the ground-based telescope has a
good performance in collecting photons, due to their large
effective area. For J1231-1411, we made a conservative
estimate to observe it 100 h per year, the photon number
IACT can collect is 30 times more than that from Fermi-
LAT in the same time span. We note that a significant
disadvantage of IACTs is the much smaller FOVand lower
duty cycles. Fermi-LAT results showed that the combined
likelihood of more than 20 pulsars can further improve the
sensitivity by a factor of two. In this regard, IACTs cannot
compete because of the limited sky coverage. But thanks to
the advantage of photo sensors, the next generation IACTs
can also operate on the night with moon [10], thus the
observation time every year can be increased to nearly
2000 hours. Thus, it would be easy to observe more than 10
pulsars every year with an exposure of about 100 hours
each, which will also allow us to perform the joint like-
lihood analysis.

FIG. 1. The number of effective photons of 35 Fermi-LAT pulsars [7] measured in 12.5 years, compared with the expected number of
photons by 5@5 observation 100 h=yr in 12.5 years, at the energy from 1 GeV to 10 Gev.
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For Fermi-LAT, the gamma-ray data are recorded in
terms of energy Ei, spatial position ri, and arrival time ti for
the ith photon. So in simulations for photons detected by
hypothetical detectors, we also sample these quantities. The
energy for photon from a pulsar can be described by the
parametrized function PLSuperExpCutoff4 used by Fermi-
LAT [11],
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each parameter can be queried in the catalog provided by
Fermi-LAT. We first sample the energy of the photons by
using this distribution. For the spatial position, we chose a
circle of 3° radius around the pulsar as Fermi-LAT PTA and
then sampled the position of the detected photon by taking
into account the point spread function (PSF) of the detector,
as well as the flux from both pulsar and a flat background.
Note that the PSF is always energy dependent.
Due to the high, sometimes even dominating back-

grounds in gamma-ray astronomy, it is always difficult
to recognize whether the photon comes from the pulsar
itself or from backgrounds. The background in Fermi-LAT
(and other space-borne detectors) is mainly the diffuse
Galactic gamma-ray background (DGE). In Fermi LAT it is
described in the standard background file gll_iem_v07.fits
[12]. It is taken into account in the data analysis in Fermi
PTA to calculate the weight of photons. As in gamma PTA,
weight is given to each photon to show the possibility of
whether the photon comes from a pulsar or not.
In IACTs, however, in addition to the DGE, there

are unavoidable contaminations from cosmic ray (CR)
proton and electrons which are also observed by IACTs.
In the energy range we are interested in this work
(1–10 GeV), the CR electrons cannot be detected by
IACTs due to the geomagnetic cutoff effects. As calculated
in [13], the background from CR protons can also be
neglected in this energy range due to a much lower trigger
rate at low energy. In this case, the dominating background
in IACTs would also be DGE, and the analysis for IACTs
would be identical to that of Fermi-LAT and FSTs.
However, we cannot exclude the possibility that

IACT could induce further CR backgrounds due to
different configurations to that used in [13]. As a
conservative check, in this work we estimated the CR
proton background based on the results in Aharonian et al.
[9], the background for 1–10 GeV gamma-rays mainly
comes from the protons with energy 10–100 GeV, consid-
ering also a gamma=p separation power of about 1=10, the
flux of background from CR protons can be written as
Fbkg¼2×10−7 ðE=1GeVÞ−2.7MeV−1sr−1cm−2 s−1, which
is at least one order of magnitude larger than the DGE
in the plane at the same energy range. As a result, we
consider only the background induced by CR protons in the

calculation for IACTs. We also assume it is uniformly
distributed spatially due to the homogeneity of CR proton
arriving directions. In addition to the primary electron and
CRs, the secondary electrons produced in the primary CR
interaction with the atmosphere can be another background.
But these secondary electrons should be part of the
hadronic shower induced by primary CR protons, which
is already included in the proton background and gamma=p
separation procedure discussed above.
The arrival time of each photon can be translated into the

phase by the PINT software [14], by accumulation, we can
get the pulse profile. And the profile can be described by
the superposition of several Gaussian distributions, which
is called the template function. In our simulation, we used
the profile folded by Fermi-LAT Observation data in
12.5 years. The sampling of the arrival time of a photon
consists of two parts, integer multiples of the period of the
pulsar and the phase (time) conforming to the pulsar’s pulse
profile, which is described of template functions for PSR
J1231-1411 derived in Fermi PTAs [7].
The last step of simulating is to calculate the weight of

each photon. We calculated the predicted photon flux from
the pulsar by convolving the flux of the pulsar with the PSF
at each position, as well as the flux from the background.
We calculated the weight of each photon by dividing the
photon flux from the pulsar by the total photon flux (pulsar
plus background) at each position.
Through the above steps, we simulated the energy, time

(phase), position, and the weight information of each
incident photon, we used them in the analysis using gamma
PTA pipelines.

III. GAMMA PTA DATA ANALYSIS

The log-likelihood function of a single pulsar is given by
unbinned (photon-by-photon) method [7],

logL ¼
X
i

log ½wifðϕiÞ þ ð1 − wiÞ�

− 0.5βTC−1
tn β −

1

2
logðjCtnjÞ; ð4Þ

where ϕ is the phase of an individual pulsar, and fðϕÞ is
the profile of ϕ, which is defined by a sum over one
(or many) Gaussian distributions gðϕ; μ; σÞ with the
mean μ and the variance σ, and each photon is assigned
a weight which characterizes its probability of originating
from the pulsar or background as described earlier. The
second part represents a Gaussian noise process of Fourier
amplitudes β,

Ltn ∝
1ffiffiffiffiffiffiffiffiffijCtnj

p exp

�
−
1

2
βTC−1

tn β

�
: ð5Þ

To compare these results with radio PTA, we assumed
that both IACTs and FSTs will start observation in 2035
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when such large instruments are likely to be put into
operation. Then we calculated the sensitivities with obser-
vation duration.We considered the constraints for the single
source PSR J1231-1411, which gave the best constraints for
Fermi-LAT. For IACTs, we calculated both the sensitivities
with and without the hypothetical CR background, assumed
an effective exposure time of 100hours every year.We found
the IACTs we considered here have a sensitivity signifi-
cantly better than FSTs, even though we have assumed that
the FSTs have a 10 times larger effective area than Fermi-
LAT, which is nearly unrealistic. The gamma PTA with
IACTs can surpass the Fermi-LAT sensitivities within a
decade or so after the operation. We also compared these
results with the recent NANOGrav 15-year dataset result,
which gave evidence of GWB with the amplitude of
2.6 × 10−15 at a reference frequency of 1 yr−1 [15] (which
is also confirmed by other radio PTAs [16–18]). The Square
Kilometre Array (SKA) can greatly enhance pulsar timing
precision by its unprecedented collecting area and band-
width, and the expected levels to be reached by the SKA is
about 10−16–10−17 at a reference frequency of 1 yr−1 [19].
These results are shown in Fig. 2.
For ideal PTA, the signal-to-noise ratio grows propor-

tionally to A2
gwb × tΓobs [20]. So as Γ ¼ 13=3 for SMBH

generated GWB [21], the relation of Agwb with the

observation time length tobs will be Agwb ∝ t−13=6obs , here
the dimensionless strain amplitude Agwb incorporates the
growth, masses, and merger rates of SMBHs, and the Γ is
the spectral index of spectrum of GWBs power spectral

densities. We calculated the Fermi LAT upper limit on Agwb

with different tobs using the real Fermi-LAT data and the
results are shown in Fig. 3. We also calculated the
sensitivity with time using IACTs, assuming an exposure
of 100 hours per year. The results are shown in Fig. 4. We
can see that the sensitivity gradually gets closer to the
expectation for both Fermi-LAT and IACTs with the
increase of observation time. In order to consider the level
of how the background of IACTs influences the sensitivity

FIG. 2. Constraints on the GWB from radio and gamma-ray PTAs, the radio PTA data is from Fermi-LAT [7]. Assuming that both
IACTs and FSTs start observation in 2035 (note that the data points before 2045 are above the Agwb range shown in this figure due to the
steep rise of the sensitivity curve), the points in the right half show the results for about 7.5-year and 12.5-year observations of J1231-
1411. The solid line shows the Fermi-LAT result, in which the sensitivity is proportional to t−13=6obs . The dot-dash line shows the results of
IACTs with and without background as Fig. 4. The green line shows the level at which SKA can be reached when it goes into operation
in 2028. The orange star is the NANOGrav 15-year dataset result.

FIG. 3. Changing in Agwb limit for J1231-1411 with increased
observation time using Fermi-LAT data. The dashed line repre-
sents the relationship that Agwb is proportional to t−13=6obs .
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of GWB analysis, we also simulated data with different
background levels, as Fig. 5 shows. From our calculated
results, we found that the influence is relatively small when
the background contributes less than 80% of the total
photons since the photons that come from the background
have lower weight, which seldom affects the pulsars
profile. While at higher rates, it weakens the sensitivity
sharply, this may be due to the profile of the pulsar being
broken by the background. In very high background ratios
(> 95%), even fitting the profile of the pulsar is failed. So it

is still necessary to lower the background photon’s effect
in ground-based observation. A possible way is using a
small exposure window near the center of the pulsar. In our
current work, we used 3° region, a smaller exposure
window can improve the performance of sensitivity.
Considering the PSF of about 1° for IACTs in this energy
range, such improvement is feasible.

IV. DISCUSSION

In this paper, we extended the gamma PTA analytical
method of GWB used by Fermi-LAT to simulate future
gamma-ray detectors’ capability on gamma PTA. Both
IACTs and FSTs can lift the statistics significantly. IACTs
would potentially induce extra CR backgrounds, which
could limit the sensitivity to GWB. We took the extra
background into account and found that, in our
conservative estimation of CR backgrounds, the IACTs
still gave a much better sensitivity due to their over-
whelming effective area.
Meanwhile, the sensitivity of gamma PTA is still limited,

and there is still a gap with the result of radio PTA. This is
not only due to the limitation of existing instruments but
also on account of the short time length of gamma PTA
observations. The sensitivity of gamma PTA is hard to
compare with radio PTA in the short term, but as we had
discussed in this letter, gamma PTA shows great potential
to match radio PTA in a decade, especially with future
detectors. Beyond that, due to the much easier data
reduction procedure and less impact from ISM plasma
for gamma PTA, we believe that the cross-check from
multiwavelength observation is also necessary and impor-
tant to limit the GWB and other physical progress.
Looking ahead, large gamma-ray instruments have been

planned or are already under construction, such as VLAST
[22] and Chrenkov Telescope Array (CTA) [23]. There is
also a plan to build IACTs on the site of the Large High
Altitude Air Shower Observatory (LHAASO) [24,25]. But
for low threshold IACTs the LHAASO site may be not
good enough because of the limited weather conditions,
other better sites for optical astronomy, such as Lenghu [26]
are more suitable for such an instrument. The gamma PTA
is a supplementation and cross-checking tool for radio
PTA. With the continued development of new detection
tools, we expect further progress in understanding these
elusive phenomena.
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FIG. 4. Changing in Agwb limit for J1231-1411 by simulated
data of the IACTs with and without backgrounds. The dashed line
represents the relationship that Agwb is proportional to t−13=6obs .

FIG. 5. The influence of Agwb by different background levels.
The sensitivity has been induced sharply in high-background
ratios, which may be due to the profile of the pulsar being
affected. The 3° is the radius of the exposure window used in
Fermi-LAT gamma PTA and this work.
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