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The GeV-scale gamma-ray excess observed from the region surrounding the Galactic Center has been
interpreted as either the products of annihilating dark matter particles, or as the emission from a large
population of faint and centrally located millisecond pulsars. If pulsars are responsible for this signal, then
they should also produce detectable levels of TeV-scale emission. In this study, we employ a template-
based analysis of simulated data in an effort to assess the ability of the Cherenkov Telescope Array to detect
or constrain the presence of this emission, providing a new and powerful means of testing whether
millisecond pulsars are responsible for the observed excess. We find that after even a relatively brief
observation of the inner galaxy, the Cherenkov Telescope Array will be able to definitively detect this TeV-

scale emission, or rule out pulsars as the source of the Galactic Center gamma-ray excess.
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I. INTRODUCTION

An excess of GeV-scale gamma rays from the region
surrounding the Galactic Center has been identified in the
publicly available data collected by the Fermi Gamma-Ray
Space Telescope [1-3]. The spectral shape, morphology,
and intensity of this emission are each consistent with
arising from the annihilation of dark matter particles. More
specifically, the characteristics of this signal match those
predicted from a my ~ 50 GeV dark matter particle with an
annihilation cross section of ov ~ (1-2) x 10726 cm?/s,
which is distributed slightly more steeply around the
Galactic Center than described by the canonical Navarro-
Frenk-White profile, p o« 7~!> [4-9]. The possibility that
Fermi could be detecting dark matter annihilation products
has generated a great deal of interest (see, for example,
Refs. [10-20]).

The leading alternative explanation for this excess is that it
is instead generated by a large population of unresolved
millisecond pulsars [2,21-28]. This possibility is motivated
in large part by the fact that pulsars are the only known class
of astrophysical objects that produce a gamma-ray spectrum
with a shape that is similar to that of the Galactic Center
gamma-ray excess. As the stellar population of the Galactic
bulge consists predominantly of old stars, we expect rela-
tively few young or middle-aged pulsars to be found in the
inner Galaxy. In contract, pulsars with millisecond-scale
periods (known as millisecond pulsars, or recycled pulsars)
can remain bright for billions of years, and could plausibly be
more abundant in this region of the Galaxy.
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The hypothesis that millisecond pulsars produce the
observed gamma-ray excess was elevated substantially in
2015, when two independent groups claimed to have
identified evidence that the photons constituting this excess
are spatially clustered [29,30]. Furthermore, it was claimed
in Refs. [31-34] that this excess is not distributed with
spherical symmetry around the Galactic Center (as would
be expected from dark matter), but is instead correlated
with the distribution of stars that make up the Galactic
bulge and bar. If true, these results would have significantly
favored the conclusion that the excess originates from a
population of near-threshold astrophysical point sources,
rather than from annihilating dark matter.

The conclusions described in the previous paragraph
have been strongly challenged in recent years (for a
summary, see Ref. [35]). In particular, the small scale
power identified in Ref. [29] was shown in Refs. [36-38] to
be an artifact of insufficiently understood backgrounds,
causing smooth signals to be mischaracterized as clumpy.
Furthermore, the evidence for unresolved point sources
claimed in Ref. [30] was found to disappear when the point
source catalog was updated [39]. Even more recently, it was
shown in Refs. [8,9] that the angular distribution of the
excess emission is best fit by a spherical and dark-matter-
like morphology and does not significantly correlate with
any known stellar populations; the Fermi data prefers
the excess to have a bulgelike morphology only when
the background model provides a poor fit to the overall
dataset [40]. To the best of our ability to measure, the
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gamma-ray excess appears to be both smooth, and distrib-
uted with spherical symmetry around the Galactic Center.
Furthermore, Fermi data has been used to place strong
constraints on the luminosity function of any point source
population that might be responsible for this signal
[39,41,42], posing a significant challenge for millisecond
pulsar interpretations of the gamma-ray excess.

None of the results described above preclude the
possibility that the gamma-ray excess could be produced
by a large population of very faint millisecond pulsars,
distributed with approximate spherical symmetry around
the Galactic Center. If this is the case, however, there are
accompanying signals that should be present in the GeV
[41,42], radio [43], and x-ray [44] bands. Such signals
could be used to potentially constrain or confirm the
hypothesis that millisecond pulsars generate the gamma-
ray excess. Furthermore, observations by the High Altitude
Water Cherenkov (HAWC) Observatory and the Large
High Altitude Air Shower Observatory (LHAASO) have
shown that young and middle-aged pulsars are typically
surrounded by bright, spatially extended, multi-TeV emitting
regions known as “TeV halos” [45—48]. Even more recently,
it has been shown (at the 99% CL) that millisecond
pulsars also generate TeV halos [49]. If this result is robustly
confirmed, it will be possible to use ground-based gamma-
ray telescopes, such as the Cherenkov Telescope Array
(CTA), to search for the TeV-scale emission from any
millisecond pulsars that might be present near the
Galactic Center. Such a measurement would provide an
independent—and potentially definitive—measurement of
our inner Galaxy’s millisecond pulsar population [50].

In this paper, we perform a template-based analysis of
simulated data to assess the ability of the CTA to identify
and measure the very high-energy gamma-ray emission
from a population of millisecond pulsars that are located in
the region surrounding the Galactic Center. When the
intensity of this emission is normalized to the measure-
ments of other pulsars by HAWC and LHAASO, we find
that if the Galactic Center gamma-ray excess originates
from pulsars, then this source population should produce
the dominant contribution to the TeV-scale emission from
the inner Galaxy. Such a signal would be easily detectable
by the CTA, even after a relatively short observation of this
region. We conclude that the CTA will either be able to
clearly identify the TeV halo emission associated with such
a pulsar population, or rule out the hypothesis that the
Galactic Center gamma-ray excess originates from milli-
second pulsars.

II. GAMMA-RAY EMISSION FROM TeV HALOS
AROUND MILLISECOND PULSARS

In 2017, observations by the HAWC Observatory
identified bright, multi-TeV emission from the regions
surrounding the nearby Geminga and Monogem pulsars
[51-53] (for earlier observations by Milagro, see Ref. [54]).
It has since been found that similar TeV halos are present
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FIG. 1. The fraction of the instantaneous electron energy loss

rate that goes into inverse Compton scattering (as opposed to
synchrotron) in our “max” and “min” models for the inner
Galaxy’s radiation and magnetic fields.

around most, if not all, young and middle-aged pulsars
[46,47,55]. This emission is produced through the inverse
Compton scattering of very high-energy electrons and
positrons, and the intensity of the observed emission
implies that O(10%) of the pulsars’ total energy budget
(i.e., spindown power) goes into the acceleration of such
particles [45,55]. Applying these characteristics to the
larger population of pulsars, one expects TeV halos to
dominate the Milky Way’s diffuse gamma-ray emission at
TeV-scale energies [56], and to contribute significantly to
the isotropic gamma ray background [57].

Until recently, it was not clear whether or not pulsars
with millisecond-scale periods are also surrounded by TeV
halos. Based on theoretical considerations, it was generally
expected that millisecond pulsars should produce TeV-scale
emission in their magnetospheres, at a level similar to that
which takes place among young and middle-aged pulsars
[58—60]. On the other hand, young and middle-aged pulsars
are thought to accelerate TeV-scale electrons as they reach
the termination shock, and it is not clear to what extent this
might occur within millisecond pulsars [61,62]. Some light
was shed on these questions recently, when an analysis of
publicly available HAWC data demonstrated that millisec-
ond pulsars also generate TeV emission, with an efficiency
similar to that of young and middle-aged pulsars [49] (see
also Ref. [50]). More specifically, that study considered 37
nearby and high-spindown power millisecond pulsars,
finding (at the 99% confidence level) that these sources
produce TeV-scale emission with a luminosity proportional
to their spindown power. Furthermore, the efficiency of
this emission was constrained to lie between 39-108% of
that measured for the TeV halo associated with the middle-
aged pulsar, Geminga. Future observations by telescopes
including HAWC, LHAASO, and CTA should be able to
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FIG. 2. The spatial templates used in our analysis, as evaluated at 0.1 TeV. In the top row, these templates correspond (from left to
right) to the emission from pion production, inverse Compton scattering, and bremsstrahlung, as generated using the publicly available
code GALPROP [72,73]. In the bottom row, we show the templates associated with the Fermi bubbles [69], the point sources described
by the Fermi 4FGL-DR2 catalog [68], and for the emission from the TeV halos associated with millisecond pulsars. The scale is
logarithmic, and the brightest point in each frame is normalized to unity. Note that the region of interest used in our analysis is a 3° radius

circle centered at the location of the Galactic Center.

confirm and further refine this conclusion, potentially
confirming that millisecond pulsars have TeV halos, and
also measuring the spectra, intensity, and morphology of
these sources.

In calculating the gamma-ray emission from TeV halos,
we adopt the following parametrization for the spectrum of
the injected electrons and positrons:

dNe — E_ae_Ee/Ecul
dE, ¢

(1)

where observations indicate that @ ~ 1.5-1.9 and E ., ~
30-100 TeV for typical TeV halos. These particles
lose energy through both inverse Compton scattering
and synchrotron processes, producing emission in the
gamma-ray and radio bands, respectively [63]. These
processes lead to the following energy loss rate:

dEe_Zﬂ S(E)ﬂ2+f E.\?
t - i 35Tui i\te m, 30Tumag m ’

= b(E, )(Tb;v)z

where o7 is the Thomson cross section and

4 u
b~1.02x 101 Tev M §(E) i )
. ¢ /S<Z:eV/cm3 4 e>+eV/cm3

(2)

The sum in these expressions is carried out over the
relevant components of the radiation field. In our analysis,
we adopt a three component radiation model, consisting of
the cosmic microwave background, infrared emission,
and starlight. We treat the spectra of these radiation
components as blackbodies with temperatures given by
Tems = 2.7 K, Tig =20 K, and Ty, = 5000 K. In nor-
malizing the infrared and starlight components, we adopt
two models, with energy densities equal to pr =pgar =
3eV/cm? (“max”) and pig = pyar =0.6eV/cm? (“min”).
For the energy density of the magnetic field, we adopt
Umag = 0.224 €V/ cm?® (corresponding to B = 3 pG) and
Umag = 2.5 €V/cm?(B = 10 pG) in the max and min
models, respectively.'

'Note that our “max” and “min” models for the radiation and
magnetic fields are defined such that they maximize or minimize
the resulting gamma-ray emission, respectively.
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The gamma-ray spectra of the various components of our background model, and from the TeV halos associated with

millisecond pulsars in the inner Galaxy, averaged over a 3° (left) or 0.5° (right) radius circle centered around the Galactic Center. For
each of the three components of the Galactic diffuse emission (pion decay, inverse Compton scattering, and bremsstrahlung), we adopt
the default GALPROP parameters as described in the text. In calculating the emission associated with TeV halos, we have assumed that
the entire Galactic Center gamma-ray excess is generated by millisecond pulsars, and have adopted a = 1.5, E, = 30 TeV, n = 0.1,
(ngev) = 0.12, fpeam = 0.5, and the “min” model for the radiation and magnetic fields. For comparison, we also show the spectra
associated with the Fermi Bubbles [69], the extragalactic gamma-ray background (EGB) [70], and the point sources contained within the
Fermi 4FGL-DR?2 catalog [68]. If the gamma-ray excess is generated by millisecond pulsars, then their TeV halos should dominate the

TeV-scale emission from the inner Galaxy.

At very high energies, inverse Compton scattering takes
places in the Klein-Nishina regime, leading to approxi-
mately the following degree of suppression [64]:

45m2 64> T?

S(E,)) ~ .
(Ee) ™ Gsme 6 T2) 1 (B2 i)

(3)

The instantaneous spectrum of inverse Compton emis-
sion from an electron of energy, E,, is given by

dN. dn
—yE,E /
a (B o [ 0@

where dn/de is the spectrum of the target radiation, and the
differential cross section is given by [65]

dojcs
dEy

(e, E,, E,)de, (4)

2
o 30'Tme

) = 14 (555) + (a)
~(pi=3) - G )
- (/3(12i z>> 1“<ﬂ(1z_ Z)>]’

where z=E,/E, and = 4¢E,/m2.

Since we are interested in the steady state inverse
Compton emission produced from the inner Galaxy’s
millisecond pulsar population, we can integrate the

docs
dEy

(5)

spectrum described by Eq. (4) over the lifetime of an
electron to obtain the total emission from a single injected
electron. In performing this calculation, we take into
account the energy that is lost to synchrotron, as shown
in Fig. 1. We then integrate this result over the spectrum of
injected electrons, as parametrized in Eq. (1), to obtain the
spectrum of inverse Compton emission that is generated per
unit energy injected from millisecond pulsars in the form of
very high-energy electrons and positrons.

From this spectrum of the inverse Compton emission
per unit of leptonic power, dN, /dE,dL,, we can calculate
the spectrum and angular distribution of the gamma-ray
emission from the inner Galaxy’s millisecond pulsar
population:

dN’(E Ag)—l// ANy (r)dldQ
dE, """ T ax Jao JoodE L, MSP S

The integrals in this expression are performed over a given
angular bin, AQ, and over the line of sight, los. The
quantity, E, is the average spindown power per millisecond
pulsar, and 7 is the average fraction of the spindown power
that goes into the production of electrons and positrons with
E, > 100 GeV. For the spatial distribution of millisecond
pulsars, we adopt nygp  r~>*, where r is the distance
from the Galactic Center. This profile was selected because
it provides provides a good fit to the observed morphology
of the Galactic Center gamma-ray excess [4-9].

(6)
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FIG.4. The gamma-ray spectrum from the TeV halos associated with millisecond pulsars in the inner Galaxy, averaged over a 3° (left)
or 0.5° (right) radius circle centered around the Galactic Center, for eight different combinations of parameters. We continue in this
figure to assume that the entire Galactic Center gamma-ray excess is generated by millisecond pulsars, but adopt either o = 1.5 (top
frames) or @ = 2.0 (bottom frames). In each frame, we show results for E_,; = 30 or 100 TeV, and using our “min” or “max’” model for
the radiation and magnetic fields. As before, we have adopted n = 0.1, (ngey) = 0.12, fream = 0.5, and the spectra shown are as
averaged over a 3° (left) or 0.5° (right) radius circle centered around the Galactic Center.
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FIG. 5. The 68% containment radius (left) and effective area (right) of the CTA as a function of gamma-ray energy [67].
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FIG. 6. The projected upper limit from the CTA on the fraction
of the Galactic Center gamma-ray excess that is generated by
millisecond pulsars, fgcg, under the assumption that no TeV
halos are present in the inner Galaxy. This result corresponds to
20 hours of observation of a 3° radius circle around the Galactic
Center, and we have adopted 1/ ((gev ) fream) = 1.67. If no TeV
halo emission is present in the inner Galaxy, we expect the CTA
to be able to place extremely stringent constraints on the fraction
of the excess that is generated by millisecond pulsars, at a level of
approximately fgcg S (1-7)%.

The gamma-ray and radio emission from millisecond
pulsars is powered by the loss of rotational kinetic energy,
and thus the energy budget of such an object is set by its
spindown power, E = 4z21(dP/dr)/P?, where I and P are
the pulsar’s moment of inertia and period. In Ref. [50], the
contents of the Fermi pulsar catalog [66] were used to
estimate the efficiency at which millisecond pulsars pro-
duce GeV-scale emission, finding that such objects produce
an average luminosity in the GeV band (i.e., integrated
above 0.1 GeV) equal to (7gev) ~0.12 times their spin-
down power. This quantity, however, does not take into
account the fact that some pulsars have beams which are
not aligned in our direction. Combining these factors, the
luminosity of the GeV-scale emission from the inner
Galaxy’s millisecond pulsar population can be expressed
as follows:

Lgev = <nGeV>fbeamEtotv (7)

where fpeam 18 the fraction of millisecond pulsars whose
gamma-ray beam is pointed in the direction of Earth,
and Ewt is the sum of the spindown power of all of the
millisecond pulsars in a given region of the inner Galaxy.
Comparing this to the intensity of the Galactic Center
gamma-ray excess observed within a 0.5° radius around the
Galactic Center, Lgcg ~2 x 10% erg/s (>0.1 GeV), we
can determine the total spindown power of the pulsar
population required to accommodate Lgey = Lgcg as a

function of (5gev) and fyeam- From this total spindown
power and the TeV halo efficiency, #, the intensity of the
TeV halo emission from the inner Galaxy’s millisecond
pulsar population will be equal to
; Lgevn Lecen
Lyew=Eon=7—,—=face7—, — (8)
‘ “ <7IGeV>f beam <77GeV>f beam
where fgeg = Lgev/Lgeg 18 the fraction of the Galactic
Center gamma-ray excess that is generated by millisecond
pulsars.

III. OBSERVATIONS WITH THE CHERENKOV
TELESCOPE ARRAY

The CTA is a next-generation ground-based gamma-ray
telescope, designed to be sensitive to photons in the energy
range of 20 to 300 TeV [67]. Although the CTA will occupy
two sites, we will focus here on the southern hemisphere
array, located in Paranal, Chile. This southern array will
consist of 14 medium-sized and 37 small-sized telescopes,
covering an area of approximately 4 km?. This instrument
is expected to have angular resolution on the order of two
arcminutes, and energy resolution better than 10%.

To evaluate the sensitivity of the CTA to a population of
TeV halos associated with millisecond pulsars in the inner
Galaxy, we have created a series of simulated data sets
based on the proposed design of the CTA, and analyzed
this simulated data utilizing a set of spatial templates.
Such template-based analyses are extremely powerful in
that they allow us to simultaneously exploit both spectral
and morphological distinctions between the signal being
searched for, and the various astrophysical backgrounds
that are present. In addition to the TeV halo template,
our analysis includes spatial templates associated with the
processes of pion production, bremsstrahlung, and (non-
TeV halo) inverse Compton scattering, as well a template
for the point sources described by the Fermi 4FGL-DR2
catalog [68], and a template that is isotropic throughout
our region of interest (a 3° radius circle centered on the
Galactic Center) which accounts for the emission asso-
ciated with the Fermi bubbles [69] and the extragalactic
gamma-ray background [70], as well as misidentified
cosmic rays.” For Fermi bubbles at low latitudes,
see Ref. [71]. The templates associated with pion pro-
duction, bremsstrahlung, and inverse Compton scattering
were each generated using the publicly available code,
GALPROP [72,73].3 These templates are shown in Fig. 2,

*For the rate and spectrum of misidentified cosmic rays, we use
the background rate given at https://www.cta-observatory.org/
science/ctao-performance/ for the CTA’s Southern Array. Note
that this background significantly exceeds those associated with
the Fermi bubbles and the extragalactic gamma-ray background.

*In using GALPROP, we have adopted the default parameters
from GALPROP WebRun, https://galprop.stanford.edu/webrun
.php, which have been selected to reproduce a wide variety of
cosmic-ray and gamma-ray observations.
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FIG.7. The total gamma-ray emission predicted from our background model, including misidentified cosmic rays (left), and from the
background model plus the emission expected from TeV halos in the inner Galaxy (right), assuming either that the entire Galactic Center
gamma-ray excess, or 20% of it, is generated by millisecond pulsars, fgcg = 1 (top), or fgeg = 0.2 (bottom). Here, we have adopted
a=15,E, =30TeV,n=0.1, (1gev) = 0.12, fream = 0.5, and our “min” model for the radiation and magnetic fields. Each image
represents the value of [ dE,E,dN,/dE,, integrated above 1 TeV, and in units of log;(TeV/ cm?/s/sr).

and the gamma-ray spectrum associated with each of
these components is shown in Fig. 3. In Fig. 4, we show
the spectrum associated with the TeV halo template
for a selection of different parameter choices. Note that
in modeling the emission associated with the Fermi
bubbles, point sources, and the extragalactic gamma-ray
background, we are forced to extrapolate to energies well
above those measured by Fermi, as shown in Fig. 3.

To produce a simulated dataset, we first convolve each
of the templates by the point spread function of the CTA,
which we treat as a Gaussian with a 68% containment
radius as given in the left frame of Fig. 5 [67]. Because of
the CTA’s very high angular resolution, this convolution
has very little effect on our results. We divide our region of
interest (taken to be a 3° radius circle around the Galactic
Center) into 0.2098 square degree HEALPix bins, corre-
sponding to N4, = 128. We also divide the spectrum into

10 energy bins per decade, spanning 10 GeV to 100 TeV.
Then, after summing the templates described above, we
calculate the mean number of events in a given angular
and energy bin. This is done by multiplying the flux in
that bin by the effective area of the CTA (as given in the
right frame of Fig. 5) [67], and by 20 hours of observation
time. For each bin, we then draw from a Poisson
distribution using the mean number of events predicted
by our model to obtain the simulated number of events
in that bin. Using a simulated dataset, we then calculate
the likelihood as a function of our model’s parameters.
These parameters consist of the normalizations of each of
our templates, in each energy bin. This procedure allows
us to place constraints on the spectra of each of our
background components, as well as on the spectrum of
the emission from TeV halos associated with millisecond
pulsars. In presenting our projected constraints, we show
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FIG. 8. The ability of the CTA, after 20 hours of observation, to measure the spectrum of the gamma-ray emission from an inner
Galaxy population of TeV halos, for values of fgcg = 1, 0.2, or 0.05, and in each case adopting a = 1.5, E_,; = 30 TeV, n = 0.1,
(ngev) = 0.12, fieam = 0.5, and our “min” model for the radiation and magnetic fields. The gamma-ray emission from a centrally
located TeV halo population would be clearly identified and measured by the CTA, even if only a relatively small fraction of the Galactic

Center gamma ray is generated by millisecond pulsars.

results as averaged over five sets of simulated data to
reduce the presence of statistical variation.*

IV. PROJECTED SENSITIVITY

We begin by generating a series of simulated data sets
under the assumption that no TeV halos are present in the
inner Galaxy. We then perform our template analysis on

*We use the publicly available MINUIT algorithm [74] to
perform our likelihood analysis. Given that MINUIT can occa-
sionally identify false minima of the likelihood landscape, we
also utilize the pymultiNest package [75] to test the robustness of
our results by searching for the global minimum in case it was not
encountered in our MINUIT scan.

this simulated data to place constraints on the TeV halo
population. More specifically, we place an upper limit on
the quantity, Emtn, as a function of @ and E_. Equivalently,
we can use Eq. (8) to instead express this result as an upper
limit on the fraction of the Galactic Center gamma-ray
excess that is generated by millisecond pulsars, fgcg, for a
given choice of 77/(<’7G6V>fbeam)'

The main result from this first analysis is shown in
Fig. 6, where we plot the upper limit on fgcg, for the case
of 7/({(Ngev)foeam) = 0.1/(0.12 x 0.5) = 1.67. From this
figure, we conclude that if no TeV halo emission is present
in the inner Galaxy, we can expect the CTA to place
an extremely stringent constraint on the fraction of the
Galactic Center gamma-ray excess that is generated by
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millisecond pulsars, at a level of approximately fgcpS
(1-7)%. This projected limit is able to be so restrictive
simply because the emission from the TeV halo population
is incredibly bright in this case. This is illustrated in the
spectra shown in Figs. 3 and 4, as well as in Fig. 7, where
we show a sky map of the gamma-ray intensity in the inner
Galaxy above 0.1 TeV for the case of our background model,
and for our background model plus the TeV halo emission,
normalized to fgeg =1 or 0.2 for 7/({(Ngev)fbeam) =
1.67. The presence of TeV halos in the inner Galaxy
dramatically changes the morphology and spectrum of the
very high-energy gamma-ray emission from this region, and
should be easily detectable after even a brief observation by
the CTA.

For our second analysis, we have generated a series of
simulated datasets assuming that TeV halos are present in
the inner Galaxy. The ability of the CTA to measure the
spectrum of the gamma-ray emission from these inner
Galaxy TeV halos is shown in Fig. 8, for values of
foce =1, 0.2, or 0.05 (and in each case adopting
a=1.5, E.; =30TeV, n=0.1, (ngev) = 0.12, fream =
0.5, and our “min” model for the radiation and magnetic
fields). Note that these figures depict the results of an
individual simulated dataset, explaining the bin-to-bin
variations seen in the projected error bars. These results
demonstrate that the CTA should be able to clearly identify
and measure the gamma-ray emission from a centrally
located TeV halo population, even if only a relatively small
fraction of the Galactic Center gamma ray is generated by
millisecond pulsars.

V. DISCUSSION

Measurements of the very high-energy gamma-ray
emission from the inner Galaxy have already been reported
by the HESS Collaboration [76]. That study, however,
produced spectra only from the innermost 0.5° around the
Galactic Center. In that region, the observed emission is
approximately equal to that expected from TeV halos in a
scenario in which the entire Galactic Center gamma-ray
excess originates from millisecond pulsars [50] (see also,
Ref. [77]). This information allows us to place an upper limit
OfroughlnyCE”/(<’1GeV>fbeam) < 0(1_3) onourTeV halo/
millisecond pulsars (MSP) parameters. Furthermore, it has
been argued by the HESS Collaboration that this emission is
correlated with the observed distribution of molecular gas,
suggesting a hadronic origin [76], and thereby further
limiting how much of this emission could originate from
TeV halos. With the CTA’s greater sensitivity and larger field
of view, it should be possible to rigorously test this
interpretation, in particular by measuring the spectrum and
intensity of the gamma-ray emission from the regions several
degrees north or south of the Galactic Center.

A number of assumptions have gone into our analysis
which could potentially impact our conclusions. First, we
have assumed that the emission from TeV halos has the

same angular distribution as that from the GeV-scale
emission from MSPs (and thus traces the morphology of
the Galactic Center gamma-ray excess). The transport of
electrons and positrons could, however, broaden the TeV
halo signal, at least in principle. The TeV halos observed
by HAWC are extended on scales of roughly ~20-30 pc,
corresponding to an angular extent of ~0.14°-0.21°
for sources located near the Galactic Center. This has
motivated our choice for the size of the angular bins used in
our study, 0.2098 square degrees, which is slightly larger
than the size of a typical TeV halo, limiting the impact
of particle transport on our signal. At this time, however, it
has not yet been established whether diffusion is inhibited
within the volumes surrounding MSPs, as it is observed
to be around young and middle-aged pulsars [78,79].
If diffusion is more efficient around MSPs, the signal of
these TeV halos could be broadened by up to ~O(1°), while
still leaving the total flux of gamma-ray emission from these
sources approximately unchanged. Future measurements of
the TeV halos surrounding nearby MSPs will inform the
shape of our TeV halo template.

Second, if the magnetic fields are very large in the inner
Galaxy, most of the energy injected into very high-energy
electron-positron pairs could emitted as synchrotron emis-
sion, rather than as inverse Compton, suppressing the signal
at TeV-scale energies. While this is unlikely to be an
important factor over most of our region of interest, it could
be significant in the innermost volume around the Galactic
Center, where magnetic fields could potentially be quite
large. This scenario, however, is limited by radio obser-
vations of the inner Galaxy [80]. If millisecond pulsars
generate all or most of the Galactic Center gamma-ray
excess, their TeV halos will produce electrons and posi-
trons which lose most of the energy to inverse Compton
scattering [50].

Third, throughout this study, we have scaled our results
t0 17/ ((NGev ) foeam) = 0.1/(0.12 x 0.5) = 1.67. As the pre-
dicted intensity of the TeV halo emission scales with this
combination of parameters, our constraints would be less
stringent if the true value of 7/ ({1gev) fpeam) Were signifi-
cantly smaller than our default value. Fortunately, the CTA
should be able to measure the value (or distribution) of #
across a large number of pulsars, including many with
millisecond-scale periods, reducing this uncertainty con-
siderably. In light of this, we expect that the uncertainty on
(NGev ) fbeam Will not qualitatively impact our conclusions.

Lastly, while the conclusions reached in this study are in
broad agreement with those presented in Ref. [81], that
paper’s projections for the CTA’s sensitivity to a centrally
located TeV halo population are somewhat more modest
than those reported here. While the precise origin of this
difference is not entirely clear, we note that the authors
of Ref. [81] have adopted a model for the gamma-ray
emission associated with the Fermi bubbles that signifi-
cantly increases in brightness at low galactic latitudes.
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In contrast, we have used the fact that the brightness of the
bubbles is approximately uniform between 10° < |b| < 50°
[69] to motivate the assumption that this emission is
comparably bright at |b| < 10°. Regardless of this distinc-
tion, both groups reach the same conclusion that the CTA
should be able to clearly identify the emission associated
from TeV halos if the Galactic Center gamma-ray excess
originates from millisecond pulsars.

VI. SUMMARY AND CONCLUSIONS

The Galactic Center gamma-ray excess, as observed by
Fermi, has a spectrum, angular distribution, and overall
intensity that is in good agreement with that expected to be
produced by annihilating dark matter particles. The leading
alternative to this interpretation is that this signal is instead
generated by a large number of unresolved millisecond
pulsars. If millisecond pulsars are responsible for this
signal, however, they should also produce detectable levels
of TeV-scale emission, as recent observations indicate that
pulsars appear to be universally surrounded by bright,
spatially extended, multi-TeV emitting regions known as
“TeV halos.”

In this study, we have performed a template-based
analysis of simulated data to assess the ability of the
CTA to identify and measure the very high-energy gamma-
ray emission from a population of millisecond pulsars
surrounding the Galactic Center. When the intensity of
this emission is normalized to the measurements of other
pulsars by HAWC and LHAASO, we find that if the

Galactic Center gamma-ray excess originates from pulsars,
then this source population should produce a very bright
flux of gamma rays, dominating the total TeV-scale
emission from the direction of the inner Galaxy. Such a
signal would be easily detectable by the CTA, even after a
relatively brief period of observation. If such a pulsar
population is present in the inner Galaxy, then we conclude
that the CTA should be able to clearly identify the TeV halo
emission associated with these sources. If this emission is
not observed by the CTA, then this would strongly rule out
the hypothesis that the Galactic Center gamma-ray excess
originates from millisecond pulsars.
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