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Analyzing nine years of Fermi-LAT observations, we recently studied the spectral properties of the
prominent globular cluster [Phys. Rev. 98, 041301 (2018)]. In particular, we investigated several models to
explain the observed gamma-ray emission, ranging from millisecond pulsars (MSPs) to dark matter (DM),
with the motivation for the latter model driven by recent evidence that 47 Tuc harbors an intermediate-mass
black hole [B. Kiziltan et al., Nature (London) 542, 203 (2017)]. This investigation found evidence that the
observed gamma-ray emission from 47 Tuc is due to two source populations of MSPs and DM. In
preceding Comment [Phys. Rev. D 100, 068301 (2019)], Bartels and Edwards comment that this evidence
is an artifact of the MSP spectra used in our paper. Here, we reply to this comment and argue that (i) Bartels
and Edwards do not give due consideration to a very important implication of their result and (ii) there is
tension between our MSP fit and their MSP fit when taking uncertainties into consideration. As such, we
still conclude there is evidence for a DM component which motivates a deeper radio study of the prominent
globular cluster 47 Tuc.
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I. INTRODUCTION

47 Tuc was the first globular cluster found to be gamma-
ray bright [1], with the gamma-ray emission being attrib-
uted to an unresolved population of millisecond pulsars
(MSPs). 47 Tuc is also one of the few globular clusters that
might harbor an intermediate-mass black hole (IMBH) [2].
The presence of such an object within 47 Tuc leads us to
consider the possibility that some of the observed gamma-
ray emission from 47 Tuc can be attributed to the by-
products of annihilating dark matter (DM), as the IMBH
could enhance the DM density in its close environ [3,4].
With nine years of Fermi-LAT observations, we pre-

viously investigated the spectral properties of 47 Tuc with
unprecedent accuracy and sensitivity [5]. The increased
exposure of our study, compared to earlier studies, dis-
covered significant emission below 200 MeV. To inves-
tigate the origin of the observed gamma-ray emission, we
conducted detailed spectral modeling. 47 Tuc has 25
resolved MSPs [6]. To account for this source of gamma

rays, we assumed the previously published MSP spectrum
of Xing and Wang [7]. This spectrum was derived by
simultaneously fitting the normalized spectrum of 39 out of
the 40 MSPs within Fermi-LAT’s second pulsar catalogue
(2PC) [8]. To account for the large variance in the spectra of
the MSP population of the 2PC, Xing andWang considered
a systematic uncertainty parameter that was added in
quadrature to each spectral bin, for each MSP. The best-
fit spectral shape was a power law with an exponential
cutoff, a spectral index of Γ ¼ 1.54þ0.10

−0.11 , and a cutoff
energy of Ec ¼ 3.70þ0.95

−0.70 GeV [7], with the uncertainties of
these parameters representing 3σ uncertainties. To account
for any possible gamma-ray emission from DM, we
considered a spike in the DM density in the immediate
vicinity of an IMBH within 47 Tuc, with the radius of the
spike density being set by the mass of the IMBH [5].1 For
the spectral fit, a maximum likelihood analysis was
considered, with the DM mass and annihilation cross
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1This description of DM within the vicinity of a black hole has
been successfully applied to other astrophysical systems (e.g.,
Ref. [9]).
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section being treated as free parameters. Considering these
two population descriptions, we found that a two-source
“MSPþ DM” description of 47 Tuc’s spectrum was
preferred over a “MSP-only” description with a test-
statistic (TS) difference of TS ¼ 40.
Reference [10] disputes the conclusions of our paper. In

particular, the authors question the MSP spectral descrip-
tion that we assumed, arguing that it does not take into
consideration the variance in the spectral shapes of the
MSP population within the 2PC. Instead, Ref. [10] uses its
own bespoke MSP spectral model using a synthetic mock
MSP catalogue derived using the luminosity function of
disk MSPs.
In this paper, we discuss two key areas [10]: the spectral

model they assume and the implications of their conclu-
sions with respect to pulsed gamma-ray emission. Our
arguments on these points bring the conclusions of
Ref. [10] into question. We do offer an alternative MSP-
based argument that counters the weaknesses of Ref. [10],
although there is as of yet no observational evidence to
support this alternative. As such, we feel that there is still
sufficient evidence to warrant the consideration of DM
within 47 Tuc.

II. DISCUSSION

A. Uncertainties in the assumed MSP description

The authors of Ref. [10] proposed an alternative bespoke
MSP spectral description on the assumption that the
approach of Xing and Wang did not take into consideration
the variance in the spectral shapes of the 2PC’s MSP
population. As discussed in the Introduction, this
assumption is not correct, with the reported uncertainties
on the spectral index and cutoff energy of their model being
at a conservative 3σ level to account for this spectral
variance. This 3σ uncertainty was not taken into consid-
eration when conducting the original model fitting in
Ref. [5]. We have performed additional maximum like-
lihood fits for the MSP-only model, with the spectral index
of our assumed MSP spectral model fixed to the extreme
values allowed by the 3σ uncertainties; i.e., Γlow ¼ 1.43
and Γhigh ¼ 1.64. Comparing the log likelihood of these fits
to that of the MSPþ DM two-source population fits of
Ref. [5], we find TS values of TSlow ¼ 21 and TShigh ¼ 92
respectively. For 1 degree of freedom, this equates to
significances of 4.6σ to 9.6σ respectively.
The range of TS values of these fits has two important

implications. First, the significance of the MSP fit is
sensitive to the spectral index of the MSP population.
Coupling this sensitivity with a large uncertainty in the
index, as in the case for the 3σ uncertainty of the Xing and
Wang MSP model used here, may result in spurious signals
being deemed to be significant. Mitigating against this
requires a more accurate MSP model.
Second, the range of TS values aside, we note that for the

extreme hard spectral index case, Γlow ¼ 1.43, the TS value
drops to a level that is below the 5σ discovery threshold,

and as such, we are unable to state that there is a significant
preference for a two-source model. Nonetheless, even at
this extreme index value, the TS value of the two-source
model (TSlow ¼ 21) is still large enough to warrant the
suggestion that there is a preference for the two-source
model when compared to an MSP-only model. This is
clearly at tension with Ref. [10]’s statement that once the
variance in spectral shapes is taken into consideration there
is no difference in likelihood between a one- and two-
source population description of 47 Tuc’s gamma-ray
emission.
To investigate the reason for this discrepancy requires us

to compare, in detail, how both MSP models are derived.
The MSP model assumed by Ref. [5], including uncer-
tainties, has previously been published in a refereed
journal, with the derivation of this model being open to
investigation by the wider scientific community. The MSP
model proposed by Ref. [10] is a bespoke synthetic model,
derived specifically for 47 Tuc, from a previously published
luminosity function. This derivation is neither published or
outlined sufficiently in Ref. [10], and as such, we are
unable to investigate the discrepancy.

B. Pulsed gamma-ray emission

The most obvious “testable" prediction of Ref. [10]’s
derived MSP model is the presence of pulsed gamma-ray
emission. Reference [10] claims that typically half of
47 Tuc’s flux can be attributed to 5 MSPs.2 A consequence
of the gamma-ray flux being dominated by a small number
of bright MSPs would be the presence of gamma-ray
pulsations in 47 Tuc’s gamma-ray flux. Previous studies
have found no evidence of such pulsation [1].
While Ref. [10] claims that typically half of 47 Tuc’s flux

can be attributed to five MSPs, when addressing the
possibility of pulsed gamma-ray emission, Ref. [10] refers
to the atypical instance that 47 Tuc’s gamma-ray flux is
dominated by ten MSPs and simply states that detecting
pulsations against a large background will become difficult.
Contrary to this statement by Ref. [10], the Einstein @
home gamma-ray pulsar survey project, which is a blind
survey, has discovered pulsed gamma-ray emission from
numerous MSPs [11,12]. Importantly, a large percentage of
these MSPs is located in the area with the most luminous
diffuse emission on the sky, the Galactic bulge, where
the gamma-ray luminosity is ð3.9� 0.5Þ × 1036 ergs s−1

(e.g., Ref. [13]). All bar one of the newly discovered pulsed
MSP located in the Galactic bulge have spin-down lumi-
nosities in the range of 1034 to 1035 ergs s−1. Assuming a
conservative spin-down luminosity to a gamma-ray lumi-
nosity conversion factor of 10% [1], this pulsed gamma-ray
emission is 0.04% to 0.74% of the diffuse emission in

2In private communications, the authors of Ref. [10] acknowl-
edged that there were instances where their mock spectra had
significant contribution from just one MSP.
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which the MSPs are embedded.3 This observational evi-
dence is contrary to Ref. [10]’s claim that the detection of
pulsed emission from a MSP with a luminosity 5% of
47 Tuc’s would not be possible.
Outside of the Galactic bulge, the faintest pulsed

gamma-ray emitting MSP found by Einstein @ home
has a gamma-ray luminosity of 3.7 × 1032 ergs s−1 (again
assuming at 10% conversion efficiency), a factor of
20 times fainter than 47 Tuc’s gamma-ray luminosity
[5]. Again, this observational evidence is contrary to the
claim by the authors of Ref. [10] that the detection of
pulsed emission from a MSP with a luminosity 5% of
47 Tuc’s would not be possible.

III. CONCLUSIONS

We address two key aspects of [10]’s comment on our
recent work on 47 Tuc [5]. In particular, we discuss two key
areas of [10]’s work: the spectral model they assume and
the implications of their conclusions with respect to pulsed
gamma-ray emission. To account for [10]’s concerns that
our preference for a two-source model was based on an
artifact of the variance in spectral models within the 2PC’s
MSP population, we performed additional likelihood fits,
with extreme MSP spectral parameters which accounted for
this variance. Even with an extremely hard index, the
likelihood fit has a TS ¼ 21, indicating that these addi-
tional fits still find strong evidence suggesting a two-source

model is preferred over an MSP only model. With regards
to [10] dismissing the possibility of pulsed gamma-ray
emission being too difficult to find, we provide published
observational evidence to the contrary, citing several
instances where (i) pulsed gamma-ray emission has been
observed fromMSPs embedded in a strong diffuse flux and
(ii) pulsed emission has been observed from faint MSPs,
5% the luminosity of 47 Tuc.
As such, we feel that there is still evidence that the

gamma-ray emission from 47 Tuc is potentially due to two
source populations: annihilation DM and an ensemble of
MSPs. We do however note that there is an alternative
explanation that neither [5] or [10] has considered: that
the gamma-ray emission from 47 Tuc is due to a sizeable
population of MSPs at the faint end of the MSP luminosity
function (see [14]). Such a population would have a harder
spectral index, which is more compatible with the
observed gamma-ray spectrum of 47 Tuc, and would
not exhibit pulsed gamma-ray emission. To test this
alternative explanation requires deep radio observations
of 47 Tuc. We strongly encourage that these observations
be performed.
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Ref. [10] statement that ten pulsars are responsible for the
majority of the gamma-ray flux is unrealistic.

REPLY TO “COMMENT ON ‘UNDERSTANDING THE γ-RAY EMISSION …PHYS. REV. D 100, 068302 (2019)

068302-3

https://doi.org/10.1126/science.1177023
https://doi.org/10.1038/nature21361
https://doi.org/10.1038/nature21361
https://doi.org/10.1103/PhysRevLett.83.1719
https://doi.org/10.1103/PhysRevD.74.103504
https://doi.org/10.1103/PhysRevD.98.041301
https://doi.org/10.1093/mnras/stx1533
https://doi.org/10.1093/mnras/stx1533
https://doi.org/10.3847/0004-637X/831/2/143
https://doi.org/10.1088/0067-0049/208/2/17
https://doi.org/10.1103/PhysRevD.100.068301
https://doi.org/10.1103/PhysRevD.100.068301
https://doi.org/10.3847/1538-4357/834/2/106
https://einsteinathome.org/gammaraypulsar/FGRP1_discoveries.html
https://einsteinathome.org/gammaraypulsar/FGRP1_discoveries.html
https://einsteinathome.org/gammaraypulsar/FGRP1_discoveries.html
https://einsteinathome.org/gammaraypulsar/FGRP1_discoveries.html
http://arXiv.org/abs/1901.03822
https://doi.org/10.3847/1538-4357/aad08d
https://doi.org/10.3847/1538-4357/aad08d

