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Abstract. It has been suggested that the GeV excess, observed from the region surrounding
the Galactic Center, might originate from a population of millisecond pulsars that formed in
globular clusters. With this in mind, we employ the publicly available Fermi data to study the
gamma-ray emission from 157 globular clusters, identifying a statistically significant signal
from 25 of these sources (ten of which are not found in existing gamma-ray catalogs). We
combine these observations with the predicted pulsar formation rate based on the stellar
encounter rate of each globular cluster to constrain the gamma-ray luminosity function of
millisecond pulsars in the Milky Way’s globular cluster system. We find that this pulsar
population exhibits a luminosity function that is quite similar to those millisecond pulsars
observed in the field of the Milky Way (i.e. the thick disk). After pulsars are expelled from
a globular cluster, however, they continue to lose rotational kinetic energy and become less
luminous, causing their luminosity function to depart from the steady-state distribution.
Using this luminosity function and a model for the globular cluster disruption rate, we show
that millisecond pulsars born in globular clusters can account for only a few percent or less of
the observed GeV excess. Among other challenges, scenarios in which the entire GeV excess
is generated from such pulsars are in conflict with the observed mass of the Milky Way’s
Central Stellar Cluster.
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1 Introduction

The Fermi Gamma-Ray Space Telescope has detected gamma-ray emission from a number
of globular clusters [1–3], generally thought to originate from the millisecond pulsars (MSPs)
that reside within these systems [1, 4–12]. The detection of pulsed gamma-ray emission
from two globular clusters [13–15] has further strengthened the case for this connection. By
studying globular clusters at gamma-ray and other wavelengths, one can learn about the
evolution of these systems, as well as the mechanisms that lead to the formation of MSPs in
globular cluster environments.

Although Fermi has detected gamma-ray emission from 205 pulsars, the vast majority
of these sources are not located within a globular cluster [14, 16].1 Of these pulsars, 93
exhibit millisecond-scale periods [14, 16, 17]. Such MSPs are thought to represent a distinct
population of sources, which form through the interaction of an old neutron star with a stellar
companion [18–22]. In contrast to other pulsars, MSPs have much weaker magnetic fields
and thus lose their rotational kinetic energy more slowly, remaining luminous for as long as
billions of years. Unlike pulsar populations found elsewhere in the Galaxy, those in globular
clusters consist almost entirely of MSPs, enhanced by the high stellar densities and stellar
encounter rates of such systems.

A bright and statistically significant gamma-ray signal has been detected from the re-
gion surrounding the Galactic Center [23–31], with angular and spectral features that are
consistent with those predicted from annihilating dark matter particles. And while this pos-
sibility has generated a great deal of interest (see, for example, Refs. [32–55]), astrophysical
explanations have also been proposed. The leading astrophysical interpretation of the GeV
excess is that it is generated by a large population of unresolved gamma-ray emitting MSPs,
densely concentrated in a spherically symmetric distribution around the Galactic Center [24–
27, 56–58]. This possibility has been motivated in large part by the measured spectral shape
of this signal, which is similar to that observed from MSPs. Recent analyses have also
reported tentative evidence of an unresolved point source population in this region of the
sky [59, 60]. It is not yet clear, however, whether these studies have identified signatures of a
sub-threshold point source population, or merely variations in the gamma-ray flux associated
with the small scale structure of the diffuse background (see, for example, Ref. [61]).

1For an updated list of Fermi-detected pulsars, see https://confluence.slac.stanford.edu/display/

GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
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Several arguments have been made against the possibility that MSPs could account for
the observed excess emission. First, if this signal originates from MSPs, then one should
expect Fermi to have detected and resolved many more bright gamma-ray point sources from
the direction of the Inner Galaxy than have been reported (assuming that the luminosity
function of MSPs in the Inner Galaxy is similar to that of other MSP populations) [62–64].
Second, such an MSP population in the Inner Galaxy should be accompanied by approxi-
mately 20 times as many bright low-mass X-ray binaries (LMXBs) than are observed [63].
And third, the spherical morphology of the observed excess does not resemble the distribu-
tion of any known stellar population in the Galactic Bulge. Instead, such populations are
less spatially concentrated and more extended along the direction of the Galactic Disk than
is exhibited by the excess.

It is plausible that all three of these problems could be circumvented, or at least mit-
igated, in a scenario in which the Inner Galaxy’s MSP population originates from a large
number of tidally disrupted globular clusters [58, 65]. Over Gyr timescales, dynamical fric-
tion can cause globular clusters to spiral into the Inner Galaxy, where they are tidally dis-
rupted [66–68]. When a globular cluster is destroyed in this way, their stars (including
MSPs) are deposited into the Galactic Bulge and/or Central Stellar Cluster. As new MSPs
are no longer efficiently generated after this point in this time, the deposited pulsar popu-
lation evolves, losing rotational kinetic energy and luminosity via magnetic dipole breaking.
This evolution could potentially explain both the lack of bright pulsars detections, as well
as the lack of bright LMXBs. Although no simulations using a realistic 3D potential have
been carried out to date, it may be possible that the distribution of such MSPs could be
approximately spherical, at least to first order.

In this paper, we revisit the population of gamma-ray emitting millisecond pulsars
(MSPs) that are present within globular clusters. We study the publicly available Fermi
data from the direction of 157 globular clusters in an effort to detect and characterize the
gamma-ray emission from these sources. We identify 25 of these globular clusters as statis-
tically significant gamma-ray sources (TS > 25), ten of which are not contained in previous
gamma-ray source catalogs. We also report low-significance detections of many other globu-
lar clusters, suggesting that a large fraction of this population may be gamma-ray emitting.
We use this data, in conjunction with previously calculated stellar encounter rates, to con-
strain the gamma-ray luminosity function of MSPs within globular clusters. We find that
this luminosity function is similar to that reported previously for MSPs in the field (i.e. the
thick disk) of the Milky Way. We then consider the effects of spin-down evolution on the
MSP luminosity function, for a population deposited into the Inner Galaxy following the
tidal disruption of their parent clusters. We estimate that MSPs within this population will
be approximately an order of magnitude less luminous on average than those found within
intact globular clusters, and that such pulsars are likely to generate a total gamma-ray flux
that is much smaller (a few percent or less) than that of the observed GeV excess. Although
one could plausibly construct models in which a larger number of globular clusters have
been tidally disrupted in the Inner Galaxy, such models cannot accommodate the observed
intensity of the GeV excess without exceeding the mass of the Milky Way’s Central Stellar
Cluster.
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2 Gamma-Rays From Globular Clusters

The gamma-ray emission observed from globular clusters [1–3] is generally assumed to origi-
nate largely from MSPs that are contained within those clusters [1, 8–12]. Globular clusters
generally appear as point sources to Fermi, and the most recent Fermi Source Catalog (the
3FGL) [2] includes 15 sources that are associated with a globular cluster (see also Ref. [3]).

In this study, we have analyzed the publicly available Fermi data in the directions of 157
globular clusters (approximately the entirety of the Milky Way’s globular cluster population).
For each of these 157 sources, we have determined the intensity and spectrum of their gamma-
ray emission, using 85 months of Fermi-LAT data.2 We have restricted our analysis to events
that meet the Pass 8 Source event selection criteria. We have applied standard cuts to
the data, removing events that were recorded at a zenith angle larger than 90◦, while the
instrument is not in Survey mode, while the instrumental rocking angle exceeds 52◦, and
while Fermi was passing through the South Atlantic Anomaly. Given the low luminosities of
many globular clusters, we have placed no constraints on the point spread function class and
include both front and back converting events.

For each globular cluster, we divide the resulting data set into 15 logarithmic energy
bins between 0.1 and 100 GeV, as well as 280×280 angular bins spanning a 14◦×14◦ region-
of-interest centered on the position of the source. We then fit the normalization and spectrum
of each source according to the following procedure. First, we fit all background components
over the full sky and over the full energy range using a spectral model for each source. In
this stage we include the full 3FGL point source catalog [2] and the gll iem v06.fits Fermi
diffuse emission model, as recommended by the Fermi Collaboration for Pass 8 data. We
also employ the matching isotropic background model iso P8R2 SOURCE V6 v06.txt. We use
the standard Fermi-LAT algorithm to determine whether a given source component should
be allowed to float freely, or be held fixed in the fit, and use the python implementation
of the gtlike tool, including the MINUIT algorithm, to determine the best-fit normalization
and spectrum of each emission component.3 Then, we add a point source at the position
of the globular cluster, and perform a full scan of the likelihood fit as a function of the
flux, independently in each energy bin. We fit the resulting likelihood distribution assuming
an arbitrarily normalized spectra of the form of a power-law with an exponential cut-off,
dNγ/dEγ ∝ E−α

γ e−Eγ/Ecut , allowing α and Ecut to float between 0 and 3.5 and 0.1 and 100
GeV, respectively. By determining the maximum improvement to the likelihood, we calculate
the value of the test statistic (TS) for each globular cluster, as well as the likelihood profiles
for the gamma-ray flux and spectral index.

Our analysis identified statistically significant (TS > 25) gamma-ray emission from 25
globular clusters, 15 of which are found in the 3FGL catalog. In Table 1, we list the gamma-
ray flux (integrated between 0.1 and 100 GeV) and best-fit spectral parameters for each of
these 25 sources (see Table 2 for the 3FGL names of these globular clusters). The errors
quoted for the fluxes in this table denote the 1σ range, as determined using the full 3D
likelihood profile. As expected, most of these sources exhibit spectra that peak at energies
near ∼1-2 GeV (in E2

γdNγ/dEγ units), further supporting a pulsar interpretation.

2MET Range: 239557417 — 464084557
3For the small fraction of globular clusters that are located close to many 3FGL sources, we fix the spectra of

the most distant sources until the number of degrees-of-freedom associated with the point source backgrounds
is reduced to less than 100 (the spectra of all sources within 4◦ of a given globular cluster are always allowed
to float).
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Globular Cluster Alternate Name Flux (erg/cm2/s) α Ecut(GeV) TS

NGC 104 47 Tuc 2.436+0.062
−0.062 × 10−11 1.18 2.51 4055.9

NGC 2808 3.546+0.602
−0.486 × 10−12 1.36 3.16 97.4

NGC 5139 Omega Centauri 5.900+0.468
−0.453 × 10−12 -0.12 1.26 301.3

NGC 5904 M5 2.131+0.539
−0.600 × 10−12 1.86 3.98 39.6

NGC 6093 M80 3.986+0.596
−0.705 × 10−12 1.38 5.01 96.9

NGC 6139 5.330+1.310
−0.936 × 10−12 2.28 19.95 40.6

NGC 6218 M12 2.969+0.655
−0.844 × 10−12 2.24 ≥ 100 31.0

NGC 6266 M62 1.710+0.074
−0.070 × 10−11 1.36 3.16 855.7

NGC 6316 1.091+0.124
−0.120 × 10−11 2.00 7.94 163.5

NGC 6342 4.339+1.046
−1.015 × 10−12 2.16 15.85 37.8

NGC 6388 1.732+0.124
−0.099 × 10−11 1.52 3.16 779.6

NGC 6397 6.390+0.734
−0.727 × 10−12 2.90 50.12 81.5

Palomar 6 5.489+1.455
−1.324 × 10−12 0.94 1.26 29.9

Terzan 5 Terzan 11 5.973+0.203
−0.147 × 10−11 1.16 2.51 2742.3

NGC 6440 2.392+0.178
−0.105 × 10−11 2.32 10.00 390.6

NGC 6441 1.252+0.088
−0.144 × 10−11 2.04 10.00 217.8

NGC 6541 3.251+0.748
−0.667 × 10−12 1.16 2.51 77.7

2MASS-GC01 2.476+0.217
−0.196 × 10−11 1.06 1.26 179.8

2MASS-GC02 8.846+2.051
−2.065 × 10−12 1.08 1.26 28.2

GLIMPSE 02 1.630+0.228
−0.242 × 10−11 1.94 7.94 67.3

NGC 6652 4.495+0.805
−0.495 × 10−12 1.38 3.16 128.5

GLIMPSE 01 9.020+1.205
−1.345 × 10−12 -0.74 1.58 68.7

NGC 6717 Palomar 9 1.816+0.543
−0.386 × 10−12 0.38 2.51 42.3

NGC 6752 2.866+0.503
−0.327 × 10−12 0.12 0.79 144.8

NGC 7078 M15 3.160+0.587
−0.604 × 10−12 2.42 6.31 41.8

Table 1. The gamma-ray flux (0.1-100 GeV) and best-fit spectral parameters for the 25 globular
clusters detected with TS > 25 in our analysis of the Fermi data.

As a check, we have compared our results to the information provided in the 3FGL
catalog, finding that our fluxes are systematically lower than those reported by the Fermi
Collaboration (in most cases by ∼20-50%). Upon further investigation, we determined that
this variation is largely the result of the spectral parameterizations adopted in these fits.
More specifically, whereas we have adopted an exponentially cutoff power-law form, the
Fermi Collaboration restricts the spectra of globular clusters to be fit by either a power-
law (without any cutoff), or a log-parabola. When we perform our fits using these spectral
parameterizations, our fluxes are in much better agreement with those listed in the 3FGL.
Given the gamma-ray spectra observed from MSPs, our choice of spectral parameterization
is well motivated, and in most cases provides a better fit to the data.

In addition to these 25 sources, there are 11 others that were found to yield detections

– 4 –

Operated by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the United States Department of Energy



Globular Cluster 3FGL Name

NGC 104 3FGL J0023.9-7203

NGC 2808 3FGL J0912.2-6452

NGC 5139 3FGL J1326.7-4727

NGC 6093 3FGL J1616.8-2300

NGC 6266 3FGL J1701.2-3006

NGC 6316 3FGL J1716.6-2812

NGC 6388 3FGL J1736.2-4444

Terzan 5 3FGL J1748.0-2447

NGC 6440 3FGL J1748.9-2021

NGC 6441 3FGL J1750.2-3704

NGC 6541 3FGL J1807.5-4343

2MASS-GC01 3FGL J1808.5-1952

NGC 6652 3FGL J1835.7-3258

NGC 6717 3FGL J1855.1-2243

NGC 6752 3FGL J1910.7-6000

Table 2. The names of the 15 globular clusters included in the 3FGL catalog.

Globular Cluster Alternate Name Flux (erg/cm2/s) TS

Palomar 5 < 1.56× 10−12 28.7

Lynga 7 BH 184 < 4.96× 10−12 31.9

NGC 6205 M13 < 1.54× 10−12 26.8

Terzan 1 HP 2 < 4.95× 10−12 76.4

Ton 2 Pismis 26 < 3.99× 10−12 25.0

NGC 6401 < 5.50× 10−12 74.9

NGC 6535 < 4.44× 10−12 55.6

IC 1276 < 8.25× 10−12 72.2

NGC 6569 < 1.10× 10−12 33.7

NGC 6712 < 8.44× 10−12 96.9

NGC 6749 < 4.70× 10−12 27.4

Table 3. The 2σ upper limits on the gamma-ray flux (0.1-100 GeV) for those globular clusters
detected by Fermi with TS > 25, but only for spectra that peak at energies below 0.4 GeV.

at the level of TS > 25, but with little or no statistical significance above 0.4 GeV. Given
Fermi’s poor point spread function at such low energies, we do not treat these as unambiguous
detections, and instead report only an upper limit on their gamma-ray flux. We also note
that the majority of these 11 sources are located within 5◦ of the Galactic Plane, where Fermi
data analysis is most challenging. These 11 sources and the upper limits on their fluxes are
listed in Table 3.
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In Tables 4-6, we provide upper limits on the gamma-ray fluxes from those globular
clusters that were not detected with high significance in our analysis. We note that although
these sources each yielded TS < 25, a sizable number have marginal detections. We consider it
likely than many of these globular clusters are in fact gamma-ray emitters, with the potential
to be detected with more data from Fermi, or with a post-Fermi satellite mission. On the
other hand, we expect some false detections, in particular among clusters located near the
Galactic Plane.4

3 The Luminosity Function of Pulsars in Globular Clusters

With the exception of those with detected gamma-ray pulsations,5 the gamma-ray emission
observed from an individual globular cluster provides us with little direct information about
the pulsars within that system. In particular, it is not generally possible to determine whether
the observed emission originates from a single luminous MSP, or from a larger number of
fainter pulsars. Estimates for the number of gamma-ray emitting MSPs in a given globular
cluster have sometimes been made by naively dividing the observed luminosity by a quantity
taken to represent the gamma-ray luminosity of a typical MSP (for example, see Ref. [1],
which adopted 〈Lγ〉 ' 1.4 × 1033 erg/s). For realistic pulsar luminosity functions, however,
the total emission from a collection of such sources will often be dominated by a single
luminous MSP, making such estimates quite unreliable.6

Despite these challenges, one can in principle use an ensemble of globular clusters to
make statistical inferences regarding the number of gamma-ray emitting MSPs they contain,
and the gamma-ray luminosity function of those MSPs. In this section, we conduct such an
analysis, utilizing the gamma-ray fluxes from globular clusters as reported in the previous
section, and comparing these results to the stellar encounter rates (as previously calculated
from observed kinematics [70]) and visible luminosities of those globular clusters.

It generally is believed that most MSPs within globular clusters are generated through
stellar interactions. If this is in fact the case, we should expect the average number of pulsars
in such a system to be proportional to the cluster’s stellar encounter rate. In our analysis, we
make use of the stellar encounter rates as presented in Ref. [70]. In that study, the authors
used the following expression to calculate the stellar encounter rate for a given globular
cluster:

Γe =
4π

σc

∫
ρ2(r)r2dr (3.1)

where σc is the velocity dispersion at the core radius of the cluster and ρ(r) is the stellar
density profile. In Fig. 1, we plot the stellar encounter rate verses the gamma-ray luminosity
of the Milky Way’s globular cluster population (for the 124 globular clusters with stellar
encounter rates calculated in Ref [70]; see also Tables 7-9). As expected, those clusters
with the highest stellar encounter rates also feature high gamma-ray luminosities, with some
exceptions. Note that the stellar encounter rates are given in arbitrary units, normalized
such that the value for NGC 104 (47 Tuc) is equal to unity.

4Using a “mirrored” sky location test following Ref. [69], we anticipate a false detection rate from our
globular cluster population of 5.8 systems with TS > 25 and 2.5 systems with TS > 30, using the same
spectral cut employed for our globular cluster population.

5Gamma-ray pulsations have been detected from a MSP in two globular clusters: PSR J1823-3021A located
in the globular cluster NGC 6624 [13, 14], and PSR B1821-24 within NGC 6626 [15].

6Throughout this paper, gamma-ray luminosities refer to isotropic-equivalent values. The true luminosity
of a given MSP, integrated over all angles, could be significantly higher or lower than this quantity.
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Globular Cluster Alternate Name Flux (erg/cm2/s) TS

NGC 288 < 6.45× 10−13 2.94

NGC 362 < 8.91× 10−13 14.64

Whiting 1 < 1.48× 10−12 8.11

NGC 1261 < 1.50× 10−12 5.70

Palomar 1 < 1.64× 10−12 6.51

AM-1 E1 < 7.97× 10−13 0.32

Eridanus < 9.19× 10−13 1.63

Palomar 2 < 1.42× 10−12 0.00

NGC 1851 < 1.69× 10−12 18.27

NGC 1904 M79 < 2.32× 10−12 15.03

NGC 2298 < 2.16× 10−12 4.47

NGC 2419 < 1.31× 10−12 2.16

Ko 2 < 6.31× 10−13 0.08

Pyxis < 1.67× 10−12 0.70

E3 < 2.04× 10−12 7.17

Palomar 3 < 7.06× 10−13 3.76

NGC 3201 < 1.99× 10−12 7.80

Palomar 4 < 2.00× 10−12 8.20

Ko 1 < 7.31× 10−13 0.77

NGC 4147 < 8.16× 10−13 0.75

NGC 4372 < 3.00× 10−12 17.29

Rup 106 < 2.32× 10−12 5.61

NGC 4590 M68 < 2.65× 10−12 11.84

NGC 4833 < 2.42× 10−12 2.43

NGC 5024 M53 < 2.91× 10−12 21.29

NGC 5053 < 2.73× 10−12 17.23

NGC 5272 M3 < 1.92× 10−12 6.92

NGC 5286 < 4.07× 10−12 13.79

AM-4 < 1.60× 10−12 3.06

NGC 5466 < 1.12× 10−12 1.04

NGC 5634 < 1.08× 10−12 0.43

NGC 5694 < 1.04× 10−12 3.75

IC 4499 < 3.20× 10−12 23.49

NGC 5824 < 3.97× 10−13 0.00

NGC 5897 < 2.50× 10−12 5.32

NGC 5927 < 3.55× 10−12 3.12

NGC 5946 < 3.14× 10−12 1.14

BH 176 < 2.69× 10−12 3.99

NGC 5986 < 3.95× 10−12 17.05

Palomar 14 AvdB < 5.61× 10−13 0.14

Table 4. The 2σ upper limits on the gamma-ray flux (0.1-100 GeV) for those globular clusters that
were not significantly detected by Fermi (TS < 25).
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Globular Cluster Alternate Name Flux (erg/cm2/s) TS

NGC 6121 M4 < 4.45× 10−12 17.57

NGC 6101 < 1.72× 10−12 12.65

NGC 6144 < 3.03× 10−12 2.75

Terzan 3 < 3.64× 10−12 5.59

NGC 6171 M107 < 2.43× 10−12 2.19

GC 1636-283 ESO 0452-SC11 < 3.84× 10−12 17.09

NGC 6229 < 7.64× 10−13 0.00

FSR 1735 < 4.63× 10−12 12.94

NGC 6235 < 2.21× 10−12 1.49

NGC 6254 M10 < 2.14× 10−12 18.39

NGC 6256 < 5.80× 10−12 10.55

Palomar 15 < 2.34× 10−12 3.25

NGC 6273 M19 < 1.16× 10−12 3.69

NGC 6284 < 2.44× 10−12 2.09

NGC 6287 < 4.41× 10−12 8.88

NGC 6293 < 3.24× 10−12 4.74

NGC 6304 < 5.98× 10−12 16.05

NGC 6341 M92 < 1.51× 10−12 11.86

NGC 6325 < 2.35× 10−12 0.53

NGC 6333 M9 < 1.76× 10−12 3.94

NGC 6356 < 1.29× 10−12 0.08

NGC 6355 < 2.67× 10−12 0.53

NGC 6352 < 6.17× 10−12 21.74

IC 1257 < 2.88× 10−12 5.74

Terzan 2 HP 3 < 2.96× 10−12 16.38

NGC 6366 < 3.23× 10−12 5.36

Terzan 4 HP 4 < 4.10× 10−12 0.88

HP 1 BH 229 < 4.79× 10−12 6.98

NGC 6362 < 1.71× 10−12 2.31

Liller 1 < 4.95× 10−12 5.28

NGC 6380 Ton 1 < 6.51× 10−12 11.57

NGC 6402 M14 < 2.29× 10−12 24.64

NGC 6426 < 2.26× 10−12 2.57

Djorg 1 < 2.86× 10−12 1.05

Terzan 6 HP 5 < 5.46× 10−12 5.26

NGC 6453 < 1.06× 10−12 0.00

UKS 1 < 4.68× 10−12 1.49

NGC 6496 < 3.06× 10−12 8.18

Terzan 9 < 6.86× 10−12 10.82

Djorg 2 ESO 456-SC38 < 5.56× 10−12 9.50

Table 5. Continued from Table 4. The 2σ upper limits on the gamma-ray flux (0.1-100 GeV) for
those globular clusters that were not significantly detected by Fermi (TS < 25).
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Globular Cluster Alternate Name Flux (erg/cm2/s) TS

NGC 6517 < 2.11× 10−12 12.72

Terzan 10 < 5.06× 10−12 3.90

NGC 6522 < 2.19× 10−12 1.49

NGC 6528 < 3.34× 10−12 3.73

NGC 6539 < 7.61× 10−12 20.47

NGC 6540 Djorg 3 < 5.45× 10−12 8.99

NGC 6544 < 2.84× 10−12 5.41

ESO-SC06 ESO280-SC06 < 4.00× 10−12 19.57

NGC 6553 < 1.63× 10−12 0.00

NGC 6558 < 2.92× 10−12 2.19

Terzan 12 < 2.88× 10−12 0.02

BH 261 AL 3 < 1.64× 10−12 0.00

NGC 6584 < 2.48× 10−12 9.01

NGC 6624 < 2.77× 10−12 16.02

NGC 6626 M28 < 4.02× 10−12 5.89

NGC 6638 < 5.44× 10−12 19.30

NGC 6637 M69 < 1.86× 10−12 11.99

NGC 6642 < 3.48× 10−12 3.70

NGC 6656 M22 < 2.30× 10−12 11.00

Palomar 8 < 4.29× 10−12 8.76

NGC 6681 M70 < 1.83× 10−12 10.10

NGC 6715 M54 < 1.76× 10−12 5.35

NGC 6723 < 1.94× 10−12 3.92

NGC 6760 < 7.92× 10−12 19.79

NGC 6779 M56 < 2.72× 10−12 8.32

Terzan 7 < 2.35× 10−12 8.21

Palomar 10 < 8.62× 10−12 23.62

Arp 2 < 1.83× 10−12 1.41

NGC 6809 M55 < 2.42× 10−12 5.26

Terzan 8 < 2.43× 10−12 4.95

Palomar 11 < 1.66× 10−12 4.46

NGC 6838 M71 < 5.96× 10−12 24.47

NGC 6864 M75 < 1.11× 10−12 1.37

NGC 6934 < 1.51× 10−12 1.46

NGC 6981 M72 < 1.38× 10−12 1.27

NGC 7006 < 1.94× 10−12 3.78

NGC 7089 M2 < 9.42× 10−13 0.74

NGC 7099 M30 < 1.32× 10−12 8.39

Palomar 12 < 9.53× 10−13 0.23

Palomar 13 < 3.01× 10−12 7.45

NGC 7492 < 1.17× 10−12 4.07

Table 6. Continued from Tables 4 and 5. The 2σ upper limits on the gamma-ray flux (0.1-100 GeV)
for those globular clusters that were not significantly detected by Fermi (TS < 25).
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Figure 1. The gamma-ray luminosity (0.1-100 GeV) of globular clusters as a function of their stellar
encounter rate, as calculated in Ref. [70]. The stellar encounter rates are normalized to be equal to
unity in the case of NGC 104 (47 Tuc).

Throughout most of this study, we parameterize the gamma-ray luminosity function of
MSPs as follows, using a (base 10) log-normal distribution:

dN

d log10 Lγ
≡ 1

σL
√

2π
exp

[
− (log10 Lγ − log10 L0)2

2σ2
L

]
, (3.2)

or equivalently

dN

dLγ
≡ log10 e

σL
√

2πLγ
exp

[
− (log10 Lγ − log10 L0)2

2σ2
L

]
. (3.3)

In these expressions, we treat L0 and σL as free parameters, which we will constrain in our
analysis. We also treat as a free parameter the average number of MSPs per unit stellar
encounter rate, RMSP.

To constrain these parameters, we have utilized a Monte Carlo simulation. For each
value of the stellar encounter rate, we draw from a Poisson distribution to determine the
number of MSPs in a given globular cluster, and then draw from the luminosity function
for each of those MSPs to determine the total gamma-ray luminosity of the cluster. After
performing this exercise for 106 globular clusters with a given stellar encounter rate, we
arrive at a probability distribution for the gamma-ray luminosity of a given cluster (for each
combination of L0, σL and RMSP). We then compare this distribution to the data, as shown
in Fig. 1, to determine the range of these parameters that provides a good fit.

Overall, our fit favors the following range of parameter values: L0 =
[
0.88+0.79

−0.41

]
× 1034

erg/s, σL = 0.62+0.15
−0.16, and RMSP = 1.79+0.77

−0.50, where the errors represent the 1σ uncertainty
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Globular Cluster Alt. Name Distance (kpc) Luminosity (L�) Γe

NGC 104 47 Tuc 4.46 5.01× 105 1.00+0.15
−0.13

NGC 362 8.61 2.01× 105 0.74+0.14
−0.12

NGC 1261 16.29 1.13× 105 0.015+0.011
−0.004

Palomar 2 27.11 1.32× 105 0.93+0.84
−0.56

NGC 1851 12.07 1.84× 105 1.53+0.20
−0.19

NGC 1904 M79 12.94 1.19× 105 0.12+0.019
−0.014

NGC 2419 82.49 5.01× 105 0.0028+0.0008
−0.0005

NGC 2808 9.59 4.88× 105 0.92+0.067
−0.083

NGC 4147 19.30 2.51× 104 0.017+0.013
−0.006

NGC 4372 5.81 1.12× 105 0.0002+0.0004
−0.0001

NGC 5024 M53 17.85 2.61× 105 0.035+0.012
−0.010

NGC 5139 Omega Centauri 5.17 1.09× 106 0.090+0.027
−0.020

NGC 5272 M3 10.18 3.05× 105 0.19+0.033
−0.018

NGC 5286 11.67 2.68× 105 0.46+0.058
−0.061

NGC 5634 25.18 1.02× 105 0.020+0.014
−0.008

NGC 5694 35.01 1.16× 105 0.19+0.052
−0.034

NGC 5824 32.17 2.96× 105 0.98+0.17
−0.16

NGC 5904 M5 7.47 2.86× 105 0.16+0.039
−0.030

NGC 5927 7.67 1.14× 105 0.068+0.013
−0.010

NGC 5946 10.55 6.37× 104 0.13+0.034
−0.045

NGC 5986 10.43 2.03× 105 0.062+0.016
−0.010

NGC 6093 M80 10.01 1.67× 105 0.53+0.059
−0.069

NGC 6121 M4 2.22 6.43× 104 0.027+0.012
−0.010

NGC 6139 10.12 1.89× 105 0.31+0.094
−0.089

NGC 6205 M13 7.14 2.25× 105 0.069+0.018
−0.015

NGC 6229 30.46 1.43× 105 0.048+0.031
−0.009

NGC 6218 M12 4.83 7.18× 104 0.013+0.0054
−0.0040

NGC 6254 M10 4.39 8.39× 104 0.031+0.0043
−0.0041

NGC 6256 10.28 6.19× 104 0.17+0.119
−0.060

NGC 6266 M62 6.83 4.02× 105 1.67+0.71
−0.57

NGC 6273 M19 8.80 3.84× 105 0.20+0.067
−0.039

NGC 6284 15.29 1.31× 105 0.67+0.12
−0.11

Table 7. The distance to each globular cluster, as well as its visible luminosity and stellar encounter
rate (Γe), as calculated in Ref. [70]. The stellar encounter rates are normalized such that Γe = 1
for the case of NGC 104. We include in this table every globular cluster with either Γe ≥ 0.01 or
LV ≥ 105 L�.
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Globular Cluster Alt. Name Distance (kpc) Luminosity (L�) Γe

NGC 6287 9.38 7.52× 104 0.036+0.0077
−0.0077

NGC 6293 9.48 1.11× 105 0.85+0.37
−0.24

NGC 6304 5.88 7.11× 104 0.12+0.054
−0.022

NGC 6316 10.45 1.85× 105 0.077+0.025
−0.015

NGC 6341 M92 8.27 1.64× 105 0.27+0.030
−0.029

NGC 6325 7.83 5.20× 104 0.12+0.045
−0.046

NGC 6333 M9 7.91 1.29× 105 0.13+0.059
−0.042

NGC 6342 8.53 3.16× 104 0.045+0.014
−0.013

NGC 6356 15.08 2.17× 105 0.088+0.020
−0.014

NGC 6355 9.22 1.45× 105 0.10+0.041
−0.026

Terzan 2 HP 3 7.49 1.92× 104 0.022+0.029
−0.014

NGC 6380 Ton 1 10.88 8.55× 104 0.12+0.068
−0.045

NGC 6388 9.92 4.97× 105 0.90+0.24
−0.21

NGC 6402 M14 9.25 3.73× 105 0.12+0.032
−0.030

NGC 6401 10.56 1.24× 105 0.044+0.011
−0.011

NGC 6397 2.30 3.87× 104 0.084+0.018
−0.018

Palomar 6 5.79 4.45× 104 0.016+0.013
−0.008

Terzan 5 Terzan 11 5.98 7.94× 104 6.80+1.04
−3.02

NGC 6440 8.45 2.70× 105 1.40+0.63
−0.48

NGC 6441 11.60 6.08× 105 2.30+0.97
−0.64

Terzan 6 HP 5 6.78 9.29× 104 2.47+5.07
−1.72

NGC 6453 11.57 6.61× 104 0.37+0.13
−0.09

NGC 6517 10.63 1.71× 105 0.34+0.15
−0.10

NGC 6522 7.70 9.82× 104 0.36+0.11
−0.10

NGC 6528 7.93 3.63× 104 0.28+0.11
−0.05

NGC 6539 7.79 1.77× 105 0.042+0.029
−0.015

NGC 6544 2.96 5.11× 104 0.11+0.068
−0.037

NGC 6541 7.54 2.19× 105 0.39+0.095
−0.063

NGC 6553 5.96 1.10× 105 0.069+0.027
−0.019

NGC 6558 7.37 3.22× 104 0.11+0.026
−0.019

NGC 6569 10.90 1.75× 105 0.054+0.030
−0.021

NGC 6584 13.49 1.02× 105 0.012+0.0054
−0.0034

Table 8. Continued from Table 7. The distance to each globular cluster, as well as its visible
luminosity and stellar encounter rate (Γe), as calculated in Ref. [70]. The stellar encounter rates are
normalized such that Γe = 1 for the case of NGC 104. We include in this table every globular cluster
with either Γe ≥ 0.01 or LV ≥ 105 L�.
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Globular Cluster Alt. Name Distance (kpc) Luminosity (L�) Γe

NGC 6624 7.91 8.47× 104 1.15+0.11
−0.18

NGC 6626 M28 5.52 1.57× 105 0.65+0.084
−0.091

NGC 6638 9.41 6.03× 104 0.14+0.039
−0.027

NGC 6637 M69 8.80 9.73× 104 0.090+0.036
−0.018

NGC 6642 8.13 3.94× 104 0.10+0.031
−0.025

NGC 6652 10.00 3.94× 104 0.70+0.29
−0.19

NGC 6656 M22 3.23 2.15× 105 0.078+0.032
−0.026

NGC 6681 M 70 9.01 6.03× 104 1.04+0.27
−0.19

NGC 6712 6.93 8.55× 104 0.031+0.0056
−0.0066

NGC 6715 M54 26.49 8.39× 105 2.52+0.23
−0.27

NGC 6717 Palomar 9 7.11 1.57× 104 0.040+0.022
−0.014

NGC 6723 8.65 1.16× 105 0.011+0.0080
−0.0044

NGC 6752 3.99 1.06× 105 0.40+0.18
−0.13

NGC 6760 7.36 1.17× 105 0.057+0.027
−0.019

NGC 6779 M 56 9.44 7.87× 104 0.028+0.012
−0.009

Palomar 10 5.93 1.77× 104 0.059+0.043
−0.036

Palomar 11 13.40 5.01× 104 0.021+0.011
−0.007

NGC 6864 M 75 20.84 2.29× 105 0.31+0.095
−0.082

NGC 6934 15.63 8.17× 104 0.030+0.012
−0.008

NGC 7006 41.21 1.00× 105 0.0094+0.0049
−0.0033

NGC 7078 M 15 10.38 4.06× 105 4.51+1.36
−0.99

NGC 7089 M 2 11.56 3.50× 105 0.52+0.078
−0.071

NGC 7099 M 30 8.12 8.17× 104 0.32+0.12
−0.08

Table 9. Continued from Tables 7-8. The distance to each globular cluster, as well as its visible
luminosity and stellar encounter rate (Γe), as calculated in Ref. [70]. The stellar encounter rates are
normalized such that Γe = 1 for the case of NGC 104. We include in this table every globular cluster
with either Γe ≥ 0.01 or LV ≥ 105 L�.

after marginalizing over the values of the other two parameters. In Fig. 2, the solid red line
represents the luminosity function corresponding to the best-fit values of these parameters.
In Fig. 3, we present the regions of the parameter space (in terms of the L0-σL plane) that
are favored by our fit at the 1σ and 2σ confidence levels.

Although it is generally assumed that the MSP population in globular clusters is gener-
ated through stellar interactions, it is not known with complete certainty that this is the case.
With this in mind, we have repeated the procedure described above, but instead assuming
that the average number of MSPs in a given cluster is proportional to the visible luminosity
of the cluster (corresponding roughly to the total number of stars). In the left frame of Fig. 4,
we compare the visible luminosity of each globular cluster to its gamma-ray luminosity (see
Tables 7-9). We find that the clusters with the highest visible luminosities also generally
exhibit high gamma-ray luminosities. In the right frame of this figure, we compare the vis-
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Figure 2. The gamma-ray luminosity function of millisecond pulsars in globular clusters, for the
best-fit parameter values found by our fit. Results are shown assuming that the average number of
pulsars is proportional to the stellar encounter rate, or to the visible luminosity of the cluster. We
also show results using a log-normal or power-law form for the luminosity function.

ible luminosities of these clusters to their stellar encounter rates. The correlation between
these two quantities causes our Monte Carlo to yield similar results, regardless of whether we
assume that the average number of pulsars is proportional to the stellar encounter rate or to
the visible luminosity of the cluster. In the later case, we find a best-fit for L0 = 0.82× 1034

erg/s, σL = 0.61, and 1.4× 10−6 MSPs per solar luminosity. Results for this case are shown
as black dashed lines in Figs. 2 and 3.

The discriminating power of our analysis is in large part driven by the width of the
distribution of gamma-ray luminosities around the mean value. This is illustrated in Fig. 5,
where we plot the regions in which the central 68.3% (dark grey) and 95.5% (light grey)
of globular clusters are predicted to reside (for a given stellar encounter rate). In the left
frame of this figure, we calculate these bands using our best-fit luminosity function parameters
(L0 = 8.8×1033 erg/s, σL = 0.62, and RMSP = 1.79), while in the right frame we adopt values
of L0 andRMSP that are ten times smaller and larger, respectively (L0 = 8.8×1032 erg/s, σL =
0.62, and RMSP = 17.9). While each of these cases predicts the same mean cluster luminosity
(for a given stellar encounter rate), the widths of these distributions are very different. In
particular, while our best-fit parameters provide a good fit to the observed distribution, the
parameters adopted in the right frame clearly cannot account for the observed outliers.

One important consequence of the MSP gamma-ray luminosity function derived here
is that it predicts that many or most of the globular clusters detected by Fermi will be
dominated (in terms of gamma-ray luminosity) by only one or two MSPs. More specifically,
from the results shown in Fig. 6, we find that a single MSP provides more than half of
the total gamma-ray luminosity in 85% (37%) of globular clusters with a total gamma-ray
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Figure 4. In the left frame, we show a comparison similar to Fig. 1, but using the visible luminosity
of each globular cluster (rather than the stellar encounter rate). In the right frame, we compare
the visible luminosity to the stellar encounter rate of each globular cluster, finding a high degree of
correlation.

luminosity of 1034 erg/s (1035 erg/s).
In order to test the impact of our assumption that the gamma-ray luminosities of MSPs

follow a log-normal distribution, we alternatively consider a power-law form of the MSP
luminosity function. Performing our analysis again (assuming an average number of MSPs
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Figure 5. The gamma-ray luminosity of globular clusters as a function of their stellar encounter rate,
compared to the distributions predicted using two different luminosity functions. In the left frame,
we adopt our best-fit parameters (L0 = 8.8× 1033 erg/s, σL = 0.62, and RMSP = 1.79), while in the
right frame we consider a model with ten times as many pulsars (RMSP = 17.9), with ten times lower
luminosity (L0 = 8.8× 1032 erg/s). The shaded bands in each frame denote the regions in which the
central 68.3% (dark grey) and 95.5% (light grey) of globular clusters are predicted to reside. Each of
these cases predict the same mean luminosity (3.9 × 1034 erg/s per unit stellar encounter rate), but
very different distributions and median values.
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Figure 6. For our best-fit luminosity function parameters (L0 = 8.8 × 1033 erg/s, σL = 0.62), we
plot the fraction of globular clusters for which less than a given fraction of their total gamma-ray
luminosity (x) comes from a single MSP (LMSP denotes the luminosity of the brightest pulsar in the
cluster). For approximately 85% (37%) of globular clusters with a total gamma-ray luminosity of 1034

erg/s (1035 erg/s), more than half of their total gamma-ray emission originates from a single MSP.

that is proportional to the stellar encounter rate), but this time assuming a luminosity

function that is given by dN/dLγ ∝ Lβγ , over the range 1031 < Lγ < 1036 erg/s, we find that
the best fit occurs for β ' −1.03 ± 0.06 and RMSP = 1.18+0.42

−0.16. This provides a fit that is
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approximately as good as that found using a log-normal luminosity function. The best-fit
power-law luminosity function is shown as a blue long-dashed line in Fig. 2. In this case, the
best-fit parameters yield a mean MSP luminosity of 〈Lγ〉 ' 7.5×1034 erg/s, which is slightly
higher that than found in the log-normal case.

In principle, we can use the value of RMSP derived in our analysis, combined with the
sum of the stellar encounter rates (or visible luminosities), to constrain the total number of
MSPs that are present within the Milky Way’s system of globular clusters. For our best-
fit log-normal (power-law) parameters, derived assuming a pulsar population proportional
to the the stellar encounter rate, this exercise yields an estimate that there are a total of
NMSP = 76.1+32.7

−21.3 (50.2+17.8
−6.8 ) MSPs that reside within this collection of 124 globular clusters.

If we instead assume that the number of pulsars scales with the visible luminosity of a given
cluster, we arrive at a slightly higher best-fit value of 87.4 MSPs.

Taken at face value, this population of MSPs may seem surprisingly small. In particular,
radio emission has already been detected from 129 MSPs residing in 25 globular clusters.7 It
is important to appreciate, however, that the analysis presented here is not very sensitive to
the number of low-luminsity MSPs (those with Lγ <∼ 3×1033 erg/s). Although our method is
able to constrain the fraction of the total gamma-ray emission that comes from such objects,
it tells us little about the total number of such pulsars present. As a result, the total number
of low-luminosity pulsars derived in our analysis is largely fixed by the parameterization we
have adopted for the luminosity function, and we do not meaningfully constrain the number
of MSPs that are present in the low-luminosity tail of the luminosity function.

The gamma-ray luminosity of a given MSP is given by:

Lγ = ηγ Ė (3.4)

= ηγ
4π2IṖ

P 3

' 9.6× 1033 erg/s

(
ηγ
0.2

)(
B

108.5 G

)2(3 ms

P

)4

,

where ηγ is the gamma-ray efficiency, Ė is the spin-down rate, I is the neutron star’s moment
of inertia (taken to be 1045 g cm2) and P and Ṗ the rotational period of the pulsar and its
time derivative. In the last step, we have used the following expression for Ṗ resulting from
magnetic-dipole breaking:

Ṗ ' 3.3× 10−20

(
B

108.5 G

)2(3 ms

P

)
, (3.5)

where B is the strength of the magnetic field.
Although a pulsar’s gamma-ray luminosity is determined by its values of P , B and ηγ ,

the quantities B and ηγ are in general not directly measureable. For pulsars observed in
the field of the Milky Way, however, the values P and Ṗ can be measured independently of
Lγ , making it possible to infer the distributions of the underlying quantities. For pulsars in
globular clusters, however, observed values of Ṗ are significantly impacted by accelerating
forces acting on the neutron star, making it difficult to determine the intrinsic spin-down
rate [71]. In contrast, the periods of many MSPs in globular clusters have been measured at
radio wavelengths.

7For a list of radio MSPs in globular clusters, see: http://www.naic.edu/~pfreire/GCpsr.html.
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Figure 7. The error bars depict the gamma-ray luminosity function of MSPs in globular clusters,
derived from the observed distribution of radio periods, naively assuming B = 108.5 G and ηγ = 0.2 for
each pulsar, making Lγ entirely dependent on the pulsar’s period. Although this result is in reasonable
agreement with those luminosity functions found in this study (red solid and blue dashed lines) for
Lγ >∼ 1033 erg/s, the radio periods suggest that the true luminosity function has a significantly larger
low-luminosity tail (which our method is not sensitive to).

If we naively (and unrealistically) imagine that all MSPs have the same values of B
and ηγ , we can derive the gamma-ray luminosity function from the observed distribution
of rotational periods. Given that the gamma-ray luminosity of an MSP scales with the
fourth power of its inverse period, it is not entirely unreasonable to expect variations in P to
dominate the overall luminosity function. We show the result of this exercise in Fig. 7. For
reasonable parameter values (B = 108.5 G, ηγ = 0.2), the resulting luminosity function is in
good agreement with that derived in this study for Lγ >∼ 1033 erg/s. At lower luminosities,
however, the radio period distribution suggests that there are likely significantly more MSPs
than are predicted by the luminosity function found in this study. As stated before, our
method is largely insensitive to the number of pulsars with Lγ <∼ 3×1033 erg/s, so we should
not be surprised by this result. If the true luminosity function is similar to our best-fit
log normal distribution, but with a larger low-luminosity tail (as suggested in Fig. 7), it
would not impact any of our main conclusions, but would significantly increase the total
number of pulsars predicted to reside within the Milky Way’s globular cluster system, from
NMSP ∼ 50 − 100 to roughly NMSP ∼ 100 − 300. In reality, this tail might be even larger,
depending on the underlying distributions of the parameters B and ηγ .

We also note that the luminosity function derived in this study is similar to those found
in previous studies for MSPs in the field of the Milky Way. In Fig. 8, we compare the
luminosity function parameters favored by this paper’s analysis to that found in Ref. [62] for
those MSPs not residing in globular clusters. These results overlap at the 1σ level, suggesting
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Figure 8. The luminosity function parameters favored by this paper’s analysis (solid red and dashed
black contours, as in Fig. 3) and as found previously for those MSPs not residing in globular clusters
(long dashed blue) [62]. As these results overlap at the 1σ level, it suggests that the gamma-ray
luminosity function of these two pulsar populations may be quite similar. Note that Ref. [62] adopted
a σL ≥ 0.8 prior, explaining the edge in the region shown. The grey lines denote contours of constant
mean luminosity, with values as labeled in Fig. 3.

similar gamma-ray luminosity functions for these two pulsar populations.
Lastly, we point out a potential caveat to the conclusions reached in this section. Thus

far, our analysis has assumed that the mean number of MSPs in a given globular cluster is
proportional to either the cluster’s stellar encounter rate, or to its visible luminosity (or some
linear combination of the two). This assumption is both well motivated, and is supported
by the observed correlations with gamma-ray luminosity, as shown in Figs. 1 and 4. It is
possible, however, that some other variable, perhaps associated with the characteristics of
the stellar population, may also be responsible in part for determining the mean number of
MSPs within a given cluster. The best-fit model presented here, without any such additional
variable(s), provides a fairly good fit to the data shown in Fig. 1, at the level of χ2 ' 1.08 per
degree-of-freedom. From this, we conclude that the data does not require the inclusion of any
additional variable(s). That being said, such a variable could be approximately degenerate
with those determined in our fit, and we cannot rule out such a possibility at this time. In
the unlikely event that such variables are responsible for a significant fraction of the observed
variation in globular cluster luminosities, the parameters favored by our fit would shift to
somewhat higher values for RMSP and to lower values for 〈Lγ〉.
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4 Disrupted Globular Clusters and the Galactic Center Gamma-Ray Ex-
cess

As discussed in the introduction of this paper, it has been suggested that the gamma-ray
excess observed from the region surrounding the Galactic Center might originate from MSPs
that were once in globular clusters [58, 65]. The results of this study have direct implications
for this hypothesis, which we will discuss in this section.

As a consequence of dynamical friction, the orbit of a globular cluster of mass MC will
evolve as follows:

dr2

dt
= − r2

tDF(r,MC)
, (4.1)

where the timescale for dynamical friction is given by:

tDF ≈ 4.5 Gyr ×
(

r

kpc

)2( V (r)

200 km/s

)(
106M�
MC

)(
fε
0.5

)
. (4.2)

Here, VC is the circular velocity of the cluster orbit and fε is an order one factor which
accounts for any eccentricity. From this equation, we see that the orbits of massive globular
clusters located within the innermost kiloparsecs of the Milky Way will evolve on relevant
timescales. As these clusters migrate into the Inner Galaxy, they will lose mass and can be
disrupted by tidal forces, causing their pulsars and other stars to be deposited throughout the
volume of the Milky Way and especially within the Central Stellar Cluster. In particular, the
authors of Ref. [66] estimate that approximately 1.5 × 108M� in stars has been deposited
within the central 1.8 kiloparsecs of the Milky Way from globular clusters, a significant
fraction of which is predicted to be concentrated within the innermost several parsecs. This
is approximately 3-4 times as much mass as is found within the entirety of the Milky Way’s
current globular system (see also, Ref [72]). For a luminosity function with the best-fit
parameters found in this study, this would correspond to a total population of MSPs with
a gamma-ray luminosity of Lγ ' (5.2 − 7.0) × 1036 erg/s, corresponding to approximately
27% to 36% of the observed gamma-ray excess. As this luminosity function is similar to that
reported previously [62], this would lead to a similar number of MSPs in the Inner Galaxy
(∼ 10−50) that should have already been detected by Fermi. This estimate, however, neglects
the important effects of spin-down evolution, to which we will now turn our attention.

When a given globular cluster is disrupted and its MSP population is deposited into
the Inner Galaxy, this population will continue to evolve. More specifically, the pulsars will
steadily spin-down, losing their rotational kinetic energy through magnetic dipole breaking
and becoming less luminous. This is important for two independent reasons. First, this effect
reduces the number of low-mass X-ray binaries (LMXBs) predicted to be present in the Inner
Galaxy [58]. And second, this very significantly reduces the average gamma-ray luminosity
of MSPs in the Inner Galaxy.

It was first pointed out in Ref. [63] that if the Galactic Center gamma-ray excess is
generated by MSPs, then the ratio of MSPs to bright low-mass X-ray binaries (LMXBs) in
the Inner Galaxy must be much higher than is observed in globular clusters (by a factor
of ∼20). As LMXBs are the progenitors of MSPs, this was presented as strong evidence
against there being such a large population of MSPs around the Galactic Center. It was
later argued, however, that MSPs deposited through the disruption of globular clusters do
not need to be accompanied by as large a number of LMXBs [58]. More specifically, when
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a globular cluster is disrupted, its stellar encounter rate is reduced dramatically, effectively
ending the formation of new LMXBs (and ending the formation of new MSPs, other than
those that form from preexisting LMXBs). If the timescale for the transition from an LMXB
to a MSP is roughly a few hundred million years or less (which is a reasonable estimate [73]),
this could explain the lack of bright LMXBs found in the Inner Galaxy [74, 75].

To estimate the degree to which the gamma-ray luminosity of a given MSP will decrease
with time, consider the timescale for spin-down (see Eqs. 3.4 and 3.5):

τ ≡ E

Ė
=

P

2Ṗ
' 0.46 Gyr×

(
3× 1034 erg/s

Lγ

)(
ηγ
0.2

)(
3 ms

P

)2

, (4.3)

where E is the rotational kinetic energy of the pulsars. From this, we see that gamma-
ray bright MSPs evolve significantly, losing most of their energy over hundreds of millions
or billions of years. As a result, the average gamma-ray luminosity of an MSP from a
disrupted globular clusters will be significantly lower than that from an average MSP in the
Galactic Disk or within an intact globular cluster (where new pulsars are formed, maintaining
something similar to a steady-state luminosity function). In one respect, this might be helpful,
as Fermi has failed to detect many bright MSP candidates from the Inner Galaxy (especially
in the spherically symmetric configuration required to explain the excess) [31, 59, 63], and
spin-down evolution might be able to provide an explanation for the lack of high-luminosity
sources. After taking into account spin-down evolution, however, much larger numbers of
MSPs are required to generate the observed luminosity of the excess.

To estimate the impact of spin-down evolution on a population of MSPs, we have carried
out the following calculation. We adopt a distribution of initial periods, magnetic fields and
gamma-ray efficiencies that are each described by uncorrelated log-normal distributions, with
parameters chosen to recover our best-fit gamma-ray luminosity function (L0 = 0.88 × 1034

erg/s, σL = 0.62). More specifically, we take P0 = 3 ms, B0 = 108.5 G, and ηγ,0 = 0.183,
and σP = σB = σηγ (selected such that σL = 0.62). In Fig. 9, we show the initial luminosity
function, and the luminosity function after 0.1, 1.0 and 10.0 Gyr, as calculated using Eq. 4.3.
This calculation reveals that the total gamma-ray luminosity of an MSP population is reduced
to 50% of its initial value after only 0.17 Gyr. After 1.4 Gyr (7.4 Gyr) such a population will
emit a total gamma-ray luminosity that is equal to only 10% (1%) of its initial value.

Taking this a step further, we have assumed that MSPs are deposited from globular
clusters into the Inner Galaxy at a constant rate over 10 Gyr (as approximately found to be
the case in Ref. [66]), and calculated the integrated luminosity function of the accumulated
MSP population. This result is shown in Fig. 10, for three different values of the LMXB
lifetime, τLMXB . For τLMXB ' 0.1−0.3 Gyr [73], the total gamma-ray luminosity is a factor of
13 to 17 lower than that found neglecting spin-down evolution. Even for a very large value
of τLMXB ' 1.0 Gyr, the total luminosity is reduced by a factor of 7.4.8

With these considerations in mind, we find that MSPs from disrupted globular clusters
are not predicted to generate on the order of 27% to 36% of the observed gamma-ray excess,
as calculated above, but only 1.6% to 2.8% of this signal (for τLMXB ' 0.1 − 0.3 Gyr).
Furthermore, even if we were to radically change the assumed initial conditions of the globular
cluster population such that 30 to 70 times more MSPs from globular clusters were deposited
into the Inner Galaxy, this would lead to the formation of a central stellar population that is

8We take the members of the initial LMXB population to have a half-life of τLMXB . After these sources
transition to their MSP phase, their luminosity function undergoes spin-down evolution and departs from the
steady-state distribution.
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Figure 9. The evolution of the millisecond pulsar gamma-ray luminosity function with time. The solid
red curve represents the steady-state luminosity function, corresponding to the best-fit parameters
found in this study (L0 = 0.88 × 1034 erg/s, σL = 0.62). The other curves denote the luminosity
functions for those same pulsars, after spinning down for a period of 0.1 Gyr (long-dashed blue), 1 Gyr
(dashed black) and 10 Gyr (dotted orange). Here, we have assume log-normal distributions for the
periods, magnetic field strengths, and gamma-ray efficiencies, with central values of 3 milliseconds,
108.5 G, and 0.183, respectively, and each with equal widths (selected such that σL = 0.62).

much larger than observed (∼ 109M� within the innermost 10 pc, compared to the observed
value of 3× 107M�) [66]. In such a scenario, globular clusters would also contribute a total
stellar mass of ∼ 1010M� within the innermost 1.8 kpc of the Galaxy, constituting an order
one fraction of total mass of the bulge.

One caveat to the conclusions described above concerns the population of MSPs that
is ejected from the globular cluster by the natal kick imparted during the supernova of the
primary star. These systems may still become MSPs, but the emission will not be localized in
the globular cluster. Within the context of our analysis, this will lead to an observed gamma-
ray signal from the globular cluster population that underestimates the total gamma-ray
luminosity from pulsars born within that cluster. There are several reasons, however, that
we expect this correction to be small. First of all, dynamical simulations indicate that only
∼10% of neutron stars that form and retain their binary companion in a globular cluster
are expelled from the cluster [76]. Furthermore, a comparison of the ∼Gyr timescale for
dynamical interactions in globular clusters [77] to the ∼20 Myr timescale for the formation
of a neutron star indicates that the overwhelming majority of MSPs in globular clusters
originate from primordial binaries, rather than from systems with a captured companion.
This class of systems is not expected to have an MSP formation efficiency that is enhanced
with respect to the field (i.e. the thick disk).9 And lastly, we note that globular clusters spend

9While Globular Clusters are likely to support a larger initial binary fraction than stars in the field, the
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Figure 10. The evolution of the gamma-ray luminosity function for the population of millisecond
pulsars deposited in the Inner Galaxy from disrupted globular clusters. Results are shown for three
different values of the low-mass X-ray binary lifetime, τ

LMXB
.

much of their pre-disruption lifetime in orbits well outside of region relevant for studies of the
Galactic Center gamma-ray excess. For example, following Ref. [66], we find that a cluster
with an initial mass of 107M� and in an orbit with a semi-major axis of 4 kpc will migrate
into the Inner Galaxy over a period of approximately 8.6 Gyr. Only about 28% of this time
is spent within the innermost 2 kpc of the Galaxy, however. Less massive clusters migrate
even more slowly. As a consequence, a large fraction of MSPs expelled from globular clusters
through natal kicks will be found well beyond the confines of the Inner Galaxy.

5 Summary and Conclusions

Millisecond pulsars (MSPs) are widely considered to be the leading astrophysical explanation
for the gamma-ray excess observed from the region surrounding the Galactic Center. The
morphology of this gamma-ray signal is approximately spherically symmetric, however, and
does not trace any known stellar populations, making it difficult to explain with any pulsar
population that might be generated within the Inner Galaxy. With this in mind, it has
been proposed that a large and more spherically distributed population of MSPs might have
originated from the tidal disruption of globular clusters.

In this paper, we have studied the gamma-ray emission from 157 globular clusters in the
Milky Way. Within this population, we have identified statistically significant emission from
25 globular clusters, 10 of which are not found in existing gamma-ray source catalogs. We
then made use of this information, in conjunction with previously calculated stellar encounter
rates, to constrain the gamma-ray luminosity function of MSPs in globular clusters. Our

binary fraction of stars in the field is likely to be ∼0.5, limiting any enhancement to be <∼2 [78].
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results suggest that this population of MSPs exhibit a luminosity function that is quite
similar to that of MSPs in the field of the Milky Way (i.e. in the thick disk).

After taking into account the spin-down evolution of MSPs deposited into the Inner
Galaxy, we find that it would require between 3300 and 4200 MSPs (with gamma-ray lumi-
nosities Lγ > 1033 erg/s) to generate the observed intensity of the gamma-ray excess (for
our best-fit luminosity function parameters). If we adopt the luminosity function derived
in this study, the Milky Way globular cluster model described in Refs. [58, 66] predicts a
total gamma-ray flux that is only a 1.6% to 2.8% as large as the observed excess. A scenario
that deposited enough MSPs into the Inner Galaxy to generate the entire gamma-ray excess
would also lead to the formation of a ∼109M� central stellar cluster within the innermost 10
pc, a factor of ∼30 more mass than is observed to be present. If we change the parameters of
the spin-down evolution model in order to generate a larger total gamma-ray flux, this leads
to the prediction that Fermi should have already detected many MSPs in the Inner Galaxy,
as well as many more bright low-mass X-ray binaries than are observed.
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