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Over 10 years ago, Fermi observed an excess of GeV gamma rays from the Galactic Center whose origin
is still under debate. One explanation for this excess involves annihilating dark matter, another requires an
unresolved population of millisecond pulsars concentrated at the Galactic Center. In this work, we use the
results from LIGO and Virgo’s most recent all-sky search for quasimonochromatic, persistent gravitational-
wave signals from isolated neutron stars, which is estimated to be about 20%—-50% of the population, to
determine whether unresolved millisecond pulsars could actually explain this excess. First, we choose a
luminosity function that determines the number of millisecond pulsars required to explain the observed
excess. Then, we consider two models for deformations on millisecond pulsars to determine their ellipticity
distributions, which are directly related to their gravitational-wave radiation. Lastly, based on null results
from the O3 frequency-Hough all-sky search for continuous gravitational waves, we find that a large set of
the parameter space in the pulsar luminosity function can be excluded. We also evaluate how these
exclusion regions may change with respect to various model choices. Our results are the first of their kind
and represent a bridge between gamma-ray astrophysics, gravitational-wave astronomy, and dark-matter

physics.
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Introduction.—A tantalizing excess of GeV gamma rays
was observed by Fermi over 10 years ago coming from the
Galactic Center, and yet its origin has remained elusive.
While early studies suggested that the almost spherically
symmetric Galactic-Center excess spatial morphology was
well fit by dark-matter models [1-7], and that recent
cosmic-ray burst events in our Galaxy could also explain
this excess [8—10], an astrophysical explanation of unre-
solved millisecond pulsars also appears consistent with the
observed excess [11-15]. The debate between these two
explanations is intense: some studies claim that the spatial
morphology of the Galactic-Center excess matches better
with the mass distribution of the Galactic bulge [16-19],
while other studies indicate a preference for a spherically
symmetric distribution [20,21]. There have also been
potential detections of gamma rays from point sources in
the inner Galaxy [22-24], but it was shown recently that
systematic biases favoring individual sources may exist
in these works [25-27]. Furthermore, predictions for the
fraction of the Galactic-Center excess explained by
millisecond pulsars range from a few percent [28,29] to
100% [30], depending on the luminosity function chosen.

The general theme behind these studies is to devise a
luminosity function to fit the observed Galactic-Center
excess, based on minimal assumptions [17,31] or
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astrophysics, e.g., assuming luminosity functions identical
to those from known millisecond pulsars in globular
clusters [29], asserting that accretion-induced collapse
is responsible for creating a millisecond pulsar popula-
tion [32], or allowing emissions from low-mass Xx-ray
binaries to compose the Galactic-Center excess [33,34].
However, since these choices are required to generate the
same observed excess, only some studies of x rays [35],
TeV gamma rays [36], and radio observations [37] have
allowed us to actually exclude luminosity functions.
Another approach is thus needed to test the viability of
the millisecond pulsar hypothesis. In this Letter, we show
that all-sky searches for continuous waves, i.e., quasimo-
nochromatic, persistent signals from isolated, asymmetri-
cally rotating neutron stars concentrated around the
Galactic Center, can constrain the millisecond pulsar
hypothesis for a chosen luminosity function and provide
a complementary probe of the Galactic-Center excess.
Gravitational waves could be emitted by neutron stars
with deformations on their surfaces, which would then
cause a “spin down,” a decrease in the rotational frequency
of the star over time, of O(< 107) Hz/s. The size of this
deformation is a priori unknown and could vary among
neutron stars [38]; however, contrary to Fermi, advanced
LIGO [39], Virgo [40], and KAGRA [41] do not rely on
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electromagnetic emissions, meaning they could potentially
detect gravitational waves from sources Fermi may not see.

In fact, the strength of a superposition of signals from a
stochastic gravitational-wave background of isolated milli-
second pulsars in the Galactic Center was calculated in
Ref. [42], assuming a fixed ellipticity and moment of
inertia for the population. However, the authors did not
systematically try to exclude the luminosity function,
nor test robustness of their calculations against different
modeling assumptions for the millisecond pulsar popula-
tion. Furthermore, a stochastic gravitational-wave back-
ground was actually searched for in the Galactic Center
recently [43], resulting in constraints on the ellipticity of
millisecond pulsars there; however, this search was con-
ducted independently of any knowledge of the GeV excess.
In contrast, here we consider millisecond pulsars emitting
individually detectable signals, directly link gravitational-
wave searches and the observed luminosity of the GeV
excess, and put data-driven constraints, while testing the
robustness of our modeling choices.

To address the Galactic-Center excess problem using
gravitational waves, we will use results from one of the
most recent all-sky searches of the latest LIGO-Virgo-
KAGRA data, O3, that targeted isolated neutron stars with
gravitational-wave frequencies between [10, 2048] Hz and
spin downs between [—107°,4+107%] Hz/s [44] with the
frequency-Hough method [45]. We will specifically con-
sider the portion of the sky that contains the Galactic
Center. Additionally, we choose to use upper limits from
searches for isolated neutron stars because these searches
can reach the Galactic Center (~8 kpc), which cannot yet
be reached by all-sky searches for neutron stars in binary
systems [46], thus our results only constrain isolated
millisecond pulsars that could comprise ~20% of the
population [48], and some binary systems with particular
orbital parameters [49].

Millisecond pulsars.—Gravitational waves from an
isolated neutron star could be emitted due to a deviation
from axial symmetry, which can be written in terms of a
dimensionless equatorial ellipticity €, defined in terms of the
star’s principal moments of inertia [54] € = |l — Iyy|/1,,.
The value of I,, is at O(10°%-10*) kgm?, depending
on the unknown neutron star equation of state [55,56].
In this study, we choose three representative values
(10%8,5 x 10°8, 10°”) kg m?. The gravitational-wave ampli-
tude Ay is directly proportional to the ellipticity [54]:
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where d is the star’s distance from Earth and f,, is the star’s
rotational frequency. In this study, we adopt the strategy in
Ref. [57] and assume this distribution of frequencies is
representative of the unknown rotational frequencies of
millisecond pulsars [49].

It is also useful to introduce the spin-down limit
ellipticity €. This is the maximum allowed ellipticity of
aneutron star, assuming that all of the rotational energy lost
by a millisecond pulsar is converted into gravitational

waves [58]:
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In the following study, we consider two models to
determine the ellipticity distribution of millisecond pulsars.
The first is to model the deformation as being caused by a
strong internal magnetic field misaligned with the star’s
rotational axis [59-61]. The second is to require that the
gravitational-wave radiation of millisecond pulsars is a
fixed fraction of the total energy loss [62,63].

Model 1: Deformation caused by magnetic field: Neutron
stars cannot remain spherical in the presence of a strong
internal magnetic field B;, [64,65]. If this field does not align
with the rotational axis, it could sustain a deformation on the
surface. Specifically, assuming a superconducting core, the
ellipticity is related to By, as [66] € ~ 1078(Bj, /10! Gs).

The internal magnetic field of a pulsar is not directly
observable. We have to derive its value using the pulsar’s
measured external magnetic field B.,. In this study, we
consider a range of ratios when calculating the probability
of gravitational-wave detection based on O3 search results,
but we take a benchmark value as B;, = 150B.,;, moti-
vated by Refs. [67,68], when applying our results to
exclude portions of the luminosity function parameter
space (see below). We also assume millisecond pulsars
near the Galactic Center follow the same B, distribution
given in the Australian Telescope National Facility (ATNF)
catalog [69]. However, the internal magnetic field could
even be 10* times larger than the external one [49,70,71].

Model 2: Fixed fraction of gravitational-wave energy
loss:  Rather than relying on specific models to estimate
the ellipticity distribution, we also employ ellipticities that
are inferred from the ATNF catalog at ~5% or ~10% of the
spin-down limit. Such a choice is motivated by recent
constraints on the gravitational-wave equatorial ellipticities
of millisecond pulsars, in which the spin-down limit has
been slightly surpassed for some known millisecond
pulsars [66]. We note that our assumed values are smaller
with respect to the constraints on millisecond pulsars in
Refs. [49,60].

Luminosity  function  for  Galactic-Center  GeV
emission.—The luminosity function is directly related to
the number of millisecond pulsars needed to explain the
observed GeV excess, and is one of the dominant con-
tributions to astrophysical uncertainties. In this Letter, we
use two well accepted benchmarks. The first is a luminosity
function following a log-normal distribution [29]:

dN - dP(L) _ logge exp <_ log%o(l;/Lo)) (3)
dL dL o\ 2rxL 207
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where L is the luminosity and L, and o, are two free
parameters [49].

The second benchmark has a general power-law depend-
ence on energy cut (E,), magnetic field (B), and the spin-
down power (E) [30,49]:

dP(L) @
L T nE Bt E% . (4)

We note that our results can easily be generalized to
different luminosity functions, since the result from the
gravitational-wave search simply translates to a constraint
on the total number of millisecond pulsars detectable via
gravitational waves, i.e., Ngw. For a different choice of the
pulsar luminosity function, one simply needs to compare
Ngw with the number of pulsars needed to explain the GeV
excess to obtain a constraint on the luminosity function
parameters.

Following the discussion in Ref. [72], we first calculate
the total luminosity contributed by millisecond pulsars in
the Galactic Center:

Lgcg = NMSP/L LP(L)dL. (5)

Here Nygp is an overall normalization parameter, charac-
terizing the number of millisecond pulsars, and L, is the
minimum detectable luminosity by Fermi. For Lgcg =
10°7 erg/s [49], we compute Nygp for various choices of
Ly and o7, which will influence the number of detectable
gravitational-wave sources in O3.

Method.—A search for quasimonochromatic gravita-
tional-wave signals originating from anywhere in the sky
was performed using data from the third observing run of
advanced LIGO-Virgo-KAGRA [44]. One algorithm, the
frequency-Hough [45] algorithm, tracks linear frequency
evolution over time by mapping points in the time-
frequency plane of the detector to lines in the frequency-
frequency derivative plane of the source [45,73]. Though
all outliers were vetoed, competitive upper limits were set
on the degree of deformation that neutron stars could
have [49].

In this study, we apply the results obtained in the
frequency-Hough all-sky search to calculate the number
of detectable millisecond pulsars at the Galactic Center. We
note that this search and the one that specifically targets a
single sky pixel that completely covers the Galactic Center
[74] are complementary to each other, and we will com-
ment on the future optimization later. The Galactic-Center
search can obtain a better sensitivity than the all-sky one,
since it only looks at one pixel, significantly reducing the
computational cost of the search, and can therefore use
longer Fourier transforms to look for quasimonochromatic
signals. Here, however, we would like to consider a larger
spatial extent than that covered in the Galactic-Center

search, i.e., greater than 150 pc from the Galactic
Center, which is why we use the all-sky search results.
We therefore apply a correction factor to “specialize” the
all-sky search results to the Galactic Center [49].

In our study, we assume particular ellipticity distribu-
tions described above. Furthermore, we apply the rotation
frequency distribution measured in the ATNF catalog [69]
to determine the gravitational-wave frequency from these
millisecond pulsars [49]. We provide details on the con-
version from the direct output of the gravitational-wave
search A to the ellipticity e [49].

Let us calculate the probability for a millisecond pulsar
to be detectable through gravitational-wave measurements
Pgw. The gravitational-wave search leads to upper limits of
the ellipticity as a function of the frequency, i.e., ey (f), at
a given confidence level (here, 95%). These limits mean
that if there is one millisecond pulsar whose rotation
frequency is f. and ellipticity is larger than ey (f), it
should have been detected by the search.

From the frequency-Hough all-sky upper limits [49], we
first calculate the probability that a neutron star has an
ellipticity above the minimum detectable one for a given
frequency. This is obtained by integrating the ellipticity
distribution [49] over the value above ey (f). We then
integrate this quantity over the frequency distribution [49].
This gives

loglofmax
Pgw 2/ dlog,of P(logyof)
10g10f min

0
X / dlog,eP(log;pe). (6)
logjgeur

where P(log;, f) and P(log; €) are the probability density
functions for gravitational wave frequency and ellipticity,
respectively, and f has units of Hz. Also, we take f;, =
120 Hz and f,c = 2000 Hz, which is in the range of
frequencies analyzed in the all-sky search [74] with a cutoff
at f,c =60 Hz to ensure we are targeting millisecond
pulsars. The distributions over ellipticity and frequency are
normalized to one and assumed to be independent.

At last, the number of millisecond pulsars detectable
with gravitational waves Ngyw can be easily determined as
Ngw = PgwNwmsp, Where Nysp is obtained above. If a set
of luminosity function parameters L, and o; leads to
Ngw > 1, it indicates that the frequency-Hough all-sky
search should have observed at least one millisecond pulsar
in the population if those L, and o; did explain the GeV
excess. Consequently, such a set should be excluded.

Results.—Pgy is fixed by the frequency and ellipticity
distributions that we choose, as well as the upper limits on
ellipticity from the frequency-Hough all-sky search. It is
therefore independent of the luminosity function model
considered to explain the GeV excess. Thus, we first
present our results in terms of Pgy which can be directly
applied to probe the parameter space of any luminosity
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Probability to detect a gravitational-wave signal obtained through Eq. (6), as a function of the internal/external magnetic field

ratio (left), and the fraction of rotational energy that we allow to be emitted as gravitational waves (right). The blue diamonds denote the
benchmarks that we used to perform concrete analyses with the chosen pulsar luminosity function; see Fig. 2 and Ref. [49]. d = 8 kpc.

function. Here, we provide, in the left- and right-hand sides
of Fig. 1, Pgw as a function of the ratio of internal and
external magnetic fields, and of the percentage of rotational
energy responsible for gravitational-wave emission, respec-
tively, for different choices of the moment of inertia.

In the left-hand panel of Fig. 1, we see a smooth increase
in Pgyw as the internal magnetic field strength grows, which
corresponds to the peak in the first ellipticity probability
density function (PDF) [49], shifting more and more to the
right and thus allowing more support for higher ellipticites.
There is little difference beyond B,/ B.x, = 103 because at
this value the small “bump” in this PDF (at 107%) already
contributes to Pgyw, and the upper limits themselves are not
sensitive enough to reach the peak ellipticity in the
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PDE. Our results are very sensitive to the tail of the
distribution of the ellipticity PDF, since the upper limits
tend to only comprise the two small bumps at 10~8 or 107°.
Furthermore, at Bj,/Bey = 10*, only a factor of ~6
separates the black and red curves, because even with
the order of magnitude improvement in the upper limits
when allowing 1,, = 10* kgm? versus 7,, = 10*® kgm?,
the highest peak in the ellipticity PDF still does not
contribute to Pgy.

In the right-hand panel of Fig. 1, when all rotational
energy goes into gravitational waves, the moment of inertia
does not play any role in determining Pgw. An order of
magnitude increase in the moment of inertia only increases

the possible ellipticity by a factor of v/10 ~ 3, which does
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FIG. 2. Exclusion regions (light blue) based on the upper limits of the O3 freuquency-Hough all-sky search for the log-normal (left)
and power-law (right) luminosity functions, employing a probability density function for the ellipticity that assumes 1% of the rotational
energy loss of the star goes into gravitational waves. We take d = 8 kpc and 7,, = 103® kg m? in this analysis. The upper right white

region on the left-hand plot has been excluded by Fermi.
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not alter much the second ellipticity PDF [49].
Furthermore, allowing less and less rotational energy to
be converted into gravitational waves has a sizable effect,
since the ellipticity PDF [49] scales linearly with this
fraction. Again, due to the sensitivity of Pgw to the tail of
the ellipticity PDF, /,, matters more for lower fractions than
for higher ones.

As an example of what one can do with specific values of
Pgw, we present our results in terms of exclusion regions in
the parameter space of a pulsar luminosity function that
explains the GeV excess given in Egs. (3) and (4), in the
left- and right-hand panels of Fig. 2, respectively. Here, we
consider as a benchmark the “fixed fraction of gravita-
tional-wave energy loss” model, in which 1% of the star’s
rotational energy is converted into gravitational waves,
given by a blue diamond in Fig. 1. If a pair of luminosity
function parameters [e.g., Ly, o;, in Eq. (3), left-hand panel,
and 7peq, d, in Eq. (4), right-hand panel] results in to too
many millisecond pulsars in the Galactic Center, such that
at least one of them would have been detected in the O3
frequency-Hough all-sky search, we can rule out that point
in the luminosity function parameter space. The bench-
marks of a chosen set of parameters are labeled as blue
diamonds in the Fig. 1 [49].

Conclusions.—In this Letter, we have, for the first time,
presented gravitational-wave constraints on the millisecond
pulsar hypothesis to explain the observed GeV excess by
Fermi using LIGO-Virgo-KAGRA data. We used upper
limits from the most recent frequency-Hough all-sky search
to calculate the number of detectable millisecond pulsars
for various luminosity function parameters, integrating over
physically motivated distributions of rotational frequency
and ellipticity. We considered two models for neutron-star
deformation, one in which an internal magnetic field
sustained the deformation, and another in which we were
agnostic to the mechanism of deformation and instead
assumed a fixed fraction of rotational energy loss via
gravitational waves. For these two models, we computed
the probability of detecting a gravitational-wave signal in a
search of O3 data, and then excluded portions of the
luminosity function parameter space for both models on the
basis of null observations for particular parameter choices.

Our exclusion regions depend on (1) the ellipticity
distributions we calculate, which themselves are functions
of the external magnetic field or the fraction of the
rotational energy we assume goes into gravitational waves,
(2) the gravitational-wave frequency distribution we use,
and (3) the moment of inertia. Furthermore, our results are
valid for isolated neutron stars, which comprise about
half of all known pulsars (the other half are in binary
systems) [49].

In the future, all-sky gravitational-wave searches will be
able to dig deeper into the noise at all frequencies; thus our
constraints could be greatly improved. A factor of 5-10
improvement in the upper limits, expected in third-

generation detectors [75,76], would allow us to almost
completely exclude this luminosity function under the
assumptions presented in this work. Furthermore, we plan
to devise a template-based method to search for the GeV
excess in the Galactic Center by weighting sky pixels by the
expected spatial distribution of millisecond pulsars in each
one. This approach should improve the sensitivity to
millisecond pulsars, and would allow us to incorporate
other aspects of millisecond pulsar astrophysics into our
work, such as frequency or ellipticity distributions as a
function of location. Our future work would also require
using finer-resolution sky pixels to explore the inner parsec
regions of the Galactic Center, which would add to the
computational cost of such gravitational-wave searches and
thus needs to be studied.

We also plan to combine the constraints inferred by
Fermi and gravitational-wave detectors to probe more
portions of the luminosity function parameter space.
Furthermore, we could employ correlated frequency or
ellipticity probability density functions, e.g., Ref. [77], that
should be more representative of the underlying physics of
gravitational-wave emission from millisecond pulsars. Our
work therefore represents a major connection between
neutron stars, gravitational waves, dark matter, and the
Galactic-Center excess.
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