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ESTIMATING GAMMA-RAY FLUX FROM MILLISECOND PULSARS ORIGINATING
IN GLOBULAR CLUSTERS NEAR THE GALACTIC CENTER

In this study, we investigate the contribution of millisecond pulsars (MSPs) to the gamma-ray excess
observed in the Galactic Center by analyzing data from high-resolution direct N-body simulations of six globular
clusters (GCs) that experience close encounters with the nuclear star cluster. Using the $-GPU code, we
tracked the orbits of individual neutron stars (NSs) formed during the simulations, assuming a fraction of these
NSs evolve into MSPs. Our model includes state-of-the-art single stellar evolution code including prescription
for neutron star formation. We estimated the gamma-ray flux from these MSPs, considering known values for
their gamma-ray emission. Our results show that MSPs originating from the six modeled GCs contribute a small
but non-negligible fraction of the observed gamma-ray flux. This finding suggests that the actual gamma-ray
flux from MSPs could be much higher when considering the entire population of GCs, potentially significantly
contributing to the gamma-ray excess. This study highlights the importance of considering MSPs in the Galactic
Center, originating from nearby globular clusters, as a potential source of the observed gamma-ray excess.
Future work will involve more sophisticated simulations incorporating binary stellar evolution and comparing
the fraction of MSPs in observed GCs to refine our models and improve the accuracy of our estimates.

Key words: millisecond pulsars, gamma-ray excess, galactic center, globular clusters, neutron stars, N-
body simulations.
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[aNaKTUKa/bIK OPTa/bIKKA XKaKblH OPHAACKaH Lap TOpi3Ai WOoFbipaapAaH WbIKKaH MUMIMCEKYHATbIK,
nynbcapiapAblH, raMMa-cayneneHy afbiHblH 6aranay

Byn 3epTreyae 6i3 MMAAMCEKYHATbLIK Nynbcapnapapit (MCM) FanakTnkanblk opTanbikTa 6aKblaaHaTbiH
raMma-Cay/ieNeHyaiH apTbiK MeJllepiHe KOCKaH YAeCiH KapacTblpambl3. AAPOAbIK KyA4bl34blK WOFbIPMEH
¥aKblH COKTbIFbICAaTbIH anTbl Wap Topi3di worbipnapabiH, (LUTL) Tikenen N-aeHeni moaenbagyi apKbibi
anblHFaH KOFfapbl ANAIKTEr CUMMyANAUMANap AepeKkTepiH Tandanmeid. -GPU KoablH KongaHa oTbipbin, 6i3
cumynauusnap bapbicbiHaa KanbiNTacKaH »KeKke HeMTPOoHAbIK XKyaapi3gapapiH (HH) opbutanapsiH bapnagpix,
onapablH, Kebipeynepi MCl-fa ainHanaabl aen 6omxkaimblz. Ocbl MOAeNbAEe HENTPOHAbIK KyAAbi3AapablH,
Ka/ibiNTacy cLueHapuiniepiH eckepeTiH saHapTblaraH Single Stellar Evolution (SSE) koAbl KonaaHbinaasl. bis 6yn
MCIM-gaH ramma-cayneneHy afblHblH ONapAblH ramma-cayneneHyiHiv, 6enrini maHAepiH eckepe OTbipbIn
baranaablK. Hatuxkenepimia antel mogenaeHred LUTLWI-aaH wbeikkaH MCI ramma-cayneneHy afbiHblHA a3,
bipak eneyni ynec KocaTblHbIH KepceTeni. Ocbl Ty»KblpbiMMmeH Oykin LWUTLI nonynaumaceiH eckepe oTbipbim,
MCI-gaH ramma-cayneneHy afblHbl 9A4eKaaa *KofFapbl 601ybl MYMKIH €KEeHiH KaHe raMma-cayfeneHymiH
apTblK MeAllepiHe biKkNan eTyi MyMKiH eKeHiH BosKalmbi3. byn 3epTTey »KakblH MaHAafbl Wap Tapisai
WofblpnapaaH Wwelkkad MCI-napabl FanakTUKaAbIK OpTanblKTafbl rAMMa-CayNeNeHYaiH, apTblK MeNLWepPiHiH
9/7eyeTTi Ke3i peTiHAe KapacTblipyablH MaHbI3AblblFbIH KepceTeai. bonalak 3epTTeynep KocC Kyaabl3aapablH,
3BOJIOLMACBIH  €CKEPEeTIH Kypaenipek cumynsumanapabl Kyprisyai Kesgenai xoHe 6i3aiH, moaenimisfi
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OUEHKa NOTOKa ramma-u3Ny4eH1a OT MUNNUCEKYHAHbIX MYAbCApOs,
NPOMCXOAALLMX U3 LAPOBbIX CKONNEHWI BBAM3N [aNaKTUYECKOro LeHTpa

B 3TOM mMccnenoBaHUM paccMaTpMBaEeTCA BKAAL MUAMCEKYHAHbIX Nyabcapos (MCI) B n36bITOK ramma-
n3nyyenHma, Habnwogaembln B [anakTMYECKOM LEHTPE, aHaAM3Mpya [AaHHble CUMYAALUMA  BbICOKOTO
paspeleHns, MnoJlydYeHHble MeToaoM MnpAMOro N-Te/IbHOro MOAENMPOBAHMA LWECTU LAPOBbIX CKOMAEHWUM
(LLIC), koTopble NCMbIThIBAIOT 6/1M3KME CTOIKHOBEHMA C AAEPHBIM 3BE3AHbIM CKOMaeHMem. Mcnonbaya Kog, ¢-
GPU, oTcneskmsaroTca opbuTbl OTAENbHbIX HENTPOHHbLIX 3Be34 (H3), 0bpa3oBaHHbIX B X04e CUMYAALMNA,
npeagnonaras, 4to Yactb 371X H3 asosntounoHmnpyet B MCr1. MpeanoxeHHaa MoaeNb BKAOYaeT 06HOBAEHHbIN
kog, Single Stellar Evolution (SSE), KoTopbli yunTbIBaET cUEHapUn GOPMUPOBAHUA HEMTPOHHbLIX 3Be3/4,. OUeHEH
NOTOK ramma-manydyeHma oT 3Tux MCI, yumTbiBaa M3BECTHblE 3HAYEHMA WX ramma-usnyyeHuma. [daHHble
pe3yabTaTbl NOKa3biBatoT, 4To MCT, nponcxoasiime 13 WecTn CMoAeNMpPoBaHHbIX LLIC, BHOCAT HeGObLWON, HO
3aMEeTHbIN BK1aA, B HabtoaaeMblil MOTOK rammMa-mnsydeHms. 3ToT BbIBOA, NPeAnonaraeT, YTo peasbHblii MOTOK
ramma-usnydenns ot MClI moKeT BblTb HaMHOTO Bbllle NpK yyeTe Bcel nonyaaummn LWC, 4yTo noTeHumanbHO
MOMKET CNocobCcTBOBAThL M3ObITKY raMma-n3yYeHns. ITo uccaeaoBaHne NoaYepKMBaeT BarxKHOCTb yyeTa MCI
B a/laKTUMYECKOM LEHTPE, MPOUCXOAALLMX U3 OAM3NENKALIMX LIAPOBbLIX CKOMAEHWM, Kak MOTeHLManbHOTro
MCTOYHMKA Habtogaemoro n3bbiTka ramma-usnydeHns. byayuime paboTbl ByayT BKAOYATb HONee CMOXKHbIe
CUMYNAUMM, YUMTbIBAIOLME IBONOUMIO ABOMHbIX 3B€34, U cpaBHeHue aonm MCI B Habmogaembix LUC ana

YTOYHEHWMA HaWNX Merneﬁ M NoBblIWEHNA TOYHOCTN HallMX OLLEHOK.
Kniouesble c¢noBa: MWNINCEKYHOHbIE NYyAbCapbl, n36bITOK raMma-n3nyvyeHunsA, ranakTMyecKkuni LEeHTP,
LapoBble CKOMNNeHNA, Hel;lTpOHHbIe 3Be3/pl, mogennposaHue N-Tes.

Introduction

An excess of gamma rays emanating from the
central region of the Galaxy (so-called the Galactic
Center Excess — GCE) was detected during the
analysis of data obtained with the Fermi Large Area
Telescope [1,2]. There are several hypotheses
regarding the nature of the GCE, for example,
annihilation of dark matter particles [3], radiation
from millisecond pulsars [4], and other mechanisms.
Such diversity is due to the fact that the issues of the
GCE spectrum and spatial morphology [5] are not
fully resolved, since different interstellar emission
models (IEMs) correspond to completely different
characteristics of the GCE [6]. Some authors propose
multicomponent models to explain the GCE. For
example, the authors [7] consider various IEMs,
including the distribution of point sources, interstellar
gas, the inverse Compton effect, bremsstrahlung, etc.
Their templates with dark matter and millisecond
pulsar components showed good agreement with the

observed excess. It is likely that several factors are
responsible for the GCE, and different components of
IEMs contribute to it

The spectral energy distribution of the GCE
peaks at several GeV. Since millisecond pulsars have
a rapid fall-off above several GeV, they are assumed
to be potential sources of the GCE [3]. In addition, it
is likely that the spatial distribution of the excess is
not spherical and smooth, and correlates with the
distribution of stars in the Galactic bulge and bar
[8,9]. However, the observed population of
millisecond pulsars measured by the Fermi telescope
with sufficiently hard spectral indices is insufficient
to explain the excess [3,10]. Nevertheless, if pulsars
from globular clusters of the Galaxy are taken into
account, it might be possible to explain the excess,
although current observational data still do not allow
making final conclusions.

Globular clusters (GCs) are gravitationally
bound star systems, the typical age of which is more
than 10-12 billion years [11,12]. Comprehending the
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Estimating gamma-ray flux from millisecond pulsars originating in globular clusters near the galactic center

relationship between globular clusters and the central
areas of galaxies, especially those containing nuclear
star clusters and supermassive black holes, is crucial
for understanding models of galactic formation
[13,14]. Due to dynamical friction, globular clusters
tend to migrate to the center of the Galaxy (e.g.
[15,16]. Analysis of the GAIA catalogs has shown
that the existing globular clusters of the Milky Way
feature a wide range of orbits [17,18]. In our previous
works, we reconstructed the orbital evolution of
observed clusters by backward integration in a time-
varying Galactic potential taken from Illustris-TNG
cosmological simulations (add links to the 1st
papers). We showed that some of the objects
approach the Galactic center to within 100 pc [19].
Recently, we conducted a detailed analysis of the
clusters that approach the galactic center most
closely: we modeled their evolution from 2 Gyr after
the formation up to the present day, including stellar
evolution [20].

In this paper, we focus on the dynamics of
neutron stars (NS) from these globular clusters. By
assuming that some of these NSs will result in
millisecond pulsars, we analyze gamma-ray emission
of these pulsars and discuss their contribution to the
observed gamma-ray excess.

The paper is organized as follows. In Section 2
we summarize methods of integration and briefly
describe the clusters we studied. In Section 3, we
present the main results, and in Section 4 we
summarize our findings.

Methods

In our previous work [21], we integrated the
orbits of 159 GCs, using data from the GC catalog*
[17,18], transforming them to Galactocentric
coordinates [22]. We considered the following
parameters: galactocentric distance of the Sun Re =
8.178 kpc [23], height above the galactic plane Zo =
20.8 pc [24] and speed relative to the Local Standard
of Rest (LSR) Visr = 234.737 km/s [25,26].

We assessed the influence of measurement
errors on the initial data and GC orbits, finding that
the errors had an insignificant impact on many GCs
[21].For the integration of GC orbits 10 billion years
back in time, we used a dynamically evolving
potential from the IllustrisTNG-100 cosmological
modeling database [27]. The spatial scales of the disk
and dark matter halo were derived using the
Miyamoto-Nagai profile [28] for the disk and the
Navarro-Frank-White profile [29] for the halo. A

1
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detailed procedure for selecting potentials and
constructing their components is given in [21,30].

For numerical simulation, we employed a
parallel dynamic N-body code ¢-GPU [31,32], based
on a fourth-order Hermite integration scheme with
hierarchical individual block time steps. The orbits of
the 159 GCs were reconstructed in one of the selected
external dynamic potentials, designated as number
411321 in HlustrisTNG-100. From this analysis, we
selected six clusters — Palomar 6, HP 1, NGC 6401,
NGC 6642, NGC 6681, and NGC 6981 — that have a
high probability of approaching the Galactic Center
during their dynamic evolution.

We integrated a stellar evolution library into the
code [33,34], taking into account stellar winds,
supernova core-collapse, and other phenomena. The
stellar mass distribution was based on the initial mass
function [35] with limits of 0.08-100 Mo, with each
simulated particle corresponding to 10 stars of the
same type. This approach, previously used in the
works [36,37], allows for more accurate models to
determine the necessary parameters for the GCs.

Each GC was initialized to an equilibrium state
using the King model distribution function [38],
based on such parameters as the half-mass radius rmm
and the dimensionless central potential Wo. The initial
conditions for this simulation were taken from the
previous integration without stellar evolution. The
Galactic Dynamical Potential was complemented by
a Plummer-type potential [39] for the NSC. The
supermassive black hole as a separate particle was not
included in the integration.

For each of the six clusters, we carried out a
series of integrations from 8 billion years ago, varying
parameters such as mass, half-mass radius, and King's
concentration parameter, to find models that matched
the observed values within a deviation of no more
than 5%.

Results and discussion

Millisecond pulsars, which are highly energetic
remnants from neutron stars, typically form in binary
systems with red giants or main-sequence stars (see
[40] for a review). Due to the asymmetry of the
supernova explosion, newly formed neutron stars
experience high kick velocities, which were initially
thought to be sufficient for them to escape the low
escape velocities of globular clusters. However,
observations have confirmed the presence of
millisecond pulsars within  globular clusters,
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indicating that they can form and be retained in these
environments (see e.g. [41] for a recent discovery).

Our computational code phi-GPU, although not
featuring binary stellar evolution, includes state-of-
the-art single stellar evolution with scenarios for
neutron star formation without any kicks. Using this
model, we tracked the orbits of all individual neutron
stars formed during the simulations to investigate the
dynamics and potential presence of neutron stars that
could evolve into millisecond pulsars in the central
region of the Milky Way.

We modeled six globular clusters that come
close to the Galactic Center: NGC 6642, NGC 6401,
HP 1, NGC 6681, Palomar 6, and NGC 6981. Figure
1 shows the positions of all neutron stars from these
clusters within a 1 kpc sphere around the Galactic
Center, projected in Galactic coordinates with a £8
degrees box. Neutron stars with blueshifts are shown
in blue, while those with redshifts are depicted in red.
The figure includes 2210 neutron stars from NGC
6642 (with 1110 still inside the cluster), 380 from
NGC 6401, 420 from HP 1, 40 from NGC 6681, and
270 from Palomar 6. For clarity, only every 10th
neutron star is displayed. Notably, no neutron stars
from NGC 6981 are present in this region. The
significant number of neutron stars from NGC 6642
is expected, as the cluster’s center frequently lies
within this 1 kpc Galactic central region, as indicated
by the dense red clump in the plot’s upper right.

Thus, Figure 1 demonstrates that a significant
number of potential millisecond pulsar progenitors
are dispersed within the central kiloparsec of the
Galaxy. Assuming that a certain fraction of these
neutron stars are actually millisecond pulsars (10%)
and using known values for the gamma-ray flux they
emit, we can estimate the morphology of this
radiation.
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Figure 1 — Neutron star distributions within a 1 kpc
sphere from the GalC are projected in galactic
coordinates, with a =8-degrees box for all GCs at present
day. Taken from [20]

Based on the NS distribution obtained from GCs
simulations in our simulations, we estimated the
gamma-ray flux from millisecond pulsars. We
constructed 2D histogram of NSs in the region, and
considering the average gamma-ray flux from a
millisecond pulsar ranges from 102 to 10! erg s*
cm2[42], and taking into account that each simulated
particle corresponds to 10 physical NS and the
fraction of millisecond pulsars from the total number
of particles is 0.1, we reconstruct the emission flux
from the pulsars. This proportion was selected
randomly from the NS distribution. Figure 2 shows
the resulting radiation fluxes for cases 102 and 10*
erg s cm? in an +8-degrees box around the central
region of the MW (these fluxes may be produced by
a MSP with Luminosity of 10%-10% erg s* at a
distance of 8 kpc).

5

Fergs™ em™

¢ L] 3

g [dog]

Figure 2 — Gamma-ray fluxes from the distribution of millisecond pulsars if the average flux from one pulsar
is 102 (left) and 10" (right) in a +8-degrees box around GalC
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The figure reveals that emission of the MSPs
originating from 6 globular clusters contributes to a
small fraction of the observed flux [2]. However, we
should note that here we made a simple estimation
based only on 6 globular clusters that approached the
Galactic center in the past that exist in the MW today.
However, evidence suggests [43,44] that at least some
globular clusters contributed to the formation of the
nuclear star cluster of the Milky Way meaning that
we see only surviving clusters. Thus, in reality the
expectation is that the actual gamma ray flux from
MSPs may be much higher, potentially significantly
contributing to the observed gamma-ray excess.

Conclusion

We analyzed data from 6 high-resolution direct
N-body simulations of Milky Way globular clusters
that experience close encounters with the nuclear star
cluster [20]. By tracking the orbits of individual
neutron stars and assuming a certain fraction of them
evolve into millisecond pulsars, we estimated the

gamma-ray flux of these pulsars. Although the flux
produced by these pulsars is not sufficient to explain
the observed gamma-ray excess, our results indicate
that the presence of millisecond pulsars in the
Galactic Center, originating from nearby globular
clusters, should be considered.

To improve the calculations of the contribution
of millisecond pulsar flux to the observed gamma-ray
radiation, more sophisticated simulations are needed
in the future. These simulations should include binary
stellar evolution to refine the estimates of the fraction
of millisecond pulsars among neutron stars.
Additionally, comparing the fraction of millisecond
pulsars in observed globular clusters with high
numbers of millisecond pulsars can further enhance
our models.
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