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HOW FAR CAN GET FRB PROGENITOR NEUTRON STARS
FROM THEIR BIRTHPLACE?

The recent studies show evidence of magnetars — young neutron stars being good candidates of fast
radio birth sources. Neutron stars can form as remnants of type Il supernovae explosions of young stars.
That is, such young neutron stars should be associated with their parent young star cluster. We study
how these FRB source candidates can get far out of their birthplace if they escape clusters due to their
high kick velocity. Therefore, we perform numerical simulations of the early evolution of star clusters
and trace all young neutron stars. We found that neutron stars can remain in clusters, as well as escape
them during their possible magnetar phases. There is no preference in time during the cluster evolution
for FRBs to happen in or out of the parent cluster. The maximum distance the candidate FRB progeni-
tors could escape from the cluster does not exceed 250 pc. That is, the high dispersion measure of FRBs
might be influenced by the expulsed ionized residual star-forming gas in the parent molecular cloud.

Key words: fast radio burst progenitor, young star cluster, young neutron stars.

A. ©Teban'?”, M. Kanambain'?, b. LLIykunpraames?"

'B.I'. deceHKoB aTbiHAAFbI ACTPOMU3MKAABLIK, MHCTUTYT, KasakcTaH, AAMaThl K.
2JHepreTrKaAbIK, Fapblill 3epTxaHachl, Hasapbaes yHmeepcuTeTi, Kasakcran, Hyp-CyATaH K.
*e-mail: otebay@aphi.kz
/\e3AiK PaAUO XKapPKbIAAAPDBIH TYADbIPYLLUbI HeﬁTpOHAbl XKYAADbI3AQD
TyFaH OAKECiHEeH KAQHLLAAbIKTbl aAbICKA KeTe aAaAbl?

CoHrbl 3epTTeyAep 6OMbiHLIA MarHeTapAap — >Kac HEMTPOHADIK, XXYAAbI3BAAP — AE3AIK PaAMo
>KapKbIAAAPbIHbIH, K&3AEPIHE XaKCbl YMITKEPAEP eKeHiH kepceTTi. HeMTPoHADBIK >KyAabidaap Il TunTi
aca >kKaHaAAPAbIH, XKapbIAbICTapPbIHbIH, KAAABIKTapbl PETIHAE NariAa 60Aa aAaTbiHbl OEATIALL AFHM, MyHAQM
>KaC HENTPOHABIK >KYAAbI3AAP ©3AEPiHIH aHAAbIK, >KaC >KYAAbI3AbI LIOFbIPMEH GaiAaHbICTbl BGOAYbI
Kepek. byA >KymbiCTa >KapbIAbICTaH KEMiHI KOCbIMLLIA XXbIAAAMABIKKA M€ OOAbIM, LOFbIPAAH LLbIFbII
KETETIH Ae3AiIK PAAMO >KapKbIAAAPFa YMITKEPAEP TyFaH OAKECIHEH KaHLIAABIKTbI aAbICTal aAaTbIHABIFbI
KapacTbipblAaAbl. COHAbIKTaH, 6i3 >KYAABI3ABIK, KAQCTEPAEPAIH EPTE IBOAIOLMSICbIH CAHABIK, MOAEABAEY
JKYPri3emis skaHe 6apAblK >KaC HEMTPOHABIK, XXYAAbIBAAPAbI KaAaFraAaimbl3. HEMTPOHABIK >KYAAbI3AAP
60AXKaAABI MarHeTap KymiHAe BOAFaH Ke3Ae WoFbipAa BOAYbI AQ, OAQH LUbIFbIM KETYi MYMKiH eKEHAIrI
aHblKTaAAbl. LLIOFbIpAbIH 3BOAIOUMSICbI 6apbICbIHAQ, YaKbITKA TOYEACi3, AE3AIK PaAMO >KapKbIAAAP
©3 KAACTEpiHiH iliHAE A€, OAAH TbIC XXEpAepAe Ae OOAyAapbl MYMKIHAIM KepceTiaai. Ae3aik pasno
>KapKbIA KO3IHIH, YMIiTKEpAepi KAaCTepAEH aAbICTall aAaTblH MAKCMMaAAbl KawbIKTblK, 250 nk-TeH
aCramTbiHbl aHbIKTaAAbI. SIFHM, aHAAbIK, MOAEKYAAAbIK, OYATTaFbl MOHAAAFAH, KAAABIK, XKYAAbI3 Ty3yLUi
ra3 Ae3AiKk paAamMo >KapKbIAAAPAbIH AMCMEPCUS BALLEMAEPIHIH >KOFapbl OOAyblHa ©3 8cepiH Turisyi
bIKTMMaA.

TyiiH ce3aep: Ae3AIK PAAMO YKAPKbIAAAPAbIH bIKTUMAAAbI KO3AEPI, XKac >KYAAbI3AbIK, LLOFbIPAAP,
>KaC HEMTPOHADBIK, XKYAAbI3AQP.
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Kak AAAEKO MOryT yﬁTM HeﬁTpOHHble 3Be3Abl KaK BO3MOX>XHbleé UCTOYHUKHN
ObICTPbIX PAAMOBCNAECKOB OT MecTa chopmupoBaHms?

HeaaBHMe nccaeaAOBaHMS MOKa3aAmM, YTO MarHeTapbl — MOAOABIE HEMTPOHHbIE 3BE3AbI — SBASIOTCS

XOPOLWMMIN KAaHAMAATaMU HA MCTOYHMKM ObICTPbIX PaAMOBCIAECKOB. HeNTpOHHble 3BE3AbI MOTyT
006pa3oBbiBaTbCS Kak OCTATKW B3PbIBOB CBEPXHOBbIX 3Be3A | TMna. To ecTb, Tak1e MOAOAbBIE HENTPOHHbIE
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How far can get FRB progenitor neutron stars from their birthplace?

3Be3Abl AOAXKHbI ObITb CBSI3aHbl CO CBOMM POAMTEABCKMM MOAOABIM 3BE3AHBIM CKOMAEHMEM. B AaHHOM
paboTe paccMaTpMBAETCS, Kak KaHAMAATbI HA ObICTPblE PAAMOBCIIAECKM MOTYT YAQASITbCS AQAEKO OT
MeCTa CBOEro POXKAEHUS!, ECAU 13-3a BbICOKOI CKOPOCTH YOeraHusi OHWM NMOKUHYT cKornAeHue. [oaTomy
Mbl MPOBOAMM YMCAEHHOE MOAEAMPOBAHME PaHHEe 3BOAIOLMM 3BE3AHBIX CKOMAEHUI 1 OTCAEXMBAEM
BCE MOAOAbIE HEMTPOHHbIE 3BE3Abl. BbIAO 0OHAPYKEHO, YTO HEMTPOHHbIE 3BE3AbI MOMYT OCTABATbCSl B
CKOMAEHMSIX, a Tak>Ke MOKMAATb MX, MOKA OHW HAXOASTCS B BO3MOXKHOM COCTOSIHMM MarHeTapa. Bo Bpemst
3BOAIOLLMM KAACTEPA, HE3aBMCUMO OT BPEMEHM, ObICTPbIE PAAMOBCIAECKM MPOUCXOAST B POAUTEABCKOM
KAQCTepe MAM 3a ero npeaeAamu. MakcrMaAabHOE pacCTosiHWE, HA KOTOPOe KaHAMAATbI Ha ObICTpble
PaAMOBCIAECKM MOTAM YAQAUTBCS OT KAACTepa, He npesbilwaeT 250 nk. To ecTb, Ha BbICOKMI NoKa3aTeAb
AVCNEPCUU ObICTPbIX PAAMOBCIAECKOB MOXET BAUSITb BblOPOLLEHHbIN MOHWM3MPOBAHHbIM OCTATOUHbIN

3Be3A000pasylowmii ra3 B POAMTEABCKOM MOAEKYASIPHOM OOAaKe.
KAtoueBble CAOBa: MCTOUHUKM BbICTPbIX PAAMOBCIAECKOB, MOAOAOE 3BE3AHOE CKOMAEHUE, MOAOAbIE

HEMTPOHHbIE 3BE3ADI.

Introduction

Fastradio bursts (FRB) are known as millisecond
duration radio signals from unknown sources almost
all of extragalactic origin [1]. The phenomena of
FRBs remained a mystery since they were found
first in 2007 by Lorimer et al [2]. The majority of
FRB signals were observed only once. However,
there are repeating FRBs observed too [3,4]. Some
of the repeating FRB sources were localized to a
few distant galaxies [5,6,7,8]. However, the recent
discovery of FRB signal from the Galactic source,
associated with the soft-gamma repeater magnetar
SGR1935+2154 [9,10] has opened a window for our
understanding of the mystery of FRBs. Magnetars
— young neutron stars with a very strong magnetic
field have been a strong candidate for FRB source
at a later time [11,12]. The new discovery of the
FRB signal from the known Galactic magnetar has
strengthened this hypothesis even further [13]. It
is believed that some magnetars originate from the
core-collapse supernovae (SNe) [14]. All Galactic
magnetars have been observed to be in the age
range of 103-10° yr [15,16]. Therefore, in this work,
we perform N-body simulations of the formation
and early evolution of galactic star clusters with
different masses and star-formation efficiencies.
Then we study the distribution of young neutron
stars in the young star clusters as candidates for FRB
progenitors. And determine the maximum distance
of young neutron stars from their parent clusters as
possible FRB progenitors.

Methods and simulations

Star clusters form from dense clumps of gas
in molecular clouds [17]. Once massive O-B stars
form their feedback to the ambient gas in the form
of ionizing radiation, stellar wind and radiation
pressure cause the gas expulsion [18]. Star clusters
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with different star-formation efficiencies (SFE)
evolve differently after gas expulsion, some of
them dissolving during the violent relaxation —
the dynamical response to gas expulsion [19,20].
Therefore, considering the violent relaxation and
star-formation efficiencies one can account for the
formation conditions of star clusters, thus making
the simulation more complete.

In this study, we consider model clusters
similar to SO-models of Shukirgaliyev et. al [21].
To be more precise we use their initial conditions
for model clusters with masses M, = 30000,
M, = 6000M_ and SFE = 0.15, 0.17, and 0.25, three
randomizations each. Series of works [20,21,22]
studied the evolution of star clusters formed with
a centrally peaked star-formation efficiency profile
according to the model of Parmentier & Pfalzner
[23] after instantaneous gas expulsion. SO-models
of [21] are star clusters orbiting in the Solar
Neighborhood (i.e., circular orbit with a radius of 8
kpc in the Galactic disk plane).

Shukirgaliyev et al [20] first considered clusters
formed with centrally-peaked SFE-profile and found
that such clusters resist better to the instantaneous
gas expulsion than clusters formed with radially
constant SFE [19]. Also, such star clusters evolve
during the violent relaxation independent of the
cluster initial mass and the impact of the Galactic
tidal field [21]. Shukirgaliyev et al [22] have
discovered that star clusters formed with low SFE
dissolve faster than those formed with high SFE,
even if they have the same masses.

In contrast to models of [21] in our simulations,
we include the natal kick of SNe remnants and
additional information output about young NSs while
the latter is still in the phase of magnetar activity.
We assume that the magnetar phase of neutron stars
starts 10° yr after SNe and lasts for 10° yrs [16]. The
natal kick velocities of SNe remnants are distributed
by Maxwell distribution with ¢ = 265 km/s [24].
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In N-body codes, the output period usually scales
with the dynamical time, which is about a Myr for
Galactic open clusters [25]. However, the timescale
of magnetar lifetime is very short compared to the
open cluster dynamical times. Therefore, we have
modified our direct N-body code to catch at least
a few moments when a neutron star remains in the
magnetar phase. The phi-GRAPE/GPU code [26,27]
has been modified in such a way that it now also
gives additional output information about young
neutron stars with a high-frequency output (almost
every few thousand years).

Our simulations start at the time of instantaneous
gas expulsion and continue for about 90 Myr
when all neutron stars formed from core-collapse
SNe become too old to be a magnetar. In total we
performed 18 simulations: 9 simulations with cluster
initial mass of M, = 3000M, where we consider 3
random realizations per SFE (0.15, 0.17, 0.25) and 9
simulations with cluster mass of M, = 6000, We
selected SFE=0.15 as it represents clusters surviving
the gas expulsion with a very small bound fraction
(about 7 percent), thus they are the most expanding
clusters. Star clusters with SFE=0.25 survive the
gas expulsion with a mean bound fraction of about
50-60 percent and represent the long-living clusters
[22]. SFE=0.17 is something in between the two
mentioned above and represents the middle case.

Results

Distribution of possible FRB candidates
around young clusters. Our model clusters are in
a super-virial dynamical state at the beginning of
simulations, i.e., at the time of instantaneous gas
expulsion. The lower the global SFE, the higher the
initial virial ratio of the cluster. Therefore, our model
clusters start expanding right after gas expulsion
and some massive stars leave the cluster before they
experience SNe explosion. Three panels of Fig 1.
present the distribution of possible FRB candidates
(i.e., possible magnetars) in space (i.c., the distance
from the cluster center) and time (i.e., starting and
ending of possible magnetar phases, X-axis, where
ending points are made slightly transparent) around
model clusters with M, = 3000M. Solid lines show
the Jacobi radii of clusters through time. Different
colors correspond to different random realizations
and each panel represents models with given SFE.

Figure 1 — Distribution of possible FRB candidates around
clusters with masses of M, = 3000M,,.
Panels from top to bottom correspond to models
with SFE = 0.15, 0.17 and 0.25 respectively.

Colors show different random realizations.
Slightly transparent points correspond to the ending point
of the possible magnetar activity at the NS age of 10°yr,
while solid ones correspond to the starting point
at age of 10%yr
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Figure 2 — Distribution of possible FRB candidates around
clusters with masses of M, = 6000M,,.
Panels from top to bottom correspond to models
with SFE = 0.15, 0.17 and 0.25 respectively.

Colors show different random realizations.
Slightly transparent points correspond to the ending point
of the possible magnetar activity at the NS age of 10°yr,
while solid ones correspond to the starting point
at age of 10°yr
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Figure 2 shows the same picture for clusters
with masses of M, = 6000M . As we can see there is
no preference in time for FRBs happening inside or
outside of clusters in all models. Indeed, in the case
of clusters with the lowest SFE, most of the possible
FRB candidates are situated off the cluster, since
these are the most expanding clusters surviving with
the lowest bound fractions. Nevertheless, this does
not prevent FRB candidates located within small
clusters at their latest possible times (see yellow and
green points below Jacobi radius at the time about
35-40 Myr in the upper panels of Fig 1 and Fig 2).

Since the magnetar life does not exceed 10° yrs,
the high kick velocity of the order of a few hundred
km/s still allows possible FRB candidates to remain
in the parent cluster if the progenitor SNe happened
deep enough inside the cluster. Especially clusters
formed with high SFE can contain about 50-60
percent of all possible FRB candidates within the
cluster.

We present the cumulative distribution of
distances of all possible magnetars from the cluster
edge (i.e., Jacobi radius) in Figure 3. When the
distance values are negative, that means the possible
FRB source candidate is located inside the cluster.
Upper and lower panels correspond to clusters with
low and high initial masses, while panels from left
to right correspond to different SFEs (SFE=0.15,
0.17, 0.25).

The maximum distance of young neutron
stars from their parent clusters as possible FRB
progenitors. Analyzing our 18 simulations we have
found that the furthest possible FRB source has
traveled up to 206 pc from the parent cluster. This
happened in one of the model clusters with M, =
60000, SFE=0.17. This fact shows that the lowest
SFE (i.e., the most post-gas-expulsion expansion)
does not mean the furthest kicked NS. But, the
lowest SFE kicks out the most neutron stars from
the parent cluster. As we can see from Fig 3, the
most possible FRB source candidates remain within
100 pc distance from the parent clusters and only
a few exceed the distance of 150 pc. But none of
the FRB candidate sources reached as far as 250 pc
distance from their parent clusters.
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Figure 3 — Cumulative spatial distribution profiles of all possible FRB candidates around clusters with masses
of M, = 3000M, in upper panels and of M, = 6000M, in lower panels. Distances of possible FRB candidates
are corrected for Jacobi radius at a corresponding time. That is, the X-axis shows the distance of neutron stars from
the Jacobi radius, where negative values correspond to in-cluster objects. Panels from left to right correspond to models
with SFE = 0.15, 0.17 and 0.25 respectively. Line styles show different random realizations.
Blue lines and orange lines correspond to the beginning and ending of possible magnetar phases corresponding
to NS ages of 10%yr and 10°yr, respectively
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Conclusion

We have performed direct N-body simulations
of the formation and early evolution of star cluster
models with different masses and star-formation
efficiencies. We have traced all neutron stars —
remnants of core-collapse SNe in our simulations
during their age range of 10%-10° years, which is
believed to be neutron star ages when magnetar
activity is possible. Therefore, we consider these
neutron stars as possible FRB candidates.

We have shown that FRB sources can be in the
clusters as well as around their parent cluster. The
fraction of possible FRB sources remaining within
the parent cluster increases with the star-formation
efficiency but does not correlate with the cluster
mass. There is no preference for time for FRB events
to happen within or outside of the parent cluster. We
have found that the majority of possible FRB sources
remain within about 100 pc distance from the parent
cluster and only a few candidates can escape the
cluster farther than 150 pc. We did not find any

FRB candidate farther than 206 pc from the parent
cluster in our simulations. This means that almost all
FRB source candidates remain within the dissolving
parent giant molecular cloud, which contains a lot
of ionized gas expelled from the recent star-forming
region, therefore might contribute to the dispersion
measures of FRBs. But this needs to be tested with
high-precision hydrodynamical simulations.
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