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Abstract Binary neutron star (NS) mergers may result in remnants of supra-massive or even stable
NS, which have been supported indirectly by observed X-ray plateau of some gamma-ray burst (GRB)
afterglows. Recently,Xue et al.(2019) discovered an X-ray transient CDF-S XT2 that is powered by a
magnetar from merger of double NS via X-ray plateau and following stepper phase. However, the decay
slope after the plateau emission is slightly larger than thetheoretical value of spin-down in electromagnetic
(EM) dominated by losing its rotation energy. In this paper,we assume that the feature of X-ray emission
is caused by a supra-massive magnetar central engine for surviving thousands of seconds to collapse into a
black hole. Within this scenario, we present the comparisons of the X-ray plateau luminosity, break time,
and the parameters of magnetar between CDF-S XT2 and other short GRBs with internal plateau samples.
By adopting the collapse time to constrain the equation of state (EOS), we find that three EOSs (GM1, DD2,
and DDME2) are consistent with the observational data. On the other hand, if the most released rotation
energy of magnetar is dominated by GW radiation, we also constrain the upper limit of ellipticity of NS for
given EOS, and its range is[0.32 − 1.3]× 10−3. Its GW signal cannot be detected by Advanced LIGO or
even for more sensitive Einstein Telescope in the future.
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1 INTRODUCTION

The merger of a binary neutron star (NS) system is thought
to be potential sources of producing both gravitational
wave (GW) and associated electromagnetic (EM) signals
(Berger 2014for review). One solid case of producing
a GW signal and associated EM (GW170817 and GRB
170817A, as well as kilonova AT 2017gfo), is already
detected by Advanced LIGO (aLIGO), VIRGO, and
other telescopes (Abbott et al. 2017; Goldstein et al. 2017;
Coulter et al. 2017; Zhang et al. 2018). However, the
remnants of double NS merger remain an open question.

From the theoretical point of view, there are four dif-
ferent types of merger remnants that are dependent on the
total mass of the system and the poorly known NS equation
of state (EOS;Rosswog et al. 2000; Dai et al. 2006;
Fan & Xu 2006; Metzger et al. 2010; Rezzolla et al. 2011;
Giacomazzo & Perna 2013; Zhang 2013; Lasky et al.
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2014; Li et al. 2016). (1) a promptly formed black hole
(Hotokezaka et al. 2011); (2) a hyper-massive NS, which
can be survived for∼ 100 ms before collapsing into a
black hole (Baumgarte et al. 2000; Shibata & Taniguchi
2006; Palenzuela et al. 2015); (3) a supra-massive NS,
which is supported by rigid rotation and survives for
seconds to hours (Dai et al. 2006; Rowlinson et al. 2010;
Hotokezaka et al. 2013; Zhang 2014; Lü et al. 2015;
Gao et al. 2016; Kiuchi et al. 2018); (4) a stable NS
(Dai & Lu 1998; Zhang & Mészáros 2001; Yu et al. 2010;
Metzger et al. 2011; Bucciantini et al. 2012; Lü & Zhang
2014).

Recently, Xue et al. (2019) discovered an X-ray
transient CDF-S XT2 that is associated with a galaxy at
redshiftz = 0.738, and its X-ray light curve is consistent
with magnetar central engine model which is originated
from double neutron star merger. The magnetar parameters
are inferred by invoking the its X-ray plateau and followed
decay segment in their work, and found that they are
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consistent with the parameters of magnetar in typical
short GRBs. However, the decay slope after the plateau
emission is slightly larger than the theoretical value of
magnetar spin-down. On the other hand, a lower efficiency
(η = 0.001) is adopted to estimate the parameters of
magnetar for this transient inXue et al.(2019). Here, we
assume that the feature of X-ray emission is caused by
a supra-massive magnetar central engine for surviving
thousands of seconds to collapse into a black hole. Within
this scenario, most rotation energy of magnetar may be
dissipated in two ways. One is that the most of rotation
energy is transformed into kinetic energy with injecting
pulsar wind (Xiao & Dai 2019). The other possibility is
that most of the rotational energy was carried away via
the strong gravitational wave radiation (Fan et al. 2013;
Lasky & Glampedakis 2016; Lü et al. 2018). In this paper,
by considering two scenarios of rotation energy loss of
magnetar for post-merger (i.e., EM dominated or GW
dominated), we infer the surface magnetic field and initial
period of NS, and constrain the EOS and ellipticity of NS,
as well as detection probability of GW.

This paper is organized as follows. The empirical
fitting of X-ray light curve for transient CDF-S XT2 is
presented in Section2. Some comparisons between CDF-
S XT2 and other short GRBs with an internal plateau, as
well as EOS are shown in Section3. In Section4, we
constrain the ellipticity of NS, and calculate the detection
probability of GW. The conclusions, along with some
discussions, are presented in Section5. Throughout this
paper, a concordance cosmology with parametersH0 =

71 km s−1 Mpc−1, ΩM = 0.30, and ΩΛ = 0.70 is
adopted.

2 LIGHT CURVE FIT AND CENTRAL ENGINE
OF CDF-S XT2

2.1 Light Curve Fit of CDF-S XT2

The X-ray data of CDF-S XT2 observed by Chandra within
energy band 0.3–10 keV are taken fromXue et al.(2019).
We perform a temporal fit to the light curve with a smooth
broken power law model, which is expressed as

L = L0

[(

t

tb

)ωα1

+

(

t

tb

)ωα2
]−1/ω

, (1)

where tb(2525 ± 242) s is the break time,Lb = L0 ·

2−1/ω = (1.28 ± 0.16) × 1045 erg s−1 is the luminosity
at the break timetb, α1 = (0.09 ± 0.11) and α2 =

(2.43± 0.19) are decay indices before and after the break,
respectively. Theω describes the sharpness of the break.
The larger theω parameter, the sharper the break, andω =

3 is fixed for the light curve fitting. An IDL routine named
“mpfitfun.pro” is employed for our fitting (Markwardt
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Fig. 1 X-ray light curve of CDF-S XT2. Thered solid line
is the fit with smooth broken power-law model.

2009). This routine performs a Levenberg-Marquardt least-
squares fit to the data for a given model to optimize the
model parameters. The light curve fit is shown in Figure1.

2.2 Central Engine of CDF-S XT2

X-ray transient CDF-S XT2 associated with a galaxy at
redshiftz = 0.738 lies in the outskirts of its star-forming
host galaxy with a moderate offset from the galaxy center,
and there is no significant source-like gamma-ray emission
signal above background. The observed properties are
similar to those of other typical short GRBs, but in off-
axis observed (Xue et al. 2019). On the other hand, the
estimated event rate density of this event is similar to
double NS merger rate density inferred from the detection
of GW170817, suggesting that the progenitor of this
event is likely from double NS merger (Xue et al. 2019).
Moreover, the observed X-ray plateau of CDF-S XT2
is consistent with wind dissipation of magnetar central
engine, and it indicates that the remnants of such double
NS mergers should be either supra-massive NS or stable
NS. However, the decay slope after the plateau emission
(t−2.43) is slightly larger than the theoretical value of spin-
down (t−2) in EM dominated by losing its rotation energy.
Here, we assume that the feature of X-ray emission is
caused by a supra-massive magnetar central engine for
surviving thousands of seconds to collapse into a black
hole.

In order to compare the properties of CDF-S XT2 with
other short GRBs with an internal plateau, Figure2 shows
the correlation between break luminosity (Lb) and collapse
time (τcol = tb/(1 + z)), as well as the distributions of
Lb and τcol. We find that the CDF-S XT2 falls into the
2σ deviation inLb − τcol diagram, suggesting that the
other short GRBs with internal plateau samples shared
a similar central engine with the CDF-S XT2. However,
the distributions of luminosity and collapse time of the
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Fig. 2 (a): X-ray plateau luminosity (L0) as a function of collapse time (tcol) for short GRBs with internal plateau (black
dots) and X-ray transient CDF-S XT2 (red diamond). Theblack solid lineis the the best fit with a power-law model, and
the twodashed linesmark the 2σ region of the correlation, respectively. (b) and (c): distributions of tcol andL0 with
best-fit Gaussian profiles, respectively.

CDF-S XT2 is much lower and longer than other short
GRBs with internal plateau samples, respectively. It may
be caused by the directions of observations (i.e., on and
off-axis with short GRBs and the CDF-S XT2), or having
different populations of magnetars.

If we believe that a supramassive NS is a potential
candidate central engine of CDF-S XT2, then one
interesting question is: what is the energy loss channel
of the rotating magnetar, dominated by magnetic dipole
or GW radiation? We will discuss more details for the
rotation energy loss of magnetar dominated by EM or GW
radiations.

3 THE ROTATION ENERGY LOSS OF
MAGNETAR VIA EM EMISSION

3.1 The Derived Parameters of Magnetar

The energy reservoir of a millisecond magnetar is the total
rotation energy, which reads as

Erot =
1

2
IΩ2

≃ 2× 1052 erg M1.4R
2
6P

−2
−3 , (2)

where I is the moment of inertia,Ω, P , R, and
M are the angular frequency, rotating period, radius,
and mass of the neutron star, respectively. The con-
vention Q = 10xQx in cgs units is adopted. A
magnetar spinning down loses its rotational energy via
both magnetic dipole torques (LEM) and GW (LGW)
radiations (Zhang & Mészáros 2001; Fan et al. 2013;
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Fig. 3 Inferred magnetar parameters, initial spin periodP0

vs. surface polar cap magnetic field strengthBp derived for
short GRBs with internal plateau (black dots) and X-ray
transient CDF-S XT2 (diamond) with η = 0.1, 0.01 and
0.001. Thevertical solid lineis the break-up spin period
limit for a neutron star (Lattimer & Prakash 2004).

Giacomazzo & Perna 2013; Lasky & Glampedakis 2016;
Lü et al. 2018),

−
dErot

dt
= −IΩΩ̇ = Ltotal = LEM + LGW

=
B2

pR
6Ω4

6c3
+

32GI2ǫ2Ω6

5c5
,

(3)

whereBp is the surface magnetic field at the pole and
ǫ = 2(Ixx − Iyy)/(Ixx + Iyy) is the ellipticity describing
how large of the neutron star deformation.Ω̇ is the time
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Fig. 4 Collapse time as a function of the protomagnetar
mass of CDF-S XT2 for different EOS (color lines).
Theshaded regionis the protomagnetar mass distribution
derived from the total mass distribution of the Galactic
NSCNS binary systems. Thehorizontal dashed lineis the
collapse time in the rest frame.

Fig. 5 Gravitational-wave strain evolution with frequency
for CDF-S XT2 with different EOS at distancesDL =
4480 Mpc (color lines). Theblack solid lineis the sensitiv-
ity limits for ET, and thered anddark cyan solid linesare
are the sensitivity limits for aLIGO-Hanford and aLIGO-
Livingston, respectively. The data of noise curve are
taken from the website:https://git.ligo.org/lscsoft/bilby/-
/tree/master/bilby/gw/detector/noisecurves.

derivative of the angular frequency. One can find that for a
magnetar with givenR andI, itsLEM depends onBp and
Ω, andLGW depends onǫ andΩ.

If the rotation energy loss of magnetar is dominated by
EM emission, one has

LEM ≃ −IΩΩ̇ =
ηB2

pR
6Ω4

6c3
, (4)

whereη is the efficiency of converting the magnetar wind
energy into X-ray radiation. The characteristic spin-down
luminosity (LEM,sd) and time scale (τEM,sd) of magnetar
can be given as

LEM,sd =
ηB2

pR
6Ω4

0

6c3

≃ 1.0× 1046 erg s−1(η−3B
2
p,15P

−4
0,−3R

6
6),

(5)

τEM,sd =
3c3I

B2
pR

6Ω2
0

≃ 2.05× 103 s (I45B
−2
p,15P

2
0,−3R

−6
6 ),

(6)

whereΩ0 andP0 are initial angular frequency and period
at t = 0, respectively.

Within the magnetar central engine scenario, the
observed plateau luminosity is closed toLb, which is
roughly equal toLEM,sd, and τEM,sd > τcol. One can
derive the magnetar parametersBp andP0,

Bp,15 = 2.05(η
1/2
−3 I45R

−3
6 L

−1/2
EM,sd,46τ

−1
EM,sd,3) G, (7)

P0,−3 = 1.42(η
1/2
−3 I

1/2
45 L

−1/2
EM,sd,46τ

−1/2
EM,sd,3) s. (8)

As radiation efficiencyη depends strongly on the injected
luminosity and wind saturation Lorentz factor (Xiao & Dai
2019). By adopting the lower limit ofτEM,sd, we derive
the upper limits ofP0 and Bp with different η values.
One hasP0 < 3.4 × 10−3 s andBp < 4 × 1015 G for
η = 0.001,P0 < 10.6×10−3 s andBp < 1.2×1016 G for
η = 0.01, andP0 < 33.8× 10−3 s andBp < 4 × 1016 G
for η = 0.1. Figure3 shows theBp − P0 diagram for
X-ray transient CDF-S XT2 with differentη values, and
compares with other short GRBs with an internal plateau
sample taken fromLü et al.(2015). It seems that smallP0

required by supra-massive magnetar is needed for lower
radiation efficiency, and estimatedBp of CDF-S XT2 is
lower than other typical short GRB samples for smaller
P0. It may be either off-axis observations or a different
population of CDF-S XT2 by comparing with short GRBs.

3.2 Equation of State of NS

The inferred collapsing time can be used to constrain the
neutron star EOS (Lasky et al. 2014; Ravi & Lasky 2014;
Lü et al. 2015). The basic formalism is as follows.

The standard dipole spin-down formula gives
(Shapiro & Teukolsky 1983)

P (t) = P0(1 +
4π2

3c3
B2

pR
6

IP 2
0

t)1/2

= P0(1 +
t

τEM,sd
)1/2 . (9)

The maximum NS mass for a non-rotating NS (MTOV)
can be derived for given EOS of NS. The maximum
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Table 1 The Basic Parameters of EOS of NS

MTOV R I α̂ β̂ ǫ hc(f)

(M⊙) (km) (1045 g cm2) (10−10 s−β̂) (10−3) (10−25)

BCPM 1.98 9.94 2.86 3.39 –2.65 1.5 3.02
SLy 2.05 9.99 1.91 1.60 –2.75 1.8 2.47

BSk20 2.17 10.17 3.50 3.39 –2.68 1.3 3.34
Shen 2.18 12.40 4.68 4.69 –2.74 1.2 3.87
APR 2.20 10.0 2.13 0.303 –2.95 1.7 2.61

BSk21 2.28 11.08 4.37 2.81 –2.75 1.2 3.74
GM1 2.37 12.05 3.33 1.58 –2.84 1.4 3.26
DD2 2.42 11.89 5.43 1.37 –2.88 1.1 4.16

DDME2 2.48 12.09 5.85 1.966 –2.84 1.0 4.32
AB-N 2.67 12.90 4.30 0.112 –3.22 1.2 3.71
AB-L 2.71 13.70 4.70 2.92 –2.82 1.2 3.87

NL3ωρ 2.75 12.99 7.89 1.706 –2.88 0.89 5.02

gravitational mass (Mmax) depends on spin period, read
as (Lyford et al. 2003)

Mmax = MTOV(1 + α̂P β̂) , (10)

whereα̂, β̂, andMTOV depend on the EOS of NS.
As the neutron star spins down, the centrifugal force

can no longer sustain the star, and the NS will collapse
into a black hole. By using Equations (9) and (10), one can
derive the collapse time as function ofMp,

tcol =
3c3I

4π2B2
pR

6
[(
Mp −MTOV

α̂MTOV

)2/β̂ − P 2
0 ]

=
τEM,sd

P 2
0

[(
Mp −MTOV

α̂MTOV

)2/β̂ − P 2
0 ] .

(11)

Here, we consider 12 EOSs that are reported in the
literature (Lasky et al. 2014; Ravi & Lasky 2014; Li et al.
2016; Ai et al. 2018). The basic parameters of those EOSs
are shown in Table 1.

As noted, one can inferBp, P0, and tcol from the
observations by adoptingη = 0.001. Following the
method ofLasky et al.(2014), a tight mass distribution of
the our Galactic binary NS population is adopted (e.g.,
Valentim et al. 2011; Kiziltan et al. 2013), and one can
infer the expected distribution of proto-magnetar masses,
which is found to beMp = 2.460.13−0.15 M⊙. For X-ray
transient CDF-S XT2, the lower limit ofτEM,sd = tcol
is derived. Figure4 presents the collapse time (tcol) as
a function of protomagnetar mass (Mp) for CDF-S XT2
with different EOS. Our results show that the GM1, DD2,
and DDME2 models give anMp band falling within the
2σ region of the protomagnetar mass distribution, so that
the correct EOS should be close to those three models.
The maximum mass for non-rotating NS in those three
models areMTOV = 2.37 M⊙, 2.42 M⊙, and2.48 M⊙,
respectively.

4 THE ROTATION ENERGY LOSS OF
MAGNETAR VIA GW RADIATION

A survived supra-massive NS central engine requires a
faster spinning (P0 ∼ 1 ms) to support the gravitational

force (Fan et al. 2013; Gao et al. 2013; Yu et al. 2013;
Zhang 2013; Ho 2016; Lasky & Glampedakis 2016). As
mentioned above, the estimated periods of magnetar are
considerably longer (η = 0.01 and 0.1) than that expected
in the double neutron star merger model. It seems that
η should be as low as 0.001 or even smaller to obtain
the lower period of magnetar. If this is the case, the
rotation energy loss of magnetar is either transformed
to kinetic energy of outflow or dominated by GW
radiation (Lan et al. 2020). Xiao & Dai (2019) present
more details for the first situation. In this section, we
focus on considering the most rotation energy of magnetar
dissipated via GW radiation.

4.1 Constraining the Ellipticity of NS

Within GW dominated scenario, one has (Lü et al. 2018)

LGW ≃ −IΩΩ̇ =
32GI2ǫ2Ω6

5c5
. (12)

The characteristic spin-down luminosity (LGW,sd) and
time scale (τGW,sd) of NS can be given as

LGW,sd =
32GI2ǫ2Ω6

0

5c5

≃ 1.08× 1048 erg s−1(I245ǫ
2
−3P

−6
0,−3) ,

(13)

τGW,sd =
5c5

128GIǫ2Ω4
0

≃ 9.1× 103 s (I−1
45 ǫ−2

−3P
4
0,−3) .

(14)

The supra-massive NS of CDF-S XT2 has collapsed into
the black hole before it is spin-down, so that one has
τGW,sd > τcol. Combining with Equation (14), the upper
limit of ellipticity ( ǫ) can be expressed as

ǫ < 2.5× 10−3I
−1/2
45 P 2

0,−3 . (15)

The maximum value ofǫ for different EOS withP0 = 1 ms
are shown in Table 1. We find that those values are in the
range of[0.32−1.3]×10−3. This upper limit value is larger
than the maximum elastic quadrupole deformation of
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conventional neutron stars, but is comparable to the upper
limit derived for crystalline color-superconducting quark
matter (Lin 2007; Johnson-McDaniel & Owen 2013).

4.2 Detection Probability of a GW

If most of the rotation energy is released via GW radiation
with a frequencyf , the GW strain for a rotating neutron
star at distanceDL can be expressed as

h(t) =
4GIǫ

DLc4
Ω(t)2 . (16)

The signal-to-noise ratio of optimal matched filter can be
expressed as

ρ2 =

∫ f2

f1

f̃2(f)

Sh(f)
df , (17)

wheref1 andf2 are the initial and final GW frequencies,
respectively.̃h(f) is the Fourier transform ofh(t), namely
h̃(f) = h(t)

√

dt/df . Sh(f) is the noise power spectral
density of the detector (Lasky & Glampedakis 2016). The
characteristic amplitude of GW from a rotating NS can
be estimated as (Corsi & Mészáros 2009; Hild et al. 2011;
Lasky & Glampedakis 2016; Lü et al. 2017)

hc = fh(t)

√

dt

df
=

f

DL

√

5GI

2c3f

≈ 8.22× 10−24

(

I

1045 g cm2

f

1 kHz

)1/2

×

(

DL

100 Mpc

)−1

.

(18)

For X-ray transient CDF-S XT2, its redshiftz = 0.738

corresponds toDL ∼ 4480 Mpc. By adopting the
frequency range of GW fromf = 120 Hz to 1000 Hz,
one can estimate the maximum value of the strainhc

for different EOS of NS. The estimated values ofhc are
reported in Table 1. The maximum value of the strainhc

for NL3ωρ is about5×10−25, which is about one order of
magnitude smaller than the aLIGO sensitivity, and also less
than more sensitive Einstein Telescope (ET; see Fig.5). It
means that even if the merger remnant of double NS of this
transient is a millisecond massive NS, the post merger GW
signal is undetectable when the rotation energy of the NS
is taken away by the GW radiation.

5 CONCLUSIONS AND DISCUSSION

The X-ray transient CDF-S XT2 associated with a galaxy
at redshiftz = 0.738 lies in the outskirts of its star-
forming host galaxy with a moderate offset from the
galaxy center, and no significant source-like gamma-
ray emission signal above background (Xue et al. 2019).

Moreover, the estimated event rate density of this event
is similar to double NS merger rate density inferred from
the detection of GW170817, and the observed X-ray
plateau is consistent with wind dissipation of magnetar
central engine. This observed evidence supports that the
progenitor of this event is likely from double NS merger,
and the remnants of such double NS merger should
be either supra-massive NS or stable NS. Moreover,
Xiao et al. (2019) proposed that both the light curve and
spectral evolution of CDF-S XT2 can be well explained
by the internal gradual magnetic dissipation process in an
ultra-relativistic wind.Sun et al.(2019) also presented that
this transient is only observed from different zone, defined
as free zone where the X-ray emission from magnetar spin-
down can escape freely. Alternatively,Peng et al.(2019)
argued that this transient is possible from tidal disruption
event.

The decay slope after the plateau emission of CDF-S
XT2 (t−2.43) is slightly larger than the theoretical value of
spin-down (t−2) in EM dominated by losing its rotation
energy. In this work, we assume that the feature of X-ray
emission is caused by a supra-massive magnetar central
engine for surviving thousands of seconds to collapse into
a black hole. Within this scenario, in order to compare
the observed properties of X-ray emission between CDF-
S XT2 and other short GRBs with an internal plateau,
we show the correlation between break luminosity and
collapse time, as well as the distributions of them. We
find that the CDF-S XT2 falls into the 2σ deviation in
Lb − τcol diagram, suggesting that the other short GRBs
with internal plateau samples shared a similar central
engine with the CDF-S XT2. However, the distributions
of luminosity and collapse time of the CDF-S XT2 is
much lower and longer than other short GRBs with internal
plateau samples, respectively. It may be caused by the
directions of observations (i.e., on- and off-axis with
short GRBs and the CDF-S XT2), or having different
populations of magnetars.

On the other hand, one considers two channels of
rotation energy loss of supra-massive magnetar, one is EM
dominated, and the other is GW dominated. Within the first
scenario, we estimate the parameters of magnetar (i.e.,Bp

andP0) for given different radiation efficiency, as well as
constraining the EOS of NS. It seems that smallP0, which
is required by supra-massive magnetar, needs a lower
radiation efficiency, and estimatedBp of CDF-S XT2 is
lower than other typical short GRBs samples for smaller
P0. Moreover, we find that three EOSs (GM1, DD2, and
DDME2) are consistent with the observational data of
CDF-S XT2. Within the second scenario, we constrain the
upper limit of ellipticity of NS for given different EOS;
it is range of [0.32 − 1.3] × 10−3. By calculating the
possible GW radiation for different EOS, we find that its
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GW radiation cannot be detected by aLIGO or even for
more sensitive Einstein Telescope in the future.
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