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Abstract

X-ray-dim isolated neutron stars (XDINSs) are characterized by Planckian spectra in X-ray bands, but show
optical /ultraviolet (UV) excesses: the factors by which the measured photometry exceeds those extrapolated from
X-ray spectra. To solve this problem, a radiative model of bremsstrahlung emission from a plasma atmosphere is
established in the regime of a strangeon star. A strangeon star atmosphere could simply be regarded as the upper
layer of a normal neutron star. This plasma atmosphere, formed and maintained by the interstellar-medium-
accreted matter due to the so-called strangeness barrier, is supposed to be of two temperatures. All seven XDINS
spectra could be well fitted by the radiative model, from optical/UV to X-ray bands. The fitted radiation radii of
XDINSs are from 7 to 13 km, while the modeled electron temperatures are between 50 and 250 eV, except RX
J0806.4—4123, with a radiation radius of ~3.5 km, indicating that this source could be a low-mass strangeon star
candidate. This strangeon star model could further be tested by soft X-ray polarimetry, such as the Lightweight
Asymmetry and Magnetism Probe, which is expected to be operational on China’s space station around 2020.
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1. Introduction

The ROSAT all-sky observations (Voges et al. 1996) led to
the discovery of seven nearby isolated neutron stars (NSs;
hereafter “NS” refers to all kinds of pulsar-like compact
objects) that predominantly show thermal emission. These
seven isolated NSs are then called X-ray-dim isolated neutron
stars (XDINSs), characterized by their Planck-like spectra in
X-ray bands and their location in the upper right of the pulsar
P—P diagram (see, e.g., Tong 2016). They are peculiar objects
for us to study the NS surface (atmosphere), as well as the
equation of state at supranuclear density.

RX J1856.5-3754 (J1856 hereafter as other sources) is the
brightest source among all XDINSs and has a Planck-like
featureless spectrum (Burwitz et al. 2001) without a significant
high-energy tail. Besides the spectrum of J1856, those of other
XDINSs can also be described as pure blackbodies (with a
broad absorption feature at 271 eV [Haberl et al. 2004] for RX
J0720.4-3125, while at 400 eV [van Kerkwijk et al. 2004] for
RX J1605.3+3249). Compared with the optical bands, the
extrapolated X-ray spectrum of J1856 is reduced by a factor of
~7 (Burwitz et al. 2003). This measured photometry exceeds
those extrapolated from X-ray spectra, which is referred to as
the optical/ultraviolet(UV) puzzle. Up until this point, for all
XDINSs, optical counterparts have been searched in deep
optical observations, leading to the fact that most sources have
optical excesses between 5 and 12 (Kaplan et al. 2011). RX
J1308.6+2127 has an excess of ~3.8 at 1500 A. The optical
and UV fluxes of RX J2143.0+0654 exceed the X-ray
extrapolation by a factor of more than 50 at 5000 A with a
flux F, o< v” (8 ~ 0.5; Kaplan et al. 2011).

More than a few efforts have been made to understand the
optical /UV excess of XDINSs. For instance, in a two-
component blackbody model of J1856, the temperature of the
hot component is kTy° ~ 63.5eV with radiation radius
R ~ 4.4(d/120 pc)km, while that of the cold part is
kTop < 33€V (R > 17(d /120 pc)km; Burwitz et al. 2003;
Trimper et al. 2004). The radiation radius of the hot
component may be smaller than that of a typical NS, while
the radius of the cold one is bigger (van Kerkwijk & Kaplan
2007). Alternatively, the emission is suggested to come from
the condensed matter surface (Lai 2001; Turolla et al. 2004).

We are interpreting here that the emission comes from a
strangeon star plasma atmosphere. ‘“Strangeon,” formerly
known as “strange quark-cluster” (Xu 2003), is actually coined
by combining “strange nucleon.” However, a strangeon star is
different from a strange quark star even though both of them
are usually mentioned by the name of the strange star for their
strangeness. In fact, J1856, with the featureless spectrum and a
small apparent radius (~5 km), might be a strange quark star
(Drake et al. 2002; Xu 2002). However, in this paper, we are
considering and modeling XDINS spectra assuming that they
are strangeon stars, which are condensed matter objects of
strangeons (i.e., three-flavored quark-clusters). It is worth
noting that strange quark stars and strangeon stars (quarks are
free in the former but localized in the latter) behave very
differently in astrophysics (see, e.g., Xu & Guo 2017, p. 119,
for a review). The plasma atmosphere of a strangeon star is
made up of the ionized normal matter and is supposed to be of
two temperatures (Xu 2014). The bremsstrahlung model
presented here is devoted to fitting the spectra of seven
XDINSs from X-ray to optical/UV bands and concludes with


mailto:r.x.xu@pku.edu.cn
https://doi.org/10.3847/1538-4357/aa5e52
http://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/aa5e52&domain=pdf&date_stamp=2017-03-06
http://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/aa5e52&domain=pdf&date_stamp=2017-03-06

THE ASTROPHYSICAL JOURNAL, 837:81 (10pp), 2017 March 1 Wang et al.

10710 T T
70420 Tl
&
o0l
\
]0—]2 2
—_~ =]
- =
” S
o k]
g g
o 1071 5
5 £
~ Q
LL‘; i<
N
1071
=
10718 E = :
107 1072 107! 10°
Energy (keV) Energy (keV)

Figure 1. Bremsstrahlung curve (left, solid line) and X-ray data fitting (right) of J0420 are shown. The solid curve (with parameters listed in Table 1 for J0420) plotted
in the left panel is calculated in the bremsstrahlung radiation model of a plasma atmosphere above a strangeon star. By comparison, a dashed line representing the pure
blackbody model extrapolated from its X-ray spectrum is also drawn. The red diamonds represent optical observations from the HST photometry (Kaplan et al. 2011).
The extracted spectra are binned with 50 counts per bin in each observation at least. The X-ray data (0.21-0.28 keV ignored) are fitted by the bremsstrahlung model.
The spectrum presents a broad absorption line around 0.25 keV, with a width of ¢ = 0.04 keV.
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Figure 2. Same as in Figure 1, but for J0720. The extracted spectra are binned with 1000 counts per bin in each observation at least. The X-ray data are fitted by the

v \ P - _ - . .
1£ev) , where 3 = 6.5 + 0.4 and K = (6.8 + 4.4) x 10 6 counts s~ keV ]), with the same hydrogen column density.

bremsstrahlung plus a power law (F = K (

reliable radiation radii (~10km) and electron temperatures NSs). However, these compact stars are alternatively proposed to
(~100eV). be strangeon stars (Xu 2003). The constituent quarks in a

In Section 2, the process of bremsstrahlung in a strangeon strangeon are of three flavors (u, d, and s) rather than of two
star plasma atmosphere and the emissivity are presented. In flavors for normal nucleons. Certainly, the fundamental weak
Section 3, we fit the spectra of seven XDINSs. Finally, we interaction does play an essential role in converting normal two-
provide our discussions and a summary in Sections 4 and 5, flavor matter (i.e., nucleons) into three-flavor matter (i.e.,
respectively. strangeons) during an accretion phase. The weak conversion,

however, is not easy and could be successful only after frequent

lisi der of >>1), similar to the f: -reacti ith
2. Bremsstrahlung Radiation in a Strangeon Star collisions (order of > 1), similar to the famous pp-reaction wi

Atmosphere flavor change. Therefore, we introduce the term “strangeness
barrier” to describe this kind of difficulty (Xu 2014).

In this section, we interpret the formation of the atmosphere Different manifestations could be understood in the strangeon
and calculate its emission, with a brief introduction to star model, including very stiff equations of state (Lai &
strangeon stars at first. Xu 2009), two types of pulsar glitches (Zhou et al. 2014), X-ray

The state of dense baryonic matter compressed during a flares and bursts of magnetar candidates (Xu et al. 2006), and
supernova is not yet well understood because of the non- even the central-engine plateau of gamma-ray bursts (Dai
perturbative nature of the fundamental strong interaction, but it is et al. 2010). In addition, the strangeness barrier could also be
popularly speculated that compact stars are composed of meaningful to understanding Type I X-ray bursters, as well as
nucleons (this kind of matter should be actually neutron-rich constraining their masses and radii (Li et al. 2015). Despite
because of the weak interaction, and we thus usually call them these, we try to solve the optical/UV excess puzzle with a
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Figure 3. Same as in Figure 1, but for JO806. The extracted spectra are binned with 50 counts per bin in each observation at least. The X-ray data (0.36-0.46 keV
ignored) are fitted by the bremsstrahlung model. The spectrum presents a broad absorption line around 0.41 keV (o = 0.05 keV) .
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Figure 4. Same as in Figure 1, but for J1308. The extracted spectra are binned with 100 counts per bin in each observation at least. The X-ray data are fitted by the
bremsstrahlung plus a Gaussian function, which indicates an absorption line around 0.23 keV (o = 0.08 keV).

strangeon star atmosphere, which is a direct consequence of the
barrier.

2.1. Formation of the Plasma Atmosphere of a Strangeon Star

The interstellar medium (ISM) could be attracted onto an
isolated strangeon star through gravitational force, but the
magnetosphere represents an obstacle for the flow (Toropina
et al. 2001). We assume that the spatial velocity v, of the
isolated NS is much greater than the sound velocity ¢ in the
ISM. According to the classical accretion proposed by Bondi—
Hoyle—Littleton (Bondi 1952), the ISM is gravitationally
captured by an NS inside the Bondi radius,

_2GM

b
2

Rg

1)

where G is the gravitational constant and M is the mass of the
star, which is typically considered to be 1.4 M. ISM accretion is
proposed to make isolated NSs shine with weak soft X-ray
luminosity (e.g., Treves et al. 2000). For the X-ray luminosity of
XDINSs, ~10*'-10*%erg s~ (Kaplan & van Kerkwijk 2009),

one could estimate an accretion rate of My ~ 10'°-10" g s~
which should equal approximately the accretion rate My
proposed by Bondi (1952). The Bondi accretion rate is
formulated as

@

Mg = p, vsmR3,

where p, is the ISM matter density (below we assume the
density to be the typical value of ~10"**gcem ™). From
Equations (1) and (2), the spatial velocity (N106—107 cm sfl)
and the Bondi radius are calculated, Rg ~ 10> cm. In the case
of a surface magnetic field of <10'>G, the Alfvén radius
Ra < Rg. For Alfvén radius Ry ~ Rg, the star captures matter
gravitationally from the accretion disk. In the regime that
RA ~ Rg, part of the ISM accumulates around the NS, but most
of it is deflected by the magnetic field of the star and flies away
(Toropina et al. 2001).

Accretion may make the central star be covered by a corona/
atmosphere (in the case of a low accretion rate) or even a crust
(high accretion rate, in binary), due to its strangeness
barrier (Xu 2014). It is worth noting that the Coulomb barrier
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Figure 5. Same as in Figure 1, but for J1605. The extracted spectra are binned with 500 counts per bin in each observation at least. The X-ray data (0.37-0.5 keV
ignored) are fitted by the bremsstrahlung model. The spectrum presents a broad absorption line around 0.44 keV (o = 0.06 keV).
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Figure 6. Same as in Figure 1, but for J1856. The extracted spectra are binned with 1000 counts per bin in each observation at least. The X-ray data are fitted by the
bremsstrahlung plus a Gaussian function, which indicates an absorption line around 0.21 keV (o = 0.02 keV).

of strangeon stars cannot effectively prevent ISM-accreted
matter from penetrating into the star (Xu 2002), as the kinetic
energy (10-100 MeV) is comparable to or even higher than the
Coulomb barrier energy (~10 MeV). Nonetheless, most of the
falling nonstrange normal nuclei would be bounced back along
the magnetic field lines because nonstrange matter cannot
become part of strange matter unless it is converted to
strangeons via weak interaction (i.e., u/d changed to s quarks).
With the typical timescale for weak interaction Tyeq ~ 107 s
and the speed of ion is in the range of v; ~ (1073 — 1071)0,
where c is the speed of light, the probability of ions that would
successfully change flavor to strangeon could be of the order of
~107"5 to 1073, Also, by analogy with spontaneous emission
from an atom via electromagnetic interactions, with the
inclusion of the energy dependence (E°; see, e.g., van Driel
et al. 2005, for a test of the E dependence) of the rate, the
probability of weak interactions would be enhanced by a factor
of 10°-10° if a value of energy ~30-100 MeV were released
per baryon during the phase conversion. Actually, the
probability of normal matter being converted into strange-
cluster matter could be enhanced if the strong interaction is

included (e.g., p + 7+ A 4+ KO, but details of the calcul-
ation on the strange-cluster matter surface will be addressed in
the future). In summary, there is not enough time to convert an
up/down quark inside a nucleus into a strange quark during the
collision between a nucleus and strangeon, and the conversion
rate is then comparably low for accreted nuclei. Certainly, there
is still a small portion of nonstrange normal nuclei that could
permeate into the star’s interior, i.e., penetrating the strangeness
barrier.

This barrier could be helpful to produce a corona, which
would be essential for understanding the puzzling observations
of symbiotic X-ray system 4U 1700424 (Xu 2014). A corona/
atmosphere loses energy continuously by radiation. Mean-
while, through collision, newly accreted nuclei provide energy
for the corona/atmosphere that keeps it at a quasi-constant
temperature.

Noteworthily, the plasma atmosphere (corona) is of two
temperatures. In fact, an electron loses its energy faster than an
ion by radiation because, in bremsstrahlung processes, the
energy-losing rate of particles is inversely proportional to the
square of the particle mass (see Equation (6)), and the mass of
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Figure 7. Same as in Figure 1, but for J2143. The extracted spectra are binned with 150 counts per bin in each observation at least. The X-ray data (0.68-0.78 keV

ignored) are fitted by the bremsstrahlung plus a Gaussian function. The spectrum of J2143 might present absorption lines around 0.23 keV (0 = 0.12 keV) and
0.73 keV (0 = 0.05 keV).

Table 1
Parameters Obtained from X-Ray Spectral Fitting
Source RX kT, (eV) Ry (km) vy (x 10*2 cm ™% keV) Absorption (keV) Ny (x10%° cm™2) d (pc) Total Counts X2 /dof
J0420.0—-5022 716 £ 2.5 93+03 1.49 + 0.25 0.25 1.60 £+ 0.47 345 11806 1.15/131
J0720.4—-3125* 152.1 £2.0 10.2 £ 0.1 1532 + 1.71 1.65 £ 0.39 360 582069 1.41/218
J0806.4—4123 1952 +£ 24 35+0.1 1.15 + 0.05 0.41 2.30 £+ 0.07 250 79908 1.11/321
J1308.6+2127 106.3 + 6.1 9.3 + 0.1 248.36 + 143.57 0.23 8.59 + 0.99 500 64217 1.09/405
J1605.3+3249 2170 £2.2 9.9 + 0.1 2.33 £ 0.07 0.44 1.94 £ 0.07 390 113076 1.15/286
J1856.5—-3754 975+ 04 12.8 + 0.1 4.61 £0.13 0.21 3.01 + 0.06 160 733000 1.17/298
J2143.0+0654 136.1 £ 10.0 12.6 +£ 0.9 21.48 + 10.62 0.23 and 0.73 11.94 + 3.04 430 88466 1.05/158

Notes. Columns (1)—(9) are source name (“Source RX”), temperature of electrons (“k7.”), radius of stars (“R(‘,”;t”), parameter y, absorption lines, neutral hydrogen
column density (“Ny”), distance (“d”), total counts, and Xz/degree of freedom. Errors on the spectral model parameters are derived for a 90% confidence level. The
distances are from Kaplan & van Kerkwijk (2009).

% A power-law component with index about 6.5 is also introduced during the fitting of J0720.

ions is much greater than that of electrons. This could make the The density of the plasma atmosphere is extremely low,
plasma atmosphere of two temperatures, and the temperature of which is different from Zavlin et al. (1996), due to the low
ions 7; should be much higher than that of electrons T, accretion rate. The atmosphere that we are focusing on
(T; 2 0.1keV but much lower than 100 MeV). The observed could be considered simply as the upper layer of the
thermal X-ray is mainly related to the temperature of electrons atmosphere of normal NSs, but with two temperatures. With
Xu 2014). the increase of height, the value of the Coulomb interaction
As suggested previously for strange quark stars, the total decreases very quickly (Alcock et al. 1986), so we only
mass of the plasma atmosphere AM is estimated to be ~10~* consider the gravity while calculating the distribution of
to 1002 My (Usov 1997) with the X-ray timescale ions and electrons in the plasma atmosphere. In the
Tx ~ 0.01-1s due to the luminosity of XDINSs. Also, the following, it is assumed that the plasma atmosphere is
scale height of the plasma atmosphere H could be approxi- spherically symmetric and is of thermodynamic equili-
mately described as brium. According to the Boltzmann distribution and the
condition of electrical neutrality, the number density of ions
KT, ~ GM;niH — 4—7eriRHp, 3) n; and that of electrons n. follow
R 3 __mjgz
where m; is the mass of ions, p is the mass density, and R is the fle = i = Mioe s )
radius of the star. As we assume p to be 1.5 times the atomic where n;o and z are the number density of ions in the bottom of
nucleus density in the following calculation, we then have the atmosphere and the height above the star’s surface,
llcm 5 H < R. The bounced ions collide with the star many respectively, and g is the gravitational acceleration above the
times in plasma atmosphere, and the frequency of the collision surface of a strangeon star. For a strangeon star with mass
is f. = 2v;/H ~ 10°-10%s ™" If there is a stable equilibrium around ~1 M, one could approximate
between accretion and permeation for these falling ions, the
probability of ions that would permeate into the star 7 ~ g = GM _ 4nGRp _ 00279 x P R om s (5)

Mx /(f.AM) ~ 1078, R2 3 gcm 3 km
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2.2. Bremsstrahlung from the Plasma Atmosphere

We propose that the observed thermal X-ray is the result of
the bremsstrahlung radiation from the plasma atmosphere. The
bremsstrahlung emission is mainly generated by collisions of
ions and electrons in the plasma atmosphere. When ions scatter
high-speed electrons with small angles, the emission coefficient
of a single-speed electron can be described as (Rybicki &
Lightman 1979)

. 327°Z%5nine | bmax

b
3m2vc? Drmin

(6)

where b is the impact parameter, e is the elementary charge, m,
is the mass of electrons, v is the speed of electrons, and b,,x
could be simply taken as v/w. We assume that ions are mainly
composed of protons (Z ~ 1) in the following calculations.
Due to the temperature of electrons k7. is higher than the
Rydberg energy of the hydrogen atom, b,,,;, would be described
by the uncertainty relation that is (Rybicki & Lightman 1979)

bmin = h s (7)

meVv

with & the Planck constant.

In a plasma atmosphere, electrons and ions could be
approximated in two thermal equilibrium states with different
temperatures. We can average the emission coefficient of a
single-speed electron over the 3D Maxwell velocity distribu-
tion. In the average integration, the cutoff in the lower limit
over electron velocity should be vy, = +/2hv/m,, where hv is
the energy of a photon and v, is the minimum speed of an
electron that can excite a photon. Then the thermal statistical
emission coefficient is (Rybicki & Lightman 1979)

; 32720 [2 S
J,= 5 —njge i e ik
3ml2c3 N hv
(&

hy _ 2migz

Ko kT;

2 —
—6.16 x 10-+10¢ =T

v (hl/)keV

According to Kirchhoff’s law, the thermal free—free absorption
coefficient

ergHz 's7'em™3.  (8)

—2migz

o = J, 1672 hndebe (1 — ety
"B, 3mlS e (hw)3s
—2mjgz
- kT hw
=941 x 1042 (1 — o~yem ), )
(hv)iev

where B, is the Planck function. The monochromatic radiation
intensity /,, obeys

dal,

ds
where s = z/cos ¢ and ¢ is the zenith angle, with the sight
line considered as the pole axis. The radiation from a bare
strange quark star is far less than that of the atmosphere
(Xu 2002; Zakharov 2011) that shows the boundary condition
of Equation (10) {z = 0, I, = 0}. Under this circumstance, the

solution of Equation (10) presents the monochromatic radiation
intensity,

j,, - aVIV9 (10)

I, = B,(1 — e76w9), (1)

Wang et al.
where 7(s, v, ) is the optical depth,
2migs
em — 1
T(s, v, ) = 5——u. (12)
“alcosp

The radiation radius Ry is approximately the radius R when
H is much less than R. We can also have a geometrical
relationship,

sinfl __ sing
R d

where 6 is the angle between the radiation direction and sight
line, and d is the distance from the source. Without the
temperature gradient of electrons in the plasma atmosphere
considered, the flux of the radiation could be described as

) 13)

Fy(s) = fl,, cos 0d) = 7B, (1 — e~y (14)

where d(2 is the solid angle. The observed radiation should be
gravitationally redshifted, i.e.,

ROO 2

F° ~ 7'['( Opt) B, (1 — e ™), (15)
d

where 7, (v) is the observed optical depth at the far field,
2.2 61T )
T (V) = —Sﬂfh KR ot
3mg- (hl/)3‘5migc
2 (LT
=3.92 x 10745M(1 — e %), (16)
(hV)iey Rian

It is assumed that nd (kT)xey ~ 102cm~®keV, and from
Equations (15) and (16) we can calculate and find that the
emission is optically thick at optical /UV bands, resembling a
Rayleigh—Jeans regime, while it is optically thin at X-ray
bands. Thus, the data of these bands can be fitted separately.

3. Data Reduction and Fitting

The raw spectrum data are processed with the XMM-Newton
science analysis package, called Science Analysis System v14.0.
All X-ray data are collected by the European Photon Imaging
Camera (EPIC)-pn camera, while the two EPIC-MOS detectors are
not considered in our analysis because the MOS effective area at
soft X-ray energies is much smaller than that of the pn, and the
MOS cameras are known to be less stable for a long-term study
(Read et al. 2006). The right ascension, declination, observation
start date, observation end date, exposure time, and counts of
XDINSs for each observation are reported in the Appendix. All
observations were performed in Small Window mode with the thin
filter. Based on the light curves of XDINSs, we select the
appropriate time intervals of observation to reduce the influence of
background. Spectra are extracted from circular regions (radii are
all 600 in physical mode), and backgrounds are taken from similar
nearby source-free areas with the same radii. The extracted spectra
are binned with different counts per bin in each observation. The
XDINS spectral analysis is performed with XSPEC 12
(Arnaud 1996), selecting photon energies in the 0.1-1.0 keV range.

The results of photometry measured by the Hubble Space
Telescope (HST) and optical data fitted by blackbodies
(Rayleigh—Jeans tail at optical bands) are presented in Kaplan
et al. (2011). The bremsstrahlung emission is optically thick at
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Table 2

Summary of EPIC-pn Observation for Each XDINS

Wang et al.

ObsID

R.A.

Decl.

Start Date

End Date

Duration (s)

Counts

0651470601
0651470701
0651470801
0651470901
0651471001
0651471101
0651471201
0651471301
0651471401
0311590101
0400140301
0400140401
0502710201
0502710301
0552210201
0552210301
0552210401
0552210601
0552211001
0552211101
0552211501
0552211601
0672980201
0672980301
0402850301
0402850401
0402850501
0402850701
0402851001
0302140101
0302140401
0302140501
0302140901
0165972101
0412600301
0412600701
0412600801
0502040701
0502040901
0502041001
0502041101
0502041201
0502041801

04" 20™ 01589
04" 20™ 0189
04" 20™ 0189
04" 20™ 01589
04" 20™ 01589
04" 20™ 01589
04" 20™ 0189
04" 20™ 01589
04" 20™ 0189
07" 20™ 24596
07" 20™ 24396
07" 20™ 24596
07" 20™ 2496
07" 20™ 2496
08" 06™ 23540
08" 06™ 2340
08" 06™ 2340
08" 06™ 2340
08" 06™ 23540
08" 06™ 2340
08" 06™ 2340
08" 06™ 2340
08" 06™ 23540
08" 06™ 23540
13" 08™ 48530
13" 08™ 48530
13" 08™ 48530
13" 08™ 48530
13" 08™ 48930
16" 05™ 18552
16" 05™ 18952
16" 05™ 18552
16"05™ 18%52
18" 56™ 35541
18" 56™ 35341
18" 56™ 35341
18" 56™ 35341
21" 43™ 03528
211 43™ 03528
21" 43m 03528
21" 43™ 03528
21" 43m 03528
211 43™ 0328

—50% 227 48" 1
—50% 22 48”1
—50% 227 48”1
—50% 227 48" 1
—50% 22 48”1
—50% 227 48”1
—50% 227 48”1
—504 22/ 48”1
—50% 22 48”1
—314 25/ 5072
—319 25/ 5072
—319 25/ 5072
—31%25' 5072
—31925' 5072
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
—414 22/ 30”9
+219 27 06”8
+21427' 06”8
+21427 06”8
+21427' 06”8
+21427 06”8
+3249 49" 18”0
+324 49" 18”0
+329 49" 18”0
+324 49" 18”0
—37% 54" 34”0
—37% 54/ 3470
—379 54/ 340
—37% 54 3470
+064 54’ 1770
+06% 54/ 1770
+064 54’ 1770
+06% 54/ 1770
+064 54’ 1770
+06% 54/ 1770

2010 Jul 29 14:20:46
2010 Sep 21 08:40:34
2010 Oct 02 23:05:56
2010 Oct 03 19:17:37
2010 Oct 04 05:12:09
2010 Oct 06 22:57:00
2010 Nov 26 09:28:48
2011 Jan 13 22:23:20
2011 Mar 31 20:15:41
2005 Nov 12 22:26:18
2006 May 22 04:44:47
2006 Nov 05 11:19:29
2007 May 05 17:01:25
2007 Nov 17 05:14:32
2008 May 11 10:45:37
2008 May 15 05:59:36
2008 May 29 05:46:24
2008 Oct 15 10:22:41
2008 Dec 10 09:38:11
2009 Mar 31 20:31:05
2008 Nov 09 05:54:53
2009 Apr 11 00:05:54
2011 May 02 19:47:54
2012 Apr 20 07:45:20
2006 Jun 08 22:15:17
2006 Jun 16 21:28:31
2006 Jun 27 02:33:18
2006 Dec 27 14:39:39
2007 Jun 11 13:52:19
2006 Feb 08 00:46:03
2006 Feb 10 00:48:25
2006 Feb 12 00:35:22
2006 Feb 16 00:16:37
2006 Mar 26 15:34:31
2007 Oct 04 05:42:44
2009 Mar 19 21:23:59
2009 Oct 07 12:01:04
2007 May 17 20:56:55
2007 Jun 12 20:44:12
2007 Nov 03 09:34:53
2007 Nov 07 04:16:04
2007 Nov 08 03:41:28
2008 May 19 04:11:47

2010 Jul 29 16:16:02
2010 Sep 21 11:32:30
2010 Oct 03 02:27:53
2010 Oct 03 23:01:09
2010 Oct 04 10:00:44
2010 Oct 07 01:59:02
2010 Nov 26 11:07:23
2011 Jan 14 02:48:32
2011 Mar 31 23:17:38
2005 Nov 13 09:28:08
2006 May 22 10:49:56
2006 Nov 05 17:24:41
2007 May 05 23:06:32
2007 Nov 17 12:09:53
2008 May 11 13:17:31
2008 May 15 08:49:49
2008 May 29 07:24:57
2008 Oct 15 13:06:16
2008 Dec 10 12:22:25
2009 Mar 31 22:59:43
2008 Nov 09 10:54:07
2009 Apr 11 02:34:34
2011 May 02 22:33:10
2012 Apr 20 09:23:51
2006 Jun 09 00:18:56
2006 Jun 16 23:48:52
2006 Jun 27 06:01:55
2006 Dec 27 17:33:10
2007 Jun 11 16:54:19
2006 Feb 08 05:07:27
2006 Feb 10 05:33:40
2006 Feb 12 05:21:17
2006 Feb 16 05:01:51
2006 Mar 27 11:01:17
2007 Oct 05 01:15:26
2009 Mar 20 16:32:37
2009 Oct 08 10:44:41
2007 May 18 00:40:24
2007 Jun 12 23:09:27
2007 Nov 03 12:03:33
2007 Nov 07 07:29:13
2007 Nov 08 06:26:46
2008 May 19 06:27:05

6916
10,316
12,117
13,412
17,315
10,915

5915
15,912
10,917
39,710
21,909
21,912
21,907
24,921

9114
10,213

5913

9815

9854

8918
17,954

8920

9916

5911

7419

8421
12,517
10,411
10,920
15,684
17,115
17,155
17,114
70,006
70,362
68,918
81,817
13,409

8715

8920
11,589

9918

8118

1001
1165
1426
1520
2020
1103
626
2149
797
205,842
55,147
139,743
26,960
154,377
10,681
11,654
5170
11,415
11,645
6828
1219
3460
11,293
6544
4365
15,118
3692
19,898
21,144
34,312
30,622
9660
38,481
350,570
110,060
240,880
31,489
19,883
12,024
13,323
16,889
14,568
11,779

optical/UV bands, so the value of T.(Rgw/dig)* can be

determined by these optical/UV data. From Equation (16),
we can see that n;p and k7 are degenerated. We command a
parameter y = ni%kTi to reduce the complexity of the expres-
sion. The column density of hydrogen Ny, kT., and y are
treated as free parameters common to all spectra. The parameter
“norm” is (R/ d)?, and the value of d is borrowed from Kaplan
& van Kerkwijk (2009) in our fitting. To demonstrate the
optical /UV excess, we plot a blackbody radiation curve (in the

left panel of Figures 1-7) and extrapolate it to optical/UV
bands to compare with the bremsstrahlung curve of each

XDINS.

The best modeled values and errors of parameters are shown
in Table 1. With these parameters, the bremsstrahlung curve
and spectral data of each XDINS are reproduced and plotted in
Figures 1-7.

4. Discussion

4.1. Strangeon Star’s Plasma Atmosphere

It is worth noting that a strangeon star atmosphere could simply
be regarded as the upper layer of a normal NS atmosphere, but
with an almost homogeneous electron (or ion) temperature.
Therefore, in the strangeon star atmosphere, thermal X-rays from
the lower layer of a normal NS atmosphere are prohibited, and
relatively more optical/UV photons are then radiated. A hard X-
ray cutoff (i.e., without a hard tail) would also be natural in our
model.

In Section 2.1, we present that a strangeness barrier hinders the
ISM-accreted matter permeation, and then this matter forms a two-
temperature (k7; > kT,) plasma atmosphere. It is shown that in

Table 1, y = n3kTi ~ 102cm® keV and k7.~ 100eV.
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Because kT, < kT; < 100 MeV, we can obtain 108 em™3 <«
np <107 em ™ and 10 ° gem > < po < 1072 gem >, where
pio 1s the mass density of ions in the bottom of atmosphere. Then
the total mass of the atmosphere is ~10~~10""7 M_.. However,
in a strange quark star model, Usov (1997) presented an estimate
for the total atmospheric mass of ~10">~10"%* M., which is
consistent with our results. This total mass is much less than the
conventional crust mass of ~107> M., of a strange quark star
(Alcock et al. 1986); hence, the scale is negligible compared to the
radius of the star.

In our calculation, it is assumed that the plasma atmosphere
formed by the ISM-accreted matter is spherically symmetric. In
fact, falling atoms move along the magnetic field lines to the
polar cap, and collisions between the ions and electrons could
make them diffuse across the magnetic field lines. The ISM-
accreted matter diffuses from the polar cap to other parts of the
surface effectively, so the plasma atmosphere could be
considered as approximately spherically symmetrical on the
surface. This progress can be described as a 2D random walk
approximately,

2 2
L ~ r_L, (17)

Tdiff Tie

where 74 is the timescale of the diffusion, rp is the Larmor
radius, and ;. is the timescale of the collision between ions and
electrons in plasma. In the case of 74; < Tx, the accreted ions
could diffuse effectively, which may imply a weak magnetic
field (< 10'°G). This weak magnetic field exhibits a small
Alfvén radius, Ry < Rp, and then an accretion disk would
form. Note that these NSs could be the first observed examples
of NSs in the propeller phase (see Alpar 2001). The propeller
torque of a fallback disk may modify the period derivative,
which makes the characteristic dipole magnetic field much
stronger than the real field (e.g., Liu et al. 2014). Also, the
phenomenon that XDINSs are radio quiet and thermal in X-ray
band (i.e., being “dead” pulsars) could be associated with the
fact of a weak magnetic field; otherwise, those NSs would be
beyond the death line, thus “active” pulsars.

However, there may not be enough time for ions to diffuse
from the polar cap to other parts of the surface during their
flavor change, and then the distribution of the atmosphere
would not be spherically symmetric. In this case, the electron
velocity would be axisymmetric, so that both the thermal
statistical emission and free—free absorption coefficients would
be multiplied by a factor of ~+/3. The nonspherical symmetry
of the distribution could make the spectrum flatter than the
Rayleigh—Jeans one at optical/UV bands, a topic that will be
put into focus in a coming paper.

4.2. The Fitted Parameters of XDINSs

In the bremsstrahlung model, the spectral absorption line
differs from that in blackbody models (Haberl et al. 2004; van
Kerkwijk et al. 2004). The results of data fitting show that the
spectra (except JO720) have broad absorption lines in soft
X-ray bands. The absorption lines could have originated from
hydrocyclotron oscillation (Xu et al. 2012) or electron
cyclotron resonance (Bignami et al. 2003; Xu et al. 2003).
Besides, atomic transition lines could be possible but weak in
the thermal spectrum of a corona/atmosphere above a
strangeon star (Xu 2014).

Wang et al.

The spectrum of one source, J0720, could have a power-law
component that might be the result of weak magnetospheric
activity. The time-dependent spectrum (van Kerkwijk & Kaplan
2007) could lead to a fitting result with a large x? /dof value.

The fitted radiation radius of JO806 is about 3 km, and
self-bound strange star models, either a strange quark star
(Haensel 2001) or a strangeon star, could be the solution. This
indicates that JO806 could be a low-mass strangeon star candidate.

J1308 has a pulsed fraction of ~18% (Kaplan & van
Kerkwijk 2005), which hints at a nonspherically symmetrical
distribution of the plasma atmosphere. This leads to a fitting
result with large errors in our bremsstrahlung model. Addition-
ally, the spectrum of J1308 is flat in 0.1-0.2 keV, which may
imply that it has a strong neutral hydrogen absorption.

J1856 can be well fitted by a Rayleigh—Jeans curve at optical
bands, and this indicates that the magnetic field’s impact on the
distribution of the plasma atmosphere is extremely small. Then,
the purely thermal spectrum (i.e., Rayleigh-Jeans in optical/
UV bands and featureless in soft X-ray bands) may imply that
J1856 has a magnetic field that is weaker than we expected. In
addition, J1856 has the shortest distance among all XDINSs.
This may make the influence of the ISM on the radiation very
small. With XMM-Newton data selected for negligible X-ray
background change, the simultaneous fitting results of J1856
exhibit x* = 1.17, while x? is 1.11 for the blackbodyrad model
in Xspec 12. The reason for the slightly larger x> might be that
our model is necessarily improved in the future and the
response/calibration of XMM-Newton should be rechecked
near 0.2keV. Additionally, the pulse fraction of J1856 is
smaller than 1.3% (Haberl 2007), which is at the observed
limits. Thus, J1856 would be the best candidate of XDINSs to
probe the NS’s mass and radius, which is important to constrain
the equation of state of matter at supranuclear density.

For J2143, the optical data cannot be fitted by a Rayleigh—
Jeans curve adequately at optical bands, even if the photoelectric
absorption is included. One possible reason for the flat spectrum
could be that the number density of the particles (ions and
electrons) in the plasma atmosphere is smaller than we expected,
and the particles then diffuse slowly. Also, maybe the distance
from J2143 is longer than we expected (i.e., d > 500 pc). The
long distance of J2143 makes neutral hydrogen’s absorption
extremely obvious, so that the spectrum seems flat, which is
similar to the case of J1308. In addition, the rather large radius
that resulted from the longer distance could also lead to slow
diffusion of particles. Another possible reason for the flat
spectrum of J2143 would be the resonant cyclotron scattering
process of electrons (Tong et al. 2011) in the plasma atmosphere.

4.3. X-Ray Polarization of XDINSs

The model presented in this paper could be tested by future
X-ray polarimetry, with which one may eventually differentiate
compact star models, as already discussed in Lu et al. (2013).
When X-rays propagate across the magnetosphere of an NS,
there are two independent linear polarization eigenmodes: the
ordinary mode (O-mode, the electric field is in the plane of the
wavevector and the magnetic field) and the extraordinary mode
(E-mode, perpendicular to the plane). For the atmosphere that
has a significant temperature gradient, the E-mode photons
come from a deeper and hotter place, so that the thermal X-rays
are polarized (Gnedin & Sunyaev 1974).

On the one hand, in our bremsstrahlung model, the
temperature gradient can be ignored since the density of the
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plasma atmosphere is extremely low, which is different from
the case of Zavlin et al. (1996). The emission is optically thick
at optical /UV bands, resembling a Rayleigh-Jeans regime, and
would show negligible polarization with a weak magnetic field
(B < 10'° G). Meanwhile, if the magnetic field is weak, the
X-ray emission might not be polarized because the velocity
distribution of the plasma is isotropic.

On the other hand, in the case of a strong magnetic field
(B > 102 G), the opacity coefficients of a magnetized NS’s
thermal plasma are different for O-mode and E-mode, which
could make the emission polarized (Pavlov & Zavlin 2000).
Recently, a measured optical linear polarization of J1856
presented a polarization degree P.D. = 16.43% =+ 5.26% and a
polarization position angle P.A. = 14539 + 944 that hint at
the presence of vacuum birefringence with an inferred magnetic
field (B ~ 10"*G; Mignani et al. 2017). In the radiative
atmosphere of a strangeon star, the strong magnetic field would
also make the Landau energy levels split, and the velocity
distribution of plasma will be discrete in the direction
perpendicular to the magnetic field, which is different from
the simple 3D Maxwell velocity distribution. In this case, the
polarization might be detectable in both optical bands and
X-ray bands, but detailed calculations on this problem are
necessary. Additionally, the nonuniform distribution of the
plasma atmosphere with a strong magnetic field may make the
emission polarized and show X-ray pulsation.

These polarization behaviors could be tested by soft X-ray
polarimetry, e.g., the Lightweight Asymmetry and Magnetism
Probe expected to be operational on China’s space station
around 2020 (She et al. 2015).

5. Summary

A model of a two-temperature plasma atmosphere on a
strangeon star’s surface is proposed and established, and the
observed emission of XDINSs could be the result of the
bremsstrahlung radiation in the atmosphere. All the spectra of
seven XDINSs would be well fitted in this bremsstrahlung
model, from X-ray to optical/UV bands. The results of data
fitting show that the electron temperatures are ~50-250 eV and
the radiation radii are ~3—-13 km. According to these results,
we suggest a low-mass strangeon star candidate, JO806, with
kT, = 1952 + 2.4eV and Ry = 3.5 + 0.1 km.
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National Natural Science Foundation of China (11673002,
U1531243, 11373011 and U153120003) and the Strategic
Priority Research Program of CAS (no. XDB23010200). The
FAST Fellowship is supported by the Special Funding for
Advanced Users, budgeted and administrated by the Center for
Astronomical Mega-Science, CAS.

Appendix
Observational Data of XDINSs from XMM-Newton

Previously, we fitted the recent observational data of each
XDINS. Due to the short exposure time of these observations,
the x*/dof values are not as good as in Table 1, but the spectra
exhibit similarity, presented in Figures 1-7.
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In order to improve the accuracy of data fitting, we try to fit
all observed data of each XDINS. The data are performed in
small window mode in EPIC-pn simultaneously with multiple
observations. A lot of data for J1856 are collected to analyze its
spectral evolution with a timescale of ~10yr (e.g., Sartore
et al. 2012). The results of each observation show some
differences that may be attributed to changes of positions or
accretion rates during the long exposure time. Thus, the data
about the same positions on the detector, as well as other
sources, are extracted to fit simultaneously, and then we ignore
the observations that show some flare. Also, the relation
between the temperature and the position of the source centroid
on the detector (RAWX and RAWY coordinates; Sartore
et al. 2012) in the blackbody model is different from that in the
bremsstrahlung. And it is worth noting that JO720 shows a
spectrum change (van Kerkwijk et al. 2007), so we extracted
the observation data before 2008. Some detailed information
for each observation is shown in Table 2. We fit the data for
each observation simultaneously, treating Ny, 7., and y as free
parameters.
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