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MAXI J0158-744 
• A very luminous transient (Li+ 
2012) 

• discovered on 2011 Nov. 11 

• in the direction of the SMC 

• X-ray luminous phase lasted 
for <11,000 s 

• companion star=Be star
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Figure 4. Evolution of the fluxes of MAXI J0158−744. Top, Middle: the X-ray
luminosity with horizontal axes in linear (top) and log (middle) scales. Here,
the source distance is assumed to be the SMC distance of 60 kpc. Bottom: the
u band magnitude. The squares, circles and triangles show the data obtained by
MAXI GSC (Sections 3.1 and 3.3), MAXI SSC (Sections 3.2 and 3.2.2), and
Swift (Section 3.4), respectively. For the MAXI data, the luminosities converted
from the fluxes of Table 1 and Section 3.3 are shown. For the Swift XRT data,
those obtained by blackbody fits are shown (Section 3.4). The vertical error
bars represent 1σ level. Horizontal dashed and dotted lines show the 90%
confidence upper limits obtained by XMM-Newton slew survey and ROSAT
PSPC, respectively, assuming SSS Model (Section 3.5).

and the SMC distance of d = 60 kpc were assumed. Here, we
subtracted the flux in the plateau phase (13.58 mag, average
of u-band magnitudes from 11.65 days to 27.86 days.). By
fitting the light curve of the enhanced emission with a linear
function, we obtained the absolute magnitude of −5.04 ± 0.07
mag at 0.44 days and the speed class indicator parameter defined
by the time to decline 2 mag from maximum (Warner 2008),
td,2 = 1.9±0.2 (1σ ) days. This classifies the event as a “very fast
nova” (Warner 2008), assuming that the optical enhancement
was due to the photospheric emission as in usual novae.

To investigate the optical enhanced emission, we made a
difference spectrum from the Swift UVOT photometry over
the six filter bandpasses24 between day 1.5 and 149, and we
fit it with a blackbody model with fixed interstellar extinction
(Section 3.1). The blackbody temperature of 1.22+0.11

−0.10 × 104 K
and the radius of 6.58+1.03

−0.89 × 1011 cm were obtained at the best
fit. We also fit the spectrum from day 149 with the blackbody
model, obtaining a temperature of 2.34+0.04

−0.04 × 104 K and a
radius of 5.81+0.14

−0.14 × 1011 cm. The extrapolation of the best-
fit blackbody spectrum toward the UV region is consistent
with the UV flux obtained by the Galaxy Evolution Explorer
(Morrissey et al. 2005) during the pre-outburst phase (Li et al.
2012). In addition, Li et al. (2012) reported that the I-band flux
returned to the pre-outburst level ∼60 days after Ttrig. So, we
can assume that the flux at day 149 contains only emission from
the binary companion star. The obtained temperature and radius

24 Central wavelengths (FWHM) in angstroms (Poole et al. 2008): v: 5468
(769), b: 4392 (975), u: 3465 (785), uvw1: 2600 (693), uvm2: 2246 (498),
uvw2: 1928 (657).

are consistent with those of a B-type star, as shown in Li et al.
(2012).

Swift UVOT grism spectra are close to that of an early B-type
star. No clear emission lines can be identified above the noise,
as shown in Li et al. (2012).

3.4.2. Ground-based Optical Spectroscopy by SMARTS

We obtained three 200 s spectra of the optical counterpart of
MAXI J0158−744 to filter for cosmic rays. We combine the
three images, and extract the spectrum by fitting a Gaussian
in the spatial direction at each pixel. Wavelength calibration
is accomplished by fitting a 3rd to 6th order polynomial to the
calibration lamp line positions. The optical spectrum covers
nearly the entire optical band (3300–9500 Å) at 17 Å resolution.

There are clear emission lines of Hα and Hβ , with equivalent
widths of 16 Å and 1 Å, respectively. We could not find any
other significant emission or absorption lines above the noise
level. The SMARTS spectrum matches the New Technology
Telescope (NTT) spectrum of Li et al. (2012), albeit with a
worse signal-to-noise ratio.

3.5. Historical X-Ray Fluxes

To investigate the activity of MAXI J0158−744 before
the discovery, we searched for previous X-ray observations
of the area including the target position. This region was
observed by the ROSAT all-sky survey, XMM-Newton slew
survey, and MAXI GSC. The source was undetected in all these
observations. We calculated the upper limits on the unabsorbed
fluxes in an energy range of 0.7–7.0 keV, assuming the best-
fit MekalLT + MekalHT model (Table 4, the fifth row; Outburst
Model) and a typical spectrum in the SSS phase observed by
Swift XRT, an absorbed blackbody with a temperature of 0.1 keV
(SSS Model; Li et al. 2012).

The ROSAT all-sky survey covered this field, with an exposure
of 775 s in total between 1990 September 22 and December 3.
These data provide a PSPC count rate upper limit of 0.14 counts
s−1 (90% confidence limit) over 0.1–2.5 keV; corresponding to
<2.1×10−13 and <6.5×10−14 erg cm−2 s−1 (0.7–7.0 keV), as-
suming Outburst Model and SSS Model, respectively (Table 5).

XMM-Newton slewed over the source three times on 2006
November, 2007 October, and 2009 November. We obtained
EPIC pn count rate upper limits of 0.35, 1.5 and 0.50 counts
s−1 (2σ level) in 0.2–12 keV, respectively. The corresponding
unabsorbed fluxes (0.7–7.0 keV) are shown in Table 5.

We also analyzed the MAXI GSC image in the 4–10 keV
band integrated for seven months from 2009 September 1 to
2010 March 31. Applying the same analysis procedure as Hiroi
et al. (2011) use, we obtain a 90% confidence-level upper limit
of 0.10 mCrab. This corresponds to an unabsorbed flux of
<1.8 × 10−11 erg cm−2 s−1 (0.7–7.0 keV), assuming Outburst
Model.

4. DISCUSSION

The X-ray transient MAXI J0158−744 is characterized by
(1) a soft X-ray spectrum with most of the X-ray photons being
detected below 4 keV (Figures 1 and 2), (2) a short duration
(between t2 − t1 = 1.3 × 103 s and t3 − t−1 = 1.10 × 104 s;
Table 1), (3) a very rapid rise time (<t1 − t−1 = 5.5 × 103 s;
Table 1), and (4) a huge peak luminosity of 2×1040 erg s−1 in the
0.7–7.0 keV band recorded at the second MAXI scan. The un-
usually soft spectrum of the outburst is beyond astronomers’
expectations, because most short-lived luminous transient
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MAXI J0158-744 
• Peculiar spectrum at 
t=1296 s 

• Prominent emission line 
at 0.92 keV due to He-
like Ne ions (EW=0.32 
keV+0.21-0.11) 

• No other lines (e.g., due 
to H-like Ne ions) 

• kT~0.33 keV black body
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Figure 2. Energy spectra of MAXI J0158−744 observed by MAXI. Top left: Crosses are the GSC-H spectrum at the scan of +8 s. The histogram is the best-fit
blackbody model (Table 2). Top middle: crosses are the SSC-H spectrum at the scan of +220 s. The histogram is the best-fit blackbody model (Table 2). Top right:
crosses are the SSC-Z spectrum at the scan of +1296 s. The histogram is the best-fit blackbody + Mekal model with parameters shown in Section 3.2.2. The Mekal
component is shown by a dotted histogram. All the spectra are plotted binned with a minimum of five counts per energy bin. Backgrounds are subtracted. Bottom: the
residuals of the data from the models. Error bars, 1σ .

concentric circle and annulus centered at the target as the
source and background regions, respectively. The radius of
the source circle was set to 1.◦8. The inner and outer radii of
the background annulus were set to 2.◦2 and 3.◦5, respectively. In
both these regions, we excluded a circular region with a radius
of 1.◦5 centered at a near-by bright X-ray source, SMC X-1
(Figure 1(b)). The spectrum and response files were made by the
method described in Nakahira et al. (2012). The energy spectra
obtained by the GSC Scan-ID M+0 are shown in Figure 2 (left).
We rebinned the data with a minimum of 1 count per energy
bin and applied Cash statistics (Cash 1979) in the fit. We used
XSPEC v12.7.1 for the spectral analysis.

Since the location of this source is near the SMC, the
interstellar absorption by the total Galactic H i column density
toward this source, NH , and optical extinction E(B − V ) are
expected to be small. Thus, we fixed them for the following
X-ray and optical spectral analysis. Two plausible different NH
values are obtained from the HEASARC Web site:211.36 ×
1021 cm−2 by using the Leiden/Argentine/Bonn (LAB) map
(Kalberla et al. 2005) and 4.03 × 1020 cm−2 by using the DL
map (Dickey & Lockman 1990). The corresponding optical
extinctions E(B − V ) are 0.28 and 0.084 mag, respectively,
derived by using the relation with the H i column density (Bohlin
et al. 1978). On the other hand, the map of dust infrared emission
(Schlegel et al. 1998) suggests E(B − V ) = 0.050, which is
closer to that from the DL map. Therefore, we used the latter
NH value, 4.03 × 1020 cm−2, for the interstellar absorption. In
the following analysis, unabsorbed flux is corrected only for the
interstellar absorption.

We fit the GSC X-ray spectrum with absorbed blackbody,
power-law, thermal bremsstrahlung, and Mekal (Mewe et al.
1985) models from 2.0–10.0 keV with NH fixed to 4.03 ×
1020 cm−2; the results are shown in Table 2. The spectrum
is statistically consistent with all the models. Adopting the

21 http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl

NH value of LAB map increases the unabsorbed flux by 2%
from that using DL map. However, the difference in the spectral
parameters and unabsorbed flux, when they are compared with
the statistical uncertainty, are negligibly small.

3.2. Data Analysis of MAXI SSC

After the first detection of MAXI J0158−744 with the MAXI
GSC scan at +8 s, MAXI SSC detected this source twice, as
shown in Table 1. Before +8 s, MAXI J0158−744 was below
the SSC detection limit of ∼200 mCrab in each night scan. For
the spectral analysis, we selected the source regions as shown
in Figure 1(c) and reduced the SSC events in the same way as
Kimura et al. (2013). While the second SSC detection at +1296
s was done at night in the orbit, the first SSC at +220 s was done
at the day-time. Since the SSC daytime data were contaminated
by the visible and infrared light from the Sun (Tsunemi et al.
2010), we have to be careful of the analysis of the +220 s scan
data. We estimated the area suffering from the contamination
based on the event distribution, which led to the conclusion that
63% of the source area was not suitable for the spectral analysis.
We thus used data from the remaining 37% area in the analysis.

The energy spectra obtained by the SSC scans at +220 s
and +1296 s are shown in Figure 2 (middle, right). In the
latter spectrum, since emission lines seemed to be present, we
analyzed the SSC spectra by following the method shown in
“low count spectra” of the XSPEC wiki site.22 To avoid losing
information on emission lines as a result of the spectral binning,
we did not bin the data and applied Cash statistics (Cash 1979)
to the fits. We fit the source spectra with a model consisting of
a source and a background component. Here, the background
model was analytically described to approximate the actual
background spectrum in 0.7–7.0 keV. It was constructed by
averaging the two-year SSC data weighted with geomagnetic
cut-off-rigidity, because the background events are caused by

22 https://astrophysics.gsfc.nasa.gov/XSPECwiki/low_count_spectra
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Figure 2. Spectra as results of Monte Carlo simulations taking into account
only scattering by Ne with different mass fractions. The cyan dotted line is
the incident irradiating emission represented by a blackbody spectrum at a
temperature of T = T1296. The other three lines represent the spectra with
XNe = 1.85 × 10−4 (the same as the SMC abundance; green dash-dotted line),
XNe = 1 × 10−3(orange dashed line), and XNe = 10−2(red solid line).
(A color version of this figure is available in the online journal.)

Table 2
A List of Representative Transitions Adopted in our Calculations

IonizationState UpperState Energy OscillatorStrength
(keV)

1s2p 0.57 0.69
He-like

1s3p 0.67 0.15
O

1s2p 0.65 0.42
H-like

1s3p 0.77 0.08

1s2p 0.92 0.72
He-like

1s3p 1.07 0.15
Ne

1s2p 1.02 0.42
H-like

1s3p 1.21 0.08

1s2p 1.35 0.74
He-like

1s3p 1.58 0.15
Mg

1s2p 1.47 0.42
H-like

1s3p 1.74 0.08

1s2p 1.60 0.75
He-like

1s3p 1.87 0.15
Al

1s2p 1.72 0.42
H-like

1s3p 2.04 0.08

Note. The values are taken from the atomic line list version 2.04 of Peter van
Hoof (see http://www.pa.uky.edu/∼peter/atomic/).

small Ne mass fraction while the Ne x Kα line is still optically
thick. Instead, when the Ne ix Kα line is optically thick due to the
large Ne mass fraction, photons emitted by the Ne x Kα line at an
energy of 1.02 keV in the rest frame of the ions are scattered by
Kα transitions of Ne ix ions because the energy of the photons is
reduced by as much as ∼17 % and can become exactly 0.92 keV
in the rest frame of some Ne ix ions in the surrounding matter
receding at velocities of the order of vmax ∼ 50,000 km s−1.
This scattering of an Ne ix ion degrades the photon energies
lower than 0.92 keV in the rest frames of the other ions. As
a consequence, the existence of Ne x ions does not form an
emission line at 1.02 keV, but enhances the Kα line of Ne ix
ions. This is the so-called line blanketing effect. Therefore, we
assume XNe = 1 × 10−2 in the following calculations so that
a distinctive Ne peak surely appears at 0.92 keV. The mass

Figure 3. Comparison of spectra taking account of scattering of other ions as
well as Ne. The cyan dotted line is the incident irradiating emission represented
by a blackbody spectrum at a temperature of T = T1296. The green dash-dotted
line includes Mg xi, xi & Al xii, xiii and the red solid line represents the
spectrum including O vii and viii in addition to these ions.
(A color version of this figure is available in the online journal.)

Figure 4. Schematic image of a representative photon track, which is scattered
several times by different species of ions (top), and the spectral deformation
(line blanketing effects; bottom).

fraction of Ne ions in the lower ionization stages is too low to
affect the spectrum.

Next, we investigate effects of other abundant ions, i.e., Mg xi,
XII, and Al xii, XIII. These ions have transitions with energies
higher than the energy of the Ne x Kα line 1.02 keV. The green
dash-dotted line in Figure 3 designates the result. The emis-
sion lines associated with transitions of Mg and Al ions look
rather weak, and it is remarkable that the existence of these
elements enhances the Ne line due to line blanketing (This en-
hancement is verified by comparison with the red solid line
in Figure 2). Figure 4 illustrates a schematic view of the typ-
ical motion of scattered photons. The upper illustration is a
schematic image of photons traveling in the wind and scat-
tered by different species of ions in order of decreasing tran-
sition energy such as Al xiii→Mg xii→Mg xi→Ne x→Ne ix.
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Line blanketing in 
accelerating nova wind

• In expanding matter with 
dv/dr>0 

• photons emitted by an 
ion are red-shifted in the 
rest frames of the other 
ions 

• photons degrade their 
energies by subsequent 
scattering
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abundance of 10 solar or more was necessary to explain the
strong He-like Ne line and the lack of a H-like Ne line. In this
case, a large emission measure (∼1063 cm−3) is necessary and
might be incompatible with the assumption of optically thin
emission.

In this paper, we investigate the possibility that photons
scattered by N, O, Ne, Mg, and Al ions in a supersonic wind
would exclusively form a strong Kα line of He-like Ne and
H-like N with P-Cygni profiles in the spectrum taken at t = t1296
and eliminate other lines by line blanketing effects. The line
blanketing occurs when the Doppler broadened line profile
overlaps with that of another line at a higher energy or shorter
wavelength, and weakens the latter line and strengthen the
former line. A supersonic wind is expected to enhance this
effect owing to large Doppler shifts of the line energies. We use
a Monte Carlo method to calculate the photon transfer and try
to reproduce the spectral features at t = t1296.

In Section 2, we present our simplified stationary wind
model, including the velocity and density profiles, and describe
the procedure to determine the mass-loss rate from observed
quantities. The radiative processes involved in our Monte Carlo
method are presented in Section 3. In Section 4, we show the
results and compare them with observations. We conclude this
paper in Section 5.

2. MODEL OF ACCELERATING WIND

To reproduce the spectrum at t = t1296, we construct a model
of nova wind by solving simplified equations for a spherically
symmetric wind above the photosphere. The super-Eddington
luminosity of MAXI J0158−744 causes the gas pressure to be
significantly smaller than the radiation pressure. Therefore, the
equation of motion can be approximated as

v
dv

dr
= κL

4πr2c

!
1 − LEdd

L

"
, (1)

where v is the velocity, r the radial distance from the center,
κ is the opacity, L is the luminosity, and c is the speed of
light. The Eddington luminosity LEdd of a WD with a mass
MWD has been introduced as LEdd = 4πcGMWD/κ , where
G denotes the gravitational constant. Here we have assumed
that the wind becomes stationary because the time t1296 is
much longer than the dynamical timescale of this wind; that
is, td ∼ R1296/v = 1–0.1 s for the typical wind velocity of
novae (v ∼ 103–104 km s−1; Schwarz et al. 2011). The solution
of Equation (1) is expressed as

v =

#
κL

2πcR0

!
1 − LEdd

L

" !
1 − R0

r

"
+ v2

0, (2)

where R0 is the photospheric radius, which is equal R1296 at
t = t1296, and v0 is the velocity at r = R0. Note that LEdd/L
is of the order of 0.01. The velocity at r → ∞ approaches
vmax ∼

√
κL/2πcR0 if v0 ≪ vmax. Here we have assumed

that the luminosity L remains constant at L1296 above the
photosphere. The initial velocity v0 must be significantly smaller
than the maximum velocity vmax for the line blanketing to work
efficiently. In the following, we set v0 = 100 km s−1.

The mass-loss rate is determined so that the optical depth
of the solution with respect to the Planck mean opacity is
2/3. To do this, we need to calculate the ionization states in
the wind. The mass-loss rate in turn affects the ionization states
in the wind through the ionization parameter for a photo-ionized
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Figure 1. Distributions of expansion velocity (top panel) and degree of
ionization (i.e., the ratio of ion density in each ionized state to the total
density) for each element in the wind. The column depth is measured from
the photosphere.
(A color version of this figure is available in the online journal.)

plasma. Therefore, we need to iterate this procedure to obtain
an appropriate mass-loss rate.

2.1. Ionization States

We use the XSTAR subroutines (Kallman & Bautista 2001)
to calculate ionization states in the wind irradiated by the
blackbody radiation with the temperature of T = T1296 and the
photospheric radius of R0 = R1296. The bolometric luminosity
becomes 8.0 × 1039 erg s−1. Though the actual wind solution
has a radial density profile, we treat the wind as a gas sphere
with a constant density that reproduces the same column depth
for simplicity. This assumption overestimates the ionization
parameters near the photosphere and underestimates them in the
outer layer. In addition, we do not include the adiabatic cooling
in the code, which may dominate the cooling process in the
supersonic wind. Instead, we assume a gas temperature (33 eV)
significantly smaller than the photospheric temperature to use
the XSTAR with minimum modifications. Thus, we obtain the
ionization states of relevant elements as functions of the column
depth measured from the photosphere (Figure 1). Assigning the
ionization states to positions in the wind with the same column
depth, we obtain the ionization states in the wind. We leave
a detailed and self-consistent treatment of ionization states in
supersonic winds to a future work.

The mass fraction of the heavy elements except for CNO
and Ne is assumed to be 0.1 solar value (see Table 1; the
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Model of accelerating wind
• Steady states 

• constant L(=8x1039 erg/s)  

• the photospheric radius=2,300 
km (kTeff=0.33 keV) 

• The optical depth of the wind 
above the 
photosphere=2/3→mass loss 
rate~1.4x10-6 Msun/yr 

• cf. ~10-4 Msun/yr for Novae 

• Photo-ionizing plasma (XSTAR)

The Astrophysical Journal, 787:165 (7pp), 2014 June 1 Ohtani, Morii & Shigeyama

abundance of 10 solar or more was necessary to explain the
strong He-like Ne line and the lack of a H-like Ne line. In this
case, a large emission measure (∼1063 cm−3) is necessary and
might be incompatible with the assumption of optically thin
emission.

In this paper, we investigate the possibility that photons
scattered by N, O, Ne, Mg, and Al ions in a supersonic wind
would exclusively form a strong Kα line of He-like Ne and
H-like N with P-Cygni profiles in the spectrum taken at t = t1296
and eliminate other lines by line blanketing effects. The line
blanketing occurs when the Doppler broadened line profile
overlaps with that of another line at a higher energy or shorter
wavelength, and weakens the latter line and strengthen the
former line. A supersonic wind is expected to enhance this
effect owing to large Doppler shifts of the line energies. We use
a Monte Carlo method to calculate the photon transfer and try
to reproduce the spectral features at t = t1296.

In Section 2, we present our simplified stationary wind
model, including the velocity and density profiles, and describe
the procedure to determine the mass-loss rate from observed
quantities. The radiative processes involved in our Monte Carlo
method are presented in Section 3. In Section 4, we show the
results and compare them with observations. We conclude this
paper in Section 5.

2. MODEL OF ACCELERATING WIND

To reproduce the spectrum at t = t1296, we construct a model
of nova wind by solving simplified equations for a spherically
symmetric wind above the photosphere. The super-Eddington
luminosity of MAXI J0158−744 causes the gas pressure to be
significantly smaller than the radiation pressure. Therefore, the
equation of motion can be approximated as

v
dv

dr
= κL

4πr2c

!
1 − LEdd

L

"
, (1)

where v is the velocity, r the radial distance from the center,
κ is the opacity, L is the luminosity, and c is the speed of
light. The Eddington luminosity LEdd of a WD with a mass
MWD has been introduced as LEdd = 4πcGMWD/κ , where
G denotes the gravitational constant. Here we have assumed
that the wind becomes stationary because the time t1296 is
much longer than the dynamical timescale of this wind; that
is, td ∼ R1296/v = 1–0.1 s for the typical wind velocity of
novae (v ∼ 103–104 km s−1; Schwarz et al. 2011). The solution
of Equation (1) is expressed as

v =

#
κL

2πcR0
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1 − LEdd
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1 − R0
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"
+ v2

0, (2)

where R0 is the photospheric radius, which is equal R1296 at
t = t1296, and v0 is the velocity at r = R0. Note that LEdd/L
is of the order of 0.01. The velocity at r → ∞ approaches
vmax ∼

√
κL/2πcR0 if v0 ≪ vmax. Here we have assumed

that the luminosity L remains constant at L1296 above the
photosphere. The initial velocity v0 must be significantly smaller
than the maximum velocity vmax for the line blanketing to work
efficiently. In the following, we set v0 = 100 km s−1.

The mass-loss rate is determined so that the optical depth
of the solution with respect to the Planck mean opacity is
2/3. To do this, we need to calculate the ionization states in
the wind. The mass-loss rate in turn affects the ionization states
in the wind through the ionization parameter for a photo-ionized
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Figure 1. Distributions of expansion velocity (top panel) and degree of
ionization (i.e., the ratio of ion density in each ionized state to the total
density) for each element in the wind. The column depth is measured from
the photosphere.
(A color version of this figure is available in the online journal.)

plasma. Therefore, we need to iterate this procedure to obtain
an appropriate mass-loss rate.

2.1. Ionization States

We use the XSTAR subroutines (Kallman & Bautista 2001)
to calculate ionization states in the wind irradiated by the
blackbody radiation with the temperature of T = T1296 and the
photospheric radius of R0 = R1296. The bolometric luminosity
becomes 8.0 × 1039 erg s−1. Though the actual wind solution
has a radial density profile, we treat the wind as a gas sphere
with a constant density that reproduces the same column depth
for simplicity. This assumption overestimates the ionization
parameters near the photosphere and underestimates them in the
outer layer. In addition, we do not include the adiabatic cooling
in the code, which may dominate the cooling process in the
supersonic wind. Instead, we assume a gas temperature (33 eV)
significantly smaller than the photospheric temperature to use
the XSTAR with minimum modifications. Thus, we obtain the
ionization states of relevant elements as functions of the column
depth measured from the photosphere (Figure 1). Assigning the
ionization states to positions in the wind with the same column
depth, we obtain the ionization states in the wind. We leave
a detailed and self-consistent treatment of ionization states in
supersonic winds to a future work.

The mass fraction of the heavy elements except for CNO
and Ne is assumed to be 0.1 solar value (see Table 1; the
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abundance of 10 solar or more was necessary to explain the
strong He-like Ne line and the lack of a H-like Ne line. In this
case, a large emission measure (∼1063 cm−3) is necessary and
might be incompatible with the assumption of optically thin
emission.

In this paper, we investigate the possibility that photons
scattered by N, O, Ne, Mg, and Al ions in a supersonic wind
would exclusively form a strong Kα line of He-like Ne and
H-like N with P-Cygni profiles in the spectrum taken at t = t1296
and eliminate other lines by line blanketing effects. The line
blanketing occurs when the Doppler broadened line profile
overlaps with that of another line at a higher energy or shorter
wavelength, and weakens the latter line and strengthen the
former line. A supersonic wind is expected to enhance this
effect owing to large Doppler shifts of the line energies. We use
a Monte Carlo method to calculate the photon transfer and try
to reproduce the spectral features at t = t1296.

In Section 2, we present our simplified stationary wind
model, including the velocity and density profiles, and describe
the procedure to determine the mass-loss rate from observed
quantities. The radiative processes involved in our Monte Carlo
method are presented in Section 3. In Section 4, we show the
results and compare them with observations. We conclude this
paper in Section 5.

2. MODEL OF ACCELERATING WIND

To reproduce the spectrum at t = t1296, we construct a model
of nova wind by solving simplified equations for a spherically
symmetric wind above the photosphere. The super-Eddington
luminosity of MAXI J0158−744 causes the gas pressure to be
significantly smaller than the radiation pressure. Therefore, the
equation of motion can be approximated as

v
dv

dr
= κL

4πr2c

!
1 − LEdd

L

"
, (1)

where v is the velocity, r the radial distance from the center,
κ is the opacity, L is the luminosity, and c is the speed of
light. The Eddington luminosity LEdd of a WD with a mass
MWD has been introduced as LEdd = 4πcGMWD/κ , where
G denotes the gravitational constant. Here we have assumed
that the wind becomes stationary because the time t1296 is
much longer than the dynamical timescale of this wind; that
is, td ∼ R1296/v = 1–0.1 s for the typical wind velocity of
novae (v ∼ 103–104 km s−1; Schwarz et al. 2011). The solution
of Equation (1) is expressed as

v =

#
κL

2πcR0

!
1 − LEdd

L

" !
1 − R0

r

"
+ v2

0, (2)

where R0 is the photospheric radius, which is equal R1296 at
t = t1296, and v0 is the velocity at r = R0. Note that LEdd/L
is of the order of 0.01. The velocity at r → ∞ approaches
vmax ∼

√
κL/2πcR0 if v0 ≪ vmax. Here we have assumed

that the luminosity L remains constant at L1296 above the
photosphere. The initial velocity v0 must be significantly smaller
than the maximum velocity vmax for the line blanketing to work
efficiently. In the following, we set v0 = 100 km s−1.

The mass-loss rate is determined so that the optical depth
of the solution with respect to the Planck mean opacity is
2/3. To do this, we need to calculate the ionization states in
the wind. The mass-loss rate in turn affects the ionization states
in the wind through the ionization parameter for a photo-ionized
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Figure 1. Distributions of expansion velocity (top panel) and degree of
ionization (i.e., the ratio of ion density in each ionized state to the total
density) for each element in the wind. The column depth is measured from
the photosphere.
(A color version of this figure is available in the online journal.)

plasma. Therefore, we need to iterate this procedure to obtain
an appropriate mass-loss rate.

2.1. Ionization States

We use the XSTAR subroutines (Kallman & Bautista 2001)
to calculate ionization states in the wind irradiated by the
blackbody radiation with the temperature of T = T1296 and the
photospheric radius of R0 = R1296. The bolometric luminosity
becomes 8.0 × 1039 erg s−1. Though the actual wind solution
has a radial density profile, we treat the wind as a gas sphere
with a constant density that reproduces the same column depth
for simplicity. This assumption overestimates the ionization
parameters near the photosphere and underestimates them in the
outer layer. In addition, we do not include the adiabatic cooling
in the code, which may dominate the cooling process in the
supersonic wind. Instead, we assume a gas temperature (33 eV)
significantly smaller than the photospheric temperature to use
the XSTAR with minimum modifications. Thus, we obtain the
ionization states of relevant elements as functions of the column
depth measured from the photosphere (Figure 1). Assigning the
ionization states to positions in the wind with the same column
depth, we obtain the ionization states in the wind. We leave
a detailed and self-consistent treatment of ionization states in
supersonic winds to a future work.

The mass fraction of the heavy elements except for CNO
and Ne is assumed to be 0.1 solar value (see Table 1; the
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Figure 5. Example of photon energy shifts. The initial photon energy of 1.86 keV
decreases down to 0.83 keV after scattering sequentially by several ions with
transition energies in decreasing order, i.e., Al xiii Kα, Mg xii Kα, Mg xi Kα,
and Ne ix Kα.

Figure 6. Influence of oxygen mass fraction on spectra, i.e., XO = 5 × 10−6

(blue dash-dotted line), 5 × 10−8 (green dashed line), and 5 × 10−9 (red solid
line). The cyan dotted line is the incident irradiating emission represented by a
blackbody spectrum at temperature T = T1296.

The lower illustration shows how this series of scattering
changes the spectrum. Because the photon reduces its energy,
the emission lines at energies higher than 0.92 keV become
weak. Figure 5 displays an example of decreasing energy of a
photon with time, extracted from our calculation. The energy of
a sample photon gradually changes from 1.86 keV to 1.62, 1.55,
1.21, 1.12 and 0.83 keV due to the scattering off Al xiii, Mg xii,
Mg xi, Ne ix and Ne ix ions, respectively.

4.1. Influence of Oxygen Mass Fraction on Ne line

In contrast to the enhancement of the Ne line by the existence
of Mg and Al ions, the inclusion of O vii and VIII ions with
mass fractions of 0.1 solar, which have transitions with energies
lower than 0.92 keV, significantly weakens the Kα line of Ne ix
and produces a very strong emission line at ∼0.7 keV, as shown
by the red solid line in Figure 3.

To reproduce the observed spectrum, the reduction of the
oxygen mass fraction is necessary. As a next step, we calculate
spectra with reduced oxygen mass fractions and the results
are shown in Figure 6. Here, the influence on the Ne line
profile becomes small when the O mass fraction is between
XO = 5×10−8 (green dotted line) and 5×10−9 (red solid line).

Figure 7. Evolution of the mass fraction of CNO elements. The CNO cycle
reaction starts at t = 0. Most of 16O disappears in ∼600 s (from XO = 1×10−3

to 4 × 10−9), and replaced by 15O and 14O. 15O (14O) would decay into
15N (14N) with a half-life time of 122 s (71 s) after the end of the CNO cycle.

If XO = 5 × 10−8, then the line at 0.92 keV disappears and the
Kα line of O viii alternatively becomes prominent. So, we refer
to the model with XO = 5 × 10−9 as the fiducial model. The
fiducial model has the mass-loss rate of ≈9.1 × 1019 g s−1.

4.2. Oxygen Depletion in the Wind

The reduction of the O mass fraction required to reproduce
the observed spectrum can be realized by the CNO cycle.
To demonstrate this, we perform a nuclear reaction network
calculation for a gas with a fixed temperature (3 × 108 K)
and density (100 g cm−3) using the code developed by one
of the authors (Shigeyama et al. 2010). The initial composition
of heavy elements is 0.1 solar with the enhanced O and Ne
mass fractions. The mass fraction of Ne is XNe = 0.01. The
corresponding mass fraction of O becomes 0.4 solar (XO =
4.1 × 10−3) if we estimate from the surface composition of an
ONe WD model with the mass of 1.37 M⊙ (Garcia-Berro &
Iben 1994). According to this modeling, the mass fraction of O
on the surface of the core decreases with increasing stellar mass.
Thus, a WD with a mass closer to the Chandrasekhar limit leads
to a smaller XO. Figure 7 shows the resultant temporal evolution
of the composition of elements involved in the CNO cycle. Most
of the initial CNO elements are converted to unstable isotopes
15O and 14O in ∼600 s. Since the half-life of 15O (14O) is 122 s
(71 s), the required reduction of the O mass fraction suggests
that the CNO cycle continued only for ∼103 s and then the
synthesized 15O (14O) decayed to 15N (14N) for the subsequent
∼2400 s or more.

In other words, we need an interval of more than ∼2400 s
after the termination of the CNO cycle to eliminate O in the wind
and to form a strong Ne line in the spectrum at t = t1296. Then
the CNO cycle must have ended before t ∼ t1296 − 2400 s =
−1100 s. No detection of the event by MAXI at t = −5530 s
(= t−5530) further constrains the duration of the CNO cycle
(∆tCNO), that is, ∆tCNO < −1100 s − t−5530 = 4430 s.

The resultant O mass fraction is two times higher than the
required value derived in the previous section and the spectrum
with this higher O mass fraction has a peak of the Ne ix line at a
slightly higher energy (0.95 keV) and marginally consistent with
the observation. This might indicate that the WD is more massive
than 1.37 M⊙ and has a mass closer to the Chandrasekhar limit.
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Model spectra
• Radiative transfer of photons emitted 
from the photosphere 

• Monte Carlo method 

• Emission line at 0.92 keV  

• wiped by Oxygen 

• XO<5x10-9 is needed 

• CNO cycle converts Oxygen to 
Nitrogen 

• Nitrogen sharpens the shape of 
the line 

• To obtain EW~0.3 keV, X(Ne)>0.001
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Figure 8. Comparison of spectra with (red solid line) and without (green
dash-dotted line) N vi and vii transitions (The cyan dotted line is the incident
irradiating emission represented by a blackbody spectrum at a temperature of
T = T1296.). These transitions scatter photons with energy less than 0.87 keV,
which should be recognized as a part of a broaden Ne line in the latter spectrum.
The half width and the equivalent width of the Ne line (red solid line) are
0.080 keV and 0.18 keV, respectively.
(A color version of this figure is available in the online journal.)

Table 3
Mass Fraction of each Element Assumed in the Fiducial Model

Mass Fraction

N 1.02 × 10−3

O 5.0 × 10−9

Ne 1.0 × 10−2

Mg 6.93 × 10−5

Al 6.20 × 10−6

Note. See the text for details.

4.3. Nitrogen

Before finally coming to our conclusions, it is indispensable
to examine whether or not N ions increased through the O
decay are compatible with the observed Ne line, as argued in
the previous section. We calculate a spectrum including N vi
and vii, assuming the same mass fraction of N as the initial
XO (= XO, SMC = 1 × 10−3). A list of the mass fractions of
elements we adopt in this calculation is shown in Table 3.

The result is shown by the red solid line in Figure 8. In
comparison with the calculation of “no N” (green dash-dotted
line), the existence of N sharpens the shape of the Ne line. It is
again caused by line blanketing due to N vi and vii ions. In this
calculation, most photons forming the lower energy part of the
Ne line (!0.87 keV) are scattered by N ions and converted to
the N line at lower energies. Here, the half width at 1/e times
the Ne peak above the blackbody heights is 0.080 keV, and the
equivalent width is 0.18 keV, which are compatible with the
observations (Morii et al. 2013).

A strong N line appears at ∼0.5 keV close to the lower limit
of the energy range covered by the MAXI/SSC. This must
be compatible with the observation because the sensitivity at
0.5 keV is a factor of about 3 weaker than that at 1 keV.

Figure 9. Spectra calculated for two values of the luminosity in Equation (2)
(4 × 1039 erg s−1 for the green dash-dotted line and 2 × 1039 erg s−1 for the red
solid line. The cyan dotted line is the blackbody continuum for T = T1296.
(A color version of this figure is available in the online journal.)

4.4. Influence of the Luminosity on Spectrum

Because a luminosity derived from a blackbody fit to an
observed spectrum has a large uncertainty in general (Krautter
et al. 1996), we investigate how the luminosity affects the line
blanketing. To do this, we decrease the value of luminosity in
Equation (2) from that used in the former section to calculate
ion scattering in the wind having lower velocities, while keeping
the other parameter values such as the photospheric radius
and the temperature unchanged as in Section 4.3. Figure 9
shows the results. For L = 4 × 1039 erg s−1, a prominent
peak appears at Ne x Kα energy (green dash-dotted line). For
L = 2 × 1039 erg s−1, the peak shifts to a lower energy.
Therefore, a luminosity brighter than 4×1039 erg s−1 is required
to enhance Ne ix Kα line by line blanketing.

5. CONCLUSIONS AND DISCUSSIONS

By performing Monte Carlo calculations, we have examined
whether resonance scattering of N, O, Ne, Mg, and Al ions in an
accelerating wind reproduces a strong Ne ix Kα emission line
and a lack of the Ne x Kα line in the observed X-ray spectrum of
MAXI J0158−744.We have constructed a simplified stationary
model for a given luminosity with the ion distribution calculated
using the XSTAR subroutines. The mass loss rate is determined
to reproduce the observed photospheric radius.

As a result of a series of the calculations presented here, the
observed spectral features can be reproduced by emission from
the expanding wind irradiated by a super-Eddington soft X-ray
source. It is found that the Ne mass fraction must be enhanced
by a factor of several tens of times compared with the SMC
abundance (XNe ∼ 1 × 10−2) to reproduce the observed Ne line
at 0.92 keV. This amount of Ne could be supplied by matter
dredged up from the surface of a WD composed of ONe. It
should be noted that the ionization states estimated by ignoring
the advection in the wind might overestimate the ionization
degree and thus the necessary mass fraction of Ne. We also find
that the inclusion of Ne x ions at energies higher than 0.92 keV
does not induce the Ne x Kα line due to the line blanketing. In
the same way, the inclusion of heavier elements like Mg and
Al supply more photons to the Ne ix Kα line and strengthen it.
Meanwhile, even a small amount of O weakens the Ne emission
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Conditions to reproduce 
the observations

• Low mass loss rate 

• Enhanced Ne abundance  (a factor of >5) indicating ONe White 
dwarf 

• High velocities up to ~a few x10,000 km/s 

• Acceleration outside of the photosphere 

• Previous nova wind models show acceleration only in the 
photosphere (Optically thick wind model, e.g., by Kato & 
Hachisu 1994) 

• Mass of the WD close to the Chandrasekhar limit



Remaining problems
• The origin of high luminosities 

• CNO cycle on the surface of a WD? 

• Construction of new nova wind models including optically 
thin region 

• Ignition mechanism 

• A small amount of the involved mass ~10-8 Msun 

• Dynamical? 

• Is Be star companion a key? Circumstellar disk



Novae with super-
Eddington Luminosities?

• Higher luminosity requires sonic point closer to the 
photosphere  

• Extension of optically thick wind models (Wada & TS 2016) 

• including the optically thin region 

• relax the diffusion approximation in the flux 
calculation 

• M1-closure algorithm to calculate the flux in the 
optically thin region



Fig. 3. Luminosity (solid black line) and temperature (dashed red line) as functions of the radial coordinate for the same model in Figure 2. The dotted black

lies denotes the local Eddington luminosity. The vertical dashed line indicates the radius of the critical sonic point and the vertical solid line the photosphere.

Fig. 4. Velocity (solid black line) and density (dashed red line) as functions of the radial coordinate for a nova wind model with M = 1.3M⊙, Ṁ = 3.895×

10−7M⊙yr−1, and v∞ =1793kms−1. The thin black lines denote escape velocity (dotted) and sound speed (dot dashed) respectively. The vertical dashed

line indicates the radius of the critical sonic point and the vertical solid line the photosphere.
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High luminosity models
• A sequence of steady state models 
for each WD mass 

• We obtain models 

• in which matter is accelerated 
outside of the photosphere 

• slightly brighter than previous 
models 

• But 

• not so high velocities 

• not so luminous 

• as MAXI J0158-744

Wada & TS 2016

photosphere and sonic point

acceleration  
above the photosphere



Fig. 7. Opacity (solid black line) and mean molecular weight (dashed red line) as functions of the radial coordinate for the same model as in Figure 4.

Fig. 8. Sequences of steady state solutions in the parameter space of the mass loss rate Ṁ and the terminal velocity v∞. The thick solid line (black), the thick

dashed line (blue), and the thick dot dashed line (magenta) denote models with white dwarf masses of M = 1.0M⊙, 1.3 M⊙, and 1.388 M⊙, respectively.
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Fig. 9. Evolutions of luminosity and temperature of the photosphere in the HR diagram for white dwarfs with three different masses. Models indicated by line

styles are the same as Figure 8. Each filled square on a line represents the maximum luminosity and photospheric temperature attained by the corresponding

optically thick wind model for each white dwarf.

Fig. 10. Temporal evolutions of radius and temperature at the photosphere. The lines with filled circles denote temperature (left axis) and the lines without

filled circles denote radius (right axis). Models indicated by line styles are the same as Figure 8.
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highest luminosities attained 
by previous models

High luminosity models
• A sequence of steady state models 
for each WD mass 

• We obtain models 

• in which matter is accelerated 
outside of the photosphere 

• slightly brighter than previous 
models 

• But 

• not so high velocities 

• not so luminous 

• as MAXI J0158-744 Wada & TS 2016



Future prospects
• Neutron star instead of White dwarf? 

• Be star companion indicates massive 
progenitor? 

• High velocity 

• Small photosphere 

• Not in steady state?


