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IGR J18293Š1213 is an eclipsing CV 307

Figure 2. Pro�le of the eclipse obtained by folding theNuSTAR3–79 keV
light curve on IGR J18293Š1213 orbital period,T � 6.92 h. Each bin
corresponds to a 40 s interval and the source mean count rate is given by the
dashed-red line.

chosen to �t the eclipse (Fig.1, bottom panels). Using the un-
weighted light curve with 30 s bins, we tested models including a
linear transition between the detection and the non-detection peri-
ods. A slow transition of about 500 s seems to be relevant to �t the
shape of the �rst eclipse we detected, leading to a starting time shift
of about 90 s. For the others, the transition seems to be faster (less
than 100 s) and the transition time is better constrained. However,
the second eclipse may not have suf�cient coverage to properly �t a
linear transition, and, adding information from the third eclipse, we
constrained the stopping time shift to be less than 290 s. Therefore,
we �x the systematic errors to betstart

+ 0
Š90 andtstop

+ 290
Š0 s, wheretstart

andtstop are the Bayesian block values listed in Table2.
Using these values and their systematic errors, we obtained the

duration of the eclipse,�t = 30.8+ 6.3
Š0.0 min, and the signal period,

T = 6.92 ± 0.01 h. The eclipse pro�le obtained by folding the
light curve on IGR J18293Š1213’s orbital periodT is shown in
Fig. 2. A shorter period is excluded by the detection of the source
within at least one of the putative additional eclipse intervals, e.g.
the detection in the 46 300–47 700 s interval excludes the possibility
that the period is twice as short (Fig.1, top panels).

The short orbital period we detected for IGR J18293Š1213 is
a strong indication that this system is either a CV or an LMXB.
Indeed, the majority of known CVs have orbital periods of a few
hours and LMXBs of the order of a day or less, while HMXBs are
generally observed with orbital periods of a few days or more (e.g.
Kuulkers et al.2006; Tauris & van den Heuvel2006).

3.1.3 Upper limit on spin modulation

Modulations at the spin period, caused by the variation of photo-
electric absorption and/or self-occultation, have been observed in
several CVs. In order to search for such a short periodic signal,
we madeNuSTARlight curves in the 3–24 keV energy range using
0.05 s time bins and combining the counts from FPMA and FPMB.
We extracted counts from the same source and background regions
used for spectral analysis. We also used the same GTI as for the
spectral analysis; thus, the eclipse times were removed.

We used theZ 2
1 (Rayleigh) test (Buccheri et al.1983) to search for

signals, making a periodogram extending from 0.0001 Hz (10 000 s)
to the Nyquist frequency (10 Hz). From 0.1 to about 750 s, there are

Figure 3. Periodogram obtained from the 3–24 keVNuSTARlight curve
of IGR J18293Š1213. The horizontal dashed line corresponds to a 3�
threshold.

no signals that reach the 3� signi�cance threshold (after accounting
for trials). Although there is a 3� peak at 769 s, it is the �rst of a
series of peaks that increase in signi�cance with increasing period,
and we suspect that we are simply seeing evidence for aperiodic
variability (Fig.3).

To determine the upper limit on the strength of a periodic signal,
we folded the background subtracted light curve on 10 000 frequen-
cies between 0.0001 Hz (10 000 s) and 1 Hz (1 s) using 10 phase
bins. For each trial frequency, we recorded the� 2 value obtained
when �tting a constant and also the amplitude of the folded light
curve in terms of the maximum count rate minus the minimum
count rate divided by the sum of these two quantities. From 1 to
1000 s, 95 per cent of the trials have amplitudes below 9.2 per cent,
indicating that this is the 2� upper limit on periodic signals in the
3–24 keV band. From 1000 to 10 000 s, the highest amplitude is
19± 4 per cent (1� error), indicating a 2� upper limit of 27 per cent.
The implication of this upper limit will be discussed in Section 5.

3.2 Spectrum compatible with a CV

TheNuSTARandSwift/XRT joint spectrum of IGR J18293Š1213
is presented in Fig.4. All the model �ts were performed using
XSPEC v.12.9.0. A simple absorbed power law poorly �ts the data
(� 2/d.o.f. = 277.7/193), and the residuals highlight the presence
of a high-energy cut-off and of a Gaussian emission line around
6.5 keV. Including these two additional components to the model
leads to a good �t (� 2/d.o.f. = 185.1/190) with a photon index
� = 0.4± 0.2. With such a hard spectrum, this source cannot be an
LMXB and IGR J18293Š1213 is therefore likely to be a CV (see
Section 3.1.2 and Tauris & van den Heuvel2006).

The spectrum of this category of sources is generally �tted with
an absorbed bremsstrahlung model, a Gaussian line to account for
the iron-line complex around 6.5 keV and sometimes an additional
partial covering absorption component (e.g. Suleimanov, Revnivt-
sev & Ritter2005; Mukai et al.2015). For IGR J18293Š1213, a
partial covering component is needed (� 2/d.o.f.= 298.4/191 down
to 180.9/189 whenPCFABS is added), and the bremsstrahlung tem-
perature given by the best �t iskT = 17.3+ 5.7

Š3.3 keV. Such a high
temperature is a strong indication that this source is a magnetic
CV (non-magnetic CV are characterized by lower temperatures,
kT � 1–5 keV; Kuulkers et al.2006).
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308 M. Clavel et al.

Figure 4. Unfolded spectrum (top) and residuals (bottom) obtained for
NuSTAR(FPMA, black; FPMB, red) andSwift/XRT (blue) joint spectral
analysis of IGR J18293Š1213. The model we use and the parameters we
obtained are given in equation (1) and in Table3, respectively. The contin-
uum components are theIPM model (dashes) and the corresponding re�ection
(dash–dots).

Among magnetic CVs, there are two subcategories: Polars and
Intermediate Polars (IPs), based on the strength of the white dwarf
magnetic �eld, strong and intermediate, respectively (Kuulkers et al.
2006). The hardness of IGR J18293Š1213’s spectrum, the relatively
high luminosity of this source, its rather long orbital period and the
absence of visible variability in its light curve are strong indications
that IGR J18293Š1213 is an IP (see Section 5 for more details).

3.2.1 IP spectral model

In IPs, accreted material, coming from the truncated accretion disc,
follows the magnetic �eld of the white dwarf towards its magnetic
poles. It experiences a strong shock before reaching the compact
object and then cools on its way down. This column of cooling
material produces the main source of X-ray radiation, and we used
the spectral modelIPM to account for its continuum component
(Suleimanov et al.2005). Part of this emission is re�ected on to the
surface of the white dwarf, and we used theXSPEC modelREFLECT

to represent the continuum emission created by this second process
(Magdziarz & Zdziarski1995). To account for the iron �uorescence
lines which are not included in the previous models, we also added
two Gaussian lines to our model. Therefore, the spectral model we
used is the following:

CONST� TBABS � PCFABS� (REFLECT� IPM + GAUSS+ GAUSS), (1)

wherePCFABS takes into account the partial absorption which can
be created by the accretion �ow itself, and whereTBABS models the
column density towards the source. The constantCONST accounts
for imprecision in the instruments cross-calibration.

3.2.2 Constraints on the parameters

After setting the abundances to the values provided by Wilms, Allen
& McCray (2000), the column density towards the source was �xed
toNH = 4× 1022 cmŠ2. This is the sum of the hydrogen contribution
(� 1.3 × 1022 cmŠ2, average value given by theHEASOFT tool –
Leiden/Argentine/Bonn Survey of Galactic HI) and of the molecular

Table 3. Spectral parameters obtained by �tting model (1) to the
NuSTARandSwift/XRT joint spectrum of IGR J18293Š1213. The
uncertainties listed correspond to 90 per cent con�dence intervals.
The normalization constant is �xed to 1 for FPMA, and is 0.97± 0.04
and 0.8± 0.2 for FPMB and XRT, respectively. The X-ray �ux of
the source is 1.6 and 0.9× 10Š11 erg cmŠ2 sŠ1 in the 0.1–100 and
3–20 keV range, respectively.

Model Param. Unit Best �t

TBABS NH 1022 cmŠ2 4.0 (�xed)

PCFABS NH,pc 1022 cmŠ2 42.8+ 19.2
Š14.6

fraction – 0.70+ 0.08
Š0.06

REFLECT �/ 2π – 1.0 (�xed)

A – 0.56+ 2.90
Š0.44

AFe – 1.0 (�xed)

cos� – > 0.5

IPM Mwd M� 0.78+ 0.10
Š0.09

F1–79 keV 10Š3 photons cmŠ2 sŠ1 2.4+ 1.3
Š0.7

GAUSS EFe K� keV 6.4 (�xed)

� Fe K� eV 50 (�xed)

NFe K� 10Š5 photons cmŠ2 sŠ1 1.7+ 0.8
Š0.7

GAUSS EFe xxv keV 6.7 (�xed)

� Fe xxv eV 50 (�xed)

NFe xxv 10Š5 photons cmŠ2 sŠ1 < 0.13

contribution (� 2.6 × 1022 cmŠ2, converted from the CO map3

provided by Dame, Hartmann & Thaddeus2001) estimated in the
direction of IGR J18293Š1213. When free to vary, this parameter
is poorly constrained:NH = (4.3+ 4.8

Š2.5) × 1022 cmŠ2, but the value
obtained is consistent with the above estimation.

The intensity of the re�ection component depends on the frac-
tion of the X-ray �ux intercepted by the white dwarf, which is
represented by a solid angle scaled to unity for an isotropic source
above a disc extending to in�nity. When left free, this parameter
reaches�/ 2π � 1.7, which is not physical for the source we con-
sider. Therefore, we �xed this parameter to 1, i.e. to the highest
meaningful value. In addition, the abundance of iron,AFe, was set
to 1 compared to the abundance of elements heavier than helium,
A, so the global abundance of the re�ecting material can be directly
compared to that of the Sun.

The Gaussian line energies were �xed to 6.4 and 6.7 keV to
account for the �uorescent lines Fe K� and FeXXV , respectively.
In CVs these emission lines are observed to be relatively narrow
(e.g. Hellier & Mukai2004; Hayashi et al.2011), so we �xed their
widths to 50 eV.

The other parameters are free to vary within the default range
allowed by the correspondingXSPECmodels. The �t is satisfactory
(� 2/d.o.f.= 177.6/188) and, except for the 6.7 keV emission line, all
components listed in the model are statistically required (removing
the partial covering absorption or the re�ection component lead
to �ts having � 2/d.o.f. = 315.8/190 and 213.7/190, respectively).
The results are shown in Fig.4 and in Table3. The parameters of
the IPM model are well constrained by the �t and the white dwarf
mass we obtain,Mwd = 0.78+ 0.10

Š0.09 M� , is consistent with the typical

3 The antenna temperature of CO at the position of IGR J18293Š1213
is WCO = 72 K km sŠ1. We used this value and the conversion factors,
NH2/WCO = 1.8 × 1020 cmŠ2 KŠ1 kmŠ1 s andNH/N H2 = 2, to obtain the
molecular contribution to the total column density,NH.
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mass generally observed for white dwarfs in IPs (e.g. Suleimanov
et al.2005; Yuasa et al.2010; Hailey et al.2016). In our system,
the free parameter� of the REFLECT model is the inclination of the
white dwarf magnetic �eld compared to the line of sight. The �t
only gives an upper limit� < 60� for this parameter. Finally, of
the two emission lines added to our model, only the 6.4 keV line
is signi�cantly detected. Its equivalent width is EWFe K� � 160 eV,
which is in the range of values typically reported for this type of
source (e.g. Hellier & Mukai2004). The 6.7 keV emission line is
only marginally detected in our data set, so we report an upper limit
on its normalization. Removing this component from our model
does not change the continuum model parameters, except for the
abundance of the re�ection model which is then constrained to
values less than solar.

4 PARAMETERS OF THE BINARY SYSTEM

Using the duration and the period of the eclipse, as well as the white
dwarf mass constraints obtained in Section 3, we are able to derive
precise orbital parameters for the corresponding binary system.

4.1 Binary system equations

The binary system is composed of a white dwarf of massMwd and a
companion star of massM� and of radiusR� . In IPs, there is evidence
that the companion star is �lling its Roche lobe, which means that
its orbit should circularize on a short time-scale (e.g. Hurley, Tout
& Pols 2002). Therefore, we assume that our system has a circular
orbit with an orbital separationa and an inclinationi compared to
our line of sight (withi = 90� corresponding to an edge-on system).

From Kepler’s equations, we derive the following two relations:

R�

a
=

√
sin2

(
π�t
T

)
+ cos2 (i ), (2)

M� + Mwd =
4π2a3

G T 2
, (3)

where� t andT refer to the duration and the period of the eclipse,
respectively (Section 3.1), andG is the gravitational constant.

As already stated, the companion star is �lling its Roche lobe, so
we also use the approximation of Eggleton (1983) to describe its
radius:

R�

a
=

0.49q2/ 3

0.6q2/ 3 + ln
(
1 + q1/ 3

) , where q =
M�

Mwd
. (4)

Finally, the donor mass and radius follow an empirical relation
derived by Patterson (1984). The corresponding relation is discon-
tinuous atM� � 0.8 M� but can be approximated by

M� �
R�

R�
M� . (5)

This approximation is further justi�ed by the comparison of the
�nal parameters in Fig.5 and in Section 4.2.

4.2 IGR J18293Š1213 system parameters

Using the parameters of the eclipse,� t and T, derived in
Section 3.1, we numerically solved the system of equations intro-
duced in Section 4.1. The results are presented as functions of the
system inclinationi (Fig.5). We restricted the parameter space to the
standard white dwarf mass range,Mwd = 0.1–1.4 M� , which corre-
sponds to an orbital inclinationi = 57.� 1–76.� 4, an orbital separation

Figure 5. Parameters of IGR J18293Š1213 binary system derived from
the duration and the period of the eclipse (Section 3.1), and presented
as functions of the system putative inclination. Top panel: white dwarf
mass (blue) and stellar mass (red). Bottom panel: stellar radius (red)
and orbital radius (black). The parameter space is limited to the interval
0.1–1.4 M� for the white dwarf mass, and the measurement obtained from
the spectral analysis is delimited by the grey shade (90 per cent con�dence
interval around the best-�tting value shown by the dashed line). For each
parameter the thick line corresponds to the value derived using the mass–
radius relation given in equation (5) while the thin lines are obtained by
using the discontinuous empirical relation given by Patterson (1984). The
results obtained are very similar and, in this �gure, the thin lines are partly
overlaid by the thick ones (e.g. forR� ).

a = 2.0–2.4 R� , and a massM� = 0.75–1.2 M� for the companion
star.

The parameters of the IGR J18293Š1213 binary system can then
be fully constrained by using the mass of the white dwarf obtained
from our spectral analysis (see Table3 and Fig.5). Thus, their
precise values areMwd = 0.78+ 0.10

Š0.09 M� , M� = 0.82± 0.01 M� ,
R� = 0.82± 0.01 R� , a = 2.14± 0.04 R� , andi = 72.� 2 ± 0.� 9.
The uncertainties listed here only account for the propagation of
the errors on the white dwarf mass through the system of equations
presented in Section 4.1.

The systematic errors derived for the orbital period and the eclipse
duration do not signi�cantly change the constraints we obtain on the
system parameters, except for the orbital inclination. As the eclipse
duration increases, the curves presented in Fig.5 shift towards
higher inclination angles, leading to an inclinationi = 74.� 6 ± 1.� 0
when the eclipse duration reaches its upper limit� t � 37.1 min.

We also tested the approximation we made by using equation (5)
instead of the empirical mass–radius relations given by Patterson
(1984, equation 3). We solved our system of equations (2, 3, and
4) using both parts of his relation: (i)M� � 0.8 M� and (ii)
M� > 0.8 M� , and the results are plotted in Fig.5. As the relation
of Patterson (1984) is discontinuous, both regimes (i) and (ii) can
be veri�ed for IGR J18293Š1213. The parameters derived for the
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best-�tting white dwarf mass are within the error bars listed pre-
viously, except forM� . The mass of the donor would be 0.78 or
0.85 M� in regime (i) and (ii), respectively.

5 DISCUSSION AND CONCLUSIONS

Based on the orbital and spectral parameters we derived us-
ing the NuSTAR legacy program observations, we identi�ed
IGR J18293Š1213 as an eclipsing IP. The inclination we derived
for this source,i = (72.� 2+ 2.4

Š0.0) ± 1.� 0, is consistent with the expec-
tation that the system is close to being edge-on, based on the
eclipses we detected. In this case, any strong misalignment be-
tween the orbital inclinationi and the magnetic �eld inclination�
would produce a self-occultation of the X-ray source at the white
dwarf spin period.4 Therefore, the non-detection of spin modulation
might be an indication that the orbit and the magnetic �eld incli-
nations are not far apart (i.e. the inclination of the magnetic �eld
could be close to the upper limit derived from the spectral analysis,
� < 60� ).

The white dwarf massMwd = 0.78+ 0.10
Š0.09 M� of this system is

close to the average values published for the brightest known IPs
(e.g. Suleimanov et al.2005; Yuasa et al.2010; Hailey et al.
2016). The average X-ray luminosity of this bright population is
L0.1–100 keV� 2 × 1034 erg sŠ1 and IGR J18293Š1213 would reach
this luminosity if located at a distanced > 3 kpc. The high Galac-
tic absorption anticipated from the source spectrum is compati-
ble with such a large distance and this is therefore strong evi-
dence that IGR J18293Š1213 is not a Polar, since Polars tend
to have lower accretion rates and therefore lower luminosities
(L3–20 keV < 1032 erg sŠ1; Sazonov et al.2006). Furthermore, a
distance of several kiloparsecs explains the relative faintness of
IGR J18293Š1213 compared to the previously identi�ed IPs for
which d < 1 kpc (Suleimanov et al.2005, and references therein).
In addition, the sample of known IPs is probably not representa-
tive of the whole population. Indeed, the properties of the faint
population of magnetic CVs can be investigated through their pu-
tative contribution to the Galactic ridge X-ray emission: an average
mass of about 0.5 M� is anticipated for these unresolved sources
in order to explain the level of emission measured in the hard
X-rays (Krivonos et al.2007, and references therein). In this case,
IGR J18293Š1213 would be on the higher end of the IPs’ mass dis-
tribution, even if populations with masses larger than 0.9 M� have
also been anticipated in the Galactic Centre region (Perez et al.
2015; Hong et al.2016) and if systems with masses close to the
Chandrasekhar limit have been reported (e.g. Tomsick et al.2016).

The donor star mass and radius,M� = 0.82 ± 0.01 M� and
R� = 0.82± 0.01 R� , are compatible with the star being of type
K, similar to those observed in other CVs having similar orbital
periods (e.g. Knigge2006). The near-infrared (IR) counterpart re-
ported by Karasev et al. (2012)5 cannot be used to con�rm this
stellar type because, in IPs, this energy range is likely to be dom-
inated by the accretion disc (Knigge2006). However, it can pro-
vide an independent estimation of the column density towards this
source. Assuming a �at intrinsic spectrum and using the conversion

4 The X-ray emission is mainly created close to the magnetic poles of the
white dwarf (see Section 3.2.1).
5 From the UKIDSS DR6 Galactic plane survey catalogue (Lucas et al.
2008), the near-IR counterpart of IGR J18293Š1213 is observed in three
bands (J = 16.750± 0.016,H = 15.714± 0.014,K = 14.356± 0.011) and
is located at RA= 18h29m20.s16, Dec.= Š 12� 12�50.��3 (J2000).

factor provided by Cox (2000), we derived the column density
NH � 2.6 × 1022 cmŠ2. Such a high extinction is expected for
a distant source close to the Galactic plane (Galactic latitude
b = Š 0.� 7), and is therefore consistent with what has been inferred
from the X-ray observations.

By improving the completeness of the hard X-ray Galactic faint
sources, theNuSTARlegacy program ‘unidenti�edINTEGRAL
sources’ also aims at improving our knowledge of the luminosity
functions of the different categories of sources and in particular to
address whether there is a faint HMXB population. In this context,
IGR J18293Š1213 was successfully excluded from this putative
population, and several similar observations are being made in or-
der to help the identi�cation of additional faint persistent sources.
They will be the subject of future publications.
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