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e-mail: simon@asu.cas.cz

2 Czech Technical University in Prague, Faculty of Electrical Engineering, 16627 Prague, Czech Republic

Received 3 August 2017 / Accepted 5 March 2018

ABSTRACT

Aims. X Ser is a cataclysmic variable (CV) which erupted as a classical nova in 1903. In this work we use over 100 years of photometry
to characterize the long-term light curve of X Ser, with the aim of interpreting the post-nova activity in X Ser in the context of behaviors
in other old novae.
Methods. This analysis of its long-term optical activity uses the data from the Digital Access to a Sky Century @ Harvard (DASCH),
AAVSO, and Catalina Real-time Transient Survey databases, supplemented by the data of other authors.
Results. We show that X Ser displays a strong complex activity with the characteristics of various CV types after the return to qui-
escence from its classical nova outburst. Both nova-like and dwarf nova (DN) features are present. The decaying branches of the
individual post-nova outbursts display large mutual similarities and obey the Bailey law for outbursts of DNe. These outbursts of
X Ser constitute a uniform group (inside-out outbursts), and their decaying branches can be explained by propagation of cooling front
through the accretion disk. In the interpretation, X Ser rapidly transitioned to a thermal-viscous instability regime of the disk, initially
only intermittently. The occurrence of the DN outbursts shortly after the end of the nova outburst suggests that the mass transfer rate
into the disk was usually not sufficiently high to prevent a thermal-viscous instability of this post-nova. The very long orbital period,
and hence large accretion disk of X Ser can contribute to this.

Key words. accretion, accretion disks – radiation mechanisms: general – novae, cataclysmic variables – dwarf novae –
circumstellar matter – individual: X Ser

1. Introduction

The cataclysmic variable (CV) X Ser (HV 3137) was discovered
on Harvard plates by H. Leavitt (Leavitt 1908; Duerbeck 1987)
during its classical nova outburst in 1903. X Ser was classified
by Duerbeck (1981) as a nova of type D.

The orbital period Porb of X Ser determined from radial
velocities is 1.478 d, which is quite rare for a CV (Thorstensen
2000). This makes it one of the CVs with the longest Porb. In
the list of the typical spectra of an ensemble of CVs (not in the
classical nova outburst; Williams 1983; Ringwald et al. 1996),
a comparison of the spectra of two CVs with mutually sim-
ilar and very long Porb, X Ser and GK Per (Porb = 1.99 days;
Crampton et al. 1986), shows that the continuum of X Ser is bluer
than GK Per, and that the emission Balmer lines are significantly
weaker. Two optical spectra of X Ser (obtained in 1986 and 1988)
show that the continuum at the wavelength of 500 nm decreased
by a factor of about six, which was accompanied by a flatten-
ing of the continuum and a large increase in the strength of the
emission lines (Duerbeck & Seitter 1990).

The observations between 1992 and 1997 revealed that
X Ser displayed super-orbital fluctuations of brightness with the
amplitude of about 3 mag(V), even with several superimposed
outbursts (Honeycutt et al. 1998). Because of the specific param-
eters, these events were abbreviated as the stunted outbursts
by Honeycutt et al. (1998). Only the upper limits of the X-ray

? This research made use of the Digital Access to a Sky Century @
Harvard (DASCH), AAVSO, and Catalina Real-time Transient Survey
databases.

flux of X Ser (F < 0.89 ct s−1 (0.18–0.48 keV), F < 1.09 ct s−1

(0.48–2.8 keV)) were determined during the HEAO-1 X-ray
survey by Cordova et al. (1981).

The distance to X Ser was determined from the very small
contribution of the late-type donor star to be larger than 3 kpc
(Thorstensen 2000). Because of the relatively large angular dis-
tance of X Ser from the Galactic plane, the interstellar absorption
is small, giving E(B − V) of only 0.25 mag.

In this paper, we investigate the evolution of the long-term
optical activity of X Ser after its classical nova outburst. The
preliminary versions of part of this analysis were presented by
Šimon (2017a,b).

2. Observations

The digitized photographic data of X Ser were obtained from
Digital Access to a Sky Century @ Harvard (DASCH)1

(Grindlay et al. 2012; Grindlay & Griffin 2012). This database
provides SExtractor-based photometry of every resolved object.
The band of these data can be approximated by the B band.
The coverage was supplemented by the short photographic light
curves from Walker (1923) and Kinman et al. (1965; i.e., the Lick
Observatory), contained in Fig. 1 of Duerbeck & Seitter (1990;
these data were not included in the histograms).

The AAVSO International database (USA) (Kafka 2016)
contains mostly CCD measurements of X Ser. This analysis uses
only the V-band CCD data. In addition, Catalina Real-time Tran-
sient Survey (Drake et al. 2009) obtained CCD images of X Ser

1 http://dasch.rc.fas.harvard.edu/lightcurve.php
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Fig. 1. Long-term activity of X Ser. Data from several databases were merged: DASCH, RoboScope (Honeycutt et al. 1998), the Catalina Survey,
AAVSO, Duerbeck & Seitter (1990), Lick Obs. (Kinman et al. 1965). The short horizontal lines represent the upper limits of brightness if X Ser
was not detected on the plate. The standard deviations of brightness are marked. The points were connected by a line in the densely covered parts
of the light curves to guide the eye. See Sect. 3 for details.

Fig. 2. Decaying branch of the classical nova outburst of X Ser (DASCH
database). The standard deviations of brightness are shown. The short
horizontal lines represent the upper limits of brightness. A linear fit of
the decay and its standard deviation are also displayed (see Sect. 3 for
details).

in the V band between the years 2005 and 2013. They partly over-
lap with the AAVSO observations of X Ser. We also included the
V-band CCD observations of X Ser by RoboScope (Honeycutt
et al. 1998). These data cover an important phase of activity
in the period 1992–1997 that was not covered by any other
measurements.

3. Data analysis
3.1. Overview of the activity

Only one photographic observation of the DASCH field of X Ser
was usually obtained per night. To ensure that the image of

X Ser is not influenced by artifacts, the field of X Ser was
inspected. This field, generated for the digitized DASCH plates,
is a square with a field size of 20 arcmin with X Ser in its
center.

The typical standard deviation of brightness of X Ser on
the DASCH plates is about 0.2 mag (about 26% of the plates).
This deviation is smaller than 0.4 mag on about 90% of the
plates. We used only those plates where this deviation is
less than 0.65 mag. The remaining five plates were therefore
rejected.

A visual inspection of the light curve revealed that although
X Ser was very bright in the DASCH plates of the nova out-
burst and this curve displayed a gradual decay in 1903, the
SExtractor-based photometry also provided several upper limits
of brightness that were several magnitudes deeper than the sur-
rounding numerous detections. An inspection of these DASCH
plates showed that X Ser was also very bright there, so we
ascribed the non-detection by SExtractor to some instrumental
effects (e.g., a distorted image of this object on the plate). A com-
parison of the light curve with the plates enabled us to remove
these discrepancies.

Some CCD observations contain multiple detections of X Ser
per night (sometimes several dozen). To make the light curves
used for the analysis of the long-term activity and the histograms
of brightness more uniform, the one-day means of brightness in
CCD data were calculated.

The scatter of the AAVSO CCD photometry is often sig-
nificantly larger in the faint state (V ∼ 17), which we attribute
to increased observational error as the star becomes fainter.
An inspection of the light curves showed that using only the
AAVSO CCD measurements with the quoted standard devi-
ation of brightness of a single measurement smaller than
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V. Šimon: Long-term activity of X Ser

Fig. 3. Individual data sets of photometry of the post-nova X Ser. Panel a: photographic DASCH data (1932–1951). The events similar to those in
Panel e are labeled 1 and 2. The short horizontal lines represent the upper limits of brightness. Panel b: histogram of brightness of the photographic
data. Panel c: light curve from RoboScope (the V-band CCD data; 1992–1997; Honeycutt et al. 1998). The stunted outbursts are labeled H1, H2,
and H3. Panel d: histogram of brightness of the RoboScope data. Panel e: light curve from Catalina Survey (2005–2013; circles) and CCD V-band
AAVSO data (2009–2015; triangles). The outbursts investigated in Sect. 3.2 are labeled A to I. Panel f : histogram of brightness of the Catalina and
AAVSO data (see Sect. 3 for details).

0.1 mag significantly diminished the noise and improved the light
curves.

The listed standard deviations of brightness of the Catalina
Real-time Transient Survey of X Ser in the V band were
between 0.04 and 0.1 mag. A comparison of the AAVSO and
Catalina CCD observations in their region of overlap showed
the AAVSO data to be systematically 0.2 mag fainter. The
AAVSO data were therefore adjusted by 0.2 mag to improve the
agreement.

The time segment with the photographic observations
(approximated as the B band) precedes that of the CCD V-band
observing. It is true that we compare the B-band observations
with those of the V-band, but the peak-to-peak amplitude of the
brightness variations is several magnitudes, which is consider-
ably larger than the possible changes of the color indices. The
color variations are thus not expected to dramatically influence
the large-amplitude light curve of X Ser in Fig. 1.

The light curve of the classical nova outburst is displayed
in Fig. 2. The upper limits of brightness of the pre-nova con-
strain the duration of this event. A linear fit and its standard
deviation fulfill the profile of the decay. If this outburst was dis-
covered close to its peak, then its t3 (the time needed to fall 3 mag
below maximum) is about 526 days. Any part of the outburst
with absent observations is at most 225 days.

The light curve of the post-nova X Ser was divided into
several time segments to show its evolution (Fig. 3).

3.2. Episodic brightenings (outbursts)

The detailed light curves of the individual, well observed bright-
enings (1, 2, E, F, G, H, I) are displayed in Fig. 4. The fits to those
parts of the decaying branches that can be considered linear are
included. The rising branch of outburst 1 is defined only by a sin-
gle data point because of the gaps, but it is consistent with slow
rises like the one in outburst H. Also, the rising branch of out-
burst 2 is hidden in the data gap, but its duration, constrained by
the data points, is consistent with outburst H.

To investigate the shapes of the outbursts from Fig. 4, we
shifted them along the time axis to match the decaying branch
of the template. We selected only those outbursts (E, F, G, H,
I) from Fig. 3g for the folding because their shapes (or at least
their large parts) were well observed. Outburst F was chosen as
the template because of its well-observed decaying branch. The
brightness of 15.5 mag(V) was chosen as the reference level.
The decaying branches of these outbursts are similar enough to
each other that the quality of the match was to a large extent
independent of the choice of the reference level.

The decaying branches of the individual outbursts were then
merged into a common file and smoothed by the code HEC13,
written by Prof. P. Harmanec. It is based on the method of
Vondrák (1969, 1977), who improved the original method of
Whittaker & Robinson (1946). Figure 5 shows the result of the
fitting.
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Fig. 4. Episodic brightenings (outbursts) of X Ser. Panels a and b: DASCH photographic light curves. The short horizontal lines represent the
upper limits of brightness. Panel c: stunted outburst observed by Honeycutt et al. (1998). Panels d–i: CCD V-band AAVSO and Catalina data. The
error bars of the AAVSO and Catalina data mark the standard deviation of the one-day mean of brightness. Solid lines mark the fits to those parts
of the decaying branches that can be considered linear. The standard deviations of these fits are included. The scales of the horizontal axes are
identical for all cases except outburst 2 (panel b).

Fig. 5. Comparison of the outbursts in X Ser during the post-nova stage.
The individual outbursts were shifted along the time axis to match the
decaying branch of the template. The time of crossing 15.5 mag(V) and
the time shifts with respect to the template are listed. The thick dashed
curve represents the smoothed curve of the decaying branch.

Figure 3e shows a close similarity to the behavior of
dwarf novae (DNe). We obtained an insight into the range
of the recurrence times of these outbursts, TC, in the follow-
ing way. The solid circles in Fig. 6a mark the times of the
peaks of the observed outbursts. Each associated open cir-
cle represents the time elapsed between this outburst (marked
by the solid circle and connected by a vertical line) and the
time of the subsequent observed outburst. The uncertainty of
the time of the peak of the outburst depends on the cover-
age by the data. Although this uncertainty can be about 15 d

Fig. 6. Panel a: times of the observed outbursts in X Ser, marked
in Fig. 3e,g. The horizontal line marks the times of the outbursts
(solid circles). The associated open circles denote the time between
the specific outburst (marked by the solid circle) and the time elaps-
ing to the subsequent observed outburst. Panel b: histogram of the
times between the neighboring observed outbursts (see Sect. 3.2 for
details).

for some outbursts, it is considerably smaller than the length
of TC.

A histogram of the time intervals between the observed out-
bursts in Fig. 6b shows a single broad bump with the peak at
about 350 d; it indicates the most frequent outburst interval. The
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Fig. 7. Decay rate of DN outbursts, τD, versus Porb. Only DNe above the
period gap (e.g., Warner 1995) are included. Crosses mark the interme-
diate polars. The data mostly come from Warner (1995) and Shears &
Poyner (2010; see Sect. 3.2 for details).

Fig. 8. Long-term activity of GK Per (AAVSO data Kafka 2016). The
one-day means are used. After the return to quiescence from the classi-
cal nova outburst (1901), the initial nova-like activity was followed by
a series of DN outbursts. The points represent the one-day means and
were connected by a line in the densely observed parts of the light curves
to guide the eye. The vertical lines mark the borders of three segments
(S1, S2, S3; see Sect. 3.3 for details).

tail toward the longer TC can be at least partly caused by the gaps
in the data and hence by the missed outbursts.

The decay rate τD is an important parameter of the light
curves of the DN outbursts. The quantity τD is expressed in days
for a decrease in brightness of 1 mag (Bailey 1975). A compar-
ison of the outbursts of X Ser with those of DNe is shown in
Fig. 7 where τD is plotted versus Porb. It enables us to assess
how much a given outburst obeys the Bailey relation (Bailey
1975). The data come from Warner (1995); Shears & Poyner
(2010); Šimon (2000a; DO Dra), and Šimon (2000b; DX And);
the data for UY Pup were determined from the AAVSO database
(Kafka 2017). It should be noted that the τD values of DO Dra
and GK Per are lower than those of most DNe with comparable
Porb. These two CVs are known to be the intermediate polars
according to Patterson et al. (1992) and Watson et al. (1985).

The fit to the decaying branch of the ensemble of outbursts
of X Ser from Fig. 5 shows that the outbursts of this CV obey
the Bailey relation very well. For GK Per, only the steepest part
of the decline was used for the determination of τD (see also
Sect. 3.3).

Fig. 9. Comparison of the representative outbursts of X Ser and GK Per
in their post-nova stages. They are aligned according to their decaying
branches. The outbursts of GK Per are shifted in time and brightness to
match those of X Ser, as marked in the legend. A linear fit to the merged
decaying branch of both outbursts of GK Per is included. See Sect. 3.2
for more.

3.3. Comparison with the evolution of activity of GK Per

To compare the time evolution of activity of X Ser with that of
another CV with a very long Porb observed to have undergone a
classical nova outburst, we plot the light curve of GK Per (Fig. 8).
GK Per underwent this outburst in 1901, close in time to that of
X Ser. GK Per displayed various types of activity in its post-nova
stage (Hudec 1981; Sabbadin & Bianchini 1983).

We also compared the outbursts in the post-novae X Ser
and GK Per (Fig. 9). The light curves of the DN outbursts in
GK Per were adapted from the previous analysis (Šimon 2002).
To avoid an overcrowding of the diagram, we included only two
well-observed outbursts used in Šimon (2002). They are aligned
according to their decaying branches.

4. Discussion

We show the strong long-term activity of the post-nova X Ser
over a period of more than a hundred years when this system
displayed the properties of various CV types.

The observed decay of this classical nova outburst is grad-
ual, a large part of which is consistent with a linear decay
in the magnitude scale. In variance with another type D nova,
HR Del (Duerbeck 1981), any superimposed flares larger than
the uncertainties of the measured brightnesses were missing.
The classification as type D is thus based only on its very long
time t3. The fact that the pre-nova X Ser was fainter than at the
upper (brighter) end of all the post-nova histograms of brightness
(Fig. 3) places constraints on a pre-nova gradual brightening in
X Ser during the several years prior to its nova outburst, detected
in some CVs by Robinson (1975) and Collazzi et al. (2009). The
decay of the nova outburst in X Ser finished with the brightness,
which is fainter than the peaks of the light curve of the post-nova
(Fig. 3); this suggests that the complex brightness variations
started shortly after the nova outburst.

The mutually similar faint ends of the histograms of bright-
ness in Figs. 3b,d,f suggest that the luminosity of the post-nova
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X Ser was able to decrease to a relatively well defined bright-
ness. The discrete outbursts of the post-nova X Ser in Fig. 3e
bear a close similarity to the behavior of DNe, especially of the
U Gem type (see, e.g., Warner 1995 for definition). The events in
Figs. 3e and 4a,d,e,f,h show the mutually similar profiles, espe-
cially with regard to the decaying branches. The decay rate can
be considered almost unchanged even for the events with consid-
erably different peak magnitudes (Fig. 5). This suggests that all
these decays are controlled by the same process with very similar
parameters. The decay rate is consistent with the Bailey relation
(Bailey 1975), appropriate for Porb of X Ser. This speaks in favor
of a thermal-viscous instability of the disk. In this model, the
decay is governed by propagation of cooling front (e.g., Smak
1984; Hameury et al. 1998). The slow rises of these events sug-
gest that the outbursts of X Ser were always of the inside-out
type. The different peak magnitudes of the individual outbursts
can be explained if the radius of the ionized disk attained the
different values.

The length of TC of about 270–320 d of the series of the DN
outbursts of X Ser after JD 2 453 500 is similar to the period-
icity of 275–277 d for the brightenings from about 16.5 mag to
14 mag mainly between 2 417 900 and 2 419 800 (Hughes Boyce
1942; Duerbeck & Seitter 1990). Generally, the TC of DNe are
highly variable, but these variations are not random (e.g., Vogt
1980; Šimon 2002). The interpretation that some DN outbursts
also occurred prior to the above-mentioned JD 2 453 500 is also
supported by the decay rate of outburst 1 (Figs. 3a and 4a),
consistent with that of the later DN outbursts shown in Figs. 3e,f.

According to Honeycutt et al. (1998) and Honeycutt (2001),
an extra source of light could diminish the amplitude of the
stunted outbursts in some CVs including X Ser. The width of
the brighter bump in the histogram in Fig. 3d is caused by the
gradual brightness variations, with only a minor contribution of
the stunted outbursts. We also interpret outburst 2 (similar to the
stunted outburst H1) in Fig. 3a as a stunted outburst because of
its peculiar decay; it was halted for more than 30 days after a
decline by about 1 mag from the peak (the value consistent with
other stunted outbursts). We argue that this extra source of light
would have to form rapidly in X Ser because outburst 2 started
from a brightness value that was consistent with a quiescence
value that is usual for the later series of the DN outbursts (see
Fig. 3e). This places constraints on the extra emitting source;
it appeared during a DN outburst which started from a usual
quiescence level.

Honeycutt (2001) argue that there is a correlation between
the presence of stunted outbursts and the time that has elapsed
since the classical nova explosion. In this regard we show that
in variance with the stunted outbursts of X Ser observed by
Honeycutt et al. (1998) and Honeycutt (2001; Fig. 3c), the later
outbursts in Fig. 3e start from a considerably fainter bright-
ness, and their amplitudes and durations are larger. We therefore
argue that the stunted outbursts did not occur in X Ser after
JD 2 453 500 because the whole disk was in the cool state
between the DN outbursts.

We explain the scatter of the Bailey relation of X Ser and
GK Per, which have similar, very long Porb, by the fact that
GK Per is the intermediate polar, so its inner disk region is trun-
cated by the magnetic field of the WD (Warner 1995). In the
model of Cannizzo (1994), this leads to a decrease of τD.

The time evolution of the activity of the post-nova GK Per
can be explained if the inner disk region remained in the ion-
ized state due to irradiation by the hot, slowly cooling WD,
while a thermal-viscous instability could already occur in the
outer disk region, as modeled by Schreiber et al. (2000) and

Mineshige et al. (1990). However, the occasional bright states of
the post-nova X Ser, which give rise to the broad brighter peaks
in the histograms in Fig. 3b,d, can hardly be attributed to the
role of the WD cooling down after the nova outburst. Occasional
increases in the mass outflow from the donor star toward the disk
are a more viable explanation.

The time evolution of activity of a post-nova with the accre-
tion disk appears to depend on its Porb. Shara et al. (2007, 2012)
found a nova shell of Z Cam (Porb = 0.289840 d; Kraft et al.
1969) whose nova outburst took place 220–2 000 years ago, and
concluded that at least some classical novae become DNe long
after their nova thermonuclear outbursts. Shara et al. (2017) show
that another Z Cam system, AT Cnc (Porb = 0.2011 d; Nogami
et al. 1999), underwent a nova outburst even only 330+135

?′90 yr
ago. BK Lyn with Porb = 107.97 min (Ringwald et al. 1996),
associated with Nova Lyncis 101 (Ho 1962; Hertzog 1986), tran-
sitioned to the ER UMa type DN from a nova-like display after
2000 years (Patterson et al. 2013). We emphasize that the post-
novae X Ser and GK Per (along with V1017 Sgr = Nova Sgr 1919;
Porb = 5.786 d; McLaughlin & Dean 1946; Sekiguchi 1992;
Salazar et al. 2017), i.e., the systems with Porb exceptionally long
for CVs (hence with the large disks), displayed the DN outbursts
over less than a century after the nova outburst.

5. Conclusion

This analysis shows that the activity of the post-nova X Ser dis-
plays both DN and nova-like features. The decaying branches of
most of these DN outbursts obey the Bailey law for outbursts
of DNe. The occurrence of the DN outbursts shortly after the
end of the classical nova outburst of X Ser thus suggests that the
mass transfer rate into the disk was usually not sufficiently high
to prevent a thermal-viscous instability in the post-nova stage.
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