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Abstract

In this paper, we investigate portions of the Kepler K2 Short Cadence light curve of the dwarf nova (DN) TWVir
at quiescence, using light-curve modeling. The light curve was separated into 24 sections, each with a data length
of ∼0.93 days, comprising 4 sections before, and 20 after a superoutburst (SO). Due to morphological differences,
the quiescent orbital modulation is classified into three types. Using a fixed disk radius and the two component
stellar parameters, all 24 synthetic disk models from these sections show a consistent configuration, consisting of a
disk and two hotspots: one at the vertical side of the edge of the disk and the other on the surface of the disk.
Before the SO, the disk and a ringlike surface-hotspot are suddenly enhanced, triggering a precursor, and then the
SO. At the end of the quiescent period following the SO and before the first normal outburst, the edge-hotspot
becomes hotter, while the surface-hotspot switches into a “coolspot” with a coverage of nearly half of the disk’s
surface. During quiescence, the surface-hotspot is always located at the outer part of the disk, with a constant radial
width. A flat radial temperature distribution of the disk is found, and appears flatter when approaching the outburst.
Like many UGem-type DN with orbital periods of 3–5 hr, the mass transfer rate is significantly lower than the
predictions of the standard/revised models of CV evolution.

Unified Astronomy Thesaurus concepts: Interacting binary stars (801); Cataclysmic variable stars (203); Dwarf
novae (418); U Geminorum stars (1732); Accretion (14); White dwarf stars (1799); Light curves (918)

1. Introduction

Dwarf novae (DN) constitute a subclass of cataclysmic
variables (CVs; Warner 2003), semi-detached interacting
binaries in which a Roche lobe-filling secondary star transfers
matter to a more massive white dwarf with a weak magnetic
field (B<106 G). The transferred material spreads into a disk
surrounding the white dwarf via a viscous process, and a hot
and bright spot is created where the mass transfer stream strikes
the disk. One interesting observational feature of DN is the
existence of two types of large-amplitude and quasi-periodic
outbursts: frequent normal outbursts (NO), and occasional
superoutbursts (SO). Compared with an NO, the SO has a
larger amplitude (∼0.7 mag higher than the maximal light of an
NO) and a longer duration time (about two weeks).

Based on a typical α-disk model (Shakura & Sunyaev 1973),
both the NO and the SO are described as viscosity changes. The
disk instability model (DI; Osaki 1974; Lasota 2001) and the mass
transfer instability model (MTI; Bath 1975) have been used to
describe the NO. The thermal–tidal instability model (TTI; Osaki
1989, 1996), the enhanced mass transfer model (EMT; Smak
2004, 2008, 2009), and the pure thermal instability model (PTI;
Cannizzo et al. 2010, 2012) were developed to explain the SO.
Many tests of these models (see, Smak 2013; Osaki & Kato
2013, 2014) have been conducted to judge the most plausible
mechanism for both NO and SO (Idan et al. 2010; Ramsay et al.
2017; Dubus et al. 2018). Most of the tests support the DI model,
in which an NO with an amplitude of 2∼5mag, lasting a few
days to a few weeks, is attributed to the continuous pileup of disk

material transferred from the secondary star; when the annulus of
the disk exceeds the local critical surface density, the propagation
of a heating front rapidly ignites the whole disk. This means that
the NO switches from a cold and low-viscosity disk to a hot and
high-viscosity disk. Further modifications to the DI model are
required to solve the remaining problems (see Smak 2000;
Baķowska & Olech 2014).
TWVir is a well known U Gem-type DN (O’Connell 1932).

The short cadence (SC; 1 minute sampled) light curve observed
during Campaign 1 of the Kepler K2 mission (K2-C1; Howell
et al. (2014)) observed a complete SO and two incomplete NO
(Dai et al. 2016). Dai et al. (2017) used the quiescent portions
of this light curve to improve the orbital period of TWVir to
0.182682(3)d, and to search for orbital modulation, finding a
double-hump orbital modulation similar to many other low-
inclination DN (e.g., 1RXS J0632+2536 and RZ Leo (Dai
et al. 2016)). Using a synthetic program, XRBinary developed
by E. L. Robinson,7 and a nonlinear fitting code, NMfit, Dai
et al. (2018) were able to reproduce the averaged double-hump
orbital modulation of TWVir with a disk model consisting of a
disk and two hotspots (one at the vertical side of the edge of the
disk (hereafter, edge-hotspot8), and the other on the surface of
the disk (hereafter, surface-hotspot9). Although XRBinary was
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7 http://www.as.utexas.edu/~elr/Robinson/XRbinary.pdf
8 The impact region caused by the stream of gas from the secondary star.
9 The surface-hotspot may arise from several physical mechanisms: the gas
stream overflowing the disk edge and falling onto the top of the disk, spiral
patterns or shocks on the disk surface, magnetic filed reconnections, etc.
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initially used to model the light in X-ray binaries, Dai et al.
(2018) adapted this program to include low-inclination CV
systems, where the unobscured white dwarf can be approxi-
mated by an unresolved, blackbody radiator. In the best-fit disk
model of TWVir (Dai et al. 2018), the size of the disk is
∼5600 times larger than that of the white dwarf. The scale of
the white dwarf is close to one piece of the disk surface title,
since DISKTILES=20,000. For TWVir, the relative flux
contribution from the white dwarf is <0.037, far smaller than
those from the surrounding disk and the companion star. Thus,
this small and faint white dwarf can be appropriately assumed
to be an irradiating point source. The best-fit disk model
indicated that TWVir is a low-inclination (44°.3) DN with a
white dwarf mass of 1.10Me and a red dwarf mass of 0.45Me,
consistent with previous results derived from the infrared and
UV data (Córdova & Mason 1982; Mateo et al. 1985). In this
model, the disk contributes the largest luminosity (>63% of the
system light).

Dai et al. (2018) also determined that the orbital modulation
was not stable. The smooth orbital modulation derived by Dai
et al. (2017) did not repeat during the ∼20 days after the SO,
which implies that the disk does not accumulate material
smoothly during quiescence. The general disk model derived
from the averaged double-hump light curve (Dai et al. 2018) did
not explain the variations in the quiescent disk. This paper
focuses on detailed modeling of the short timescale disk and
hotspot changes around an SO, using continuous high-precision
K2-C1 data. Section 2 introduces the phased and binned K2-C1
SC light curves and their classifications, based on light-curve
morphology. Sections 3 describes the disk models obtained, and
a complete evolution scenario of the quiescent disk surrounding
the SO is detailed in Section 4. The hotspots before the NO, the
disk temperature distribution, and the mass transfer rate at
quiescence are also discussed.

2. Light-Curve Morphology

Our data set started with the same 29 sections, including 5
before and 24 after the SO, as used by Dai et al. (2017) to
separate the quiescent K2-C1 SC light curve of TWVir

around the SO to improve the orbital period of TWVir. In
this paper, we carried out further analysis of these 29 sections
with continuous start and end times. After several trials
using the phase-correcting method described in Dai et al.
(2017), we empirically used the same data length of
∼0.93 days, covering five complete orbital cycles for each
section, to investigate the details of disk variations around the
SO. The trials showed that if the length of each section is
reduced by half (∼0.47 days), the cycle-to-cycle variations
noticeably distort the orbital modulation, whereas if the length
of each section is doubled (∼1.86 days), the insufficient
number of sections smear the variations in orbital modulation.
Hence, using shorter or longer sections does not provide
the required details. Since large scatter in the first section
before the SO overwhelms the regular modulation, and a
stable double-hump modulation was not well established
during the first four sections after the SO, these five sections
are not considered in our synthetic analyses. The total light
curve is shown in Figure 1. The remaining 24 sections (4
before and 20 after the SO) are shown in Figures 2 and 3. An
independent run of time-resolved power spectra was
performed, and agreed with Figure 7 of Dai et al. (2017).
Inspections of Figures 2 and 3 indicate that all sections
maintain the same luminosity state as that expected for the
quiescent state of TWVir. However, with the comprehensive
K2 data, subtle variations in the light curves could be
explored in this paper.
To provide the necessary format for an input file to

XRBinary, each of the 24 sections was normalized to the
maximum of the section and folded on the orbital period of
0.182682(3)d. By taking the derivative of the light curve, we
obtained accurate phases for the two dips and humps present
in each orbit, where the first-order derivatives equal zero.
Based on the different levels of the dips, the 24 sections were
roughly separated into three types. The average light curve of
10 sections with a higher-level minimum at phase zero (top
panel of Figure 4) is designated as a type-I modulation (i.e., a
typical double-hump light curve for DN). The middle panel of
Figure 4 shows a type-II modulation averaged from six
sections, where the minima levels are reversed and the

Figure 1. The complete K2-C1 SC light curve of TW Vir in K2 magnitudes. The stable quiescent light curves before the first NO, covering a duration of ∼35 days,
interrupted by the SO lasting ∼15 days, are divided into two parts: pre-SO and post-SO, indicated by the bold vertical dashed lines. The blue and black dashed areas
refer to the last section (a4) before the SO and the first section (b1) after the SO, respectively.
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secondary humps are “noisy.” The remaining eight sections
shown in the bottom panel of Figure 4 illustrate a type-III
modulation, with a plateau rather than a typical secondary
hump around phase 0.25. All three types of modulation
commonly show a stable primary hump at phase 0.75, and a

highly variable secondary hump around phase 0.25. Note that
the changes in the three types of light curve are not in a
successive order, but are probably related to stochastic
processes caused by the white dwarf’s accretion, illustrating
the variability in a typical CV during quiescence.

Figure 2. The first half of the quiescent 24 sections (a1-a4 and b1-b8) in normalized magnitude, obtained from the K2-C1 SC light curve of TW Vir. The black, red,
and blue light curves correspond to the type-I, -II, and -III modulations shown in Figure 4, respectively. The vertical dotted lines are the separators between the two
continuous sections.
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3. Synthetic Analysis

To further prepare the data for input to XRBinary, all 24
normalized and phased light curves were binned with a uniform
phase resolution of 0.01. The model-2irra and the disk height,

following a power-law function with a fixed index of 1.1, are
the same as those in Dai et al. (2018). The parameters in the
disk model of TWVir derived by Dai et al. (2018) is preset to
the initial parameters of the nonlinear fitting code NMfit. To
focus on the disk variations before and after the SO, the six

Figure 3. The second half of the 24 sections (b9–b20). The colors of the light curves are the same as those in Figure 2.
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parameters q, i, Mwd, Twd, Rin, and Rout
10 are fixed during the

calculations using NMfit, similarly to the no-filter and V band
disk models for KZ Gem in Dai et al. (2020). Since the TTI

model implies that a slowly precessing eccentric disk is not
present at quiescence, the eccentricity of the disk is neglected in
our disk model. The parameter uncertainties are estimated
using the same method as that used in Dai et al. (2018).
All 17 parameters, consisting of 6 fixed and 11 adjustable

parameters, are listed in Table 1. The three adjustable
parameters, Hedge, μ, and Ld0 indicate that the radial effective
temperature distribution of the disk changes during the 24 disk
models, corresponding to sections (a1–a4 and b1–b20). Includ-
ing the two parameters Tinner (disk temperatures at Rin) and Touter
(disk temperatures at Rout), five parameters are used to describe
the disk without hotspots. The edge-hotspot can be described by
the three parameters Tes, Ces, and Wes. For the surface-hotspot,
the two parameters Css and Wss, which are the centering phase
and full width of the surface-hotspot in the angular direction,
respectively, replace ζssmin and ζssmax. In order to directly

Figure 4. From top to bottom: black, red, and blue phased light curves denote the type-I, -II, and -III orbital modulations in a normalized flux, folded on the orbital
period of 0.182682(3)d. The line colors are the same as those in Figures 2 and 3.

10 One difference between subtypes referred to as U Gem- and SU UMa-type
DN is whether a periodic modulation (i.e., superhump) accompanies an SO
(those showing superhumps are generally of the SUUMa-type). To explain the
superhumps during an SO, the TTI model introduces a tidal 3:1 resonance
instability between the disk and the secondary star, forcing a circular disk into
a slowly precessing eccentric disk. For the U Gem-type DN TW Vir,
Rout=0.536(3) Re is smaller than a critical disk radius of R3:1∼0.67 Re
caused by the 3:1 Lindblad resonance tidal instability (Whitehurst 1988; Hirose
& Osaki 1990; Lubow 1991), and is ∼50% of the white dwarf Roche lobe,
satisfying an empirical estimation for a quiescent DN (Harrop-Allin &
Warner 1996). Hence, a constant outer radius of the quiescent disk is a
reasonable simplification for our synthetic light-curve model, despite the
detection of moderate variations in the disk radius before and after the SO in
V1504 Cyg and MLS 0359+1750 (Osaki & Kato 2013; Littlefield et al.
2018).
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describe the temperature of the surface-hotspot, the parameter
Tratio is replaced with group parameters Tss0 (temperature of the
disk surface surrounding surface-hotspot) and Tss (temperature
of surface-hotspot), similarly to the other group parameters Rss0

and Rss, which indicate the position of the surface-hotspot in the
radial direction. Thus, a surface-hotspot needs six parameters:
Css, Wss, Tss0, Tss, Rss0, and Rss. With the luminosity of the two
hotspots (Lhs=Ld-Ld0, where Ld is the luminosity of the disk
with hotspots) and mass transfer rate from the secondary star to
the disk (M L R GM ,rd acc out wd  where Lacc is the luminosity of
the edge-hotspot), there are a total of 16 parameters describing
the disk model of TWVir.

The secondary star in the typical 2D CV configuration (the
middle panels of Figures 5 and 6) visualized by Phoebe 2.011

can be omitted due to its identical size in all 24 disk models. To
visualize the two hotspots on the disk, both are filled with black
and dark blue rather than the color referred to in the color bar,
because most of the temperature differences between the two
hotspots and the surrounding regions of the disk are not large

enough to clearly distinguish the hotspots from the disk. The
black surface-hotspot shown in the bottom panel of Figure 6
(b20) is an exception, denoting a lower temperature than that of
the rest of the disk. The normalized and relative flux
contributions from the four components, i.e., two component
stars, the disk, and two hotspots, are overlapped in the right-
hand panels of Figures 5 and 6. Their zero-points12 are plotted
in Figure 7. Despite the highest zero-point of the relative flux
contribution being from the disk, the disk only causes a small-
amplitude sinusoidal modulation. The two component stars also
only show a small-amplitude ellipsoidal modulation. Hence, the
two hotspots dominate the morphology of the modulation. The
edge-hotspot located near phase 0.75 explains the stable primary
hump, while the surface-hotspot, with its changing position, gives
rise to the variable secondary hump. Although the surface-hotspot
changes very fast and without any apparent order, we found an
interesting relationship between the peaks of the surface-hotspot
contributions and the corresponding phases, as plotted in Figure 8.
This diagram shows the three types of modulations, separated into
three different phase regions. Note that no peak contribution
appears in the phase range of 0.2∼0.5.
The relative measurements of the goodness of fit, χ2 (i.e., the

variance between the calculated and observed light curves) for
all 24 disk models shown in Figure 9 are in the range of
6∼21. There are only two disk models (a1 and b12) where
χ2>20, and the average χ2 is ∼10.7.

4. Quiescent Disk Evolution

Investigating the variations in all 16 parameters of the disk
model of TWVir shown in Figures 10 and 11 produces an
evolution scenario of the quiescent disk around the SO. The SO
separates the disk evolution into two stages in time order: pre-
SO13 from quiescence to the SO, and post-SO to the next NO.
The former stage covers ∼4 days (a1–a4), far shorter than the
latter stage with a coverage of ∼20 days (b1–b20).

4.1. Pre-SO

4.1.1. Disk

Inspection of Figure 7 indicates that the relative flux
contributions (from large to small) are from the disk, the
surface-hotspot, the two component stars, and the edge-hotspot.
In the last model (a4, ∼2 days prior to the peak of the
precursor), the faint, cool disk suddenly switches to bright and
hot. Assuming that Tinner and Tes are the indicators of the disk–
white dwarf (mass accretion from the disk to the white dwarf
occurring in the inner part of the disk) and stream–disk
interactions (mass transfer from the secondary star to the disk
occurring in the outer part of the disk), the decrease of Tinner
and the small-amplitude variations in Tes from the a1 to a3
models indicate a surprising decrease in mass accretion, but
stable mass transfer. This implies that the disk continues to
accumulate material preparatory to the upcoming SO, support-
ing the DI model (Osaki 1974; Lasota 2001), which requires a

Table 1
The Initial Parameters of TW Vir used in the Synthetic Analysis

Parameters aValues Statements

Fixed

q(Mrd/Mwd) 0.41(5) mass ratio
i(degree) 44.3(5) orbital inclination
Mwd(Me) 1.10(3) white dwarf mass

Trd(×103 K) 4.00(4) red dwarf temperature
bRin(Re) 0.007 inner radius of the disk
Rout(Re) 0.536(2) outer radius of the disk

Adjustable

Hedge(Re) 0.1174 height of the disk at the
outer edge

μ −0.11 power index of the disk
temperature

Ld0(×1032erg s−1) 3.36 luminosity of the disk with-
out hotspots

Tes(×103 K) 4.80 temperature of edge-hotspot
Ces(phase) 0.727 centering phase of edge-

hotspot
Wes(phase) 0.296 full width of edge-hotspot
Rss0(Re) 0.489 lower limit of boundary of

surface-hotspot
in the radial direction

Rss(Re) 0.536 upper limit of boundary of
surface-hotspot

in the radial direction
ζssmin(phase) 0.32 lower limit of boundary of

surface-hotspot
in the radial direction

ζssmax(phase) 0.74 upper limit of boundary of
surface-hotspot

in the radial direction
Tratio 1.20 fractional change in the

temperature of surface-
hotspot

Notes.
a The values of parameters and uncertainties are calculated from an average
light curve after the SO (Dai et al. 2018).
b Rin is preset to be equal to the white dwarf’s radius.

11 The version of Phoebe used for the CV plotting is 2.0a2 (Prša et al. 2016).

12 Since the zero-points of the flux contributions from the edge-hotspot in all
24 disk models are equal to zero, they are replaced with the peaks of the flux
contributions.
13 In a strict sense, the four disk models (panels (a1)–(a4) of Figure 5) only
show the disk variations before the precursor rather than the SO. This
precursor, with a light maximum ∼0.5 mag lower than the following SO, is like
the typical SU UMa-type DN (e.g., V1504 Cyg and V344 Lyr (Cannizzo et al.
2010, 2012; Osaki & Kato 2013, 2014)).
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continuous accumulation of material to form a propagating and
heating front on the disk. A stable Mtr (panel (e) of Figure 10)
further supports the DI model, rather than the EMT model14

(Smak 1991, 2004, 2008).

4.1.2. Hotspots

The larger increment of the luminosity of the two hotspots
(Lhs) from the a3 to the a4 model than that of Ld0 suggests that
the two hotspots generate the increase in system light before the
SO. Compared with the moderate edge-hotspot, the surface-
hotspot located at phase ∼0.3, abruptly becomes much hotter
and brighter in the a4 disk model (the beginning of the

Figure 5. The first half of the 24 disk models, corresponding to the sections shown in Figure 2. Phased and binned light curves, superimposed with the best-fitting light
curves, are plotted in the left-hand panels. The small vertical solid lines plotted in the top right corner of all the left-hand panels denote the error bars of the binned light
curves. The fluxes of all light curves are normalized. The median time of each section is labeled on the Y-axis of the left-hand panels. The colors of the light curves are
the same as those in Figure 2. All the middle panels show their corresponding 2D disk configurations at phase 0.75, using Phoebe 2.0. The colors in the 2D disk
configuration denote the effective temperatures in units of 1000 K. The secondary star is located on the right-hand side of the disk in a clockwise rotation direction.
The relative flux contributions from four model components are plotted in the right-hand panels. The dotted and short dashed lines refer to the relative flux
contributions from the two stellar components (white and red dwarfs) and the disk without the hotspots, respectively. The solid and long dashed lines denote the
relative flux contributions from the edge-hotspot and the surface-hotspot, respectively, indicating which component is contributing to the actual light curve.

14 We cannot totally rule out the possibility that the enhanced mass transfer
required by the EMT model appears during the following rising branch of the
precursor.

7

The Astronomical Journal, 161:34 (15pp), 2021 January Dai, Szkody, & Garnavich



precursor), due to a significant enhancement of Tss, and an
increase in the relative flux contribution from 25% to ∼40%.
The contributions from the disk and the edge-hotspot reach
∼40%, and ∼6%, respectively, while the contribution from the
two component stars in the a4 model suddenly drops to its
lowest level of ∼9%. The 2D CV configurations shown in the
middle panels (a1)–(a4) of Figure 5 visually demonstrate that
the surface-hotspot extends to almost comprise an annulus on
the disk surface. Thus, we speculate that the surface-hotspot
may be related to a heating front on the disk. When the surface-
hotspot becomes hotter at the outer part of the disk, a heating
front may be excited, which then propagates the inner part of
the disk inward to finally ignite the precursor and the

proceeding SO. The inward-propagating front causes the fast-
rising light, which is the signature of an outside-in outburst.
This shape is similar to the two NO that follow the SO. All
three outbursts being of an outside-in variety is consistent with
the predictions of the TTI model (Osaki 1989, 1996, 2005;
Osaki & Kato 2013).

4.2. Post-SO

4.2.1. Disk

In the first two models after the SO (b1 and b2), Tinner
significantly decreases from ∼9400 K (in the a4 model before
the SO) to ∼5700 K after the SO, then gradually increases up to

Figure 6. Like Figure 5, the second half of the 24 disk models, corresponding to the sections shown in Figure 3. All symbols are the same as those in Figure 5. Note
that a special surface-hotspot, where Tss<Tss0 in the b20 disk model, is filled with black rather than blue to distinguish this peculiarity.
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a maximum of ∼16,000 K in the b4 model. Based on the b5 to
b13 models, Tinner shows a small amplitude fluctuation around
an average of 9400 K. After that, Tinner continuously decreases
to ∼6200 K, similarly to the b1 and b2 models. In contrast to
the large amplitude variations in Tinner, Touter is almost constant
at ∼4000 K, with only a small amplitude variation. Closer
inspection of Figure 7 shows that the disk dominates the system
light, similarly to the situation before the SO. A significant

increase in the relative flux contribution from the disk after the
SO implies that the disk brightened by the SO cannot
immediately dim to its previous quiescent state prior to the SO.

4.2.2. Hotspots

Panel (b) of Figure 10 shows that the luminosity of the two
hotspots significantly drops to a low, almost constant level,

Figure 7. From top to bottom, the variations in the zero-points of the relative flux contributions from the four model components: the white+red dwarfs, the disk
without hotspot, the edge-hotspot, and the surface-hotspot, respectively. The two vertical dashed lines indicate the start and end of the SO.

9
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indicating two stable hotspots after the SO. The edge-hotspot,
with a nearly constant peak in relative flux contribution (∼8%
shown in Figure 7), is present around phase 0.75 (the right
panels of Figures 5 and 6). An inspection of panel (g) in
Figure 11 indicates that the edge-hotspot becomes wider when
approaching the SO, then has an average width of 0.2 phase
after the b5 model. The surface-hotspot, located at the outer
part of the disk (Rss0>0.77 Rout), has an almost constant width
of 0.23 Rout

15 in the radial direction. Assuming that this hotspot
results from the release of gravitational potential energy on the
surface of the disk, caused by inward material flow through the
disk (see Cannizzo et al. 1988; Frank et al. 2002; Warner 2003),

it could appear when the inward material flow crosses the low- to
high-density region. The near-constant inner radius of the
surface-hotspot (Rss0) implies that this inward material flow
encounters a stable transition region of disk density at 0.77 Rout
(∼57 Rwd), causing an increase in the local temperature, and
finally forming the hotspot. In spite of the constant radial
position of the surface-hotspot shown in panel (b) of Figure 11,
the surface-hotspot shows conspicuous differences before and
after the SO, indicated by the variations in Tss, Css, and Wss. The
relative flux contribution from the surface-hotspot decreases
from ∼40% (a4) to ∼1% (b1), the smallest contributor to the
system light shown in Figure 7. The two panels (d) and (f) in
Figure 11 show that during the b1–b4 models, the surface-
hotspot with a low average temperature of 5500 K, gradually
shifts from phase 0.7 to 0.4, close to that before the SO. Between

Figure 8. The relationship between the peaks of the relative flux contributions from the surface-hotspot and the corresponding phases are plotted. The colors are the
same as those in Figure 4. The two vertical dashed lines indicate phases 0.8 and 1.2, respectively. The horizontal dashed line refers to the relative flux contribution of
3%. All 24 sections are separated into three regions: type-II modulations falling into the left region with a phase range of 0.5∼0.8, and type-I and -III modulations
falling into the middle two regions lower and higher than 3%, with a phase range of 0.8∼1.2. No data appears in the right region with a range of 1.2∼1.5.

Figure 9. Diagram of χ2 against time. The dashed line refers to the average.

15 The abnormal b20 model is excluded, and a small width of <0.08Rout only
appears in the b15 and b17 models.
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the b5 and b18 models, the surface-hotspot with a higher
temperature remains at phase ∼0.4.

5. Discussion

5.1. Hotspots before the NO

The last disk model (b20) before the NO shows two hotspots
on a normal disk, with a relative flux contribution increasing to
∼70%. The edge-hotspot located at phase 0.75, similarly to that
in the previous models, shows the highest temperature,
Tes∼104 K, and the smallest width in the angular direction,
Wes∼0.07 phase. Assuming that this enhanced Tes is caused
by the increased mass transfer rate from the secondary star, the
disappearance of a stable orbital modulation in the following
NO interval may be explained by unstable mass transfer.16

In opposition to the edge-hotspot, the surface-hotspot, with a
similar position and width in the angular direction, shows the
largest coverage, 0.93 Rout, in the radial direction (i.e., Rss0 is
suddenly lowered from an average of ∼57 Rwd to ∼5 Rwd close
to the white dwarf’s surface), and the lowest temperature,
Tss ∼ 4000 K, noticeably below Tss0∼5000 K. Thus, the

surface-hotspot is actually a “coolspot,”17 as visualized in panel
(b20) of Figure 6. Assuming that the other half of the disk with
the higher temperature is regarded as a surface-hotspot (i.e., the
“coolspot” is opposite its normal position on the disk), this
anomalous surface-hotspot could imply that the disk is on the
way to switching to a hot status (i.e., the following NO).

5.2. Quiescent Disk Temperature Distribution

Based on the energy dissipation rate in the disk, Frank et al.
(2002) proposed that the effective temperature of a steady-state
optically thick disk is a power-law function of the disk radius

µ -T Rdisk disk
3 4( ) under a constant mass transfer rate from the

secondary star. An inspection of panel (f) of Figure 10 indicates
that the quiescent disk of TWVir is not a steady-state thick
disk, due to its derived flat radial temperature distribution
(Figure 12). Along with the variations in Tinner, the power index
shows an opposite variation, in that μ continuously increases to
near zero before the SO (a1–a4), then decreases from near zero
(b1 and b2) to a minimum of −0.38 (b4), oscillates around an

Figure 10. The variations in six parameters of the disk model: Ld0, Lhs, Tinner, Touter, Mtr, and μ are plotted. The upper and lower lines in panel (f) correspond to
μ=−0.00 and −0.75, respectively. The light gray filled rectangle indicates a 15 day SO. The colors of the symbols are consistent with those of the light curves in
Figures 2 and 3.

16 Although this assumption seems to support the MTI model (Smak 1991),
the K2-C1 data gap after BJD 2456846.84 prevents any further investigation of
the following variations in the disk and hotspots.

17 To recheck this abnormal surface-hotspot, we carried out several trials with
different initial parameter sets to search for other possible results with a normal
Tss. Although some convergent results were obtained, the best-fitting model
shows the lowest χ2∼7.8.
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average of −0.22 (b5–b13), and finally recovers to be near zero
again at the end of the quiescence before the NO. This implies
that the disk temperature distribution of TWVir is much flatter
when approaching an outburst, similarly to the short-period DN
V4140 Cyg, with μ;−0.36 in quiescence and μ;−0.25 in
outburst (Borges & Baptista 2005). In contrast, the radial
temperature distributions of Z Cha and OY Car are flat in
quiescence, where μ > −0.2, and almost follow the power-law
function of a steady-state optically thick disk in outburst, with
μ < −0.7 (Horne 1985; Wood 1990; Rutten et al. 1992). Idan
et al. (2010) further claimed that all observed DN in quiescence
have flat radial temperature profiles, which is in excellent
agreement with the prediction of the DI model.

According to the standard DI model, the two critical
effective temperatures, +Tcrit and -Tcrit, corresponding to the
principal critical values of the minimal and maximal surface
densities of the disk, Smin max, can be estimated by the
following two formulas (Lasota 2001):

a=+ -
-

T
M

M

R
7200

10 cm
Kelvin, 1crit H
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disk
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0.08

( )⎜ ⎟
⎛
⎝⎜

⎞
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whereMwd=1.1Me for TWVir (Dai et al. 2018), and αH and αC

are the two constant disk viscosities (Shakura & Sunyaev 1973) on

Figure 11. The variations in two group parameters describing the edge-hotspot and the surface-hotspot are plotted in the left and right panels, respectively. For the
surface-hotspot, Rss0 (solid squares) and Rss (solid circles) are the two positional parameters in the radial direction, and Tss0 (solid squares) and Tss (solid circles) are the
two temperature parameters, as shown in two panels (b) and (d), respectively. All symbols are the same as those in Figure 10.
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Figure 12. The short-dashed lines denote the radial effective temperature distributions of the averaged, a4 and b1 disk models. The three long-dashed lines refer to the
radial effective temperature distributions of a steady-state optically thick disk under three constant mass transfer rates: 10−9, 10−10, and 10−11, in units of Me yr−1,
marked by the digits superimposed on the lines. The outer disk region located at the right side of the vertical dotted line at Rdisk∼0.2 Rout shows where < -T Tdisk crit in
quiescence.

Figure 13. Mass transfer rates as a function of the orbital period. The red and blue lines refer to the mass transfer rates expected by the standard and revised models
(Knigge et al. 2011), respectively. The constellation names represent the CVs listed in Table 2.
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the upper (hot) and lower (cold) branches of the S-curve (i.e., an
S-shaped curve shown in the Σ-Teff plane), respectively. In spite of
the complicated descriptions of α (Hubeny & Hubeny 1998;
Kromer et al. 2007), +Tcrit and

-Tcrit are almost independent of α,
since the power index of α is close to zero. The +Tcrit,

-Tcrit, and the
averaged Tdisk of the 24 disk models are shown in Figure 12. The
a4 disk model shows that the disk is at a temperature between -Tcrit

and +Tcrit, indicating the start of disk instability, while the Tdisk of
the b1 disk model is all below -Tcrit. The averaged Tdisk in the inner
part of a disk (<0.2Rout;15Rwd) cannot satisfy the DI
requirement of < -T Tdisk crit in quiescence. This seems to be in
contradiction with the DI model, similarly to V4140 Sgr (Baptista
et al. 2016). Hence, a simple, uniform power-law function may not
be enough to describe the quiescent disk temperature distribution
of a CV disk, particularly in the inner part of the disk. We
speculate that this discrepancy is caused by our preset disk
extending down to the white dwarf’s surface, while the inner part
of the disk may be truncated by the evaporation of the inner disk
(see Hameury et al. 1999; Menou et al. 2000; Dubus et al. 2000).
Note that using a formula fromWarner (1995), +Tcrit=7690(Rdisk/
3×1010cm)−0.105Mwd

0.15 Kelvin, most of the 24 quiescent disk
models show Tdisk below this +Tcrit. This is roughly consistent with
the loose constraint of the DI model, < +T Tdisk crit.

5.3. Mass Transfer Rate at Quiescence

Despite the large amplitude variations in the temperature
of the edge-hotspot (excluding the special b20 model) at
quiescence shown in panel (c) of Figure 11, the mass transfer
rate, Mtr , estimated from the edge-hotspot (panel (e) of
Figure 10) shows a small amplitude variation around an
average of 1.57×10−10Me yr−1, and a trivial maximum of
∼3.3×10−10Me yr−1 in the b17 model. We found that this
increased Mtr does not correspond to an enhanced edge-hotspot,
but to a thickened disk with a maximum of Hedge∼0.43 Rout.

For the purpose of comparison with the expected secular
mass transfer rate at the orbital period of TWVir (Knigge et al.
2011), Mtr in all, 24 disk models are averaged, and the
maximum and minimum of Mtr are set to the upper and lower
limits of the error bar. This averaged Mtr plotted in Figure 13 is
significantly lower than the corresponding secular mass transfer
rate derived by the standard/revised models. In spite of this
large deviation, many other U Gem-type DN with orbital

periods in the range of 3–5 hr, as listed in Table 2 (Dubus et al.
2018), have a similar mass transfer rate to TWVir. The mass
transfer rates of these U Gem-type DN appear to be over-
estimated by the standard/revised models.

6. Conclusions

The quiescent K2-C1 SC light curve of TWVir, separated
into 24 sections with an optimal data length of 0.93 days,
including 4 before and 20 after an SO, shows morphological
differences that can be roughly classified into three types, based
on different levels of the light minima. Changes in orbital
modulation appear randomly, but a stable primary hump caused
by an edge-hotspot is present at phase 0.75, while a lower-
amplitude secondary hump is highly variable. The differences
in these three types are plausibly explained by a surface-hotspot
with different positions and intensities.
Using the nonlinear fitting code, XRBinary and NMfit, 24

disk models for the corresponding 24 sections are calculated.
The model parameters do not show large differences before and
after the SO, demonstrating that the accretion pattern is not
broken by the SO. All 24 disk models indicate that the disk
dominates the flux contributions to the quiescent system light.
Based on the variations of the 16 parameters in the 24 disk
models, a complete quiescent disk evolution scenario around
the SO is obtained. Below is a summary of our findings:

1. Pre-SO: The mass accretion from the disk to the white
dwarf gradually declines, while the mass transfer from the
secondary to the disk remains stable before a precursor to
the SO occurs.

2. Precursor: The start of the precursor shows an enhanced
and ringlike surface-hotspot located at phase ∼0.3. The
faint and cool disk switches to be bright and hot. A stable
edge-hotspot develops during this stage.

3. Post-SO: The outer part of the disk remains at an almost
constant temperature of ∼4000 K, similar to that
observed in the pre-SO stage. However, the inner part
of the disk experiences a large variation, starting with a
cool state at the end of the SO. An edge-hotspot with an
average angular width of 0.2 phase is located at phase
0.75. The surface-hotspot with a large amplitude variation
in temperature remains almost constant (0.77–1.0 Rout) in
the radial direction, while showing large changes in the
angular direction.

4. End of quiescence: Before the first NO following the SO,
the edge-hotspot abruptly becomes much hotter, and, the
surface-hotspot changes to an anomalous “coolspot”
covering over half of the disk’s surface. The derived
radial temperature distribution of the disk is flat at
quiescence, with a disk power-law of >−0.38, and much
flatter when approaching the outbursts.

5. A mass transfer rate estimated from the edge-hotspot is
0.8–3.3×10−10Me yr−1, typical for U Gem-type DN
with orbital periods of 3–5 hr, but far lower than the
predictions of standard/revised models.

This work was partly supported by the CAS Light of West
China Program, the Chinese Natural Science Foundation (No.
11933008), and the Science Foundation of Yunnan Province
(No. 2016FB007). P.S. acknowledges support from NSF grant
AST-1514737. We thank Colin Littlefield for his time-resolved

Table 2
Mass Transfer Rates of the DN with Orbital Periods in a Range of 3–5 hr

aCV name bSubtype cMtr

BD Pav UG 1.1(±0.2)
GY Cnc UG 2.1(±0.3)
PY Per UGZ 2.0(±1.2)
V729 Sgr UG 3.2(±2.0)
V513 Peg UG 3.6(±2.2)
V811 Cyg UGSS 3.3(±2.1)
dTWVir UG -

+1.6 0.7
1.7( )

Notes.
a The constellation names are marked in Figure 13.
b Abbreviations are the same as those in Table A.2 in Dubus et al. (2018).
c The unit of M c

tr
 is 10−10 Me yr−1.

d Calculated in this paper.
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power spectra, and Edward L. Robinson for his helpful
suggestions regarding the XRBinary program.

Software: XRBinary (v2.4), NMfit (v2.0), Phoebe (v2.0;
Prša et al. 2016).
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