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1 | INTRODUCTION

Cataclysmic variables (CVs) are close mass-transferring
binaries with a late-type donor star and a white dwarf
accretor. Depending on the magnetic field strength of
the white dwarf, an accretion disk forms or not (for
comprehensive descriptions of the properties of magnetic
and nonmagnetic CVs see Warner 1995). The disks in
short-period nonmagnetic CVs become unstable from time
to time and show dwarf nova outbursts with amplitudes
between 2 and 8 mag. Such objects are uncovered in
considerable number in contemporaneous variability sur-
veys like the Catalina Real-Time Transient Survey (CRTS)
(Drake et al. 2014).

In magnetic CVs, accretion happens quasi-radially
without a disk as intermediary. This leads to strong X-ray
emission and pronounced variability on the spin period
of the white dwarf. In CVs with the strongest magnetic
fields, the AM Herculis stars or polars, the spin and the
orbit are synchronized so that only one kind of periodicity

We present time-resolved photometry of the cataclysmic variable PTF1J2224+17
obtained during four nights in October 2018 and January 2019 from Inastars
observatory. The object is variable on a period of 103.82 min. Archival Catalina
Real-Time Transient Survey (CRTS), Palomar Transient Factory, and Zwicky
Transient Facility-data show frequent changes between high and low states.
Based on its photometric properties and the cyclotron humps in the identifica-
tion spectrum the object is certainly classified as an AM Herculis star (or polar)
with a likely magnetic field strength of B~ 65 MG. Its accretion duty cycle was
estimated from 9 years of photometric monitoring to be about 35%.

cataclysmic binaries, stars, start: individual: PTF1J2224+17

can typically be recognized. The optical phenomenology of
such objects might be complex. Orbital (spin) phase modu-
lation in the optical regime is due to fore-shortening, due to
very pronounced cyclotron beaming, irradiation, eclipses,
and self-occultations. On top of it, changes between states
of high and low accretion may occur on unpredictable
time scales and for unpredictable time intervals. Eclipses,
cyclotron beaming, and accretion-rate changes may also
lead to brightness changes of up to 6 mag.

While nonmagnetic CVs were historically discovered
through their optical variability and magnetic ones very
often through their X-ray emission (see e.g., Beuermann
& Schwope 1994; Falanga et al. 2019; Webb et al. 2018, for
past and recent examples), contemporaneous optical tran-
sient surveys like the CRTS, the Palomar Transient Factory
(PTF), and the Zwicky Transient Facility (ZTF) lead to the
discovery of all kinds of CVs.

In the follow-up of distinctive variable objects found in
the PTF (Law et al. 2009), Margon et al. (2014) discovered
six previously undetected CVs or CV candidates, that they
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classify as likely polars based on strong Hell emission in
their identification spectra and the likely periodicities in
the range between 0.87 to 3.9 hr, interpreted as the orbital
period.

One of their candidates, PTF1J2224+17 (hereafter
Ptf22) attracted our immediate interest due to a pro-
nounced cyclotron line in its identification spectrum,
which immediately revealed its classification as a polar.
The tentative period of 0.87", derived from a period anal-
ysis of the PTF data, however, does not fit into the pic-
ture. Such a short period cannot be orbital. In polars, the
orbital and the spin period agree within a few percent.
One possibility to explain the unusual observation would
be that the observed signal is the spin period of the white
dwarf in an intermediate polar (IP, a magnetic CV with
non-synchronized white dwarf). It would be the first to
show cyclotron lines and allow the first direct detection
of the magnetic field in an IP. The alternative possibility
would be that the object indeed is a polar. If true, its period
should be >80 min. This could imply that the reported
periodicity is a statistical fluke.

We thus decided to perform time-resolved photometry
with the aim to uniquely determine the period and to safely
classify the object.

2 | PHOTOMETRIC
OBSERVATIONS OF PTF22

2.1 | Phase-resolved photometry from
Inastars

Ptf22 was observed during 3 nights in October 2018 and
one additional night in January 2019 with the 14 inch
Celestron reflector of Schmidt Cassegrain type located at
Inastars Observatory Potsdam (IAU MPC observer code
B15). The telescope is permanently installed at the roof of
a one-family dwelling in a suburb of Potsdam, Germany.

All observations were done in white light. An
ASTRONOMIK CLS filter! was inserted to block strong
emission lines at this light-polluted site. Individual images
of the field around the target were recorded with an SBIG
ST-8XME CCD as detector. The camera was always used
with a 33 binning to reduce time overheads and with
integration times of 150 s and 1205, respectively. The start
time of each exposure and the exposure time was writ-
ten into the fits headers. The computer equipment was
correlated with a time signal of atomic clocks every 5 min
via the Network Time Protocol.

CCD data reduction followed standard procedures
and included dark subtraction and flatfield correc-
tion. The analysis of the light curves, i.e.differential

! https://www.astronomik.com/en/visual-filters/cls-filter.html
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TABLE 1 Photometric observations of Ptf22 from Inastars
observatory
Date Observation interval Texp
yyyymmdd (JD start-end) # frames (s)
20181017 2,458,409.26178-.50882 126 150
20181019 2,458,411.24474-.43744 102 150
20181022 2,458,414.21424-.31924 69 120
20190102 2,458,486.27474-.39184 66 150
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FIGURE 1 Finding chart identifying Ptf22 at coordinates

22:24:32.48, +17:46:48.8 (J2000), and the photometric comparison
star. The size of the PanSTARRs g-image is 4 X 4 arcmin

photometry with respect to the comparison star SDSS
J222438.20+174,701.1, listed in the photometric database
of the Sloan Digital Sky Survey with ugriz magnitudes
of 19.18, 18.22, 17.56, 16.99, 16.73, respectively, was
performed with C-MUNIPACK?.

A summary of the observations reported in this paper
is given in Table 1, which lists the observation interval per
night, the JD covered, the number of frames obtained, and
the used exposure times. A chart identifying the variable
object and the comparison star is reproduced in Figure 1.

2.2 |

The field of Ptf22 was covered by the CRTS (326 epochs,
Drake et al. 2009), the PTF (62 r, 11g), and the ZTF
(Masci et al. 2019). We retrieved all data from the respected
archives and have shown them in Figure 2. By far, the
largest body of data is provided by the CRTS. CRTS and
PTF data show variability by 3 mag which could indicate

Ptf22 in transient surveys

2 MotlID., http://c-munipack.sourceforge.net/
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ally show switches between high and low states. Past FIGURE 3 Differential photometry of Ptf22 obtained on

observations, those prior to MID 56600, showed frequent
changes between high and low states but the object mostly
in a low state. Most of the time when Ptf22 was observed
with the CRTS and a significant fraction of time when
observed by PTF the object was in its faint low state. Mix-
ing high and low state data clearly hampers a periodogram
analysis.

3 | PERIOD ANALYSIS

Already the first night of observations (Oct 17, 2018)
revealed a clear repetitive pattern of the brightness change
with a periodicity of about 103 min. The light curve dis-
played in Figure 3 has a faint phase lasting a bit less than
70% of a cycle with little variability and a bright phase
hump that has a slightly different shape from cycle to cycle.
The brightness increase at the beginning of the bright
phase seems to be steeper than the decrease toward the
faint phase.

Further observations of the object were done in follow-
ing nights confirming the stability of the periodic pattern.
An AOV period search using Peranso (Paunzen & Van-
munster 2016) revealed the unique period of 103.4 m.

October 17, 2018

Among the ZTF-data we then selected only the
high state data, i.e. data with mag<18, and also per-
formed a period analysis with the MIDAS TSA package
(Schwarzenberg-Czerny 1989) to find P = 103.82 min for
both the data obtained through the g and r filters, respec-
tively, consistent with our dedicated phase-resolved pho-
tometry.

To obtain a unique timing solution connecting all avail-
able data Inastars and ZTF-data, we proceeded as follows.
The start of the bright phase was defined as fiducial mark
in the Inastars light curves. The very first rise to the bright
phase observed on October 2017 was defined as zero point
of the cycle count. The start times of all bright phases
observed by us were determined individually with a cur-
sor on a graphics display. We estimated the uncertainty
to be given by the time resolution of our data, i.e. 150s.
A linear least-squares fit for the October 2018 data was
of sufficient precision to determine the cycle number of
the data obtained in January 2019 without cycle count
error. All those individual times derived and their finally
used cycle numbers are listed in Table 2. A second linear
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FIGURE 4 Observed minus calculated times of start bright

least-squares fit including the January 2019 data point was
of sufficient accuracy to determine the binary cycle of each
ZTF data point without cycle count alias.

To include the ZTF-data we followed two ways. In the
first, only one additional time was determined for the start
of the bright phase in phase-folded, high state (<18 mag)
ZTF-data using the preliminary ephemeris from Inastars.
We used as reference time the center of the ZTF data
train which corresponds to cycle —1,378. We estimate
the timing uncertainty of this one additional data point
to be 100 s.

A linear regression using all data points listed in Table 2
then yields the linear ephemeris for the start bright phase

HID = 2,458,409.3311(5) + E X 0.07209997(78) (1)

where the numbers in parenthesis gives the uncertainties
in the last digits. Time zero refers to the first fully covered
bright phase obtained from Inastars on October 17, 2018.
The residuals with respect to this linear fit are shown in
the upper panel of Figure 4.

A second attempt made use of all the bright-phase,
high-state data obtained from the ZTF individually. From
the preliminary phase-folded ZTF light curve, all data
points within the bright phase and above magnitude 18
were chosen. Each of these times can be regarded as start of
the bright phase after applying a certain correction. Their
times were corrected by half the length of the bright phase
with an uncertainty of the same size (24 min). This proce-
dure revealed 86 additional data points which were used
for a linear regression among a total of 95 data points to
reveal the ephemeris for the start of the bright phase as

HID = 2,458,409.3317(5) + E X 0.07210083(93)  (2)

phase. In the upper residuals are shown with respect to Equation 1
which uses just one, the average central, Zwicky Transient Facility
data point based on a preliminary ephemeris. In the lower panel,
the residuals are shown with respect to Equation 2. Note the
different scales along the y-axis of both panels

The linear fit has a reduced y2 of 0.46 for 93 d.o.f. indi-
cating that the estimated errors for the additional 86 data
points were too large. However, both results agree within
their errors.

We used the ephemeris given in Equation 2 to cre-
ate phase-folded light curves for the data obtained from
Inastars observatory and from the ZTF that are shown in
Figure 5. To convert differential white-light magnitudes
from Inastars to apparent magnitudes, we used the SDSS
r-band magnitude of the comparison and did not correct
for any color term. In the figure, all data from ZTF are
shown and include high and low states. Both data sets
show that the high-state bright phase is not symmetric
but saw-tooth shaped with a steeper increase and a more
moderate decrease. The amplitude of the bright phase is
about 1.5 mag with a maximum at g~ 17.2 and r ~ 17.6.

All the data indicate some additional variability during
the faint phase which might indicate emission originating
from a second pole. The data obtained in the low state at
around 20th magnitude still show some enhanced bright-
ness between phase 0 and phase 0.4 which gives evidence
for some residual emission during a low state at the same
accretion region.

4 | SPECTRAL ANALYSIS

The identification spectrum of Margon et al. (2014)
displays one prominent cyclotron hump at 5,800 A and
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FIGURE 5 Folded light curves obtained from Inastars 103.8252(13) (Equation 2) minutes, both compatible with

observatory obtained in 2018 (top) and the Zwicky Transient
Facility (bottom). In the upper panel, a binned light curve with 20
phase bins is also shown. Blue and red symbols in the two lower
panels indicate observations through the g- and r-filters,
respectively. The mid-exposure times of original individual data
were converted to phase using the ephemeris given in Equation 2

a less prominent one at 4,300 A superposed on a blue
continuum. The spectrum covers the wavelength range
4,020-6,970 A. We used the published spectrum, approx-
imated the continuum with a second-order polynomial
and fitted the residuals with homogeneous, isothermal
cyclotron models (Thompson & Cawthorne 1987) omit-
ting the strong emission lines of hydrogen and helium.
Given the restricted coverage of the cyclotron spec-
trum, we fixed the temperature (fit attempts were made
between 5 and 10keV) and the viewing angle at 70°.> We
found a satisfactory fit for kT = 8keV which revealed
B = 65 MG (Figure 6). For this field strength, the hump
at 5,800 A is the 3rd cyclotron harmonic irrespective of
the chosen temperature. We find a less convincing fit if
the hump is identified with the next higher, the fourth,

3 The viewing angle is the angle between the line of sight and the
magnetic field line(s)

each other at the 1¢ level. The object may safely be clas-
sified as a polar or AM Herculis star. Further properties
that support this classification are the frequent changes
between high and low states observed with the CRTS,
the PTF, and the ZTF, and the cyclotron humps in the
identification spectrum presented by Margon et al. (2014).

The phase-folded light curves from Inastars and the
ZTF still show some scatter, in particular during the faint
phase, but there is one main hump that can clearly be
associated with the main accretion region. The scatter dur-
ing the faint phase may indicate accretion at a second
fainter pole. The time when the identification spectrum
was taken is not known to us; hence, we could not deter-
mine its binary phase. Thus, the field strength measured
by us may belong to the second fainter pole.

The case of Ptf22 is a good example to show that
contemporaneous transient surveys uncover interesting
objects that are difficult to classify despite being observed
rather frequently. The analysis of such objects, in par-
ticular attempts to find periodicities, still need dedicated
photometric follow-up. For Ptf22, the problem lies in the
frequent changes between high and low states that pre-
vented to achieve a unique timing solution.

The accretion duty cycle in Ptf22 can be estimated from
the CRTS data which cover the longest time interval. We
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simply count the number of data points brighter than 18.6
mag to find a duty cycle of about 1/3, clearly shorter than
that of the prototype AM Herculis, where it was found to
be ~50% (Hessman et al. 2000).

There are further archival data from the SDSS
photometric database probably obtained in a low
state (ugriz = 20.04, 19.89, 19.92, 19.86, 19.35),
the UV satellite GALEX with FUV = 18.42+0.10
mag, and NUV = 18.75+0.05 mag and the Gaia
DR2 (ID 2737597207985505664, p = 1.81%0.31,
phot_g meanmag = 19.06, bp—rp = 0.35). Following
Bailer-Jones et al. (2018) the distance is Rest = 5597330 pc.

There are no archival X-ray data available from Ptf22.
If we use a bright-phase brightness of g =17.4 and assume
a flux ratio fx/fop: =1, a typical value found for CVs (Com-
parat et al. 2019), we may estimate a bright-phase X-ray
flux of fx(0.5-2.0keV)~2x 10713 erg cm~2 s7! in a high
state, easily to be detected in the eROSITA all sky survey
which has just started.
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