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How to become a planet-
hunter while innocently 

studying accretion physics in a 
mCV?   
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Accretion column and SED 
(Beuermann04, ASP)  

~20 keV 

~2 keV 

EF Eri 
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Plasma cyclotron harmonic radiation 

•  Spacing:  
Magnetic field 
B=37 MG 

•  Width: 
plasma temperature 
5 – 10 keV 

•  Moving lines: 
Geometry 
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Discovery of RXJ2107-05 (=HU Aqr) 
as bright RASS source 

•  Discovery: Porb= 125 min, linear ephemeris 
 
•  Three RASS scans in eclipse 

•  Eclipse length 580 +- 15 s, Δφ1/2 = 0.0397     
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1990 

1992 

Schwope+93, AA 



ROSAT (PSPC&HRI) and EUVE 
monitoring: Status at millenium 

•  ROSAT&EUVE monitoring:  
 quadratic ephemeris 

•  Established eclipse egress as fiducial 
 mark to determine period 

•  Phase jitter still compliant with spot 
migration over WD surface (size ~ 30-60s) 

  ROSAT             EUVE 

Schwope+01, AA 



The first decade in the new 
millenium 

•  XMM/OPTIMA/ULTRACAM+... Monitoring 
 
Complex timing pattern  

–  Applegate (solar cycles)? 
Too weak 

–  GR? 
Too weak 

–  3rd low mass body? 
Possible 
 

(Schwarz+09) 
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Detection of a planetary system orbiting the eclipsing polar HU

Aqr

Qian S.-B.1,2,3, Liu L.1,2,3, Liao W.-P.1,2,3, Li L.-J.1,2,3, Zhu L.-Y.1,2,3, Dai Z.-B.1,2, He
J.-J.1,2, Zhao E.-G.1,2,, Zhang J.1,2 and Li K.1,2,3

ABSTRACT

Using the precise times of mid-egress of the eclipsing polar HU Aqr, we dis-
covered that this polar is orbited by two or more giant planets. The two planets
detected so far have masses of at least 5.9 and 4.5MJup. Their respective dis-

tances from the polar are 3.6AU and 5.4AU with periods of 6.54 and 11.96 years,
respectively. The observed rate of period decrease derived from the downward

parabolic change in O-C curve is a factor 15 larger than the value expected for
gravitational radiation. This indicates that it may be only a part of a long-period

cyclic variation, revealing the presence of one more planet. It is interesting to
note that the two detected circumbinary planets follow the Titus-Bode law of so-
lar planets with n=5 and 6. We estimate that another 10 years of observations

will reveal the presence of the predicted third planet.

Subject headings: S

tars: binaries : close – Stars: binaries : eclipsing – Stars: individuals (HU Aqr) – Stars:

white dwarf – Stars: planetary system

1. Introduction

With an orbital period of 2.08 hours, HU Aqr is a member of the AM Her subclass
(also called polars because of their highly polarized optical emission) of cataclysmic variables

1National Astronomical Observatories/Yunnan Observatory, Chinese Academy of Sciences, P.O. Box 110,
650011 Kunming, P. R. China (qsb@ynao.ac.cn)

2Key laboratory of the structure and evolution of celestial objects, Chinese Academy of Sciences, P.O.
Box 110, 650011 Kunming, P. R. China

3Graduate University of the Chinese Academy of Sciences, 100049 Beijing, P. R. China Yuquan Road
19#
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Fig. 2.— O-C diagrams of the eclipsing polar HU Aqr. Blue dots refer to the data compiled
from the literature, while red ones to our new observations. It is shown in the top panel

that a combination (solid magenta line) of two cyclic variations and a linear decrease (dashed
magenta line) can give a good fit to the general trend of the O-C data. The two cyclic changes
(Case A: PA = 6.54 years and KA = 9.25 s; Case B: PB = 11.96 years and KB = 10.54 s) are

displayed in the middle panels. After all of the variations were removed, the residuals are
displayed in the lowest panel where no variations can be traced there.

The Qian+11 planets are dynamically 
unstable on short timescales 

(Horner+11) 
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On the HU Aquarii planetary system hypothesis 7
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HU Aqr 2-planet LTT-fit (linear ephemeris, SSQ data), √χ2
r=1.143, rms=2.3 s

Pb = 5467 ± 418 days   eb = 0.14 ±0.04

Pc = 5476 ± 424 days   ec = 0.14 ±0.04
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HU Aqr 2-planet LTT-fit (quadratic ephemeris, SSQ data), √χ2
r=0.972, rms=2.13 s

Pc = 3931 ± 25 days

ec = 0.999 ± 0.05

Pb = 2910 ± 28 days

eb = 0.34 ± 0.05
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Figure 2. Synthetic curves of the best-fit, 2-planet solutions to the mid–egress BJD times of the SSQ data set. The left panel corresponds to a linear ephemeris
model (Eq. 10) and the right panel corresponds to a quadratic (parabolic) ephemeris model (Eq. 11, the parabolic trend has been removed). Panels are labeled
with the orbital periods and eccentricities of the putative companions. Bottom plots with shaded background show the residuals after subtracting planetary and
astrophysical contributions from the LTT signal. Discontinuous-like features of the parabolic ephemeris model around cycles 0 and 46,000 appear due to the
extreme eccentricity of the outer body. See Table 1 for the orbital and inferred elements (Fit A and B, respectively).
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Figure 3. Parameter scans of the (c2
n)

1/2 function computed around the best fit solution to the SSQ data for the quadratic ephemeris model (see the right-hand
panel in Fig. 2 and Fit B in Table 1). Colour curves are for the formal 1,2,3s–levels of the best-fit solution whose parameters are marked with an asterisk.

tend the work of Schwope et al. (2001), Schwarz et al. (2009) and
Qian et al. (2011). The currently available data set of HU Aqr egress
times consists of 171 measurements in total, including 10 points
presented in Qian et al. (2011). Among these measurements, 68
were obtained with the Optical Timing Analyzer (OPTIMA) in-
strument that operates mostly at the 1.3 m telescope at Skinakas
Observatory, Crete, Greece.

The high–speed photometer OPTIMA is a sensitive, portable
detector to observe extremely faint optical pulsars and other highly
variable astrophysical sources. The detector contains eight fibre–
fed single photon counters — avalanche photodiodes (APDs), and
a GPS for the time control. There are seven fibres in the bundle
(Fig. 4) and one separate fibre located at a distance of ⇠ 10. Sin-
gle photons are recorded simultaneously and separately in all chan-
nels with absolute UTC time–scale tagging accuracy of ⇠ 4 µs.
The quantum efficiency of the APDs reaches a maximum of 60%
at 750 nm and lies above 20% in the range 450–950 nm (Kan-
bach et al. 2003, 2008). During the HU Aqr observations, OP-
TIMA was pointed at RA(J2000) = 21h07m58.s19, Dec(J2000) =
�05�17040.005, corresponding to the central aperture of the fibres
bundle (Fig. 4). For sky background monitoring, we usually choose
one out of the six hexagonally located fibres. We look for the fibre

that is not by chance pointed to any source, therefore records sky
background, and its response is the most similar to the central fibre
response when the instrument is targeted at the dark sky. An exam-
ple of a sky background subtracted light curve is shown at the top
left-hand panel in Fig. 5.

We derived new fits to the HU Aqr eclipse egress times, as
well as reanalysed many of the already published OPTIMA data.
There are 26 eclipses obtained by OPTIMA published by Schwarz
et al. (2009). We were able to reanalyse only 21 out of the 26
light curves, because only those were available in the OPTIMA
archive. Our completely new data set includes 42 precision photo-
metric observations, starting from cycle l ⇠ 29,900, overlapping in
time window with the literature data. We derived 23 new eclipse
profiles from the OPTIMA data archive spanning 1999–2007 and
obtained 19 new OPTIMA optical HU Aqr light curves in 2008–
2010. Note that some of the OPTIMA observations have been al-
ready published in the very recent literature (Nasiroglu et al. 2010).

We also gathered and reduced 11 observations performed at
the MONET (MOnitoring NEtwork of Telescopes) project which is
a network of two 1.2 m telescopes operated by the Georg-August-
Universität Göttingen, the McDonald Observatory, and the South
African Astronomical Observatory. These precision data in white

c� 0000 RAS, MNRAS 000, 000–000

Gozdziewski+12  
No valid fit to all literature data  

Two equal planets 
in opposition 

One planet with 
ecc = 0.999 



Gozdziewski‘s remedy: 
•  Add more epochs obtained by OPTIMA 
•  Select only the ‚best‘ available data, in particular 

don‘t mix data obtained at optical and other 
wavelengths 

Determination of  
Egress times via  
sigmoids: 
 
 
 
 
 
Claimed precision: 
Δt0 >= 0.1 s 

June 17, 2014 XRU14 - Schwope 14 



One-planet model possible 
(Gozdziewski+12) 14 K. Goździewski et al.
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Pb = 3205 ± 396 days
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Figure 11. Synthetic curves of the 1-planet LTT quadratic ephemeris mod-
els to optical OPTIMA measurements, including polarimetric data One of
the most deviating polarimetric points is labeled in the residuals panel.

6 RED NOISE AND/OR SYSTEMATIC ERRORS?

Analysis of the LTT observations has much in common with pul-
sar timing, planetary transits, and precision radial velocity observa-
tions, which are modelled with least-squares under the assumption
that the measurement errors are uncorrelated (white noise). How-
ever, as is known particularly by pulsar observers, the assumption
that white noise is the only source of error is unjustified when aim-
ing at estimating the underlying model parameters and their uncer-
tainties (Coles et al. 2011). In the past, this effect had been respon-
sible for false detections of planets around pulsars (Bailes et al.
1991). Similarly, correlated (red) noise or systematic errors have
been found in the planetary transit data (Pont et al. 2006) and very
recently, in the radial velocity measurements (Baluev 2011). The
same type of non-Gaussian, low-frequency correlation of residuals
to the orbital period of the binary may be present in the LTT data
collected over long time intervals.

The danger of such systematic effects in the LTT-analysed bi-
naries is reinforced due to their activity and complex astrophysical
phenomena responsible for the observed emission. One of the al-
ready well recognized mechanisms able to produce cyclic variation
of the orbital period of the binary has been proposed by Applegate
(1992). As shown by this author, a magnetic star (here, the sec-
ondary) changes its internal structure due to magnetic cycles. The
latter implies a variable zonal harmonic coefficient J2 and subse-
quently, a variable gravitational tidal field for the orbital compan-
ion which results in a varying orbital period (Hilditch 2001). The
Applegate mechanism as a possible origin of large (O-C) variations
in the HU Aqr data was studied in detail by Vogel (2008), as well
as by Schwarz et al. (2009). They discarded this possibility since
the HU Aqr stellar setup does not provide enough energy to drive
changes of the orbital period. Similar results were obtained for the
NN Ser system, that likewise has a low-mass, low-luminosity sec-
ondary star (Brinkworth et al. 2006) with a conclusion that it is
incapable of driving significant period changes in terms of the Ap-
plegate model.

Another mechanism explaining observed long-term periodic-
ities could be a slow precession of the rapidly spinning magnetic
WD star, which has been proposed as a source of long periods de-
tected in a few CVs, for instance FS Aur and V455 And (Tovmas-
sian et al. 2007). However, HU Aqr is unlikely to host such a WD,
as this AM Her-like system is known to be synchronously locked.

As a first, yet preliminary attempt, we tried to determine the char-
acteristic that can be used to quantify the shapes of the HU Aqr
light curves and might help to detect their variability and hence as-
trophysical sources of the LTT residuals. This approach mimics the
bisector velocity span (BVS) technique used to detect distortion of
spectral lines due to stellar spots and chromospheric activity. It is
well known that stellar spots may produce apparent radial velocity
changes up to 200 ms �1 (Berdyugina 2005). As a similar charac-
teristic to the BVS, we choose the slope of the linear function fitted
to the egress phase of the light curve, usually spanning no more than
a few seconds interval. We analysed 59 available light curves in the
precision OPTIMA set. The results are shown in Fig. 12. In seven
cases, we decided the data were not precise enough to derive the
slope reliably (as indicated by green filled squares) because of, for
instance, bad weather or strong wind that could introduce telescope
guidance errors. In a few other cases (seven again, marked with
blue triangles), only two points were taken for the fit, and there-
fore no error estimation was possible. Nevertheless, the obtained
slopes are uniform and span less than 2 degrees range close to 90
degrees. That furthermore indicates a similarly rapid egress phase.
The results of this test are encouraging, and support the planetary
hypothesis.

However, the slopes should be best re-computed for all avail-
able light curves that were used to determine the egress-times. The
problem of the non-homogeneity of the collected light curves still
exists. Due to varying eclipse profiles (e.g. during different accre-
tion states), the determination of mid–egress dates is often very dif-
ficult. For instance, it could be prone to rather subjective choices
of the photometric data range to fit the parameters of the sigmoid
function, Eq. 12. That may introduce significant systematic errors,
particularly if the reduction is performed by different researchers.
This issue may be likely resolved by a re-analysis of the entire set
of all available light curves, under similar conditions paying partic-
ular attention to their origin – the spectral window, an instrument,
and even technical and observational circumstances.

Another direction still open is a study of the binary interac-
tions, to eventually eliminate or discover astrophysical causes of the
LTT variability. The problem is in fact universal and affects other
techniques of extrasolar planets detection, such as pulsar timing
and radial velocity monitoring of active or evolved stars, as well.
It is yet possible that the observed (O-C) signal has both the plan-
etary and unmodeled astrophysical component (Potter et al. 2011),
making its unique resolution even harder.

To the best of our knowledge, possible effects of the red-noise
regarding the LTT observations have not been studied in detail.
That problem certainly deserves a deep and careful investigation.

7 CONCLUSIONS

Using a new formulation of the LTT model of the (O-C) to the avail-
able data of the HU Aqr system, we found that the 2-planet hypoth-
esis by Qian et al. (2011) is not likely. Our results reinforce recent
negative tests of dynamical stability of that system in the literature.
The self-consistent LTT model presented in this work exhibits de-
generate solutions, such as (apparently) Trojan objects of ⇠ 104

Jupiter masses, or a companion in an collisional/open parabolic
or hyperbolic orbit. Ironically, two such solutions to the literature
SSQ data are the best–fit models found in extensive, quasi-global
searches adopting a hybrid optimization.

Moreover, on the basis of a much extended, precision data set,
collected by the OPTIMA network, that increased the number of

c� 0000 RAS, MNRAS 000, 000–000



STELLA Observatory Tenerife  
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STELLA monitoring in 2013 
Swift confirmation Oct 3 

XMM-Newton  
Trigger: 10.10.13 
Observation: 25.10.13 
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Inastars Observatory 

C14 
ST8XME 
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Astron. Nachr. / AN (2014) 1

Table 1 Time-resolved photometric observations of HU Aqr ob-

tained at Inastars Observatory in October 2013. Given are the ob-

servation date, time interval covered, exposure time, time resolu-

tion, and the number of frames obtained per night.

Date Interval texp ∆t # frames

JD +2456588. [s] [s]

20131022 0.29217 − 0.36269 3.0 6.1 976

20131023 1.31179 − 1.37931 3.0 6.1 277

20131024 2.24323 − 2.42821 4.0 6.9 1903

20131026 4.26040 − 4.38630 8.0 10.0 677

20131029 7.27689 − 7.39935 2.0 3.8 1951

20131030 8.23877 − 8.41131 4.0 6.9 1995

2 Observations and data reduction

HU Aqr was observed with a 14 inch Celestron refractor
during 6 nights in October 2013. The unfiltered data were
obtained using a ST8XME CCD as detector. Since this was
the first time, that the equipment was used for high-time
resolution studies, some experiments were made during the
nights using different CCD binning and exposure time per
frame to find a compromise between highest possible time
resolution and an acceptable signal-to-noise ratio.

The computer equipment was correlated with a time
signal of an atomic clock every five minutes via the Net-
work Time Protocol (NTP). The timing accuracy of indi-
vidual CCD-frames is expected to be better than 10 msec.
The start time of each observation and the exposure length
was written into the fits headers generated upon read-out.
A summary of the observations reported in this paper is
given in Table 1, which lists the exposure time, the achieved
time resolution, the number of frames an the time interval
covered during each of the nights. Almost all of the CCD
frames obtained on October 30 were taken with an exposure
time of 4 s. During the two eclipses, however, the exposure
time was changed to 20 and 60 s which resulted in a cor-
responding less accurate determination of the eclipse time
(Tab. 2).

The raw data were bias-corrected, dark-subtracted and
flatfielded using calibration data obtained during each of the
nights. Afterwards, differential photometry was performed
with respect to comparison star ’C’ Schwope et al. (1993).

3 Analysis and results

3.1 Eclipse parameters

All timing data were put on the same time scale as previ-
ous data. The centers of individual CCD frame times were
corrected for arrival at the solar system barycenter and were
put on an atomic time scale by adding 32.184 s for the con-
version from TAI to TDT, and 35 s, the current amount of
leap seconds.

Initially, the linear part of the two-planet LTT
fit by Goździewski et al. (2012), BJD(TDB) =
2449102.92004 + E × 0.086820400, was used to convert

Fig. 1 Phase-averaged light curve of HU Aqr obtained October

2013 at Inastars Observatory (500 phase bins). Orbital phase refers

to a linear ephemeris BJD(TDB) = 2449102.92004 + E ×

0.086820400

Fig. 2 Observed minus calculated times of eclipse egress of

HU Aqr. Data given in Goździewski et al. (2012); Schwarz et al.

(2009); Schwope et al. (2001) are shown with small circles, the

new result obtained here is shown with a rhomb. In the upper panel

the residuals are shown with respect to a linear ephemeris, in the

lower panel with respect to a quadratic ephemeris.

times to binary phase. All 7779 data points were phase-
folded and binned into 500 phase bins to generate the light
curve displayed in Fig. 1. The relative brightness of the ob-
ject and certain features of the light curve clearly indicate
a high accretion state (for comparison see the collection
of light curves obtained in intermediate and high states in
Schwope et al. 2001, their Fig. 3). The features are: (a) a
pronounced pre-eclipse dip well separated from the eclipse
and centered about 0.14 phase units before eclipse centre;
(b) a short ingress phase of the accretion stream/curtain after
eclipse of the white dwarf; (c) the absence of a flat-bottom
faint phase. Both the centre phase of the pre-eclipse dip,
∆φ = −0.14 and the phase of half intensity during dip

www.an-journal.org c© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Amateur contribution to the story of 
HU Aqr b  

•  Any simple planetary  
model apparently ruled 
out! 

•  Confirmed by XMM? 

•  Phase-relation 
between optical and  
X-ray data? 

Schwope & Thinius 2014, AN 
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37.2 ksec 
#331 600 

Mean rate 8.89 s-1 

MONET (i-band) 
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Eclipse, dip, and curtain 
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Accretion dip and curtain 
Dip phase indicates azimuth of 

coupling region 

June 17, 2014 XRU14 - Schwope 22 

Curtain variability  instabilities 
along the ballistic trajectory 



Variable absorption in the curtain 

Temporal 
and/or 

spatial? 
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XMM/OM/MONET simultaneous 
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XMM/OM/MONET simultaneous 
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XMM/OM/MONET simultaneous 
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Optical & X-ray eclipse timings 2013 

•  MONET (80cm) & Inastars (28cm) eclipse timing 
agree within 0.3+- 3.3 sec 

•  Optical egress precedes soft X-ray egress by 
4.0+-2.0 s 

Ecl length (s) Egress length (s) 
MONET 583.3     (2.8) 6 - 8 
XMM 585.62 (0.35) 2  

June 17, 2014 XRU14 - Schwope 27 

1s == 500 km  for given masses, inclination and period 
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Soft vs hard X-ray emission 

Centroid of LCs  Azimuth/longitude of source 
Soft: az = 46o   Hard: az = 30o June 17, 2014 28 



Accretion arc in HU Aqr 

UV 

R 

X spot 

WD 

arc 

Optical synchrotron emission 
kT ~ 5 – 10 keV, no X-rays! 
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Updated eclipse arrival times 
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Planetary model needs revision 
(if applicable at all) 
 
 
 
 
 
M3 ~ 0.33 MJup/s  
 
(M1+M2=1Mo, P=6.9yrs) 
 
 



WD and spot timing? 
XMM/VLT low state observations 

I.  VLT-UT3 
(ULTRACAM g) 
May 2005 
 
 

II. XMM EPIC pn 

Schwarz et al 2009, A&A 
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ULTRACAM (r,u) light curves 

•  Cyclotron radiation 
Remaining weak 
accretion (az = 20o) 

•  Remnant heat from 
previous accretion 
episode (az = 46o) 
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Spot+WD model fits optical eclipse 
and OM-UV data at same time 
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Phase offset of accretion spot 
determines latitude 
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δ/2 = 2.0 s 



Phase offset & eclipse length 
determine latitude at given azimuth 
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Eclipse length 
 
ULTRACAM r 2005 
582.72 +- 0.2 s 
 
XMM SX 2013 
585.62 +- 0.35 s 
 

2s    eclipse offset 
3 
. 
. 
8s 

M1 = 0.83 Mo 
M2 = 0.187 Mo 
i = 86.6 



Resume 

•  1st ever high precision X-ray eclipse length 
measured 

•  Phase offset determined:  
X-ray vs optical, spots vs. WD 

•  Scheme developed: Spot timing WD timing 
•  Distinct accretion regions resolved:  

cyclotron arc, HX spot, SX spot at different azim. 
•  One-planet model ruled out 
•  Eclipse timing variations not understood 
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