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A B S T R A C T 

Flickering is a fast variability observed in all accreting systems. It has been shown that in most cataclysmic variables flickering 

originates in the accretion disc. Ho we ver, in polars the strong magnetic field of the white dwarf prevents the formation of an 

accretion disc. Therefore, the origin of flickering in polars is not clear. We analysed the changes of flickering amplitude with 

orbital phase in seven polars in order to reveal its site of origin. We show that at least in some polars there are two separate 
sources of flickering. Moreo v er, at least one of the sources is located at a large distance from the main source of light in the 
system. 

Key words: accretion, accretion discs – methods: data analysis – novae, cataclysmic variables. 
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 I N T RO D U C T I O N  

lickering is a stochastic variability that can be detected on all time-
cales – from milliseconds to hours. It can be present in optical, UV,
nd X-ray observations and is observed in all objects undergoing 
ccretion, such as young stellar objects, cataclysmic variables, X-ray 
inaries, and active galactic nuclei (e.g. Scaringi et al. 2015 ). While
ot all forms of stochastic variability are connected to accretion, 
ickering is recognized by two main features – power spectral 
ensity shape is approximately described by a broken power-law 

e.g. McHardy et al. 2004 ) and the existence of a linear relationship
etween the amplitude of flickering and the average flux (Uttley & 

cHardy 2001 ) that is often named the RMS-flux relationship. 
Man y possibilities hav e been suggested as to the origin of flick-

ring. The proposed theoretical models for cataclysmic variables 
ncluded accretion through the hotspot (Warner & Nather 1971 ), 
ariable transfer trough the boundary layer (Bruch & Duschl 1993 ), 
ares in the accretion disc atmospheres (Yonehara, Mineshige & 

elsh 1997 ), magnetohydrodynamic turbulence in the accretion disc 
Balbus & Ha wle y 1998 ), unstable angular momentum transport
rough the inner accretion disc (Dobrotka et al. 2010 ), and a fluc-
uating accretion disc (Scaringi 2014 ). Ho we v er, Uttle y, McHardy
 Vaughan ( 2005 ) showed that flickering is a multiplicative process

nd cannot be additive, which reduced the number of viable models 
f flickering. Currently, the most widely accepted model of flickering 
s a variable mass accretion rate that propagates through the accretion 
isc (e.g. Alston 2019 ). 
Irrespective of the physical origin of flickering, the flickering 

ource can be mapped using eclipses (e.g. Bruch 1996 ; Bap-
 E-mail: kilkiewicz@astrouw.edu.pl 

r  

o  

2

2022 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
ista & Bortoletto 2008 ). All such studies in cataclysmic vari-
bles showed that the flickering originates in the vicinity of the
hite dwarf (e.g. Horne & Stiening 1985 ; Bennie, Hilditch &
orne 1996 ; Sokoloski & Kenyon 2003 ). However, flickering 

an originate in different regions of the white dwarf vicinity 
n different systems, ranging from the bright spot (Warner & 

ather 1971 ), throughout the whole disc (Warner & Cropper 
983 ; Horne & Stiening 1985 ) or the inner disc region itself
Dobrotka et al. 2010 ). In f act, tw o separate sources of flickering
n one system could also be present (e.g. Baptista & Bortoletto
004 ). 
Polars are cataclysmic variables in which the magnetic field 

s strong enough to prevent the formation of an accretion disc
nd synchronize the white dwarf rotation with the orbital period. 
ccretion on to polars takes place through an accretion stream that

s formed along the magnetic field lines. While all the studies of
on-magnetic cataclysmic variables showed the accretion disc as a 
ource of flick ering, flick ering in polars has to originate elsewhere.
f the physical location of the flickering source in polars was found,
his could serve as a test of the physical processes behind flickering.
his is in particular interesting, as it was suggested that flickering
hould have the same physical origin in every accreting object 
Scaringi et al. 2015 ). Moreo v er, flickering in polars seems to hav e
imilar statistical properties as in non-magnetic cataclysmic variables 
e.g. Anzolin et al. 2010 ; Bruch 2021 ). Ho we ver, in rare instances
here flickering was studied in polars, detailed investigation of the 
ependence of flickering on orbital phase was rarely performed (e.g. 
alevin et al. 2002 ; Wang et al. 2018 ; Bruch 2021 ). Results presented

n literature suggest that flickering in polars originate either as a
esult of accretion of large diamagnetic blobs (Halevin et al. 2002 )
r from the post-shock region close to the white dw arf surf ace (Bruch
021 ). 
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Table 1. A list of analysed polars with the TESS sectors in which they were 
observed, the starting date of each sector, as well as the adapted orbital 
frequencies. 

Star Sectors MJD 0 Frequency [c/d] 

BL Hyi 1,2,29 58325,58354,59088 12.6731924(2) 
PBC J0658.0–1746 33 ∗ 59195 10.087358 1 

CW Hyi 1,28,29 58325,59061,59088 7.9326874(2) 
MR Ser 24,25 58955,58983 12.68890(3) 
AM Her 14,25,26 58683,58985,59010 7.756321 2 

CTCV J1928–5001 27 59036 14.252666(2) 3 

VV Pup 34 59229 14.3374(2) 

Notes. ∗Only data after MJD 59214 
References: 1 Bernardini et al. ( 2019 ); 2 Schwope et al. ( 2020 ); 3 Potter, 
Augusteijn & Tappert ( 2005 ) 
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Figure 1. A phase plot of TESS observations of PBC J0658.0–1746 with the 
orbital period after subtracting the long term variability (grey points) and the 
mean orbital variability (black line). 

Figure 2. A phase plot of TESS observations of PBC J0658.0–1746 after 
removing the orbital variability (grey points). The black line corresponds to 
zero flux. 

Figure 3. The mean orbital variability of PBC J0658.0–1746 (black line) 
and the RMS of TESS observations scaled by the expected instrumental noise 
(red line). 

o  

w  

e  

t  

p  

v  

c  

2  

o  

R  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/5209/6701647 by guest on 12 D
ecem

ber 2022
Here we investigate the dependence of flickering on orbital phase,
n order to explore the production site of flickering in polars.
n Section 2 , we present our observations and methodology. The
nalysis of the dependence of flickering on the orbital phase is shown
n Section 3 . Finally, we give a summary of our results in Section 4 .

 OBSERVATIONS  A N D  M E T H O D S  

e selected nine polars that were observed by Transiting Exoplanet
urvey Satellite ( TESS ; Ricker et al. 2015 ). The polars were chosen
y us from a sample of cataclysmic variables that were monitored
y us with TESS (e.g. Iłkiewicz et al. 2021 ; Littlefield et al. 2021 ;
caringi et al. 2021 ). The objects were observed with 120 s cadence.
ESS observes sections of the sky in sectors corresponding roughly

o 28 d. Each sector was inspected visually and each sector in which
he star displayed a large long term variability, such as e.g. changes in

ass transfer rate, were remo v ed from the analysis. For this reason,
e remo v ed sectors 2 and 27 in case of CW Hyi as well as sectors
0 and 41 in the case of AM Her. Moreo v er, we e xcluded data of
BC J0658.0–1746 taken before MJD 59214, where the mass transfer
ate in the system seemed to vary. The list of analysed sectors, starting
ates of each sector MJD 0 and list analysed objects is presented in
ab. 1 . Each sector was approximately 27 days long. The dates
orresponding to each sector can be found on the TESS website. 1 

e employed TESS data processed with the SPOC pipeline (Jenkins
t al. 2016 ). In order to remo v e an y secular lo w-amplitude v ariability
rom the data we fitted and subtracted a low-order polynomial from
ata in each sector. 
We measured the orbital periods with a Lomb–Scargle peri-

dogram (Lomb 1976 ; Scargle 1982 ) using a routine from Astropy
Astropy Collaboration 2013 , 2018 ). The obtained frequencies were
hen adjusted and their errors were calculated as standard errors of the
tted orbital variability (see e.g. Iłkiewicz et al. 2021 ). If more than
ne sector was available, we measured the orbital period using all
ectors simultaneously. Ho we ver, we used orbital frequencies from
iterature if a more accurate measurement was available. The orbital
hase was chosen arbitrarily so that the zero phase corresponds to
he maximum flux. The full list of employed orbital frequencies is
resented in Tab. 1 . 
In order to study the evolution of flickering one can use single

Bruch 1996 , 2000 ) or ensamble methods (Horne & Stiening 1985 ;
ennie et al. 1996 ). In this study, we used a modified ensamble
ethod. Namely, for each sector, we first phased the data with the
NRAS 516, 5209–5215 (2022) 
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rbital period and binned the data into 250 bins, equally distributed
ith the orbital period. Afterwards, we calculated the average flux in

ach bin, which resulted in an average orbital variability (Fig. 1 ). We
hen subtracted the mean orbital variability from the data. After this
rocess, the data points represent the deviation from the mean orbital
ariability that can be plotted against the orbital phase (Fig. 2 ). We
alculated the root mean square (RMS) of data points in each of the
50 bins used previously in order to directly compare the dependence
f the activity of the star to the changes in its brightness (Fig. 3 ). The
MS was normalized to the expected level of the instrumental noise
rovided by TESS . Hence, any relati ve RMS v alues higher than one
annot be explained by the instrumental noise. 

One of the factors increasing the RMS in observations of polars
ould be quasi-periodic oscillations (QPOs). Ho we ver, QPOs in

https://tess.mit.edu/observations/
art/stac2597_f1.eps
art/stac2597_f2.eps
art/stac2597_f3.eps
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Figure 4. A mean orbital variability (black line) and a RMS of the TESS 
observations with respect to the mean orbital variability (red line) for the 
polars with RMS and flux correlated. Top panel: MR Ser with TESS data 
from sector 24. Middle panel: MR Ser with TESS data from sector 25. Bottom 

panel: CTCV J1928–5001 TESS data from sector 27. 
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Figure 5. Same as Fig. 4 , but for BL Hyi and data from TESS sector 1 (top 
panel), sector 2 (middle panel), and sector 29 (bottom panel). 
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olars are observed on a time-scale of 0.1–1 Hz (e.g. Bera &
hattacharya 2018 , and references therein), which is below our time- 

esolution. Therefore, the observed changes in RMS should directly 
orrelate with the variability of the flickering amplitude. 

 RESULTS  

hile the location of the source of flickering in polars is not known,
t has been suggested that it may originate from a cyclotron or
eprocessed X-ray radiation at the bottom of the accretion column 
Bruch 2021 ). For this reason, Bruch ( 2021 ) suggested that flickering
n polars should be correlated with the changes in brightness. 

oreo v er, the same thing should be expected if flickering in polars
ollows the RMS-flux relation that is universal to flickering in other 
ystems (Scaringi et al. 2015 ). In fact, this is what Bruch ( 2021 )
bserved for V834 Cen. We observed a similar correlation for MR Ser
nd CTCV J1928–5001 (Fig. 4 ). Notably, CTCV J1928–5001 is an 
clipsing system (Tappert, Augusteijn & Maza 2004 ; Potter et al. 
005 ) and the flickering source is eclipsed simultaneously with the 
ain light source from the system (Fig. 4 ). This is consistent with

he model of Bruch ( 2021 ). 
Similar behaviour of flickering to MR Ser and CTCV J1928–
001 was observed for BL Hyi during the TESS sectors 1 and 2
Fig. 5 ). Ho we ver, during TESS sector 29 an additional eclipse is
isible at orbital phase of ∼0.40 (Fig. 5 ). This eclipse was present
oth in the mean light coming from the system as well as the
ickering component. A shallow and contemporary nature of this 
clipse suggests that it is due to a partial obscuration of the emitting
pot by the accretion stream (e.g. Ramsay et al. 2004 ; Bernardini
t al. 2014 , 2019 ). The appearance of a stream eclipse may suggest a
ignificant change in accretion geometry in BL Hyi between the first
wo TESS sectors and sector 29. Moreo v er, at orbital phase ∼0.28,
 new eclipse was present in the flickering component. This eclipse
f the flickering component was significantly more pronounced and 
as not accompanied by a variation of the mean light. 
During TESS sector 1 CW Hyi appeared to follow the expected 

orrelation between the mean light and flickering strength (Fig. 6 ).
he only exception was an eclipse of the flickering source at orbital
hase ∼0.0, which was not accompanied by any decrease in the
ean brightness. This eclipse is similar to the first eclipse of the
ickering source of BL Hyi during TESS sector 29. The eclipse of

he flickering source was not present in CW Hyi during sectors 28
nd 29. We note that the flickering was significantly stronger during
ector 1 while during sectors 28 and 29 the relative RMS was close
o unity, meaning that the eclipse could be hidden in the instrumental
oise. The decrease in the flickering amplitude in CW Hyi during the
MNRAS 516, 5209–5215 (2022) 
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Figure 6. Same as Fig. 4 , but for CW Hyi and data from TESS sector 1 (top 
panel), sector 28 (middle panel), and sector 29 (bottom panel). 
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Figure 7. Same as Fig. 4 , but for AM Her and data from TESS sector 14 (top 
panel), sector 25 (middle panel), and sector 26 (bottom panel). 

Figure 8. Same as Fig. 4 , but for VV Pup and data from TESS sector 34. 
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ast two sectors was associated by a decrease in the orbital variability
mplitude, which could be due to a decrease in the mass transfer rate.

PBC J0658.0–1746 is an eclipsing polar (Halpern et al. 2018 ).
hile the eclipse is present in the TESS data, it is not present in the

hanges of the flickering amplitude (Fig. 3 ). Therefore, the behaviour
f PBC J0658.0–1746 seems inverse to CW Hyi and BL Hyi, where
he eclipse of the flickering component was not reflected in changes
n the mean brightness. We note that the RMS level during the
BC J0658.0–1746 eclipse should be accepted with caution and

he RMS likely does not reflect the amplitude of flickering. The high
MS during the eclipse is most likely an artefact due flickering
mplitude smaller than the expected accuracy of measurements
Fig. 3 ). 

AM Her is the best-studied polar in our sample (e.g. Dai, Qian & Li
013 ). The mean orbital variability is observed as a peak in the mean
ight followed by a plateau in all of the observed TESS sectors (Fig. 7 ).
nterestingly, the increase in the mean light precedes the increase in
he flickering amplitude during all the TESS sectors. Conversely to
he rise to the peak, during the decrease from the plateau both the
ean light and flickering amplitude seem to be correlated. Moreo v er,

t appears that at the end of the plateau in the orbital variability
uring TESS sector 14 a second peak in the flickering amplitude is
resent. 
A similar variability to AM Her is present in VV Pup. The

ifference is that in VV Pup the plateau precedes the peak during the
NRAS 516, 5209–5215 (2022) 
rbital variability (Fig. 8 ). Similarly to AM Her during TESS sector
4, in VV Pup a second peak in the flickering component is observed
uring the plateau. Ho we ver , con versely to AM Her both the rise and
ecrease of the mean light and flickering amplitude in VV Pup occur
imultaneously. 

.1 The phased RMS-flux relationship 

hile the results of Bruch ( 2021 ) could suggest that in polars
mplitude of flickering during the orbital cycle should be correlated
ith changes in brightness, this was not al w ays the case in our sample.

art/stac2597_f6.eps
art/stac2597_f7.eps
art/stac2597_f8.eps
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Figure 9. The PRF relationships for polars, which demonstrates the relationship between the flickering amplitude and the mean flux as a function of orbital 
phase. The orbital phase is marked with colour. For clarity we binned data in 50 bins equally distributed with the orbital period. 
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n order to visualize this fact, we constructed orbital phase depend 
lots of RMS and mean flux (Fig. 9 ), hereafter phased RMS-flux
PRF) relationships. MR Ser, CTCV J1928–5001, and PBC J0658.0–
746 with exception of the time of eclipse clearly seem to follow
 linear PRF relation. Ho we ver, we stress that PRF relations are
undamentally different from RMS-flux relations commonly used 
o study flickering (e.g. Uttley et al. 2005 ). This is because PRF
s binned in orbital phase and a linear PRF relationship simply
MNRAS 516, 5209–5215 (2022) 
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isualizes a correlation between the mean light and amplitude of
ickering. Therefore, PRF relations cannot be used to discuss the
ature of flickering in a similar fashion as in Uttley et al. ( 2005 ). 
The most informative star in our sample is BL Hyi, as during

ESS sector 29 two eclipses of the flickering source occurred. This
mplies that flickering in this star originates in at least two distinct
ocations. The PRF relation of BL Hyi reflects this fact, which is
est visible during TESS sector 1. Namely, at orbital phases ∼0.4
nd ∼0.9 the star switches between two linear PRF relations (Fig. 9 ).
hese relations imply a higher flickering amplitude for a given flux
etween orbital phases ∼0.4 and ∼0.9. This is somewhat surprising,
s it suggests that an additional flickering component is visible when
he star brightness is lowest. A similar switch between two PRF
elations occurs in CW Hyi. Namely, during TESS sector 1 between
rbital phases ∼0.0 and ∼0.5, the relation is steeper. Conversely to
L Hyi, the switch between the two PRF relations in CW Hyi is

mooth. During TESS sectors 28 and 29, the flickering amplitude in
W Hyi is too low to draw any conclusions. 
The most puzzling PRF relation is observed in AM Her, where

 hysteresis-like dependent behaviour is observed (Fig. 9 ). Interest-
ngly, at orbital phase ∼0.5 a switch between two PRF relations oc-
urs without any changes in the mean brightness, which corresponds
o the plateau in the light curve (Fig. 7 ). This switch is reflected
y the fact that during TESS sector 14 a plateau was accompanied
y an increase in the flickering amplitude (Fig. 7 ). A similar switch
etween two PRF relations during a plateau was observed in VV Pup
Fig. 8 , 9 ). The fact that both of these stars experienced a similar
witch between two PRF relations during a plateau in the light curve
ould be useful for future models of flickering in polars. A model
f AM Her presented by G ̈ansicke et al. ( 2001 ) showed that during
he plateau observed by TESS a second peak in the light curve due
o cyclotron emission was expected. Since this peak was not present
n the TESS observations, it is possible that it was eclipsed by the
ccretion stream. Ho we ver, this peak was present in the variability
f flickering amplitude, which would imply that flickering could
riginate as reprocessed cyclotron emission above the cyclotron
mission place of origin. This is similar to suggestion of Bruch
 2021 ) that flickering is directly from cyclotron radiation near the
ost-shock region. 

 DISCUSSION  A N D  C O N C L U S I O N S  

n this work, we analysed the dependence of flickering amplitude on
he orbital phase in a sample of seven polars. This is the biggest
ample of polars studied with this method, where the previous
amples included single objects (e.g. Bruch 2021 ). 

We found that MR Ser, CTCV J1928–5001, and PBC J0658.0–
746 with exception of the time of eclipse followed the expected
orrelation between the brightness of the system and the flickering
mplitude. Ho we ver, the behaviour of the remaining polars was
ifferent in each case. In some of the objects, the flickering source
as eclipsed without any associated changes in brightness. In BL Hyi

wo eclipses of the flickering source were observed during an orbital
ycle, only one of which was accompanied by changes in the mean
rightness. The results suggest the presence of at least two distinct
ickering sources in some polars. 
During the orbital cycle, some of the polars switch between two

eparate linear PRF relations. Moreo v er, the source of flickering can
e eclipsed during an orbital c ycle ev en when there is no eclipse of
he dominant light-source. Alternatively, in some of the objects, the
ominant light-source could be eclipsed while the flickering source
as not eclipsed. This could be the case in AM Her, where the
NRAS 516, 5209–5215 (2022) 
MS-flux relation showed hysteresis-like behaviour and a significant
hange in the flickering amplitude during the optical plateau. These
esults suggests that at least one flickering source originates in a large
istance from the main light-source. Moreo v er, the fact that some
olars show one PRF relation and in some polars two separate linear
RF relations are present may suggest that each relation originates at
ifferent accretion pole. If confirmed, this may be used to distinguish
etween one- and two-pole accreting white dwarfs. 

While we showed that at least two flickering sources are present in
ome of our objects, it seems that only one can be located. Namely,
e partially confirm the conclusion of Bruch ( 2021 ) that flickering
riginates from a cyclotron or reprocessed X-ray radiation at the
ottom of the accretion column. The second source of flickering
emains elusi ve. Ho we ver, the second source could be located when
 detailed comparison to the models of polars similar to the one
resented by G ̈ansicke et al. ( 2001 ) will be performed in the future.
ne of the possibilities that would ensure a large distance between

he main light-source and location of flickering would be flickering
enerated by accretion of large diamagnetic blobs (Halevin et al.
002 ). If cyclotron radiation is a significant source of flickering,
yclotron beaming can influence the amplitude of flickering at a given
rbital phase. This can be tested by studying the changes of flickering
mplitude with orbital phase at different wavelengths. Since the
ffects of cyclotron beaming decreases at lower wavelengths, its
nfluence on changes in amplitude of flickering will be depended
n the observed spectral range. Ho we v er, a wav elength depended
ehaviour of flickering may be associated with different models and
olarimetric observations may be needed to unravel the connection
etween flickering in polars and cyclotron radiation. 
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