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ABSTRACT

GK Per, a classical nova of 1901, is thought to undergo variable mass accretion
on to a magnetized white dwarf (WD) in an intermediate polar system (IP). We or-
ganized a multi-mission observational campaign in the X-ray and ultraviolet (UV)
energy ranges during its dwarf nova (DN) outburst in 2015 March-April. Comparing
data from quiescence and near outburst, we have found that the maximum plasma
temperature decreased from about 26 to 16.21‘8:2 keV. This is consistent with the pre-
viously proposed scenario of increase in mass accretion rate while the inner radius of
the magnetically disrupted accretion disc shrinks, thereby lowering the shock temper-
ature. A NuSTAR observation also revealed a high-amplitude WD spin modulation
of the very hard X-rays with a single-peaked profile, suggesting an obscuration of the
lower accretion pole and an extended shock region on the WD surface. The X-ray
spectrum of GK Per measured with the Swift X-Ray Telescope varied on time-scales
of days and also showed a gradual increase of the soft X-ray flux below 2 keV, ac-
companied by a decrease of the hard flux above 2 keV. In the Chandra observation
with the High Energy Transmission Gratings, we detected prominent emission lines,
especially of Ne, Mg and Si, where the ratios of H-like to He-like transition for each el-
ement indicate a much lower temperature than the underlying continuum. We suggest
that the X-ray emission in the 0.8-2 keV range originates from the magnetospheric
boundary.

Key words: (stars:) novae, cataclysmic variables — stars: individual: GK Per

1 INTRODUCTION Kim et al. 1992 for the application of the disc instability
model to GK Per).

GK Per underwent a nova explosion on 1901 February 21
GK Per, at a distance of 470 pc (McLaughlin 1960),

(Williams 1901) and after a long period of irregular fluctua-

tions, in 1948, it started to behave like a dwarf nova (DN), is the second closest nova to us and the best monitored
with small amplitude (1 — 3 mag.) outbursts lasting for up at quiescence. It is surrounded by an expanding nova
to two months and recurring at intervals that can be roughly shell, which emits in the X-rays (Balman 2005; Takei et al.
expressed as nx(400 £ 40) days (Sabbadin & Bianchini 2015), weakly in UV (Evanset al. 1992), optical (e.g.
1983). The widely accepted explanation of these outbursts Shara et al. 2012), infrared (e.g. Eyres et al. 1999) and ra-

dio (Anupama & Kantharia 2005) bands and has a complex
structure with numerous knots (Liimets et al. 2012) and a
jet-like feature.

The orbital period is 1.9968 d (Crampton et al. 1986;
Morales-Rueda et al. 2002). The secondary is a K2-type sub-
* E-mail: polina.zemko@studenti.unipd.it giant mass of 0.25-0.48 Mq, (Warner 1976; Watson et al.

is a recurring thermal instability in the inner part of the ac-
cretion disc (inside-out outbursts; see Bianchini et al. 1986,

(© 2002 The Authors


http://arxiv.org/abs/1705.07707v1

2 P. Zemko, M. Orio, G. J. M. Luna, K. Mukai, P. A. Evans, A. Bianchini

1985; Morales-Rueda et al. 2002) and the mass of the pri-
mary is 0.8640.02 M, (Suleimanov et al. 2016). GK Per has
an extended accretion disc (~10'" cm) and interpreting the
typical duration of DN outbursts in GK Per as the viscous
decay time-scale Evans et al. (2009b) find that only about
10 % of the disc is involved in the outbursts.

King et al. (1979) and Bianchini & Sabadin (1983) pro-
posed that GK Per hosts a magnetic white dwarf (WD).
Watson et al. (1985) discovered a modulation with a 351 s
period in the X-ray light curve and proposed that this is
the WD spin period. Watson et al. (1985) also noticed that
the pulse fraction is 50 % above 3 keV and up to 80 % be-
low 3 keV, but does not depend on the mean X-ray flux.
The pulse profile is single-peaked in outburst and double-
peaked, with smaller amplitude in quiescence (Norton et al.
1988; Hellier et al. 2004).

Apart from the spin-related modulation, during out-
bursts GK Per shows quasi periodic oscillations (QPOs)
in X-rays and in the optical band with the characteristic
time-scale of several kiloseconds (e.g Watson et al. 1985;
Morales-Rueda et al. 1999; Nogami et al. 2002; Hellier et al.
2004). This time-scale is exceptionally long compared to
what is typically observed in CVs (Warner 2004). QPOs
with periods of 360-390 s were also detected in optical
observations of GK Per by several authors. Watson et al.
(1985) noticed that the beat period between the spin period
and the shorter-period QPOs is in the kiloseconds range,
close to the period of the longer QPOs. Morales-Rueda et al.
(1999) explored this idea, assuming that the QPOs are due
to absorption of the emission from the innermost regions
of the accretion disc by blobs of material in the magneto-
sphere. The 360-380 s period in this model is due to the
the Keplerian velocity in the inner disc radius. Hellier et al.
(2004) argued that this scenario explains the optical data of
Morales-Rueda et al. (1999), but does not fit the X-ray ob-
servations. These authors suggested instead that bulges of
material in the inner edge of the accretion disk, high above
the disc plane, obscure the WD and the ~5000s period is due
to the slow-moving prograde waves in the innermost region
of the disc (Warner & Woudt 2002).

Several pieces of evidence indicate that during DN out-
bursts the accretion disk in GK Per pushes the magneto-
sphere towards the surface of the WD (Hellier et al. 2004;
Vrielmann et al. 2005; Suleimanov et al. 2016) as expected
by theory (see, e.g., Ghosh & Lamb 1979). This scenario,
first proposed by Hellier et al. (2004) in analogy with XY
Ari (Hellier et al. 1997), explains the single-peaked pulse
profile as a consequence of cutting off the line of sight
to the lower accreting pole. The maximum plasma tem-
perature in GK Per in quiescence is higher than in out-
burst (Brunschweiger et al. 2009), which can also be un-
derstood in the context of the shrinking of the accretion
disc (Suleimanov et al. 2005). However, while the hard X-ray
emission can be explained as due to the accretion columns
emitting bremsstrahlung radiation that is highly absorbed,
the broad-band X-ray spectrum of GK Per and its evolution
during outbursts are much more complex. Simon (2015) no-
ticed that the halt of the rise of the hard X-ray luminos-
ity is not modelled only by just assuming increased absorp-
tion, and probably involves large structural changes of the
accreting regions. Mukai et al. (2003) have shown that the
outburst X-ray spectrum of GK Per below 2 keV is not con-

sistent with a “typical” cooling-flow spectrum of an accreting
WD and proposed a considerable contribution of photoion-
ization. Vrielmann et al. (2005) and Evans & Hellier (2007)
noticed that the soft X-ray emission of GK Per detected dur-
ing the 2002 outburst may originate in the heated surface of
the WD, like in the case of “soft intermediate polars”.

On 2015 March 6.84 Dubovsky (VSNET-ALERT
18388) and Schmeer (VSNET-ALERT 18389) discovered
that GK Per has started a new DN outburst and was at
a magnitude 12.8. We proposed a multimission observation
campaign in order to follow the evolution of the object dur-
ing the outburst and to obtain X-ray spectra in a broad en-
ergy range, revealing the physical processes that take place
in this binary system.

2 X-RAY OBSERVATIONS AND DATA
ANALYSIS

We started the observations of the 2015 DN outburst of
GK Per as soon as it became observable with Swift on
March 12 2015, and we could follow the outburst almost
until the optical maximum. We wanted a higher cadence
than in the previous 2006 outburst Swift monitoring, and
obtained two exposures per day for two weeks and one expo-
sure per day in the following two weeks. During the first two
weeks of the monitoring the Swift X-Ray Telescope (XRT)
(Burrows et al. 2005) was in the automatic state (Hill et al.
2005), choosing the photon counting (PC) or window tim-
ing (WT) operating mode depending on the source count
rate. During the second two weeks the monitoring was per-
formed only in the WT mode. The Swift Ultraviolet Optical
Telescope (UVOT) was in the image mode, providing the
mean magnitude per exposure in one of the four UVOT
filters (U, UVW1, UVM2, UVW2). Coordinated NuSTAR
and Chandra Advanced Imaging Spectrometer High-Energy
Transmission Grating (ACIS-S/HETG) observations were
performed on April 4 2015, close to the optical maximum.
The Chandra ACIS-S/HETG consists of two sets of gratings
(Canizares et al. 2005), operating in the 31-2.5 A (Medium
Energy Grating) and 15-1.2 A (High Energy Grating) en-
ergy ranges with the resolution better than 0.023 A. NuS-
TAR has two detectors: FPMA and FPMB, covering the
same energy range, from 3 to 79 keV. The time resolution
of all the instruments used for the observations is better
than 2.5 s, which is much shorter than the periodicities we
expected to find. The Swift XRT spectra and the mean
X-ray count rate per snapshot in the 0.3-10 keV energy
range were obtained using the Swift XRT data products
generator (Evans et al. 2009a, 2007), subsequently perform-
ing the barycentric correction with an applet!, created by
Eastman et al. (2010). The Swift XRT light curves in the
WT mode and in the PC mode (the latter excluding the cen-
tral region and subsequently running xrtlccorr, because of
the pile-up) and the UVOT data were processed with the
ftools package. The Swift XRT light curves were barycen-
tric corrected using barycorr tool.

We also used the processed Swift Burst Allert Tele-
scope (BAT) data from the Swift BAT transient monitor

L http://astroutils.astronomy.ohio-state.edu/

MNRAS 000, 1-15 (2002)



page (Krimm et al. 2013). The Chandra data were reduced
with CIAO v.4.7 and the NuSTAR data with the stan-
dard nuproducts pipeline. The NuSTAR and Chandra light
curves were barycentric corrected. The X-ray spectra were
analysed and fitted with XSPEC v. 12.8.2. The list of the
observations with the exposure times and count rates is pre-
sented in table 1.

3 DEVELOPMENT OF THE OUTBURST

Figure 1 shows a comparison between the development of the
outburst in the optical, UV and X-rays. The top panel is the
optical light curve, which was obtained from The American
Association of Variable Star Observers (AAVSO)2. The be-
ginning of the outburst in the optical band was taken as a
reference and is marked with the red dashed vertical line
in all the panels. The maximum of the outburst in the op-
tical band is also marked with the blue line. The second
panel shows the Swift UVOT data in different filters. All
the UVOT light curves showed a gradual rise. The images
in the lower energy filter — U — and the last observations
in the UVW1 and UVW2 filters were saturated and pro-
vide only lower limits for the magnitudes. We analysed also
quiescence Swift UVOT observations of GK Per obtained in
2012 to find the amplitude of the outburst in the UV range.
Table 2 shows the quiescent UVOT magnitudes.

The third panel is the Swift XRT light curve averaged
within a snapshot in the whole energy range: from 0.3 to 10
keV. The count rate varied from 0.7 to about 3 cnts s~* but
did not show any significant increasing or decreasing trend.

We missed the initial steep rise, observed only with the
Swift BAT, because GK Per was too close to the Sun, and
observed only a plateau in the Swift XRT light curve. In fig.
1, the bottom panels show the soft (0.3-2.0 keV) and hard
(2.0-10 keV) XRT light curves. The hard count rate is more
scattered in comparison with the soft one and decreased as
the outburst developed. The soft count rate, in turn, showed
a prominent rise, which resulted in a gradual decrease of
the hardness ratio (panel 5) with minimum around MJD
57113, 25 days after the beginning of the outburst. The light
curve measured with the Swift BAT is more stable and only
showed a moderate decrease after maximum around day 10
after the outburst. The flux increase started 2 days earlier
in the Swift BAT energy range than in optical.

4 TIMING ANALYSIS
4.1 Broad band power spectra.

For our timing analysis we extracted the Swift XRT, NuS-
TAR (the FPMA and FPMB detectors were combined) and
Chandra light curves and binned them every 10 s. In or-
der to investigate a possible energy dependence of the X-ray
variability we split the Swift XRT light curve in two ranges:
0.3-2.0 and 2.0-10 keV, the Chandra HETG light curve was
extracted below 6 A and above 6 A and the NuSTAR one
above and below 10 keV. Chandra hard and NuSTAR data
show a strong periodic modulation, which can be seen in fig.

2 https://www.aavso.org/
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2. For visibility in fig. 2 the Chandra count rate was multi-
plied by a factor of 20. To study this modulation quantita-
tively, we constructed Lomb-Scargle periodograms (Scargle
1982) of various data in soft and hard energy bands. The
Lomb-Scargle periodograms (LSPs) in a broad range of pe-
riods for all the light curves are presented in fig. 3. The
top-left-hand panel shows the LSPs of hard (black) and soft
(red) Swift XRT light curves. The highest peak of the hard
LSP corresponds to the WD spin period — 351.33 s. The
spin modulation is not present in the LSP of the soft Swift
XRT light curve: it shows peaks only at longer time scales
with the strongest one at 5736 s. Although QPOs in GK
Per on a time-scale of ~5000 were reported by many au-
thors, this period is too close to the Swift orbital period of
5754 s to be distinguished from the windowing in the obser-
vations. The top-right- and bottom-left-hand panels of fig.
3 show the LSPs of the Chandra HETG and the NuSTAR
light curves, respectively. There is no peak in the Chandra
soft LSP at 5736 s period, which confirms that this peak
in the soft Swift periodogram does not correspond to a real
modulation. On the other hand, the NuSTAR and the hard
Chandra LSPs show peaks at ~7000 s. These light curves are
indeed variable on the time-scales of kiloseconds, as shown
by fig. 2.

The blue dashed lines in the top-right- and bottom-left-
hand panels show the LSPs after the subtraction of the peak
corresponding to the spin period. We fitted and subtracted a
sine function with a fixed period of 351.33 s from the original
data, and plotted the LSPs again. The peak close to half of
the spin period remained in the hard NuSTAR and Chandra
LSPs.

4.2 Energy dependence of the WD spin
modulation.

All the LSPs of the light curves extracted above 2 keV show
a prominent peak corresponding to the WD spin period,
while neither Chandra nor Swift soft LSPs show any. The
absence of the spin modulation in the region of 0.3 — 2 keV
may indicate that this emission component has a different
origin and is visible during the whole spin cycle. We also
extracted the light curves from the Chandra HETG data in
the regions of the strongest emission lines of Mg, Si and Fe
Ka 6.4 keV and checked whether the flux in these lines is
modulated with the orbital or with the spin period. Only
the Fe Ka line emission showed spin modulation, while the
flux in the other emission lines had aperiodic fluctuations.

The peak corresponding to the spin period is present
even in the LSP of the NuSTAR light curve above 10
keV. Typically the spin modulation of IPs is not de-
tected, or only marginally measurable, in the hard X-rays
(Norton & Watson 1989; Mukai et al. 2015), since the cross-
section of the photoelectric absorption that usually causes
the modulation decreases with energy. The effect of photo-
electric absorption is not significant above 10 keV, so the
observed high energy modulation might originate in a dif-
ferent mechanism than absorption of the accretion column
emission. The comparison of the phase folded NuSTAR light
curves in two energy ranges (fig. 3) confirms that the spin
modulation is not energy dependent: the spin profiles are
almost identical.



4  P. Zemko, M. Orio, G. J. M. Luna, K. Mukai, P. A. Evans, A. Bianchini

o__ : .A .:' °
= AAVSO . . ‘o ... ol® ! ) t.
- +— [ )
o - : E ° "J:‘ b . 1\ : IS
I = @ alf '.'\%"... 8 x 12
= d I net '}0 ° s < ,E
u LOFgoet S+h . &
| 8 ® e 5! s
o : XX} o =
o — LY Al | L
- ] ]
- U[3465A] ' -

_ g— UVW1 [2600A] | t i:i
S - uvm2[2246A] ! !
S o | 2 ki [

c;'i— UVW2 [1928A] |
. | |
("0. 1 1
— — ] ]
3_ 1 I 1
]
‘Ticn o] ! ! i :
2“1 switxrT 411 : % .
c 23 | Iis L TP
G 9 0.3-10kev ! i1 fI !!;!.,!.:1_’.!,}: FR L Dlady
o ! ' L I !
S i i
- [} I [}
rll _ | i : 1
[} : |
o - SwitxrT I‘%{:I' Inhi] i i -
c 2 2-10kev | {{ LR IR S oo Lo
&) 0.3-2.0keV .L b i} i L ;-:.!"fl’-f:.i*:’.* ot
o_| 1 z i.h;‘, U S - (e
o 1 1
o ] ]' I ]
— [} . [}
©o—{ Hardness |, 8 n {[ ; ;
X o ratio ! > { i, ih‘ . !
T o] 2-10kev | # f %igi :
- | . ", |
N 03-2keV 0 : L S
g— e E X xxx% % ,‘_x,*x’a’«:“x
T o ) ] ]
NZ Swift BAT , )I( ,I(,I( \
'c 8- 15-50kev £k % X X !
§ s gy x¥2g ¥ %** SN S IFL I t
1] *x %, ** | *
I REREEEEEE LT LR EEEEEEEEEEEE
© — ) |
S | | | |
57080 57090 57100 57110 57120

MJD

Figure 1. From top to bottom: AAVSO light curve in the V band (grey) and without a filter (black). The red and blue vertical lines
in all the panels mark the beginning (MJD 57088.34) and the maximum (MJD 570120) of the outburst in the optical band. The Swift
UVOT light curves in different filters. The Swift XRT light curve in the PC (red) and WT (black) modes. The Swift XRT light curves
above 2 keV (black) and below 2 keV (red). The X-ray hardness ratio from the data obtained in the WT (red) and PC (black) modes.
The Swift BAT light curve.
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Figure 2. NuSTAR FPMA+FPMB light curve binned every 10 s (black) and the Chandra HETG light curve in the 1-6 A wavelength
range, binned every 20 s (red) and multiplied by a factor of 20 for visibility.
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the Chandra HETG data in the energy range 1-6 A before (red) and after (blue) subtracting the highest peak, at 351.5 s. The red line
shows the LSP of the Chandra HETG data in the energy range 6-30 A. Bottom-left: the LSP of the NuSTAR data in the 10 — 79 keV
(black) and 3 — 10 keV (red) energy range. The blue line shows the LSP of the NuSTAR data in the 10 — 79 keV range after subtracting
the peak at 351.3 s. The horizontal dashed lines show the 0.3% false alarm probability level at all the LSPs. Bottom-right: the NuSTAR
light curve in the 3 — 10 keV (red) and 10 — 79 keV (black) ranges, folded with the WD spin period of 351.3 s

4.3 Evolution of the spin pulse profile with the folded them with the 351.3 s period using a constant number

Swift XRT. of bins. The result is shown in fig. 4: the pulse profile be-
comes smoother with time and stabilized by day ~20 after
the beginning of the outburst in optical. The pulse ampli-
tude also depends on the mean value of the count rate. This
will be further explored using the NuSTAR data.

The next step was to explore the spin modulation of the
light curves. We first investigated how the spin pulse profile
changed as the outburst developed. Since the modulation
is mostly seen in hard X-rays, we combined the Swift XRT
light curves above 2 keV in groups of three exposures and

MNRAS 000, 1-15 (2002)
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Figure 4. Evolution of the spin pulse profiles in the Swift XRT light curves above 2 keV. We combined every three individual observations
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period as a function of time and the result of the linear fitting.

4.4 WD spin-up rate.

We measured the spin period more precisely combining the
NuSTAR, Swift XRT light curve extracted above 2 keV and
the Chandra HETG light curve in the 1-6 A wavelength

range. Since the spin amplitude in each instrument is a sim-
ilar fraction of the mean count rate, and the mean count
rate is much lower for Swift XRT and the Chandra HETG,
we first normalized the light curve from each instrument
to its mean count rate. In order to account for possible
long-term variability we removed linear trends from each
segment the NuSTAR light curve, from the Chandra light
curve and from each Swift observation before applying the
phase dispersion minimization (PDM) method (Stellingwerf
1978). Fig. 5 shows that the PDM analysis resulted in a
value of the spin period Pgpin= 351.3255(6) s. Combining
the WD spin measurements performed by Eracleous et al.
(1991); Watson et al. (1985); Norton et al. (1988); Patterson
(1991); Hellier et al. (2004); Mauche (2004) and following a
discussion by Patterson (1991) and Mauche (2004), we fit-
ted the trend of Pgpin as a function of time with a linear
function. The uncertainty in the spin-up rate is due to the
uncertainty in the period derived from the FEinstein data:
two different values, 351.3383 and 351.3403 s, resulted in an
acceptable fit, and adopting each of them yields a spin-up
rate of 0.00033(2) s yr~' and 0.00041(2) s yr™ ', respectively.

Using the new value of the spin period (Pspin=
351.3255(6) s), we also calculated the ephemeris of the pulse
maxima. The Modified Barycentric Julian Date (MBJD) of
the maxima can be found as:

Tmax(MBJD) = 57093.51666(21) + 0.004066267(7) « E (1)

4.5 Orbital variability of the spin period.

Watson et al. (1985) pointed out that the spin period should
be modulated with the orbital one (i.e. X-ray radial velocity
curve), but taking into account the estimates of the binary
parameters of GK Per, the authors concluded that these
variations would be below the detection limit. With the most
recent measurements of the mass ratio ¢, WD mass Mwnp,
binary inclination angle ¢ and orbital period P, we de-
rived the expected amplitude of variation of the pulse period
A Pypin with orbital phase. The semi-major axis of the WD’s

MNRAS 000, 1-15 (2002)
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orbit is:

P Porb
GeSinG = — (2)

where K, is the radial velocity semi-amplitude. Assuming a
circular orbit (Crampton et al. 1986) we can write:

Py K3 1\?
M2 sin3i = # <1 -+ E) (3)

Using ¢ = M2 /M, and equation 3 we obtain the semi-
major axis in light-second:

qP%, GMwp ]1/3

az = - [ I (11 q)? light — second (4)

where c is the speed of light. Thus, we finally obtain A Pypin
as:
%az sini s (5)
Using the measurements of Morales-Rueda et al. (2002)
and Suleimanov et al. (2016) (¢ = 0.55 £ 0.21, Mwp >
0.86 £ 0.02 M), Por, = 1.9968 4 0.0008 d) we find that
agsini = 6.1+1.8sin7 lt-sec and A Pspin = 0.078+0.023 sin ¢
s. Since the binary inclination lies within the range 50—
73° (Morales-Rueda et al. 2002), the result is APgin =
0.042 — 0.096 s. Thus, the orbital modulation of the spin
period significantly affects the measurements of the latter

AF’spin -
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if the observations last for a shorter time than the orbital
period. In fact, in fig. 3 we show that the spin period derived
from the Chandra observation, which is the shortest one, is
measured to be longer.

In order to explore a possible spin period variation with
the orbital period in our data we combined the NuSTAR
and the Chandra HETG 1-6 A light curves, both cover-
ing half of the orbital period. Since the light curves show
also variability on a kilosecond time-scale (see fig. 2) we fit-
ted and subtracted 5-order polynomial functions from light
curve segments lasting 14 rotation periods each. The resul-
tant, “flat” light curve, was then divided in four parts of
equal length and the spin period was measured in each part
with the PDM method.

Unfortunately, we only have the ephemerides of
Morales-Rueda et al. (2002), obtained almost 20 years ago,
so the error on the phase determination may make it non sig-
nificant. However, the orbital period itself is precisely mea-
sured, and in fig. 6 we show that Pipin is indeed variable.
Fitting its orbital period dependence with a sine function,
we find APspin = 0.050(18) s. This is close to the lower
limit of the expected range of APspin. We note, however,
that flickering cannot be removed, so the uncertainty in this
measurement is large.

We applied the template fitting method described in
Kato et al. (2009) to the NuSTAR light curves extracted
above and below 10 keV in order to measure the pulse frac-
tion. We folded the light curves with the 351.3255 s period,
fitted the mean pulse profile with a spline function and then
used this spline template to fit individual pulses and to mea-
sure the amplitude and the mean count rate per pulse. The
pulse amplitude was calculated as (fitted pulse maximum -
fitted pulse minimum)/2. The bottom panel of fig. 6 shows
the result. The correlation between the mean count rate and
the amplitude of pulse is very prominent and can be fitted
with a linear function, providing values of the pulse fraction
of 65 and 57% for the soft and hard light curves, respectively.
Variation of the mean count rate reflects the long term vari-
ability on the time-scale of kiloseconds (QPOs). The spin
modulation is due to the geometric effects and the linear
dependence between the mean count rate and the pulse am-
plitude suggests that QPOs in the NuSTAR energy range
are due to the intrinsic variability of the emitting source.

5 SPECTRAL ANALYSIS

The X-ray spectrum of GK Per is very complex. The long-
term observations with Swift showed that it is also quite
variable, as demonstrated by the hard and soft X-ray light
curves in fig. 1. Fig. 7 shows the comparison of the Swift
XRT spectra obtained on different days, including only spec-
tra with at least 14 data points after we binned the PC mode
spectra with a minimum of 20 counts per bin, and the WT
mode ones with at least 40 counts per bin. We divided the
measurements by the response effective area, so the WT and
PC mode spectra could be directly compared. Since all the
exposures were longer than the spin period, rotation depen-
dent variability is smeared out. In order to look for possi-
ble orbital phase dependence of the spectrum we marked
the corresponding orbital phase (from the ephemerides in
Morales-Rueda et al. 2002) in each panel. We also labelled
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each panel with the mean count rate. We did not find sig-
nificant spectral variability dependent on the orbital phase,
although all the spectra were different from day to day, some-
times with a narrow minimum around 2 keV, other times
with a flatter shape around this value. Because of these vari-
ations there was no possibility to perform a simultaneous fit
of the Swift XRT data and the data from the Chandra and
NuSTAR observations and we will discuss these observations
separately.

From the timing analysis we found that there are at
least two different sources of X-ray emission in GK Per:
one dominates above 2 keV and originates somewhere close
to the WD, since the flux in this range is modulated with
the WD spin period, and the second source, dominating be-
low 2 keV, is visible during the whole spin cycle. We first
analysed the hard portion of the X-ray spectrum using the
NuSTAR and Chandra HETG observations. The Chandra
HETG spectra, having higher energy resolution provide bet-
ter constrain on the metallicity and the structure of the Fe
K complex, while the NuSTAR data allow us to measure the
shock temperature.

5.1 The hard X-ray spectral component.

Hard X-ray emission of accreting magnetic CVs originates
in their accretion columns, where the post-shock plasma
is cooling mostly via bremsstrahlung radiation and K and
L shell line emission as it settles on to the surface of
a WD. Therefore, for the hard continuum we used the
cooling flow model mkcflow, which calculates a plasma
in collisional ionization equilibrium (CIE) with a range
of temperatures. vmcflow model is a modification of the
mkcflow with variable abundances of individual elements.
This model was originally created for clusters of galaxies
(Mushotzky & Szymkowiak 1988) but can also be applied
to CVs (Mukai et al. 2003). The highest plasma temperature
(the shock temperature) is an important parameter for mag-
netic CVs, allowing to estimate the WD mass (Aizu 1973).
The emissivity function in the mkcflow model is the inverse
of the bolometric luminosity and the model’s normalization
constant is the mass accretion rate. In order to investigate
the hard X-ray emission, we attempted a simultaneous fit
of the NuSTAR spectra and the Chandra HEG4+MEG spec-
tra above 2.5 keV. The NuSTAR FPMA and FPMB spectra
were fitted together, but the FPMB model was multiplied by
a constant to account for a slightly different response of the
two detectors. We used the vmcflow model to test the abun-
dances. The value of the interstellar absorption was obtained
from the reddening F(B — V) = 0.3 (Wu et al. 1989) and
the nH-E(B — V) relation from Bohlin et al. (1978). The
shape of continuum above 2 keV indicates that the emission
is highly absorbed, but even with partially covering absorber
we could not fit the data. A better result was obtained with
the pwab model (Done & Magdziarz 1998), in which the frac-
tion of X-rays affected by a given column density N(H) is a
power-law function of N(H) with index 8. We fix the lower
temperature of the vmcflow model to the lowest possible
value — 0.0808 keV because a heavily absorbed spectrum
like that of GK Per does not allow us to determine it accu-
rately, and physically we expect it to be equal to the white
dwarf photospheric temperature.

We also added a Gaussian component to fit the Fe Ka

fluorescent line at 6.4 keV. The model’s parameters of the
best fit are in table 3. The NuSTAR and the hard part of
the Chandra spectrum together with the described model
are presented in fig. 8. The inset shows the Fe complex mea-
sured in the Chandra HEG spectrum. The model slightly
underestimates the flux in the forbidden line of the Fe xxv
triplet, which may indicate contribution of the photoioniza-
tion processes. There are also residuals around 6.2-6.3 keV,
suggesting Compton-down-scattering of photons. A similar
“shoulder” of the Fe Ka line was detected in previous Chan-
dra HETG observations of GK Per (Hellier & Mukai 2004).
We used the same procedure of the template fitting, de-
scribed in the previous section, to find the pulse maxima and
to extract the on-pulse and off-pulse NuSTAR spectra. As-
suming that the pulse maximum is at ¢=0.5, we chose time
intervals corresponding to the 0.3 — 0.7 and 0.8 — 1.2 spin
phases and used them to extract the on-pulse and off-pulse
NuSTAR FPMA spectra. These spectra are shown in fig. 9 in
comparison with the mean one. All three spectra are remark-
ably similar. We fitted the on-pulse and off-pulse spectra ap-
plying the best-fitting model described above, freezing the
maximum plasma temperature, metallicity and the Fe Ka
line width. The best-fitting parameters in table 3 show that
the variation between the on-pulse and off-pulse spectra is
due to the normalization of the cooling flow component.

5.2 The Chandra observation.

We analysed the spectrum below 2 keV focusing on the
Chandra HETG data to investigate the emission lines ra-
tio and to derive conclusions about the plasma tempera-
ture and density and about the mechanism of ionisation.
Useful indexes of the plasma properties are the R=f/i and
G=(f + i)/r ratios, where r, ¢ and f are the fluxes in the
resonance, intercombination and forbidden lines of the He-
like triplets, respectively, and the ratios of H-like to He-like
resonance lines of the same species (Gabriel & Jordan 1969).

We fitted all the emission lines in the Chandra MEG
spectrum with Gaussians, assuming that the Ne, Mg and Si
lines are absorbed only by the interstellar absorption, and
we used a power law to represent the level of continuum. We
also assumed that the widths of the lines within a triplet
were constant and fixed the distances between these lines to
the table values. For the Gaussian fit of the Fe K complex
in the Chandra MEG we also introduced the pwab model
with the parameters of the fit of the mean NuSTAR spec-
trum and a bremsstrahlung component at kT=14 keV for
the underlying continuum. We did not find any significant
line shifts departing from the laboratory wavelengths. The
resulting broadening and flux are presented in table 4 and
in fig. 10. We also measured the R and G ratios for the Si,
Mg and Ne triplets, and give them in table 5.

The G ratio is around 2, which means that there is no
strong photoionizing component (in the case of pure pho-
toionized plasma G is ~4). We either have a collisional-
ionization mechanism or a ‘hybrid plasma’, a mixture of col-
lisional and photoionization (Porquet & Dubau 2000). The
He-like triplets of different elements show very different line
ratios. The SiXiII triplet has a very strong forbidden line,
which cannot be explained solely with collisional ionization,
while Mg x1 and Ne1x have quite weak forbidden lines, but
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Figure 7. Evolution of the Swift XRT spectra of GK Per with time. The black points are data obtained in the PC mode and the red
ones in the WT mode. The mean count rate and the corresponding orbital phase are marked on each panel.
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Figure 8. The unfolded NuSTAR FPMA (blue), FPMB (green),
Chandra MEG (black) and HEG (red) spectra and the best-fitting
model. The model components are marked with the dashed lines.
The inset shows the Fe complex in the Chandra HEG spectrum.

very strong intercombination lines, which indicates a high
density (Porquet & Dubau 2000).

Mukai et al. (2003) showed that the Chandra HETG
spectrum of GK Per obtained during the outburst in 2002 is
consistent with the predictions of a photoionization model
with a power law as the photoionizing continuum. Although
the power law emission gave a good approximation, and
could indeed photoionize the plasma in which the soft X-
rays emission lines are produced, such a non thermal com-
ponent in a CV does not seem to have a physical reason.
Given also the G ratio and the absence of a clearly non-
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Figure 9. The NuSTAR FPMA mean (black), on-pulse (red) and
off-pulse (grey) spectra and the best fitting model. The model
components are marked with the dashed lines.

thermal component in the NuSTAR range, we do not favour
this explanation for the present set of observations.

The top panel of figure 11 shows the comparison of the
Chandra MEG spectrum obtained in 2015 with Chandra
MEG data discussed in Mukai et al. (2003). The most recent
spectrum of GK Per has much weaker lines in the region
above 20 A which is due to contaminant build-up of the
Chandra HETGHACIS detector. The low energy effective
area is reduced in 2015 compared to 2002. The intensities of
the lines that are in the 6-11 A region are almost the same.
The Chandra spectra in fig. 11 give an additional proof that
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Figure 10. Gaussian fits of the strongest emission lines of the
Chandra HEG (top) and MEG spectra. In the fits we assumed
that the value of o is the same within a triplet. The distances
between the lines in a triplet were fixed to the table values. The
values of o of the Fexxvi and Fexxv, ¢ ; lines were fixed to the
instrument resolution.

there are several distinct sources of emission: there is no
correlation between the 6-11A emission lines strengths and
the hard continua below 5 A.

The N vII line detected in the Chandra MEG 2002 and
2015 spectra showed remarkably different profiles in compar-
ison to the other lines. The N vII line’s regions are shown in
fig. 12. In March 2002 and April 2015 two different emission
lines were resolved around the rest-frame position of N vii,
while in April 2002 another blue-shifted component could be
distinguished. Table 6 shows the central positions and the
unabsorbed fluxes of all the lines that were resolved in three
Chandra MEG spectra. Vrielmann et al. (2005) in their Re-
flection Grating Spectrograph (RGS) spectrum of GK Per
also noticed that the N vii line had a different structure that
could be approximated by three Lorentzian profiles. Two
scenarios could explain these emission lines. It can be one
central N viI line and one/two N VII lines shifted from the
main line. Another possibility is that the line around 24.8 A
is indeed the N vII emission, but the line around 24.9 A s
the NvI Hef line, both with zero velocity. From the Chan-
dra MEG spectra we find that if the lines around 24.8 A
are different components of the central N vII line, this would
indicate velocity shifts of 1200 — 1600 km s~'. Similar red
and blue-shifted emission line’s components, although with
smaller velocity shifts, were measured in the optical spec-
tra of GK Per during outbursts (Bianchini et al. 2003) and
were attributed to the emission from the matter in the mag-
netosphere, falling on to the WD. A question to answer is
why N viI is the only line that shows such a complex profile.
Two Chandra MEG spectra obtained near optical maximum
of the same outburst (see tab. 6) also clearly show that the
flux of the different N vII line’s components varies with time,

while the flux of central line is stable within the errors. If we
observe, instead, the N viI and N vi HeS emission lines the
relative intensities of the two lines can be used as tempera-
ture indicator (under the assumption of collisional ionization
equilibrium). The different relative intensities in March and
April of 2002 would imply that the temperature changes.
The very strong N vI Hef3 line in comparison to N VII in the
2015 spectrum indicates also a very low plasma temperature:
<0.08 keV.

We checked whether the expanding nova shell can con-
tribute to line emission in soft X-rays. Balman (2005) showed
that the shell has enhancement in the elemental abundances
of Ne and N and Vrielmann et al. (2005) fitted the quies-
cence Chandra ACIS-S spectrum of the shell with pure emis-
sion lines of N, O and Ne, although the lines could not be
resolved. In order to estimate a possible contamination of the
N it line from the central source by the shell emission, we
compared the predictions of the shell emission model from
Takei et al. (2015) with the 2015 Chandra MEG spectrum.
The model from Takei et al. (2015) with the only modifi-
cation in the N abundance (we assumed N/No=5) and a
power law to represent the continuum level is shown with
the red line in the bottom panel of fig. 12. We see that the
Nvii/NvI line’s flux from the entire shell is much smaller
than that measured in the 2015 Chandra MEG spectrum.
We conclude that the N lines around 24.8 A originate not
from the extended shell, but the nature of the different com-
ponents is unknown.

The complexity of the spectrum is demonstrated by the
ratios of H to He-like lines, which in the case of pure colli-
sional ionization is a signature of the plasma temperature.
The He-like lines are stronger than the H-like for all the
species. The SiXIII to SiXIV lines ratio indicates a temper-
ature ~0.9 keV, so the origin of these lines is not in the
hotter plasma that explains the NuSTAR spectrum. The He
to H-like lines ratios of Mg and Ne correspond to even lower
plasma temperatures. These lines also cannot be explained
by another mkcflow component at lower temperature since
the cooling flow model always produces H-like lines stronger
than the He-like lines (Luna et al. 2015). The middle and
bottom panels of fig. 11 show the comparison of the Chandra
MEG spectrum with the predictions of the single tempera-
ture thermal plasma emission model. We added to the best-
fitting model of the NuSTAR data a vapec component (a
single-temperature plasma in CIE with variable abundances
of individual elements) and a Gaussian at 0.5 keV to rep-
resent the N vII line. Following Vrielmann et al. (2005) and
Evans et al. (2009b) we also introduced a blackbody compo-
nent to represent the thermalized X-ray emission from the
WD surface at kT = 66 eV. The choice of the blackbody tem-
perature will be explained in the next section. In the middle
panel of fig. 11 the temperature of the vapec component was
fixed to 0.9 keV, in order to fit the SiXIiI to Si X1V lines ratio.
In this case the model underestimates the level of continuum
and overestimates the He to H-like lines ratios of Mg and Ne.
In the bottom panel the temperature of the vapec compo-
nent corresponds to the best-fitting value — 4.9 keV, which
correctly estimates the level of continuum, but cannot repro-
duce the line ratios. A lower temperature vapec component
with higher normalization constant affected by a complex
absorber could explain the Si lines and the continuum level,
but not the He to H-like lines ratio of Mg and Ne. The emis-
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Figure 11. From top to bottom: comparison of the Chandra MEG spectra of GK Per in outbursts in 2015 and 2002. The Chandra
MEG spectrum discussed in this paper is plotted in black, while the Chandra MEG spectra obtained on March 27 and April 9 2002 (PI:
C. Mauche) are plotted in red and grey, respectively. All the observations were performed close to the optical maxima. Middle panel:
the 2015 Chandra MEG spectrum and the TBabsX (pwabX (vmcflow + gaussian) + vapec + bb + gaussian) model (the red line). The
temperature of the vapec component was fixed to 0.9 keV. Bottom panel: The 2015 Chandra MEG spectrum with the same model and

the 4.9 keV temperature of the vapec.

sion lines ratios clearly indicate a multi-temperature plasma
emission. However, we added another apec component to fit
the lines at longer wavelengths, but it did not improve the
fit significantly. Fig. 11 also shows that the vapec model un-
derestimates the intercombination and forbidden lines in all
the triplets. Thus, the overall spectrum below 2 keV cannot
be represented with a model of plasma in CIE, not with a
cooling flow, neither with single or two-temperature vapec
model.

Fig. 8 in Porquet & Dubau (2000) shows that the tem-
perature of 0.9 keV and the value of the R ratio of the
Si triplet (see table 5), which is a density indicator, cor-
responds to the electron density n. ~3x10'® cm™. Using
these estimates and the value of normalization of the vapec
component (which gives the emission measure) we find that
the radius of the emitting source is ~ 1.4Rwp, assuming
a spherical distribution of the emitting plasma, Mwp=0.86
M@ and a WD mass-radius relation from Nauenberg (1972).
It should be mentioned, however, that the G and R ratios are
measured with large uncertainty (see table 5) and we can-
not evaluate the contribution of photoionization processes,
so this is a qualitative estimate.

MNRAS 000, 1-15 (2002)

5.3 Swift XRT observations

Fig. 13 shows the comparison of the average Swift XRT spec-
tra in the first two weeks and in the following two weeks. The
soft flux increased with time, while the hard flux decreased.
We fitted the average spectra with the model described in
section 5.2 in order to estimate the changes of the flux in
different spectral regions. There was no possibility to mea-
sure the Fe Ka line width in the Swift spectra, so we fixed
its central position and the o to the values from tab. 3. We
assumed that the metallicity did not change with time and
the corresponding parameters in the vapec component were
constrained to be the same in the two data sets. The best-
fitting parameters are listed in the table 8. Here and in the
following sections we refer to the spectral regions as soft
(blackbody-like, below 0.8 keV), intermediate (between 0.8
and 2 keV) and hard (cooling flow component, above 2 keV).
There are significant residuals in the part of the spectra be-
low 2 keV and in particular below 0.4 keV in the spectrum
obtained in the later period. There is also an excess around
0.9 keV, where the Ne1x line is.

Although the model is quite approximate, we concluded
that the hard X-ray flux decreased mostly because of the in-
creased absorption. The soft X-ray flux increased, first of
all because of the increased normalization of the blackbody
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Figure 12. Comparison of the N vII emission line’s profile mea-
sured with the Chandra MEG in 2015 and 2002 (the data sets
are the same as in fig. 11). The dates of observations and the
rest-frame positions of the N vil and N vi Hef3 lines are marked at
each panel. All the lines were fitted with two or three Gaussians
and a power law to represent the continuum level. In the bottom
panel we also show the contribution from the nova shell, based
on the model of Takei et al. (2015) and a power law to fit the
underlying continuum.

component and the vapec components. The blackbody emit-
ting area increased by a factor of 3, but it remained of of the
order of 107° — 107° the area of the WD surface, which is
the typical size of a heated polar region in soft IPs (see e.g.
Bernardini et al. 2012).

6 DISCUSSION
6.1 The WD spin and the long-term variations.

The NuSTAR observations of GK Per provided the first de-
tection of a high amplitude modulation due to the WD spin
period in X-rays above 10 keV in an IP (only XY Ari in
outbursts is known to show a comparable amplitude of mod-
ulation). The fact that the spin modulation is so strong in
hard X-rays and that the pulse amplitude is not energy de-
pendent indicates that the modulation is a geometric effect
rather than due to absorption as in the majority of IPs. This
modulation can be partially explained by an obscuration of
the lower accretion pole by the inner disc (Hellier et al. 1997,
2004). However, the obscuration of the lower pole alone, does
not explain the pulse profile. A small shock region with a low
shock height will either be completely visible or completely
behind the white dwarf with very little transition in between,
resulting in a square wave spin modulation. In the case of
GK Per the modulation is not a square wave but quasi-
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Figure 13. The averaged Swift XRT spectra obtained during the
first (black) and the second two weeks (red) of the observations
and the best-fitting model. The model parameters are plotted
with the dotted lines.

sinusoidal and about 40% of the total flux is always visible,
suggesting a large shock height or an extended shock region.
In the first case the soft X-rays, originating closer to the
WD surface, will show more prominent modulation, while
the hardest X-rays — just moderate eclipses. In GK Per
the pulse profiles are not energy dependent, and the pulse
fraction is almost the same above and below 10 keV, so we
can reject this possibility. In GK Per we most probably deal
with an accretion curtain whose footprint is much extended
and forms an arc that covers 180 deg. The fraction of the
arc that is visible can vary smoothly, resulting in only mod-
erate energy dependence of pulses. It is consistent with the
idea proposed by Hellier et al. (2004) and Vrielmann et al.
(2005) that in outburst accretion flows to the poles from all
azimuths.

Variability on the time-scale of 7000 s was also detected
even above 10 keV and this cannot be explained by the
model of Hellier et al. (2004), in which the QPOs are due
to absorption by bulges of material in the accretion disk.
These variations are most probably intrinsic variability of
the accretion column emission due to inhomogeneous accre-
tion. This is supported by the linear dependence between
the mean X-ray count rate and the pulse amplitude.

We have also shown that, although the hard X-ray emis-
sion shows a very prominent and high-amplitude spin mod-
ulation, precise measurements of the spin period are not
so straightforward due to the presence of flickering and the
orbital-related variability. The NuSTAR and Chandra data
alone did not allow us to measure the spin period precisely,
and only the long monitoring with Swift helped to estimate
the spin-up rate.

6.2 Hard X-ray component.

The spectrum above 2 keV can be well fitted with the cooling
flow model with maximum temperature of 16.2 keV, repre-
senting the emission from the WD accretion column. The
continuum indicates that the source is highly absorbed, and
this is also supported by the fact that the contribution of the
cooling flow component to the observed line emission below
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2 keV should be negligible. The source of this absorption
most probably is the pre-shock material. Since, depending
on the spin phase there will be different amount of absorp-
tion in our line of sight, the overall picture is very complex,
and is best approximated by the pwab model.

The shock temperature derived from the fit is lower
than that observed in quiescence and at the beginning of
the outburst, which is about 26-27 keV (Ishida et al. 1992;
Brunschweiger et al. 2009; Yuasa et al. 2016). When the in-
ner radius of the accretion disc shrinks, the shock tempera-
ture is reduced by a factor of:

f=To/Ta= (1= ry0) /(1 = 135) (6)

(Suleimanov et al. 2005), because the approximation of the
free fall velocity cannot be used anymore (here rvo and ruq
are the outburst and quiescent radii of the magnetosphere in
the units of the WD radius). The magnetospheric radius is
defined by a balance between the ram pressure in the disk,
which depends on mass transfer, and the magnetic pressure.
As long as the optical flux is increasing, we expect the mass
transfer to be constantly increasing as well, since the optical
probes the portion of the disc involved in the outburst. This
should result in gradual shrinking of the inner disc radius
and lowering of the shock temperature. The observations
in the very first days of the outburst (Yuasa et al. 2016)
demonstrate that the decrease of the temperature indeed
does not happen immediately. However, the spectral resolu-
tion of the short Swift exposures and the uncertainty in the
intrinsic absorption did not allow us to trace this process.
Even in the fit to the averaged Swift XRT spectra the er-
rors of the plasma temperature are too high to measure the
difference.

6.3 Intermediate energy X-ray spectrum

These are the key points of the analysis of the intermediate
X-ray spectral component (0.8-2.0 keV):

e There are very prominent emission lines of Si, Mg, Ne
and Fe xvil-Fe XVIIIL.

e The emission lines did not show any systematic velocity
shift or broadening.

e The emission line ratios do not allow to clearly distin-
guish between collisional and photoionization mechanisms.

e Assuming collisional ioinzation equilibrium, the contin-
uum below 2 keV is produced in a medium with a higher
temperature than the emission line ratios indicate.

e The spectrum in the 0.8-2 keV range cannot be repre-
sented with a model of plasma in CIE, not with a cooling
flow, neither with single or two-temperature vapec model.

e Neither the continuum nor the emission lines show any
spin modulation in this energy range.

Vrielmann et al. (2005) claimed that the emission lines
in the X-ray spectrum of GK Per originate in the magne-
tosphere of the WD, because they show no rotation-related
modulations. We found that not only the lines, but also the
underlying continuum is not modulated, indicating that the
source of emission is not confined to the WD polar regions.
This conclusion is also supported by the estimates of the
size of the emitting region, which is of the same order of
magnitude as the estimated magnetospheric radius of GK
Per by Suleimanov et al. (2016) (1.4 Rwp and 2.8 Rwp).
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We propose that the magnetospheric boundary is the emis-
sion site of the intermediate spectral component and the
intermediate energy X-ray flux is related to the decrease
of the shock temperature. If the shock temperature during
outbursts is 2/3 of that in quiescence (Brunschweiger et al.
2009; Suleimanov et al. 2016), half of the remaining energy
is radiated away in the Keplerian disk. Where is the remain-
ing 1/6th irradiated and how do we explain the energy bud-
get? The site of emission may thus be the magnetospheric
boundary, producing this intermediate X-ray spectral com-
ponent, in the 0.8-2 keV range, even if the exact mecha-
nism of emission is not clear yet. This idea partially ex-
plains the anticorrelation of the soft and hard X-rays during
the outburst: the lower the shock temperature, the more
energy is released in the magnetospheric boundary as mod-
erately soft X-ray emission. Additionally, Suleimanov et al.
(2016) measured the magnetospheric radius using the ob-
served break frequency in the power spectrum and found
Vbreak = 0.0225 £ 0.004, corresponding to the Keplerian ve-
locity of ~ 2500 km s™*, much faster than at the co-rotation
radius, suggesting that the material in the disc must lose en-
ergy in order to decelerate and follow the field lines.

6.4 The soft component.

The spectral fits and the comparison of the Chandra data
obtained at different epochs (see fig. 11) indicate at least
two distinct sources of emission below 2 keV. However, since
there is no proper model for the intermediate energy X-
ray spectrum of GK Per, it is quite difficult to disentangle
the spectral components. The softest part of the spectrum
can indeed be blackbody-like and originate on the surface of
the WD, heated by the accretion column. Such blackbody-
like component in an X-ray spectrum is a distinct property
of “soft intermediate polars” (see e.g Evans & Hellier 2007;
Anzolin et al. 2008). The size of the blackbody emitting re-
gion was 0.0026 and 0.0083 Rwp (using the mass-radius re-
lation from Nauenberg 1972 and M=0.86 M), in the first
and the second halves of the monitoring and the tempera-
ture was 60 — 70 eV, which is within the range of typical
values for soft IPs. The increase of the luminosity of the
blackbody-like component indicates that more material is
penetrating deeper in the WD photosphere, producing ther-
malized X-rays emission, which may be an effect of the in-
creased mass accretion rate. The latter reaches maximum
around the maximum of the optical light. This is supported
by the findings of Simon (2015), who analysed a sequence
of outbursts in GK Per and noticed a discrepancy between
the mass transfer through the disc and X-ray emission from
the accretion column, which is largest around the optical
maximum; this can be explained by a buried shock.

On the other hand, there are significant residuals from
the blackbody fit of the Swift XRT spectra (fig. 13). Follow-
ing the discussion from Evans et al. (2009b) we attempted
to estimate the upper limit to the temperature of the accre-
tion disc in order to check whether it can contribute to the
soft X-ray range. The upper limit to the temperature can be
found as:

T(R) = (%) - )

(Frank et al. 2002). Using the WD mass-radius relation from
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Nauenberg (1972), the values of mn from table 3, M=0.86 Mg
and inner disc radius R= 2.8Rwp (Suleimanov et al. 2016)
we find that the disc temperature can be as high as 90 000
K. This peak temperature corresponds to a blackbody peak
wavelength of 320 A. The inner disc region significantly con-
tributes to the FUV and UV ranges, however, this temper-
ature is still low to be detected with the Swift XRT (should
be at least 150 000 K) and the disc emission cannot explain
the very soft-X-ray excess, seen in fig. 13.

Strong emission lines were measured in the Chandra
HETG spectra obtained in 2002 in a range as soft as 0.5 keV,
where the blackbody component dominates, indicating a sig-
nificant contribution from the low-temperature thin plasma
emission. The N viI line at 0.5 keV additionally shows a com-
pletely different profile with two to three components, sep-
arated by ~1200-1600 km s~

7 CONCLUSIONS

We have presented the long-term monitoring of GK Per in a
broad energy range, from UV to hard X-rays, during the
dwarf nova outburst in March-April 2015. The NuSTAR
observations allowed to detect a large-amplitude WD spin
modulation in the very hard X-rays, which is unusual for an
IP.

The spectral and timing analysis of our data has re-
vealed three distinct spectral components, evolving during
the outburst. The spectrum above 2 keV can be well ex-
plained by a cooling post-shock plasma in the accretion col-
umn, highly absorbed by a pre-shock material. The spec-
trum below ~0.8 keV probably represents the thermalized
X-ray emission from the heated WD surface. The emission
line spectrum between 0.8 and 2 keV is the most mysteri-
ous, since it cannot be represented by any existing model
of plasma in collisional ionization equilibrium. We propose
that it originates in the magnetospheric boundary around
the WD.

Therefore, as the outburst develops and the mass trans-
fer through the disc grows, there are three simultaneous pro-
cesses affecting the X-ray spectrum:

e The ram pressure increases at the magnetospheric
boundary, pushing the accretion disc towards the WD sur-
face and causing the decrease of the shock temperature.

e The lower the shock temperature with respect to the
quiescence level, the more energy is released in the magne-
tospheric boundary in the ~0.8 — 2.0 keV range.

e Increased specific mass accretion rate in the accretion
column results in a higher amount of material that pene-
trates deeper in the WD photosphere, causing the increase
of the blackbody-like radiation.

The complexity of the X-ray spectrum, the behaviour
in different energy ranges and the discrepancy between the
spectra we obtained and some predictions of the existing
models make GK Per a challenging target for future studies.
We propose that the observational strategy should be to
monitor GK Per at different stages of its outburst evolution,
in order to disentangle the spectral components and to reveal
the contribution from different sources.
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Table 1. Observational log.

Instrument Date* Exp.(s) Count rate
Swift XRT(PC) 57093.15 606.7 1.724+0.10
57093.58 1268.7 2.10£0.08
57094.08 1033.0 1.7040.08
57094.68 373.6 1.154+0.10
57095.04 952.8 2.1240.13
57095.93 960.3 1.414+0.07
57096.30 744.7 1.4940.09
57096.90 441.3 1.7940.14
57097.04 970.3 1.3340.08
57097.57 937.7 0.94£0.06
57098.03 997.9 1.6240.09
57098.97 882.6 1.3540.07
57099.17 875.0 1.284+0.07
57099.57 514.0 1.7840.12
57100.11 922.7 1.5840.08
57100.97 1033.0 1.0840.06
57101.10 1133.3 1.1140.06
57101.57 925.2 1.6440.09
57102.23 1058.0 1.1840.06
57102.86 910.1 1.6140.09
57103.10 917.7 0.85+0.06
57103.63 418.7 0.86+0.07
57104.22 140.4 1.07£0.12
57104.70 975.3 1.70+0.10
57105.95 905.1 0.67+0.04
57106.15 1075.6 1.7240.09
57106.76 965.3 1.154+0.07
57107.29 1110.7 1.714+0.09
57107.82 1196.0 0.70£0.04
Swift XRT(WT)  57094.65 497.7 3.01£0.08
57106.15 28.7 3.6+0.5
57108.75 985.2 1.2440.04
57109.62 986.3 1.434+0.04
57110.51 1145.6 1.3140.04
57111.28 1086.9 1.934+0.04
57112.85 1877.8 1.6940.03
57113.34 1228.2 1.8440.04
57114.13 1040.9 1.1840.04
57115.90 2401.5 1.354+0.03
57116.11  10801.0 1.4640.04
57117.66 974.1 1.5240.04
57118.20 903.6 2.18+0.05
57119.29 1261.4 1.45+0.06
57120.36 1578.7 1.2640.04
57121.06 1049.5 1.17£0.04
Chandra MEG 57116.83 69008 0.0751+£0.0010
Chandra HEG 57116.83 69008 0.1214+0.0013
NuSTAR FPMA  57116.12 42340 3.665+0.009
NuSTAR FPMB  57116.12 42340 3.626+0.009

Notes.* Modified Julian Date. The count rates were
measured in the following energy ranges: Swift XRT —
0.3-10.0 keV, Chandra MEG — 0.4-5.0 keV, Chandra
HEG — 0.8-10.0 keV, NuSTAR FPM — 3-79 keV.
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Table 2. The Swift UVOT magnitudes of GK Per
obtained in quiescence.

MJD Filter — Exp. (s) Mag.

56115.284 UVWI1 361 15.69+0.02
56115.279  UVM2 413 16.75+0.03
56115.274 UVW2 413 16.67+0.02
56117.086 UVWI1 319 15.85+0.02
56117.082 UVM2 316 16.95+0.04
56117.078  UVW2 316 16.92+0.03
56118.014 UVWI1 143 15.67+0.03
56118.013 UVM2 112 16.74+0.05
56118.012 UVW2 112 16.68+0.04
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Table 3. The best-fitting model parameters of the NuSTAR mean + Chandra HETG, on-
pulse and off-pulse NuSTAR FPMA spectra. The model is constant X TBabs X pwab X (vmcflow
+ gaussian). The errors represent the 90% confidence region for a single parameter. We
adopted FPMA Constant=1 and FPMB C.=1.089.

Component  Parameter Value
Mean On-pulse Off-pulse
TBabs nH (x102? cm™2) 0.17 0.17 0.17
nH,pin (1022 cm™2) 7.2104 74712 7.8%32
pwab nHmax (x1022 cm—2) 520}:%8016 5501521805 5301:?)807
B -0.199T57 016 -0.2615 04 -0.16Z4 g7
Tiow (keV) 0.0808 0.0808 0.0808
Thign (keV) 16.270-5 16.2 16.2
vmcflow Fe 0.10570 512 0.105 0.105
Ni 0.1 0.1 0.1
e 26703 3.69%077 188100
E (keV) 6.40 6.40 6.40
Gaussian o (keV) 0.04615-522 0.046 0.046
norm (x1074) 40712 5073 3375
EW (eV) 210759 191718 2507 539
Flux absorbed? 7.247983 10157595 51758
Flux unabsorbed? 24.27:%:8 34.145}1(1) 17.57:8:?
L (x10%3erg s~ 1) 6373 90™3 461792
X2 1.3 1.0

Notes: “mass accretion rate x10~8Mg yr—!. ®Absorbed and unabsorbed fluxes
x107Pergs cm™2 s~1 in the 2.5-79 keV energy range. The unabsorbed flux was
calculated with the cflux command in xspec.

We assumed a 470 pc distance.

Table 4. Emission lines broadening, shifts and fluxes in the Chandra HETG spectra.

Line Erest Emax Av o Fapsx10713 Funabs X107%  Fapsx10713
keV keV km s~1! km s~! ergs cm~2 s~ ! phcm=2s—1 ergs cm—2 s~ !
+0.004 +1200 +1000 +0.2 +2 +0.3
Ne X 1.02195  1.01770007  -140077350 21007150 0.6;8% 513 0'918%
NeIX;  0.92200 0.5707% 613 0.870:2
Ne IX; 0.91488 8007500 0.6755 i 10792
Ne IX¢ 0.90510 0.5753 673 0.970:2
+0.003 +600 +500 +0.1 +0.4 +0.1
Mg XII  1.47264  1.47775:00% 9007559 7001500 0'218‘% 1'318'3 0'318'%
Mg XI,  1.35225 0.3793 0.870-9 0.4702
Mg XI;  1.34332 11007 330° 0.7703 491243 0.975%
Mg XI;  1.33121 0.16%0 12 11797 0.20%015
Si XIV 2.00608  2.008™5-502 3007300 8007200 0.511918 177938 0.5610 17
Si XIIL  1.86500 1.867470 5022 4007500 0.6210 32 1.9708 0.715°3
Si XIT;  1.85423  1.85661000%0 4007500 100011200 0.3470-2, 15752 0.4102
SiXIILp  1.83967  1.8421%050%2 40073500 0.7710 3¢ 2.975°8 0.8%03
Fe XXVI  6.97316 879 50120 50120
Fe XXV  6.70040 675 40*320 40730
Fe XXV;  6.67000 575 40*320 40730
Fe XXV  6.63659 6"5 40™320 40730
+0.007 +300 +300 +6 +50 +50
Fe Ko 6.40384  6.400750°T  -2007300 16001550 4879 350120 360720

Notes: We assumed that the value of o is the same within a triplet for the Ne, Mg and Si lines. The distances between

the lines in a triplet were fixed to the table values. The values of o of the Fe XXVvI and Fe Fexxv, ¢ ; lines were frozen

to the instrumental spectral resolution. The absorbed and the unabsorbed fluxes in ergs cm~2 s—! were calculated

using the cflux command. The unabsorbed flux in ph cm~2 s~! was calculated from the normalization constant of

the Gaussian model.
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Table 5. R, G and H-like/He-like, ratios.

Element R= f/i G=(f+1)/r  H-like/He-like,

Ne 0.9£0.7 2.4+1.7 1.1+0.8
Mg 0.2£0.2 2.8£1.6 0.8£0.5
Si 2.0+1.1 1.7£0.6 0.84+0.3
Fe 1.04+0.7 2.0£1.2 1.34+0.8

Notes: the values of R and G were calculated from the
values of the unabsorbed flux from table 4.
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Table 6. N vII emission line fluxes, measured in the Chandra MEG spectra of 2002 and 2015.
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central red-shifted blue-shifted
Observation E max (keV)  Flux* Ph. flux** E max Flux  Ph. flux E max Flux Ph. flux
2002 March 27 0.4998T00%0% 1244  1.6+0.4 04977750000 5+2  0.6+0.3
2002 April 9 0.500075:500% 1143 14404  0497370500° 1143 1.3+04 05026705002 542 0.640.3
2015 April 4 0.50036 946 1.140.7 0.4980 1748 1.241.0

Notes: *Unabsorbed fluxx10~3ergs cm~2 s~1. **Unabsorbed photon flux x10~3 photons cm~2 s~!. The fluxes
were measured from the Gaussian fits, shown in fig. 12 using cflux and cpflux commands. All the line widths were
fixed to the value of the instrumental resolution. In these fits we assumed the same value of the interstellar absorption

as in the rest of the paper: 0.17x10%2cm

-2

Table 7. Model parameters used for the fit of Chandra MEG spectrum apart from that listed in the first column of
table 3. The model is TBabsx (pwabX (vmcflow + gaussian) + bb + gaussian). The fit was performed for two dif-
ferent temperatures. The parameters without errors were fixed to the values in this table. The Fe and Ni abundances
were fixed to 0.105 and 0.1, respectively.

Component  Parameter Value
vapec T (keV) 0.9 4.97:(1):4;
norm (x1073) 11791 2.6712
bb T (eV) 66 66
norm (x10~%) 1373 1273
E (keV) 0.498810-500L 0.498810-001%
Gaussian o (keV) 0.001975-500L 0.0019F]- 018

norm (x107%)

+13
28145

+13
EEARY
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Table 8. The best fitting model parameters of the Swift
XRT data. TBabsX (pwabx (vmcflow + gaussian) + vapec +
bb). The Fe and Ni abundances of the vmcflow and vapec com-
ponents were fixed to 0.106 and 0.1, respectively. The errors
represent the 90% confidence region for a single parameter.

Component Parameter Value
first second
two weeks  two weeks
TBabs nH? 0.17 0.17
pwab nHmax? 75t12 90f38
B 0 0
vmcflow Thign (keV) 17730 17545
e 0.7755 06753
E (keV) 6.4 6.4
Gaussian o (keV) 0.04 0.04
norm (x107%) Gfg 157:%
vapec T (keV) >1.9 0.8010-29
norm (x1073) 2.57:3:% 3.77:8:2
bb T (eV) 7573 6373
norm (x107%) 6.27:(1):(8) 367:2
Fluxg 3_okev®  abs. 4.6793 11.979:2
unabs. 420 430
Fluxa_jokev®  abs. 16572, 11772,
unabs. 507 451
Ly (x10%3erg s—1) 1331030 86107
Rpb? (x100cm) 170701 53705
Lo_10kev (x1033erg s—1) 13.4 11.9

X2

1.7

Notes: *Frozen parameter. ®x10%2 cm~2.

2

¢Mass accretion rate x1073Mg yr—1L dy% 10~ 2erg

cm~2 571,

9 Radius of the emitting region. We assumed a 470 pc

distance.
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