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ABSTRACT

We report the analysis of time-resolved spectroscopy of IP Pegasi in outburst with eclipse mapping techniques to investigate the location and
geometry of the observed spiral structures. We were able to obtain an improved view of the spiral structures with the aid of light curves extracted
in velocity bins matching the observed range of velocities of the spiral arms combined with a double default map tailored for reconstruction
of asymmetric structures. Two-armed spiral structures are clearly seen in all eclipse maps. The arms are located at different distances from the
disc centre. The “blue” arm is farther out in the disc (R = 0.55 + 0.05 R;;) than the “red” arm (R = 0.30 + 0.05 R;). There is evidence that
the velocity of the emitting gas along the spiral pattern is lower than the Keplerian velocity for the same disc radius. The discrepancy is smaller
in the outer arm (measured velocities 10—15 per cent lower than Keplerian) and is more significant in the inner arm (observed velocities up to
40 per cent lower than Keplerian). We measured the opening angle of the spirals from the azimuthal intensity distribution of the eclipse maps to
be ¢ = 25° + 3°. A comparison with similar measurements on data at different outburst stages reveals that the opening angle of the spiral arms
in IP Peg decreases while the outbursting accretion disc cools and shrinks, in agreement with the expected evolution of a tidally driven spiral
wave. The sub-Keplerian velocities along the spiral pattern and the clear correlation between the opening angle of the spirals and the outburst
stage favors the interpretation of these asymmetric structures as tidally-induced spiral shocks.

Key words. stars: novae, cataclysmic variables — stars: individual: IP Pegasi — accretion, accretion disks — shock waves —
line: formation — techniques: spectroscopic

1. Introduction be distinguished and spatially resolved studies to be performed,
making IP Peg an ideal laboratory for the study of accretion

IP Pegasi is a dwarf nova, a compact binary in which a late-type  pphygics. In particular, it is well suited for the application of

star overfills its Roche lobe and transfers matter to a companion  ;,,direct imaging techniques to resolve the disc emission both in

white dwarf via an ac.cretiop disc. It.shows recurrent oqtbursts position (eclipse mapping, Horne 1985) and velocity (Doppler
(every 70-100 days) in which the disc expands and brightens tomography, Marsh & Horne 1988).

by 2-3 mag during 10-12 days as a consequence of a sudden
increase in mass accretion through the disc. In the quiescent,
low-mass accretion state, the white dwarf and the bright spot
(formed by the impact of the infalling gas stream with the outer
edge of the disc) dominate the light from the binary at optical

Additional attention has been drawn to IP Peg after the dis-
covery of a two-armed spiral structure in its accretion disc dur-
ing outburst (Steeghs et al. 1997). These spiral structures were
seen in different outbursts and at different outburst stages —
from the end of the rise and maximum (Steeghs et al. 1997,
and ultraviolet wavelengths, whereas during outburst the hot  py,1aftis et al. 1999; Baptista et al. 2000) through the decline
and large disc is the dominant source of light. The binary is stages (Morales-Rueda et al. 2000; Baptista et al. 2002) and
seen at a high inclination angle (i = 81%), which leads to deep  ,ossibly also at the very late decline (Saito et al. 2005). They
eclipses in the light curve every 3.8 h when the white dwarf, ;e pelieved to be raised by tides from the mass-donor star on

accretion disc and bright spot are occulted by the mass-donor e gyter accretion disc when it expands during outburst (see
star. This allows the emission from the different light sources to L oview by Steeghs 2001).

Spiral shocks in accretion discs were predicted theoret-
* In memoriam. ically and advocated as an alternative mechanism for the

http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20053399
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removal of angular momentum required for the disc gas to
accrete (Sawada et al. 1986). Numerical hydrodynamic sim-
ulations suggest that strong spiral shocks are formed in hot ac-
cretion discs (e.g., Sato et al. 2003, and references therein) and
that the opening angle of the spirals (the angle formed by the
shock front and the azimuthal direction of the disc gas flow)
depends on the disc temperature: the cooler the disc, the more
tightly wound the spiral pattern is. Godon et al. (1998) argued
that wide open spirals could only form in accretion discs much
hotter (7 ~ 10° K) than those of dwarf novae. Steeghs & Stehle
(1999) remarked that the disc radius is also important in de-
termining the shape of the spirals and that wide open spiral
arms such as those observed in IP Peg could be raised at the
much lower temperatures found in accretion discs of outburst-
ing dwarf novae (T =~ 10* K) if the disc is large — as expected
for outbursting discs.

In a previous paper (Harlaftis et al. 2004) we investigated
the ability of the eclipse mapping method to recover spiral
structures and we set the observational requirements for a suc-
cessful reconstruction. We also showed how the detection of
spiral arms with eclipse mapping is improved with a proper
extraction of velocity-resolved eclipse light curves to avoid
contamination by light sources other than the spiral arms. In
this follow up paper we reanalyze the spectroscopic data of
Morales-Rueda et al. (2000) with eclipse mapping techniques
to investigate the spatial properties of the observed two-armed
spiral structure.

This paper is organized as follows. The details of the anal-
ysis are presented in Sect. 2 while the results are presented and
discussed in Sect. 3. Section 4 compares the orientation of the
spiral arms from this study with those from the previous anal-
ysis of Baptista et al. (2000, hereafter BHS) and Baptista et al.
(2002, hereafter BHT) to infer the changes in the opening angle
of the spiral arms with outburst stage, and discusses the impli-
cations of our results for the interpretation of the observed spi-
ral structures in terms of irradiation of tidally-thickened outer
disc regions by a hot inner disc. The conclusions are summa-
rized in Sect. 5. The Appendix discusses the changes imple-
mented in the eclipse mapping method in order to allow an im-
proved reconstruction of asymmetric structures such as spiral
arms in accretion discs.

2. Data analysis
2.1. Observations

Time-resolved spectrophotometry of IP Pegasi was secured
with the Intermediate Dispersion Spectrograph on the 2.5m
Isaac Newton Telescope, at La Palma, during the nights of 1994
October 30 and 31. The observations were made 5 and 6 days
after the onset of an outburst, when the star was at the maxi-
mum brightness plateau phase of the 12—14 day long outburst
(Morales-Rueda et al. 2000, see their Fig. 1). A total of 164 blue
spectra (44 4040-4983 A) was obtained at a time resolution of
220's and a spectral resolution of 100 kms~! at HB3. The reader
is referred to Morales-Rueda et al. (2000) for a detailed de-
scription of the data set and of the reduction procedures.
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Fig. 1. Top: zoomed trailed spectrogram of the HB line around eclipse.
Bright regions are dark. Bottom: the integrated line profile along the
eclipse phases of the spectrogram on the top panel (from ¢ = —0.1
to +0.1 cycle). Vertical dotted lines mark the two velocity-resolved
regions used to extract light curves of the spiral arms and to isolate
low-velocity emitting gas.

The spectra were phase-folded according to the linear
ephemeris of Wolf et al. (1993),
Tmia(HID) = 2445615.4156 + 0.15820616 E (1)
where Tpyiq is the inferior conjunction of the secondary star. Our
observations are bracketed by two sets of HST observations of
IP Peg in quiescence (Baptista et al. 1994) in which the white
dwarf eclipse egress times can be precisely measured. From
these timings, we infer that the white dwarf mid-eclipse at that
epoch occurred 0.008 orbital cycles before the prediction of the
ephemeris in Eq. (1) (assuming a white dwarf eclipse width of
A¢p = 0.086 cycles, Wood & Crawford 1986). Therefore, an
offset of +0.008 cycles was added to the phases in the light
curve to make phase zero coincident with the inferior conjunc-
tion of the secondary star. The observations cover the eclipse
cycles E = 25158,25 159,25 164 and 25 165.

2.2. Emission-line light curves and eclipse mapping

The upper panel of Fig. 1 shows a zoomed trailed spectrogram
of HB during eclipse (phase range —0.1 to +0.1 cycles) on the
first night of observations. The lower panel shows the result-
ing line profile integrated over the eclipse phase range. The
emission lines of IP Peg in outburst have contributions from
the spiral arms as well as the irradiated face of the secondary
star (Harlaftis 1999) and possibly another low-velocity emis-
sion component (Harlaftis et al. 1999; Steeghs et al. 1996). The
signature of the two-armed spiral structure appears in Fig. 1
as the two bright arcs running from positive, high velocities
(v > 400 kms~') before mid-eclipse to negative, high veloci-
ties after phase zero. The observed change in line profile during
eclipse indicates that the “red” spiral arm is being eclipsed at
about the same phase (¢ ~ —0.01 cycles) at which the “blue”
arm starts reappearing from eclipse. The low-velocity emission
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Fig. 2. Extracted core (left panels) and spiral (right panels) light curves for He I and HB (in black) and for He I and the Bowen blend (in grey).
Vertical dotted lines mark mid-ingress/egress phases of the white dwarf and the reference phases —0.1 and +0.1 cycles. The light curves are
repeated in phase for visualization purposes. The Hy light curves (not shown) are very similar to those of Hg.

is seen as the faint line-emission component changing from
blue to red shifts (at v < 400 km s~!) around mid-eclipse.

Because the spiral arms and the other emission components
contribute to the line profile at different Doppler velocities, it
is possible to separate the contribution of these distinct light
sources by a proper extraction of velocity-resolved eclipse light
curves. For example, BHT performed velocity-resolved eclipse
mapping to separate the Hel emission from each of the spiral
arms in IP Peg. Harlaftis et al. (2004) discussed how dilution
by other light sources reduces the ability of the eclipse mapping
method to reconstruct spiral structures in accretion discs. They
also showed how the detection of spiral arms may be improved
with the aid of velocity-resolved light curves. Here we use this
technique as an useful tool to minimize the contribution of the
low-velocity gas to the light curve and to optimize the detection
of the spiral arms in line eclipse maps.

Figure 1 shows the choice of the velocity-resolved pass-
bands used to separate the contribution of the spirals from that
of low-velocity gas in the emission lines of IP Peg. Two light
curves were extracted for each line, one covering the low ve-
locity range (—400 to +400 kms~') and one matching the
observed velocity range of the spiral arms (—1000 to —400
plus +400 to +1000 kms~! for all lines except He I 4472, for
which we use the narrower ranges —900 to —400 plus +400
to +900 kms~' to avoid contamination by the MgII 14481 A
line). The low-velocity range light curve will be hereafter re-
ferred to as the “core” light curve, while the higher velocity

range curve will be referred to as the “spiral” light curve. Core
and spiral light curves were extracted for H3, Hy, He Il 4686,
He I 4472 and the Bowen blend at 12 4640-4660 A.

Four orbital cycles were observed. The orbital modulation
and the shape of the eclipse are consistent from one night to
the other (see Fig. 5 of Morales-Rueda et al. 2000), indicating
that the disc brightness distribution is relatively stable over that
time scale. We therefore combined the 4 light curves to produce
median light curves at a phase resolution of 0.01 cycles for all
lines. The error bars were computed from the absolute devia-
tion with respect to the median in each phase bin. The resulting
light curves are shown in Fig. 2.

The He Il and Bowen blend core light curves show a nar-
row, deep and reasonably well centered eclipse indicating that
the low-velocity emission in these lines arise from a region
close to the white dwarf at disc centre. A possible interpre-
tation would be that this line component is produced in a col-
limated, hot wind from the inner disc, in which most of the
velocity is directed away from the orbital plane giving rise to
small Doppler shifts. The Balmer and Hel core light curves
show the very broad, asymmetric and phase offset eclipse seen
in Harlaftis et al. (2004, see their Figs.7 and 8). The eclipse
is too wide to be caused by occultation of the accretion disc
by the secondary star. The shape of this eclipse is possibly
produced by self-occultation of an asymmetric brightness dis-
tribution in the irradiated face of the secondary star or by



204

spectrograms Doppler maps

008— 0 008

orbital phase
(s/wx) L1019A 008- O 008

flux density (mdy)

e e |
g L

o

o

1O

1o

11

co

1o

S

1@

S

- 1O

“ . 1o
s T 11
L J o

N 10

[ T 1o
OIIII IIIIIIII’IIIIIIIIIIIIIII'

-800 0O 800 -800 O 800
Velocity (km/s) Velocity (km/s)

R. Baptista et al.: Tracing the spiral arms in IP Pegasi

light curves

15 | e

eclipse maps

— —
o (%))

w

-..,,I-.[eI

OZIIIIIIIEJIiIEIIIIIII: 1 I 1
01 0 01 -1 0 1

orbital phase position (Ry;)

Fig. 3. Left: data trailed spectrograms (linear greyscale) and corresponding Doppler maps (logarithmic greyscale) for H3, He Il 4686, the
Bowen blend, He 14472, and Hy. Dark regions are brighter. A cross marks the position of the white dwarf. Dotted lines outline the Roche lobe
of the secondary star and the velocities along the ballistic stream trajectory. Right: line spiral light curves and corresponding eclipse maps on
a logarithmic greyscale. Dark regions are brighter. The bar in the right side indicates the greyscale used in each case. Dotted lines show the
primary Roche lobe and a circle of radius 0.6 Ry;. A cross marks the centre of the disc. The secondary is to the right of each panel and the stars
rotate counter-clockwise. A solid contour line is overploted on each eclipse map to indicate the 3-0- confidence level region.

occultation of an emission source at a different position in the
binary (e.g., Steeghs et al. 1996). On the other hand, all spi-
ral light curves show the orbital modulation and asymmetric
eclipse shape characteristics of the emission from a two-armed
spiral structure in the accretion disc (e.g., BHS, Steeghs &
Stehle 1999). Two separate brightness sources are eclipsed in
sequence. The first one is eclipsed at ¢1; ~ —0.09 cycle and the
second one at ¢,; ~ —0.02 cycle; they reappear from eclipse
at phases ¢, ~ +0.02 cycle and ¢, ~ +0.07 cycle, respec-
tively (see Fig. 3 for a zoomed view of the light curves around
eclipse). Hence, our choice of passband successfully framed
the emission from the spiral arms in the spiral light curves'.

! Similar spiral light curves and eclipse shapes are obtained if we
extend the spiral passband to higher velocity ranges (up to |v] =
1300 kms™!, see Harlaftis et al. 2004). However, the resulting light

Morales-Rueda et al. (2000) found that the eclipses of
the emission lines were significantly shifted towards negative
phases. The +0.008 cycle offset applied to the data (Sect. 2.1)
eliminates the phase offset of the continuum light curve and re-
duces the discrepancy for the line light curves. Figure 2 shows
that the remaining phase offset is caused by asymmetries in
the brightness distribution of the low-velocity line emitting gas
(core light curves). There is no phase offset in the spiral light
curves. Therefore, the shifted eclipses seen in the full-line light
curves are not an evidence of unequal brightnesses in the two
arms, as claimed by Smak (2001).

In the remainder of this paper we concentrate on the anal-
ysis of the spiral light curves. Our eclipse mapping code

curves have lower signal-to-noise ratios as a consequence of the re-
duced average flux.
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(Baptista & Steiner 1993) assumes that any brightness change
in the light curve is caused by occultation of disc regions by
the secondary star. Therefore, the out-of-eclipse orbital modu-
lation of the spiral light curves was removed by fitting a spline
function to the regions of the light curve excluding the eclipse,
dividing the light curve by the fitted spline, and scaling the re-
sult to the flux level of the spline function at phase zero (e.g.,
BHS). This procedure allows the removal of orbital modula-
tions with only minor effects of the eclipse shape itself.

The eclipse maps are flat square arrays of 51 x 51 pixels
and side 2 R;; centered on the white dwarf, where R is the
distance from disc centre to the inner Lagrangian point. The
adopted eclipse geometry is i = 81° and ¢ = 0.5 (Wood &
Crawford 1986), which ensures that the white dwarf is at the
centre of the map. The reconstructions were obtained using a
double default function with A8 = 10° (see Appendix).

The statistical uncertainties of the eclipse maps were com-
puted with a Monte Carlo procedure (e.g., Rutten et al. 1992).
For each line light curve, we create a set of 20 artificial light
curves in which the flux at each phase is varied around the true
value according to a Gaussian distribution with standard devi-
ation equals to the uncertainty at that point. These light curves
are fitted with the eclipse mapping code to generate a set of ran-
domized eclipse maps. These are combined to produce an av-
erage map and a map of the standard deviations with respect to
the average. A map of the statistical significance (or the inverse
of the relative error) is obtained by dividing the true eclipse
map by the map of the standard deviations.

3. Results

The resulting eclipse maps are shown in Fig. 3 in a logarith-
mic grey-scale. For completeness, the data trailed spectrograms
and the computed Doppler maps of the corresponding lines
(Morales-Rueda et al. 2000) are shown in the left two columns.
Doppler maps for the Hy and Bowen blend lines (not shown
in Morales-Rueda et al. 2000) are also included. The Doppler
maps and trailed spectrograms correspond to the data of the
first night of observations, except for the Bowen blend map. In
this case the data of the two nights were combined and the spec-
tra around eclipse excluded from the analysis in order to pro-
duce a single Doppler map of better signal-to-noise ratio. The
Doppler maps of Fig. 3 are shown rotated 90 degrees clockwise
with respect to their usual presentation (e.g., Morales-Rueda
et al. 2000) in order to display the spiral arms in a similar orien-
tation as in the eclipse maps. The blue spiral arm appears closer
to the secondary star in the lower right side of the Doppler map.
We shall remark that the coordinate frames of the Doppler and
eclipse maps are very different: the inner, low-velocity side of
a spiral arm in the Doppler map is related to the outer side of
the corresponding structure in the eclipse map.

The advantage of using velocity-resolved light curves
matched to the observed velocity range of the spirals becomes
clear when we compare our eclipse maps with those obtained
from light curves over the full line width (BHS; Harlaftis
et al. 2004). BHS needed to compute the asymmetric part of
their eclipse maps in order to see clearly the spiral structures,
whereas the significant dilution by other line emitting sources
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hampered the detection of the spiral arms in the Balmer and
HeT full-line eclipse maps of Harlaftis et al. (2004). Here, the
spiral structures are conspicuous in the eclipse maps without
the need of further data processing.

The double-stepped bulges in the eclipse shapes map into
two asymmetric structures corresponding to the two-armed spi-
ral structure seen in the Doppler maps. The solid contour line
overploted on each eclipse map depicts the 3-0 confidence
level region as derived from the map of the statistical signif-
icance in each case (Sect. 2.2). The two-armed spiral struc-
ture is at or above the 3-0- confidence level in all line maps.
We will hereafter refer to these structures as to the “blue” and
“red” spiral arms. They are located at different distances from
disc centre. The red spiral arm is seen in the upper side of the
eclipse map, at radii of 0.2—0.4 Ry;. The blue arm is seen in
the lower right side of the map, at radii of 0.45-0.65 Ry ;. This
is in agreement with the Doppler tomography, which indicates
smaller velocities for the blue spiral arm (~600 km s~!) than for
the red spiral arm (~700 km s™1) (Morales-Rueda et al. 2000).
The red arm is brighter than the blue arm in the Bowen blend,
whereas the opposite holds for HS. The two arms have compa-
rable brightness in the other lines. This is also in line with the
results from the Doppler tomography.

To further investigate the properties of the asymmetric arcs
we divided the eclipse map into azimuthal slices (i.e., “slices
of pizza”) and computed the radius at which the intensity is a
maximum for each azimuth. A corresponding Keplerian veloc-
ity is obtained from the radius of maximum intensity assuming
that M, = 1.02 My and R;; = 0.81 R for IP Peg (Marsh &
Horne 1990). This exercise allows us to trace the distribution
of the spiral structures in radius and azimuth (BHS).

Figure 4 shows the azimuthal intensity distribution Iy, ra-
dius R(Imax) and corresponding Keplerian velocity at maximum
intensity Ukep[R(/max)]. Azimuths are expressed in terms of or-
bital phase. These are measured from the line joining both stars
and increase clockwise for the eclipse maps of Fig. 3. The un-
certainties in Iyax, R(Imax) and vgep[R(Imax)] are derived from
the Monte Carlo simulations (see Sect. 2.2). Dotted lines in
Fig. 4 depict the 1-0 limits in these distributions.

The two-armed asymmetric structures in the eclipse maps
lead to a double-humped shape in the azimuthal intensity distri-
bution. The valleys in the azimuthal intensity distribution trace
the region in between the spirals, where R(/j,x) iS meaning-
less. Accordingly, the distributions of R(/max) and viep[R(/max)]
are cut-off in the phase range where the intensity drops below
10 per cent of the peak intensity. The maximum intensity along
the outer, blue arm occurs at a radius of 0.55 £ 0.05 Ry (vgep =
670 + 40 kms™!), whereas that of the inner, red arm is at
0.30 £ 0.10 Ry (vep = 900 = 100 km s71). The position (and
velocity) of the blue arm is more precisely measured than that
of the red arm. The location, radial and azimuthal range of the
spiral arms are the same for all lines — from the low-excitation
Balmer lines to the high excitation He II and Bowen blend lines
— within the uncertainties.

A similar procedure was applied to the Doppler maps of
Fig. 3 to compute the observed velocity at the maximum in-
tensity as a function of orbital phase. The results are plotted as
solid grey lines in the velocity panels of Fig. 4. The results for
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the Bowen blend line are less reliable than for the other lines
as the corresponding Doppler map is quite noisy (Fig. 3). We
shall regard the results of the following analysis for this line as
merely illustrative.

The upper panels of Fig. 4 show the ratio of the observed
velocity (Doppler map) to the Keplerian velocity at the same
radius (eclipse map). A horizontal dashed line in each panel
depicts the reference unity velocity ratio. This comparison in-
dicates that the velocity of the emitting gas along the spiral
arms is generally lower than the Keplerian velocity at that ra-
dius. The difference is small for the blue arm, which shows
velocities 10—15 per cent lower than Keplerian. However, the
discrepancy is large for the red arm, with differences reaching
up to 40 per cent. This indicates that the velocity field along
the spiral arms is not Keplerian, in agreement with the results
of BHS. This result seems in line with the interpretation of
these asymmetric structures as caused by tidally-induced spi-
ral shocks, because the heated (and emitting) post-shock gas is
expected to move at velocities lower than the Keplerian veloc-
ity of the non-shocked disc orbiting gas at the same radius.

Nevertheless, hydrodynamical simulations by Steeghs &
Stehle (1999) suggest that the departures from a Keplerian
flow along the spiral pattern increase with radius, and that

one should expect the velocity discrepancy to be larger for the
outer, blue arm — just the opposite of what is observed. The
larger velocity discrepancy (and possibly also the smaller dis-
tance with respect to disc centre) of the red arm may be a conse-
quence of its interaction with the infalling gas stream. In this re-
gard, the hydrodynamical simulations by Bisikalo et al. (1998)
and Makita et al. (2000) show that the gas stream may penetrate
the disc, forming a bow shock that interacts and mixes with the
red arm to enhance emission along a spiral pattern close to the
disc centre.

4. Discussion
4.1. Measuring the opening angle of the spirals

The shape of the azimuthal intensity distribution and the po-
sition of maxima/minima intensities are defined by the open-
ing angle of the spiral arms (see the Appendix). For a fixed
orientation of the spiral arms (as expected for tidally-induced
spirals), the azimuth (binary phase) of maximum/minimum in-
tensity increases as the opening angle of the spiral decreases.
We performed simulations with artificial brightness distribu-
tions containing spiral arms to calibrate this relation. These
are described in the Appendix. It is therefore possible to infer
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Fig. 5. The measured opening angle of the spiral arms in IP Peg as a
function of outburst stage.

the opening angle of the spiral arms from the measured binary
phase of minimum in the intensity distribution of Fig. 4.

We fitted a parabola to the lower portion of the I, distri-
bution to find an average orbital phase of minimum of 0.43 +
0.02 cycles. From this measurement, we estimate the opening
angle of the spiral arms in our data to be ¢ = 25° + 3°. We
performed similar analysis with the maximum intensity distri-
butions of BHS and BHT to find opening angles of ¢ = 34°+3°
and ¢ = 14°+4°, respectively. Our data were collected 5-6 days
after the onset of the 1994 October outburst. Those of BHS and
BHT were obtained, respectively, 3 and 9 days after the start of
the corresponding outbursts.

Figure 5 shows the evolution of the measured opening an-
gle of the spiral arms in IP Peg with the time from the start of
the outburst. There is a clear correlation between the measured
spiral opening angle and the stage of the outburst, in the sense
that the later the outburst stage (fainter, cooler and smaller ac-
cretion disc), the more tightly wound the spiral arms are. This
is supported by 2-D and 3-D hydrodynamical simulations of
accretion discs, which indicate that the opening angle of the
spiral arms is correlated with the disc temperature, with cooler
discs showing smaller opening angles (e.g., Makita et al. 2000;
Sato et al. 2003).

4.2. Spiral structures: shocks or irradiation effects?

The spiral structures seen in IP Peg and a few other outburst-
ing dwarf novae have usually been interpreted as an observa-
tional confirmation of tidally induced spiral shocks in accre-
tion discs (Steeghs 2001, and references therein). Smak (2001),
and Ogilvie (2002) proposed that these spiral structures are
not evidence of spiral shocks, but are caused by irradiation of
tidally thickened sectors of the outer disc by the hot, inner disc
regions.

Smak’s (2001) model predicts that the blue arm is system-
atically brighter than the red arm. There is no observational
support for this claim. Our analysis of 5 different emission
lines show that the ratio of the brightness of the two arms is
line-dependent and probably also time dependent. For example,
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both arms have comparable brightness in the Hell 14686
Doppler tomogram of the first night of observations, whereas
the blue arm appears stronger than the red arm in the Doppler
tomogram of the same line in the second night of observations
(see Fig.4 of Morales-Rueda et al. 2000). Our data show no
clear evidence that one arm is systematically brighter than the
other one.

Our results may be used to set further constraints on both
interpretations.

First, the eclipse mapping procedure projects any emission
produced at height z above the disc back along the inclined line
of sight to the point where it pierces the disc plane, at a distance
ztani away from the secondary star with respect to its true po-
sition (Baptista et al. 1995). Conversely, if the spiral structures
are produced in vertically-extended disc regions, their true po-
sitions would be at a distance ztani towards the secondary
star. For the high inclination of IP Peg, even a small vertical
height z = 0.03R;; =~ 1.7 x 10° cm moves the spiral arms by
Ax ~ 0.2 Ry towards the secondary star with respect to their
positions in the eclipse maps. This displacement is enough to
shift both arms to the front side of the disc (the disc hemisphere
closest to the secondary star). However, the effects raised by the
tides from the secondary star are point-symmetric with respect
to the white dwarf, for both the shocks and the irradiation in-
terpretations (Steeghs & Stehle 1999; Makita et al. 2000; Smak
2001; Ogilvie 2002). It would be hard to explain the resulting
highly asymmetric geometrical configuration within the frame-
work of tides induced by the secondary star.

In order to avoid completely braking the point-symmetry
of the arms with respect to the white dwarf, they must be at
heights lower than z ~ 0.015 Ry; = 8 X 10® cm. But this is
of the order of (or even lower than) the expected thickness of
the accretion disc at the radial position of the arms?. Thus, our
results suggest that the site of the line emission along the spirals
cannot be too far above the orbital plane. There is no evidence
of a measurable disc thickening effect.

Second, a consequence of the irradiation model is that
mainly the side of the thickened disc regions facing the hot
inner disc would be irradiated. When the thickened disc struc-
ture is viewed from a highly inclined line of sight towards the
secondary star (i.e., around eclipse) the illuminated red arm
would be seen mostly face-on, but the blue arm would suffer
self-occultation (or would be seen with a much lower effective
area). Thus, in the irradiation model one expects that the red
arm appears systematically (and possibly significantly) brighter
than the blue arm around eclipse (and this brightness difference
would be transported to any eclipse map). Eclipse mapping
results offer no support for this prediction.

Finally, while sub-Keplerian velocities along the spiral pat-
tern are expected in the spiral shock model, there is no imme-
diate explanation for them in the irradiation model.

Therefore, the combined results from the Doppler tomo-
grams and eclipse maps seem to favour the spiral shock
interpretation of the observed asymmetric structures.

2 For a disc opening angle o =~ 2°-3°, the disc half thickness H
at a distance R ~ 0.4 R;, from its centre will be H = Rtana =~
(0.014-0.02) Ry, ~ (0.8—1.1) x 10° cm.
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5. Conclusions

We reanalyzed time-resolved spectroscopy of IP Pegasi in out-
burst with eclipse mapping techniques in order to investigate
the location and geometry of the observed spiral structures. We
were able to obtain an improved view of the spiral arms with
the aid of light curves extracted in velocity bins matching the
observed range of velocities of the spiral arms and a double de-
fault map tailored for reconstruction of asymmetric structures.

Two-armed spiral structures are clearly seen in all eclipse
maps. The arms are located at different distances from the
disc centre. The “blue” arm is farther out in the disc (R =
0.55+0.05 Ry;) than the “red” arm (R = 0.30+0.10 R;;). The
observed difference in radius is significant at the 3-0 level. The
“red” arm is stronger in the Bowen blend, whereas the “blue”
arm is stronger in HB. The two arms have comparable bright-
nesses in the other lines. The brightness ratios derived from the
eclipse maps and Doppler tomograms are consistent with each
other.

There is evidence that the velocity of the emitting gas along
the spiral pattern is lower than the Keplerian velocity for the
same disc radius. The discrepancy is lower in the “blue”, outer
arm — with the measured Doppler velocities being typically
10-15 per cent lower than Keplerian — but is more significant
in the “red”, inner arm — where the observed velocities can be
40 per cent lower than the Keplerian velocities.

It is possible to measure the opening angle ¢ of the spirals
from the azimuthal intensity distribution of the eclipse maps.
For the data of this paper we measure ¢ = 25° + 3°. We per-
formed a similar analysis with the data of BHS and BHT to find
opening angles of ¢ = 34° + 3° and ¢ = 14° + 4°, respectively.
The difference between the measured opening angle of the spi-
rals in these three cases is statistically significant at the 3-0
confidence level. There is clear evidence that the opening angle
of the spiral arms in IP Peg decreases towards the later stages
of the outburst while the accretion disc cools and shrinks. This
fits nicely into the expected evolution of a tidally driven spi-
ral wave and it is supported by hydrodynamical simulations of
accretion discs.

The sub-Keplerian velocities along the spiral pattern and
the clear correlation between the opening angle of the spirals
and the outburst stage favors the interpretation of these asym-
metric structures as tidally-induced spiral shocks.

It would be crucial to confirm these results with further
time-lapse, combined Doppler tomography and eclipse map-
ping of emission lines of IP Peg along the same outburst cycle.
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Appendix A: A double default eclipse mapping

The default map defines the point-spread-function of the recon-
structed eclipse map. The original default map of Horne (1985)
blurs any asymmetric point-like source into a ring at the same
disc radius and is well suited to recover the radial profile of
broad and fairly symmetrical disc brightness distributions.

The limited azimuthal smearing default (Rutten et al. 1992;
Baptista et al. 1996) added the capability to recover azimuthal
information about asymmetrically located light sources such as
the bright spot at the disc rim. Nevertheless, it was not designed
for reconstructions of highly asymmetric light sources such as
the spiral structures seen in the accretion disc of IP Peg in out-
burst. The azimuthal smearing default map blurs the spiral pat-
tern into a “butterfly”-shaped structure (Harlaftis et al. 2004).
It is possible to use these maps to define the range of radii and
azimuths covered by the spirals, but it is not possible to trace
the spiral pattern — i.e., to measure the spiral opening angle ¢.

Harlaftis et al. (2004) suggest the use of a default map
which steers the eclipse mapping solution towards a spiral
shape in order to improve the reconstruction of spiral structures
in IP Peg. The idea is to minimize the azimuthal blur effect, al-
lowing to trace the observed spiral arms.

We followed this idea and created a spiral default map,
which blurs the intensity of each point source in the eclipse
map along a spiral pattern in the disc. The first problem with
this approach is that the spiral default map introduces an ex-
tra, ad hoc parameter, namely, the opening angle of the spiral
pattern ¢. Since the opening angle is not known in advance (on
the contrary, this is one of the quantities we wish to measure
from the eclipse map), a plausible approach would be to make
reconstructions for a set of values of ¢ and try to determine
which map is the correct one.

In order to test the ability of the eclipse mapping method in

recovering the proper value of ¢ using the spiral default map,
we created artificial maps with two-armed logarithmic spiral
patterns for different values of ¢. The spirals have a radial width
of 0.08 Ry, and a radial range between 0.2-0.6 R;; with a
brightness cut off exp[— | (r — rp)/dr [*] law. The trace of the
spirals is defined by,
In#(0) = Inr(6y) + tan ¢ (6 — 6p), (A.1)
where r and 6 are, respectively, the radial and azimuthal co-
ordinates, [0y, r(8y)] defines a reference point along the spiral
pattern, and ¢ is the spiral opening angle.

We simulated the eclipse of the artificial maps using the
geometry of IP Peg (i = 81° and ¢ = 0.5, Wood & Crawford
1986) to create light curves with added Gaussian noise and ob-
tained reconstructions using spiral default maps for a set of ¢
values. These simulations show that there is no correlation be-
tween the map with the correct ¢, and the map of highest
entropy in a sequence of reconstructions with a range of values
of ¢. We further tried to see if one could recover the correct
value ¢, by using a spiral default map with a fixed, arbitrary
value ¢y. In all cases the asymmetric arcs in the reconstruction
are steered towards ¢ instead of towards ¢;.,;. The conclusion
is that using a spiral default map is not useful in investigating
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spiral structures in eclipse maps, unless we know in advance
the opening angle of the spirals.

With the usual default map of limited azimuthal smear-
ing, the ability to trace the spiral pattern is hampered by the
azimuthal smearing effect, which is responsible for the “but-
terfly” shape of the reconstructed spiral arms (Harlaftis et al.
2004). For an azimuthal gaussian blur width of A6 = 30°, all
point sources in the eclipse map will be azimuthally smeared
by ~90°. An obvious way to minimize the azimuthal smearing
effect and improve the reconstruction of asymmetric structures
would be to reduce A6. This corresponds to relaxing the funda-
mental constraint that the disc brightness distribution has to be
the most axi-symmetric as possible. However, eclipse maps ob-
tained with lower values of A6 start to show criss-crossed arcs
at the position of bright compact sources. The reason it that,
without the axi-symmetry constraint, the intensity of a compact
source is distributed along the arcs that outline the shadow of
the secondary star at the corresponding ingress/egress phases
(e.g., Horne 1985). The need to avoid this physically unreason-
able mapping is what prompted Horne (1985) to propose the
default map with azimuthal smearing.

A default map which tries to avoid building structure along
the ingress/egress arcs of the secondary star would be particu-
larly interesting for the reconstruction of asymmetric sources,
because in this case A6 could be reduced without the above un-
desired side effect. The approach of multiple default maps of
Spruit (1994) is very useful in this regard.

Following the prescription of Spruit (1994), the concept of
the default function D(j) can be generalized to the case of mul-
tiple functions by,

D(j) = eZimnD) - l_[ D, Zni =1,

1 l

(A2)

where #; is the exponent of the individual default function D;.
If n; > 0, the method will steer the intensities /(j) towards the
default map D;, whereas if n; < 0 the method with steer the
intensities away from the default map D;.

Here we implement a default function consisting of two de-
fault maps: a standard default map of limited azimuthal smear-
ing D,, with a positive index n, and a default map of criss-
crossed arcs Dgss With a negative exponent (1 — n),

D(j) = [Day(N]" X [Deriss (DI, 0> 1. (A3)

This is the equivalent of simultaneously requesting the most
axi-symmetric solution with the least amount of structures
along the ingress/egress arcs of the secondary star. The default
map of criss-crossed arcs is defined by,

Des() = 220k (A4)
2k Wik
where
1 (7)) — oi(k 2
oy = exp{_z(m)m«ﬁ( >) }
1 () = e(0)\’
+exp ‘E(A—¢) } (A5)
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Fig. A.1. Comparison of reconstructions obtained with the standard
eclipse mapping (single default map) and the double-default eclipse
mapping. The top panel shows the original map with two spiral arms
of opening angle ¢ = 30° in a logarithmic greyscale. The left panels
depict the simulated data (dots with error bars) and model light curves
(solid lines) in each case. Vertical dotted lines indicate the phases of
mid-eclipse and of ingress/egress of the disc centre. The right panels
show the reconstructions obtained with the standard eclipse mapping
(middle panel) and with the double default mapping (lower panel)
in the same logarithmic greyscale. The notation is similar to that of
Fig. 3.

I, is the intensity of pixel k, ¢;(j) and ¢.(j) are the ingress and
egress phases of pixel j respectively, and A¢ is the binary phase
blur width. Simulations show that good results are obtained for
n = 1.1-1.2 and A¢ ~ 0.002—-0.004 cycles.

This double-default function is tailored for reconstructions
of asymmetric brightness distributions. It yields no percepti-
ble improvement in the quality of reconstructions of broad,
fairly symmetric brightness distributions found in usual eclipse
mapping applications. However, it does make a difference for
reconstructions of spiral arms. Figure A.1 compares a recon-
struction of a brightness distribution with two spiral arms as ob-
tained with the standard single default map of limited azimuthal
smearing with that obtained with the double default map. The
two reconstructions were obtained with A6 = 10°. Because of
the reduced A6 value, a criss-crossed structure develops in the
reconstruction with the single default map. It can be seen as
a bright arc running across the upper left spiral arm. This arc
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Fig. A.2. Sequence of brightness distributions with spiral arms of different opening angles. Left panel: simulated noisy light curves (S/N = 50,
gray dots with error bars) and eclipse mapping model light curves (solid lines). Vertical dotted lines mark the ingress and egress phases of the
disc centre. Middle panels: original maps (left) and eclipse mapping reconstructions with the double-default map (right). The reconstructions
were obtained with A@ = 10°. The notation is similar to that of Fig. A.1. Right panels: the azimuthal dependency of the maximum intensity of
the original maps (dashed line) and of the reconstructions (solid line). Vertical dotted lines mark the azimuths of minimum light in each case.

outlines the shadow of the secondary star at the mid-ingress
phase of that spiral arm. This artifact is largely suppressed in
the reconstruction with the double default map. Furthermore,
the “butterfly” shape of the reconstruction with the single de-
fault map is replaced by a better defined trace of the spirals in
the reconstruction with the double default map.

Figure A.2 shows the performance of the double-default
eclipse mapping for the reconstruction of two-armed spiral
brightness distributions at different opening angles. The left
hand panels display the data and model light curves. It is seen
that the shape of the eclipse changes significantly as the open-
ing angle of the spirals is reduced. Original and reconstructed
maps are shown in the middle two columns. The right-hand
panels show the distributions of the maximum intensity in the
map as a function of binary phase (or azimuth, see BHS).

The distribution of the original map is shown as a dashed gray
line while that of the reconstruction is indicated by a solid line.
Vertical dotted lines mark the azimuths of minimum intensity
in each case. Orbital phases are measured with respect to the
inner Lagrangian point L1 and increase clockwise.

Wide open spirals (¢ > 25°) produce narrow, well defined
maxima and minima in the azimuthal intensity distribution.
The corresponding eclipse maps show well defined and sep-
arated asymmetric arcs with a reasonably good reconstruction
of the shape, radial and azimuthal range of the spirals. As the
opening angle is reduced, the maxima of the azimuthal inten-
sity distribution become broader while the minima become nar-
rower. Because of the winding up of the spiral arms, both max-
ima and minima intensities move towards higher orbital phases
in a monotonic, fairly linear way. The shape of the azimuthal
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Fig. A.3. Reconstruction of a brightness distribution with spiral arms
of ¢ = 15° and radial range 0.3—0.55 R;;. Top: original (left) and re-
constructed (right) maps. Bottom: the azimuthal dependency of the
maximum intensity of the original map (dashed line) and of the recon-
struction (solid line). The notation is the same as in Fig. A.2.

distribution and the position of maxima/minima intensities are
defined by the opening angle of the spiral arms. Thus, it is pos-
sible to estimate the opening angle of the spirals by measuring
the position of maxima/minima intensity in the azimuthal dis-
tribution.

The maxima of the azimuthal intensity distribution are af-
fected by noise in the light curve and by residual criss-crossed
arc effect and are less reliably recovered in the reconstructions.
On the other hand, the minima of the azimuthal intensity dis-
tribution trace the region in between the spirals. Because there
is essentially no flux at these azimuths, their positions are less
prone to be distorted by noise. Also, the minima become nar-
rower as the opening angle decreases and are, therefore, eas-
ier to measure in the limit of low ¢’s. We therefore choose to
measure the opening angle of the spirals from the azimuths of
minimum intensity.

For small opening angles the two spiral arms become so
tightly wound that they start to overlap in azimuth. Because
of the (reduced, but still present) azimuthal smearing effect,
they become indistinguishable in the reconstructions and it is
no longer possible to use the azimuthal intensity distribution to
estimate the opening angle of the spirals. For the simulations
presented in Fig. A.2, this occurs at ¢, =~ 16°. The minimum
opening angle that is possible to measure depend on the radial
extension of the spiral arms. If the spiral pattern does not ex-
tend as far inside the disc as those in Fig. A.2 it is possible
to measure ¢ for spirals with smaller opening angles than the
limit of the above example. This is illustrated in Fig. A.3, which
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shows the results for a two-armed spiral pattern distribution
with ¢ = 15° and a reduced radial range of 0.3—-0.55 R;;. The
azimuthal intensity distribution is easily recovered in this case,
allowing a precise measurement of the azimuth of minimum
intensity. The reconstructed brightness distribution is similar to
those of the IP Peg eclipse maps of BHT.

From our simulations we find the following empirical rela-
tion between the spiral opening angle ¢ and the observed or-
bital phase of minimum intensity ®op (I imin),

23.25
q)orb(lmin)
Thus, by using a double default map and by measuring the
minima of the azimuthal intensity distribution in the resulting

eclipse map it is possible to estimate the opening angle ¢ of the
spiral arms in IP Peg.

¢(degrees) = —29.6. (A.6)
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