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indicate the structure of the disk. The emission distribution over
the disk in most of the known cataclysmic variables is far from
being uniform or even symmetric. The interaction between the
highly supersonic overflowing secondary star material and the
edge of the rotating disk and the mass transfer through the disk
lead to an inhomogeneous distribution of emission. A promi-
nent region of enhanced emission, the so–called bright spot is
often visible at the rim of the disk where the stream material
impacts onto the disk. Recently a group found observational
evidence for spiral structures in an outburst accretion disk by
means of Doppler tomography: Steeghs et al. (1997) found a
two armed structure in the disk of IP Peg during outburst. Emis-
sion from the secondary star can also play a role, as detected
for example for the Hα and Hβ line of IP Peg during quiescence
(Wolf et al. 1998). The knowledge of the distribution of line
emission is in addition crucial for the measurement of the radial
velocity of the white dwarf, since phase-dependent asymmetries
in the emission lines distort measurements of this parameter.

This paper presents phase–resolved studies of EX Dra by
analysing the spectra presented in Fiedler et al. (1997) in more
detail. Our intention is to locate line emitting sites in the system
and to obtain information of the line flux distribution over the
disk by means of Doppler tomography. Spectra recorded dur-
ing both the outburst and the quiescent state showing a series
of emission lines allow us to compare Doppler maps of dif-
ferent temperatures and accretion states to reveal details of the
accretion mechanism in the system EX Dra.

Sect. 2.1 describes the time–resolved spectroscopic obser-
vations of the eclipsing dwarf nova EX Dra taken during the
quiescent as well as during the outburst state and the applied
reduction algorithm. The flux calibration of the spectra is pre-
sented in Sect. 2.3. In Sect. 3 the Doppler velocity profiles are
discussed and used to map the emission line regions. It is fol-
lowed by a discussion of the images, a comparison between
the high and the low accretion state and a comparison of the
Doppler map of Hα with the Hα map of EX Dra performed by
Billington et al. (1996). In Sect. 4 the results of this paper are
summarized.

2. Data acquisition and reduction

2.1. Spectroscopy

The acquisition and reduction of the spectroscopic data has al-
ready been discussed by Fiedler et al. (1997). Therefore in the
following only a short summary of the spectroscopic data is
presented. A set of 137 optical spectra of EX Dra was recorded
in an observing run at the Calar Alto 3.5 m telescope with the
Cassegrain Twin Spectrograph in 1992. The choosen gratings
provided a dispersion of 1.7̊A per pixel in the blue and 1.1̊A
per pixel in the red spectral range with a wavelength coverage
between 3440 and 5330̊A and 5690 and 6810̊A respectively.
During these observations EX Dra was in quiescent state.

An additional sequence of 32 spectra was taken in a second
observing run at the Calar Alto 3.5 m telescope in 1993 during
which EX Dra was found in (probably an early) outburst state.

The wavelength coverage in the red part of the spectra was
extended to longer wavelengths (6200. . .8900Å) at the cost of
the spectral resolution leading to a dispersion of 2.7Å per pixel
in the red part of the spectra. The blue part of the wavelength
range (3840. . .5630Å) was observed with a dispersion of 1.8Å
per pixel.

The exposure times varied between 200 s and 1200 s. Spec-
tra of the spectrophotometric standard stars BD +28◦4211
(Stone standard) and Wolf 1346 (Oke standard) were taken.

The spectroscopic data were reduced using the so–called
Optimal Spectrum Extraction Algorithm (Horne 1986), tak-
ing into account bias–subtraction, flatfield–correction, sky–
subtraction and cosmic–ray elimination and performing a
wavelength–calibration.

In order to correct for the wavelength–dependent sensitiv-
ity of the atmosphere and of the instruments a separate flux
calibration was performed (see Sect. 2.3).

2.2. Photometry

Long term photometric observations of EX Dra in the
quiescent as well as in the outburst state were per-
formed with the Multichannel–Multicolour Photometer MCCP
(Barwig et al. 1987) attached to the 80 cm Wendelstein tele-
scope during the years 1991 to 1996 and to the 2.2 m telescope
at Calar Alto observatory in 1992 and 1993. The data were
recorded with a time resolution of 2 s and 1 s. The MCCP is a
high–speed photometer providing three fiber channels to mea-
sure the object, a nearby comparison star and the sky background
simultaneously. Atmospheric effects are eliminated using the
so–called Standard Reduction Algorithm (Barwig et al. 1987)
which subtracts the sky background of each of the five UBVRI
colour channels from object and comparison star and divides
the object by the comparison star measurements afterwards. The
simultaneous observing technique in combination with the re-
duction algorithm allows to perform photometric measurements
even under non–photometric conditions. A detailed journal of
the photometric observations from 1991 to 1996 is given by
Fiedler et al. (1997). The B and R light curves from these pho-
tometric measurements were used for the flux calibration of the
spectra (see Sect. 2.3).

2.3. Flux calibration of the spectra

A flux calibration is required in order to account for the
wavelength– and time–dependent sensitivity of the atmosphere,
for the wavelength–dependent sensitivity of the telescope, the
spectrograph and the detector and to transform the recorded flux
distribution to an absolute scale.

Under stable atmospheric conditions the flux calibration can
be performed by using recorded spectra of spectrophotometric
standard stars, or alternatively by using simultaneously recorded
broadband photometry. The latter can also be applied under vari-
able atmospheric conditions, when an instrument like the MCCP
is used which allows to obtain photometric measurements even
under non-photometric conditions.
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Fig. 1. Mean spectra of EX Dra observed during quiescence. Before averaging the spectra were shifted according to the radial velocity
K1 sin(φ) = 167 km s−1 sin(φ). Intensities in ergs s−1 cm−2 Å−1. The energy flux is accurate to a constant factor, because of slit loss of
the flux star spectra. See the text for more details.

Unfortunately the atmospheric conditions were not stable
during the observations and no simultaneous photometry was
available which could have been used to correct for the atmo-
spheric variations. In addition a careful check of the recorded
standard star spectra showed that a significant loss of light oc-
cured at the spectrograph slit.

Therefore a different approach had to be made: the short term
atmospheric variations were corrected by means ofmeanpho-
tometric B and R light curves taken during the quiescent and the
outburst states of EX Dra, whereas the wavelength–dependent
sensitivity of the atmosphere and the instrument were corrected
by using the recorded spectra of the flux stars BD +28◦4211
(1992) and Wolf 1346 (1993). A significant number of photons
is lost when a narrow spectrograph slit is used for both the ob-
ject as well as the standard star spectra. The lack of standard
star spectra recorded with a wide slit prevented us from calcu-
lating the so–called ‘slit loss’. Therefore the resulting spectral
flux distribution of the object spectra is accurate to a constant
factor.

3. Analysis and results

3.1. Mean quiescence spectra

Fig. 1 presents the mean spectra of EX Dra in quiescence,
which are based on 69 single spectra in the blue and 68 in
the red wavelength range. Before averaging the single spec-
tra were shifted according to the radial velocityK1 sin(φ),
with K1 = 167 km s−1 (Fiedler et al. 1997). The spectra show
strong, broad emission lines of hydrogen with equivalent widths
up to 55Å for Hα. Neutral helium is present in emission in both
the singlet line atλ 6678Å and the triplet lines atλλ 4471, 4026,
5876Å. Heii is weakly present atλ 4686Å. Lines from other
(highly) ionized species are rarely seen during quiescence, ex-
cept several Feii (λλ, 4924, 5018, 5169̊A) lines.

The hydrogen and helium emission lines show the typical
double–peaked profiles associated with accretion disks and are

therefore mainly formed within the disk. These profiles are su-
perimposed by asymmetric structures produced by anisotropi-
cally radiating emission sites of the system. The Balmer lines
Hβ , Hγ , Hδ, Hε and the Hei (λ 6678Å) line show an asymme-
try in form of an enhancedblue–shiftedpeak in the averaged
spectra. The phase–resolved single spectra of these lines show
clearly that the maximum of line emission is seen during the
phases before the eclipse (φ ≈ 0.7 . . . 0.95) in the blue–shifted
part of the line profiles. Obviously it can be attributed to the
interaction between the infalling gas stream and the outer parts
of the disk which produces an anisotropically radiating region
of enhanced emission.

Departing from that canonical picture the line profile of the
Hα line shows an asymmetry in form of an enhancedred–shifted
peak. Obviously at lower temperatures the emission of the bright
spot is exceeded by other sources of emission within the system.
The phase–resolved line profiles reflect a complex structure in-
dicating that several emission sites contribute to the Hα line
flux, but do not allow a separation of the different components.
This will be further discussed in Sect. 3.3 in the context of the
Doppler maps.

The secondary star is visible in several Cai absorption lines
in the red part of the optical wavelength range. A detailed
analysis of these lines can be found in Fiedler et al. (1997).

3.2. Mean outburst spectra

The mean spectra of EX Dra in outburst are displayed in Fig. 2
as the average of 16 single spectra for the blue and 16 for the red
spectral range. As discussed in Sect. 2.3 the spectra of the spec-
trophotometric standard stars suffered from significant slit loss
and therefore the computed flux of the spectra of EX Dra is ac-
curate to a constant factor. The energy flux of the system appears
to be higher in quiescence than outburst. The mentioned slit loss
should account for this contradiction, since we know from pho-
tometric measurements taken the night after the spectroscopic
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Fig. 2. Mean spectra of EX Dra observed during outburst. Before averaging the spectra were shifted according to the radial velocityK1 sin(φ) =
167 km s−1 sin(φ). Intensities in ergs s−1 cm−2 Å−1. The flux is accurate to a constant factor, because of slit loss of the flux star spectra. This fact
could explain why the energy flux of the system appears to be lower during outburst than during quiescence. See the text for further discussion.

observations in 1993 that the optical flux was significantly en-
hanced compared to July 1992.

The most remarkable features in the outburst spectra are
dominant emission lines of the Balmer series and of neutral he-
lium, whereas outburst spectra generally show broad Balmer
absorption lines with weak emission cores. A similar behaviour
was also seen in IP Peg: Marsh & Horne (1990) recorded out-
burst spectra of IP Peg and observed enhanced emission line
fluxes of all Balmer and helium lines with Heii (λ 4686Å) be-
coming the strongest line at visual wavelengths. The systems
Z Cha (Vogt 1982) and OY Car (la Dous 1991) also show emis-
sion lines during outburst. The high orbital inclination of these
systems probably account for the strong emission lines during
eruption, because the flux in the optically thick continuum of
the accretion disk is at large inclinations reduced by projection
and limb darkening in favor of emission lines formed above the
disk.

The profiles of the Balmer lines are almost single–peaked in
the mean spectra of EX Dra in outburst, although there are still
some small indications of double–peaked structures visible. As
a remarkable exception the Hei (λ 4471Å) line clearly displays
a double–peaked profile in the mean outburst spectra.

High–excitation lines which are only weakly or not
at all present during quiescence emerge during outburst,
like Heii (λ 4686Å), C ii (λ 4267Å) and the Ciii/N iii

(λλ 4634. . . 4651̊A) blend.
Heii emission is often a hint for a strong magnetic field of

the white dwarf, but there is no evidence for magnetic accre-
tion in EX Dra. Patterson & Raymond (1985) show that Heii

(λ 4686Å) emission can be produced in the upper layer of the
disk by reprocessing soft X–rays from the boundary layer when
the mass transfer ratėM(d) exceeds 10−9 M�/y. Under the
premise thatṀ(d) in EX Dra in the recorded outburst state
satisfies this condition the detected Heii outburst line could
be formed in the (upper layer of the) disk by recombination fol-
lowing photoionization by the boundary layer. Heii is blended

by Ciii/N iii emission, which prevents us from Doppler imag-
ing this line. The time–resolved line profiles show that the line
forming region can not be too extended since most of the Heii

emission is eclipsed at phaseφ = 0 by the secondary star.

3.3. Doppler imaging in the quiescent state

Line profiles broadened by Doppler shifting retain an imprint of
the line emission region from which it originated. The Doppler
tomography is an imaging technique, developed by Marsh &
Horne (1988), which makes use of the close relationship be-
tween the observed emission line flux and the velocity profiles
to obtain the distribution of line emission over the surface of the
disk in velocity space.

Under the premise that Doppler shifting is the only broad-
ening mechanism of significance it is possible to locate the line
forming regions of the binary system by means of Doppler to-
mography.

The Doppler broadened line profiles represent a projection
of the velocity distribution in the direction of the observer’s line
of sight, while rotation of the binary gives the observer a contin-
uously varying sequence of velocity projections. This combina-
tion of Doppler shifting and binary rotation provides sufficient
information for the assembly of two–dimensional maps in ve-
locity space (Vx, Vy).

While the observed line profiles are a projection of the ve-
locity distribution, a back–projection algorithm applied to the
observed data yields the emission distribution in velocity space.

The computation of a Doppler tomogram is based upon the
fundamental fact, that a spot of emission in the binary system
traces an ‘S–wave’ in the phase–sorted (‘phase–folded’) spec-
tra, most evidently displayed by the features of the bright spots
in many cataclysmic variables. The coordinate system is defined
by the X–axis pointing from the white dwarf to the secondary
star and the Y–axis in the direction of motion of the secondary
star. The sinusoidal ‘S–wave’ radial velocity curveVR described
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Fig. 3. Doppler maps of Hα, Hβ and Hγ during the quiescent state of EX Dra (right column), the observed phase–folded spectra (left column)
and the spectra reconstructed from the maps (middle). The Doppler maps show a broad ring–like structure and emission from the gas stream.
The map of Hα displays further a second bright emission spot at Vx ≈ 0. . .+500 km s−1 and a faint hint of secondary emission.

Billington et al. (1996) also found evidence for irradiation of
the secondary in their Hα Doppler map. In contrast to our result
they observed strong broadened secondary star emission uni-
formly distributed over the secondary including L1. This might
be due to their incomplete phase coverage and fewer number of
spectra compared to our data set.

The disk structures in the Hγ , Hδ and Hei (λ 4471Å) maps
are superposed by several emission features weaker than the

bright spot. The features in Hγ and Hδ are consistent. Since such
features can be caused by a low phase resolution they might be
artificial. Further spectroscopic observations with higher time
and velocity resolution are required to verify their existence.

3.4. Doppler imaging in the outburst state

Interpretation of Doppler tomograms of the outburst state is
hampered by the fact that the outburst data set covers only 56%
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Fig. 4. Doppler maps of H� and Hei (�� 6678 and 4471�A) during the quiescent state of EX Dra (right column), the observed phase{folded
spectra (left column) and the spectra reconstructed from the maps (middle). The H� map shows similar features as the H� and H
 map (cp.
Fig. 3). The Hei maps display emission from the gas stream and the disk, but the data are quite noisy within this lines.

of the binary orbit, which could result in arti�cial effects. Due
to a non uniform distribution of the available spectra across the
binary orbit we obtain a decreased resolution in the Vx direction
in the maps.

As in many dwarf novae during outburst, EX Dra shows
strong Balmer emission from the secondary star in the high ac-
cretion state (Fig. 5). The secondary star displays no emission of
the Hei triplet line at� 4471 �A (Fig. 6) whereas there are indi-

cations of Hei (� 6678 �A) emission from the secondary during
outburst.

Because of the mentioned arti�cial smearing in the Vx direc-
tion the bright emission region in the H� outburst map can be a
superposition of emission from the irradiated secondary and the
gas stream. Emission from the gas stream is further detectable
in the Hei maps, most prominently in the line at� 4471 �A. A
comparison with the Hei (� 4471 �A) quiescence map locates
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Fig. 5. Doppler maps of Hα, Hβ and Hδ during the outburst state of EX Dra (right column), the observed phase–folded spectra (left column) and
the spectra reconstructed from the maps (middle). The images show strong secondary star emission. Emission from the gas stream obviously
contributes to the bright emission region in the Hα map. Due to an incomplete phase coverage of the outburst data set an artificial smearing in
the Vx direction occurs.

the impact region in outburst about 0.2 RL1 closer to the L1
point than in quiescence. This can be attributed to the enhanced
accretion during outburst, which causes an enlargement of the
outer disk regions due to conservation of angular momentum
within the disk.

The system seen in the light of the single ionized carbon
(Fig. 6) differs totally from the other images. The Cii emission
which is only marginally detectable in quiescence is powerful

enhanced during outburst. The S–wave in the observed phase–
folded spectra (lower left picture in Fig. 6) indicates that the
C ii line flux is emitted at relatively low radial velocities. In the
Doppler image the Cii emission is concentrated in the center
of the disk suggesting a line forming region close to the white
dwarf. Whether Cii originates in the chromosphere of the pri-
mary or in parts of the inner boundary layer or in a wind from
the white dwarf is not clear. The reconstructed data (lower mid-
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Fig. 6. Doppler maps of Hei (λλ 6678, 4471̊A) and Cii (λ 4267Å) during the outburst state of EX Dra (right column), the observed phase–
folded spectra (left column) and the spectra reconstructed from the maps (middle). In the Hei maps there is detectable emission from the gas
stream and a further structure almost opposite to this feature. The Cii line differs totally from the other lines. A narrow component in the
phase–folded data maps into a region in the velocity map close to the primary component.

dle picture in Fig. 6) indicate a reliable back–projection, but the
interpretation of the Cii line is hampered by the low S/N ratio
of the data recorded within this line and by possible artificial
effects due to the incomplete phase coverage and the low phase
resolution. However, it is obvious that during outburst the Cii

line is not emitted from the same sites, where the Balmer or
helium lines originate.

The two Hei outburst maps (cp. Fig. 6) clearly display emis-
sion features in the disk almost opposite to the bright spot. Re-
cently detected spiral structures in the outburst accretion disk
of IP Peg (Steeghs et al. 1997) suggest that tidally induced spi-
ral shocks (first proposed by Sawada et al. 1986, 1987) may
also play a role in the accretion processes during outburst in
other dwarf novae. Unfortunately the low spectral and phase–
resolution of our outburst data permit no reliable statement about
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spiral structures in the disk of EX Dra. The detection of spiral
patterns by means of Doppler tomography demands a spectral
resolution of� 80 km s� 1 and a time resolution of� 40 spectra
per binary orbit (Steeghs & Stehle 1999), which is not met by
our outburst data set.

4. Discussion and conclusion

EX Dra in quiescence is dominated by emission from a fully
established accretion disk and by emission from the gas stream
interacting with its outer rim. The center of the gas stream emis-
sion located at Vx � � 500km s� 1 during quiescence is in
agreement with that in the H� map of Billington et al. (1996),
but our data set does not con�rm the strong broadening detected
by Billington et al (1996).

Unlike most other dwarf novae, the emission lines of EX Dra
remain strong during outburst. This behaviour is also seen in
other deeply eclipsing dwarf novae like IP Peg (Marsh & Horn
1990), Z Cha (Vogt 1982) and OY Car (la Dous 1991). The high
orbital inclination of these systems probably accounts for the
strong emission lines during eruption, because at large inclina-
tions the 
ux in the optically thick continuum of the accretion
disk is reduced by projection and limb darkening in favor of
emission lines formed above the disk.

Reemission of the secondary star in EX Dra is detectable
during quiescence in H� and during outburst in H� , H� and
H� , where it becomes the dominating emission source during
outburst. The emission is concentrated near the poles of that side
of the secondary facing the primary and indicates photospheric
heating caused by irradiation by the white dwarf or the boundary
layer.

Emission lines from highly excited species, like Heii
(� 4686 �A), C ii (� 4267 �A) and Ciii /N iii (�� 4634: : : 4651 �A)
are only marginally or not at all detected during quiescence but
become strongly enhanced during outburst.

The Doppler image of the Cii line during outburst locates
its line forming region close to the white dwarf. This suggests
the chromosphere of the white dwarf or the inner boundary layer
or an out
ow as possible emission sites. Radial velocity mea-
surements of this line should in principle reproduce the radial
velocity of the primary with higher precision than the distorted
disk emission lines do. However, due to the low S/N of the Cii
line and the incomplete phase coverage of the recorded outburst
spectra, we were not able to determine the radial velocity of the
Cii line.

The Heii line is superimposed by Ciii /N iii emission, for
that reason no reliable Doppler map of this line can be per-
formed. Provided that the mass transfer rate_M(d) exceeds
10� 9 M� =y (Patterson & Raymond 1985) the Heii emission
during outburst might be produced by reprocessing of soft X{
rays from the boundary layer in the disk.

It is further conceivable that Heii (and Cii ) is formed in
out
owing material, but this would require a very slow wind.
However, the material emitting the Heii and Cii lines can not be
too extended, but must be closely con�ned to the orbital plane
since both emission lines are eclipsed at phase� = 0 .

A comparison between the location of the gas stream emis-
sion in the Doppler maps of Hei (� 4471 �A) in quiescence and
outburst show that the disk radius is enlarged by about 0.2 RL 1

during outburst.
The brightest line forming region in quiescence in the

Doppler map of H� is located far from the gas stream trajec-
tory. We have no explanation which line forming processes are
involved to produce this feature. Since this emission spot is
only detectable in the H� line and not in lines re
ecting higher
temperatures it is unlikely to be caused by a second impact re-
gion, as discussed e.g. by Lubow (1989). This emission spot
is partly responsible for the complex H� line pro�les and the
asymmetric pro�le in the averaged spectra in form of an en-
hanced red{shifted peak.

The Hei maps computed for the outburst spectra show evi-
dence for emission structures in the right and top right region
of the Doppler maps. Unfortunately the quality of the outburst
spectra does not allow to draw a clear decision whether these
structures may be attributed to spiral structures within the ac-
cretion disk of EX Dra, as detected for IP Peg during outburst
(Steeghs et al. 1997), or not.

Our results show that EX Dra is a very interesting CV and
that the next step should be spectroscopy with higher time and
spectral resolution. The fact that the system can be frequently
found in the outburst state should make further investigation
possible throughout it's outburst cycle.
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