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İ. Özavcı, E. Bahar and H.V. Şenavcı
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Abstract. We performed Doppler imaging of the eclipsing binary ER Vul us-
ing time-series mid-resolution (R ∼ 13500) spectra of the system. The spectra
were acquired via the echelle spectrograph attached to the 0.4m Kreiken Tele-
scope at the Ankara University Kreiken Observatory. We applied Least-Squares
Deconvolution (LSD) technique in order to enhance SNRs of the velocity pro-
files to better resolve the spot signatures. We determined the mass ratio, q,
as 0.949(19) and masses of the primary and secondary components as 1.108
(33) and 1.052 (34), respectively. The reconstructed images of both compo-
nents show that cool spots are preferably located at high latitudes. We also
investigated the chromospheric activity behaviour with the help of the spectral
synthesis method. Both photospheric and chromospheric activity variations
along with the orbital phase are in accordance with each other.
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1. Introduction

RS CVn-type systems have remarkable significance in better understanding the
dynamo mechanism working in close binary stars due to their strong magnetic
activity. One of them, ER Vul, is a short-period RS CVn-type eclipsing bi-
nary system that has several activity-related studies in the literature after its
classification by Hall (1976). The variability in the light curves of the system
outside eclipses was attributed to the cool spot activity on both components
(Olah et al., 1994; Ekmekçi et al., 2002; Wilson & Raichur, 2011; Pop & Vamoş,
2013). The activity of both components of ER Vul was confirmed by Çakırlı
et al. (2003), who also revealed that the secondary star is more active than the
primary one using the equivalent width (hereafter EQW) variations ofHα excess
emission with the help of the spectral subtraction method. Using the high res-
olution spectroscopic data obtained from the Canada-France Hawaii Telescope
(CFHT), Shkolnik et al. (2005) determined some orbital parameters of the sys-
tem from radial velocity measurements and investigated the activity behaviour
with the help of the Ca II emissions. They mentioned that the emissions are con-
sequences of the activity of both components as well as a broad stream flowing
toward the secondary. The Doppler images of the system obtained by Piskunov
(1996) and Piskunov et al. (2001) showed large temperature difference as well as
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the presence of a hot spot at sub-stellar points on both components. Piskunov
(2008) revealed a non-axisymmetric dynamo action by analyzing the Doppler
images of ER Vul. The most recent Doppler imaging study of the system was
carried out by Xiang et al. (2015) using the code DoTS. They mentioned that the
active regions were almost found in the hemisphere facing the other component,
while they found no remarkable concentration of spots at the sub-stellar points.

In this work, we analyzed the mid resolution time-series spectroscopic data of
the short-period RS CVn-type eclipsing binary ER Vul via the Doppler imaging
and spectral synthesis methods in order to study the activity behaviour and
determine some orbital parameters of the system. In addition to the long-term
star-spot activity of ER Vul, we also presented the performance of a small
telescope (D=0.4m) equipped with a mid-resolution spectrograph in point of
image reconstruction of such active binary systems.

2. Observations and data reduction

The mid-resolution time series spectra of ER Vul were obtained between 1 and
19 July 2018, using the Shelyak eShel spectrograph attached to the 0.4m Kreiken
Telescope at the Ankara University Kreiken Observatory. We obtained seven-
teen spectra of the system with an average resolution of R ∼13500 that cover
the wavelength range between 4340 Å and 7400 Å. The data was taken using
the exposure time of 3600 seconds that gives SNR values between 58 and 99. We
also observed three slowly rotating and non-active template stars HD 143761
(G0V), HD 32147 (K3V) and HD 139777 (G1.5V) that are required by Doppler
imaging (photospheres of the primary and secondary components and the spot
temperature) and spectral synthesis methods (photospheres of the primary and
secondary components). The data reduction as well as the wavelength calibra-
tion procedures were carried out with the help of the AudeLA software (Klotz
et al., 2012). The normalization of the spectra was performed using our own
code that was developed in Python.

We used the signal enhancing Least-Squares Deconvolution (LSD) technique
by Donati et al. (1997) to better resolve the spot signatures on both components
during Doppler imaging process. The linelist required by the LSD technique was
obtained from the Vienna Atomic Line Database (Kupka et al., 1999), consid-
ering log g and Teff of ER Vul. We obtained the SNR values of LSD profiles
between 1500 and 1900. Considering the resolving power of the spectral data,
we set the increment per pixel to 10 km s−1 during the calculation of LSD pro-
files.
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3. Analysis

3.1. Orbital solution and Doppler imaging

We determined the RVs of both components of ER Vul by fitting synthetic
rotation profiles to the LSD profiles (see Şenavcı et al., 2018, for more details).
An example of a fitted LSD profile is given in Fig. 1. The radial velocity analysis
of ER Vul was performed using the rvfit code developed by Iglesias-Marzoa
et al. (2015). The RV data together with the model are also plotted in Fig. 1,
while the parameters obtained from the RV analysis are given in Table 1.

We used the Doppler imaging code DoTS (Collier Cameron, 1997) to reveal
the spot pattern on the surfaces of both components of ER Vul. The code is
based on two temperature model to mimic the spotted and unspotted photo-
sphere and uses the Maximum-Entropy Method (MEM) to find the best fitting
spot distribution across the stellar surface by means of a spot filling factor.
The LSD profiles and best fit models are shown in Fig. 2, while the surface
reconstructions of the primary and the secondary components are in Fig. 3.
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Figure 1. Left panel: An example of LSD profile (open circles) at phase 0.247 and

the theoretical fit (red solid line) used in RV determination. Right panel: RV curve

of ER Vul. The open blue triangles and open black circles represent the RV data of

primary and secondary components of ER Vul, respectively. The solid and dashed red

lines belong to the RV fit to the data.

3.2. Spectral subtraction

We also investigated the chromospheric activity behavior of ER Vul with the
help of the spectral subtraction technique that was first suggested by Barden
(1985). In this context, we determined the EQWs of the Hα excess emission for
each spectrum considering the flux contribution from both components depend-
ing on the orbital phase and hence the eclipses. The details of the code used
concerning the spectral subtraction process can be found in the study by Şenavcı
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Figure 2. Phase-ordered LSD profiles of ER Vul. Black solid lines represent the syn-

thetic velocity profiles generated using the system parameters, while the red solid lines

show the maximum entropy regularized models of ER Vul.

Figure 3. The Mercator projection of reconstructed image for the primary (left panel)

and the secondary (right panel) component of the ER Vul system.

et al. (2018). An example of Hα excess emission obtained for two different orbital
phases using spectral subtraction is shown in Fig. 4.

4. Discussion and conclusion

We have presented an activity investigation of both components of the RS CVn
type eclipsing binary ER Vul, using time-series mid-resolution spectra of the
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Table 1. Some physical parameters of ER Vul and comparisons from the literature.

Parameter Value Reference

q = M2/M1 0.949 ±0.019 This Study
0.960 ±0.050 a

K1 (km s−1) 138.67 ±2.06 This Study
139.30 ±4.60 a
135.20 ±0.63 b

K2 (km s−1) 146.13 ±1.90 This Study
144.30 ±5.20 a
142.82 ±0.76 b

i [◦] 66.63 c
Vγ [km s−1] -26.26 ±1.24 This Study

-28.30 ±3.30 a
T0(HJD) 2445220.40964 This Study
P (d) 0.698095 This Study
Teff,1(K) 6000 c
Teff,2(K) 5750 c
a(R⊙) 4.28 ±0.04 This Study
M1 (M⊙) 1.108 ±0.033 This Study
M2 (M⊙) 1.052 ±0.034 This Study

Note: Reference: a. Çakırlı et al. (2003), b. Shkolnik et al. (2005), c. Harmanec et al. (2004).

Figure 4. The spectral subtraction of the Hα line obtained at phases 0.014 (left panel)

and 0.247 (right panel) of ER Vul. The yellow and blue solid lines show the spectra of

the primary and secondary components, respectively, while the red solid line represents

the total flux. The bottom panels show the residuals from the fit as well as the area

of excess emission.
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system with the help of the Doppler imaging and spectral subtraction tech-
niques. The resolution of the spectral data (R ∼ 13500) used in this study may
not be sufficient for such Doppler imaging purposes. However, both the high
v sin i value of the system (84 km/s and 78 km/s for the primary and secondary,
respectively) and the resolving power allow us to resolve star spots larger than
13 degrees, which can be considered as a good resolution for such a telescope
and spectrograph system. The exposure time of 3600 seconds used during the
observations corresponds to ∼ 6% of the orbital period of ER Vul, which causes
the phase smearing phenomenon and hence leads to another limitation for the
reconstructed surface images. The effects of phase smearing on the surface re-
construction was investigated in detail in the study by Şenavcı et al. (2018)
that includes the Doppler imaging of the RS CVn type SV Cam using the code
DoTS. They found that the long exposure times do not lead to considerable un-
certainties for large spots, while the spot features smaller than 12 degrees that
correspond to longest exposure times can be artefacts. In our case, the exposure
time of 3600 seconds corresponds to 21.5 degrees (0.06 in orbital phase units).
Therefore, we may infer that the spot features smaller than 21.5 degrees may not
be reliable, while there is no smaller feature present in the reconstructed maps
as seen from Fig. 3. It is clear from Fig. 3 that the primary and secondary com-
ponents show high latitude spots as well as the extensions from lower latitudes.
These distributions of spots for both the primary and secondary are consistent
with the results that was obtained by Xiang et al. (2015). The spots location
on the hemisphere facing to each other are also compatible with their surface
maps.

Figure 5. Left panel:The light curve generated by DoTS code, using the DI map.

Upper right panel: The variation of Hα excess emission coming from both components

along with the orbital phase. Lower right panel: The EQW variation of primary (red

diamonds) and secondary (blue crosses) component.
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As seen from Fig. 5, the EQW variation of the Hα line along with the orbital
phase has the highest value at around phase φ=0.25, while the minimum excess
emission occurs at around phase φ=0.50. The lower right panel of Fig. 5 shows
the EQW variation of Hα excess emission obtained individually from both com-
ponents. A similar behaviour can be clearly seen, with a slightly higher emission
from the primary. This result is not compatible with the one obtained by Çakırlı
et al. (2003), who mentioned that the secondary component is more active. Be-
sides, Gunn & Doyle (1997) also mentioned that the secondary component is
more active than the primary, while Newmark (1990) found that the primary
is the more active one. Such a behaviour may be a consequence of the interac-
tion between the magnetic fields of both components as suggested by Uchida &
Sakurai (1985).

The light curve shown in the left panel of Fig. 5 was generated with the
help of the code DoTS, using the resultant surface maps of both primary and
secondary components obtained from Doppler imaging. The lower light level
seen at phase φ=0.25 compared to φ=0.75 indicates a higher distribution of
spots visible at φ=0.25. It also confirms the variation of Hα excess emission. This
result suggests that both photospheric and chromospheric regions are associated
with each other.
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A Detailed Adaptive Simulated Annealing Code for Fitting Binaries and Exoplanets
Radial Velocities. 2015, Publ. Astron. Soc. Pac., 127, 567, DOI: 10.1086/682056

Klotz, A., Delmas, R., Marchais, D., Pujol, M., & Jasinski, C., The AudeLA software.
2012, in Astronomical Society of India Conference Series, Vol. 7, Astronomical

Society of India Conference Series, .15

Kupka, F., Piskunov, N., Ryabchikova, T. A., Stempels, H. C., & Weiss, W. W.,
VALD-2: Progress of the Vienna Atomic Line Data Base. 1999, Astron. Astrophys.,

Suppl., 138, 119, DOI: 10.1051/aas:1999267

Newmark, J. S. 1990, Coordinated optical and ultraviolet observations of short pe-
riod RS CVn and W UMa type stars, PhD thesis, Pennsylvania State University,
University Park.

Olah, K., Budding, E., Kim, H.-L., & Etzel, P. B., The active close binary system ER
Vulpeculae. 1994, Astron. Astrophys., 291, 110

Piskunov, N., Doppler imaging of eclipsing binaries. 1996, in IAU Symposium, Vol.
176, Stellar Surface Structure, ed. K. G. Strassmeier & J. L. Linsky, 45

Piskunov, N., Doppler imaging. 2008, Physica Scripta Volume T, 133, 014017, DOI:
10.1088/0031-8949/2008/T133/014017

Piskunov, N., Vincent, A., Duemmler, R., Ilyin, I., & Tuominen, I., Doppler Imag-
ing of Eclipsing Binary Systems ER Vul and TY Pyx (CD-ROM Directory: con-
tribs/piskunov). 2001, in Astronomical Society of the Pacific Conference Series,
Vol. 223, 11th Cambridge Workshop on Cool Stars, Stellar Systems and the Sun,
ed. R. J. Garcia Lopez, R. Rebolo, & M. R. Zapaterio Osorio, 1285
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