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We present continuous and time-resolved R=55,000 optical echelle spectroscopy of ϵ Aurigae from 2006–2013. Data
were taken with the STELLA Echelle Spectrograph of the robotic STELLA facility at the Observatorio del Teide in
Tenerife. Contemporaneous photometry with the Automatic Photoelectric Telescopes at Fairborn Observatory in Arizona
is presented for the years 1996–2013. Spectroscopic observations started three years prior to the photometric eclipse and
are still ongoing. A total of 474 high-resolution echelle spectra are analyzed and made available in this paper. We identify
368 absorption lines of which 161 lines show the characteristic sharp disk lines during eclipse. Another 207 spectral lines
appeared nearly unaffected by the eclipse. From spectrum synthesis, we obtained the supergiant atmospheric parameters
Teﬀ =7395±70 K, log g ≈ 1, and [Fe/H]=+0.02±0.2 with ξt =9 km s−1 , ζRT =13 km s−1 , and v sin i=28±3 km s−1 . The
residual average line broadening expressed in km s−1 varies with a period of 62.6±0.7 d, in particular at egress and
after the eclipse. Two-dimensional line-profile periodograms show several periods, the strongest with ≈110 d evident in
optically thin lines as well as in the Balmer lines. Center-of-intensity weighted radial velocities of individual spectral lines
also show the 110-d period but, again, additional shorter and longer periods are evident and are different in the Balmer
lines. The two main spectroscopic Hα periods, ≈116 d from the line core and ≈150 d from the center-of-intensity radial
velocities, appear at 102 d and 139 d in the photometry. The Hβ and Johnson V I photometry on the other hand shows
two well-defined and phase-coherent periods of 77 d and 132 d. We conclude that Hα is contaminated by changes in the
circumstellar environment while the Hβ and V I photometry stems predominantly from the non radial pulsations of the
F0 supergiant. We isolate the disk-rotation profile from 61 absorption lines and found that low disk eccentricity generally
relates to low disk rotational velocity (but not always) while high disk eccentricity always relates to high velocity. There
is also the general trend that the disk-absorption in spectral lines with higher excitation potential comes from disk regions
with higher eccentricity and thus also with higher rotational velocity. The dependency on transition probability is more
complex and shows a bi-modal trend. The outskirts of the disk is distributed asymmetrically around the disk and appears
to have been built up mostly in a tail along the orbit behind the secondary. Our data show that this tail continues to eclipse
the F0 Iab primary star even two years after the end of the photometric eclipse. High-resolution spectra were also taken of
the other, bona-fide, visual-binary components of ϵ Aur (ADS 3605BCDE). Only the C-component, a K3-4-giant, appears
at the same distance than ϵ Aur but its radial velocity is in disagreement with a bound orbit. The other components are a
nearby (≈7 pc) cool DA white dwarf, a G8 dwarf, and a B9 supergiant, and not related to ϵ Aur. The cool white dwarf
shows strong DIB lines that suggest the existence of a debris disk around this star.
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1 Introduction
Epsilon Aurigae is a single-lined (SB1) spectroscopic and
eclipsing binary system with a two year long eclipse every 27.1 years (Vogel 1903, Ludendorff 1903). The system
is unique in many respects. It is the brightest eclipsing binary in the sky and has the longest orbital period known
among any of the eclipsing binaries. It is composed of a
pulsating F0 Iab supergiant in orbit with an unseen but massive upper main sequence star that is enshrouded in a dusty
⋆ Based on data obtained with the STELLA robotic telescopes in Tener-

ife, an AIP facility jointly operated with IAC, and the Automatic Photoelectric Telescopes in Arizona, jointly operated with Fairborn Observatory.
⋆⋆ Corresponding author. e-mail: kstrassmeier@aip.de

disk. The recent eclipse took place in 2009-2011 and a suite
of modern instrumentation was pointed to this star for the
first time. Most notably, interferometric imaging with the
CHARA array resolved the opaque dusty disk in front of the
F0 star during eclipse (Kloppenborg et al. 2010, Mourard
et al. 2012). Too numerous is the literature on ϵ Aur to be
cited here but we refer the reader to the recent summaries by
Stefanik et al. (2010), Stencel et al. (2011), Chadima et al.
(2011) and Harmanec et al. (2013) and the many citations
therein.
The mass function from the SB1 orbit allows a highmass and a low-mass solution. In the high-mass solution
even the (unseen) secondary mass is in excess of 10 solar
masses and consequently was suspected to be a stellar black
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hole (Cameron 1971, Wilson 1971). However, the lack of Xray emission (e.g. Wolk et al. 2010) at the optical position
of the secondary makes a black-hole scenario unlikely. The
disk would then be a young proto-planetary system. In the
low-mass scenario the secondary mass would be 3–6 M⊙
according to a B main-sequence star. If so, the disk would
then be an accretion disk with material from the now lessmassive F0 supergiant that would be in a post-asymptotic
giant branch stage. New orbital elements were presented
just recently by Stefanik et al. (2010) and Chadima et al.
(2010) from radial velocities covering over 100 years and
constrain the mass function to 2.51±0.12. However, both
studies again did not detect spectral lines from the secondary star itself and thus can not decide between the two
scenarios.
The decision of which scenario is the correct one is
plagued by the uncertain distance of ϵ Aur along with the
fact that most stellar parameters are also uncertain. The
nominal Hipparcos value of 650 pc (van Leeuwen 2007) has
errors that allows a distance between 350 pc and more than
4 kpc. Earlier astrometric distances are in agreement with
this nominal value but with much smaller errors. Heintz
& Cantor (1994) obtained 606±60 pc while van de Kamp
(1978) obtained 580±30 pc. Note that the errors of the
van de Kamp value from Sproul-refractor plates were most
likely underestimated because their positional and photometric elements did not agree with each other. However,
a recent redetermination (Guinan et al. 2012) of the interstellar absorption towards ϵ Aur places the system out to
1.5±0.5 kpc, which would favor the high-mass scenario.
Spectroscopic studies during the eclipse 1982-1984
showed remarkable changes in some absorption lines during eclipse (Lambert & Sawyer 1986). In particular, large
changes in line profiles and equivalent widths were seen in
the Balmer lines and in the resonance lines K I 7699 and the
Na D dublett due to additional Doppler shifted absorption
components. These influences are caused by the gas surrounding the opaque dusty disk. New medium-resolution
optical spectroscopy from the most recent eclipse still did
not detect the B star that must be deeply enshrouded in
the disk (Chadima et al. 2011). Herschel observations confirmed the cool temperature of the disk of 550 K (Hoard
et al. 2012) while earlier IR observations revealed 1150 K
when that part of the disk was seen that faces the F supergiant, possibly due to a heating effect from the F star. The
lack of strong molecular emission features from the disk is
suggestive of a low gas-to-dust ratio. In a recent paper based
on optical spectroscopy dating back to the 1930s, Griffin
& Stencel (2013) presented evidence for a confined mass
stream from the F0 primary to the unseen secondary.
Photometric studies date back to 1842 (Ludendorff 1903; see the literature summary in Stefanik et
al. 2010). Out-of-eclipse variations were noticed all along
but only recently was its multi-periodic nature discovered
(Kim 2008, Kloppenborg et al. 2012). The presence of two
drifting periods of on average 67 d and 123 d (Kim 2008),
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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but between 52 d to 217 d as a function of time (Kloppenborg et al. 2012), suggest that the F supergiant is a complex
multi-periodic non-radial pulsator.
In this paper, we present and analyze our own new optical photometry and spectroscopy of ϵ Aur. We employed
our robotic telescopes STELLA (actually two telescopes) in
Tenerife and the Amadeus-APT in Arizona. The STELLA
echelle data, acquired between 2006 and 2013, are used to
study the disk-gas absorption lines during the eclipse and to
compare the behavior between inside and outside of eclipse.
The goal is to learn more about the ϵ Aur F-supergiant and
to shed some light on the physical conditions within the
gaseous volume of the disk. The paper is structured as follows. Section 2 presents the new data and describes the instruments. Sect. 3 analyses the global atmospheric parameters and presents a phenomenological description of the optical spectra of ϵ Aur. Sect. 4 focuses on the rotation of the F
supergiant. Sect. 5 attempts to analyze the line-profile variability presumably caused by excited surface oscillations
and a stellar wind. Sect. 6 presents and analyzes the APT
photometry and Sect. 7 investigates the multiple stars system around ϵ Aur = ADS 3605A. Sect. 8 is our summary.
For orientation, note that the time span of the photometric
eclipse was from 1st contact at JD 2,455,070±10 (August
2009) to 4th contact at JD 2,455,800±14 (May 2011) according to Chadima et al. (2011).

2 New observations and data reductions
2.1 High-resolution optical spectroscopy 2006-2013
Time-series high-resolution echelle spectroscopy was obtained with the 1.2 m STELLA telescopes between September 19, 2006 and Dec. 4, 2013 (and continuing). A total of
474 spectra of ϵ Aur were obtained over the course of almost 7 years. The bulk of the spectra were taken with an
exposure time of 120 s and achieved a signal-to-noise (S/N)
ratio of between 100–400:1 per resolution element. Some
spectra were exposed longer to reach a S/N ratio of up to
500:1 but many had S/N below 100:1 due to clouds and
bad weather. Several Morgan-Keenan (MK) standard stars
were observed randomly in time, among those are ϕ 34 Cas
(F0Ia), α 11 Lep (F0Ib), HD 10494 (F5Ia), α 33 Per (F5Ib),
HR 825 = V480 Per (A5Ia), HR 2874 (A5Ib), and 32 Gem
(A9III). A portion of a representative spectrum of ϵ Aur during egress is compared with two of above MK-standard stars
in Fig. 1.
STELLA-I is a fully robotic telescope that, together
with STELLA-II, makes up the STELLA observatory of the
AIP at the Izãna ridge on Tenerife in the Canary islands
(Strassmeier et al. 2004, 2010). The fiber-fed STELLA
Echelle Spectrograph (SES) is the telescope’s only instrument. It is a white-pupil design with an R2 grating with two
off-axis collimators, a prism cross disperser and a folded
Schmidt camera with an e2v 2k×2k CCD as the detector,
the latter two items until mid 2012. Spectra have a fixed
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Fig. 1 A small portion of our spectra around the 4520-Å region.
Shown is a comparison of a spectrum of ϵ Aur during eclipse (bottom) with the MK standard stars α Lep (top) and ϕ Cas (middle).
Note the sharp blue-shifted absorption in the line profiles of ϵ Aur
from the transiting disk around the unseen secondary star.

format on the CCD and covered the wavelength range from
388–882 nm with increasing inter-order gaps near the red
end starting at 734 nm towards 882 nm. The SES received
a major upgrade in summer 2012 with a new cross disperser, a new optical refractive camera, and a 4k×4k e2v
CCD. This removed the inter-order gaps in the red. A bit
earlier, the SES fiber was moved to the prime focus of the
second STELLA telescope (STELLA-II). From 1.1.2012
through 30.5.2012 the off-axis parabolas were misaligned
which resulted in a lowered spectral resolution for that period of time. The nominal resolving power is R=55,000 corresponding to a spectral resolution of 0.12 Å at 650 nm (3pixel sampling). An example spectrum of the entire wavelength range is shown in the appendix in Fig. A1. Further
details of the performance of the system were reported by
Weber et al. (2012) and Granzer et al. (2010).
Data reduction is performed automatically using the
IRAF1 -based STELLA data-reduction pipeline (Weber et
al. 2011). Images were corrected for bad pixels and cosmicray impacts. Bias levels were removed by subtracting the
average overscan from each image followed by the subtraction of the mean of the (already overscan subtracted) master
bias frame. The target spectra are flat fielded with a nightly
master flat which has been normalized to unity. The nightly
master flat itself is constructed from around 50 individual
flats observed during dusk, dawn, and around midnight. After removal of the scattered light, the one-dimensional spectra were extracted with the standard IRAF optimal extraction routine. The blaze function was then removed from
the target spectra, followed by a wavelength calibration using consecutively recorded Th-Ar spectra. Finally, the extracted spectral orders were continuum normalized by di-

Fig. 2 STELLA radial velocities of the F0I primary of ϵ Aur
(dots). The full line is the 27-year SB1 orbital solution from Stefanik et al. (2010). Orbital phases were computed from their “combined” solution. For comparison the dashed line is the orbit from
Chadima et al. (2010); only their PHOEBE solution is shown but
with the systemic velocity from Stefanik et al.. The gray-shaded
region emphasizes the time of the photometric eclipse and the
dotted vertical line marks the zero velocity of the disk-absorption
lines. The graphics insert features one of the two CHARA images
from Dec. 3, 2009 (Kloppenborg et al. 2010) taken during eclipse
ingress.

viding them with a flux-normalized synthetic spectrum of
the same spectral classification as the target in question.
Note that the external radial-velocity rms errors were
significantly larger during the initial year of STELLA
operation in 2006/07 (≈120 m s−1 ) compared to thereafter (≈30 m s−1 ). The final radial velocities in this paper are barycentric and corrected for Earth rotation and
are given in Table 1. No gravitational redshift corrections
were applied. The zero point of STELLA radial velocities
is +0.503 km s−1 with respect to CORAVEL (see Strassmeier et al. 2012). All velocities in the present paper are on
the STELLA system.
Spectra of the fainter ADS3605 components were taken
with the Nordic Optical Telescope (NOT) at La Palma
and its high-resolution fiber-fed echelle spectrograph FIES
(Telting et al. 2013) in the time period Nov. 15-20, 2013.
FIES was used in its medium-resolution mode with fiber
bundle 3 (R=47,000) and the 2k e2v CCD which covered
the wavelength range 365-727 nm. The data were reduced
with FIEStool (see also Telting et al. 2013). Spectra are
shown later in the paper in Fig. 16. STELLA-SES spectra were taken of the brightest of these stars (BD+43◦ 1168)
starting Nov. 5, 2013.
2.2 Time-series APT photometry 1996–2013

1

The Image Reduction and Analysis Facility is hosted by the National Optical Astronomy Observatories in Tucson, Arizona at URL
iraf.noao.edu.
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All new data were obtained with the Potsdam-Vienna
Amadeus (T7) automatic photoelectric telescope (APT) at
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Table 1

Global radial velocities for ϵ Aur.

HJD

vr
(km s−1 )

rms
(km s−1 )

2454006.56275
2454013.57087
2454021.55185
2454029.58578
2454050.51433
2454062.46766
2454071.44339
2454092.42028

11.889
13.133
13.449
10.514
10.539
5.296
11.568
13.028

0.056
0.028
0.000
0.042
0.091
0.000
0.000
0.017

Full table available only electronically.

Fairborn Observatory in southern Arizona (Strassmeier et
al. (1997). Continuous Hα and Hβ photometry for the
years 1996–2000 was presented earlier by Strassmeier et
al. (2001) as part of a paper on the magnetically-active star
Capella. From 2001 until 2008, the same filter in Hα of 31Å full width half maximum (FWHM) was employed as before and with the same EMI-9828 photomultiplier tube (see
Strassmeier et al. 2001 for a filter description). During the
initial observations in 1996/97 we also used Strömgren b, y
filters on the sister telescope Wolfgang for a short period
in time. During the observing season 1999/2000 additional
time-series Hβ photometry on the Wolfgang telescope was
done. After 2008, Johnson-Cousins V (I)C filters were employed instead. For the present paper, a total of 2577 new
observations in Hαn, V , and IC (furtherin denoted as I)
were obtained. Typically, one APT observation consists of
three integrations on the variable, four integrations on the
comparison star, two integrations on the check star, and two
integrations on a sky position. Integration times were 20 s
in by, 30 s in Hα and Hβ, and 10 s in V I. All APT data are
given numerically in Table 2.
The initial 1996/97 observations of ϵ Aur used a 3.75mag neutral-density (ND) filter which was changed to a
1.25-mag ND filter thereafter. No neutral filter was inserted for the comparison star HD 33167 = HR 1668 (F5V,
V=5.m 77) and the check star HD 34411 = HR 1729 (G2,
V=4.m 70), except in 1996/97 where a 1.25-mag ND filter
was used for HD 33167.
All data were obtained through a 30′′ diaphragm. The
standard error of a nightly mean for Amadeus from the seasonal mean changed over the past decade but was typically
4–6 mmag in V and 6–8 mmag in IC . The observing seasons between 2007–2009 showed increasing scatter due to
a slowly but systematic malfunction of the acquisition CCD
camera. By late 2009 it had gotten so bad that we had to exchange the entire camera plus its CCD and after that, starting with HJD 2,455,143, the performance was back to the
original values quoted above. For further details we refer to
Granzer et al. (2001).
From concurrent observations of Johnson standards in
V (I)C in 2008–2013, we also deduce an all-sky solution
and apply it to the differential values whenever feasible. Its
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2 Differential photometry of ϵ Aur. HJD is the barycentric
JD at the mid time of the observation, ∆t is the duration of the observation, X is the airmass, then come the differential magnitudes
for the various bandpasses, err is the standard error of the mean.
HJD

∆t
(s)

X

∆b
(mag)

err
(mag)

∆y
(mag)

err
(mag)

245. . .
245. . .
245. . .
245. . .
245. . .
245. . .
245. . .
245. . .

514
512
515
513
512
512
512
513

1.19
1.17
1.15
1.07
1.06
1.06
1.05
1.04

-2.5295
-2.5325
-2.5349
-2.5328
-2.5364
-2.5349
-2.5347
-2.5338

0.006
0.001
0.001
0.001
0.001
0.000
0.001
0.001

-2.6642
-2.6674
-2.6694
-2.6689
-2.6679
-2.6667
-2.6704
-2.6673

0.006
0.002
0.001
0.001
0.001
0.001
0.001
0.001

Full table available only electronically.

accuracy never significantly exceeds 0.m 01 in V though. Absolute errors are also typically around 0.m 01 for ∆(V − IC )
except for the bad time period 2007–2009, as mentioned
above, and was then likely 0.m 02. Note that in Fig. 13, we
shifted the Hα, Hβ, and b, y magnitudes arbitrarily to match
the V -brightness. The shifts were determined from the seasonal averages in each filter and have uncertainties of up to
±0.m 04.

3 The optical spectrum of ϵ Aurigae
3.1

Global radial velocities

Fig. 2 shows the observed velocities for the entire STELLA
observing period 2006–2013. Radial velocities were determined from a simultaneous cross correlation of 62 échelle
orders (excluding the Balmer lines) with a synthetic template spectrum from an ATLAS-9 atmosphere (Castelli &
Kurucz 2004) matching the target spectral classification.
We call these velocities global because of their disk average nature. Radial velocities from individual spectral lines
are discussed later in Sect. 5. At least four, unrelated, components contribute to the global velocities. i) Semi-regular
variations due to the F0-star pulsation. These are dominant
outside of eclipse and have peak-to-valley amplitudes of
between 10–15 km s−1 and remain visible throughout the
eclipse. ii) Radial velocity variations due to the eccentric
binary motion. These amount to approximately 20 km s−1
for the time span of our observations and are the cause of the
trend seen in Fig. 2. iii) Radial velocity variations induced
by the eclipsing body. These are due to disk rotation and
due to the asymmetry caused by the missing flux from the
eclipsed region on the F0 star that suppress certain pulsation modes and certain Doppler shifts of its surface rotation
profile (a “Rossiter-McLaughlin” effect). Our data indicate
a full drop at egress with an amplitude of 20 km s−1 with
respect to the orbital motion. iv) Selective zero-point shifts
of the wavelengths of wind-sensitive lines like Hα.

www.an-journal.org

Astron. Nachr. / AN (2014)
Table 3

5

Global atmospheric parameters from spectrum synthesis.

Target

MK
type

Teﬀ
(K)

log g
(m s−2 )

[Fe/H]
(solar)

v sin i

ϵ Aur

F0Iab

7395±70

1±1

+0.02±0.2

28±3

M-K standards:
ϕ 34 Cas
α 11 Lep
HD 10494
α 33 Per
HR 825
HR 2874

F0Ia
F0Ib
F5Ia
F5Ib
A5Ia
A5Ib

7400±150
7200±150
6875±150
6480±300
8000±160
8000±400

...
...
...
...
...
...

–0.1±0.15
–0.18±0.07
–0.17±0.1
–0.24±0.2
–0.5:
–0.13±0.6

23±3
8±1.5
19.6±1
12±1
30±4
11±3

ξt
(km s−1 )

ζRT

N

9.2±0.4

13

474

7.6±0.15
3.8±0.1
6.7±0.1
5.0±0.3
13.7±1
5.3±1

13
13
10
10
13
13

3
3
2
2
1
2

N , number of STELLA spectra used.

There are no direct traces from the secondary star in the
spectrum. If it is indeed a main-sequence B-star, we would
expect quite large rotational broadening and lines would not
be easily visible in a combined spectrum. We may note that
our spectra show increased Balmer-line wing absorption by
the end of the eclipse but still within the dusty eclipse, in
particular for Hα, Hγ, Hδ and Hϵ although not for Hβ (see
Fig. A1 in the appendix). For Hα and Hγ the wings extend ±20 Å (≈900 km s−1 ) from the line core and could
be due to the thermal broadening of a hot secondary mainsequence star. However, we see no obvious asymmetry of
these wings with respect to the primary stars due to orbital
radial-velocity changes, but this would be expected because
the eclipse is close to the periastron passage and both components would have similar radial velocities. Harmanec et
al. (2013) computed orbital elements from the Hα emission
wings and from weak symmetric absorption lines separately
and found that Hα basically follows the F star.

Figure 2 shows that the global radial velocities of the F0
primary during ingress were on average 5 km s−1 above the
orbital velocity but 10 km s−1 below during egress. It suggests that the eclipsing body is significantly asymmetric and
more extended than just the dust disk that causes the optical eclipse. Stefanik et al. (2010) presented two improved
orbital solutions. One solution takes into account the photometric mid-eclipse timings as additional constraint (plotted in Fig. 2) while the other is solely based on the radial
velocities. The pure Keplerian solution predicts that the orbital mid eclipse precedes the photometric mid eclipse by
9 months, which would indicate a very asymmetric mass
distribution for the secondary, most likely due to the dusty
disk. Chadima et al. (2010) also presented improved orbital
solutions by using two different software packages. Fig. 2
shows the elements from the PHOEBE solution because it
has somewhat smaller internal errors. No γ-velocity was
given by Chadima et al. (2010) and therefore the value from
Stefanik et al. (2010) was adopted. Our velocities are consistent with both solutions but may improve the orbit if included. Numerical values are given in Table 1.

www.an-journal.org

3.2 Global atmospheric parameters
Synthetic spectra are fit to all individual STELLA spectra. We apply our tool PARSES (“PARameters from SES”;
Allende-Prieto 2004). PARSES is implemented as a suite of
Fortran programs within the STELLA data analysis pipeline
and is based on the synthetic spectrum fitting procedure described in Allende-Prieto (2004). Synthetic spectra are computed and pre-tabulated for a large range of relative logarithmic metallicities, gravities and temperatures for a wavelength range of 380–900 nm. All calculations in this paper
are based on MARCS model atmospheres (Gustafsson et al.
2008) with the VALD3 line list (Kupka et al. 2011; with
updates on some specific log gf values). Radial-tangential
macroturbulence, ζRT , was tailored to the expected values
for supergiants based on empirical data from Gray (2005).
This grid is then used to fit 62 of the 80 échelle orders
of each STELLA/SES spectrum. The five parameters Teﬀ ,
log g, [Fe/H], v sin i and microturbulence ξt are solved for
simultaneously in all echelle orders. However, the gravity for hot supergiants is outside of the model range for
MARCS and was extrapolated for F0 and kept fixed for
F5-A5. Internal errors are determined from the rms of the
individual order solutions but external errors, in particular
for the gravity, are hard to come by due to the individually
different pulsation patterns of these stars.
The grand time-averaged parameters from our spectra are Teﬀ =7395±70 K, log g ≈ 1 (with an uncertainty
of at least 1 dex), and [Fe/H]=+0.05±0.08. The average
from spectra prior to eclipse, i.e. from the first three years
of STELLA data, are Teﬀ =7405±150 K, log g ≈ 1, and
[Fe/H]=+0.06±0.08 and for the time after eclipse, i.e. from
the last year of STELLA data, are Teﬀ =7350±60 K, log g ≈
1, and [Fe/H]=+0.06±0.09.These are practically identical to
the results from spectra within eclipse. Note that our log g
values do not properly converge and must be prescribed.
Previous determinations are available from Sadakane et al.
(2010) who obtained Teﬀ =8025 K, log g=1.0, ξ=10 km s−1
and a combined macroturbulence and rotational broadening
of 27 km s−1 from the O I lines near 6157 Å, all with solar
metallicity. Chadima et al. (2011) qualitatively compared
synthetic spectra with their own observations and found
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the best match with an average out-of-eclipse spectrum at
Teﬀ =8000 K, log g=1.0, M/H=–0.3, and v sin i=5.0 km s−1 .
Stefanik et al. (2010) found the best correlation with a
synthetic spectrum with 7750 K, log g=1.5 and a total line
broadening of 41 km s−1 assuming solar metallicities. Most
recently, Griffin & Stencel (2013) matched their blue DAO
CCD spectra with a Teﬀ =7300 K, log g=0.2, M/H=0.0,
ξ=10 km s−1 , and v sin i=36 km s−1 model. It is in excellent agreement with our STELLA-PARSES values except
v sin i. Griffin & Stencel (2013) gave no indication of their
macroturbulence assumptions and we suspect that their “rotational broadening” is the combination of rotation and
macroturbulence. We emphasize again that the inconsistent
treatment of micro- and (radial-tangential) macroturbulence
has a profound impact on the extracted rotational broadening (courtesy Gray 2005). Moreover, most of above previous studies had to use pulsation-averaged spectra taken at
different times, and thus at different state of the oscillation.
This clearly introduces an unsolvable problem for the line
synthesis and results in combinations of too high an effective temperature and gravity and/or lowered metallicity.
For comparison, we apply our spectrum analysis also
to STELLA spectra of the following MK standard stars;
ϕ 34 Cas (F0Ia), α 11 Lep (F0Ib), HD 10494 (F5Ia),
α 33 Per (F5Ib), HR 825 = V480 Per (A5Ia) and HR 2874
(A5Ib). The individual results are given in Table 3 and are in
agreement with the fundamental parameters given by Kovtyukh et al. (2012) whenever available. Further results are
given in Sect. 4.
3.3 Equivalent widths
We measure the equivalent widths (EW) of a total of 368
individual absorption lines as a function of time. Of these,
207 lines show no apparent influence from the eclipsing
disk, at least not at the level of the S/N ratio of our spectra.
These lines are identified in the Appendix in Table B1. The
remaining 161 lines show the typical profile changes during photometric eclipse (JD 2,455,070 to 2,455,800). These
lines are listed in the Appendix in Table B2. The nature of
many of these lines were already recognized and identified
in earlier papers, e.g. by Castelli (1978), Hack (1959) and
Sadakane et al. (2010) but never for the full optical spectrum
from 388 to 880 nm. Fig. A1 in the appendix shows two representative full STELLA spectra of ϵ Aur prior to and inside
of the eclipse. Besides the effect of the disk eclipse itself,
all spectral line profiles vary due to the F-star oscillations
with different levels for different lines. These variations are
present outside and inside of eclipse and are also manifested
by temporal variations in equivalent width and central wavelength. The Balmer line profiles are additionally distorted
due to an inhomogeneous wind.
EWs in milli Angstroem were measured with the TimeSeries Analysis (TSA) utility in MIDAS by one of us (LS).
We selected two wavelength points on each side of a spectral line to represent the continuum as close as possible and
then integrated the area beneath. No functional fitting was
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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performed nor were lines deblended. The aim was simply
to identify time variability of the line strengths. Our EWs
may thus differ from Gaussian-fit based EWs and could be
considered upper limits.
An outstanding line is the neutral potassium line K I at
7699 Å. The photospheric line is very weak in pre-eclipse
spectra and moreover heavily masked by terrestrial lines
but the disk absorption increases in strength so that the
line dominates this wavelength region during eclipse. This
was already noticed in the previous eclipse by Lambert &
Sawyer (1986). For the recent eclipse, EW measurements
by Leadbeater & Stencel (2010, 2012) suggested a stepwise increase that was interpreted to be due to a ring-like
morphology of the disk, like the rings of Saturn (see also
Stencel 2012). This is not confirmed by the K I observations
of Potravnov & Grinin (2013) nor by our data in this paper.
It is worthy to note that we detect a very weak He I absorption at λ5875 Å (see in Fig. 16). A Gaussian fit gives
an average equivalent width of just 11.7±0.4 mÅ compared
to 327 mÅ for the B9Iab-star BD+43◦ 1168 (see Sect. 7). At
least this is consistent with its post-main-sequence status.
3.4 Spectral lines without disk absorption during
eclipse
The following spectral lines were selected for representing
the group of the 207 lines without eclipse imprint. Their
origin is likely the deep photosphere of the F0 supergiant as
already pointed out by Lambert & Sawyer (1986), e.g., for
the nitrogen triplet. The line profiles of several unblended
lines appear symmetric within the quality range of the spectra. Therefore, we did not attempt to systematically measure line bisectors. Full width at half maximum (FWHM)
of these 207 lines measure between 0.4–2 Å with a temporal variability of typically ±30 % of the respective mean due
to the F-star oscillations.
3.4.1 Si II 6347, 6371
Si II 6347 and Si II 6371 are moderately strong absorption
lines in the spectrum of ϵ Aur. The profile variability of the
Si II 6347 line over the entire observation period is shown
in Fig. 3a. We see no obvious influence on the shape of the
line profile due to the eclipse, just the semi-regular shifts in
wavelength of up to ±60 km s−1 due to the F0-star oscillation. These wavelength shifts are accompanied by irregular and unevenly spaced short-term fluctuations of about
±5 km s−1 , indicative of an unresolved but multi-periodic
oscillation pattern. Note that the binary motion has been removed in these dynamic plots. The line equivalent widths
show variations of around the mean of ≈600 mÅ (for Si II
6347), but no transients from the eclipsing body.
3.4.2 N I 7468
Fig. A1 in the appendix shows several N I lines such as
7423, 7442, 7468, 8629, 8683, 8703, 8711, and 8718 Å. The
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Fig. 3 Time series of optically-thin spectral lines. Panel a shows a representative example where no disk absorption appeared during
eclipse (Si II 6347) while panel b shows a representative example where a disk absorption line appeared (Mg I 5184). A total of 207 lines
in our spectra showed no disk imprint, a total of 161 lines did. Time increases from bottom to top. The orbital motion has been removed.
Note that the gray scale in the upper panels represent minimum line depth (white) and maximum line depth (black).

N I 7468 line is representative of this group of photospheric
lines. Irregularly spaced radial-velocity variations as well
as line-profile changes are detectable in its dynamic plot.
As for above Si II lines, we believe that these are due to the
F0-star pulsation. The EW of the N I 7468 line was essentially constant at 340±40 mÅ. The variations in radial velocity and equivalent width are not simply correlated. There
was no significant influence of the eclipse to be seen in the
equivalent width of this line nor were there any additional
absorption features apparent.
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3.4.3

H I Paschen lines

The Paschen series is detected in ϵ Aur from the strong Pa12
line at 875.0 nm down to Pa37 at 825.8nm near the series
end. However, lines with wavelengths shorter than 828 nm
(Pa31) are so strongly contaminated by telluric lines that
no profile detections are possible. Not even the more isolated Paschen lines show evidence for line profile variations due to the eclipse. The overall line strengths best fit
those of the MK F0Ia standard star ϕ Cas. We also note that
in a spectrum of the A9III MK-standard 32 Gem the lines
weaken towards the series limit considerably faster than in
ϵ Aur or ϕ Cas. While Pa12 is of comparable strength in all
three stars with a residual intensity of 0.5, the Pa25 line is
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 4 Time series of hydrogen Balmer lines. a Hα, b Hβ. Note the doubling of Hα during eclipse as well as the weak blue-shifted
absorption at the beginning of our time series.

stronger in ϵ Aur and ϕ Cas by roughly a factor five. The line
widths are in overall agreement when compared to ϕ Cas but
broader than the higher-gravity star 32 Gem.
3.5
3.5.1

Spectral lines with disk absorption during eclipse
H I Balmer lines

The Balmer absorption line profiles are significantly deformed during eclipse. Fig. 4a shows the line profile of
Hα over the entire observation period. Prior to eclipse a
comparably sharp absorption component at –60 km s−1 was
existent in the blue wing and moved towards line center
even before the dust eclipse began. This component was
also recorded by Chadima et al. (2011) where it was shown
to appear suddenly around 2,453,500 (mid 2005). Schanne
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(2007) and Chadima et al. (2011) had already noticed unusual Hα variations as early as April 2005, much prior to the
photometric dust-dominated eclipse. Then, the blue emission component of the profile had reversed into absorption
and back to the regular emission. The latter must have happened in early 2006 and thus took almost a full year. A blueshifted absorption component at around JD 2,453,500 far
outside of eclipse is indeed surprising. Similar Hα profiles
were reported by Harrington & Kuhn (2009). This mysterious component is also seen in other strong lines, e.g. Na D,
Fe II 4924, 5169 a.o.. Following up on Harrington & Kuhn
(2009), Geise et al. (2012) showed that the Hα-blue and
red emission wings are not (linearly) polarized, indicating
a symmetric emission source. They also found that the Hα-
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line core is not saturated, unlike Hβ, which means that extra
emission is present, possibly even from the secondary star.
At the beginning of the eclipse, Hα appeared like split
into two absorption lines, where the already red-shifted
component increased its red shift throughout ingress. During mid-eclipse near JD 2,455,300 this peak appeared at
+20 km s−1 and then slowly decreased towards its rest
wavelength within 300 days, disappearing completely near
JD 2,455,600. After ingress a broad absorption component
developed on the blue side of the line. Its absorptionwing edge reached –230 km s−1 of the rest wavelength for
≈50 days. During that time it coexisted with the fading redshifted absorption mentioned above. Both components had
basically vanished after egress. Unfortunately, we have a
data gap starting exactly that time due to a technical CCD
upgrade.
Our EW measures are shown in Fig. 5a. The overall equivalent width of Hα does not change much during
eclipse ingress (JD 2,455,070-270) but then rises rapidly,
reaching a maximum EW at around JD 2,455,500. It then
declines comparably rapid near JD 2,455,600 just to enter a
more calmly declining phase until the end of the photometric eclipse at JD 2,455,800.
The behavior of the Hβ profile (Fig. 4b) is in principle similar to that of Hα, and so are Hγ to Hϵ (not shown)
of the Balmer series. Their equivalent-width development
is accordingly similar. Fig. 5a compares the EW measures
for Hα and Hβ. At eclipse ingress Hβ rises slower than Hα
but then shows a comparable sharp but more confined maximum at the same time as in Hα (near JD 2,455,500). The declining phase after the maximum is also more gradual than
for Hα but equivalently does not end at 4th contact and continues beyond the end of our observations.
3.5.2

Mg I 5184

The Mg I 5184 absorption line shows a signature of the
eclipse similar to that of the Balmer lines but without the
overall double-peaked emission. The line’s lower excitation potential is 2.71 eV, its upper potential 5.11 eV. During ingress a red-shifted absorption component rises for
about 200 d, sweeps through the profile and then appears as
a strong and complex-shaped blue-shifted absorption component. The detailed behavior of this line is very similar
to that of the Ca I + Ti II 5189 blend. Fig. 3b shows the
line-profile variation as a function of time. The equivalent
width of the full line increases less dramatic during eclipse
compared to the Balmer lines but decreases also sharply at
egress (Fig. 5b).
3.5.3

Ca I + Ti II 5189

The transient absorption component in this line appears
very comparable in strength and velocity to the feature in
the Mg I 5184 line. The line’s lower excitation potential is
1.58 eV, its upper potential 3.97 eV. The development of the
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a) Balmer lines

b) Optically thin lines

Fig. 5 Comparison of equivalent width changes. a Hα and Hβ. b
Representative lines from Sect. 3.4 and Sect. 3.5. Equivalent width
is given in mÅ and time is given in truncated Julian days.

equivalent width (Fig. 5b) also does not show any significant enhancement during the first half of the eclipse. But
at 3rd contact (JD 2,455,630) the equivalent width had increased by around 30% and declined thereafter and beyond
4th contact.
3.5.4

Ba II 6142

The line is primarily assigned to Ba II (Lambert & Sawyer
1986) but the NIST Atomic Spectra Database2 suggests
also an iron blend (Fe I 6141.73) which is supported by
the similar profile behavior of the Fe I-5031 line (see next
subsection). The barium line’s lower excitation potential is
0.70 eV, its upper potential 2.72 eV.
The line is remarkably variable in equivalent width before eclipse (Fig. 5b) which supports its Ba II origin because
of its high temperature sensitivity. There is no significant
2

http://physics.nist.gov/PhysRefData/ASD
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equivalent width (Fig. 5b) shows an increase after 1st contact to up to 50% and reaches a maximum near mid-eclipse
at JD 2,455,500 after which it declines. At 4th contact its
value is still 250 mÅ larger than the pre-eclipse equivalent
width of about 800 mÅ.
3.5.7

Fig. 6 Line-profile evolution of the Ba II-6141.7 line during
eclipse. Shown are profiles between JD 2,455,440–870. Notice the
almost complete disappearance of the regular photospheric absorption profile between JD 2,455,648–653 with only the narrow blueshifted absorption line remaining.

change during the first half of the eclipse, but with 3rd contact at JD 2,455,636 a blue-shifted narrow absorption component appears at 6140.8 Å for a short time and then vanishes rapidly. The blue shift of the sharp disk absorption
is –44 km s−1 relative to the rest wavelength of 6141.73 Å
at 3rd contact. In four spectra between JD 2,455,648-653,
the regular photospheric line almost completely disappears
leaving just the blue-shifted transient absorption visible
which again suggests its Ba II identification.
3.5.5

Fe I 5031

The behavior of this unblended Fe I 5030.78 line is very
similar to that of the Ba II line. Its time series shows
nearly identical absorption components despite that the
line’s lower and higher excitation potentials of 3.2 eV and
5.7 eV are very different to those of Ba II. The red-shifted
absorption begins to develop at JD 2,455,600 and reaches its
largest strength at JD 2,455,630. The blue shift is then about
–36 km s−1 similar to but somewhat less shifted than in the
Ba II line. The equivalent width of the line remains almost
constant during the entire observing period (Fig. 5b), as did
the Ba II - Fe I 6142 blend on average.
3.5.6

Fe II 4924

This line (4923.392 Å, low 2.9 eV, high 5.4 eV) is among
the strongest of the optically thin lines and resembles the
changes in Hα, i.e. the appearance of a red shifted, very
weak absorption component two months before ingress
which then disappears after mid-eclipse. At that time it is
substituted by a stronger and broader blue-shifted absorption component that decreases thereafter but persists beyond 4th contact (the end of the photometric eclipse). The
line also shows the mysterious blue-shifted weak absorption
component prior to first contact, similar to that in Hα and
Hβ, but reduced in strength. The evolution of the total line
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fe II 5317 blend

This line is a close blend of two Fe II lines of comparable
strength and excitation potential; 5316.610 Å, low 3.15 eV,
high 5.5 eV and 5316.777 Å, low 3.2 eV, high 5.5 eV. It
is not resolved in our spectra. The equivalent width of this
blend does not increase significantly during the first 200
days of the eclipse (Fig. 5b) but it then rises sharply from
650 to 1000 mÅ until JD 2,455,300 and again declines during egress (JD 2,455,800). It does not show evidence of
the pre-eclipse, blue-shifted, absorption component as in
Fe II 4924, Hα, a.o..
3.5.8
lines

K I 7699 & 7664, Na I D1,2 , and other ISM DIB

The resonance doublet of neutral potassium K I (λ7664,
λ7699) is located within the forest of lines from the terrestrial O2 A-band at 7620 Å (Wallace et al. 1993). Their
correct and coherent extraction over a long period of time
is not without uncertainties and for the present analysis we
decided not to remove the telluric spectrum. Fig. 7a shows
the two K I lines over the period of our observations. The O2
features in the two plots are the two A-band lines P(21,22) at
7664.9 Å and P(31,32) at 7698.9 Å, respectively. The photospheric K I absorption is not easily seen in the out-of-eclipse
spectra of ϵ Aur (Fig. 7b) while the absorption from the disk
dominates the eclipse spectra. The weak photospheric contribution matches the spectrum of the MK-standard ϕ Cas
(F0Ia), which is of identical spectral type than ϵ Aur. However, the somewhat less luminous standard star α Lep (F0Ib)
clearly shows both K I doublet lines (Fig. 7b).
The interstellar-medium (ISM) components in both K I
lines (e.g. Chaffee & White 1982) are seen to persist
throughout our observations. Both ISM features in ϵ Aur
have similar line profile with a stronger blue-shifted absorption dip near the photospheric rest wavelength (average EW
for λ7699 of 85 mÅ) and a weaker red-shifted absorption
dip (EW for λ7699 of 35 mÅ). A comparison of this ISM
feature with other supergiants at farther and closer distances
than ϵ Aur, but vastly different positions in the sky, is shown
in Fig. 7b. The distances listed are the nominal Hipparcos
distances from van Leeuwen (2007) which sometimes are
extremely uncertain, just like for ϵ Aur. The blueshifted-toredshifted ratio is mostly different than for ϵ Aur except,
maybe, HD 10494 at 6250 pc which has, however, overal
stronger ISM absorption. It also has a much stronger photospheric K I line though, other than ϵ Aur, and appears
just like in the nearby F5Ib star α Per which, on the other
hand, is free of ISM lines. The in-of-eclipse spectrum of
ϵ Aur in Fig. 7b qualitatively best resembles that of HR 825
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Fig. 7 a. STELLA time series of the resonance doublet K I 7664 (left) and K I 7699 (right). The disk transit is partly masked by telluric
lines but clearly seen in both K I lines. Only a very weak photospheric contribution from ϵ Aur is seen. Notice the stationary interstellar
components (appear slanted over time in the gray-scale plots due to the removal of the binary motion of ϵ Aur). Both wavelength regions
are contaminated by telluric O2 lines, in particular 7664 Å (these lines appear with a sinusoidal velocity variation due to the barycentric
correction). b. A comparison of the K I 7699-line region with other supergiants at increasing distances from bottom to top. The nominal
Hipparcos distance is indicated on the left, the MK-class on the right. The vertical line is the rest wavelength of K I 7699. The ISM lines
are the sharp lines around this wavelength, mostly on the red side. The marked weak lines are of telluric O2 origin.

Diffuse interstellar bands (DIB) were also measured
in the spectra of ϵ Aur, i.e., DIB λ6613 (EW=128 mÅ),
λ8621 & λ8650 (not detected), λ5780 (285 mÅ), and λ5797
(77 mÅ). The λ8621 & λ8650 bands are not detected in any
of the stars in Fig. 7b and maybe due to the relatively strong,
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Both sodium lines of ϵ Aur are dominated by
circumstellar- and interstellar absorption. Fig. 8 shows time
series and profiles for the D1 and the D2 lines. Both lines
trace the eclipse just like Hα and Hβ rather than K I or
other optically-thin lines which suggests a significant or
even dominating disk-halo contribution during eclipse. It is
particularly noteworthy that a blue-shifted Na I absorption is
already present at the onset of our observations three years
prior to the eclipse. Fig. 8 shows it gradually moving towards the orbital motion of the F-supergiant with a differential velocity of 52 m s−1 /d, significantly larger than the differential orbital motion of the two stellar components, and
disappeared one year before ingress at JD 2,454,500. The
feature reappears immediately after egress with increased
strength but with a stationary location in the time-velocity
plane. This feature is likely associated with a halo around
the accretion disk and apparently moves along the orbital
path of the secondary star.
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(=V480 Per) at d=1170 pc. The latter’s strongest line in the
wavelength region shown is either from the companion star
of this binary system or even is due to disk absorption just
like in ϵ Aur. While ϕ Cas at 3700 pc best matches the line
strength of the blue-shifted ISM feature in ϵ Aur, it exhibits
no red-shifted absorption component at all.
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Fig. 8 Time series of the resonance doublet Na I 5890 (left) and
Na I 5896 (right). The disk transit is partly masked by the stationary interstellar components that, like in K I, appear slanted over
time due to the removal of the binary motion of ϵ Aur. Only a weak
photospheric Na I D contribution from ϵ Aur is seen which shows
the same pulsation pattern as is displayed in, e.g., Fig. 3. Note the
migrating blue-shifted absorption before the start of the eclipse,
just like in Hα, Hβ and some Fe II lines, and the remaining extra
absorption after eclipse.
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close-by Si I 8650.8-Å line in supergiants. For DIB λ6613,
we measure total EWs between 40 mÅ (α Lep, d=680 pc)
and 295 mÅ (HD 10494; d=6 kpc). We note that our EW
λ6613 for HR 825 = HD 17378 of 303 mÅ is rather different
to the 430 mÅ measured by Wallerstein et al. (2007) with
comparable spectral resolution, while its values for, e.g.,
λ5780 precisely agree to within a few per cent. The line
is likely affected by the local environment around HR 825.
While our supergiant standards show a general tendency
of increased EW with distance – independent of the position
in the sky – it is not possible to conclusively relate the DIB
strength in ϵ Aur to its distance. However, a distance greater
or equal than ≈1 kpc and less than 3.7 kpc is favored.

4 F-star rotation
4.1

The problem

Determining the stellar rotational velocity in the presence
of surface pulsation of comparable amount is uncertain on
its own but doing so for an F0 supergiant with expectable
non-LTE and spherical effects is a non-trivial task and appropriate non-LTE computations are beyond the scope of
this paper. Not surprisingly, v sin i values for ϵ Aur in
the literature vary between 5 to 50 km s−1 . A more recent
value is the 38 km s−1 from a Fourier decomposition of
the nitrogen triplet from R=45,000 spectra by Potravnov
(2012). Sadakane et al. (2010) quoted a combined rotation and macroturbulence broadening of ≈27 km s−1 from
their R=65,000 spectra while Griffin & Stencel (2013) applied a rotational velocity of ≈36 km s−1 to fit their spectra but quoted no macroturbulence. Lucy (1976) first confirmed that the macroturbulent line broadening of hot supergiants becomes essentially identical to the expected pulsation line broadening due to their atmospheric pulsation pattern. Aerts et al. (2009) concluded that the physical explanation for macroturbulence in hot massive stars is basically
gravity modes with degrees less than 10. They presented
line-profile simulations that showed that v sin i can be seriously underestimated in such cases and even concluded
that better v sin i results are obtained if the classical macroturbulent broadening is not included simultaneously in the
line-profile fitting process.
4.2

Spectrum synthesis

Our PARSES value (see Sect. 3.2 and Table 3) for v sin i is
28±3(rms) km s−1 and is based on a least-squares comparison of the R=55,000 STELLA spectra with synthetic LTE
models from plane-parallel model atmospheres. This value
is a grand average from 474 individual spectra, each already
an average from approximately 300 individual spectral
lines. Although the grand rms deviation is just 3.0 km s−1
the rms from the line average of an individual spectrum can
be significantly larger with up to ±10 km s−1 depending on
the S/N ratio of the spectrum. The strength of this approach
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 9
Time series of the average residual line broadening
v sin i in km s−1 . Note that the velocity v is a combination of
rotation and pulsation. We interpret the long-term average of
28±3(rms) km s−1 to be due to rotation and the temporal variations of up to 15 km s−1 peak-to-valley to be due to pulsations. The
best-fit period for the variations at and after egress is 62.6±0.7 d.
No single clear period is found for ingress and before.

is that we solve for v sin i simultaneous with microturbulence while keeping the macroturbulence fixed. However,
we implicitly neglect the extra line broadening due to inhomogeneous non-radial pulsation effects beyond macroturbulence.

4.3

Comparison with other supergiants

For a double check, we verify v sin i via a simple comparison with slowly-rotating standard stars of known v sin i and
comparable MK classification. This approach is largely independent of the actual values for the micro- and macroturbulence because we can assume that they are identical,
or nearly so, for identical MK classification. The FWHM
then directly relates to v sin i. Fig. 1 compares a spectrum
of ϵ Aur with two such standards; α Lep (F0Ib) and ϕ Cas
(F0Ia). While α Lep has fairly sharp lines, ϕ Cas has considerably broader lines but not quite as broad as ϵ Aur.
Previous v sin i determinations of α Lep span the range
from 21 km s−1 (Royer et al. 2002) to 13 km s−1 (Abt
& Morrell 1995), both taken at similar spectral resolution
of ≈16,000 at KPNO and OHP, respectively. For ϕ Cas,
the same sources give 31 km s−1 and 23 km s−1 , respectively. Our PARSES values for three S/N≈350:1 STELLA
spectra of α Lep are 7.6±1.5 km s−1 , 9.2±1.5 km s−1 and
8.1±1.5 km s−1 and thus drastically smaller than the literature values. Three equally well exposed spectra of ϕ Cas
gave 24±2.5, 25±3, and 20±3 km s−1 , in good agreement
with Abt & Morrell (1995). The average FWHM from weak
lines is 0.94 Å (ϵ Aur), 0.28 Å (α Lep), and 0.78 Å (ϕ Cas)
in excellent agreement with our PARSES v sin i values.
This assures the confidence in our spectrum synthesis result
above.
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5 Line-profile variability
Examples of the line-profile variability inside and outside of
eclipse are shown in Figs. 3, 4 and Fig. 6. Line-profile variability is clearly visible in all spectral lines, even in those
that are not obviously affected by the eclipse. Characteristic
absorption bumps are moving across the line profile from
blue to red on a time scale of ≈60 d. These bumps were
already noticed in previous papers by e.g. Chadima et al.
(2011) and Harmanec et al. (2013). Only the Balmer Hα
line exhibits additional emission in the wings.
5.1
5.1.1

F-star oscillations
From line broadening

We first analyze the observed average line broadening as it
represents a global surface proxy for the combined oscillation and rotation pattern. Our spectral time series consists
of the 474 spectra between 2006 and 2013. As introduced in
Sect. 3.2, we fit a large wavelength range of each observed
spectrum with a synthetic spectrum. Microturbulence and
macroturbulence were set to 10 km s−1 each and kept fixed
during the fits. The remaining average line broadening is
then attributed to a combination of stellar rotation and nonradial pulsation. Because stellar rotation must not vary during our observational period, even if it had a complicated
differential-rotation pattern, we attribute the long-term average line broadening to rotation and the varying part to
non-radial pulsation. Its long-term average and rms over the
almost 7 years of data was 28 km s−1 and just 3 km s−1 , respectively, even including the eclipse phases. This is exactly
the same value that we got from the independent analysis in
Sect. 4.
However, these residuals appear to vary systematically
with time, in particular during and after eclipse egress but
less so outside of eclipse and during ingress. Fig. 9 shows
the line-averaged broadening expressed as v sin i as a function of time for the entire STELLA observing period. A
Lomb-Scargle periodogram of the line-broadening residuals from 2011-2013 shows a clear peak at 62.6±0.7 d with
a full amplitude of 9±2 km s−1 (a second but weaker period is apparent at 56.7 d). No such clear period(s) are found
for the years prior to mid eclipse from 2006-2010, although
variations of similar amplitude are seen, but obviously without phase coherence. The variation is most obvious in the
2011/12 observing season and even shows amplitude evolution as expected for multi-periodic non-radial patterns.
5.1.2

From line-profile bumps

Our next step is to employ the information from the line profiles. We recall that Fig. 3 compares the dynamical spectralline profiles of the Si II-6347 and the Mg I-5184 lines. While
the latter line is heavily distorted during eclipse with an extra absorption dip from the disk sweeping through the profile from the red wing to the blue and back, the former line
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is among the 207 eclipse-insensitive lines. However, both
line groups show the same short-term profile variability that
is likely due to excited surface-oscillation modes. The figure also demonstrates that the F-star oscillations continue
to modulate the disk-affected spectral lines throughout the
eclipse and are thus physically not related with the disk.
Two-dimensional periodograms are build by applying
a simple Fourier analysis to each wavelength pixel within
a spectral line profile as a function of time. We use the
program package MuFrAn (Multiple Frequency Analysis;
Kolláth 1990). The “bandwidth” is thereby defined by the
pixel dispersion of the detector at the wavelength used. Note
that the echelle data reduction does not re-sample the entire spectrum to a constant dispersion but that the dispersion
varies between 0.0246 Å/pix for the mid point of the bluest
echelle order to 0.0549 Å/pix for the mid of the reddest
echelle order. Fig. 10 shows the results. Panels Fig. 10a-d
show the 2D periodograms for Si II, Mg I, Hα and Hβ, and
reveal a rich structure of frequencies with the dominating
frequency at a period of 110±3 d, best seen in the red wing
of each spectral line. A weaker peak with a frequency of
0.135 c/d (P =74±3 d) consistently appears in all line profiles. We note that the line cores are remarkably free of
frequencies. This would be qualitatively in agreement with
numerical simulations that show that rapid rotation focuses
low degree modes towards the equator and thereby lead to
increased variability in the line wings (Reese & MacGregor
2013). The disk-free spectral lines consistently show three
groups of frequencies centered at average periods of approximately 40 d, 60 d, and 110 d.
5.1.3 From line-depth-weighted radial velocities
A line-depth weighted central wavelength was computed for
each line profile by building the ratio of the weighted to the
unweighted intensity summed over all pixels within a profile. This “center of intensity” is a 1-d representation of the
line-profile distortion. The respective top panels in Fig. 11
plot the time series of these central wavelengths expressed
as radial velocities for the four example lines Si II 6347,
Mg I 5184, Hα and Hβ. Although there are clear and coherent variations with amplitudes of up to 10 km s−1 , neither a stationary Lomb-Scargle nor a stationary FFT periodogram showed a single strong period. Therefore, we employed an adapted version of the program package TiFrAn
(Time Frequency Analysis; Kolláth & Oláh 2009) for nonstationary time series. Its results are shown in the respective
lower panels in Fig. 11. Now, two dominant periods become
evident for the time before the eclipse (on average 118 d and
153 d). Towards the end of our data set, and certainly after
mid eclipse, these two periods seem to have drifted to longer
values of 127 and 172 d with errors of up to ±6-7 d for any
of them, respectively. A third, significantly shorter period of
≈90 d appeared after mid eclipse and is seen in all four line
tracers in Fig. 11. Note that the time coverage is ≈2500 d
with nearly continuous sampling. If real, it would indicate
a positive drift rate opposite to what was recently found for
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 10 Two-dimensional periodograms for the four spectral lines already shown in Fig. 3 and 4. Plotted is spectral power as a gray
scale in a frequency versus velocity domain centered at the respective rest wavelength. Note the larger velocity plot range for the Balmer
lines. The frequency range equals a period range between 400 d (bottom) to 33 d (top).

the two dominating periods from inter-eclipse photometry
by Kloppenborg et al. (2012) (see Sect. 6 for more details).
It is worthy to note that the CHARA images (see insert Fig. 2) show that the obscuration by the disk is slightly
off the equatorial plane of the supergiant which means that
at first contact the disk is not blocking the stellar equator
but only some higher latitudes. This requires that the disk
absorption could only set in at projected stellar radial velocities lower than v sin i of the supergiant (+28±3 km s−1
see Sect. 4). Given the total line width of approximately
±60 km s−1 , such a low (red) shift would be possible only if
the pulsation pattern has a multi-mode non-radial structure
with sectoral nodes of low order, say, ℓ, m ≈ 2 − 3 and its
main velocity variation time scale is long compared to the
variation time scale due to the disk transit. Also note that the
very first disk absorption spectra at around 2,455,100 do not
disrupt or in any way dim the background stellar line profiles suggesting that the pulsation-velocity pattern is symmetric in azimuthal direction. The fact that the line-profile
variability remains qualitatively the same within the eclipse
additionally suggests that either the one un-eclipsed rotation pole of the F star carries all the pulsation information
or, equally likely, that the number of sectoral and tesseral
modes is high enough so that the obscuration due to the disk
has no effect on the period detection.
5.2

F-star wind and upper atmosphere

The Hα line shows a double-peaked asymmetric emission
profile with variations extending to about +100 km s−1 and
–150 km s−1 from the line center, thus significantly beyond the v sin i of 28 km s−1 . This indicates a stellar wind
from the F supergiant. Qualitatively, the profiles resemble
those of mass-outflow red giants, e.g. like the ones in lowc 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
⃝

Table 4

Results from the spectroscopic period analyses.

Tracer
Optically thin lines:
Residual line broadening
Line-profile bumps

Line-depth-weighted RVs

Balmer lines:
Line-profile bumps

Line-depth-weighted RVs

Period
(d)

Note

62.6±0.7
≈38
≈64
74±3
110±3
118±6
153±5
90±5
127±6
172±7

after mid eclipse
line wings
line wings
red wing
line wings
before mid eclipse
before mid eclipse
after mid eclipse
after mid eclipse
after mid eclipse

56.8±0.7
73±2
116±6
224±8
110±6
140±5
83±5
130±7
165±10

for v > v sin i
for v ≤ v sin i
for v ≤ v sin i
(alias?)
before mid eclipse
before mid eclipse
after mid eclipse
after mid ecl. Hβ
after mid eclipse

metallicity globular clusters (Meszaros et al. 2009). Note
though that most of the line-profile variability in Hα and Hβ
resides within the red-shifted emission wing at +50 km s−1
from the line center. The same morphology is also evident
in Hγ and Hδ.
Fig. 10c shows the two-dimensional periodogram from
Hα. It generally reveals longer periods for radial velocities
smaller than vrot sin i, i.e. closer to the line core, as compared to velocities larger than this. The most dominant pe-
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Fig. 11 Radial velocity variations from the line-depth weighted central wavelengths (respective top panels) and their periodograms
from short-term Fourier transforms (respective lower panels). Shown are the results for the four example lines a Si II 6347, b Mg I 5184,
c Hα and b Hβ. Notice the existence of two dominating, time-dependent, periods from around 120 d and 150 d in 2006/7 (JD 2,454,000)
to 130 d and 170 d in 2012/13 (JD 2,456,500), respectively.

riod for pixels with v > vrot sin i is ≈56.8±0.7 d while for
v ≤ vrot sin i we see three almost equally strong groups of
periods at ≈73±2 d, 116±6 d and ≈224±8 d. One of the
latter two appears to be the alias of the other. The 116-d
period could be the same as the 110±3-d period from the
optically-thin lines. For comparison, the Hβ line is dominated by a period of 115±10 d, again in agreement with the
period from Hα and the photospheric optically-thin lines.
The other two periods seen from Hα are also present in Hβ
but comparably weaker with nominal values of 72.5±2 and
222±12 d. Outside of the rotationally broadened line profile (i.e. ±50–150 km s−1 ), Hβ shows a dominant period at
56.0±0.8 d in good agreement with the 56.8-d period from
Hα (evidently mostly in the blue line wing). It also coincides with the “second” period from the average line broad-
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ening in Sect. 5.1.1. This could be just apparent though and
due to the complex non-radial surface pattern. Table 4 summarizes the period results. A 56-d period is close to the 62.6d period seen from the line width variation of optically-thin
lines in 2011-13. However, the error bar on each of them
is less than 1 d and thus the two periods formally do not
agree. It is tempting to speculate though that the shorter period from the Hα and Hβ (and Hδ) wings arises from layers
further up in the atmosphere but have otherwise the same
pulsation origin.
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Fig. 12 Disk rotation profiles. a The top panel plots the disk-absorption radial velocities relative to the supergiant. Shown are 61
spectral lines versus time. Time is in fractional JD24+. The lower panels show the disk orbital-fit parameters as a function of spectral
line (integer numbers); K, half amplitude in km s−1 , e disk eccentricity, ω longitude of the disk periastron in degrees, γ disk center-ofmass velocity in km s−1 . The blue crossed circles denote the first four Balmer lines, the red crossed circles the Ca II IRT lines. b Line
parameter dependencies. The top and bottom panels plot e versus the logarithmic transition probability (log gf ) and the lower excitation
potential Elow in eV, respectively. Parameterized are neutral and singly-ionized optically-thin lines as well as the thee IRT lines and the
four Balmer lines.

5.3

Disk rotation

5.3.1

The disk dimensions

Interferometric data suggest a disk “length”3 of
7.31±0.66 au if at a distance of 737±67 pc or ≈8.9 au if
at 1 kpc (c/o Stencel 2012, 2013). It refers to the optically
thickest portions and thus to a minimum disk size. The
K I-lines suggest a disk length of more like 10 au. The disk
thickness was given to 0.6 au and the separation of the two
stellar components to ≈25 au, again courtesy of the review
papers by Stencel (2012, 2013).
5.3.2 The disk rotation profile
The disk rotation is seen as a sinusoidal radial-velocity variation of its sharp absorption lines around the orbital velocity of the (unseen) secondary star, e.g. from Mg I 5184 Å in
3

. . . or “diameter” if the disk were symmetric around its center of mass.
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Fig. 3b. This sinusoidal variation is evident in our spectra in
a total of 161 spectral lines of a variety of atomic properties.
While the overall variation is due to the presumably Keplerian rotation of the disk, subtle differences from line to line
may reflect the radial physical conditions within the disk.
Saito et al. (1987), Lambert & Sawyer (1986) and Ferluga & Mangiacapra (1991), a.o., had examined the diskrotation profile for previous eclipses. It was found that all
eclipses monitored so far showed the same unequal radialvelocity amplitudes between ingress and egress with absolute values of around +20 km s−1 at ingress and –40 km s−1
at egress, a fact already noted by Struve et al. (1958). If
the disk rotation indeed obeys a Keplerian velocity distribution, this difference of ≈20 km s−1 suggests that the disk is
highly elliptical with the secondary star closer to the edge
of the disk at egress. The average maximum red shift of the
disk lines in 2009-11, e.g. from Mg I, is 20.8±0.8 km s−1 ,
the average maximum blue shift is –36±2 km s−1 , comparable to the values already found during the 1982-85, 1955-57,
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and possibly the 1928-30 eclipses (see Lambert & Sawyer
1986). Thus, the accretion disk “contacts” the projected supergiant disk at a radial velocity of +20.8 km s−1 which
equals the projected stellar rotational velocity near a stellar
latitude of ≈40◦ (from our equatorial v sin i of 28 km s−1 ),
in good agreement with the CHARA image in the insert of
Fig. 2. It also implies that the rotation axis of the F supergiant is perpendicular, or nearly so, to the orbital plane.
From our example line Mg I 5183.6 Å, the time between
first appearance of the initially red-shifted disk lines and
when they cross at zero relative velocity, i.e. when they appear at their respective rest wavelengths after correction of
the binary motion, is 367±3 d. The time between zero relative velocity and disappearance of the then blue-shifted lines
is significantly longer, 487±3 d. The time from maximum
red shift to zero relative velocity is 270±5 d, and from zero
relative velocity to maximum blue shift is 267±5 d, the latter two equal to within its measurement errors. Note that
its zero relative radial velocity occurred at JD 2,455,413±4.
The different ingress/egress durations with respect to this
zero velocity are consistent with an elliptical disk in the
direction of its orbital motion around the supergiant. The
disk side with the higher-velocity amplitude spent more
time in eclipse than the one with the lower-velocity parts.
This would be at odd with a pure Keplerian disk motion but
explainable if there is an extra velocity component from a
mass stream from the supergiant (Griffin & Stencel 2013).
We try to quantify the disk rotation by directly measure
the radial velocities of the transient absorption for all spectral lines. It is measured relative to the spectral lines of the
F-supergiant primary. Out of the total of our 161 spectral
lines that show such a transient feature, 61 appeared unblended enough for a reliable reconstruction. We note that
all line profiles are affected by the migrating supergiant pulsation pattern. It imprints an additional variable absorption
component of sometimes comparable strength than the transient disk absorption itself. Moreover, the amplitude of the
pulsation pattern is different from line to line and can not
easily be reconstructed e.g. from the lines that are not affected by the transient disk and then subtracted. Even for
the 61 least-blended lines, we first had to fit a simple sine
curve to the 2d-dynamic spectra in order to roughly identify the expected radial velocity range of the transient feature. Disk radial velocities were then measured by finding
the minimum residual line intensity in a range ±10 km s−1
within this expected radial velocity. This prevents us from
false O–C minima and at least minimizes the impact of the
background pulsation pattern. In a next step, we treat the
61 disk radial-velocity curves just like binary-star radialvelocity curves and fit a fake binary orbit to every one. The
orbital K-amplitude then represents the average rotational
velocity of the disk. Our initial fits left all disk-orbital parameters free, although some are tightly constrained, e.g.,
the “orbital period” P by the duration of the transit, or the
time of conjunction T0 by the time when the relative radial velocity is zero. The “systemic disk velocity” (γ) is ex-
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pected to be near the orbital velocity of the secondary star
according to the binary orbit from Stefanik et al. (2010). After an initial parameter study, we kept the required “orbital
period” fixed to an average value of 1,192 d (3.3 yrs). Saito
et al. (1987) obtained a maximum disk rotational velocity
of 42±2 km s−1 and concluded on an orbital period of the
disk of ≈3 yr.
Fig. 12a shows the resulting disk-rotation profiles from
61 absorption lines together with their fit parameters. All
individual spectral-line data and traces can be found in the
appendix in Fig. C1. The transients cluster into two families. Firstly, the majority can be fitted with low orbital
eccentricity, e < 0.2 (on average 0.12), and low amplitude, K ≈ 26 km s−1 . Secondly, about one third of the
lines show high-eccentricity fits, e=0.25–0.45, with generally also higher velocity amplitudes, K ≈ 28 − 38 km s−1 .
The line with the highest eccentricity and amplitude is Hα
(e = 0.46 and K = 38 km s−1 ), almost matched by the
other Balmer lines (Hβ, Hγ, and Hδ) and the three Ca II infrared triplet lines. The high-velocity transient absorption in
these Fraunhofer lines is expected to originate mostly from
the disk halo rather than the (dusty) disk in general, which
then would indicate that the halo is even more asymmetric
in shape than the disk itself. It is further evidence that the ϵAur disk is a CV-like accretion disk with a mass stream from
the F-supergiant and consecutive accretion onto the hidden
secondary rather than just a proto-planetary optically-thick
disk. Such a double-component picture, inner dusty disk
plus a gaseous halo, agrees with the model by Budaj (2011)
who proposed an inner optically-thick disk coated by an
outer optically-thin disk to explain the mid-eclipse brightenings. Moreover, the higher velocity amplitudes of the Fraunhofer lines may indicate an additional non-rotational component, e.g. due to a shock front in the direction of the orbital motion or an asymmetric disk wind or a flaring inner
disk.
Another detail in Fig. 12a is that the transient absorption
in Hα crosses the relative zero-velocity line 45 days earlier than the majority of the optically-thin lines, while the
Ca II infrared triplet lines cross it on average 80 days later.
In general, all high-eccentricity spectral lines show a later
crossing compared to the low-eccentricity lines. One exception in Fig. 12a appears to be Ti II 4464 Å. Close inspection
of its profile shows it to be an unresolvable blend with Mn I
and Fe I though, and thus may represent a bad measurement.
Nevertheless, the different timings indicate an asymmetry of
the transiting body and can be interpreted in different ways,
all of them somewhat speculative. Firstly, one could imagine a binary system as the (unseen) secondary star where
one component is responsible for the bulk of Balmer absorption, i.e. a hot and massive star, while the other component
is responsible for the Ca II irt resonance absorption, i.e. a
late-type less-massive star. This is unlikely though because
also strong singly-ionized lines with high excitation potentials show the late crossing, such lines are unlikely to come
from late-type stars. More likely, the inner, hidden rim of
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the accretion disk suffers funneling of its material onto the
massive secondary along magnetic field lines. It could be
the source of all sorts of shock heating comparable to premain-sequence stars but with a preference in the direction of
the orbital motion of the secondary. However, the radiation
pressure of the massive star must counteract this accretion
process and then must give rise to strong x-ray emission,
which is not observed.
5.3.3 Tracing the disk eccentricity
Fig. 12b identifies two atomic-line parameters that apparently relate to the observed disk eccentricity. The top panel
shows the transition probability log gf while the lower
panel shows the (lower) excitation potential Elow . Line data
were again taken from the NIST Atomic Spectra Database.
There is the general trend that the transient in spectral lines
with higher excitation potential – and thus lower temperature sensitivity – is related to disk regions with higher eccentricity. It thus originates from the outskirts of the disk or
even the disk halo and not from the immediate vicinity of
the hidden central target.
The dependency on transition probability is more complex (top panel in Fig. 12b). Optically-thick lines like
Balmer H I and Ca II irt a.o. solely trace higher eccentricity
material and also do so proportional to their transition probabilities. The optically-thin lines show a mixed behavior.
Only the low-probability transitions with log gf < −1.8,
which are all singly-ionized lines, trace high eccentricity
regions, while log gf > −1.8 lines generally trace loweccentricity regions. Three neutral lines (Fe I 4132, Fe I
4202, Mg I 5172) and three single-ionized lines (Fe II 4924,
5018, 5169) with log gf between –0.4 and –1.4 trace higheccentricity material instead. These lines are obviously either very strong (Mg I), are blends of a neutral and a singlyionized line (5169) or simply have low temperature sensitivity (4132, 4202).
Maintaining the artificial separation at e ≈ 0.2, we fit
two log-linear regressions to the data. These are shown as
two straight lines in the top panel in Fig. 12b. Numerically,
the fits are
for e > 0.2 : e = +0.036 log gf + 0.374 ,
for e < 0.2 : e = −0.0154 log gf + 0.1185 ,

(1)
(2)

where the constants have errors of ±0.013 for the case e >
0.2 and ±0.006 for the case e < 0.2.
5.4

Evidence for a disk “hot spot”

All line profiles with a disk imprint show increased diskabsorption line broadening at the time when the blue shift
is largest, in particular when compared to the time when
these lines first appear (see, e.g., Fig. 3b). We measure the
average FWHM at the red vertex of the disk rotation profile, i.e. the leading side of the disk, to 8±2 km s−1 while
it is 21±3 km s−1 at the blue vertex, i.e. the trailing side of
the disk (always with respect to the orbital motion of the
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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secondary star). Such a dispersion would be expected if the
disk circumference is significantly non-circular. The extra
absorption could be interpreted to be due to the equivalent
of a “hot spot” or a “warm region” on that limb of the disk
where a mass stream from the F0 primary would reach the
disk and where dust grains would be preferably evaporated.
The appearance of such extra blue-shifted absorption at the
time when that part of the disk that rotates towards the observer is transiting is consistent with an accretion stream
that points in the same direction as the rotation of the disk.
This was also noticed in the independent study by Griffin &
Stencel (2013). However, the stream itself must be mostly
hidden from the observer because the dusty part of the disk
eclipses its own stream and most of its hot spot. It resembles
the typical cataclysmic variable star scenario with a cool
donor star and an accreting white dwarf. It also requires that
the unseen secondary star is the more massive of the binary
system.
Herschel observations confirmed the cool temperature
of the disk of 550 K (Hoard et al. 2012) while earlier IR
observations revealed 1150 K when that part of the disk was
seen that faces the F supergiant. While some of the heating
is likely due to the ultraviolet radiation of the F0 star, some
of it may be due to the (unresolved) hot spot on the disk.
This hot spot, or better “warm region”, should become more
and more visible after eclipse due to the increasing aspect
angle of the binary after egress. It clearly warrants further
monitoring.

6 Photometric analysis
6.1

Introduction

Kim (2008) had used all available out-of-eclipse data from
1842-2006 for a CLEANed wavelet analysis. Two periods
were found; 67 d and 123 d. Kloppenborg et al. (2012) followed up on this study with a 27-yr long inter-eclipse U BV
data set from 81 observers prior to 2,455,000 and also found
at least two main periods but with a drift of dP ≈ −1.5 d/yr.
They noted that every 3,200 days, about one third of an orbital revolution, the sinusoidal characteristic peaks up. Their
predictions for the time of our data matches several of our
spectroscopic and photometric periods in Tables 4 and 5.
Chadima et al. (2011) found a dominant period of 66.2 d
from U BV photometry during the recent eclipse, as well
as from radial velocities and the intensities of two singlyionized spectral lines. Additional periods of ≈123 d, 270 d
and 317 d from a 450-d long time coverage during eclipse
were claimed. Even more complex light variations outside
of eclipse of up to 0.m 15 in Hα and even 0.m 20 in Hβ were
detected from our earlier APT data in 1996–2000 (Strassmeier et al. 2001). The time coverage for the Hα photometry was two consecutive observing seasons and one full observing season for Hβ but with high sampling throughout
the season. Its period analysis yielded five significant periods with the largest amplitudes at periods of 78.9 d and

www.an-journal.org

Astron. Nachr. / AN (2014)
1996

1997

1998

1999

19
2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

3

0

0.2
0.6

55000

55500

V-I

3.4
56000

V mag

mag (shifted)

3.2

56500

0.4
3.6

0.7
V
Hαn

0.8

0.6

51000

52000

53000

54000
-0.05
HJD 240000+

55000

56000

3.8

57000

norm. mag

50000

Hβn
y
b

Fig. 13 Amadeus APT photometry from 1996-2013. Colors, or gray tones, identify different filters as indicated in the small insert. The
0.0
large insert shows the V − I color data inside and outside of eclipse. The eclipse is seen in the right part of the graph. The right axis is
V magnitude, the left axis is bandpass-specific magnitudes after shifting0.05
to the long-term average (solid horizontal line).

130 d, and eight periods for Hα with the largest amplitudes
at 132 d, 89 d and 73 d.
6.2

Period search

Fig. 13 shows our entire APT data from 1996 until 2013,
covering a total of 6,300 d. The data gaps are the seasonal
gaps except in the season 2000/01 when the Amadeus APT
was oversubscribed.
6.2.1

f [c/d]

days

0.025

40.0

0.02

50.0

0.015

66.6

0.01

100.

0.005

200.

From Hα narrow band

Hα narrow band constitutes our longest homogeneous data
record for ϵ Aur. It covers 4,438 d with a total of 1,100 data
points with an internal error better than 0.m 01. Only out-ofeclipse data are available. We first examined each observing
season separately with period04 (Lenz & Breger 2005) and
found a jump in the zero point from 3.m 164 before to 3.m 226
after JD 2,453,500, i.e. three years before the eclipse. Its origin is an instrumental offset and we correct for it by simply
shifting the seasonal means to the long-term mean. The corrected data set is then used for the period search with shortterm Fourier transforms.
Fig. 14 shows the result from Hα. We again applied the
same program package TiFrAn (Kolláth & Oláh 2009) for
non-stationary time series as we did for the line-profile variability in Sect. 5.1.3. Note that the periods in this figure
can be directly compared with the spectroscopic Hα tracers, e.g. the radial-velocity variations in Fig. 10c, at least
for the time with overlap after JD 2,454,000. The two main
spectroscopic Hα periods were ≈116 d from the line core
and ≈150 d from the center-of-intensity radial velocities.
The comparable photometric Hα periods are 101.7 d and
139.2 d. Other photometric periods of around 81 d, 68 d,
and 42 d may have been present at earlier times predating

www.an-journal.org

51000.0

52000.0
53000.0
HJD-2400000

54000.0

55000.0

Fig. 14
Time-frequency distribution of the Hα narrow-band
photometry from short-term Fourier transforms.

our spectroscopic record. The most persistent frequency appears to be the mode at P ≈ 139d, which is visible during
the entire photometric data set. It appears that this period is
waxing and waning with time rather than linearly drifting.
Note that there were no observations around JD 2,452,000,
accounting for the lack of signal at that time. The existence
of a peak at 1,618 d verify that some sort of a long-term
modulation is present, which may be related to the twice-aslong 3,200 d cycle reported by Kloppenborg et al. (2012).
A plain Lomb periodogram confirms this with a very significant peak at a slightly longer but consistent period of
1,630 d.
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5 Results from the photometric period analysis. Periods
are arranged according to their significance.
nf

f
(d−1 )

P
(d)

From Hα
1
0.00365
274±1.5
2
0.000618 1618±32
3
0.00718
139.2±0.4
4
0.00984
101.7±0.3
From Hβ
1
0.01292
77.48± 0.04
2
0.00753
132.28± 0.14
3
0.02910
34.53± 0.06
From Johnson V
1
0.011768 85.0± 0.2
2
0.013662 73.2± 0.2
3
0.007455 134.1±0.9
4
0.025046 39.9± 0.1
From Johnson I
1
0.011847 84.4±0.2
2
0.007332 136±22
From combined Hβ & V
1
0.01295
77.2349± 0.0006
2
0.00754
132.610 ± 0.002
3
0.02884
34.6806± 0.0006
4
0.02395
41.7657± 0.0009
From all data
1
0.007589 131.77± 0.15
2
0.010992 90.97± 0.04
3
0.012888 77.59± 0.11
4
0.012192 82.02± 0.11
5
0.013517 73.98± 0.07
6
0.005721 174.8 ± 1.0
7
0.031986 31.26± 0.02
8
0.023776 42.06± 0.02

Amp.
(mmag)

S/N

12.8±1.7
16.7±1.7
17.1±1.8
12.5±2.4

10.1
9.9
7.6
7.4

67.70±0.11
58.43±0.14
3.84±0.08

208
180
11.5

28.3±1.8
14.6±1.6
11.1±1.1
9.1±1.2

31
16
12
10

26.8±8.4
15.0±8.5

24
14

66.02±0.04
57.04±0.06
8.07±0.05
4.70±0.05

172
150
20.5
12.2

33.3±1.9
28.2±2.1
25.9±1.4
17.8±1.7
12.5±1.5
10.6±1.7
4.9±1.0
4.5±1.0

77
65
60
41
29
24
11
10

6.2.2 From Hβ narrow band
A careful re-examination of the Hβ narrow-band data obtained with the Wolfgang APT (T6) in September 2000 allowed us to reclaim 38 more data points than in our original
publication (Strassmeier et al. 2001). These data clustered
168.4 d later than in the original data. It increased the time
base and allowed us to re-determine the Hβ periods with increased precision. The results are summarized in Table 5.
The two dominant periods were 77.5 d and 132.3 d. The
analysis was done with period04 for all frequencies down
to S/N>6 but a fourth period with S/N =6.3 of 24.6 d is
rejected. The most-likely errors for the periods and amplitudes were deduced by a Monte-Carlo method on 10,000
synthetic data sets following the procedure outlined and applied in Strassmeier et al. (2012).
6.2.3 From Johnson-Cousins V and I band
From a total of 1,247 data points in V and I, only measurements with an internal error of less than 6 mmag in V and
8 mmag in I were used for the period analysis. This criterion
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
⃝

limited the available data points to just 103 (106 in I) for
out-of-eclipse, and to 121 (126 for I) for the in-of-eclipse
phase. It just demonstrates that broad-band photometry of a
third magnitude star is not without troubles. In general, data
quality within eclipse was lower than out of eclipse, which
resulted in higher error bars on its periods and amplitudes.
The period04 analysis of the out-of-eclipse V -band
data shows two main periods, one at 76.9±0.1 d and one
at 142.4±1.3 d with amplitudes of 46.9±1.6 mmag and
21.0±1.8 mmag, respectively. Five outliers with a deviation
of > 3σ were deleted. The same analysis for the out-ofeclipse I-band data gave 77.8±0.2 d and 144.9±1.4 d with
amplitudes of 28.5±1.9 mmag and 20.5±2.6 mmag, respectively. Four outliers were removed. We consider the V and
I periods equal to within their estimated errors.
The in-of-eclipse V and I data was searched for similar periods. In V , periods of 84.2±1.1 d and 195.4±14.5 d
with amplitudes of 26.1±1.6 mmag and 14.9±2.5 mmag,
respectively, could be confirmed. In I, it was 86.0±6.1 d
and 177±80 d with amplitudes of 19.4±3.9 mmag and
6.8±5.3 mmag, respectively. This decrease of period from
in-of-eclipse to out-of-eclipse is consistent with the period
changes derived from spectroscopic data.
Next, we combine the in-of-eclipse and the out-ofeclipse data sets by shifting V and I by their respective
zero-point differences of 0.m 700 and 0.m 676. Note that the
24 mmag difference between the zero-point offsets between
V and I is just at the 3-σ level. We still call the eclipse color
“neutral”. The period04 analysis of the combined data set in
V now shows four frequencies with a S/N>10 rather than
just two. Employing the generous S/N>4 criterion (Breger
et al. 1993) leads to many, likely spurious, detections and
a cut off at S/N>10 is adopted instead. The same analysis was done with the I-band data but only two frequencies
with S/N>10 could be verified (Table 5). Neither of the two
longer periods from the in-of-eclipse set, 195 d in V and
177 d in I, could be verified, while the two shorter periods
were clearly seen in the combined sets.
6.2.4

From the combined data

We also attempted to analyze the grand combined data set
by shifting all passbands to their respective zero points,
again determined seasonally with period04. An analysis of
this data with TiFrAn showed only the frequencies dominant in Hβ and in V I, almost completely blanking out
the periods found from Hα. This is not surprising given
the large amplitude in Hβ and V I compared to Hα in
combination with its non-overlapping time distribution. The
time-average periodogram with period04 reveals a total of
eight frequencies with S/N>10 that appear to be better constrained than from the individual passbands. Combining
only the two data sets with large amplitudes, Hβ and V
of 2,236 usable data points including proper shifts of the
in-eclipse data, yields two dominating but altogether four
significant periods of 132.6 d, 77.2 d, 34.7 d and 41.7 d. Because the Hβ and the V -band data are from epochs 10 years
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of 0.0291 (34 d) in the Hβ set is split into two at 34.7 d and
41.7 d.

-0.12

-0.08

7 The visual components of the ϵ Aur
multiple star system

magnitude

-0.04

0

7.1 Absolute parameters

0.04

0.08

0.12
51400

51600

51800

55400

55600 55800 56000
HJD 2400000+

56200

56400

56600

Fig. 15 Phase coherence of the Hβ photometry (left part, red
dots) and the V -band photometry (right part, blue dots). The line
is the combined Hβ & V period solution from Table 5. Note that
the vertical separator line represents a data-free window between
the Hβ data and the V data of 3,450 days.

apart, from 2000 for Hβ and 2010+ for V , the four-period
solution is remarkably phase coherent (Fig. 15). This would
be expected if the periods are due to a (non-radial) oscillation pattern. All results are listed again in Table 5.
6.3

The 2009-2011 eclipse

The average eclipse depth in the V band was 0.m 700. The
V −I index remained nearly constant with an average V −I
of 0.74±0.02 mag inside as well as outside of eclipse. The
insert of Fig. 13 shows the general color neutrality during eclipse. Some short-term variations are attributable to
the F0-star pulsations. Unfortunately, the seasonal gap fell
right within the mid of eclipse and no statement with respect to central brightening can be made from our data. A
periodogram analysis of the V − I data within the eclipse
revealed no significant periods, though a variability of 0.m 02
is seen.
6.4

Interpretation

We interpret the narrow-band (31 Å) Hα brightness to be
a composite from at least three different physical origins.
Firstly, it is modulated by the supergiant non-radial pulsation pattern, just like we have seen from the line profiles.
Secondly, the stellar wind and environment of the F0 supergiant may not be homogeneous all the time which, thirdly,
also applies to the mass accretion stream and the extended
accretion-disk halo. This would explain why the photometric amplitudes in Hα are smaller (by a factor of two) than in
Hβ and its periods not always identical.
The variations of the V I as well as the Hβ photometry are likely dominated by stellar pulsation. A periodogram
analysis of the merged Hβ and V data set suggests a phase
coherence over an interval of 5,300 d (Fig. 15). Its two main
periods are 132 d and 78 d. It also reveals that the frequency
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According to the Aitken Double Star catalog (Aitken &
Dolittle 1932) ϵ Aurigae is a possible quintuple star system.
As already mentioned by Guinan et al. (2012) all of these
putative components could be foreground or background
field stars. We have therefore obtained high-resolution spectra for all of them. Components B, C, and D are all faint and
within less than one arc min from the bright A component
(ϵ Aur = ADS 3605A) while component E (BD+43◦ 1168)
is a 9.4-mag star 3.4 arc min away. Proper motions (p.m.)
are only known for ϵ Aur (p.m.α/δ = –0.86/–2.66 mas/yr)
and for BD+43◦ 1168 (–1.3/–2.1 mas/yr).
Table 6 summarizes the stellar components. Coordinates
are from FK5 and proper motions from Tycho-2 (Hog et al.
2000) except for ϵ Aur itself which are from Hipparcos.
ADS 3605B. This 14th-mag star is just 28′′ away from
ϵ Aur. Nothing is known except the position and an approximate brightness. Our NOT/FIES spectrum has a S/N ratio of 40:1 (90 min exposure) and shows an almost featureless spectrum besides Hα. A few very weak lines are detected though. Notable are Si II 6347 (150±20 mÅ) and
6371 (< 50 mÅ), shown in Fig. 16, while other lines are
present but unidentified, e.g. λ6270 (?), λ6823 (?), λ5582
(?). Two more lines are seen near 6700 Å; one at λ6698.7
(?) and one at λ6706.1 (?). No He I lines at 5876 or 6678
are seen. The Na D1,2 V- and R-component ISM lines (see
Münch (1957) are resolved and both saturated, like in ϵ Aur.
A third ISM component (EW≈40 mÅ) in both lines appears
resolved and redshifted by 13.3 km s−1 . No photospheric
Na D1,2 absorption is seen. The DIB lines at λ6613, 5780,
and 5797 are among the strongest non-H lines in its spectrum and are clearly detected (Fig. 16, Table 6). The λ6613
EW would suggest a distance of 2 kpc if the calibration by
Guinan et al. (2012) were valid.
While no match was found with any of the ESO UVES
archive spectra (Bagnulo et al. 2003), a good match of
Hα was found with the spectra of two cool white dwarfs
(NLTT 32785 and 56493) from the sample of Kawka &
Venners (2012). Equivalent widths for Balmer αβγδ are
measured from our one spectrum to 10.0, 9.1, 7.2, and 6.6 Å,
respectively. We conclude that BD+43◦ 1166B is a cool DA
white dwarf, Teﬀ ≈ 5, 000 − 7, 000 K and MV ≈ 14.m 8,
with weak metallic lines. Its distance is then ≈7 pc, instead
of 2 kpc (!) from the λ6613 DIB line, and thus unrelated to
the ϵ Aur system. This suggests that the white dwarf has a
debris disk that causes the DIB lines.
ADS 3605C. Our spectrum indicates a K3-4 MK-class
III giant from the spectrum morphology and from various line-depth ratios in the 6450-Å region (see Strassc 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
⃝
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Fig. 16 Selected spectral regions of the bonafide ADS3605 components. Spectra shown from top to bottom: ϵ Aur (BD+43◦ 1166A),
BD+43◦ 1166B, BD+43◦ 1166C, BD+43◦ 1166D, and BD+43◦ 1168. Top panel: Balmer Hα and the λ6613 DIB line. Bottom left: the
two DIB lines at λ5780 and λ5797. Bottom middle: Na D1,2 lines and He I 5875. Bottom right: the two Si II lines λ6347 and λ6371.
Table 6

The ADS 3605A-E bonafide quintuple system.

Name

V
(mag)

RA (2000)
(h m s)

DEC
(◦ ’ ”)

Sp.

m−M
(mag)

vr
(km s−1 )

λ5780 λ5797 λ6613
DIB line EW in (mÅ)

A

ϵ Aur

3.1

05 01 58.1

+43 49 24

F0Ia

B

BD+43◦ 1166B

14.0

05 01 56.6

+43 49 08

cDA

C

BD+43◦ 1166C

10.9

05 01 54.0

+43 49 26

K3-4III

D

BD+43◦ 1166D

12.0

05 01 55.1

+43 49 57

G8V

E

BD+43◦ 1168b

9.4

05 02 12.4

+43 51 42

B9Iab

+10.9
±0.9
–0.8
±0.5
+10.9
±1
+6.4
±0.3
+15.7
±1

–2.26a
±0.15
–14.6
±0.9
–23.71
±0.04
–30.47
±0.02
–22v
±0.07

285
±5
340
±20
200
±50
50
±20
495
±10

77
±2
100
±10
100
±50
30
±20
180
±7

128
±3
140
±10
110
±10
35
±10
196
±7

a
b

Center-of-mass velocity from Stefanik et al. (2010).
Radial velocity is variable, see text.

c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 16) and the EWs are accordingly uncertain. Our best
value for EW(λ6613) is 110±10 mÅ which would place the
star at a distance of 1.6±0.1 kpc according to the calibration
in Guinan et al. (2012). We note that the error of 10 mÅ for
the EW is just a rms from repeated measurements and could
be much larger, in particular when the expected calibration
error would be added.
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Fig. 17 The lithium λ6708 region for BD+43◦ 1166C (middle
spectrum). Shown are two comparison spectra of the nearby giants
α Ari (K2III, top) and α Tau (K5III, bottom). The top two spectra
are shifted in intensity for a clearer display.

meier & Fekel 1990). A spectrum-synthesis solution
yields Teﬀ =4,470 K, log g=2.8, v sin i=3.6 km s−1 and solar metallicity. The rotational broadening from the fullwidth half maxima of a subset of weak spectral lines
is v sin i=4±1 km s−1 , adopting a macroturbulence of
3 km s−1 from Gray (2005), in good agreement with the
synthesized value. Interestingly, we detect a Li I 6708-Å
line with an EW of 80 mÅ. It converts into an abundance of
log n(Li)= 1.35±0.10 (log n(H)=12) from the NLTE tables
in Pavlenko & Magazzu (1996). Differential U BV observations of this star secured at Hvar Observatory (12 individual
observations in 5 nights) gave V = 10.m 93±0.09, B − V =
0.m 71±0.02, and U − B = 0.m 32±0.01 (Guinan et al. 2012).
However, B − V = 1.m 83 was given in Lutz & Lutz (1977).
Neither of these colors fit a K3-4 giant, which probably just
indicates the difficulty doing multi-color photometry for a
faint star 45′′ away from a really bright star. Gray (2005)
lists an absolute magnitude of +0.m 2 for K3-4III which converts, with above Hvar brightness, to a modulus m − M of
+10.m 7. However, the K5III MK-standard α Tau has a measured radius of 44 R⊙ (Richichi & Roccatagliata 2005) that
converts to an absolute magnitude of –0.m 4 and thus brighter
by 0.m 4 than what is listed in Gray (2005) for K5III. Therefore, we could expect also a brighter absolute magnitude for
K3-4, say 0.m 0±0.m 2, and get a modulus of +10.m 9±0.m 2 for
BD+43◦ 1166C. All of these cases are within the errors bars
and practically identical to the modulus for ϵ Aur.
Table 6 lists equivalent widths for the DIB lines at
λ5780, 5797, and 6613 Å. Measuring these lines in coolstar spectra is difficult due to the blending with numerous
photospheric lines. Therefore, we first removed a spectrum
of a very bright, i.e. nearby, star of similar classification and
presumably no DIB contribution and then measured the DIB
lines from the residual spectra. We used an average of α Ari
(K2III, d=20.1 pc; van Leeuwen 2007) and α Tau (K5III,
d=20.4 pc; van Leeuwen 2007). The λ5780 and λ5797 regions are severely more blended than the λ6613 line (cf.
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ADS 3605D. This star is 47′′ away from ϵ Aur. Our spectrum indicates a G8 dwarf, again from the spectrum morphology and various line-depth ratios in the 6450-Å region as well as the Hα wings. A spectrum-synthesis solution yields Teﬀ =5090 K, log g=5.0, v sin i=2.3 km s−1 and
[Fe/H]=–0.06. Its rotational broadening is barely detected
with the given spectral resolution (R=47,000) and could be
≤ 2 km s−1 (expecting a macroturbulence of also 2 km s−1 ).
No lithium 6708 line ≥5 mÅ is detected. With MV of +5.m 6
from Gray (2005), the modulus becomes +6.m 4. The star
must be in the foreground at a distance of ≈170 pc (adopted
AV = 0.m 2) and thus not related with ϵ Aur. We used a G8V
template spectrum (HD 171067, see Strassmeier et al. 2012)
for subtraction from BD+43◦ 1166D in order to obtain the
DIB equivalent widths listed in Table 6. The λ6613 EW
suggests a distance of ≈500 pc if the Guinan et al. (2012)
calibration is applied.
ADS 3605E = BD+43◦ 1168. Van de Kamp (1978)
used it as one of his reference stars for the parallax
measure on ϵ Aur. He listed it as a G0-star with mv of
9.m 6. Münch (1957) had measured two ISM components,
dubbed the V- and R-component, in Na D and Ca II
H&K and listed radial velocities of –18 and 0 km s−1
for the two components, respectively, but with large
uncertainties and probably unresolved. He lists the spectral
type as B9Iab and measured a heliocentric RV of the
star of –22 km s−1 . Three STELLA spectra gave velocities of –23.115±0.029 km s−1 (2,456,625.580527),
–20.818±0.068 km s−1 (2,456,601.640161) and –
22.740±0.030 (2,456,708.473611) indicating lowamplitude variability. Guinan et al. (2012) measured a
6613-Å DIB equivalent width of 230±20 mÅ (200 mÅ was
listed by Bromage & Nandy 1973) and E(B − V ) of 0.m 90
and concluded on a distance of 3440±170 pc based on the
apparent V magnitude of 9.m 4.
Our spectra are in agreement with this distance and
show a fully saturated Na D dublett, a blue-shifted Ca II-H
ISM line, and strong DIB lines at λ5780, 5797, and 6613 Å.
No photospheric Na D1,2 absorption is seen. The K I 7699
line appears also very strong and with a profound triplet
profile, like Na D. The DIB EWs are on average a factor
two larger than those for ϵ Aur. The star shows strong He I
λ5875 (327±10 mÅ) and λ6678-Å (250±10 mÅ) lines. As
already mentioned, ϵ Aur shows only a very weak He I-5875
absorption with 11.7 mÅ, none of the other ADS-3605 stars
do. The two Si II lines around 6360 Å are as prominent as
in ϵ Aur and support the B9 supergiant classification. Several weaker lines remain unidentified, e.g. Fe II (?) 6456, or
λ7065, λ5640, or λ5849. As already mentioned by Guinan
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a)

1.m 12 based on the average measured E(B − V ) = 0.m 35
from Guinan et al. (2012) and MV =0.m 0 from Gray (2005),
respectively. Note that the DIB λ6613-line EW suggests
≈1.6 kpc with the calibration from Guinan et al. (2012).
Given the comparably large EW errors for DIB lines in latetype spectra, the EW value for BD+43◦ 1166C is still consistent with the EW of ϵ Aur. However, the three DIB EW
values for the other components in Table 6 are not consistent with each other if a single distance calibration shall apply. Most notably, the close-by white dwarf BD+43◦ 1166B
has negative m − M but larger DIB EWs than ϵ Aur. This
just proves that circumstellar material can and will dominate
the strength of these lines. We conclude that the most likely
value for the distance to BD+43◦ 1166C is with AV = 1.m 12
and MV =0.m 0, thus 900 pc. We adopt this value also for the
distance to ϵ Aur.
At this distance, the on-sky separation of BD+43◦ 1166C
from ϵ Aur of 44.77′′ translates to roughly 40,300 au. Thus,
for a bound orbit, the velocity difference between the respective center of masses may not exceed 1.5 km s−1 . In
case the proper motions of ϵ Aur and BD+43◦ 1166C would
be equal (the latter p.m. is not known) this velocity difference is also the maximal allowed difference of the center-ofmass velocities. Then, a circular orbit would have a period
of 1 Myr for a sum of the masses of all three components of
50 M⊙ (or 1.56 Myr if the mass sum is more like 20 M⊙ ).
BD+43◦ 1166C’s measured radial velocity is
−23 km s−1 , and thus 20 km s−1 different to the systemic center-of-mass velocity of the ϵ Aur binary
(−2.26 ± 0.15 km s−1 ; Stefanik et al. 2010). If we assume that it is not a close binary itself, we conclude that
even BD+43◦ 1166C is not physically connected to ϵ Aur
despite that is roughly at the same distance. Consequently,
we suggest to drop the ADS3605A-E entry from any
visual-binary list.
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Fig. 18 H-R diagrams of the two bona-fide visual ϵ Aurigae
components A and C with tracks from Ekstroem et al. (2012). a A
comparison with the position of ϵ Aur. The full line is a 25-M⊙
rotating model, the dashed line a 25-M⊙ non-rotating model. Others are indicated in the insert. b A comparison with the position
of BD+43◦ 1166C. Highlighted are a 1- and a 2-M⊙ non-rotating
model for BD+43◦ 1166C and three models for ϵ Aur (see insert).

8 Discussion and summary
et al. (2012) Hα appears very weak. Our spectra clearly
show a blue-shifted emission component that indicate the
typical supergiant wind, again like in ϵ Aur. We measure a
Hα-core equivalent width of 510 mÅ and a Hγ equivalent
width of 2.64 Å. With the calibration of absolute magnitude
versus Hγ for O6–A3 supergiants by Petrie (1966), we obtain MV = −6.m 3 and thus m − M = +15.m 7. This verifies
that BD+43◦ 1168 is not related with ϵ Aur but is a background star at ≈3 kpc as judged from the strength of the
DIB lines.
7.2

Summary: binary membership

Our main result from the previous subsection is that only
BD+43◦ 1166C could be a gravitationally bound component
with ϵ Aur. The other bona-fide ADS 3605 components are
either foreground or background stars. The upper and lower
limits of the distance to BD+43◦ 1166C would be 1.8 kpc if
AV = 0 and MV =–0.m 4 (from α Tau) and 900 pc if AV =
c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The interferometric (uniform-disk) diameter of the F0supergiant, 2.10±0.04 mas (λ1.6 µm; Kloppenborg et al.
2010) and 2.10±0.02 mas (λ660 nm; Mourard et al. 2012),
suggests a stellar radius of between 140–340 R⊙ if at distances between 625–1500 pc, respectively. Our new effective temperature of 7395±70 K constrains the plausible
range for its logarithmic luminosity to 4.7–5.5 L⊙ (MV =
–7.m 0 to –8.m 9). In any case, this is the classic blue supergiant region in the H-R diagram. Evolutionary tracks would
place the star very close to the point where the central helium content is already exhausted and C-ignition could have
already happened.
With ϵ Aur today’s log L/L⊙ =5.37 (from d=900 pc and
R ≈ 300 R⊙ ) and log Teﬀ =3.87, the Z = 0.014 rotating models of Ekstrom et al. (2012) with prescribed
mass loss suggest an initial (ZAMS) mass for the F-star of
≈25 M⊙ (Fig. 18a). An initial rotation of 40% of the breakup velocity was adopted. Note that a similar non-rotating
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model is always less luminous and therefore would suggest a slightly higher mass. Given the luminosity, the radius, Teﬀ and log g = 1 the expected mass from the StefanBoltzmann relation is ≈30 M⊙ . The tracks have three horizontal branches. If on the first ascent ϵ Aur would have
an age of 8 Myr and still a mass of 23.5 M⊙ . If after
He-ignition (at the low-Teﬀ turnaround) the age would be
8.2 Myr and the mass more near 13.1 M⊙ . A direct comparison with tracks remains inconclusive though because of the
uncertainty of the mass-loss history in the models (see Martin & Palacios (2013) for a comparison of high-mass tracks).
However, the most critical uncertainty is due to the binarity
of ϵ Aur and the fact that there is an accretion disk around
the secondary star that is fed by the F-star. Therefore, the
initial mass loss from the F-star might have been considerable different than the prescribed mass loss in the models.
For a low-mass track of initial mass of, say, ≈7 M⊙ the effective temperature on the other hand is too high for the star
to be in the post-AGB phase, but possibly could be reached
if there was a large initial mass transfer between the primary
and secondary.
Out of the four bona-fide ADS 3605 components only
ADS 3605C = BD+43◦ 1166C appears at the same distance
as ϵ Aur. Its logarithmic luminosity in solar units is 3.59
and the effective temperature ≈4250 K. However, its radial
velocity is 20 km s−1 off the expected velocity if it were
gravitationally bound to ϵ Aur. We conclude that the bonafide ADS3605A-E visual quintuple system does not exist
as such. Fig. 18b shows a H-R diagram with single-star
tracks that fit ϵ Aur and BD+43◦ 1166C, respectively. No
joint isochrone is possible according to the single-star tracks
shown. While the F-supergiant of ϵ Aur would be 10 Myr of
age, BD+43◦ 1166C would be 6 Gyrs of age. One would
conclude that the two components can not be coeval. We
take this as further evidence that the current evolutionary
status of the close binary system had been shaped my mass
exchange in the past.
The continuity of our time-series line profiles allowed
us to separate the effects of pulsation and rotation. With
the assumption that the rotational line broadening would
not change over time, we find a projected rotational velocity v sin i of 28±3 km s−1 . Its residuals over time exhibit
a clear period of 62.6±0.7 d, which we interpret to be the
main pulsation period. Note that if this period were the rotational period instead, the v sin i of 28 km s−1 implies a minimum radius of 34.6 R⊙ in obvious contradiction with the
interferometric radius of at least 140 R⊙ . Combined with
above Teﬀ it would result in a luminosity of just 3200 L⊙ ,
or a distance of just 250 pc if we assume no interstellar absorption. This distance appears significantly closer than any
of the distance measurements and must be rejected. Therefore, the 62.6-d period is not the rotation period but most
be one of the many pulsation periods. It is also possible that
this period is the same as the 67-d period found by Kim
(2008) from long-term photometry. The most likely rotation period of ϵ Aur can be estimated from R and vrot sin i.
www.an-journal.org
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With R=300 R⊙ from d=900 pc and a rotational velocity of
28 km s−1 (with i = 89◦ ), a rotational period of P =540 d
follows. Its range of equal likeliness is 250-614 d. For a supergiant, a 540-d period is still “rapidly rotating” though.
Our echelle spectra enabled us to extract the diskrotation profile from a large variety of spectral lines. Firstly,
we found that transient absorption lines group into two profile families, ones with high eccentricity (e > 0.2) and ones
with low eccentricity (e < 0.2). Secondly, this bi-modality
is also established from the line transition probabilities and
excitation potentials and indicate that the high log gf and
high Elow lines generally trace high-eccentricity material.
Thus, it originates from the leading periastron section of
the disk or even the disk halo, while the low log gf and
low Elow lines generally trace low-eccentricity material and
thus are likely from material just more evenly distributed
among the disk. The fact that the Balmer line profiles show
variability mostly in their red wings is in agreement with
this scenario. No direct spectral evidence is found for the
hidden secondary star. We interpret the increased velocity
dispersion of the absorption-disk lines during egress due to
a hot (or warm) spot on the trailing section of the disk.
Finally, a reanalysis of all our new and previouslypublished photometry revealed a rich spectrum of oscillation periods from the F0 supergiant. The two main periods
were found from Hβ and Johnson V and I and are 77 d
and 132 d. Note that the residual average line broadening of
optically-thin lines showed a period of 62.6 d, in particular
at egress and after the eclipse. Line-profile variability had
the most-significant periods at ≈110 d, 74 d, and 64 d (with
errors of ±3 d). Radial velocities also showed the 110-d period among others. The two main spectroscopic Hα periods, ≈116 d from the line core and ≈150 d from the centerof-intensity radial velocities, may have a counterpart in the
102 d and 139 d in the Hα photometry. Besides, the Hα photometry revealed two very long periods of 274 d and 1618 d
likely related to a beat phenomenon of the time-variable oscillation pattern of the supergiant. However, Hα remains
difficult to interpret due to several contributing sources; the
F0 chromosphere and wind, the disk accretion stream, and
the disk and its halo itself.
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A The optical spectrum of ϵ Aur
B Spectral line identifications
C Line traces during eclipse
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Fig. A1 The optical spectrum of ϵ Aur. The top spectrum is from outside eclipse and was taken January 9, 2008 (HJD 2,454,474.509)
and is shifted arbitrarily by 0.2 in intensity. The bottom spectrum was taken September 4, 2011 (HJD 2,455,808.734) near the end of the
dust eclipse and within the gaseous eclipse. Both spectra are shifted to the rest wavelength. The disk absorption appears as a strongly
blue shifted asymmetry. Notice the extra ±20-Å line broadening of Hα, Hγ, Hδ during eclipse, but not for Hβ.
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Fig. A2

(continued)

c 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
⃝

www.an-journal.org

Astron. Nachr. / AN (2014)
Table B1

29

Spectral lines without disk absorption during eclipse.

#

Line i.d.

#

Line i.d.

#

Line i.d.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

Si I 3905.52
? + Fe I 3918.4 + Fe I 3918.65
Fe I 3925.95 + Fe I 3926.0
Ca II K 3933.7
Al I 3944.0
Ca I 3948.9
Y II 3950.3
Ca II H 3968.5
Co I 3979.5 + Fe I 3979.6
Cr I 3983.9 + FeI 3983.95
Zr II 3991.1
Fe II 4002.1
Fe I 4014.28
V II 4023.39
Fe I 4029.64
Mn I 4048.74 + Cr I 4048.78 + Fe II
Fe I 4051.92
Mg I 4057.5 + Fe I blend + Fe II
Fe I 4067.0 + Cr I
Cr I 4111.0 + Cr II 4111.0
Fe II 4124.79
Si II 4128.05
Fe II 4128.74
Si II 4130.88
Fe I 4146.07
Fe I 4149.365
Cr II 4151.00
Cr I 4161.52
Ti II 4163.64
Fe I 4172.13
Fe I 4177.59
Fe I 4181.76
Fe I 4203.95
Mn II 4205.37 + Eu II 4205.05
Fe I 4207.13
Zr II 4208.99
Zr II 4211.88
Sr II 4215.52
Fe I 4227.43
Cr II 4242.38
Fe I 4250.79 + Fe I 4250.12
Cr II 4252.63
Fe I 4258.32
Sr II 4305.45 + Fe I 4305.45
Sc II 4305.7
Y II 4309.62
Cr I 4344.51
Sc II 4354.61
Zr II 4379.78
Y II 4398.02
Fe I 4407.71
Ti II 4411.08
Fe II 4413.60
Ti II 4441.73
Ca I 4454.78
Fe I 4461.66 + Zr II + Fe I blend
Fe I 4466.55
Ti II 4470.86
Fe II 4472.92
Fe I 4476.02 + Fe I 4476.1
Mg II 4481.12 + Mg II 4481.3
Ti II 4488.32
Fe II 4489.19
Fe II 4491.40
Ti II 4493.53
Fe I 4494.57
Zr II 4496.97
Cr II 4539.62
Fe II 4541.52

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

Ti II 4544.01
Ti II 4545.14
Ti II 4552.25
Cr II 4558.66
Ce II 4565.84
Ti II 4568.31
Fe II 4576.33
Fe II 4582.84
Cr II 4588.22
Ti II 4589.96
Cr II 4592.09
Ce II 4593.93 + Cr I
Fe I 4596.060
Cr II 4616.64
Cr II 4618.83
Fe II 4620.51
Cr II 4634.11
Fe II 4635.32
Fe II 4656.981
Fe II 4663.70
Fe II 4666.75
Sc II 4670.4
Mg I 4702.98
Ni I 4703.8
Ti II 4708.66
Fe II 4731.43
Ti II 4762.85 + Mn I 4762.37
C II 4771.67 + C I + Fe I
Ti II 4779.98
Ti II 4798.53
Ti II 4805.10
Cr II 4812.36
Cr II 4824.13
Cr II 4836.22
Cr II 4848.24
Sr I 4855.045
Cr II 4864.3 + Ni I
Ti II 4865.6
Ti II 4874.0
Cr II 4876.41 + Cr II 4876.48
Y II 4883.69 + V II blend
Cr II 4884.6
Fe I 4890.75
Fe I 4891.49
Fe II 4893.8
Y II 4900.10 + Ti I 4899.91 + Ba II
Ti II 4911.15
Fe I 4918.99
Fe I 4920.50
Ba II 4934.09
Fe I 4957.5 blend
Fe II 4993.3
Fe I 5056.0 + Si II 5055.98
Fe I 5068.76
Fe I 5072.67
K I 5097.17 + Cr II 5097.3
Fe II 5100.95
Ti I 5120.415
Y II 5123.2
Fe II 5132.65
Fe II 5136.8 + Ni I 5137.1 + Fe I
Fe I 5139.2 + Fe I 5139.5
Fe II 5146.1
Fe I 5150,8
Fe I 5232.940
Fe II 5256.9
Ca I 5262.24 + Ti II 5262.1
Fe II 5264.8
Fe I 5266.5

139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207

Fe I 5274.98 + Cr II
Cr II 5279.9 + Cr II
Cr II 5305.85
Cr II 5308.4
Cr II 5310.7
Cr II 5313.6
Fe I 5324.18
Fe II 5325.6
Cr II 5334.9
Ti II 5336.81
Fe I 5383.35
Fe I 5404.15 + Fe I
Cr II 5407.6
Fe II 5414.1
Fe I 5415.20
Fe II 5425.3
Fe II 5427.8
Y II 5497.4 + Fe I 5497
Cr II 5502.1
Cr II 5508.6
Fe II 5510.78
Fe I 5572.84
Fe I 5586.75
Fe I 5615.64
Fe I 5624.5
Fe II 5627.5
Fe I 5662.51
Na I 5688.20
Fe I 5780.600
Ti I 5797.4 + La II (?)
Co I 5991.88
Fe II 6084.1
Fe II 6113.32
O I 6158.18
Fe I 6318.017
Si II 6347.1
Si II 6371.36
Fe II 6383.73
Ti II 6828.0 + C I/Fe I
Si I 7425.95
N I 7423.64
N I 7468.31
O I 7772.0
O I 7774.3
O I 7775.4
N I 8216.3
Ca II 8248.8
Pa30 8287.6
Pa29 8292.4
Pa28 8298.9
Pa25 8323.3
Pa24 8334.5
Pa23 8345.8
Pa22 8359.0
Pa21 8374.8
Pa20 8392.4
Pa19 8413.3
O I 8446.4 + O I 8446.8
Pa17 8467.3
Pa16 8502.6
Pa15 8545.5
? 8594.0
Pa14 8598.5
N I 8629.3
Pa13 8665.2
Si I 8680.2 + S I + S I
N I 8711.7
N I 8718.8
Pa12 8750.6
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Table B2

Spectral lines with disk absorption during eclipse.

#

Line i.d.

#

Line i.d.

#

Line i.d.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

Fe I 3886.3
Fe I 3887.0
H8 3889.1 + Ca I
Fe I 3895.65 blend
Fe I 3899.7
Ti II 3900.55
Fe I 3902.95 blend
Ti II 3913.45 + Fe I 3913.6
Fe I 3920.25
? + Fe I 3922.9
Fe I 3927.9
Fe I 3930.3
Fe II 3938.3 + Mg I 3938.4
V II 3951.95
Al I 3961.5 v.wk.
Hϵ 3970.
Fe I 3977.7
Ti II 3982.0 + Fe I/Ti I 3981.75
Ti II 3987.6
Fe I 4005.25 + V II 4005.7
Ti II 4012.4
V II 4023.3
Fe I 4024.73
Ti II 4028.33
Fe I 4045.81
Ti II 4053.8 + Cr II 4054.05
Ti II 4056.2
Fe I 4063.60
Fe I 4071.74
Sr II 4077.71
Hδ 4101.74
Fe II 4122.7
Fe I 4132.06
Fe I 4143.87
Fe II 4173.45 + Ti II 4173.55
Fe II 4178.86 + Cr I 4179.43
Fe I 4202.03
Cr II + V II + 3 blends
Ca I 4226.72
Fe I 4227.4
Fe II 4233.16
Sc II 4246.82 + Fe I 4247.43
Cr I 4254.34
Ti II 4301.93
Fe II 4303.18
Ti II 4307.90
Ti II 4312.86
Ti II 4314.98
Ti II 4316.80
Na II 4320.91
Fe I 4325.76
Ti II 4330.7
Ti II 4337.92
Hγ 4340.47

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

Mg I 4341.91
Mn I 4374.95
Fe II 4384.33
Fe II 4385.39
Ti II 4386.86
Ti II 4394.06
Ti II 4395.03 + Ti II 4395.85
Sc II 4400.35
Fe I 4404.75
Ti II 4409.25 + Ti II 4409.5
Fe I 4415.1
Sc II 4415.55
Fe II 4416.81
Ti II 4417.71
Ti II 4418.34
Ti II 4443.80 + Ti II 4444.56
Ti II 4450.49
Fe I 4459.1 + Ni I
Ti II 4464.5 + Fe I + Mn I
Ti II 4468.49
Ti II 4501.27
Fe II 4508.29
Fe II 4515.33
Fe I 4518.4 + ? i.d.
Fe II 4520.22
Fe II 4522.63
Fe I 4528.6 + 3 Fe I blends
Ti II 4529.5 + Fe I 4529.55
Ti II 4533.97
Ti II 4549.63
Fe II 4555.89
Ti II 4563.76
Ti II 4571.97
Fe II 4583.83
Fe II 4629.33
Hβ 4861.33
Fe II 4923.92
Ti II 5013.7
Fe II 5018.43
FeI 5031.04
Si II 5041.026
Ti II 5129.2
Ti II 5154.1 + Co I
Mg I 5167.3 + Fe I 5167.49
Fe II 5169.1 + Fe I 5169.30
Mg I 5172.7
Mg I 5183.60
Ti II 5185.9
Ti II 5188.7 + Ca I 5188.848
Fe II 5197.55
Cr I 5204.50 + Fe I
Cr I 5206.02
Cr I 5208.41
Fe I 5227.15

109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

Fe II 5234.6
Cr II 5237.3
Sc II 5239.8
Fe I 5254.95 + Cr I
Fe I 5269.5
Fe II 5276.00
Fe I 5284.42
Fe II 5316.784
Fe I 5328.04 + Cr I 5328.36
Fe II 5362.8
Fe I 5371.49
Ti II 5381.01
Fe I 5383.35
Fe I 5397.13
Fe I 5405.77
Ti II 5418.7
Fe I 5429.69 + Fe I blend
Fe I 5432.9
Fe I 5434.52
Fe I 5446.91
Fe I 5455.61
Sc II 5526.78
Fe II 5534.85
Sc II 5641.0
Sc II 5657.90
Sc II 5667.1
Sc II 5669.0 v.wk. abs.
Sc II 5684.2
Ba II 5853.7
NaI D 5889.95
NaI D 5895.92
Ba II 6141.7 + Fe I
Fe II 6147.8 + Fe I
Fe II 6149.24
Ca I 6162.1
Fe II 6238.37
Fe II 6247.6
Fe I 6416.93
Fe II 6432.68
Fe II 6456.37 + Ca II 6456.87
Ba II 6496.90 + Fe I
Fe II 6516.05 + Sc II 6516.13 +H2O
Hα 6562.85
Y II 6613.8 + Fe I 6613.9
Cr I 7462.35
K I 7664,7698.96
Fe II 7711.71 + Sm II 7712.04(?) + H2O
O I 8446.76
Ca II 8498.2
Ca II 8542.09
N I 8629.25 v.wk.abs
Ca II 8662.3
Mg I 8806.8
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Fig. C1 Line traces for 60 spectral lines during eclipse. Each panel is for one spectral line and shows radial velocity of the disk
absorption feature as a function of time in fractional JD24+. The wavelength of the line is indicated in each panel.
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