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ABSTRACT
Context. Measuring surface differential rotation (DR) on different types of stars is important when characterizing the underlying
stellar dynamo. It has been suggested that anti-solar DR laws can occur when strong meridional flows exist.
Aims. We aim to investigate the differential surface rotation on the primary star of the RS CVn binary, HU Vir, by tracking its starspot
distribution as a function of time. We also aim to recompute and update the values for several system parameters of the triple system
HU Vir (close and wide orbits).
Methods. Time-series high-resolution spectroscopy for four continuous months was obtained with the 1.2-m robotic STELLA telescope. Nine consecutive Doppler images were reconstructed from these data, using our line-profile inversion code iMap. An image
cross-correlation method was applied to derive the surface differential-rotation law for HU Vir. New orbital elements for the close and
the wide orbits were computed using our new STELLA radial velocities (RVs) combined with the RV data available in the literature.
Photometric observations were performed with the Amadeus Automatic Photoelectric Telescope (APT), providing contemporaneous
Johnson-Cousins V and I data for approximately 20 yrs. This data was used to determine the stellar rotation period and the active
longitudes.
Results. We confirm anti-solar DR with a surface shear parameter α of −0.029 ± 0.005 and −0.026 ± 0.009, using single-term
and double-term differential rotation laws, respectively. These values are in good agreement with previously claimed results. The
best fit is achieved assuming a solar-like double-term law with a lap time of ≈400 d. Our orbital solutions result in a period of
10.387678 ± 0.000003 days for the close orbit and 2726 ± 7 d (≈7.5 yr) for the wide orbit. A Lomb-Scarge (L-S) periodogram of the
pre-whitened V-band data reveals a strong single peak providing a rotation period of 10.391 ± 0.008 d, well synchronized to the short
orbit.
Key words. stars: activity – starspots – stars: imaging – stars: late-type – stars: individual: HU Virginis

1. Introduction
Differential rotation (DR) is among the key mechanisms for
the dynamo action of stars with convective envelopes (see,
e.g., Rüdiger et al. 2013, and references therein). Fast rotation and its related internal momentum distribution, together
with turbulent convection, may sustain an internal magnetic
field that eventually makes its fingerprint on the stellar surface in form of starspots (e.g., Strassmeier 2009). In close binaries tidal effects help to maintain the fast rotation, as well
as magnetic activity at high levels (e.g., Holzwarth & Schüssler
2000, 2002). Numerical simulations, as well as mean-field
magneto-hydrodynamic (MHD) computations, deal with the
many aspects of Reynolds stresses and horizontal heat flow
in rotating convection, which are responsible for deviation from the cylinder-shaped velocity pattern and thus result in differential rotation (e.g., Kitchatinov & Rüdiger 1995,
2004; Küker & Rüdiger 2011, 2012, 2014; Käpylä et al. 2011;
Warnecke et al. 2013; Gastine et al. 2014). These simulations
?

Based on data obtained with the STELLA robotic observatory in
Tenerife, an AIP facility jointly operated by AIP and IAC.
??
The tables with the STELLA radial velocity data set and the APT
photometric data set are available only in electronic form at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/vol/page

even predicted anti-solar DR for stars with fast meridional circulation (Kitchatinov & Rüdiger 2004). Despite the recent success of the confirmation of the (effective) temperature dependency of DR for a large number of Kepler stars (Reinhold et al.
2013; Reinhold & Arlt 2015; Küker 2015), the number of tuneable parameters is still too large to arrive at a single theory for
DR throughout the HR-diagram. Spatially resolved stellar disk
observations and subsequent tracking of starspots in time may
help to further constrain the theory.
HU Virginis (HD 106225, K0 IV, v sin i = 25 km s−1 ) is a
rapidly rotating sub-giant star in a close binary system with
an unseen secondary component and with an orbital and rotational period of Prot ≈ Porb ≈ 10.4 d. This shows RS CVn
type activity, such as light and color variability (Fekel et al.
1986), strong Ca ii H&K emission (Strassmeier et al. 1990), Hα
and ultraviolet emission (Fekel et al. 1986), coronal X-ray emission (Dempsey et al. 1993), radio emission (Drake et al. 1989),
and optical and ultra-violet spectral line variations (Fekel et al.
1986). Fekel et al. (1999) found HU Vir to be a member of a
spectroscopic triple system with an orbital period of about six
years.
Strassmeier (1994) derived the first Doppler images of
HU Vir with the Coudé Feed Telescope at the Kitt Peak National
Observatory (KPNO) for two epochs in 1991 using four photospheric lines. The derived differential rotation was a factor of
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10 less extreme than that on the Sun but, surprisingly, of opposite sign (α = −0.0228, converted to have the same definition
of α in this paper), suggesting faster rotation of polar regions
compared to the equatorial regions. The two images showed a
cool polar spot, while Hα and Ca ii line-profile analysis revealed
two chromospheric hot plages 180◦ apart, which seemed to be
spatially related to two large appendages of the polar spot. Variable broadening of the Hα emission profile suggested mass flow
within a closed-loop geometry connecting the two plage regions
across the visible pole. Two ROSAT-HRI observations of HU Vir
in 1994 and 1995 revealed a large and long duration flare lasting for more than 1.5 days but without rotational modulation
and thus probably related to the polar loop geometry (Endl et al.
1997).
Hatzes (1998) presented an independent Doppler image of
HU Vir from data obtained with the 2.1-m telescope at McDonald Observatory in 1995, again using four photospheric lines. A
large spot at latitude ≈45◦ and a weak polar spot with one appendage towards lower latitudes were reconstructed, the darkest
regions having temperatures 650–870 K below the photospheric
temperature. The comparison of the Doppler images for epoch
1995.14 to the one obtained by Strassmeier (1994) for epoch
1991.3 confirmed the anti-solar differential rotation of HU Vir
but rested on the assumption of correct spot identification from
images separated in time by nearly four years.
UBV photometry was used to trace the evolution of spotted
regions in 1991, and a fairly stable spot distribution was found.
Long-term photometric monitoring presented by Oláh et al.
(2000) suggest the existence of a 5.6-yr variability cycle.
Photometric spot modeling of HU Vir was carried out by
Amado & Zboril (2002) using independent data collected at the
South African Astronomical Observatory (SAAO) in 1997. The
optical and infrared color curves were modeled simultaneously,
obtaining spot temperatures of 4450 and 4050 K for the two reconstructed spots.
In this paper, we present nine consecutive Doppler images
of HU Vir, based on a continuous four-month long time series
of spectroscopic data between February and June 2013. Our
new image reconstructions are based on simultaneous inversions
from several dozens of spectral lines (multi-line inversions). Section 2 introduces the new data that are first used in Sect. 3 to
refine the system parameters of HU Vir prior to further analysis.
Section 4 describes the line-profile inversions and Sect. 5 analyzes and discusses the differential surface rotation. Section 6
presents our summary and conclusions.

2. Observations and data reduction
2.1. Spectroscopic observations

Observations were carried out with the STELLA echelle spectrograph (SES) at the robotic 1.2-m STELLA-I telescope at the Observatorio del Teide in Tenerife, Spain (Strassmeier et al. 2010).
A time series of 118 échelle spectra was taken in the period between February 17 to June 26, 2013. The integration time was
set to 3600 s for the first 34 spectra, and to 5400 s for the following 84 spectra, providing signal-to-noise ratios (S/N) between 40
and 160, depending on the weather conditions. The spectra cover
the wavelength range from 386.5 nm to 882.5 nm with a resolving power of R = 55 000, corresponding to a spectral resolution
of 0.012 nm (5.5 km s−1 ) at 650 nm.
SES spectra are automatically reduced and extracted using the IRAF-based STELLA data-reduction pipeline (see
Weber et al. 2008). The CCD images were corrected for bad
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Fig. 1. STELLA radial velocities of HU Vir. a) The entire time series
obtained during February through June 2013. b) The phased RV curve
before (left) and after spot-jitter removal (right). The respective lower
panels show the O–C residuals. Phases were computed from Eq. (1).
The solid line is our final orbit from Table 1.

pixels and cosmic rays. 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 were flattened through a division by
a long-term averaged flat-field spectrum (master flat) which had
been normalized to unity.
Radial velocities (RVs) from STELLA-SES spectra were derived from an order-by-order cross correlation with a synthetic
template spectrum and then averaged. A total of 60 orders out
of the 80 available were used and a synthetic spectrum of a K0
subgiant was adopted (for more details, see Strassmeier et al.
2012). The time sequence of our new HU Vir RVs are plotted in Fig. 1a. The standard (external) error of a STELLA-SES
observation of HU Vir is ≈30 m s−1 . A systematic zero point
shift of 0.503 km s−1 was added to the data in this paper, see
Strassmeier et al. (2012) for its determination with respect to
the CORAVEL system. The complete RV data set is available
in electronic form at the CDS.
2.2. Photometric observations

Photometric observations have been carried out with the
Amadeus Automatic Photoelectric Telescope (APT) at Fairborn
Observatory in southern Arizona (Strassmeier et al. 1997) for
approximately 20 yrs now starting in 1996. The photometric
data points that have errors larger than 20 mmag, as well as the
outliers of each observational season, were excluded for the investigations in this paper, resulting in 2816 and 2483 JohnsonCousins V and I data points, respectively, 33 and 17 of which
were made during our spectroscopic observations in the first
semester of 2013. The entirety of our Amadeus HU Vir photometry is shown in Fig. 2a. Measurements were always made
differentially with respect to HD 106270 and HD 106332 as a
comparison and check star, respectively. For further details of
APT data and its reduction we refer to Granzer et al. (2001). We
present the complete photometric data set in electronic form at
the CDS.
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Table 1. Revised spectroscopic orbital elements.

3. A brief recap of the astrophysical parameters
of HU Vir
3.1. Orbital elements

The extraction of the orbital elements for a spotted star is complicated by the star’s significant line-profile variability, and by
the discovery that the system is triple (Fekel et al. 1999). A wide
orbit of an unseen third component with a period of about 6.1 yrs
was identified by Fekel et al. (1999) from a period search done
on the residuals of the visible component of the close pair. Here
we present a reassessment of the wide and the close orbits by
adding our new STELLA data. The technical details of our orbit
computation are the same as discussed in Weber & Strassmeier
(2011) and Strassmeier et al. (2013) and we refer the reader to
these papers.
For the initial orbital solution, a total of 118 STELLA RVs
were available. Figure 1a shows the new STELLA RV data as
a function of time. Figure 1b (left panel) shows the phased
RV curve before spot-jitter removal and the residuals of the
initial orbital fit. The standard error of an observation of unit
weight was almost 1 km s−1 , three times the typical RV error for
STELLA, and appeared rather systematic and obviously were
due to starspot jitter. We first examined the residuals for periodicity and found well-defined peaks at the rotation period
and its first two harmonics. Standard discrete Fourier transforms of the residuals were calculated, followed by a non-linear
least-square fit of the frequencies found. The fit was then removed from the data. Figure 1b (right panel) shows the corrected STELLA RV data and the orbital fit after removal of the
starspot jitter. The achieved standard error of an observation of
unit weight was then ≈200 m s−1 , thus much closer to the SES instrumental error of ≈30 m s−1 achieved for narrow-lined standard
stars (Strassmeier et al. 2012). This altered the elements with respect to the initial orbit on average by just a few % but lowered the uncertainties by up to a factor five. A similar analysis
had been done for the highly-eccentric active binary HD 123351
(Strassmeier et al. 2011) with a similar reduction of errors. As in
our initial solution in Fekel et al. (1999), the short-period eccentricity came out quite small, 0.019, but nevertheless highly significant and has been retained because in triple systems the third
star may cause a non-zero eccentricity (e.g., Mazeh & Shaham
1979) in the short-period orbit.
We then combined the STELLA data with the RV data
from Fekel et al. (1999) and Strassmeier (1994) and recomputed the long-period orbit, assuming the orbital elements from
Fekel et al. as starting values. The time baseline was thereby
almost doubled. The STELLA RVs were shifted to the same
IAU RV system defined by Scarfe et al. (1990), as described in
Fekel et al. (1999). The initial solution converged on a very similar eccentricity than the Fekel et al. orbit, 0.53 ± 0.02, with residuals of 1.75 km s−1 but with a period longer by ≈500 d. Moreover, a forced e = 0 solution converges at basically the same
residuals and with a comparable period only shorter by 40 d,
i.e., 5σ. Therefore, we adopt the zero-eccentricity orbit in this
paper but state that its solution for HU Vir remains preliminary.
Table 1 lists the revised HU Vir elements for the close and the
wide orbits.
We note that the times of the Doppler-imaging observations
in this paper, as well as the photometry, are phased with the following ephemeris based on the very precise orbital period:
HJD = 2 456 332.4504 + 10.387678 × E,

(1)

where the zero point is adopted as being a time of positive radial
velocity.

Element

Close orbit

Wide orbit

Porb (days)
T Periastron (245+)
γ (km s−1 )
K1 (km s−1 )
e
ω
a1 sin i (106 km)
f (m) (M )
N
fit rms (m s−1 )

10.387678 ± 0.000003
6337.96 ± 0.05
–1.63 ± 0.02
46.71 ± 0.03
0.0188 ± 0.0006
191 ± 2
6.6709 ± 0.0045
0.1099 ± 0.0002
118
213

2726 ± 7
...
...
1.92 ± 0.05
0 (fixed)
...
71.9 ± 1.8
0.0020 ± 0.0002
289
1750

Notes. The close orbit is from the STELLA data with the starspot-jitter
removed; the wide orbit is computed combining all literature data.

We note that the mass function, together with our inability to
see a secondary star in optical spectra, suggests that the orbit has
an appreciable inclination with respect to the plane of the sky.
If we assume at least a 2m. 5 brightness difference between the
secondary and the primary at red and blue wavelengths, the secondary cannot be of earlier spectral type than G2(V). Adopting
the secondary mass as M2 = 1.0 M , the observed f (m) ≈ 0.1
provides a lower limit to the inclination of ≈50◦ .
3.2. Average stellar rotation period and active longitudes

HU Vir represents a classical example for rotationallymodulated light curves. Figure 2a shows our entire APT V-band
photometry from 1996 to 2015. It nicely indicates the systematic
variations over time. A Lomb-Scargle periodogram from its prewhitened V-band data reveals a single, strong peak at 0.0962 c/d,
or 10.3909 ± 0.0080 d. Its window function is exceptionally
clean for ground-based observations and is due to the continuous
(robotic) operations of approximately 20 yrs. The error of the period is estimated from the full width at half maximum (FWHM)
of a Gaussian fit following Bevington & Robinson (2003). We
expect that the rotational signal is subtly affected by the fact
that HU Vir is differentially rotating because spots may appear at
different latitudes and thus with different periods. The observational error is consequently a combination of a measuring errors
and an unknown intrinsic variation.
Searching the RV jitter for periodicity (after the removal of
the orbital variation) is an alternative method to determine the
stellar rotation period, although not as precise as from photometry. Subtle RV modulations are common in active stars and are
also due to their starspots moving in and out of view, typically
with the rotation period of the star if the spot lives long enough.
A brief summary of these spot-induced RV detections was given
by Strassmeier et al. (2011). The peak-to-peak amplitude of the
RV jitter in HU Vir appears to be as large as 4 km s−1 with three
pronounced minima over time. This is the largest recorded modulation for any star in the literature so far and hints at a persistent
non-axisymmetric spot distribution. We performed an L-S analysis of the STELLA RV residuals and found the best-fit period
to be 5.175 ± 0.010 d. This is almost exactly half of the photometric period and indicative of, on average, a bi-modal spot
distribution.
Figure 2b plots the full data set versus orbital phase. The accumulated light curves hint at the existence of two active longitudes because the star appeared consistently brightest during the
A117, page 3 of 10
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a)

Table 2. Doppler image log.

DI
1
2
3
4
5
6
7
8
9

b)

Fig. 2. APT photometry of HU Vir. a) V brightness (upper panel) and
V − I color (lower panel) versus time. The dotted blue lines denote the
time range of the STELLA observations in this paper. b) V-band light
curve of the same data as in panel a), but plotted versus phase from
Eq. (1).

times of phase ≈0.5 and faintest and most variable around phase
≈1.0, i.e., 180◦ apart on the stellar surface and with respect to
a time of maximum positive RV. This means that the so-called
spottedness changes most extensively on the hemisphere that follows (with respect to the orbital motion), but is most stable in
the hemisphere that leads, always with respect to the direction of
motion of the primary in its orbit around the joint center of mass.
A time-dependent and phase-resolved study of this phenomenon
on HU Vir and other stars is currently in preparation (Korhonen
et al., in prep.).
3.3. Other stellar parameters

We employ the spectrum-synthesis method described in
Allende Prieto et al. (2006) implemented in our PARSES software package (Allende Prieto et al. 2006; Jovanovic et al. 2013),
which itself is included in the SES data reduction pipeline
(Weber et al. 2008). It fits synthetic spectra to most échelle orders between 480–750 nm using MARCS model atmospheres
(Gustafsson et al. 2008). Synthetic spectra are first tabulated for
a large range of metallicities, surface gravities (log g), temperatures (T eff ), microturbulences and projected rotational velocities
(v sin i) and then fitted iteratively. Owing to the large line-profile
A117, page 4 of 10

Mean HJD
(245+)
6345.56
6368.69
6380.27
6392.91
6411.08
6420.48
6435.20
6446.23
6457.72

∆t
(d)
9
10
10
9
9
8
9
10
10

N

φ-gap

RMSD

8
17
15
12
8
9
9
10
10

0.285
0.184
0.106
0.128
0.196
0.233
0.193
0.189
0.193

0.0024
0.0029
0.0029
0.0028
0.0029
0.0031
0.0027
0.0027
0.0027

Notes. Successive columns list the mean heliocentric Julian date (HJD)
of the image, the time ∆t elapsed in days, the number of spectra used
for the inversion (N), the largest phase gap (φ-gap), and the rootmean-square deviation (RMSD) between observed and calculated line
profiles.

variations PARSES converged mostly at odd combinations of
log g, T eff , v sin i, and metallicity, so that we had to rerun the
code with fixed v sin i, microturbulence and logarithmic gravity.
The adopted mean values for HU Vir are T eff of
5000 ± 100 K, a gravity log g of 3.5, a v sin i of 25 ± 1 km s−1 ,
a microturbulence of 1.5 ± 0.1 km s−1 , and a solar metallicity.
A radial-tangential macroturbulence of 3.0 km s−1 was adopted
from Gray (2005). Errors are based on the rms of the entire timeseries. We note that the time series of T eff values exhibits a modulation with an average amplitude of 40 K. An L-S periodogram
confirms this and finds the strongest peak again at the half of
the photometric period of 5.195 d, just like the RV jitter, and
the second strongest period at the nominal photometric period of
10.39 d. Furthermore, the phase dispersion minimization method
suggested in Stellingwerf (1978) found the strongest period at
10.39 d.
The revised Hipparcos parallax of 7.85 ± 1.14 mas
(van Leeuwen 2007) corresponds to a distance of 127+22
−16 pc. A
Gaia parallax is not yet available. At this distance, the photometry is already affected by interstellar extinction. We adopt a mean
extinction value from Henry et al. (2000) for the absolute magnitude calculation (AV = 0.8 mag kpc−1 and E(B−V) = AV /3.3).
The brightest recorded V magnitude of 8m. 66 in Fig. 2 then converts into an absolute visual magnitude of MV = 3m. 0 ± 0.3. Its
dereddened B−V color, based on the Tycho color of 0m. 97 ± 0.01,
is 0m. 94. This can be converted to a T eff of ≈4960 K with the
transformation of Flower (1996).
The bolometric magnitude of HU Vir is obtained with a bolometric correction of –0m. 304 (Flower 1996) and converts MV into
a luminosity of 6.4 ± 1.9 L . With an adopted effective temperature of 5000 K and a bolometric magnitude of the Sun of +4m. 74
the radius of HU Vir would then be 3.4 ± 0.5 R . This is significantly smaller than the minimum radius of 5.1 R from P and
v sin i, which is not uncommon for very active spotted stars and
likely due to the inhomogeneous temperature structure.

4. Doppler imaging
4.1. The imaging code iMap

We employ our DI and ZDI-code iMap (e.g., Carroll et al. 2012)
for computing the Doppler maps. The code performs a simultaneous multi-line inversion of a selected number of photospheric line profiles. For the local line-profile calculation, the
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65◦ by 10◦ but identical to the value used by Hatzes (1998). The
observed and inverted line profiles of each Doppler image are
given in Fig. A.1.
4.3. Time-series images of HU Vir

Fig. 3. Phase coverage of the Doppler images. Different colors and symbols correspond to the phases of individual Doppler images. Phase is
computed with the ephemeris in Eq. (1).

code utilizes a radiative transfer solver (Carroll et al. 2008).
The atomic line parameters are taken from the VALD database
(Kupka et al. 1999). Throughout this paper, we adopted Kurucz
ATLAS-9 model atmospheres (Castelli & Kurucz 2004) which
are interpolated for each desired temperature, gravity, and metallicity during the course of the inversion. For all temperature
maps in this paper the surface segmentation is set to a 5◦ × 5◦
partition, resulting in 2592 surface segments.
We used iMap in its latest version which replaced the conjugate gradient method combined with a local entropy regularization (Carroll et al. 2007) with an iteratively regularized Landweber method (Carroll et al. 2012). The Landweber iteration rests
on the idea of a simple fixed-point iteration derived from minimizing the sum of the squared errors. For details we refer to
Carroll et al. (2012).
4.2. Data preparation and assumptions

Spectral observations cover the range between February 17 and
June 22, 2013 on a nightly basis, allowing to reconstruct nine
consecutive Doppler images with a number of spectra between
eight and 17 for each image. Table 2 summarizes our Dopplerimage log.
The nominal phase resolution between two consecutive spectra is about 0.1 because the observations were carried out on a
nightly basis and the rotation period is about ten days. For images with bad weather or technical issues, the phase gaps were
larger than nominal, ranging from between 0.13–0.29 for the
largest gaps. A graphical presentation of the phase coverage for
each of the Doppler images is shown in Fig. 3.
For the line-profile inversion, we used 40 selected absorption
lines simultaneously, which were already listed by Künstler et al.
(2015) in their Table 2. These lines were chosen from the
VALD database on the basis of having a minimum line depth
of 0.75 I/IC , being almost blend-free, and having a good continuum definition around them.
An initial inclination of the rotation axis with respect to the
plane of the sky was adopted from Strassmeier (1994). We performed a series of test inversions covering values of inclinations between 30–90◦ and found the best fit at an inclination of
55 ± 10◦ , which is adopted as the most probable inclination for
HU Vir. We note that this is different to our previous value of

Figure 4 presents all nine consecutive Doppler images (DI 1–9)
of HU Vir. The star does not show a polar cap-like spot as we
had recovered initially from data taken in 1991.3 (Strassmeier
1994) and, although already weaker, in 1995.1 (Hatzes 1998).
The maps from 2013 are dominated by two high-latitude active
regions with spot appendages occasionally arching across the
visible pole and even down to the stellar equator with temperatures ≈900 K below the photospheric value. The locations of
these spots are consistently recovered from one stellar rotation
to the next. We are therefore quite confident about their reality.
The recovered shapes, areas, and temperatures change smoothly
with time. We emphasize that the time resolution in our movie is
still only one stellar rotation.
No unusual warm features higher than 100 K above the photospheric value are recovered. The lowest spot temperature in
2013 is warmer by several hundreds of degree compared to
the 1991.3 images, but in agreement with the 1995.1 images.
The 1991.3 image is replotted in the Appendix with the same
ephemeris as for the STELLA data in this paper.
At this point we emphasize that the photometry shows
HU Vir’s overall brightness has been constantly fading since
2007 (Fig. 2a). The peak V magnitude had dropped by 0m. 5 and
V − I reddened by 0m. 1 since then. Obviously, the star underwent
a dramatic change between the time of the two earlier Dopplerimaging epochs and 2013. We also note that by 2015/16 (the
time of writing this paper) the V brightness had dropped yet another 0m. 1 and reached the lowest ever average magnitude of 9m. 3
(compared to the adopted unspotted brightness of 8m. 57 back in
1991 when HU Vir was brightest).
This leaves us with the situation that the long-term Doppler
images revealed a fading of the polar spot along with a general warming of the spotted regions, while the light and color
curves showed a dimming of the star along with a reddening.
This would be a contradiction if only cool spots were the activity tracers because a dimming paralleled by a reddening indicates a growing and cooling of the spots (e.g., Poe & Eaton
1985; Strassmeier 2009, and references therein), just the opposite as observed. However, this type of behavior is in agreement
with solar observations where, in the course of the sunspot cycle, the brightness contribution due to warm plages and faculae
is larger than the dimming due to cool spots. We note that on
HU Vir and other stars we only resolve a smoothed large-scale
spot distribution.
Sinusoidal variations of the Hα emission with an amplitude
of significantly less than the surface rotation rate of 25 km s−1
were interpreted as arising from a plage at high latitude and adjacent to the polar appendage seen in the photospheric spot distribution (Strassmeier 1994; Hatzes 1998). Therefore, there is
evidence that HU Vir showed enhanced chromospheric plage activity at earlier dates, at least during 1991.3 and 1995.1, but none
in 2013.

5. Differential rotation
5.1. Technique

Cross-correlations of Doppler images were previously
used to measure DR coefficients for several stars (e.g.,
A117, page 5 of 10
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Table 3. Differential-rotation parameters from the best fits with Eqs. (2)
and (3).

DR, Eq. (2)
α
–0.029 ± 0.005
Lap-time (d)
≈360
Ωequ (◦ /d)
34.38 ± 0.15
∆Ω (◦ /d)
–1.01 ± 0.23

DR, Eq. (3)
α
–0.026 ± 0.009
Lap-time (d)
≈400
Ωequ (◦ /d)
34.83 ± 0.12
Ω1 (◦ /d)
–2.07 ± 0.58
Ω2 (◦ /d)
2.98 ± 0.55

in the case of a single axi-symmetric homogeneous polar spot.
The method also fails if the average spot life time is shorter
than the time between the Doppler images because, then, the
cross-correlation would pick up an artificial signal owing to spot
formation or decay rather than DR. It is thus essential that the
Doppler images properly sample the spot migration in time.
We apply this method to our nine Doppler images from 11
consecutive stellar rotations obtaining eight cross-correlationfunction (CCF) maps. This data situation is ideal because, firstly,
spots can be redundantly identified and, secondly, the time range
is long enough that significant spot migration can take place.
Furthermore, we can average our eight CCF maps to increase
their validity.
To find the best correlation, Gaussians are fitted to the CCF
maps per latitude bins of 5◦ and their maximum referred to as the
best-fit longitudinal shift. The error bars represent the FWHMs
of the Gaussians. We note that the FWHMs increase near the
pole as a result of Mercator projection.
For the representation of the latitude-dependent crosscorrelation pattern, we fit two DR laws by performing non-linear
least-squares fits. The most common law used to describe DR on
stars is given by
Ω(θ) = Ωequ − ∆Ωsin2 (θ),

(2)

where Ω(θ) is the angular velocity at latitude θ, while the surface
shear parameter, α, is defined as ∆Ω/Ωequ , where ∆Ω = Ωequ −
Ωpole is the normalized difference between the angular velocities
at the equator and at the pole, respectively.
Another representation of the DR pattern is given by a twoterm expression, which is usually used in the solar case
Ω(θ) = Ωequ + Ω1 sin2 (θ) + Ω2 sin4 (θ),

(3)

where the angular velocity at the pole is now defined as Ωpole =
Ωequ + Ω1 + Ω2 . Consequently, in this case, the shear parameter,
α, is defined as −(Ω1 + Ω2 )/Ωequ .
5.2. Results

Fig. 4. Doppler images of HU Vir in 2013. The nine images (from top to
bottom DI 1 to DI 9) sample 11 subsequent stellar rotations. Maps are
shown in four spherical projections separated by 90◦ .

Donati et al. 1997; Kővári et al. 2015, 2016; Künstler et al.
2015; Özdarcan et al. 2016). It is only necessary to take two
Doppler images and cross correlate the flux (temperature) along
longitude in each latitude band. The method is very powerful if
the spot configuration appears structured and has many isolated
spots or polar appendages but completely fails, for example,
A117, page 6 of 10

The final (unweighted) average CCF map is shown in Fig. 5a.
The color code is the correlation coefficient in arbitrary units
as indicated. The subtle asymmetry of the distribution towards
higher latitudes indicates the amount of surface DR.
Figure 5b quantifies the longitudinal shifts as a function of
latitude and shows the fits from both DR laws from Eq. (2)
and (3), respectively. The best fit parameters are listed in Table 3.
Because most spotted regions on HU Vir appear at high latitudes,
the DR law of Eq. (3) with its sin4 θ term leads to a significantly
better representation of the observed shear. We therefore adopt
its result of a surface shear of –0.026 ± 0.009 with a lap time (the
time the equator needs to lap the pole) of ≈400 d as the main result in this paper. We note that there is only a subtle difference
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which were dubbed the spot-migration technique. Our new DR
measurement employs nine Doppler images from eleven consecutive stellar rotations and is clearly superior to these previous
determinations. Nevertheless, it confirms the previously claimed
anti-solar DR and nails its shear parameter to −0.026 ± 0.009
with a lap time to ≈400 d; this is in good agreement with the
previous results. As such, it strengthens the reliability of such
detections of anti-solar differential rotation.
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Appendix A: Line profiles used for Doppler images
Figure A.1 shows the observed and inverted line profiles for each of nine Doppler images (DI1–DI9). The corresponding RMSDs
are given in Table 2.
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Fig. A.1. Line profiles used for nine Doppler images. Each figure shows the observed (dotted lines) and inverted (solid red lines) profiles for one
Doppler image, stating the number of the image and respective phases. Rotation advances from bottom to top.
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Appendix B: Doppler image from 1991.3
Figure B.1 shows the Doppler image from Strassmeier
(1994). This is an average from four individual Doppler maps,
using one photospheric line each. It shows a large cool polar spot
with two large appendages. The polar spot is cooler by 1100–
1500 K than the undisturbed photosphere (5000 K).

Fig. B.1. Doppler map of HU Vir from Strassmeier (1994), but with the
same ephemeris as for the STELLA data in this paper.
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