
STAR SPOTS - II
ROTATIONAL MODULATION OF LIGHT



SPOT TEMPERATURES
▸ with 1D data (e.g., light curves) spot temperatures are 

always mathematically correlated to the spot sizes 

▸ early techique to disentangle: using color light curves 

▸ uncertain, errors often the size of the temperature difference 
(~100K) 

▸ best determinations through combination of spectroscopy 
and photometry 

▸ Combination of Doppler Imaging Techniques (local 
uncertainties) and light curve inversions (global uncertainties)
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SPOT TEMPERATURES
▸ line depth ratios: temperature sensitive line vs. temperature 

insensitive line 

▸ best measured for slowly rotating stars where Doppler imaging 
fails 

▸ accuracies up to ~10K possible 

▸ pair of closely spaced, unblended and unsaturated spectral lines 
- one is temperature sensitive, the other is not 

▸ cool spot in line of sight: strength of temperature sensitive line 
increases, the other not 

▸ no correlation between temperatures and sizes
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ACTIVITY AND AGES
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SPOT CYCLES: THE SUN
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Solar magnetic activity cycle 

nearly periodic 11-year change 
in solar activity & appearance 

‣ activity: includes changes in  
levels of solar radiation and  
ejection of solar material

‣ appearance: changes in 
number of sunspots, flares 
and other manifestations



SUN

SOLAR ACTIVITY CYCLE

▸ Sun spots appear at mid-latitudes (±35° latitude) 

▸ Then they move closer to the equator until solar minimum 

▸ Butterfly diagram
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SUN

SOLAR ACTIVITY CYCLE & MAGNETIC FIELD
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SPOT CYCLES

▸ Philips & Hartmann (1978) 1st report about photospheric 
cycles:          50-60 yr cycle in BY Dra & CC Eri 

▸ Relation between photospheric and chromospheric cycles 
exists (Lockwood et al. 2004, 2007) 

▸ older stars: relation is solar-like, i.e., they vary in phase 
Sun becomes brighter when it is more active 

▸ younger stars: anti-solar behaviour, i.e., photosphere varies 
inversely with chromosphere
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TYPES OF CYCLES

▸ no cycle and little Ca H & K emission 

▸ single cycle period with a single amplitude or a grossly varying 
amplitude from cycle to cycle 

▸ long-term chromospheric magnetic activity cycles with periods from 
3 to 21 years 

▸ cycle period is longer than the available observations  

▸ double-periodic cycles 

▸ stars with variations but no period detectable
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SPOT LIFETIMES

▸ spots on tidally locked binary systems last longer (months) 
than spots on single main sequence stars (weeks) 

▸ long-lived polar starspots are formed differently, hence 
their lifetimes are likely driven by another physical effect 

▸ from time series photometry: lifetimes up to years 

▸ lifetime possibly limited by the surface shear due to 
differential rotation
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EXAMPLE: V 711 TAU, 57 NIGHTS = 21 ROTATIONS
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Strassmeier & 
Bartus (2000)

STAR SPOTS

Tracing of latitudinal and longitudinal migration of spots 

Five spots identified



EXAMPLE: V 711 TAU, 57 NIGHTS = 21 ROTATIONS
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Strassmeier & 
Bartus (2000)
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ACTIVITY FLIP FLOPS
▸ unexplored phenomenon first noticed 

through light curve phase jumps of the 
spotted star FK Comae (Jetsu et al. 1991) 

▸ two active longitudes 180° in phase apart 
with alternating levels of spot activity 
▸ stars show a “back and forth” (flip-flop) of the 

activity at these longitudes 

▸ average time = “flip flop cycle”: few years up to a 
decade 

▸ “mixed mode solution”: combination of a 
non-axisymmetric dynamo mode with an 
oscillating axisymmetric mode 

▸ weakly differentially rotating stars 

▸ flip takes place at maximum spottedness
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STAR SPOTS

SPOTS AND TRANSITING EXOPLANETS

▸ CoRoT satellite: CoRoT-Exo-2b 

▸ G7 main sequence star 

▸ double migrating wave due to two 
starspots or starspot groups with 
different rotational periods 

▸ 78 planetary transits (P=1.743d) 

▸ RP = 1.5RJupiter 
MP = 3.3MJupiter

292 K. G. Strassmeier

Fig. 12 The COROT light curve of CoRoT-Exo-2 with the planetary eclipses removed. a The host star’s
light variability with a period of 4.522 days is due to starspots. The light curve changes from single humped
to double humped and back, and is the classic sign of two spots at different latitudes on a differentially
rotating stellar surface. Its full amplitude at the end of the series is 7% in the CoRoT integral-light bandpass
(the star’s V brightness is 12.57 mag) proportional to ≈20% surface spottedness. The line is a fit with a
time-dependent spot model shown in the right panel b (the subpanel shows the normalized residuals from
the fit). b Spot-longitude distributions as a function of time. Time runs vertical from bottom up. Note the
two active longitudes (see text, Lanza et al. 2009)

data likely reached a record signal-to-noise for time-series (night-time) astrophysics:
35,000:1 for a 10-min interval or 15,000:1 for an individual measurement.

Furthermore, if the same spot is eclipsed on at least two consecutive transits, it is
also possible to measure the stellar rotational period at the spot’s latitude (schematic
in Fig. 13a). Brown et al. (2001) detected two starspots on more than one transit of HD
209458, observed again by the HST in 2000 (Fig. 13b). Using these data, Silva-Valio
(2008) found a stellar rotation period of either 9.9 or 11.4 days, depending on which
spot is responsible for the signature in the light curve a few transits later. Comparison
with period estimates of HD 209458 reported in the literature indicates that 11.4 days
is the most likely stellar rotation period.

Starspots are intrinsic noise for planet hunters. Several groups have shown that the
influence of a spotted stellar disk for precise radial-velocity measurements can be of
much higher significance than the planet-induced signal itself (see, e.g.
Hatzes 2002). A radial-velocity amplitude of up to ≈100 m/s for even slowly rotat-
ing stars with a very modest spot coverage is expected. Saar and Donahue (1997)
and Hatzes (2002) gave a relationship of velocity amplitude A in m/s with spot
coverage f in per cent and line broadening ν sin i in km/s (A = (8.6ν sin i −
1.6) f 0.9). This is well seen in the data of CoRoT-Exo-2b by Bouchy et al. (2008).
A similar linear relationship is expected for the velocity span of line-bisector varia-
tions due to starspots which was observationally confirmed for the spotted star HD
166435 by Queloz et al. (2001). A comparable conclusion was reached recently for
the wTTS LkCa19 by Huerta et al. (2008).

Beckers (2007) voiced some concerns with regard to a unique interpretability of
long-term radial velocities at the 1 m/s level. This concern is particularly worrisome
for the search for Earth-like masses in habitable zones where one has to worry about
more subtle effects from the integrated light of the host star than just its starspots.
Based on solar Doppler observations, Beckers (2007) disk integrated the effects of
global meridional motion as a function of the 11-year cycle and found a radial-veloc-
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STAR SPOTS

SPOTS AND TRANSITING EXOPLANETS: COROT-EXO-2B

▸ Time series spot modelling 

▸ two active longitudes ~180° apart 

▸ longitude 1: P1 = 4.5221 d 
longitude 2: P2 = 4.5543 d 

▸ very weak differential rotation

292 K. G. Strassmeier

Fig. 12 The COROT light curve of CoRoT-Exo-2 with the planetary eclipses removed. a The host star’s
light variability with a period of 4.522 days is due to starspots. The light curve changes from single humped
to double humped and back, and is the classic sign of two spots at different latitudes on a differentially
rotating stellar surface. Its full amplitude at the end of the series is 7% in the CoRoT integral-light bandpass
(the star’s V brightness is 12.57 mag) proportional to ≈20% surface spottedness. The line is a fit with a
time-dependent spot model shown in the right panel b (the subpanel shows the normalized residuals from
the fit). b Spot-longitude distributions as a function of time. Time runs vertical from bottom up. Note the
two active longitudes (see text, Lanza et al. 2009)

data likely reached a record signal-to-noise for time-series (night-time) astrophysics:
35,000:1 for a 10-min interval or 15,000:1 for an individual measurement.

Furthermore, if the same spot is eclipsed on at least two consecutive transits, it is
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in Fig. 13a). Brown et al. (2001) detected two starspots on more than one transit of HD
209458, observed again by the HST in 2000 (Fig. 13b). Using these data, Silva-Valio
(2008) found a stellar rotation period of either 9.9 or 11.4 days, depending on which
spot is responsible for the signature in the light curve a few transits later. Comparison
with period estimates of HD 209458 reported in the literature indicates that 11.4 days
is the most likely stellar rotation period.

Starspots are intrinsic noise for planet hunters. Several groups have shown that the
influence of a spotted stellar disk for precise radial-velocity measurements can be of
much higher significance than the planet-induced signal itself (see, e.g.
Hatzes 2002). A radial-velocity amplitude of up to ≈100 m/s for even slowly rotat-
ing stars with a very modest spot coverage is expected. Saar and Donahue (1997)
and Hatzes (2002) gave a relationship of velocity amplitude A in m/s with spot
coverage f in per cent and line broadening ν sin i in km/s (A = (8.6ν sin i −
1.6) f 0.9). This is well seen in the data of CoRoT-Exo-2b by Bouchy et al. (2008).
A similar linear relationship is expected for the velocity span of line-bisector varia-
tions due to starspots which was observationally confirmed for the spotted star HD
166435 by Queloz et al. (2001). A comparable conclusion was reached recently for
the wTTS LkCa19 by Huerta et al. (2008).

Beckers (2007) voiced some concerns with regard to a unique interpretability of
long-term radial velocities at the 1 m/s level. This concern is particularly worrisome
for the search for Earth-like masses in habitable zones where one has to worry about
more subtle effects from the integrated light of the host star than just its starspots.
Based on solar Doppler observations, Beckers (2007) disk integrated the effects of
global meridional motion as a function of the 11-year cycle and found a radial-veloc-
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STAR SPOTS

SPOTS AND TRANSITING EXOPLANETS

▸ Planets can occult spots on the 
stellar surface 

▸ Brown et al. (2001): HD 209458 

▸ two starspots on more than 
one transit 

▸ period either 9.9 or 11.4 days

Starspots 293
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Fig. 13 a Schematic presentation of an exoplanet transit with a real image of the Sun in the background.
The exoplanet transit path is indicated as a dashed line for two visits with the HST on April 26 and 29,
2000. b Four transit light-curves (plusses) of HD 209458 showing the light-curve deformations due to the
eclipse of two spots (marked with an arrow as “1” and “2”) (Silva-Valio 2008)
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Fig. 13 a Schematic presentation of an exoplanet transit with a real image of the Sun in the background.
The exoplanet transit path is indicated as a dashed line for two visits with the HST on April 26 and 29,
2000. b Four transit light-curves (plusses) of HD 209458 showing the light-curve deformations due to the
eclipse of two spots (marked with an arrow as “1” and “2”) (Silva-Valio 2008)
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ZEEMAN DOPPLER IMAGING



ZEEMAN DOPPLER IMAGING (ZDI): TECHNIQUE
▸ magnetic fields polarize light in 

spectral lines formed in the 
stellar atmosphere = Zeeman 
effect 
▸ spectral line gets split into 

several components 

▸ disentanglement of polarity 
distribution across surface 

▸ 4 Stokes parameters 
▸ I, Q, U, V 

▸ for rapidly rotating stars
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STAR SPOTS

ZEEMAN DOPPLER IMAGING

▸ cool spots cause reduced line  
absorption at the wavelengths that  
are proportional to the Doppler  
velocity at their respective surface  
location 

▸ appears as emission bump in the  
absorption line profile 

▸ Doppler shift is related to the  
surface position of the spot 

▸ reconstruction of spot location & size

Starspots 257

Fig. 3 The principle of (Zeeman)–Doppler imaging of cool starspots. The basis is a rotating star whose
cool spots cause reduced line absorption at the wavelengths that are proportional to the Doppler velocity at
their respective surface location. This reduced absorption appears as an “emission bump” in the absorption
line profile. Because the rotational Doppler shift is related with the surface position of the spot with respect
to the rotational axis, the technique allows the reconstruction of the spot’s location and size. If the bumps
migrate with different rates through the line profile and, if the latitude of the spots is constrained by the
data, then it allows the determination of a surface differential rotation law. When applied to time series of
polarized spectral line profiles, as shown in the figure, even the full geometry of the magnetic field can be
reconstructed uniquely. For clarity in the figure, we show just three rotational phases of a hypothetical star
with two spots cooler by 1,270 K relative to the surrounding photosphere and at two different latitudes. Both
spots harbour a radial magnetic field of 1.5 kG, but in opposite direction. The star is shown at three rotational
phases different by 18◦ (0.05 phases of the rotational period) and with an inclination of the rotational axis
of 60◦. The respective (forward) Stokes I , V , Q and U profiles (enlarged by a factor 25 with respect to
Stokes I ) are depicted in the lower panels that indicate the respective sensitivity to field inclination and
strength and their modulation due to stellar rotation. See text. a Phase 0◦, b Phase 18◦, c Phase 36◦

be added into the data vector as, e.g. is the case for the stable chemically peculiar Ap
stars. All this makes Doppler imaging of cool stars a difficult and time-consuming
technique. Figure 3 illustrates the principle with a synthetic star with two spots each
harbouring a kG field of opposite direction. For further technical details, see, e.g. the
reviews by Rice (2002) or Piskunov and Rice (1993).

8 Starspot detections from Doppler imaging

Table 1 is a list of cool stars that have—so far—been investigated with the Doppler-
imaging technique and that have had their spots detected and mapped. Table 2 is a
listing of all individual published and soon-to-be published (photospheric) Doppler
images of spotted, late-type stars. This table is continuously updated at our group’s
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ZEEMAN DOPPLER IMAGING (ZDI): TECHNIQUE
▸ Active late-type stars: small scale, structured magnetic 

fields 

▸ Stokes V signatures move across line profile and change in 
amplitude depending on field orientation inside the spot
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ZEEMAN DOPPLER IMAGING (ZDI): TECHNIQUE
▸ Hot stars: strong, globally-

organized magnetic fields 

▸ dipole geometry inclined with 
respect to stellar rotation axis 

▸ line profile variations in all four 
Stokes parameters 

▸ Stokes V: line of sight 
magnetic component 

▸ Q & U (linear polarization): 
transverse magnetic field
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II PEGASI: K SUBGIANT
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Carroll et al. 2007

STAR SPOTS

Temperature map and surface magnetic field map constructed 
simultaneously from atomic lines 

➜ regions with cool spots have almost no magnetic field detections 

➜ limitations of ZDI: magnetic fields are not always “that simple” & 
Stokes V (circular polarization) signal not sufficient for complete picture



STAR SPOTS

MAGNETIC DOPPLER IMAGING: CP STARS
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Surface magnetic field and 
chemical abundance maps of the  
chemically peculiar star 𝛂2 CVn 

a: field strength 

b: field orientation



STAR SPOTS

MAGNETIC DOPPLER IMAGING: CP STARS
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The chemically peculiar  
star 53 Cam 
‣ unexpected complexity of 

the field 

‣ need for re-evaluation of 
theory



CORONAL FIELDS
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V 374 Peg (M4V) τ Sco (B0V)

similar to solar coronapurely dipolar structure

Donati et al. (2006a,b)
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SPOT MODELING



TECHNIQUES

LIGHT CURVE MODELING

▸ relating photometric variability from observations to the physical 
properties of the star 

▸ spot coverage, locations, emergence timescales etc. 

▸ Method 1: surface integration 

▸ surface divided into pixelated grid, integration over all surface elements 
(e.g., Lanza et al. 2010) 

▸ Method 2: analytical models 

▸ equations to calculate the loss of light due to spots on surface (e.g., 
Walkowicz et al. 2013)
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TECHNIQUES

STARSPOT MODELS
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2 two-spot synthetic light curves
full 90-day light curves

Walkowicz et al. (2013)

i = 80° i = 60°

part blocked out: similar

part blocked out: different



TECHNIQUES

STARSPOT MODELS

�29

2 two-spot synthetic light curves
full 90-day light curves

part blocked out: similar

part blocked out: differentsame spot locations, sizes, contrast 
and differential rotation 
 

Walkowicz et al. (2013)

i = 80° i = 60°



TECHNIQUES

STARSPOT MODELS
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2 two-spot synthetic light curves
full 90-day light curves

same spot locations, sizes, contrast 
and differential rotation 
different inclinations 80° vs 60°

Walkowicz et al. (2013)

part blocked out: similar

part blocked out: different

i = 80° i = 60°



TECHNIQUES

STAR SPOT MODELS
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The Astrophysical Journal Supplement Series, 205:17 (11pp), 2013 April Walkowicz, Basri, & Valenti

(a) (b)

(c) (d)

Figure 2. Increasing photometric noise makes it more difficult to distinguish between light curves of different stellar inclinations. Example single-spot light curves with
varying levels of noise, for a spot located at the subobserver point on stars of different inclinations. Black: 90◦ inclination; red: 80◦ inclination; blue: 70◦ inclination;
gold: 60◦ inclination; green: 50◦ inclination. Random noise has been added to each of the light curves to demonstrate the blurring of the ingress as a function of noise,
with (a) being perfect, noiseless data, (b) having 25 ppm noise, (c) having 35 ppm noise, and (d) having 45 ppm noise. Although it is possible to distinguish between
stellar inclinations that are very different (i.e., 90◦ and 50◦), it is more difficult to distinguish between inclinations that are within 10◦–20◦ of one another (e.g., 90◦

and 70◦), especially as the noise in the light curve increases.
(A color version of this figure is available in the online journal.)

have spots of the same physical size (4◦ radius) that pass directly
under the subobserver point (where stellar inclination plus spot
latitude equals 90◦, thus giving them the same projected size
and thus maximum depth). In panel (a) we show noiseless
model curves, for which the effect of stellar inclination is quite
obvious—for lower (more pole-on) inclinations, the ingress and
egress of the spot is more gradual, and thus gives the feature in
the light curve more sloping shoulders. In the subsequent panels
of Figure 2, we show these same light curve models with 25 ppm
(panel (b)), 35 ppm (panel (c)), and 45 ppm of noise (panel (d)).
In the presence of increasing noise, it becomes more difficult
to distinguish between models of different inclination based on
the shape of the light curve ingress and egress. However, this is
mostly problematic for inclinations that are within 10◦–20◦ of
one another, so despite this near-degeneracy, precise photometry
from Kepler may be sufficient to measure inclination in the case
of a single “spot” whose light curve displays periods of a flat
continuum.

We investigated whether it would be possible to uniquely
relate the shape of the ingress to some combination of latitude
and longitude. We computed the slope of the ingress by

fitting a straight line to the points between the beginning of
the spot ingress (where the light curve dips below 1, or the
unspotted continuum) and the half maximum depth of the
feature ingress. We attempted to relate the slope of the fit to
the angle between the inclination and the latitude. In Figure 3,
we show the angle between the inclination and latitude versus
the slope for the subset of single-spot light curves having a 2◦

spot. Unfortunately, a given slope intersects multiple possible
combinations of latitude and inclination, thus making this plot
functional only as a way of visualizing the degeneracy, rather
than breaking it.

The latitude and inclination also affect how long in every
rotation a given spot is visible—for example, if one observes
a star that has an inclination of 90◦ and a single equatorial
spot, that spot will be visible for exactly half of the stellar
rotation, whereas a star that has a polar spot and has a lower
inclination will create a light curve where the spot is visible
most (or all) of the time. In Figure 4, we show the fraction of
time a given feature is visible versus the spot latitude for the
subset of light curves having 4◦ spots and inclinations between
20◦ and 90◦ in increments of 10◦. Hatched regions of the plot
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TYPES OF SPOTTED STARS



TYPES

THE PHENOMENON OF STELLAR ACTIVITY

▸ Red Dwarfs and BY Dra phenomenon 

▸ Solar-type stars 

▸ T Tauri stars 

▸ RS CVn stars 

▸ FK Comae stars 

▸ W UMa stars 

▸ Algols 

▸ Degenerate stars
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TYPES

RED DWARFS AND BY DRA PHENOMENON

▸ main sequence 

▸ 0.08Msun - 0.5 Msun 

▸ 0.2 Rsun - 0.6 Rsun 

▸ 2500 K < Teff > 4000 K 

▸ 0.1% < L/Lsun < 8% 

▸ make 80% of the stellar population in the Galaxy
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TYPES

RED DWARFS AND BY DRA PHENOMENON

▸ remarkable magnetic activity: extremely strong optical 
flares 

▸ first recorded on UV Cet type stars 

▸ periodic brightness variations observed in binary systems 
of red dwarfs as distortions of light curves outside of the 
eclipses 

▸ Reason: Spots - much cooler than the undisturbed 
photosphere
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TYPES

RED DWARFS AND BY DRA PHENOMENON
▸ Spots can cover up to 10% of the stellar surface 

▸ Considered extraordinary compared to the Sun 

▸ Prototype: BY Dra 

▸ Common phenomenon among binaries with G-K dwarfs 

▸ Typical light curve: near-sinusoidal shape 

▸ amplitude ~0.1 mag 

▸ Additionally: powerful chromospheres & coronae - strong UV, 
X-ray and radio emissions, and flares

�36



TYPES

EXAMPLE: KEPLER LIGHT CURVE OF RED DWARF BINARY
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TYPES

SOLAR-TYPE STARS

▸ lower main sequence stars, F7 - K2 / M5 spectral types 

▸ 4900 K < Teff > 6400 K 

▸ chromospheric activity (Ca II H & K) 

▸ solar variations never exceed a few tenths of a percent 

▸ associated with the disk passage of sunspots 

▸ result from blockage of radiant flux 

▸ amplitude in stars: up to several percent
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TYPES

SOLAR-TYPE STARS
▸ Magnetic activity declines with age & is closely related to a 

loss of angular momentum throughout the main sequence 
lifetime 

▸ Young stars have higher activity levels and more rapid rotation 
(presumably) while stars as old as the Sun and older have lower 
activity levels and (presumably) slower rotation rates
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