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M dwarfs 
 
-  Larger RV signal 
-  Smaller planets 
-  Poorly monitored 
 
-  Relatively faint 
-  Stellar activity 
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M-dwarfs stellar activity 
-  Ratio of active stars increase 

towards later spectral types 
-  Saturated regime at longer 

periods 
 

  

Present and future science with CARMENES              20-22 February 2019, Granada 
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M-dwarfs stellar activity 
-  Stellar spots cause radial velocity jitter 

 RV ~ m/s à few km/s 
 P ~ days à weeks 

-  Mimic/mask exoplanet signal 

Stellar activity must be monitored! 
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Stellar activity indices 
CARMENES channels: 
-  VIS: 520 - 960 nm 
-  NIR: 960 – 1710 nm 
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Activity indicators 
Spectral indices: 
-  Hα (6562 Å) 
-  Na I D (5890 & 5896 Å) 
-  He I D3 (5876 Å) 
-  Ca II IRT (8498, 8542 & 8662 Å) 
-  He I (10830 Å) 
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RV parameters: 
-  Bisector span 
-  FWHM 
-  Contrast 
-  Chromatic index 
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Activity indicators 
Spectral indices: 
-  Hα (6562 Å) 
-  Na I D (5890 & 5896 Å) 
-  He I D3 (5876 Å) 
-  Ca II IRT (8498, 8542 & 8662 Å) 
-  He I (10830 Å) 

  

RV parameters: 
-  Bisector span 
-  FWHM 
-  Contrast 
-  Chromatic index 

  

(From M. Lafarga) Zechmeister et al. (2018) 



Stellar activity WG 
WP leader: Sandra V. Jeffers (IAG) 
 
Participants: 
-  Göttingen (IAG): Erik Johnson, Ansgar Reiners, Patrick Schöfer, 

Denis Shulyak, Lev TalOr (now in Tel Aviv) 
-  Hamburg (HS): Birgit Fuhrmeister, Dominik Hintz, Stefan Czesla 
-  Heidelberg (LSW): Andreas Quirrenbach, Sabine Reffert, Sepideh 

Sadegi 
-  Barcelona (ICE): David Baroch, Enrique Herrero, Marina Lafarga, 

Juan Carlos Morales, Ignasi Ribas 
-  Canarias (IAC): Carlos Cardona 
-  Madrid (UCM/CAB): Jose Caballero, Fernando Labarga, David 

Montes 

Goal: Use CARMENES spectra to understand stellar activity properties 
and evolution. 
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Statistics of RV variability 
Correlations between activity parameters and radial velocity 
(Tal-Or et al. 2018)  
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31 RV-loud stars 
 

  

EV Lac 
 

  

-  30% of stars show RV-CRX 
correlation, most of them negative 
à spots 

-  20% of stars do not show RV-CRX 
correlation, Zeeman effect? 

-  No significant RV-dLW and RV-Hα 
correlations, but rotation periods 
from Hα and Ca II IRT indices       
(see Fuhrmeister et al. 2019)              
à more complicated relationships 

  



Statistics of activity indices 
Correlations between activity indicators 
(Schöfer et al. 2019) 
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-  Photospheric band indices TiO & VO 
-  Spectral type dependence 
-  TiO tracing Zeeman effect (see also Shulyak et al. submitted) 
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-  Photospheric band indices TiO & VO 
-  Spectral type dependence 
-  TiO tracing Zeeman effect (see also Shulyak et al. submitted) 

-  Strong correlation between Hα and He D3 lines 
 
 

  

-  50% of stars show rotation period 
in at least 1 indicator: Hα , Ca IRT 
and TiO bands, proxies for 
rotation 

-  But a careful study of each star is 
needed to understand why 
rotation signal appears on 
different indices for different stars 

 
 
 

  



Study of chromospheric lines 
Statistical analysis of line asymmetries and wings 
(Fuhrmeister et al. 2018) 
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EV Lac 

 

  

Flaring events 

 

  

-  Line asymmetries in Hα and He I (10833 Å) common in active M-
dwarfs (15-30% spectra of 28 active stars) 

-  Increasing towards more active stars 
-  Note always related with flaring events (persistence) 
-  Related with chromospheric evaporation and condensation 
-  See also Hintz et al. (2019) 



Modeling active stars 
Simulation/correction of activity effects: 
 

  

Stellar models 

Teff, Tspots, filling 
factor… 

A&A proofs: manuscript no. starsim_p1_v4

Fig. 5. Simulations of an active region located on the equator ✓ = 90� with a size of ASn = 1.6 · 10�3 relative to the stellar surface. The rotation
period is 25 days and the inclination is 90�, yielding v sin i = 2 km s�1. Left panels: simulated data for a Sun-like star (Te↵ = 5770 K) and
�Tspot = 310 K. Right panels: the same for a K0 star (Te↵ = 5000 K) and �Tspot = 250 K. From top to bottom: photometric (in Johnson V band),
astrometric, RV, FWHM, BIS and S index variations induced by the active region. The results with surrounding faculae (Q = 3) are shown with
black solid lines and the ones with no faculae (Q = 0) are plotted with black dashed lines. The same simulations made with SOAP 2.0 are plotted
with red lines.

(Pepe et al. 2002, 2004). These are optimized for G2, K5 and M2
type main sequence stars and consist on a selection of delta-peak
lines, whose height corresponds to the line equivalent width.

The global CCF of the projected stellar surface is computed
from the contribution of the individual surface elements. First,
the signature of the immaculate photosphere is obtained from

Cim(v) =
X

k

Cp(vk, µk, ak) =
X

k

Cp(vk) · Hk
p, (18)

where the quantity Hk
p accounts for the intensity and geometric

factors of the surface element k,

Hk
p =
X

�

fp(�) · Ip(�, µk)
Ip(�, 0)

· ak · µk · !k. (19)

The sumatory covers the whole wavelength range specified for
fp(�).

The shifted velocities, vk, are computed from the contribu-
tion of the Doppler shift and the e↵ects of convection,

vk = v + �vDS
k + �vC

k (Cl), (20)

for l = {p, s, f }, where �vDS
k is the contribution from the Doppler

shift for the surface element k (see Eq. 9) and �vC
k (Ci(v)) is the

e↵ect of convective blueshift, which has a dependence on line
depth and can be characterized by studying the line bisectors,
which will typically show a distinctive C-shape due to granula-
tion in the photosphere (Gray 1992).

Note that the e↵ects of convection in the line profile are in-
cluded in the Phoenix spectra from Husser et al. (2013) (see
Sect. 2.1) assuming a surface element in LTE observed at µ = 1.
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-  Given a spot map, reconstruct stellar emission 
and predict: 

-  Photometric variability 
-  Radial velocity jitter 
-  Astrometric jitter 
-  Transit depth variations 

  

-  Several codes available: SOAP (Boisse et al. 2012, Dumusque et al. 
2014), StarSim (Herrero et al. 2016, Rosich et al. in prep) 
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FORWARD 
MODEL 



Modeling active stars 
StarSim (Herrero et al. 2016, Rosich et al. in prep) 
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-  Different spot features cause different signals 
SPOTS 
FACULAE 

StarSim 

INVERSE 
PROBLEM 



Modeling active stars 
StarSim (Herrero et al. 2016, Rosich et al. in prep) 
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Degenerated problem: 
-  Different spot distributions could fit similar photometric light curves: 

correlations between spot size, temperature... 



Modeling active stars 
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Degenerated problem: 
-  Different spot distributions could fit similar photometric light curves: 

correlations between spot size, temperature... 
-  Temperature degeneracy is broken using different photometric 

bands 
GJ 1214 

ΔTeff,spots = 370 K 
(Mallon et al. 2018) 



Modeling active stars 
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Modeling active stars 
StarSim (Herrero et al. 2016, Rosich et al. in prep) 
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Degenerated problem: 
- Radial velocities breaks spot distribution degeneracies 



Modeling active stars 
StarSim (Herrero et al. 2016, Rosich et al. in prep) 
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Degenerated problem: 
- Radial velocities breaks spot distribution degeneracies 

HD 25825 



Modeling active stars 
StarSim (Herrero et al. 2016, Rosich et al. in prep) 
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Degenerated problem: 
- Radial velocity indices can also be used à possibility to reconstruct 
the spot map and predict RV’s 

HD 25825 
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Look for 
signals in 

corrected 
RV’s! 



Modeling active stars 
StarSim (Herrero et al. 2016, Rosich et al. in prep) 
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-  Use CARMENES radial velocities and indices for M-type stars        
(open time for GK dwarfs) 

-  Collecting photometric data for some active GTO stars 
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Modeling active stars 
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CARMENCITA 

M. Zechmeister et al.: SERVAL - The spectrum radial velocity analyser
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Fig. 9. RVs of YZ CMi phase folded to a period of 2.776 d. The rota-
tional phase is color coded in reference to Fig. 12; blue and red color
corresponds to the phases of predicted maximum blue and red shift,
respectively.

et al. 2014). We obtained 45 CARMENES VIS observations of
YZ CMi (GJ 285, CARMENES ID J07446+035) spanning 480
days (2016-01-08 – 2017-05-01).

GJ 3379 This star (G 099-049, CARMENES ID
J06000+027), an active M4.0 dwarf with significant rota-
tional broadening (v sin i, Delfosse et al. 1998). We found 16
HARPS spectra in the ESO archive and obtained 14 spectra with
CARMENES for GJ 3379. This star is only used to compare the
chromatic index between HARPS and CARMENES wavelength
ranges.

4.2. Criteria 1: RV precision

GJ 699 Figure 5 (left) compares the RVs derived with
SERVAL (rms=1.30 m/s) and with the HARPS DRS pipeline
(rms=1.54 m/s), while Anglada-Escudé & Butler (2012) re-
ported a dispersion of rms=1.24 m/s. Secular acceleration is sub-
tracted in all cases. This demonstrates the capability of SERVAL
to achieve precise RVs at the 1 m/s level.
ζ1 Ret The RVs have an rms of 10 m/s (Fig. 6). Since there is

activity-induced jitter, we cannot evaluate the individual RV per-
formance with this star. Still, the RV difference between SER-
VAL and DRS CCF has an rms of 1.2 m/s and points to 1 m/s
performance of SERVAL also for solar-like stars.

YZ CMi The RVs show an rms of 85 m/s (Fig. 7, left). The
variation takes place on short time scales (days) with a signifi-
cant periodicity of 2.776 d with an amplitude of 120 m/s (Fig. 9
and a less significant one-day alias at 1.556 d and 100 m/s). This
period also appears in the Hα-line equivalent width but at low
significance.

4.3. Criteria 2: dLW

GJ 699 The comparison between dLW and FWHM is shown
as a time series in the middle panel of Fig. 5 (drawn on left
and right axis, resp.). Both indicators vary significantly given
theirhave relatively similar error bars (we adopted ϵFWHM =
2.35ϵRV ) and vary significantly. Using the relation FWHM =

2.35σ, we would expect ∆FWHM = FWHM·∆FWHM
FWHM = 2.352

FWHM ·
σ∆σ. This theoretical prediction is shown as a blue line in
Fig. 10 (top left panel). We see that dLW values scatter around
this prediction, but the large uncertainty for the best fitting slope
(black line) shows that the dLW and FWHM correlate poorly for
GJ 699. Surprisingly, we find a much better correlation of dLW
with FWHM divided by the contrast indicator, which is the rela-
tive amplitude of the Gaussian fit (Fig. 10, top right). This is cur-
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Fig. 10. Left: Correlation between the DRS-FWHM and the SERVAL-
dLW with HARPS data for the stars GJ 699 (top) and ζ1 Ret (bottom).
The black line indicates the best fitting a linear trend; the blue line is the
theoretical prediction. Right: As left panels, but the FWHM is divided
by the contrast.

rently not well understood, but it likely reminds us that dLW and
FWHM are not tracking fully the same effect. Indeed, the dLW
indicator assumes that the area of the Gaussian shaped line, i.e.
the product of FWHM and contrast, remains constant, while a
Gaussian fit to the CCF decomposes both parameters simultane-
ously. Hence, we could argue that additional contrast variations
(on top of contrast ∝ 1

FWHM ) could lead to biased dLW mea-
surements. Those contrast variations could be induced by im-
perfect background subtraction or have stellar origin, albeit we
believe the latter is less likely for this quiet star. Alternatively,
the poor dLW-FWHM correlation for GJ699 could point to a
bias when fitting a Gaussian function to the CCF of an M dwarf,
which is known to exhibit prominent side lobes (see e.g. Fig. 7
in Berdiñas et al. 2017). Neither dLW nor FWHM correlate with
RVs.

ζ1 Ret The time series of dLW and FWHM already indicate
a similar behaviour (Fig. 6, middle). Both, FWHM and dLW,
clearly correlate with RV (Fig. 11). There is also a direct corre-
lation between dLW and FWHM (still the correlation improves
again when dividing the FWHM by the contrast, Fig. 10, bottom
panels).

YZ CMi The dLW (Fig. 7, middle) reveals a 2.776 d period
which we have already found in the RVs. The correlation be-
tween dLW and RV is not linear (Fig. 12, bottom and top), but
we find that our observations follow a well-defined path when
we color-code rotational phase with this period. The one dLW
outlier is an observation with an Hα flare. The spectrum has the
highest Hα core emission and noticable rising Hα wings com-
pared to the other spectra. Likely, the flare adds continuum flux
over the full spectrum, leading primarily to line contrast varia-
tions. The flare event is not noticable in RV and chromatic index,
although the point has maximum RV and minimum chromatic
index.
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Fig. 11. Correlation between RV and dLW for HARPS data of ζ1 Ret.

4.4. Criteria 3: Chromatic RV Index

GJ 699 The chromatic index (Fig. 5, right) does not vary
significantly for this inactive and slowly rotating star. This is ex-
pected for an inactive and slowly rotating star.
ζ1 Ret The chromatic index (Fig. 6) shows long-term vari-

ations that seem to be anti-correlated with the RV long-term
variations, which could be an activity cycle. However the chro-
matic index does not follow the short-term variations of RV and
dLW. Therefore, the chromatic index apparently has some com-
plementary role to line width indicators.

YZ CMi In the top panel of Fig. 12, we show the chromatic
index as a function of RV for our CARMENES observations
of YZ CMi; both parameters are very clearly anti-correlated.
We call this correlation and the corresponding slope chromatic-
ity κ. RV variations of ±150 m/s correspond to variations of the
chromatic index of ∓450 m/s/Np. Of course, due to the anti-
correlation the periodograms for chromatic index and RV have
a similar shape and the 2.776 d period is also found in the chro-
matic index. For this period, we color-code our data in Fig. 12
according to their rotational phase. We can clearly follow how
the individual observations are distributed throughout the rota-
tional phase of YZ CMi.

The chromatic index-RV correlation demonstrates that the
dominating effect in the RV variations of YZ CMi is wave-
length dependent, which is consistent with the hypothesis that
they are caused by co-rotating features such as active regions on
the star’s surface. The wavelength-dependent temperature con-
trast between quiet and active regions is expected to cause a
variation of the RVs as a function of wavelength (e.g., Fig. 12
in Reiners et al. 2010). Active regions (or spots) that are some-
what cooler (or hotter) than the photosphere will show less of
a contrast to the photosphere at longer wavelengths. The chro-
matic index attempts to capture this dependence on wavelength.
The advantage of the chromatic index over chromospheric emis-
sion (CaII H&K, Hα) is that is comes with a directional sense,
i.e. it can be positive and negative. The chromatic index is di-
rectly connected to RV because it is calculated from the same
line profile deformation.

A negative chromaticity, as here in case of YZ CMi, means
that the RV scatter decreases towards redder wavelength. This
amplitude decrease can been seen in (see also Fig. 3). and is pre-
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Fig. 12. Top: Chromaticity (correlation between RV and chromatic
index) for 45 CARMENES VIS spectra of YZ CMi. The left most
(RV=165.313.3 m/s, β = 453b=455 m/s) and right most data point
(RV=136.6317.4 m/s, β = −441b=-440455 m/s) are the values derived
in Fig. 3. Bottom: RV-dLW correlation.

dicted with spot simulations (Desort et al. 2007; Reiners et al.
2010). The slope in the correlation plot (Fig. 12, top) can inform
about spot temperatures. Moreover, we identify a separation be-
tween the values of the chromatic index at rotational phases 0.5
and 1, which would not be the case if the relation was simply lin-
ear and is probably related to convective blueshift. A deeper in-
terpretation of these effects requires more detailed observations
and goes beyond the scope of this paper.

4.4.1. The chromatic index with CARMENES and HARPS

Using the example of YZ CMi, we have demonstrated that the
chromatic index in the wavelength range of CARMENES VIS
(550–980 nm) is a powerful tool for understanding RV variations
induced by stellar activity. A closer look to the individual RVs
per wavelength (Fig. 3) shows that a fairly tight relation between
RV and wavelength exists for the wavelength range 600–920 nm,
but the five spectral orders short of λ = 590 nm fail to follow
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StarSim (Herrero et al. 2016, Rosich et al. in prep) 
 

  
-  Chromatic index (Zechmeister et al. 2018) provides a lot of 

information (David’s talk) 
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4.4. Criteria 3: Chromatic RV Index

GJ 699 The chromatic index (Fig. 5, right) does not vary
significantly for this inactive and slowly rotating star. This is ex-
pected for an inactive and slowly rotating star.
ζ1 Ret The chromatic index (Fig. 6) shows long-term vari-

ations that seem to be anti-correlated with the RV long-term
variations, which could be an activity cycle. However the chro-
matic index does not follow the short-term variations of RV and
dLW. Therefore, the chromatic index apparently has some com-
plementary role to line width indicators.

YZ CMi In the top panel of Fig. 12, we show the chromatic
index as a function of RV for our CARMENES observations
of YZ CMi; both parameters are very clearly anti-correlated.
We call this correlation and the corresponding slope chromatic-
ity κ. RV variations of ±150 m/s correspond to variations of the
chromatic index of ∓450 m/s/Np. Of course, due to the anti-
correlation the periodograms for chromatic index and RV have
a similar shape and the 2.776 d period is also found in the chro-
matic index. For this period, we color-code our data in Fig. 12
according to their rotational phase. We can clearly follow how
the individual observations are distributed throughout the rota-
tional phase of YZ CMi.

The chromatic index-RV correlation demonstrates that the
dominating effect in the RV variations of YZ CMi is wave-
length dependent, which is consistent with the hypothesis that
they are caused by co-rotating features such as active regions on
the star’s surface. The wavelength-dependent temperature con-
trast between quiet and active regions is expected to cause a
variation of the RVs as a function of wavelength (e.g., Fig. 12
in Reiners et al. 2010). Active regions (or spots) that are some-
what cooler (or hotter) than the photosphere will show less of
a contrast to the photosphere at longer wavelengths. The chro-
matic index attempts to capture this dependence on wavelength.
The advantage of the chromatic index over chromospheric emis-
sion (CaII H&K, Hα) is that is comes with a directional sense,
i.e. it can be positive and negative. The chromatic index is di-
rectly connected to RV because it is calculated from the same
line profile deformation.

A negative chromaticity, as here in case of YZ CMi, means
that the RV scatter decreases towards redder wavelength. This
amplitude decrease can been seen in (see also Fig. 3). and is pre-
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Fig. 12. Top: Chromaticity (correlation between RV and chromatic
index) for 45 CARMENES VIS spectra of YZ CMi. The left most
(RV=165.313.3 m/s, β = 453b=455 m/s) and right most data point
(RV=136.6317.4 m/s, β = −441b=-440455 m/s) are the values derived
in Fig. 3. Bottom: RV-dLW correlation.

dicted with spot simulations (Desort et al. 2007; Reiners et al.
2010). The slope in the correlation plot (Fig. 12, top) can inform
about spot temperatures. Moreover, we identify a separation be-
tween the values of the chromatic index at rotational phases 0.5
and 1, which would not be the case if the relation was simply lin-
ear and is probably related to convective blueshift. A deeper in-
terpretation of these effects requires more detailed observations
and goes beyond the scope of this paper.

4.4.1. The chromatic index with CARMENES and HARPS

Using the example of YZ CMi, we have demonstrated that the
chromatic index in the wavelength range of CARMENES VIS
(550–980 nm) is a powerful tool for understanding RV variations
induced by stellar activity. A closer look to the individual RVs
per wavelength (Fig. 3) shows that a fairly tight relation between
RV and wavelength exists for the wavelength range 600–920 nm,
but the five spectral orders short of λ = 590 nm fail to follow
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StarSim (Herrero et al. 2016, Rosich et al. in prep) 
 

  
-  Chromatic index (Zechmeister et al. 2018) provides a lot of 

information (David’s talk) 



Conclusions 
-  CARMENES spectra provide a lot of information: spectral indices, 

RV-jitter... 

-  Activity indices can be used as radial velocity diagnostics, to 
distinguish exoplanets from stellar activity noise… 

-  … but also to understand and infer stellar activity properties: 
temperature of photospheric spots, chromospheric phenomena, 
magnetic fields… 

 
-  Stellar surface can be reconstructed by combining photometry 

and spectroscopic information 
-  Predict/correct radial velocity jitter 
-  Predict/correct transit spectroscopy 

-  Understanding all these effects is crucial for future surveys aiming 
at ~cm/s accuracy and exo-atmosphere characterization 

à  sample of active stars for next phase? 
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