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Abstract EChO is a dedicated mission to investigate exoplanetargpsgheres. When ex-
tracting the planetary signal, one has to take care of thahifity of the hosting star, which
introduces spectral distortion that can be mistaken asspay signal. Magnetic variability
is a major deal in particular for M stars. To this purposeuasag a one spot dominant
model for the stellar photosphere, we develop a mixed obsienal-theoretical tool to ex-
tract the spot’s parameters from the observed optical spactThis method relies on a
robust library of spectral M templates, which we derive gdime observed spectra of quiet
M dwarfs in the SDSS database. Our procedure allows to dditeambserved spectra for
photospheric activity in most of the analyzed cases, reduitie spectral distortion down to
the noise levels. Ongoing refinements of the template fmad the algorithm will improve
the dficiency of our algorithm.

Keywords Exoplanets Atmosphere Stellar Activity - EChO

1 Introduction

The flux variations caused by magnetic activity can hampeettiraction of the exoplanet
atmosphere signal and a need arises to diagnose stellabilidyimostly in the near-IR and
mid-IR continuum. Such variations are associated withvaatégions (cool arnfdr bright
spots) coming on andfbview as the star rotates and from intrinsic variability o€lswac-
tive regions|(Ribas et &l. 2014). Furthermore, the impaetotif/ity varies with wavelength
and, during transmission spectroscopy, it may be confusedpdanetary atmospheréect
(Ballerini et all 2012).

These variations can occur on relatively many timescalegpeaoed to the planets orbital
period, and thus impact directly on EChO’s observationtsgg which will consist in the
combination of diferent epochs of eclipse data (Tinetti et al. 2012).
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The problem of magnetic activity is a main issue in particéda M dwarfs, which may
be largely covered by photospheric cool spots (Berdyugif@5® In the recent years some
work has been done using optical spectra, but focusing orchihemospheric indicators
(see, e.g.|_Cincunegui et/al. 2007; Martinez-Arnaiz £2@1 1] Gomes da Silva et|al. 2011;
Stelzer et al. 2013), while there is poor knowledge on theanefd, mostly due to lack of
data. Moreover, if the star hosts hot Jupiters, then playetisnospheres may be as hot as
photospheric spots, thuffecting the same spectral ranges.

We can assume that the transiting planetary atmosphemnésatransparent in the op-
tical, its opacity showing molecular features at wavelaadbnger than 2/m (Tinetti et al.
2012). One possible approach is thus to obtain simultaneptisal and infrared spectra,
using the former as a calibrator to correct tlkeets of activity. Observations in the visible
range are thus essential to provide the stellar data needéu:fmeasurement and interpre-
tation of exoplanet atmospheres. EChO will adopt such ambro

From the theoretical point of view, synthetic models of dMspa still present some in-
consistencies compared to the observations, due to fiieutties in implementing realistic
molecular opacities, grain formation and convection inatraosphere (Allard et &l. 2011).
Finally, may theoretical models perfectly reproduce thsevbed spectra, the robustness of
the method described lin Micela (2014) decreases with |aestsal types.

To overcome all these fiiculties, in this paper we discuss a new mixed observation-
model approach for the analysis and correction of tfieces of magnetic activity in dM
spectra. In particular, in Se€fl 2 we build an empiricaldifyrof quiet M spectra using the
database of the Sloan Digital Sky Survey (SDSS) (York et@D02, while in Sect 13 we
discuss the results of our spectral fitting algorithm.

2 Empirical spectral templates

We take advantage of the catalog of 70,841 M spectra selbgt&test et al.|(2011) from
the SDSS. These spectra, which are flux-calibrated by theS3i)®line, cover the wave-
length range from-3800 to~9000 with a spectral resolution 0~R000. West et all (2011)
also provide a number of measurements relative to the sp@cg. radial velocity, interstel-
lar extinction, metallicity index, K equivalent width. ..), which we use to discard outliers
andor peculiar stars.

We use these measurements to select good representatiyeieiol stars in the solar
neighborhood. We will carefully describe this selectioraifiorthcoming paper dedicated
to the study of activity in low mass stars. Here we remark thatfirst selection includes
bona-fine disk stars with solar-like metallicity and podenstellar extinction.Then, for each
subtype we select 25% of the spectra with the lowest emissisfy, which are likely the
quietest spectra in the selected subsamples. Finallyafdr subsample we keep 66% of the
spectra with the highesy!S. The number of selected spectra for each subtype is repiorte
Table[d.

After correction for Doppler #ect, we degrade the spectra down to EChQO’s nominal
spectral resolution (R300), propagating the SDSS flux uncertainties accordinghen,
we scale the spectra (both fluxes and corresponding unaetgi such that the integrated
flux over the 55089000 A range matches the flux of the synthetic spectrum cosdpoy
Allard et al. (2011) with the same temperature. We adoptehgerature scale of Reid & Hawley
(2005).

Once the spectra are justified in wavelength and lumindsitgach spectral subtype we
compute the sigma-clipped average weighted over the flugrtaiaties, obtaining our quiet
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Table 1 Number of selected spectra for each spectral subtype udmdidathe templates of quiet stars.

Subtype ¢ (K)I  Number of spectra
MO 3800 111
M1 3600 97
M2 3400 126
M3 3250 148
M4 3100 121
M5 2800 57
M6 2600 94
M7 2500 102
M8 2400 23
M9 2300 6
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Fig. 1 Top panel - Spectral templates covering the optical and infrared remgtn spectral resolution+300.
The vertical dashed line marks the conjunction between B®SSspectra and the BT-Settl synthetic model.
Bottom panel - S/N of the template spectra shown in the top panel.

templates. These are extended over the infrared range (@p2@:m) using the synthetic
spectra of Allard et all (2011) with the same temperature.<pactral templates are shown

in Fig.[.

3 Correcting for photospheric activity

In this Section we describe our algorithm to correct theatigin in M dwarfs’ spectra
introduced by photospheric active regions using the saleemplates derived in Sefl. 2.
The proposed approach is based on the following assumgfiticslal|2014):

— photospheric activity is due to the presence of a dominaoit apoler than the photo-
sphere, i.eTs<Tp, covering a fractionf f of the stellar surfaceTp is the temperature
of the unspotted photosphergs and f f are the spot’s temperature and filling factor

respectively);

— the observed flu¥ perved CaN be expressed as:

Fobserved =

(1-ff)-Fp+ ff-Fs,

1)
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whereFp and theFs are the fluxes radiated by the unspotted photosphere angahe s
respectively.

— the spectrum radiated by a M star is largely determined bphtstospheric tempera-
ture, while the presence of active regions on the stelldasearintroduces a first order
distortion in the spectrum. We thus assume that spectraidyis weakly d@ected by
photospheric activity.

We use our spectral templates to model the figxirom the unperturbed photosphere,
at temperatur@ p, and the fluxFs radiated by the spot, at temperatdre We extend our
analysis down to the M7 spectral type, due to the fact thaMBeand M9 templates de-
scend from statistically poor samples25 spectra, Tablel 1) and, by consequence, are quite
uncertain, with 8\N~200 over the analyzed spectral range.

We focus on the 550049000 A spectral range, entirely covered by the SDSS spectra:
the blue cutff is presumably the bluest wavelength observable with EChallevthe red
cutdf is a compromise between the need to have a band broad enduaghutte the spectral
features sensitive to activity, and maintain as small asiptesthe overlap with the band
“interesting” for planetary atmosphere observationshia spectral range we exclude a few
narrow windows bracketing the chromospheric lines, i.e.Na doublet (not resolved at
EChO’s resolution, at5893 A), the H line (16562.79), the GalRT (18498.02,18542.09,
18662.14), the CaOH band head-#225 A (Bochanski et al. 2007).

Since we foresee the application of this method also fos stéth no information on the
distance, in the following analysis we will normalize thesspia over the integrated spectra
in the analyzed spectral range (55089000 A excluding the small gaps discussed above).

3.1 The algorithm for the spot’'s parameters retrieval

We analyze theféect of activity separately for each subtype. We fix the subtymd we
build a 2D grid of spotted spectra in tHef XxAT space, wherdT=Tp-Ts. In this space,
ff ranges in the [0,0.5] interval with a step of 0.01, whN& runs from 50 K up to the
temperature dierence corresponding to a M7 spot, with a step of 20 K.For eade in
the grid, we compute the corresponding spotted spectrung u&j.[1. This grid is thus a
bidimensional collection of reference spectra for thediwlhg fitting procedure.

Then, we simulate a number of spotted spectra witfedint combinations of f and
AT (not corresponding to any of the grid nodes), over which weaur fitting algorithm
aimed at recovering the simulated parameters.

We also simulate the noise associated with the observedtrapesing the transmissivity
function delivered by EChO's consortium (Adriapi,ivate communication, Fig.[2), avail-
able up to 2.5um. In particular, the noise we simulate is such to haigg ;=200 per
resolution element, which is the minimum requirement fer BChO mission.

In order to recover the simulated parameters, we fit the gbdespectrum using the
Nelder-Meade (or downhill simplex) method, which miningzbe weighteg? over theAT
and f f ranges covered by the 2D grid. The minimization method i $hat the solution is
searched over the continuous parameter intervals, i®nit constrained on the grid nodes
(as for the nearest neighbor method).
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Fig. 2 EChO's transmissivity function in the analyzed spectragea(Adriani, private communication).

3.2 Results from the algorithm

To test the robustness of our algorithm, we generate 10@bramealizations of flux noise
to associate to the simulated spectrum, and we run the fatgaithm on each noisy spec-
trum. In Fig[3 we show the output of our algorithm for the tesse of a MO star with a spot
AT=325 K cooler than the photosphere and with=0.10. The mode of the 2D probability
distribution function of the 1000 best-fits (left panel) @esistent with the simulated param-
eters within 1 sigma. In particular, we remark that the getoynef the confidence region is
such that the the output parameters are anti-correlatedhée spot’s temperature decreases
with increasing coverage. This is consistent with the faat the impact of the spot in the
observed fluxes increases with both parameters. We alsakeha the half-width of the
Ter range spanned by the confidence region is as large.@8 K.

In Fig.[3 we also plot the distortion introduced in the spattby the spot, compared
with the simulated 8. The black solid line represents the error one makes whietmegi-
ing the quiet template to the observed spectrum. This rakghectrum contains structures
above the noise level which significantlffect the planetary signal.

If we correct the observed spectrum using the best-fit paeethe structures in the
residual spectrum (green line) are largely reduced belasend/loreover, the envelope of
the solution within the 68% confidence region (red dashegsliisee left panel in Figl 3)
are consistent with the noise level, indicating that therigm introduces negligible uncer-
tainty compared with flux noise.
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Fig. 3 Statistical analysis of the results from our fitting algomit run over 1000 realizations of noisy spec-
tra. The simulated case is a MO star with a sp@=325 K cooler than the photosphere and with=0.10.
Left panel - 2D probability distribution function of the fitted paramesteThe black cross represents the input
parameters, while the red dot marks the mode of the disimibuThe contours show the confidence regions
around the mode containing the 68%, 95% and 99% of the saRigle. panel - Correction of the observed
spectrum. The black solid line is the systematic error méitheiobserved spectrum is corrected with the cor-
responding quiet template. The gray lines show the confeleaad corresponding to the simulate®l $nho
noise model is available fot >2.5um). The green line is the residual distortion if the spectisroorrected
with the best-fit spotted template (red spot in the left paffdle dashed red lines delimit the envelop of the
solutions contoured by the 68% level in the left panel.

We tested a number of cases witlffeient spectral types and spot’s parameters, obtain-
ing results similar to what is discussed above. To deterntfiaeapplicability limits of our
procedure, we also tested the some challenging test cases.

MO star, spot with Ts=3475 K and f f=0.03. In Fig.[4 we show the output of the same case
discussed above, but with a smallefr of 0.03. We find that the &= 2D region (left panel)
spans larger ranges 6f andTs, including in particular consistent overestimates of the t
parameters. This is due to the fact that, since the spedstaltion is comparable with noise,
the best fit sometimes collapses to the edge of the investigerameter space, leading to
solutions which overcorrect the observed spectrum abavedise level (right panel).

We find that this is a regular feature for the cases with spkedistortion comparable
with noise, due to the fact that the best fit solution tend ttapee at the edge of the investi-
gated parameter space. We are currently working on a wagtoigiinate and automatically
avoid such cases.

Still, the algorithm is able to confidently recover, from atittical point of view, the sim-
ulated parameters such to correct the spectrum within tieehevel. The main dierence
with the previous case is that the wider confidence regiohgrithe upper & envelope in
the right panel well above the simulated noise.

MO star, spot with Ts=3075 K. In Fig.[H we discuss the results for a MO star with spot
temperaturel s=3075 K andf f=0.10. The &ect of such a low temperature is the change
of the slope of the confidence region in the 2D plane (left pane. the ensemble of noisy
spectra is consistent with spotted MO photospheres whaggaigture and filling factor are
directly correlated.

A careful investigation of thisfect shows that this is due to the shape of late M spectra
over the analyzed spectral range. As a matter of fact, ifBRige show the flux ratio between
each subtype and the earlier one. We find that at early subyb€ and hotter) the ratio has
features related to the functional dependence of molebalads profiles ofie. Conversely,
at later subtypes the ratios tend to flatten both in geneogleshnd features, i.e. late M
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Fig. 4 Same as in Fid.]3, witli f=0.03.
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Fig. 5 Results of the algorithm for a MO star withf =0.10 andTs=3075 K.
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Fig. 6 Flux ratio between each M subtype and the earlier one. Tte cole is reported in the legend. The
case of M8 and M9 subtypes are not shown to avoid cluttering.

subtypes roughly dlier by just a rescaling factor with poor reshaping of the flwstribution.
Thus, the flux-rescaled spectrum of a spot cooler fhgn3100 K may be mimicked by
large cool spots or small warm ones. This leads to unceigaiohTs of the order o&150 K.

This sort of degeneracy betwe€gandf f is particularly evident at small filling factors.
If the spot coverage increases, the extent of the degenéadythe width of the confidence
band in the plots) decreases, as shown in[Big. 7.

4 Summary and conclusions

In this work we assemble an empirical optical spectral hpfar M stars coadding the dM
spectra in the SDSS database classified by West ét al.l (2grbliped by spectral subtype.
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We extend the templates to the infrared band assuming tlerapmodel of Allard et dl.
(2011).

For each subtype, we also assemble a set of 1-spot dominecttay linearly com-
bining the corresponding template with cooler templatekdifierent filling factors (Ed.J1),
thus mimicking the presence of photospheric spots. Themeawvelop and test an algorithm
to fit the spotted spectra aiming at recovering the spot'p&ature and filling factor.

The results show that at the foreseen ECh@$\8e generally recover the spot’s param-
eters such to rectify the spectral distortions introducgglhmotospheric activity. Moreover,
the uncertainty on the corrected optical spectra in mostscascomparable with spectral
noise.

Some caution is needed in case of poor contrast between ttesphere and the spot,
i.e. when the dierence between the observed spectra and the template &ithrte spectral
type is comparable to noise. In these cases our algorithmemapeously diverge to the
edges of the investigated parameter space. Despite thectiorr of such a low distortion,
compared with the noise level, may lead to wrong results eneark that the correction itself
is generally of little utility, as the correction is of thersa order of magnitude of noise.

Finally, when the spot is cooler thar=8100 K, our algorithm is less accurate, in partic-
ular atf f<0.10, as the uncertainty on the correction is generallyelaifgan spectral noise.

Currently, we are working on fferent aspects of our algorithm trying to achieve better
results. We are refining the selection of dM stars to impravetemplate library. In partic-
ular, we are analyzing in details the activity signatureghefstars aiming at (i) a subset of
spectra with as negligible as possible activity and (ii) bsat of active spectra to be fitted
with our algorithm. This analysis will also indicate the sfyal range and activity range over
which the algorithm works at best.

The same analysis will also lead to the systematic chaiaatem of photospheric ac-
tivity in M stars, providing valuable information on the fgpl temperature and size of
spots, eventually depending on spectral subtype. Thisysuiitl thus provide tools to set
boundaries and priors on the fitting algorithm, shrinking searched parameter space and
improving the spot’'s parameters retrieval.

We are also working to improve the fitting procedure, in gaitr the instability at low
spot vs. photosphere contrast. These will allow us to betiestrain the uncertainty on the
spectral correction. Nonetheless, we remark that the sisady the out-of-transit spectra of
each EChO's target will likely provide tighter constraiois the spot's parameters, i.e. the
star itself will suggest the solution to look for and the paeter space to be searched.
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