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ABSTRACT

Several transiting hot Jupiters orbit relatively inactimain-sequence stars. For
some of those, the Idg,, activity parameter lies below the basal leveb(1). Two
explanations have been proposed so far: (i) the plaffietta the stellar dynamo, (ii)
the logR},, measurements are biased by extrinsic absorption, eithitrebpterstellar
medium (ISM) or by material local to the system. We preseme lt¢ubble Space
TelescopgCOS far-UV spectra of WASP-13, which hosts an inflated hottéupnd
has a measured Idgj,, value (-5.26), well below the basal level. From the star’s
spectral energy distribution we obtain an extincti€(® — V) = 0.045:0.025 mag and
a distancel = 232+8 pc. We detect at4o lines belonging to three fierent ionization
states of carbon (G, C II, and C1V) and the Silv doublet at~30. Using far-
UV spectra of nearby early G-type stars of known age, we deai\C IV/C | flux
ratio—age relation, from which we estimate WASP-13’s agbddb.12.0 Gyr. We
rescale the solar irradiance reference spectrum to matfiuk of the CIv 1548
doublet. By integrating the rescaled solar spectrum, wainlain XUV flux at 1 AU of
5.4ergscm™. We use a detailed model of the planet’s upper atmospheriejrag
a mass-loss rate of 80 gs*. Despite the low loR,, value, the star shows a
far-UV spectrum typical of middle-aged solar-type stamnpng toward the presence
of significant extrinsic absorption. The analysis of a highelution spectrum of the
Ca Il H&K lines indicates that the ISM absorption could be the iorigf the low
logR« value. Nevertheless, the large uncertainty in thellG&M abundance does

not allow us to firmly exclude the presence of circumstelks.g

Subject headings. stars: individual (WASP-13) — planets and satellites: vidlial

(WASP-13 b) — stars: activity — ISM: abundances — ultravinktars



—4—
1. Introduction

To date, over 200 close-irQ.1 AU) giant planets (hot Jupiters) have been discoverbdsd@
planets were not expected to survive for long owing to thé&rapaporation of their atmospheres
under the &ect of the strong stellar irradiation. Hubble Space Telpsd®IST) ultraviolet (UV)
observations confirmed that the atmospheres of hot Jusitersas HD 209458 b, HD 189733 b,
and WASP-12 b are evaporating (Vidal-Madjar et al. 2003 skinet al. 2010; Haswell et al.
2012;/Bourrier et al. 2013; Fossati etlal. 2015a). The stek&reme-UV (EUV) flux heats the
atmosphere of hot Jupiters to temperatures up fd10eading to atmospheric mass loss on
the order of 18g s (Lecavelier Des Etangs 2007; Ehrenreich & Désert 2011 ke et al.
2013é,b), which, however, does not seem to significantlyecedhe planetary mass within the

star's main-sequence lifetime (Yelle 2004; Garcia MugoQa?).

A number of hot Jupiters are found orbiting around low-attistars (logR/, <-5.0), which
is loosely correlated with the biases that stellar actiintyoduces in detecting planets around
active stars. Stellar activity, directly related to the Efll (e.g., Piters et al. 1997), plays a crucial
role in shaping planets’ structure and evolution (e.q., éhybet al. 2003; Fortney etlal. 2008;
Davis & Wheatley 2009; Zahnle etlal. 2009; Howard et al. 2(H2et al. 2012; Mordasini et al.
2012;Beaugé & Nesvorny 2013). It is therefore crucialaoefully study the activity of fairly

inactive stars to accurately infer their EUV fluxes.

Given their intrinsically low levels of chromospheric esimn, all but the nearest relatively
inactive solar-type stars have provedhidult to study at UV wavelengths. However, given the
new interest in exoplanet host stars and technologicalrexbgin spectroscopic instrumentation
on HST in the preceding decade (e.g., the installation ofdbsmic Origins Spectrograph;
Green et al. 201.2), there has been a renewed interest inutthe ctt relatively inactive, late-type
dwarf stars (e.g., France et al. 2013; Linsky et al. 2013[z8tet al. 2013). The lack of

information about the high-energy radiation of inactivarsthas limited reliable calculations of
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atmosphere and evolution models of planets orbiting closith stars. Linsky et al. (2013,
2014) used nearby stars, for which optical, far-UV (FUV)d &UV spectra are available, to
construct relations between EUV fluxes and various UV andtabpthromospheric emission
features. These relations have typical uncertaintiesebtider of 15-50%, depending on the
considered wavelength region. Therefore, more detailsgdmhtions are needed to improve the
EUV flux estimates for the most inactive stars. Some hottduposts, such as WASP-12, have
an anomalously low activity level, well below the range aekby the reference stars adopted by

Linsky et al. (2013, 2014).

The late F-type star WASP-12 hosts one of the hottest and bhosted known exoplanets
(Hebb et all 2009). Near-UV (NUV) HST COS data revealed thatupper atmosphere of
WASP-12 b overfills its Roche lobe and is losing mass rapiBbséati et &l. 2010a; Haswell et al.
2012). The HST data also revealed the presence of a broadsdepm in place of the normally
bright emission cores in the Mgh&k resonance lines (Haswell et al. 2012). Fossati et all$20
showed that the Cd H&K line cores also present broad and deep depressiondasitaithe
Mg 1l h&k line profiles. The anomaly is always present, regardiédke planet’s orbital phase.
The absence of Mg core emission was unexpected given the star’'s spectrakiygege (FOV,
effective temperature of 6250K, aEéZ.GS Gyrj Fossati et &él. 2010b). This peculiarity is refldcte

in an anomalously low lo&,, valugi of -5.500 (Knutson et al. 2010), far below the basal flux

The logR},, value is a measure of the chromospheric emission in the datedall H&K
resonance lines__(Duncanetal. 1991). For reference, theagwesolar lodr,, value is
—4.902:0.063 (95% confidence level; Mamajek & Hillenbrand 2008). mdximum of activity
(e.g., on cycle 22) the solar I&j,, value is typically about-4.780, while at minimum the solar
log R, value is typically about-4.966. The Sun during the Maunder minimum was believed
to have a lodR,, value of —5.102 (Baliunas & Jastrow 1990; Donahue 1998; Keil et al.8199
Radick et al. 1998; Livingston et al. 2007).
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level of main-sequence late-type stars of Ryg =-5.1 (Wright et al. 2004).

Fossati et al. (2013) analyzed the origin of the anomalmes diores, concluding that
extrinsic absorption by material local to the WASP-12 syste the most likely cause: gas
escaping from the heavily irradiated planet could form alstand translucent circumstellar cloud
(Haswell et al. 2012). Theoretical support to this idea heanbgiven by Cohen etal. (2011),
Lanza (2014), Matsakos et al. (2015), and Fossatilet al5@20IThe H fluorescence observed
around planet-hosting M-type stars could also be a simikamifastation|(France etlal. 2013).
Nevertheless, detailed hydrodynamic simulations andcatai transfer calculations should be
carried out to explore the spreading of the specific ionspegdrom the planet and whether their
column density would be large enough tideat the stellar core emission in the Mdé&k and

Call H&K resonance lines.

The anomalously low stellar activity index of WASP-12 magrifore be a direct
consequence of the extra line core absorption. For statsgagose-in evaporating planets,
it may not be therefore possible to evaluate the actuabstadtivity from the lodR, value.
Pillitteri et al. (2014) explained the low activity level @X-ray flux of WASP-18, an FOV star
hosting a massive hot Jupiter, by involving an anomalousedae of the stellar activity caused by
the planet fiecting the stellar dynamo. Because of the high formatiorprature, several lines
in the FUV would not be absorbed by the interstellar mediu@M) and circumstellar cloud,
allowing one to retrieve the actual stellar activity, whidm then be compared to that obtained
from other indicators. The FUV flux level discriminates #fere between the two explanations

for the depressed Idg,, values observed for several hot-Jupiter host stars.

We present here COS FUV observations of the G1V star WASRAML3 1.187M,, and
R=1.574R,; Gbmez Maqueo Chew etlal. 2013), which hosts an extremébtéa hot Jupiter
(Mp =0.500:0.037M; andR, = 1.4070.052R;; ISkillen et al. 2009; Gomez Maqgueo Chew €t al.
2013) and displays an activity well below the basal levehwidgR,, =-5.263:0.09
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(Knutson et al. 2010; Fossati et lal. 2013), where the unogytes the typical standard deviation
in the logR}, value caused by variability within the activity cycle of aractive star/(Lanza
2014). There is a rather large spread of ages for WASP-1&prasthe literature: 855.0 Gyr
(Skillen et al| 2009), 740.4 Gyr (Barros et al. 2012), 4-5.5 Gyr (Gomez Magueo Cheall et
2013), and 12.500.01 Gyr (Bonfanti et al. 2015).

Figures 3 and 4 of Wright et al. (2004) indicate that theresaaes with a lodR,, value
below the basal level, but these stars are subgiants an& lesobsed & the main sequence.
Even without recognizing the distinction between mainusgge and evolved stars in terms of
activity, the logR},. index of WASP-13 is among the lowest in the literature foasdype stars. It
is therefore worth examining whether the g, index is a good measure of the “true” activity
of the star; this is our primary aim. We use higher-ionizatitJV emission lines, notféected
by extrinsic absorption (e.g.,  and SilV), to estimate the true stellar activity, derive the EUV

flux, and attempt to identify the origin of the low 16y, value.

Sectior 2 describes the HST observations and the appliededtction. In Section 3 we
gather the results: analysis of the FUV planet transit {8e&.1), estimate of the distance to
the star and interstellar extinction (Section| 3.2), andsueaments of the FUV stellar emission
lines (Section 3]3). In Sectidn 4 we estimate the stellanmimspheric activity (Sectidn 4.1), age
(Sectior4.11), and high-energy flux (Section 4.2), and perfan analysis aiming at the detection
of the circumstellar material (Section #.3). We draw theatasions in Sectiohl5.

2. Observations and data reduction

We observed the planet-hosting star WASP-13 using the FUivimgl of HSTCOS. The
observations were conducted on 2015 April 24 along four ecutsve HST orbits, timed with the

planet’s primary transit. The observing log is given in Elbl Each spectrum was taken using
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the FUV G140L grating at the 1105 A setting, which providesatmuous spectrum over the
1128-2236 A wavelength range at a spectral resolutidR €8000, in TIME-TAG mode. To
achieve the maximum possible stability to attempt the dieteof the planet transit, we adopted

one single FP position (i.e., FP-P@S; see the COS user marHAﬁir details).

Table 1: Observing Log of the COS observations of WASP-13lu@as (2) and (4) give re-
spectively the Julian date (312,450,000) and the range of planet orbital phases covereddly
exposure, respectively. Column (3) gives the total exposiune in seconds. The exposure time
adopted for the first orbit is shorter than that of the follogviorbits, because of the HST target

pointing and acquisition preceeding the science exposure.

JD Exp. Time Pl Orbital
-2,450,000 (s) Phase Range

Orbit1 | 7133.788574 2522.176 0.973.980
Orbit2 | 7133.851562 2971.168 0.980.995
Orbit 3 | 7133.917969 2971.200 1.062.010
Orbit4 | 7133.983887 2971.200 1.037.025

We retrieved the data, reduced with CALCOS V.3.0, from theEMB\archive and co-added
the four flux-calibrated spectra, using the routine degcriby Danforth et all (2010), in order
to obtain one spectrum with the highest possible signaletise ratio (8\). The final co-added
FUV spectrum of WASP-13 is shown in Figure 1. The strong eimisknes at short wavelengths
are caused by geocoronal emission from atomic hydrogen sygea, while the rise in flux at

longer wavelengths is due to the emission from the stellatqggphere, indicating that the star was

“http://www.stsci.edu/hst/cos/documents/handbooks/current/cos_cover.html

*http://archive.stsci.edu/
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indeed detected in the FUV.

3. Results
3.1. Planettransit

To investigate the FUV transit properties of WASP-13 b, wedd the ephemeris given by
Barros et al.[(2012), which results in having the second hind &xposures being obtained during
the transit, while the firglourth exposures are obtained befafter the ingregegress. Given
the low stellar flux present in the emission lines (see S&jt e attempted the detection of the
planet transit in the 1750-1980 A wavelength range, doraihly photospheric flux; this is the

wavelength range that minimizes the uncertainties on ttegrated fluxes (see Figure 1).

Figure[2 shows the results of the integration in wavelengtlefich of the four spectra. The
uncertainties are consistent with the scatter obtaineglityisg each point into three observations
of equal exposure time using the TIME-TAG. To compare thesolaions with the optical transit,
calculated in the” band using the ephemeris and planet parameters given by<Batral. (2012),
we divided each point by the line connecting the out-ofgreintegrated fluxes. Despite the large
considered wavelength region, the photometric uncerésindf the order of 3.5%, are too large to
detect the planet transit, which has a depth of about 1% (x).fllhe planet radius observed in

the 1750-1980 A wavelength range is therefore likely to balemthan 2.Ryup

We then calculated the Rayleigh scattering transit depth,(Hubbard et al. 2001) to check
whether the nondetection of the transit in the FUV would @wag constraints on the presence, or
not, of Rayleigh scattering in the planet’s atmosphere. Wépted the system parameters given
by Barros et al. (2012) and assumed a temperature of 1500 iessyres higher than 1%bar.

We calculated the equilibrium mixing ratios ottdnd H as a function of altitude based on the

temperature and pressure and used Rayleigh scatterirgsosgons from Dalgarno & Williams
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(1965) for H. We found that Rayleigh scattering by H (Lee & Kim 2004), whis also included
in our calculation, is negligible for WASP-13b. Our resuitdicate that the transit depth due
to Rayleigh scattering by #at 1750-1980 A is only about 9% deeper than in the optical. The
photometric uncertainties are therefore too large to pi@gignificant $20-) constraints on the

presence of Rayleigh scattering in the planet’s atmosphere

3.2. Distance to the star and interstellar extinction

To estimate the interstellar extincti®@(B — V) along the WASP-13’s line of sight, we used
the available infrared, optical, and UV photometry, togetith synthetic stellar fluxes, to fit
the star’'s spectral energy distribution (SED). To congtthe observed SED, we considered
Two Micron All Sky Survey (2MASS) and WISE infrared photometrom [Cutri et al. (2013)
with calibrations from van der Bliek et al. (1996) and Wrighfal. (2010), respectively, TYCHO
photometry from Hgg et al. (2000) with calibrations from Masa von Braun (2015), Johnson
photometry from _Kharchenko (200B-band) and Droege etlal. (2008; and|-band) with
calibrations from Bessell et al. (1998), and GALEX UV fluxesm|Shkolnik (2013).

We calculated the stellar synthetic fluxes with the modelosiphere code LLmodels
(Shulyak et al. 2004), using the atmospheric parameteendiy. Gomez Maqueo Chew et al.
(2013): dfective temperaturelty) of 5989 K, surface gravity (log) of 4.16, and solar metallicity
(Asplund et al. 2009). Despite the noninclusion of molecafzacities in LLmodels, a comparison
with marcs models |((Gustafsson etial. 2008) shows that LLmodels canfbby sessed for stars
at least as cool as the Sun, hence WASP-13 as well. When fayinidpetic fluxes to observed
fluxes, the distance to the star and the stellar radius arengegte. We adopted the stellar radius
of R, =1.574:0.048R, (Gbmez Magueo Chew etlal. 2013) to derive the distance tettreand
the interstellar extinction, the latter modeled using titedatrick (1999) extinction model and

assuming a total-to-selective extinction ffa@ent of R, = 3.1.
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Since LLmodels calculates solely the photospheric fluxeks dgoes not account for
chromosphericoronal emission, we only considered the NUV band of the GAlflixes in the
fit. Here the major chromospheric contribution would conwarfrthe Mgll h&k chromospheric
line core emission, which for WASP-13 is negligible commhare the total NUV photospheric
emission (see Sectidn 4.2). During the SED analysis, weedthat the TYCHQ/- and Johnson
I-band fluxes were always far higher than the synthetic flusss fitting all other constraints;
hence, we decided to exclude them from the fit. We have not alelerto find the origin of these
discrepancies. We also did not consider the reddest WISHIrflthe fit, because it is an upper
limit (Cutri et al.|2013). The fit was done taking into accothe transmission curves specific for

each filter, downloaded from the Virtual Observalfory

The best fit to the observed SED is shown in Figure 3 and is mddaivith a distance to the
star ofd = 232+8 pc and an interstellar extinction &(B — V) = 0.045:0.025 mag, with g? of
13.5 and 8 degrees of freedom. These uncertainties inaimptire error bar on the stellar radius.
In Figure[3 we plot also the observed COS fluxes, but do notidenthem for the fit, though the

photospheric-dominated part agrees well with the besgtdigynthetic fluxes.

The derived distance is in clear disagreement with thatgineghe WASP-13 b discovery
paperd = 155+18 pc (Skillen et al. 2009) and currently listed in the avaideexoplanet databases
(e.g.,http://exoplanets.org/ andhttp://exoplanet.eu/). We have confidence that our
result is correct, as we explain now. Ignoring extinctians possible to analytically estimate the

distance based on the stellar apparent magnitude and lsityino

2
m, =m, — 2.5Iog[% (%) l , Q)

wherem, is the apparent stellar Johnsd@rband magnitudey, is the apparent Johnséiband

magnitude of the Sun (we adopted = -26.73 mag) L, is the stellar luminosity (calculated

“http://svo2.cab.inta-csic.es/svo/theory/fps3/
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from Ter and radius)L is the solar luminositygl, is the distance to the Sun (1 AU), add is

the distance to the star. In this way we obtained a distdpee233 pc, which is in excellent
agreement with that obtained from our SED fitting. We furtb@mpared the derived extinction
with the value given by the Galactic extinction maps of Ae®& Lépine ((2005), assuming a
distance of 232 pc, obtainirig(B — V) = 0.050 mag, which is in good agreement with our result.
Figure[3 shows also that the SED obtained considering thargparameters and distance given

by|Skillen et al.|(2009) does not fit the available photometry

We used thée(B — V) value obtained from the SED fitting to derive the ISMIHC I,
ciu,Cliv, Silv, Mg I, Call, and Nal column density. We considered solar abundances
from|Asplund et al.[(2009) and the ISM ionization mix by Fhsg Slavin (2003, their model
2 - Table 5). We derived the column densities considering thfierentNy—E(B — V)
conversion$given byl Savage & Mathis (1979), Diplas & Savage (1994), &i& Ozel (2009),
and Gudennavar et al. (2012). For MgCall, and Nal we also derived the column densities
by considering the ISM ion abundance as a function of theddlumn density given by

Wakker & Mathis (2000). The results are listed in Tdble 2.

For the elements considered herell CSi ll, Mg II, Call, and Nal are the main ionization
stages in the ISM. At the low(B — V) value of WASP-13, almost all of the carbon in théfdse
ISM is in the singly ionized state (Snow & McCall 2006).1'C is not typically observed in the
local ISM, which is why Tabl&]2 lists a null column densityi§eh & Slavin 2003), though a
detection of Qv in the local ISM has been reported by Welsh etlal. (2010). rigakito account
the uncertainty ore(B — V), the three dierent conversions to the lddy, column density from
E(B - V) give a value of lod\y, in the~20.0-20.8 dex range. This spread of about 0.8 dex is then

also present in the column densities derived for the othes.idhe use of the ISM ion abundances

SGiven the smalE(B - V) value, we assumed that hydrogen is not in molecular forgy,(e.

Rachford et al. 2002).
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Table 2: ISM column densities (in crf) derived for HI, C I, C I, C IV, Si IV, Mg II, Call,

and Nal on the basis of th&ly,—E(B — V) conversions given by Savage & Mathis (1979, SM79),

Diplas & Savage (1994, DS94), Gilver@zel (2009, GO09), and Gudennavar etlal. (2012, G12).

The column densities are given using either the ion ISM abooes of Wakker & Mathis (2000,

WMOO0) or the solar element abundances by Asplund et al. (2809) in combination with the

ISM ionisation mix by Frisch & Slavin (2003, FS03). The urtegmties account for the error bar

on E(B - V) of 0.025 mag, only.

Assumptions log Ny log N¢ logNciy  10gNcy  10gNsiy  [10gNygn 109 Ncan 109 Nna
SM79+A09+FS03| 20.4201% 1347919 16.7991% 0.009% 11.3991% 1589919 1297019 1177019
DS94+A09+FS03 | 20.35%1%  13.40019 16.72919 0.000% 11.32018 1582019 1290019 177091
GOO09rA09+FS03| 2049019 1354919 16.8791% 0.009% 11.46919 1597019 1304019 1184019
G12+A09+FS03 | 20.810% 13.869% 17.192% 00099 11.799% 16.290% 13.3¢9%5 1217005
SM79+WMO0 20.42019 - - - - 14.9733% 11.94334 12.153%%
DS94+WMO00 20.35019 - - . - 14.9137% 1193704 12.0933%
GO09%WMO00 20.49019 - - - - 15.02035 11.96008 12.217038
G12+WMO00 20.81°99 - - - - 15.2750; 12.03397 12.483%;

of Wakker & Mathis (2000) leads to column densities that dreus 1 dex smaller for Mgl and

Call and about 0.4 dex larger for Nacompared to what was obtained assuming solar abundances

in combination with the ISM ionization mix by Frisch & Slav{g003).

Frisch & Slavin (2003) showed that the average chemical asitipn of the local ISM

(i.e., within 200 pc) is about 60%—70% subsolar, and Sava@e&bach (1996), looking at high

Galactic latitude halo stars, arrived at the same conatudide therefore believe that the values

reported in the lower half of Tablé 2, obtained using the I8k abundances of Wakker & Mathis

(2000), should be more realistic than those based on saladainces and hence adopt those

hereatfter.
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3.3. Intrinsic line emission

Despite the rather large distance to the star (see Séc®mild the expected low intrinsic
stellar activity, a handful of stellar emission lines arsibie in the FUV spectrum. We measured
an integrated flux for the Cmultiplets at~1560 and~1657 A, the Cll doublet at~1335 A, the
C IV doublet at~1548 A, and the Siv doublet at~1394 and~1403 A. No further stellar lines

appear to be strong enough to be visible in the spectrum.

To measure the fluxes, we integrated over a wavelength ramggen to cover all lines
within each given feature (hereafter called “line” regipriaking into account the spectral
resolution. We did this with the guidance of an HSpace Telescope Imaging Spectrograph
(STIS) high-resolution spectrum afCen A, downloaded from the StarCE\Eatalog (Ayvres 2010)

and convolved to the resolution of the COS spectrum.

For each feature, we defined two “continuum” regions, oneveed and one blueward of the
“line” region, with the three regions having the same widthe continuum flux for each feature
was then set as the average of the integrated fluxes calddtata the two “continuum” regions.
The uncertainty on the continuum flux was derived by addimguthcertainties, obtained from
the two continuum regions, in quadrature. We followed thecpdure because the uncertainties,
dominated by background subtraction, are most likely ¢ated; if this were not to be the case,
the line detections would increase on average by about-ll&b, depending on the considered
line. We subtracted the continuum flux from the line flux toigkea continuum-subtracted line
flux and its uncertainty. The wavelength regions considéedach feature are shown in Figlte 4,

while the resulting fluxes and line detections are listedahla3.

Table[3 shows that the Cmultiplet at~1657 A, the CIl doublet at~1335 A, the CIv
doublet at~1548 A, and the Siv line at~1394 A are clearly detected, while thel @ultiplet at

®http://casa.colorado.edu/~ayres/StarCAT/
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Fig. 4.— COS spectrum of WASP-13 in the region of the six anadyfeatures. The black solid
line and the blue dashed line show, respectively, the sfiibaand its uncertainty in units of 1&
ergstcm?A-1. The crosses on the bottom of each panel indicate the exppgesition of stellar
emission lines for the transition given above each panet vmtical black dashed lines mark the
regions used to measure the integrated line fluxes, funtitkcated by black arrows and an L on
the top of each panel. The red dot-dashed lines mark the e for each feature used to derive
the integrated continuum flux, further indicated by red @ws@nd a C on the top of each panel.

Theo detection for each feature is given above each panel.
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Table 3: Results obtained from the analysis of the consitiEldV emission lines of WASP-13.
Column (1) gives the ion and approximate wavelength. Col@®)rgives the wavelength range
adopted to derive the integrated line flux. Columns (3)—&)the integrated line, continuum,
and continuum-subtracted integrated fluxes for each featuunits of 16" erg s* cm2. The last

column lists ther detection.

Feature Line wavelength Line Cont. Cont. sub.| o detection
range flux flux line flux
[A] [107 ergstcm?

Cl1-1560A | 1558.29-1563.2719.41+1.31 12.331.68 7.082.13 3.3
Cl-1657A | 1655.35-1659.2941.02:2.34 26.892.63 14.133.52 4.0
Cll-1335A | 1331.95-1338.3110.61+0.62 2.5%0.62 8.1@0.87 9.3
CIV - 1548 A | 1546.31-1552.6525.06:1.49 12.961.72 12.162.27 5.3
Silv -1394A| 1391.88-1395.65 7.01+0.70  3.4@-0.68 3.610.97 3.7
SilV - 1403A| 1400.88-1404.65 4.22+0.47 1.920.64 2.230.79 2.8

~1560 A is marginally detected at the 3.8evel and the SiV line at~1403 A is not detected.
Three diferent ionization states of carbon have been detectedat This result clearly indicates
that despite of the measured Igg, activity index being below the minimum threshold given for
main-sequence stars, WASP-13 has a hot gas atmosphersteatsiith the chromosphere and
transition region lines observed in other cool main-seqaestars; WASP-13 is not completely
inactive. This suggests that the low IBg, index may be a bias caused by absorption along
the WASP-13'’s line of sight, either by the ISM or by materiatadl to the WASP-13 system
(Haswell et al. 2012; Fossati et al. 2013).

In light of the ISM column densities given in Sectionl3.2, el doublet at~1335A is
the most &ected by ISM absorption, while the other lines, particyl@llv and Silv, can be
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considered to be almost free from ISM absorption. We notetiigaCall column density should
be of the same order, or smaller, than that df @ addition, in contrast to the case of the Mg
lines of WASP-12|(Haswell et al. 2012), thelQines of WASP-13 are not completely absorbed:
for WASP-13, the presence of IC emission implies that Mdl line core emission should be

present as well.

4. Discussion

We compare here the line flux ratios for the measured featuiteshose of other nearby
stars in order to estimate the “true” (i.e., free from polesibases caused by extrinsic absorptions
such as ISM an@r circumstellar absorption) stellar activity level (Sent4.1), age (Sectidn 4.1),
and X-rayEUV/FUV flux (Sectiof4.R).

4.1. WASP-13's chromospheric activity and age

To estimate the chromospheric activity of WASP-13, we comgahe line flux ratios derived
from the COS spectrum with those of main-sequence earlyp@-tyars (G2—GO; similar to
WASP-13) of diferent ages and hence activity levels. The comparison seselected are
EK Dra (G1.5V; 30 Myr), HII 314 (G1-2V; 100 Myr), HD 39587 (GO¥78 Myr), HD 209458
(GOV; 3Gyr),a CenA (G2V; 4.4 Gyr), the Sun (G2V; 4.57 Gyr), HD 199288 (G2V] Gyr).
These stars cover a wide range of ages; their basic paranaetelisted in the first half of Table 4.
The spectra of EK Dra, HII 314, HD 209458, and HD 199288, doaded from the MAST
archive, were obtained with COS usindtdrent gratings (G130M, G160M, and G140L), while
the spectra of HD 39587 andCen A, downloaded from the StarCAT catalog (Ayres 2010) ewer
obtained with the STIS spectrograph and the E140M gratiredo® measuring the line fluxes, all
spectra, except for that of HD 199288, obtained with @&I310L, have been convolved with a
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Gaussian to match the spectral resolution of the COS spedfWASP-13. For the Sun we used

the solar irradiance reference spectrum (Woods|et al.| 2009)

The line flux ratios obtained for WASP-13 and the comparigarssare shown in Figuié 5.
For the comparison stars, we derived the line fluxes usingdh®e wavelength regions used for
WASP-13 (Tablé3). For all stars, the ratio between the/Sines is about 0.5, in line with what is
expected in the presence of an optically thin plasma (Matta&is et al. 1999; Bloomfield et al.

2002).

For young and active stars, the features formed in the regipérature transition region of
the chromosphere (e.g., 1€ and SilVv) are stronger than the low-temperature features (e.g., C
and CIl; Wood et all 1997). The flux ratio of high- to low-temperatteatures decreases then
with age (decreasing stellar activity). As expected, thengpstars EK Dra and HIl 314 have the
largest flux ratios of high- to low-temperature featureg.(eC IV 11548C | 11657 flux ratio
in the top left panel of Figurel 5). Therefore, the comparsssinown in Figurél5 allow one to

estimate the actual stellar activity and age of WASP-13.

For the analysis of the results shown in Figure 5, one hasrisider that the @ 1335 flux
is strongly dependent on the amount of ISM absorption. Hsrrason, among the available
comparisons, it is best to concentrate on those involving 57, CIV 11548, and Siv 11394.
WASP-13 seems to have an FUV emission spectrum, and heneiydewel, in between that of
a Cen ASun and HD 199288, the oldest and most inactive comparisos, stith a slightly closer
similarity to that ofa Cen A'Sun (see, e.g., C11657-CIV 11548 flux ratio). This points toward
an age of WASP-13 of about 5-6 Gyr.

To best estimate the age of WASP-13, Figure 6 shows the £548C | 1657 flux ratio as
a function of stellar age. To increase the statistics andakenthe age—flux ratio relation less
dependent on the uncertainties on the ages and time-vauaahVity of the comparison stars,

we added more comparison stars to the sample (see the sealboél Table[4). To increase the
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ange downward-pointing triangle), and HD 199288 (blue diad).
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number of stars, we eased the condition on the spectral typecluding main-sequence stars
between G5 and F9. The spectra, downloaded from the Star@#log (Ayres 2010), were
obtained with the E140M grating of the STIS. We measureditigefluxes as for WASP-13 and

the other comparison stars.

We derived a linear relation in the log(age [Myr])-flux ragilane, obtaining

%1655478 = 7.607(£0.150)— 1.838(0.041)x log(Age [Myr]) , (2)
with a Spearman-rank correlation ¢heient of—0.913. From Equation 2 and taking into account
the uncertainties on the parameters of the fit and on the mexh&uv 11548C | 211657 flux ratio,
we derived an age of WASP-13 of 52.0 Gyr, in agreement with what one can roughly estimate

from Figure.b.

The literature reports a rather wide age spread for WASR&R®)ing from 4 to 12.5 Gyr
(Skillen et al. 2009; Barros et al. 2012; Gomez Maqueo Cheall 013; Bonfanti et al. 2015).
All ages reported in the literature have been derived on #seshof diterent sets of stellar
evolution tracks and atmospheric stellar parameters;éhehe large spread is not too surprising.
The thorough spectral analysis shown by Gomez Maqueo Chalv @013) led to a clear
improvement of the stellar atmospheric parameters ovepinégous set given by Skillen etlal.
(2009): their slightly hotter stellarfiective temperature moved the star toward younger ages
compared to the other estimations, which had all been bas#tkecstellar atmospheric parameters

given by Skillen et al. (2009).

The age range derived here from the comparison of the FUVseonidines is closest
to that given by Gomez Maqueo Chew et al. (2013) of 4-5.5 Gis and the similarities of
the FUV spectra of WASP-13 andCen A'Sun, for which a rather precise age is available,
increase our confidence in the age estimated from the chpmeds lines. By comparing
the position of WASP-13 in the Hertzsprung—Russell diag(eiRD) to evolutionary tracks,
Gomez Magueo Chew etlal. (2013) showed that WASP-13 is Wesedo the turnfi point at
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the end of the main sequence, where stars stop burning hgrlinghe core. As a consequence
of this,|{Gomez Maqueo Chew et al. (2013) concluded that WASRould equally be either a
main-sequence star or a subgiant on its way to the Hertzgmyap, but they did not consider
the different speed of evolution in the two phases. The evolutionsbaapast the turrtbpoint,
particularly in the contraction phase (small temperatnoeaase after the turfigooint), is much
quicker than any main sequence phase. This makes a mainnsegesolutionary status for
WASP-13 much more likely compared to a subgiant status;¢eMASP-13 is likely still burning

hydrogen in the core.

4.2. WASP-13's high energy flux

The high-energy stellar irradiation, X-ray (1-100 A) and\E{(100-912 A), is one of

the most critical parameters for exoplanet studies (e.ipadet al. 2005; Sanz-Forcada et al.
2011; Linsky et al. 2014), in particular for the analysis loé fplanet evaporation phenomenon
and its evolutionary consequences (e.q., Davis & Wheatdl®92Ehrenreich & Désert 2011;
Mordasini et all 2012; Lopez & Fortney 2013). For all stargdrel the solar system, directly
measuring the complete XUV (X-rayEUV) flux is not possible because the ISM is completely
opaque in the EUV owing to absorption by neutral hydroger.tkig reason, various indirect
methods and scaling relations have been derived to estthadUV flux of late-type stars on the
basis of observables, such as X-ray fluxes (Sanz-Forcad=2€114 ;| Chadney et al. 2015), by
fluxes (Linsky et al. 2014), and stellar rotational velast(Wood et al. 1994; Johnstone et al.

2015; Tu et al. 2015).

Here we use a slightly ffierent approach to derive the XUV flux of WASP-13. Given
the similarity in the FUV line ratios between the Sun and WAISR we rescaled the solar
irradiance reference spectrum (Woods et al. 2009) to maketobserved WASP-13 flux of
the C IV 11548 feature, accounting for WASP-13'’s distance (see @&&i2) and radius
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(Gomez Magueo Chew etlal. 2013). We used the/Geature because it is expected to be
undfected by ISM absorption and hence the observed intensitpealirectly compared to the
Sun’s. In addition, QV has a formation temperature peaking neark,an the transition region,
where much of the stellar EUV is generated (Linsky et al. 20Edr this operation, we convolved
the solar spectrum to the resolution of the COS spectrum aed the same integration limits
(for both line and continuum) as those adopted for WASP-18.tNén integrated the rescaled
solar flux within the X-ray, EUV, and FUV wavelength rangespigd by Ribas et al. (2005, their
Table 4) and Linsky et al. (2014, their Table 5), plus the liljux (1212—-1220 A). The results are
shown in Tablés. The method applied here should providabigiresults because WASP-13's
photospheric temperature, metallicity, and FUV specthalracteristics are very similar to the

Sun’s, while the slightly larger mass should have a negkgaiect compared to the uncertainties.

Table5 lists the integrated fluxes for WASP-13 and thﬂ&m AU in various X-ray, EUV,
and FUV wavelength regions. Despite the slightly lowenaigtiof WASP-13 compared to that
of the Sun, the solar fluxes at 1 AU are smaller than those of WAS. This is due to the rather
large diference in stellar radius between the two stars (Gomez MaGhew et al. 2013). As
expected, a hypothetical WASP-13 with a radiufkef 1 R/R, would have XUV fluxes slightly

smaller than the solar ones.

Table[5 also lists the Ly flux obtained using the relation given by Linsky et al. (20484
the EUV fluxes obtained using the relations given by Linskale(2014). For almost all fluxes,
the use of these relations leads to fluxes larger than thaseéel from the scaling of the solar

spectrum. The averageft#irence is about 40%, well within the expected uncertaitties the

"Note that the solar fluxes are systematically slightly loas@mpared to those of Ribas et al.
(2005), because the solar spectrum adopted here correspmitigiat at minimum solar activity,

while|Ribas et al. (2005) used a spectrum obtained at avegeactivity.
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EUV fluxes are based on a scaling relation of a scaling relgtimsky et al/ 2014). This shows

that, when possible, the use of a rescaled solar spectrunbespreferred.

The Lya line is clearly the most intense feature in the stellar heglergy spectrum with a
total integrated flux of about 14 erg'sm 2. The total XUV flux at 1 AU, integrated within the
1-912 A wavelength range, is about 5.3 ergsn2, which at the orbital distance of WASP-13 b
is about 1850 erg$cm 2. We used the scaled solar spectrum (see above) in the escaje m
of [Koskinen et al.|(20134a,b) to estimate the mass-loss rate WASP-13b. We placed the
lower boundary of the model at a pressipre 10-° bar, where the radius is= 1.15R,, based on
the temperature of 1500 K (Barros etlal. 2012) in the loweroafphere. In the absence of any
information on the presence of heavier species in the asgatmosphere, the model includes
only H,, H, and He with their associated ions HH, H3, He", and HeH. Because bldissociates

just above the lower boundary, the model is practically cosepl of H, H, and electrons above
1.2R,.

The model predicts a mass-loss rate of A B!*gs? (2.5x 10 M,yr-1). We compared

this with the energy-limited mass-loss rate, written ag.(&rkaev et al. 2007)

. nEﬂréFE
M = 3
KDy (3)

whereng is the mass lossfigciency,re is the dfective radius where stellar energy is absorbed,
1/Ks is the enhancement factor due to Roche lofects,F is the wavelength-integrated stellar
flux, and®y = GM,/R, is the surface gravitational potential. The mass-losspeadicted by
the energy-limited formula (we adoptgg =0.46,re = 1.75R,, and J/Ks=1.15) is within 1%

of that given by the hydrodynamic model. We note that the rfesssrate we obtained from the
hydrodynamic model is about a factor of 10 higher than thesahass rate of 2.5 10'°g s
predicted by Ehrenreich & Désert (2011) on the basis of trexgy-limited formulation. This

is because the surface gravity of WASP-13b is relatively, leading to a rather high altitude

for the XUV heating peak, and because Ehrenreich & Dés@dJPassumed a lower mass-loss
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efficiency ofnpe =0.15. Our value ofiz = 0.46 is based on a photoelectron heatifiiciency of
0.93 that should be suitable for EUV photons under strongation (Cecchi-Pestellini et al.
2009; Koskinen et al. 2013a,b) and cooling by recombinatibis also reasonably close to the

thermospheric heatingteciency on many solar system atmospheres.

The mass-loss rate is not large enough to substantiallygdserthe planet’s mass within the
main-sequence lifetime of the star. Nevertheless, the {oasgate is as high as that derived by
Ehrenreich & Désert (2011) for WASP-12 b, which is about@Rithotter than WASP-13 b and
for which translucent circumstellar material appears tqmtwerH. One may therefore expect
the same for the WASP-13 system, although additional facguch as the stellar magnetic field

configurationi(Lanza 2014) and stellar wiratliation, may also play a role.

4.3. Circumstellar material

The analysis of the COS spectrum has shown that WASP-13 hamaosphere typical
of Sun-like stars, in contrast to what was indicated by thg \@wv logR},, value, if taken as
reflecting the intrinsic stellar properties. For WASP-13 ees therefore definitely exclude
the possibility that the planet has significantiegted stellar activity, as Pillitteri et lal. (2014)
suggested for WASP-18. The hot Jupiter WASP-18b is 20 timesermassive and has a
semi-major axis 2.5 times smaller than WASP-13 b, so thiggitdy explains dferent situations
in the two systems. If WASP-13 b was capable of reducing thieigoof the host star, many more
systems would be expected to present a very lowRlggvalue. This in turn implies that extrinsic
absorption, either from the ISM afadt from material local to the system, is likely to be the cause

of the logR},,—FUV flux discrepancy for the majority of planet hosts shaiin

8The previous mass-loss rate derived for WASP-12 on the basie energy-limited formula

may be underestimated (Koskinen et al. 2016, in prepanation
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The presence of absorption biasing the measurement of ¢, lovalue appears clear
when relating the GV 11548C | 11657 flux ratio and the IoB;,, value for WASP-13 and the
comparison stars (Figuré 7). From a linear fit performed euithconsidering WASP-13, we

obtained the following correlation:

CIv 1548

iigey = 19332(:2.508)+ 3.752(:0.543) log Ry - (4)

Figure[T and Equatidn 4 indicate that the trueRyg value of WASP-13 should be about
—4.95, similar to the solar value and well above the measuned-5.263. This highlights even
further the presence of a bias in the measured®ggvalue, which is probably caused by extrinsic

absorption by the ISM and possibly by circumstellar materia

To look for the possible presence of a spectral signaturdsdmption local to the system,
hence additional to that of the ISM, we compared the obsari®ES spectruthof WASP-13
with a synthetic spectrum of the star, which includes thewetaspheric emission and ISM
absorption components, in the region of thelCd&K lines. We estimated the total Qaline
core emission using the by-Call H&K relations given by Linsky et al. (2013) and distributed
the total emission flux between the two lines according t@ thecillator strengths (i.e., logf
values). For this operation we considered the Eyx we obtained from the rescaling of the solar
spectrum namely, 14 erg'ssm? at 1 AU, obtaining a total C# emission flux of 19 ergd cm
at 1 AU. We simulated the chromospheric line emission usiag<sian profiles broadened in order
to match the line width of the solar emission line profilese TBM absorption was modeled using
Voigt profiles with a Cal column density derived using the ionization mix/by Frisch &

(2003) and assuming a broadentmgarameter of 2.0 knis (Redfield & Linsky 2002). Although

°The reduced HIRES spectrum of  WASP-13, having a  resolv-
ing power of R~48,000, was downloaded from the Keck archive

https://koa.ipac.caltech.edu/cgi-bin/KOA/nph-KOAlogin.
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an NUV spectrum of WASP-13 is not available, following thengaprocedure, we also calculated
synthetic spectra in the region of the Md&k lines (following/Linsky et all 2013, we obtained
a total Mgl emission flux of 30 ergs cm2 at 1 AU). The photospheric synthetic spectrum of
WASP-13 was calculated with LLmodels (Shulyak et al. 2004yure[8 shows the synthetic
profiles derived assuming a logarithmic Mgcolumn density of 15.00 and a logarithmic Ca

column density of 12.00; see Talble 2.

Figure[® shows the comparison of the synthetic spectrumajredd including chromospheric
emission and ISM absorption with the observed HIRES spexgtand the expected Migh&k
line core profiles of WASP-13 convolved with the resolutiodaampling of the STIS E230M
grating. As expected, the lower ISM column density, deriusthg the ionization mix by
Frisch & Slavin (2003), provides a better fit to the observyaecsrum, compared to that obtained
using solar abundances. The synthesized emission islglighter than the observed emission,
but a simple increase of the emitted [CAux would not lead to a significantly better fit because it

would exacerbate the mismatch on the blue side of the ISMrphen (see Cal K line).

On the basis of the assumed characteristics of the ISM almmyVASP-13 line of sight,
Figure[9 would indicate that absorption from material loathe system is not present.
Nevertheless, the ISM Ch column density is too poorly constrained to firmly exclude th
presence of extra absorption (i.e., additional to the ISkbghtion) in the line core. Note also that
we assume the presence of a single ISM absorption compadheninay not be the case. The
bottom panel of Figurel9 shows that assuming that the onlpnoiospheric absorption present
in the spectrum is due to the ISM, WASP-13 would indeed prielgignil line core emission that
would be detectable with STIS, contrary to the case of WA3R¢fiere no emission was detected
(Haswell et al. 2012). An NUV spectrum of WASP-13 is needelbtd for the presence of Mg

line core emission and compare it with our prediction.

Much better knowledge of the ISM absorption component(seisded to disentangle the
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ISM absorption from the circumstellar absorption, if praserhis may be obtained from the
measurement of the ISM absorption from early-type stargylgliose to the WASP-13 line of
sight, following the work of Fossati et al. (2013) for the WA3 2 system. This would allow us to
accurately measure ISM absorption parameters and dirdgetlye an unbiased value of 16, .
Thus, the idea that the ISM alone could cause the lowRlggcan be tested. The major problem
in this procedure would be that the distance to the earlg-stprs would not be known and would
almost certainly not match that of WASP-13. WASP-13 liesffam the Galactic plane, in a
sparsely populated region of the sky with no nearby eaghetstars. To fiset this disadvantage,
the ISM absorption is mostly confined to the Galactic planeslgsely matched distances are less
critical for high Galactic latitude lines of sight. Furthattempts to identify the spectroscopic
signature of the extra absorption could be made on the basdid theoretical estimates of the
temperature of the absorbing material, though the few watwerently available (8-10 K;

Lietalll2010; Lanza 2014) are too poorly constrained toesénis purpose.

5. Conclusions

Like other stars hosting hot Jupiters, exemplified by WAZPtthe G1V planet-hosting star
WASP-13 presents a ldg,, value well below the basal level of solar-like main-sequeestars.
The presence of absorption in the core of the resonancediteasused to measure stellar activity
has been attributed to) the ISM, (i) material local to the system, aiij a combination of local
and ISM absorption. A direct influence of the planet on théastdynamo mechanism has also

been suggested.

In 2015 April, we obtained HSTOS FUV spectra of WASP-13, timed with the planet’s
primary transit. We have measured the actual stellar &firom the high-ionization lines free
from extrinsic absorption, estimated the high-energy fang assessed the absorption from

material local to the system. Measurements of the highggriiux for these very inactive stars
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are particularly important: on the basis of the activitygraeter alone, it may not be possible to
reliably infer the XUV stellar flux. This XUV flux irradiatede planet and is needed as input by
models of the planetary atmospheres’ response to the mtemasliation from the host star. We
have demonstrated that a modest investment of HST time sllmao retrieve the stellar XUV
flux and derive, e.g., the planetary mass-loss rate. Witthositevolution calculations for these

hot Jupiters are speculative and subject to large uncédsin

We integrated the stellar flux in the FUV wavelength band dated by the stellar
continuum, but the uncertainties were too large to detexfpthnet transit. We calculated
the expected transit depth in the considered wavelengtbrregsuming Rayleigh scattering,
concluding that it should be 9% deeper than the optical irai®n the basis of the COS

observations, we did not detect at Rayleigh scattering in the planet atmosphere.

We analyzed the star's SED spanning from the UV to the IR. @nbidsis of the stellar
effective temperature and radius, we estimated a distanceststan ofd =232+8 pc and a
reddening ofE(B — V) =0.045:0.25 mag. Using various relations of thelldolumn density
with E(B - V), we estimated the ISM logarithmic column density of HVg II, Call, and Nal
obtaining on average 20.50, 15.00, 12.00, and 12.20, regplgc

From the co-added COS spectrum we measured the integratddifiine C1 multiplets at
~1560 A and~1657 A, the Cil doublet at~1335 A, the CIvV doublet at~1548 A, and the Siv
doublet at~1394 A and~1403 A. No further stellar lines appeared to be strong endadte
visible in the spectrum. We detected>a&to lines belonging to three fierent ionization states
of carbon (the Q multiplet at~1657 A, the Cll doublet at~1335 A, and the GV doublet at
~1548 A) and the SIV line at~1560 A at~30. These detections clearly indicate that, despite
the low stellar activity index, WASP-13 hosts a chromosplemsistent with that of other cool
stars (e.g., the Sun) and that the star is not completelyiuead he stellar dynamo mechanism is

therefore not significantlyféected by the planet.
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We compared the line flux ratios derived for WASP-13 with tho§ main-sequence early
G-type stars of dferent ages and activity levels. We see a clear decrease fidixhatios of high-
to low-temperature features (e.g.)\1548C | 1657 flux ratio) with age. By considering the flux
ratios calculated from the lines lesexcted by ISM absorption (C11657, CIV 11548, and SIV
11394), WASP-13 appears to be only slightly older and moretimathan the Sun andCen A.
We concentrate on the ¥ 11548C | 11657 flux ratio and derive a linear log(age [Myr])—flux

ratio relation, from which we estimate an age of WASP-13 @#32.0 Gyr.

Given the similarities between the FUV spectra of WASP-13 thre Sun, we rescaled the
solar irradiance reference spectrum to match the flux of tine €1548 doublet, thus estimating
the stellar high-energy flux, taking into account the diseaand radius of WASP-13. By
integrating the rescaled solar spectrum in the 1-912 A veangth range, we obtained a flux of
5.4ergstcm? at a distance of 1 AU and 1859 erg sm~2 at the distance of WASP-13b. We
used the rescaled solar spectrum as input for a detaileadtiydamic modeling of the planet’s
upper atmosphere, deriving a mass-loss rate of1I05 g s (2.5x 1072 M, yr1). This value is

about 10 times higher than previous estimates based on éngyelimited formula.

For WASP-13, the lo&y,, value of-5.263 is clearly not a good measure of the stellar
activity, which we find to be only slightly lower than that &fet Sun, which has an average Kig
value 0f—4.908. This strongly suggests the presence of absorptitheinore of the Cal H&K

resonance lines used to measure theRggvalue.

We looked for the absorption signature of veiling gas in akigsolution KecfHIRES
spectrum of WASP-13 covering the @aH&K line cores. We derived the expected C#&K line
core emission and modeled it together with the photosplsgectrum and the ISM absorption.
The composite spectrum was then compared to the observatielarge uncertainty in the Ga
ISM abundance did not allow us to arrive at any firm conclusinrthe presence of absorption

additional to that of the ISM. In the case of WASP-13, the ISklyrprovide the only cause of the
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biased lodR, value. A high-resolution spectrum covering the core of thgpIMh&k resonance

lines is needed to establish a firm solution for the origirheftow logR,, value of WASP-13.
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Table 4: Comparison stars used in Figure 6. The spectras fgodumn (2)) are taken from Simbad.

Columns (3), (4), and (5) list the stars’ distance,Ryg and age (in Myr). Unless otherwise stated,
the stellar distances are taken from van Leeuwen (2007pvthé stars’ lo@R, values and ages

are taken from Barnes (2007). If multiple I&y, were available, we opted for the lowest one.

Star Spectral| Distance | logR, | Age

type [pc] [Myr]
EKDra G1l.5v 61.3:1.7 -3.96 37
HIl 314 G1-2V 150 —-4.21 | 139

HD 39587 Gov 8.7+0.1 -4.426| 286
HD 209458| GOV 49.6:1.9 | —-4.97" | 4000
aCenA G2V | 1.325:0.007| -5.00 | 4200
Sun Ga2v - -4.908 | 4570
HD 199288| G2V 22.1+0.2 | -4.8% | 7700

HD 59967 G3V 21.8:0.2 | -4.43 | 1000
HD 33262 FOV 11.65:0.03 | -4.65 | 250¢
HD 165185 G1V 17.6:0.2 | -454 | 291
HD 20630 G5V 9.14+0.02 | -4.420| 522
HD 97334 GOV 21.9+0.2 | -4.422| 551
HD 106516| F9V 22.4:0.4 | -4.651| 1770
HD 142373| GOV 15.89:0.05 | -5.11° | 7400

& — FromlJarvinen et al. (2007).

b _ From the WEBDA database (Mermilliod & Paunzen 2003).

¢ — From Mamajek & Hillenbrand (2008).

4 _ From_Melo et al.l(2006).

¢ — From Pace (2013).

" — Average between Holmberg et al. (2009) and Casagrande(20afl).
9 — From_.Casagrande et al. (2011).

h _ From Figueira et al. (2014).

' — From Murgas et all (2013).



Table 5: X-ray, EUV, and FUV fluxes at 1 AU (in erglsm™2) derived for WASP-13 by rescaling
the solar spectrum (column two) and for tﬁe3 %Jn itself (caluhree). The fluxes are calculated
in the diferent bands adopted by Ribas €t al. (2005)and Linsky et@1.4(2 plus various FUV
bands including the Ly line (1212—-1220 A).

Wavelength Flux at 1 AU
Range (A) (ergstcm)
WASP-13 Sun
1-20 0.031 0.013
20-100 0.374 0.150
100-360 3.062 1.228
360-920 1.978 0.794
920-1180 1.379 0.553
1-360+920-1180 6.622 2.657
1-1180 6.824 2.738
100-200 1.124 1599 0.451
200-300 0.688 1.660 0.276
300-400 1.365 1.902 0.548
400-500 0.196 0.147 0.079
500-600 0.332 0.532 0.133
600-700 0.280 0.331 0.112
700-800 0.286 0.739 0.115
800-912 0.704 1.728 0.283
912-1170 1.254 1.70% 0.503
1170-1300 15.893 6.377
1300-1400 1.384 0.555
1400-1500 1.391 0.558
1500-1600 3.434 1.378
1600-1700 8.066 3.236
Lya (1212-1220)| 14.497 15.860 5.817

8 — FromLinsky et al.[(2014) using the kyflux derived from the rescaled solar spectrum.

b _ From Linsky et al./(2013).
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