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ABSTRACT
We measured the chromospheric activity of the four hot Jupiter hosts WASP-43, WASP-
51/HAT-P-30, WASP-72 and WASP-103 to search for anomalous values caused by the close-
in companions. The Mount Wilson Ca II H & K S-index was calculated for each star using
observations taken with the Robert Stobie Spectrograph at the Southern African Large Tele-
scope. The activity level of WASP-43 is anomalously high relative to its age and falls among
the highest values of all known main-sequence stars. We found marginal evidence that the
activity of WASP-103 is also higher than expected from the system age. We suggest that for
WASP-43 and WASP-103 star–planet interactions (SPI) may enhance the Ca II H & K core
emission. The activity levels of WASP-51/HAT-P-30 and WASP-72 are anomalously low,
with the latter falling below the basal envelope for both main-sequence and evolved stars. This
can be attributed to circumstellar absorption due to planetary mass-loss, though absorption in
the interstellar medium may contribute. A quarter of known short-period planet hosts exhibit
anomalously low activity levels, including systems with hot Jupiters and low-mass compan-
ions. Since SPI can elevate and absorption can suppress the observed chromospheric activity
of stars with close-in planets, their Ca II H & K activity levels are an unreliable age indicator.
Systems where the activity is depressed by absorption from planetary mass-loss are key targets
for examining planet compositions through transmission spectroscopy.

Key words: stars: activity – circumstellar matter – stars: individual: WASP-43, WASP-51,
WASP-72, WASP-103.

1 IN T RO D U C T I O N

Stars with convective envelopes exhibit a wide range of magnetic
activity levels, and consequently vary substantially in their chro-
mospheric emission. The Mount Wilson programme (Wilson 1968;
Duncan et al. 1991) established the emission strength of the Ca II

H & K line cores as the most widespread metric of chromospheric
activity, using the S-index, a ratio between Ca II H & K emission flux
and continuum passbands. A conversion from S-values to log(R′

HK)
(Noyes et al. 1984) allows consistent comparison of stars with dif-
fering spectral types and has been measured for thousands of bright
stars (e.g. Isaacson & Fischer 2010; Jenkins et al. 2011; Lovis
et al. 2011). To first order, the stellar activity level depends on the
stellar rotation rate and therefore age, with a particularly rapid de-
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crease during spin-down over the first ∼1 Gyr (e.g. Mamajek &
Hillenbrand 2008, hereafter MH08; Pace 2013); log(R′

HK) is thus
used as a stellar age indicator.

Knutson, Howard & Isaacson (2010) published log(R′
HK) mea-

surements for a sample of hot Jupiter (HJ) host stars, and concluded
that there was a correlation between stellar activity and the presence
of a temperature inversion in the planetary atmospheres. The latter
was quantified with a model-independent metric based on the slope
of the HJ secondary eclipse spectra. Hartman (2010) used the same
sample to highlight a correlation between planetary surface gravity
and log(R′

HK). The effect of the activity driven stellar high energy
(XUV) flux on planetary atmospheres has been considered by e.g.
Lammer et al. (2003), Erkaev et al. (2007), Lopez, Fortney & Miller
(2012), Koskinen et al. (2013), Jin et al. (2014) and Chadney et al.
(2015). There has been significant interest in the chromospheric
Ca II H & K line flux in HJ host stars, with the hypotheses that

(i) a HJ planet can stimulate stellar activity through mag-
netic and/or tidal star–planet interactions (SPI; Cuntz, Saar &
Musielak 2000);
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(ii) a HJ planet can suppress stellar activity through tidal inter-
actions (Miller et al. 2012; Pillitteri et al. 2014);

(iii) mass-loss from a HJ planet can form a diffuse circumstellar
gas cloud that absorbs in the cores of strong resonance lines (e.g.
Ca II H & K and Mg II h & k) suppressing the measured stellar
activity below its true value (Haswell et al. 2012; Fossati et al. 2013).

It is important to identify individual systems where mass-loss
appears to be masking the intrinsic activity, and cases where the
stellar activity appears boosted by SPI. Ca II H & K emission en-
hancements from SPI should be a good predictor of a system’s radio
brightness (e.g. See et al. 2015). With dramatic enhancements in ra-
dio astronomy capabilities (ALMA, ALMA Partnership et al. 2015;
LOFAR, van Haarlem et al. 2013; HERA, Hewitt 2011; SKA,
Carilli & Rawlings 2004), detections of exoplanetary radio emis-
sions are imminent (Vidotto et al. 2015). Radio observations are ex-
pected to yield planet rotation periods and magnetic moments, with
important implications for exoplanetary magnetospheric physics
and the transfer of energy and angular momentum between the host
star and planet.

Systems where the Ca II H & K emission is absorbed by gas lost
from the planet offer the potential to determine the planet’s chem-
ical composition through transmission spectroscopy. In WASP-12,
while the diffuse gas is present at all observed phases, it produces
the most near-UV absorption close to transit (Haswell et al. 2012).
Differencing the observed spectrum near transit and away from
transit can reveal the additional absorption from the densest regions
of the gas shroud. Because the near-UV is such an informative
wavelength region, with strong resonance lines of many abundant
elements and ions, it is vital to make Hubble Space Telescope ob-
servations of the shrouded systems. There is no alternative means
to obtain comparable information on planetary composition.

There are few Southern hemisphere spectrographs calibrated
to produce log(R′

HK), and large telescopes or significant exposure
times are required to achieve sufficient signal to noise in the Ca II

H & K cores of typical HJ host stars (V = 11 or fainter). We report
observations using the Robert Stobie Spectrograph (RSS) at the
Southern African Large Telescope (SALT), calibrating it to mea-
sure log(R′

HK), and results for four HJ host stars. Section 2 describes
observations and data reduction; Section 3 describes the calibration;
Section 4 discusses our planet host measurements in the context of
large stellar samples and the three hypotheses listed above; Section 5
gives our conclusions and implications for future work.

2 O B S E RVAT I O N S A N D R E D U C T I O N

Our observations were taken with the RSS (Kobulnicky et al. 2003),
a multimode instrument at the SALT (Buckley, Swart &
Meiring 2006). Jenkins et al. (2011) assessed the effect of spec-
tral resolution on the precision of log(R′

HK) measurements, finding
a resolving power of R > 2500 is needed. We selected RSS set-
tings to achieve the highest possible resolution in the region of the
Ca II H & K lines: a 0.6 arcsec slit, and the PG3000 grating, with
a camera station angle of 79.◦75 and grating angle of 39.◦875. This
yielded coverage from 3882 to 4614 Å, and a resolution R ∼ 7300
at 4000 Å. Pre-binning of 2 in the spectral direction gave 0.23 Å per
binned pixel. Future log(R′

HK) measurements with the RSS using
our calibration should adopt the same setup to ensure consistency.

To permit calibration on the Mount Wilson system, we selected
calibration stars from Baliunas et al. (1995, hereafter B95). B95
reported both the variability and the mean of S-values, 〈SMW〉, us-
ing decades of data from the Mount Wilson survey. We included

stars ranging from very inactive, 〈SMW〉 = 0.14, to very active,
〈SMW〉 = 0.5, (Table 2), chosen for low variability and
0.4 < B − V < 1.0. HD 10700 and HD 22049 showed stable
activity for a decade after B95’s observations (Hall, Lockwood &
Skiff 2007). We took four–six consecutive, short (15–70 s), high
SNR exposures, to avoid saturation of our calibration star spectra.

Our four science targets, WASP-43, WASP-51/HAT-P-30,
WASP-72 and WASP-103 (Hellier et al. 2011; Johnson et al. 2011;
Gillon et al. 2013; Gillon et al. 2014; Table 1), are host stars of
transiting HJ planets. They were all discovered after 2010 and are
notable for proximity to their host stars. WASP-103 b almost fills
its Roche lobe (Fig. 1); we made multiple exposures of this tar-
get to search for possible variations in circumstellar absorption of
Ca II H & K.

Tables 2 and 3 summarize the observations. The calibrators
HD 26913 and HD 26923 are separated by ∼40 arcsec, and were
therefore observed simultaneously by appropriately orientating the
RSS slit. The SALT pipeline (Crawford et al. 2010) performs correc-
tions for CCD bias, gain and crosstalk between the CCD amplifiers.
We performed flat-fielding, background subtraction and wavelength
calibration in IRAF, using arc-lamp exposures taken immediately af-
ter each target. Spectra were optimally extracted with particular
attention to background subtraction and shifted into the stellar rest
frame by cross-correlation with the National Solar Observatory so-
lar spectrum (Kurucz et al. 1984), degraded to the RSS spectral
resolution. All spectra have SNR > 15 in the Ca II H & K line cores.
We rebinned all spectra to a common wavelength scale with 0.05 Å
bin width, while conserving flux.

3 A NA LY SIS

3.1 Extraction of instrumental S-values

We performed synthetic photometry using the Ca II H & K core
bandpasses, H and K, and continuum windows, R and V, shown
in Fig. 2. V and R are the mean flux values in 20 Å wide contin-
uum windows centred on 3901.07 and 4001.07 Å while H and K
are the core bandpasses, centred on 3933.664 and 3968.47 Å, tri-
angularly weighted with a full width at half-maximum of 1.09 Å.
We followed Lovis et al. (2011) in using the (weighted) mean band-
pass fluxes. This reduces edge effects from finite pixel size at the
band boundaries, and makes a historical scaling factor obsolete. The
instrumental S-index, SRSS, is given by

SRSS = H + K

R + V
. (1)

Note that flux-calibration is unnecessary for S-index measurements:
the bandpass window placement makes these insensitive to the local
spectral slope (e.g. Gray et al. 2003).

3.2 Calibration to Mount Wilson system

Table 2 reports the calibration measurements with propagated pho-
ton noise uncertainties on SRSS. For the B95 values, formal measure-
ment uncertainty on 〈SMW〉 is negligible compared to astrophysical
stellar activity variation. The current activity level of our calibrators
is uncertain so we report the variability range measured over the
multidecade baseline of B95 in Table 2 and Fig. 3. The activity
variability observed by B95 increases with the mean stellar activity
level.

MNRAS 466, 738–748 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/466/1/738/2669317 by U
niversidad de C

hile user on 07 June 2019



740 D. Staab et al.

Table 1. Stellar and planetary parameters relevant for this work, taken from TEPCAT (Southworth 2011), including stellar effective
temperature (Teff), semimajor axis (a), orbital period and planetary equilibrium temperature (Teq).

System Teff (K) a (au) Period (d) Mp (MJ) Rp (RJ) gp (ms−2) Teq (K)

HAT-P-30/WASP-51 6338 ± 42 0.042 2.81 0.71 ± 0.03 1.34 ± 0.07 9.8 ± 0.9 1630 ± 42
WASP-43 4520 ± 120 0.015 0.81 2.03 ± 0.05 1.04 ± 0.02 47.0 ± 1.4 1440 ± 40
WASP-72 6250 ± 100 0.037 2.23 1.46 ± 0.06 1.27 ± 0.20 22.9 ± 7.3 2210 ± 120
WASP-103 6110 ± 160 0.020 0.93 1.47 ± 0.11 1.55 ± 0.05 15.1 ± 0.9 2495 ± 66

Figure 1. The Roche lobe (blue) of WASP-103b (orange), calculated using
stellar and planetary parameters from TEPCAT (Southworth 2011). We
corrected the empirical radius for the projection effect of a non-spherical
planet viewed at orientation i �= 90◦, to give a self-consistent 3D Roche
geometry. Axes are in units of orbital separation, with the x- and y-axis in
the orbital plane and z perpendicular to it. For the projections, red outlines
represent the planet and blue outlines the Roche lobe.

Following Jenkins et al. (2011), we perform a simple linear cal-
ibration to the Mount Wilson system, using ordinary least-squares
fitting (Fig. 3) obtaining:

SRSS = (0.60 ± 0.02) SMW + (0.075 ± 0.005). (2)

The rms of the fit, 0.013, is at the level found in calibrations of
other instruments (see Jenkins et al. 2006; Jenkins et al. 2008;
Arriagada 2011). Scatter at the ∼5 per cent level is an unavoidable
consequence of the long-term activity variation of calibration stars.
Note that the high activity calibrators carry larger uncertainties and
consequently less weight in the fit.

Table 3 lists SMW for the planet hosts, calculated from equations
(1) and (2), and Fig. 4 shows the Ca II H & K lines of our planet hosts.
For the final conversion to log(R′

HK) following Noyes et al. (1984),
the stellar B − V is required. No B − V measurements for WASP-103
have been published; Simbad1 and the Exoplanet Orbit Database2

(Han et al. 2014) report B − V colours for WASP-72 and WASP-51

1 http://simbad.u-strasbg.fr/simbad/
2 http://exoplanets.org/

Table 2. Calibrator star measurements and associated photon noise un-
certainties. Mean Mount Wilson S-values and their variability range were
taken from B95. Note that HD 26913 and HD 26923 were observed
simultaneously.

Name 〈SMW〉 SRSS HJD-2450000

HD 10700 0.171 ± 0.011 0.1781 ± 0.0001 6658.339
0.1791 ± 0.0001 6658.340
0.1794 ± 0.0001 6658.341
0.1796 ± 0.0001 6658.342

HD 182101 0.216 ± 0.020 0.2139 ± 0.0004 6792.586
0.2145 ± 0.0004 6792.587
0.2143 ± 0.0004 6792.587
0.2162 ± 0.0004 6792.588

HD 9562 0.136 ± 0.018 0.1444 ± 0.0002 6652.321
0.1464 ± 0.0002 6652.322
0.1451 ± 0.0002 6652.323
0.1434 ± 0.0002 6652.324

HD 22049 0.496 ± 0.090 0.3465 ± 0.0009 6984.514
0.3464 ± 0.0010 6984.514
0.3465 ± 0.0011 6984.515
0.3448 ± 0.0009 6984.515
0.3458 ± 0.0006 6984.515
0.3466 ± 0.0007 6984.516

HD 26913 0.396 ± 0.065 0.3002 ± 0.0072 6985.407
0.2975 ± 0.0050 6985.407
0.3174 ± 0.0023 6985.408
0.3154 ± 0.0017 6985.409

HD 26923 0.287 ± 0.025 0.2390 ± 0.0015 6985.407
0.2366 ± 0.0019 6985.407
0.2381 ± 0.0010 6985.408
0.2395 ± 0.0006 6985.409

HIP 110785 0.140 ± 0.015 0.1649 ± 0.0013 6803.656
0.1649 ± 0.0011 6803.656
0.1642 ± 0.0030 6803.657
0.1607 ± 0.0037 6803.658

HIP 12114 0.226 ± 0.040 0.2050 ± 0.0005 6627.328
0.2045 ± 0.0005 6627.328
0.2029 ± 0.0005 6627.329
0.2053 ± 0.0005 6627.330

that are completely inconsistent with the detailed spectral analyses
in the discovery papers (Johnson et al. 2011; Gillon et al. 2013).
We calculated B − V for our planet hosts (Table 3) from the stellar
parameters reported in TEPCAT, using equation (3) in Sekiguchi &
Fukugita (2000) propagating all uncertainties.

3.3 Uncertainty budget

The SRSS values measured for separate exposures of the same cali-
brator star agree to within 1 per cent, with the single exception of
3 per cent for HD 26913. With SNR ∼ 1500 at 4000 Å, there is
a very small photon noise contribution to the calibration star SRSS
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Table 3. Planet host measurements and activity values derived from them. Note that instrumental S-values report photon noise uncertainties, while SMW

includes the calibration uncertainty. B − V values and uncertainties are derived as described in Section 3. Orbital phases were calculated from ephemerides
in TEPCAT, with phase 0 representing mid-transit. Stellar ages in the literature are compared with activity ages derived from the MH08 relation, using our
log(R′

HK) values.

Name HJD-2450000 Phase texp(s) SRSS SMW B − V log(R′
HK) Activity agea Literature ageb

WASP-43 6689.420 0.661 2032 1.209 ± 0.008 1.889 ± 0.065 1.10 ± 0.06 −4.17 ± 0.10 45 ± 40 Myr 300–600 Myr (1)
WASP-51 6698.410 0.883 1108 0.168 ± 0.001 0.155 ± 0.010 0.49 ± 0.01 −4.98 ± 0.07 6.2 ± 1.3 Gyr 0.5–1.8 Gyr (2)
– – – – – – – – – 0.6–1.0 Gyr (3)
WASP-72 6606.307 0.332 1108 0.149 ± 0.001 0.124 ± 0.009 0.48 ± 0.03 −5.30 ± 0.15 11 ± 0.8 Gyr 2.6–3.8 Gyr (4)
WASP-103 6779.562 0.701 317 0.224 ± 0.003 0.248 ± 0.013 0.54 ± 0.05 −4.59 ± 0.04 950 ± 230 Myrc 1.8–6.2 Gyr (5)
– 6779.566 0.706 317 0.221 ± 0.003 0.244 ± 0.013 – −4.60 ± 0.04 – 3–5 Gyr (6)
– 6779.573 0.713 317 0.221 ± 0.003 0.243 ± 0.013 – −4.60 ± 0.04 – –
– 6780.489 0.703 317 0.227 ± 0.003 0.253 ± 0.013 – −4.57 ± 0.04 – –
– 6780.493 0.707 317 0.227 ± 0.003 0.254 ± 0.013 – −4.57 ± 0.04 – –
– 6780.497 0.712 317 0.233 ± 0.003 0.263 ± 0.013 – −4.55 ± 0.03 – –
– 6780.501 0.716 317 0.230 ± 0.003 0.258 ± 0.013 – −4.56 ± 0.04 – –
– 6780.535 0.753 390 0.220 ± 0.009 0.241 ± 0.019 – −4.61 ± 0.06 – –
– 6790.473 0.490 390 0.228 ± 0.003 0.256 ± 0.013 – −4.57 ± 0.04 – –
– 6790.478 0.496 390 0.229 ± 0.003 0.257 ± 0.013 – −4.56 ± 0.04 – –
– 6790.482 0.500 390 0.235 ± 0.003 0.267 ± 0.013 – −4.54 ± 0.03 – –
– 6790.487 0.505 390 0.237 ± 0.003 0.269 ± 0.013 – −4.53 ± 0.03 – –
– 6790.502 0.521 390 0.227 ± 0.003 0.254 ± 0.013 – −4.57 ± 0.04 – –
– 6790.507 0.527 390 0.234 ± 0.003 0.264 ± 0.013 – −4.54 ± 0.03 – –
– 6790.511 0.531 390 0.225 ± 0.003 0.251 ± 0.013 – −4.58 ± 0.04 – –
– 6790.516 0.537 390 0.231 ± 0.003 0.260 ± 0.013 – −4.55 ± 0.03 – –

Notes. aUncertainty propagated from uncertainty in log(R′
HK). Note that MH08 reports activity-age scatter at the 60 per cent and 30 per cent levels for ages

below and above 130 Myr, respectively.
b(1) Hellier et al. (2011), (2) Johnson et al. (2011), (3) Bonfanti et al. (2015), (4) Gillon et al. (2013), (5) Southworth et al. (2014), (6) Gillon et al. (2014).
cFrom mean of our measurements.

Figure 2. An RSS spectrum of our most active calibrator star, HD 22049,
with continuum windows (greyed) and triangular core bandpasses high-
lighted. Strong Ca II H & K emission cores are evident. Counts are normal-
ized to the mean of the red continuum bandpass.

values. When we divide the rms of the SRSS values for each calibrator
by the corresponding mean photon noise, a sharp rise above unity
occurs below a photon noise level of ∼0.2 per cent due to a com-
bination of astrophysical variability in the chromospheric emission
and systematic uncertainties.

Our SMW (Table 3) have uncertainties of 3–8 per cent, largely
dominated by the uncertainty from the calibration relation. Clearly
the noise floor contribution of ∼0.2 per cent is negligible. The
log(R′

HK) values listed in Table 3 incorporate the propagated errors
on B − V, a significant contribution for WASP-43 which has a
poorly constrained effective temperature. Obviously our log(R′

HK)
values are snapshots during activity cycles and short-term variabil-
ity. Gomes da Silva et al. (2014) used a sample of 271 mostly inactive

Figure 3. Calibration from instrumental to Mount Wilson S-values. Indi-
vidual data points for each calibrator star overlap closely, and in most cases
have SRSS uncertainties smaller than the symbol sizes.

stars, obtained over a ∼10 yr time-scale, to show that astrophysical
variation in log(R′

HK) results in an rms of typically 0.015 dex, and
at most 0.08 dex. Our uncertainties render the typical astrophysical
variability negligible.
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Figure 4. Spectra plotted in order of decreasing apparent activity from top
to bottom: WASP-43, WASP-103, WASP-51, WASP-72. An arbitrary offset
was added to the spectra for visibility. Counts are normalized to the mean
of the red continuum bandpass.

4 D ISCUSSION

Interest in log(R′
HK) for individual planet hosts is motivated by

evidence it might provide regarding magnetic and tidal SPIs and by
the implications of the anomalously low values of log(R′

HK) of some
HJ hosts stars.

4.1 Star–planet interactions

Stellar activity enhancements have been detected for individual HJ
systems (e.g. Shkolnik et al. 2008; Pillitteri et al. 2011) and around
periastron for a very eccentric system (Maggio et al. 2015). Null
results for both chromospheric and coronal emission enhancements
can be found in e.g. Poppenhaeger, Robrade & Schmitt (2010),
Lenz, Reiners & Kürster (2011) and Figueira et al. (2016). Activity
suppression by a planet has been suggested by Miller et al. (2012)
and Pillitteri et al. (2014) to explain the anomalously low X-ray and
Ca II H & K line core emission of WASP-18. The parameters of this
system, MP = 10.4 MJ, P = 0.9 d, suggest a particularly strong tidal
interaction. The magnitude of this effect should be greater than for
any other HJ system, and may significantly affect the shallow stellar
convective zone of the F6V host, depressing its magnetic dynamo
(Pillitteri et al. 2014).

Several studies have investigated whether mean stellar activity
levels are systematically influenced by the presence and proper-
ties of planetary companions across larger stellar populations. Re-
sults have been very mixed for both X-ray measurements (e.g.
Scharf 2010 in comparison with Poppenhaeger & Schmitt 2011)
and Ca II H & K data (e.g. Canto Martins et al. 2011 in compar-
ison with Krejčová & Budaj 2012). It seems that at best optical
and X-ray diagnostics reveal magnetic SPI effects in only a small
subset of observations of short-period planets. Tidal spin-up of host
stars by orbital decay of HJs could play a more important, but
none the less, limited role (Miller et al. 2015). The latter process
would ‘rejuvenate’ the parent star, delaying or reversing the decline
of rotation and activity with age. For a comprehensive overview
of SPI studies and the most recent statistical work to date, see
Miller et al. (2015). SPI detection in large samples of systems re-
mains controversial and beset by selection biases. However, strong
evidence for activity enhancements in individual cases has been
found in particular for planet-hosting wide binary systems (Pop-
penhaeger & Wolk 2014). Theoretical work on magnetic SPI effects
ranges from simple analytical approaches (e.g. Lanza 2008) to more
sophisticated, 3D magnetohydrodynamics (MHD) models (e.g.

Strugarek et al. 2015). Studies such as Saur et al. (2013) and Lanza
(2012) cannot account for the energy release observed for time-
variable SPI signatures. Treatments that consider the dynamical
behaviour of the magnetic field topology allow the phenomenon
of magnetic reconnection to be included. Lanza (2012) finds that
the power dissipated by reconnection between stellar and plane-
tary fields at the planet’s magnetospheric boundary is insufficient
to explain observations attributed to SPI. In contrast, relaxation of
stressed magnetic loops between stellar and planetary fields can
provide sufficient power (Lanza 2013). Cohen et al. (2011) perform
time-dependent MHD modelling, concluding that there is sufficient
energy release from reconnection to explain observed SPI effects.
These studies also provide explanations for the intermittent nature
of magnetic SPI signatures seen in e.g. Shkolnik et al. (2008). How-
ever, both observational and theoretical work on SPI remain active
areas of research without conclusive outcomes to date.

4.2 Circumstellar absorption of chromospheric emission

Large-scale hydrodynamic escape of the upper atmosphere of ir-
radiated short-period planets is predicted by models (Lammer
et al. 2003; Bisikalo et al. 2013; Matsakos, Uribe & Königl 2015)
and has been directly detected through transmission spectroscopy.
Notable cases are the HJs HD 209458b (Vidal-Madjar et al. 2003)
and HD 189733b (Lecavelier des Etangs et al. 2010; Bourrier
et al. 2013) and the spectacular case of the warm Neptune GJ
436b (Kulow et al. 2014; Ehrenreich et al. 2015). Heavy species
are entrained in these prodigious outflows of hydrogen (Fossati
et al. 2010; Linsky et al. 2010; Haswell et al. 2012; Ben-Jaffel &
Ballester 2013). Haswell et al. (2012) suggested that these outflows
can feed diffuse circumstellar gas shrouds that absorb the stellar
flux in the cores of strong lines of abundant species, depressing the
chromospheric emission that arises precisely in these spectral lines.
In particular, this naturally explains the anomalous zero flux Mg II

h & k line cores observed in the extreme HJ host WASP-12. Cor-
roborating this, Fossati et al. (2013) showed that WASP-12’s Ca II

H & K lines have an extremely low value of log(R′
HK) = −5.5. If

intrinsic to the star, this would be unique: WASP-12 is the lowest
point shown in each panel of Fig. 5. Occam’s razor suggests that
this extreme observed property of the star WASP-12 must be related
to the presence of its extreme HJ planet, WASP-12b.

This apparent activity suppression arises from planetary mass-
loss, which is sensitive to the planet’s surface gravity. There is a
highly significant correlation between planetary surface gravity (gp)
and stellar log(R′

HK) for close-in planets (Hartman 2010). Figueira
et al. (2014) confirmed this, showing it is not due to selection
biases. Lanza (2014) constructed a physical model reproducing
the observed correlation, which was refined by Fossati, Ingrassia &
Lanza (2015a). Large-scale planetary mass-loss akin to that inferred
from apparent activity suppression may underlie the sub-Jovian
desert (Kurokawa & Nakamoto 2014; Lundkvist et al. 2016). Other
explanations of this dearth in the known exoplanet population have
been suggested however (Matsakos & Königl 2016 and references
therein).

4.3 Activity values in context

Fig. 5 shows our new log(R′
HK) measurements in the context of

other transiting, short-period planet hosts (Figueira et al. 2014), and
a large sample of field stars (Pace 2013). We limit all samples to
0.4 < B − V < 1.2 because log(R′

HK) is well calibrated in this range
and notably unreliable for B − V > 1.2 (Noyes et al. 1984).
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Figure 5. log(R′
HK) distribution for field stars compared to archival data

on planet hosts and our measurements, using (a) unevolved, main-sequence
(MS) stars less than 0.45 mag above the average MS and (b) evolved field
stars between 0.45 and 2 mag above the average MS. Note that bimodality
in the distributions is expected (e.g. Wright 2004; Gray et al. 2006).

MS, subgiant and giant stars have very different activity dis-
tributions (e.g. Wright 2004; Mittag, Schmitt & Schröder 2013),
therefore it is useful to place stars on the HR diagram and differen-
tiate them by their evolutionary status. We used absolute magnitudes
and reliable B − V values from the XHIP catalogue (Anderson &
Francis 2012), combined with the Wright (2004) empirical average
MS, to calculate the height above the MS for each star. log(R′

HK)
was calculated from the XHIP B-V data and the mean Pace (2013)

Figure 6. Short-period planet hosts from Figueira et al. (2014) with
log(R′

HK) below the MS basal limit (−5.1) and our measurement of
WASP-72. For reference, we show the uncertainty with (blue) and without
(black) the uncertainty in our calibration to the Mount Wilson system (equa-
tion 2). Stars with |γ − VISM| < 15 km s−1 (triangles) may be depressed
below log(R′

HK) = −5.2 by ISM absorption.

S-values. We define an unevolved MS population of stars less than
0.45 mag above the MS, as in Wright (2004). A MS basal activ-
ity limit of log(R′

HK) > −5.1 applies only to this sample, seen in
Fig. 5(a). Note that this limit arises from chromospheric emission
that is always present. It is the stellar analogue of the quiet sun
chromospheric emission. The basal level is reached when stars are
devoid of active regions (see e.g. Schröder et al. 2012 and references
therein).

None of the planet hosts are highly evolved, so we reject objects
more than 2.0 mag above the MS, and define a sample of moderately
evolved stars between 0.45 and 2.0 mag above the MS, comprised
mostly of subgiants (Fig. 5b). For most planet hosts, precise par-
allaxes are unavailable, so we cannot distinguish between MS and
moderately evolved stars in the same way. We therefore compare
planet hosts to both populations in Fig. 5.

These comparisons indicate that transiting planet hosts have a
greater spread in log(R′

HK) than field stars, a statement that re-
mains true whether we consider MS or evolved stars. We performed
Anderson–Darling tests, comparing the log(R′

HK) distribution of
the planet host sample with our MS, evolved, and combined field
star samples, respectively. The resulting Anderson–Darling statis-
tic values of 27.7, 8.2 and 8.6 correspond to very low probabili-
ties (3 × 10−5, 4 × 10−4, 3 × 10−4) that the samples are drawn
from the same parent distribution in each case. We find that the
Figueira et al. (2014) data set contains 22 planet hosts below the
basal chromospheric emission limit (24 per cent of the sample).
Activity depression is widespread in the known population of tran-
siting planet hosts. Only 2 per cent of our unevolved sample and
9 per cent of our combined field star sample show such an un-
usual activity level. Fig. 6 identifies all planet hosts below the basal
limit, more than doubling the number previously identified (Fossati
et al. 2013). The horizontal basal envelope that is fairly clear in the
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Figure 7. RHK distribution for unevolved field stars and planet hosts, com-
pared to the chromospheric basal limit and Rphot, the photospheric contri-
bution to RHK.

MS field star sample in Fig. 5(a) becomes a diagonal envelope in
Fig. 5(b), with higher log(R′

HK) ∼ −5.0 for the bluest evolved stars
and lower log(R′

HK) ∼ −5.2 for the redder evolved stars (cf. Mittag
et al. 2013). WASP-72 and the outliers identified by Fossati et al.
(2013) appear even more anomalous in the context of Fig. 5(b) than
they do in the context of Fig. 5(a).

Anomalously low log(R′
HK) is seen for Kepler-25 and Kepler-68:

two multiplanet systems each hosting two low-mass (0.02–0.08 MJ),
short-period companions. Tidal influences of these planets on their
parent stars is negligible. Therefore, a tidal stellar activity suppres-
sion mechanism as proposed for WASP-18 by Miller et al. (2012)
can certainly be excluded in these cases. Note that all anomalous
planet hosts discussed fall below the chromospheric basal limit, but
above Rphot, the purely photospheric contribution to the Ca II H & K
bandpasses. This is shown in Fig. 7, where we plot Rphot as defined
by Noyes et al. (1984) and RHK = Rphot + R′

HK.
Transiting planet hosts are generally more distant than field stars

with log(R′
HK) measurements. Thus, an alternative explanation for

log(R′
HK) depression in planet hosts is high absorption in the in-

terstellar medium (ISM) along the line of sight. In the case of
WASP-12, this is unlikely (Fossati et al. 2013), but Fossati et al.
(2015b) found that the ISM explanation is viable for WASP-13,
while circumstellar absorption could also be present. To assess po-
tential ISM absorption contributions for the planet hosts of interest,
we calculated the difference between the systems’ radial velocities,
γ , and the velocities of known local ISM clouds, VISM (Table 4). We
used the Redfield & Linsky (2008) ISM model,3 identifying ISM
clouds traversed along the relevant lines of sight and calculating
the clouds’ projected radial velocities. ISM absorption can depress
log(R′

HK) values if the velocity differences are within the Ca II H & K
core bandpass widths (±86 km s−1). The effect is much more pro-
nounced for smaller |γ − VISM|, amplified by the triangular H and

3 http://lism.wesleyan.edu/LISMdynamics.html

Table 4. Differences between the stellar radial velocities (γ ) and projected
velocities of known ISM clouds (Redfield & Linsky 2008), traversed along
the line of sight to each planet host below the chromospheric basal limit,
and WASP-51. γ values were taken from the Exoplanet Orbit Database and
the individual planet discovery papers.

System γ (km s−1) |γ − VISM| (km s−1) ISM clouds

CoRoT-1 23.8 3.2, 0.6 LIC, Aur
HAT-P-12 − 40.6 34.7 NGP
HAT-P-13 14.8 0.3 LIC
HAT-P-29 − 21.7 36.8 LIC
HAT-P-31 − 2.4 14.7, 21.2, 26.5 LIC, Mic, Oph
HAT-P-35 41.0 24.2, 20.9 LIC, Aur
HAT-P-38 − 19.7 37.4, 33.2 LIC, Hya
HAT-P-40 − 25.0 – None
HAT-P-44 − 33.5 27.5 NGP
HAT-P-45 23.9 55.3, 50.6, 63.5 Oph, G, Aql
HAT-P-46 − 20.9 10.0, 6.5, 21.5 Oph, G, Aql
Kepler-25 − 8.5 2.9, 10.5, 5.0 LIC, Mic, G
Kepler-68 − 20.9 13.2, 5.8 LIC, Mic
TrES-4 − 15.9 1.8, 4.3 LIC, Mic
WASP-1 − 13.4 22.6 LIC
WASP-12 18.9 3.2 LIC
WASP-13 9.9 2.7 LIC
WASP-17 − 49.3 21.0 G
WASP-18 2.8 2.0, 27.3, 8.4 LIC, Dor, Cet
WASP-48 − 19.7 14.2 LIC
WASP-70 − 65.4 43.6 Mic
WASP-72 35.9 23.4, 17.8 LIC, G
XO-4 1.6 14.2 LIC
WASP-51 44.7 28.0, 24.8 LIC, Aur

K bandpass weighting (Fossati et al., in preparation). If we assume
typical ISM column densities of log NCa II = 12 (Welsh et al. 2010)
for the relevant stellar distances (100–500 pc) and conservatively
assume a star has intrinsic chromospheric emission exactly at the
basal level, our calculations show that |γ − VISM| � 15 km s−1 is
required to cause log(R′

HK) values lower than −5.2 (Fossati et al.,
in preparation). We indicate log(R′

HK) = −5.2 in Fig. 6, and differ-
entiate objects with |γ − VISM| � 15 km s−1 from the remainder.
Objects with log(R′

HK) < −5.2 and |γ − VISM| > 15 km s−1 are
those most likely to be exhibiting significant circumstellar absorp-
tion of the Ca II H & K line cores. Using the assumptions outlined
above and the |γ − VISM| values in Table 4, we expect values of the
interstellar contribution to the log(R′

HK) depression for individual
stars to be ∼ 0.03–0.12 dex.

Table 4 and the line in Fig. 6 are only indicative of potential
ISM contributions from known local clouds, mapped at low spatial
resolution. A detailed case by case analysis (see Fossati et al. 2013
and Fossati et al. 2015b) is needed for all anomalous planet hosts to
assess the ISM versus circumstellar absorption contributions. This
needs to take into account the likely intrinsic activity levels in all
cases, and is beyond the scope of this work.

4.4 Findings for individual systems

4.4.1 WASP-43

WASP-43b orbits a K-type star with Teff = 4520 K (Hellier
et al. 2011) and is consequently less irradiated than most HJ planets
with similar orbital proximity (cf. Table 1). WASP-43 has a rota-
tion period of 15.6 d, i.e. a gyrochronological age of 300–600 Myr
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(Hellier et al. 2011). This is consistent with its X-ray emission
(Czesla et al. 2013), but tidal spin-up could affect both, obscuring
the true system age. Our log(R′

HK) value places WASP-43 at the
activity level seen for very young (<130 Myr; MH08) members
of the Pleiades cluster and Sco-Cen association in Fig. 5. WASP-
43 lies well above the Hyades, ∼625 Myr, activity level at this
spectral type; see fig. 4 in Paulson et al. (2002). The log(R′

HK)–age
relation of MH08 gives a very low age (Table 3), inconsistent with
WASP-43’s gyrochronological age. The activity value is not signifi-
cantly affected by erroneous extrapolation of our calibration to large
S-values. To verify this, we compared our spectrum of WASP-43
with a HIRES spectrum of a similar star, HD 86856, with log(R′

HK)
= −4.37 and confirmed that WASP-43’s core emission is higher by
the amount expected from our log(R′

HK) value.
MH08 found a tight correlation between stellar X-ray emis-

sion, parametrized by log (RX), and log(R′
HK). Using WASP-43’s

log (RX) = −4.98 ± 0.23 (Czesla et al. 2013), equation A1 in
MH08 predicts log(R′

HK) = −4.56 ± 0.07. Our measured value,
log(R′

HK) = −4.17 ± 0.10 constitutes a clear outlier with respect to
fig. 15 of MH08, far beyond the scatter among ∼200 stars therein.
The X-ray activity level agrees with the stellar rotation period, and
our log(R′

HK) measurement is anomalously high. This could be due
to a stellar flare during the exposure producing an increase in Ca II

H & K emission by a factor of 2–3. Such short-term variability has
been observed for the young, rapidly rotating K5V star BD+201790,
which hosts a disputed HJ (Hernán-Obispo et al. 2010, 2015). How-
ever, stars similar to WASP-43 with 4000 K < Teff < 5000 K ; and
10 d < Prot < 20 d have flare frequencies of 0.04–0.21 d−1 with
durations of 0.1–15 h (Balona 2015). This implies a <14 per cent
chance of seeing a flare during our 0.56 h exposure even at the most
favourable flare frequencies and durations.

Our measurement was taken at WASP-43 b orbital phase 0.66,
whereas the X-ray data from Czesla et al. (2013) cover the secondary
eclipse of the planet. Shkolnik et al. (2008) observed clear Ca II

H & K emission increases for the HJ host HD 179949 at phases 0.6–1
and attributed this to SPI. If WASP-43 shows similar behaviour,
our data could be affected by SPI, whereas the X-ray data is not.
The putative strong flaring event during our exposure could have
been induced by SPI increasing the flaring frequency above that of
stars without HJ companions. Only mixed evidence exists for Ca II

H & K emission increases due to SPI at the few per cent level (Miller
et al. 2015). The doubling or tripling implied by our measurement
is unique, and requires confirmation.

Fig. 8 shows all planets from the Exoplanet Orbit Database with
0.1MJ < Mp, sin i < 13MJ and a < 0.1 au, the HJs observed in
this paper and several systems where evidence for SPI has been
published. We plot the tidal SPI proxy htide/hscale, following Cuntz
et al. (2000), where htide is the height of the tidal bulge raised on
the star, and hscale is photospheric scaleheight (see also e.g. Pillitteri
et al. 2014; Poppenhaeger & Wolk 2014). In the absence of detailed
theoretical modelling and magnetic field maps, simple scaling prox-
ies based on known system properties are the only available guide
to assess putative magnetic SPI strength. Ideally, the maximum
power released by magnetic reconnection would be calculated an-
alytically following Lanza (2013). A meaningful estimate requires
measurements of the stellar field strength and configuration, which
are not available for our targets. It is worth noting that Miller et al.
(2015) use Mpsini/a2 as a magnetic SPI strength proxy, highlight-
ing potential activity enhancement in ‘extreme’ systems with Mp

sini/a2 > 450 (see their fig. 7.) WASP-103 and WASP-43 have Mp

sini/a2 values 8 and 20 times larger than this threshold. However,
this is not an ideal proxy to differentiate magnetic from tidal SPI

Figure 8. SPI interaction strength proxies for planets with Mpsini = 0.1–13
MJ and a < 0.1 au. The visual magnitude is shown as a guide to the
observability of the systems. Planets observed in this study and key systems
from the literature are labelled. A null-result for SPI in the particularly
extreme WASP-18 system was found by Miller et al. (2012), and attributed
to the very low intrinsic activity level of this F6V star; see X-ray non-
detection in Pillitteri et al. (2014). Evidence for weak SPI effects have been
reported for HD 179949 (Shkolnik, Walker & Bohlender 2003), HD 189733
(Poppenhaeger & Wolk 2014) and tau Boo (Walker et al. 2008).

effects: Mpsini strongly correlates with htide/hscale due to the Mpsini
dependence. It is also questionable to assume all close-in planets
of interest orbit in the regime where the stellar field strength falls
of as a−2, since this will change with the geometry of the fields
(see e.g. Lanza 2013). We choose to simply plot the semimajor
axis in Fig. 8 as an indicator of magnetic interaction strength. There
is insufficient information about the stellar field environments for
the vast majority of exoplanets to differentiate them into subsets
of other parametrizations. Both proxies plotted are exceptionally
favourable for the WASP-43 system. The alternative simple prox-
ies used in the literature, such as Mpsini/a2, Mpsini/a and Mpsini/P
(Shkolnik et al. 2008; Poppenhaeger et al. 2010; Miller et al. 2015)
also all indicate SPI is particularly likely for WASP-43. Note that
WASP-43b and WASP-103 are the HJs with the shortest and fourth
shortest semimajor axis discovered to date.

Since our activity value is anomalously high with respect to
the stellar rotation period, a tidal explanation (invoking enhanced
rotationally driven emission) is disfavoured for WASP-43.

We find no evidence for circumstellar absorption in accordance
with the Salz et al. (2016) finding that WASP-43 b should be stable
against mass-loss. Time-variable magnetic SPI at an unprecedented
level could be an explanation for our high value of log(R′

HK). To
distinguish this explanation from ‘normal’, flare activity, phase-
resolved monitoring of X-ray and/or optical activity indicators of
WASP-43 is needed.

4.4.2 WASP-51/HAT-P-30

This planet is a typical spin–orbit misaligned HJ (Enoch et al. 2011;
Johnson et al. 2011). The most precise literature ages (Table 3) are
based on isochrone dating, using the stellar parameters of Johnson
et al. (2011). The high stellar Li abundance is consistent with a
≤1 Gyr age (Enoch et al. 2011). Our log(R′

HK) derived age (Table 3)
is clearly anomalously high. In summary, it seems that the true age
is ∼1 Gyr and the normal stellar activity has been depressed, either
through the planet tidally suppressing the stellar magnetic dynamo
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or through absorption of the Ca II H & K emission by circumstellar
gas from the planet or by the ISM. The MH08 relation predicts
log(R′

HK) ∼ −4.6 at a 1 Gyr age.
If the intrinsic chromospheric emission is indeed at that level,

our measurement implies depression of log(R′
HK) by ∼0.4 dex. This

is unlikely to arise from absorption in the ISM: our calculations
show that clouds with |γ − VISM| � 30 km s−1 and a column den-
sity log NCa II > 16 would be required (Fossati et al., in prepara-
tion). For stars out to 800 pc, Welsh et al. (2010) consistently ob-
serve log NCa II < 13 (typically ∼12), and WASP-51 lies at ∼190 pc
(Johnson et al. 2011).

Note that the mean activity level reported in Johnson et al. (2011)
using the HIRES spectrograph is SMW = 0.128 ± 0.014. The un-
certainty is taken to be 11 per cent, as reported for the HIRES cal-
ibration to the Mount Wilson system (Isaacson & Fischer 2010).
The difference between this SMW value and our measurement
(Table 3) is at the 1.5σ level, i.e. not significant.

4.4.3 WASP-103

WASP-103b is an extreme HJ, close to tidal disruption (Gillon
et al. 2014; Southworth et al. 2014). The SRSS rms variability over
our 16 observations of WASP-103 is at the 2 per cent level, compara-
ble to the photon noise uncertainties. We saw no significant changes
in the Ca II H & K line core profiles, though the data sample a nar-
row phase range away from transit, so we are unable to address the
issue of phase-dependent absorption. The dispersion in log(R′

HK) is
0.02. This is lower than the uncertainties quoted for individual val-
ues, since those include additional systematic calibration and B − V
uncertainties.

Our mean log(R′
HK) value of −4.57 corresponds to a low ac-

tivity age compared with alternative estimates (Table 3), but the
significance of the age difference is only high with respect to the
Gillon et al. (2014) age estimate (3σ ). Improved stellar parame-
ters are needed for a better constrained independent age assessment
(cf. table 6 in Southworth et al. 2014). By analogy with WASP-12
(Fossati et al. 2010; Haswell et al. 2012), we expected depressed
activity due to absorption by circumstellar gas from the extreme
HJ planet. Either this is masked by SPI or the planetary mass-loss
rate may be unexpectedly low. Modelling of atmospheric escape,
as for WASP-43, would be useful to investigate this possibility.
Fig. 8 suggests SPI enhancements are plausible. WASP-103 has the
second-highest tidal interaction proxy value htide/hscale of all known
exoplanets. The value is a third of the extreme WASP-18 system,
for which the possibility of tidal activity suppression rather than
enhancement has been invoked (Pillitteri et al. 2014).

4.4.4 WASP-72

WASP-72 is among the most highly irradiated HJs known (Gillon
et al. 2013). Our measured activity value falls below the basal level,
see Figs 5 and 6. While the uncertainty on log(R′

HK) is relatively
large, WASP-72 certainly falls amongst the lowest activity outliers
for both MS and evolved stars of its spectral type. In Fig. 6, we
show the substantial uncertainty contribution from the calibration
to the Mount Wilson system. Note that intercomparing activity
values measured with the same instrument setup does not suffer this
systematic uncertainty. log(R′

HK) implies WASP-72 is far older than
stellar evolution models suggest (Table 3, MH08), strengthening
the case for a depressed activity value. We conclude WASP-72
is a system where relatively weak Ca II H & K emission from an

inactive, ∼3 Gyr old star (Gillon et al. 2013) is absorbed sufficiently
to appear below the basal limit, analogously to other close-in planet
systems (Lanza 2014; Fossati et al. 2015a). With currently available
data for the WASP-72 system, we cannot disentangle circumstellar
absorption from planetary mass-loss and absorption in the ISM.
However, our estimates in Section 4.3 indicate that the known ISM
clouds along the line of sight (Table 4) cannot entirely explain
the anomalously low value even if the intrinsic stellar emission is
exactly at the basal level.

5 C O N C L U S I O N S

We calibrated the RSS at SALT to measure chromospheric activity
on the Mount Wilson system. We used this to measure the activity of
four HJ host stars. Fossati et al. (2013) highlighted the anomalously
low log(R′

HK) values for WASP-12 and five other planet hosts in-
cluded in Knutson et al. (2010). We revisit this with the significantly
extended data set of Figueira et al. (2014), finding that 24 per cent
of the sample (22 hosts) show these anomalies including two low-
mass, multiplanet systems and WASP-72 (Figs 5 and 6).

WASP-43 is an outlier in the opposite corner of Fig. 5, while
WASP-51/HAT-P-30 has an anomalously low log(R′

HK) for its age.
There may be (at least) two processes operating in close-in HJ sys-
tems which affect the observed log(R′

HK) values. Anomalously high
log(R′

HK) values may be attributed to SPI (Cuntz et al. 2000). The
outliers in the bottom left of Fig. 5 can be attributed to diffuse
circumstellar gas lost from the planets that absorbs the stellar chro-
mospheric emission in strong resonance lines (Haswell et al. 2012;
Fossati et al. 2013). Absorption by the ISM may also play a role for
some of these systems. Our estimates suggest that the latter cannot
explain the anomalous values of WASP-51 and WASP-72. Further
investigations are needed to examine any interstellar and circum-
stellar absorption contributions, and to test whether the intrinsic
activity levels of WASP-72 and WASP-51 are indeed normal.

Further measurements are needed to investigate whether WASP-
43’s anomalously high log(R′

HK) is time-dependent. The extreme
HJ WASP-103 b also displays higher activity than expected from
the system age; improved stellar parameters are needed to test this
conclusion. WASP-43 and WASP-103 have exceptionally high pre-
dicted SPI levels from the simple scaling laws illustrated in Fig. 8.

A quarter of the host stars of short-period exoplanets exhibit
anomalously low values of log(R′

HK). Activity can appear depressed
by circumstellar absorption of the stellar Ca II H & K flux. SPI
can potentially enhance the normal Ca II H & K emission. In some
systems, including WASP-103, both mechanisms may operate si-
multaneously. Such systems would not necessarily have obviously
anomalous log(R′

HK) activity ages. We recommend that the log(R′
HK)

index is never used as an age indicator for stars that host close-in
planets: it is unreliable for this purpose. Disentangling the mecha-
nisms to the extent of being able to predict which one dominates will
require extensive uniform observational work, covering a range of
stellar spectral types, ages, planet masses, planet radii, Roche lobe
radii, orbital separations and measurements of the stellar magnetic
field configurations.
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Barnes J. R., de Castro E., Cornide M., 2010, A&A, 512, A45
Hernán-Obispo M. et al., 2015, A&A, 576, A66
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