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ABSTRACT

The results from a spectro-polarimetric study of the planet-hosting Sun-like star, HD 147513 (G5V), are presented here. Robust
detections of Zeeman signatures at all observed epochs indicate a surface magnetic field, with longitudinal magnetic field strengths
varying between 1.0–3.2 G. Radial velocity variations from night to night modulate on a similar timescale to the longitudinal magnetic
field measurements. These variations are therefore likely due to the rotational modulation of stellar active regions rather than the much
longer timescale of the planetary orbit (Porb = 528 d). Both the longitudinal magnetic field measurements and radial velocity variations
are consistent with a rotation period of 10 ± 2 days, which are also consistent with the measured chromospheric activity level of the
star (′ log R′HK = −4.64). Together, these quantities indicate a low inclination angle, i ∼ 18◦. We present preliminary magnetic field
maps of the star based on the above period and find a simple poloidal large-scale field. Chemical analyses of the star have revealed
that it is likely to have undergone a barium-enrichment phase in its evolution because of a higher mass companion. Despite this, our
study reveals that the star has a fairly typical activity level for its rotation period and spectral type. Future studies will enable us to
explore the long-term evolution of the field, as well as to measure the stellar rotation period, with greater accuracy.

Key words. stars: activity – stars: magnetic field – stars: solar-type – stars: individual: HD 147513 – techniques: polarimetric –
techniques: radial velocities

1. Introduction

As efforts to find planets around other stars intensify, there is a
need to better characterise stellar magnetic activity on a range
of timescales in moderate-activity stars. The HARPS instrument
on the ESO 3.6-m telescope at the La Silla Observatory is a
high-precision velocimeter, enabling stability to the 1 m s−1 level
(Pepe et al. 2005). The instrument also offers a polarimetric
mode, which enables the detection of stellar surface magnetic
fields (Piskunov et al. 2011). HARPS is thus ideally suited to
both studying stellar magnetic activity and analyse the contribu-
tion of magnetic activity to radial velocity “jitter” in intensity
line profiles (also see Dumusque et al. 2011).

Spectro-polarimetric observations of cool stars spanning al-
most three decades have yielded not only direct measurements of
magnetic fields at the surfaces of these stars (Donati et al. 1997),
but also detailed maps of large scale magnetic field topologies
through the technique of Zeeman Doppler imaging (Semel 1989,
Brown et al. 1991, Donati & Landstreet 2009). Over 40 main

sequence G-K stars have been imaged to date, and these studies
show general clear trends (see Vidotto et al. 2014). The slow-
est rotators (Prot > 15 d) possess the simplest and weakest large
scale fields. Fields strengthen and increase in complexity in more
rapidly rotating stars. Many of the maps for the most rapidly ro-
tating stars also feature strong surface toroidal fields; a feature
that has no clear counterpart on the Sun and very likely indicates
a change in the underlying stellar dynamo. The BCool collabo-
ration1 has collected and analysed circularly polarised spectra of
over 170 solar-type stars. Marsden et al. (2014) report magnetic
field detections on 67 of these stars and present these detections
in the context of their chromospheric activity, rotation and age.

We used HARPS in polarimetric mode to obtain high qual-
ity S/N spectro-polarimetric time series of two low-moderate
activity planet-hosting, solar-type stars. These data enable us

1 Bcool is part of the MagIcS international project – see
http://www.ast.obs-mip.fr/users/donati/magics/v1/
for more information.
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to characterise the magnetic activity properties in detail and
use these maps to model the coronae and conditions in these
young planetary systems. In the first study Alvarado-Gomez
et al. (2015) present magnetic field maps of the planet-hosting
G dwarf, HD 1237. Our time series revealed a rotation period
of seven days and the resulting magnetic field maps showed a
strong toroidal component.

We present the results for the second target in the study,
HD 147513. In Sect. 2 we give a more detailed description of
the stellar system. Observations and the analysis of the chromo-
spheric activity are in Sects. 3 and 4, respectively. The photo-
spheric line profiles are used to measure the longitudinal mag-
netic field and radial velocity and to study the night-to-night
variability in both these quantities. Our conclusions are sum-
marised in Sect. 6, and maps based on our best estimates of the
stellar rotation period are presented in the Appendix.

2. HD 147513

HD 147513 (GJ 620.1 A, HR 6094) is a bright (mV = 5.4) G
dwarf at a distance of 12.9 pc (Valenti & Fischer 2005). Its main
properties are listed in Table 1; these include both published
values and those determined in the analysis presented here.

HD 147513 is shown to be moderately magnetically ac-
tive, with an average X-ray luminosity of about 1029 erg s−1 in
the 0.1–2.4 keV ROSAT PSPC band (Schmitt & Liefke 2004).
For comparison, the average solar X-ray luminosity is approxi-
mately 1027.6 erg s−1, varying by an order of magnitude over the
course of the 11-year solar activity cycle (Judge et al. 2003).
Chromospheric activity is indicated by significant emission in
its Ca II H&K profiles with a range of R′HK values reported in
the literature (−4.6 < log R′HK < −4.38) (Saffe et al. 2005).
The rotation period of the star has been estimated based on
the above log R′HK values, and published estimates range be-
tween 4.7 (Mayor et al. 2004) and 8.5 ± 2.2 days (Watson et al.
2010). Age estimates based on chromospheric activity place the
star at 0.45 Gyr (Rocha-Pinto & Maciel 1998). The star may also
be associated with the 0.5 Gyr Ursa Major moving group (King
et al. 2003).

High precision radial velocity measurements spanning al-
most five years reveal the presence of a Jupiter-mass planet
(M sin i = 1.21 MJ, Porb = 528.4 d). The semi-amplitude is
K = 29.3 ± 1.8 m s−1 with a dispersion of 5.7 m s−1. Mayor
et al. (2004) report that the orbital properties of this planetary
system are characteristic of intermediate-to-long orbital period
radial velocity planets, with a semi-major axis, a = 1.32 au and
eccentricity, e = 0.26.

As also discussed by Mayor et al. (2004), the chemical anal-
ysis of HD 147513 points to a complex evolutionary history. Its
high lithium abundance indicates its relative youth. However, the
star is also found to be over-abundant in barium and s-process el-
ements. Porto de Mello & da Silva (1997) suggest that this is due
to mass transfer between HD 147513 and the AGB progenitor of
the white dwarf, CD-38◦10980, which is found to have a com-
mon proper motion. This well-studied white dwarf has an age
of 30 Myr and is at a distance of 5360 au from HD 147513 with
an original mass of 2.6 M�. This more massive star may have
driven sufficient mass transfer onto HD 147513 to explain its ob-
served abundance of s-process elements. Indeed Porto de Mello
& da Silva (1997) suggest further that these stars may have been
part of a multiple star system, bound with the binary, HR 2047;
which is 24 pc away, a confirmed member of the UMa mov-
ing group, and which also shows evidence of barium enrichment
(albeit to a lesser extent).

Table 1. HD 147513 basic properties.

Parameter Value Reference
Sp. type G5V Soderblom & Mayor (1993)
B − V 0.62 Soderblom & Mayor (1993)
Age [Gyr] ∼0.45 Rocha-Pinto & Maciel (1998)
Teff [K] 5930 ± 44 Valenti & Fischer (2005)
log(g) 4.612 ± 0.06 Valenti & Fischer (2005)
M∗ [M�] 1.07 ± 0.01 Takeda et al. (2007)
R∗ [R�] 0.980.03

−0.02 Takeda et al. (2007)
v sin i [km s−1] 1.5 ± 0.4 Valenti & Fischer (2005)
i [◦] 1812

−8 This work
vR [km s−1] 13.232 ± 0.09 This work
Prot [days] 10.0 ± 2.0 This work
log(R′HK) −4.64 ± 0.05 This work
log LX 28.92 Schmitt & Liefke (2004)

Table 2. Journal of observations.

Date BJD (TT) UT Stokes I
(2012) (2 400 000+) Peak S/N
Jul. 15 56 123.53315 00:40:36 660
Jul. 15 56 124.52049 24:22:28 810
Jul. 17 56 125.54088 00:51:56 570
Jul. 18 56 126.53188 00:39:03 720
Jul. 18 56 127.50182 23:55:52 734
Jul. 20 56 128.53529 00:44:09 923
Jul. 22 56 130.59443 02:09:32 550
Jul. 23 56 131.71964 05:09:56 340

Notes. The columns contain the date, the corresponding Barycentric
Julian Date (BJD), the start time of the observations in UT, the exposure
times, and the Stokes I peak signal-to-noise ratio (S/N).

3. Observations

In this paper we present high S/N high resolution circularly
polarised spectra obtained using the polarimetric mode of the
HARPS echelle spectrograph at the ESO 3.6-m telescope at the
La Silla Observatory (Piskunov et al. 2011, Mayor et al. 2003).

The spectra encompass a wavelength range from 378 nm
to 691 nm, with a 8 nm gap centred at 530 nm. The data were
acquired in 2012 July under changeable weather conditions and
a full observation log is shown in Table 2. All the exposures had
the same exposure time of 3600 s for the full circularly polarised
spectrum (Stokes V) sequence. This is obtained by combining
four individual sub-exposures using the ratio method (see Donati
et al. 1997; Bagnulo et al. 2009) and enables a null-polarisation
spectrum to be constructed in order to check for possible spu-
rious polarisation contributions to the Stokes V profiles (Donati
et al. 1997).

Data were reduced using the ESPRIT package which has
been adapted for the HARPS instrument (Donati et al. 1997;
Hébrard et al., in prep.). This package produces an optimal ex-
traction of the bias-subtracted spectra after flat-fielding correc-
tions. The slit shape is averaged over each order and used to
compute the curvilinear coordinate system along which the spec-
tra are extracted. The calibration frames required by the package
are the bias frames, flat field frames and a good quality ThAr arc
spectrum that were acquired each night. Spectra extracted using
the REDUCE package (Piskunov & Valenti 2002; Makaganiuk
et al. 2011) were almost identical compared to those reduced
with the ESPRIT, with the latter showing slightly higher S/N
levels. As barycentric corrections are also applied to the spec-
tra reduced by ESPRIT, this is the dataset used in the analysis
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Fig. 1. Chromospheric activity in HD 147513: Comparison between
Ca II K observed with HARPS in 2012 July 18 (red dotted line) and
archive FEROS spectra from 2006 July 15 (black solid line). The
HARPS spectra have been rebinned to enable a better comparison with
the FEROS spectra, which have a lower spectroscopic resolution.

presented here. The extracted data have spectroscopic resolu-
tions varying from 95 000 to 113 000, depending on the wave-
length, with a median value of 106 000. Given the noise level of
these data 1 m s−1 accuracy should be achievable in the radial
velocity measurements.

4. Chromospheric activity

In order to characterise the chromospheric activity level of the
star at the observed epoch, we present an analysis of the Ca II H
(396.8492 nm) and K (393.3682 nm) lines, converting the fluxes
to the classic Mount Wilson S-index, S MW. This index is defined
as follows:

S MW =
H + K
R + V

· (1)

Here H and K represent the fluxes measured in each of the
Ca II line cores using 0.105 nm wide spectral windows. R and V
are the fluxes measured in the continuum over 2 nm windows
centred at 390.1 nm and 400.1 nm respectively, on both sides
of the Ca II region. The HARPS S-index was converted to the
Mount Wilson scale by first measuring a calibration factor, α,
for a series of standard stars observed with HARPS that also
have published S MW values. The spectra from a number of G
and K-type stars were renormalised to the continuum level in the
same way and aligned using a high S/N HARPS solar spectrum
as a template. The largest contribution to the measurement errors
is likely due to slight differences in the continuum normalisation
for each individual exposure. We find that the renormalisation
introduces a typical error of 5%. The errors on the values of
the S-index are however dominated by the conversion factor, α,
and we refer to Alvarado-Gomez et al. (2015) for further details.
Their conversion factor, α = 15.39 ± 0.65, is used to compute
the HARPS S-index using the measured HARPS fluxes, H, K,
R, and V:

S MW = α
(H + K

R + V

)
H
· (2)

Sample spectra from our dataset are shown in Fig. 1 (red line),
clearly illustrating emission in the cores of both Ca II H&K
profiles due to significant chromospheric heating and indicat-
ing a moderate magnetic activity level. An average S-index

of 0.23 ± 0.01 is computed for our dataset. No significant vari-
ability is found in the Ca II H&K fluxes over eight days, in-
dicating a constant contribution from the chromospheric active
regions even as the star rotates (with estimated rotation periods
in the literature ranging from 4.7–8.5 d).

The S-index is converted to the chromospheric activity in-
dices, RHK and R′HK applying the colour and photospheric cor-
rections for main sequence cool stars and a B − V of 0.62
(Middelkoop 1982; Noyes et al. 1984). This conversion results
in an average log R′HK of –4.64 ± 0.06 (from log RHK = −4.44 ±
0.04).

As noted in Sect. 2 a wide range of log R′HK values in the
literature, ranging from −4.6 to −4.38 over a period spanning
almost 20 years (from 1983 to 2004; Soderblom & Clements
1987, Saffe et al. 2005). In order to investigate whether long-
term changes (e.g., due to magnetic activity cycles) might be
at the root of these different measurements we searched public
archives for spectra of HD 147513 that cover the relevant wave-
length range. Figure 1 shows a comparison between spectra ac-
quired in 2006 (archive FEROS spectra) with our 2012 HARPS
spectra. It is clear that there is little variability over these two
epochs and the corresponding R′HK indices are therefore iden-
tical within the measurement errors. While this cannot exclude
intrinsic variability over a wider range of timescales it is likely
that the chromospheric activity level is more stable than sug-
gested from the range of published measurements. We conclude
that these variations are likely dominated by differences in con-
versions to the Mt. Wilson index from spectra acquired from a
range of instruments.

It is possible to estimate the rotation period of the star within
about 20% accuracy using its log R′HK index and the conversion
factors presented by Noyes et al. (1984). The Rossby number of
the star is computed using its R′HK index, while the convective
turnover timescale, τc can be estimated from the star’s B − V .
We find a period of 12.4 d, for our value (log R′HK = −4.64); this
is somewhat larger but still compatible with the 8.5-d estimate
(Watson et al. 2010; based on a log R′HK of −4.52). However, it is
completely incompatible with the 4.7-d value based on the high-
est log R′HK = −4.38 (Mayor et al. 2004). Combining these esti-
mates for the stellar rotation period with its projected rotational
velocity, ve sin i, and radius (Table 1), it is possible to compute
the inclination angle of the star. For HD 147513 a relatively low
inclination angle is expected; using the range of 4.7–12.4 d pe-
riods and radius (Table 1) the star’s inclination angle must be
between 10–25◦.

5. Photospheric line profiles and stellar magnetic
field

As the large scale magnetic field in cool stars such as HD 147513
is expected to be relatively weak (�1 kG), it is not possi-
ble to detect significant polarisation in individual photospheric
line profiles. It is therefore necessary to employ a multi-line
technique, e.g. Least Squares Deconvolution (LSD, Donati
et al. 1997), to exploit the full wavelength coverage of the
dataset (378–691 nm) and use the signal from thousands of pho-
tospheric spectral lines. It is typically possible to enhance the
S/N by a factor of ∼30, compared to the original spectrum in
this way.

The mask used in the LSD analysis is constructed from an
atomic line list extracted for a star with the same basic pa-
rameters (Teff , log g) as HD 147513 from the VALD database2

2 http://vald.astro.uu.se/ – Vienna Atomic Line Database
(VALD3).
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Fig. 2. LSD profiles of HD 147513. Left: Stokes I (intensity) and right:
Stokes V (circularly polarised) profiles. The mean Stokes V profile com-
puted over this dataset has been overplotted (red line) to investigate vari-
ability from night to night. The dashed vertical lines denote the velocity
limits over which the B` measurements were calculated.

(Kupka et al. 2000). This downloaded line list is first “cleaned”
of all strong lines, including any diagnostics that are likely
to have significant contributions from the chromosphere (e.g.,
Ca II H&K, Hα). This list is then further tailored to the star by
adjusting the individual depths to fit those of the spectral lines
of HD 147513. As discussed by Alvarado-Gomez et al. (2015)
this “clean-tweaking” method (see Neiner et al. 2012) is most
commonly employed when applying LSD to hot (OB) stars. As
cool stars have thousands of photospheric line profiles, this tech-
nique does not have as significant an impact on the LSD profiles
but does increase them in S/N by between 5–10% compared to
the original “clean” line mask (Alvarado-Gomez et al. 2015).
LSD is then applied to our spectro-polarimetric dataset using
these tailored clean-tweaked masks, cutting off at a depth of 0.1.
This results in almost 4500 lines being used in the deconvolu-
tion. The velocity step used is 0.8 km s−1, which corresponds to
the average pixel size of the CCD.

5.1. LSD profiles

Figure 2 shows the time series of the derived LSD profiles of
HD 147513 over 8 days.The Stokes I (unpolarised) profile is
shown in the left column, while the Stokes V (circularly po-
larised) profiles for each epoch are compared to the mean pro-
file on the right. The noise level in the Stokes I LSD profiles
remains fairly constant (∼9.8 × 10−4) over the whole dataset.
Definite positive magnetic field detections are found in each of
the circularly polarised (Stokes V) profiles. From Fig. 2 it is clear
that the shape of the Stokes V profiles is largely unchanged over
the course of the observations, showing a classic antisymmet-
ric shape with respect to the centre. There does however, ap-
pear to be a modulation in the amplitude of the Stokes V pro-
files which is indicative of a small level of inhomogeneity and
non-axisymmetry in the large scale field of the star.

5.2. Longitudinal magnetic field

The derived LSD profiles can be used to compute the sur-
face averaged longitudinal magnetic field (B`). This quantity

Fig. 3. B` measurements of HD 147513 show significant variability over
the 8-day span of the dataset. The x-axis shows the time in Barycentric
Julian Date (see Table 2) and the red and black dashed lines denote the
mean B` (2.0 G) and 0 G levels respectively.

is measured with respect to the intensity line profile, using the
central wavelength λ (0.519 µm) and the mean Landé factor,
ḡ (1.197) of the LSD profiles according to the following formula
(Donati et al. 1997; Wade et al. 2000).

B` = −714

∫
vV(v)dv

λḡ
∫

[1 − I(v)] dv
, (3)

The measurements of B` for HD 147513 are calculated be-
tween 5.0 and 21.2 km s−1 from the line centre and show vari-
ability from night to night. The uncertainties on these values are
determined via standard error propagation from the spectra. The
range of values shown in Fig. 3 is higher than the range typically
seen on the Sun, where |B` | is predominantly under 1 G; solar
|B` | values can get as high as 3–4 G but only very rarely (Kotov
et al. 1998). As noted in Sect. 1, the chromospheric and coro-
nal magnetic activity levels of the Sun and HD 147513 are very
different. It is therefore highly likely that these surface magnetic
field measurements have a different origin; HD 147513 should
have much larger, stronger active regions at the stellar surface
compared to the Sun. The B` modulations observed in Fig. 3 are
significant (over 3σ) and their timescale is consistent with that
expected by rotational modulation of active regions. Figure 3
strongly discounts the possibility of a period shorter than 8 d
and hence excludes the previously published value of 4.7 d.
Naturally this argument assumes that the variability is not driven
by the emergence of new flux. Studies of active cool stars tracing
starspot lifetimes typically show that the large scale field should
remain stable over a period of several weeks and so this appears
to be a reasonable assertion (Barnes et al. 1998; Hussain 2002;
Strassmeier 2009).

5.3. Radial velocity and activity

We measured the radial velocity (RV) at each observation epoch
by least-squares fitting Gaussians to the Stokes I LSD profiles.
The resulting measurements are shown in Fig. 4, the errors
are smaller than the symbol sizes (±1 m s−1). We find signifi-
cant variations about a mean RV, v̄ = 12.232 ± 0.009 km s−1

over 8-days. As the span of our observations is so much smaller
than the orbital period of the planet it is clear that these variations
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Fig. 4. RV variability in m s−1 over the 8-day span of the dataset about
the mean (dotted line – 13.232 km s−1). The red line shows the pre-
dicted RV contribution of the planet over the same timeframe using the
reported ephemeris (Mayor et al. 2004). As in Fig. 3, the x-axis shows
the time in Barycentric Julian Date.

are stellar in origin.This is clearly demonstrated in the compari-
son of the measured RV variability with the expected RV contri-
bution caused by HD 147513b in Fig. 4. This was computed us-
ing the ephemeris reported by Mayor et al. (2004). We note that
the timescale of these variations is consistent with that shown by
the B` measurements (Fig. 3). Unfortunately, as less than one full
rotation period is sampled in these observations, it is not possible
to establish whether this is definitively due to rotational mod-
ulation of active regions; although this appears to be the most
likely explanation. In particular, as these spectra were obtained
by integrating over 1 h, shorter timescale phenomena (e.g., pul-
sations, granulation) are unlikely to contribute significantly to
these RV measurements (Dumusque et al. 2011).

6. Discussion and conclusions

We have presented an analysis of spectro-polarimetric data of
the planet-hosting barium-rich G dwarf, HD 147513. We mea-
sured an S-index of 0.23 using the Ca II H&K lines and use
this to compute a mean chromospheric activity index, log R′HK,
of−4.64. We compared our HARPS spectra with archive FEROS
Ca II H&K spectra acquired six years previously and find an
identical level of chromospheric emission in the cores of the
profiles, which indicates that the level of the activity remains
more constant than the range of published log R′HK indices would
suggest (Saffe et al. 2005).

We obtain robust magnetic field detections at all observed
epochs and note that this star belongs to the group of low-
moderate activity stars as classified in the “Bcool” project.
Marsden et al. (2014) find that stars with a similar S-index
typically have a 60% chance of a definite magnetic field de-
tection. In the same paper they conclude there is a smaller,
40% chance, of detecting a magnetic field in stars with sim-
ilar ve sin i values (<2 km s−1). The activity measurements for
HD 147513 (log R′HK of −4.64 and longitudinal magnetic field
values, 0.96 < B` < 3.2 G) reported here indicate that it is fairly
typical compared to the BCool star sample (Fig. 15 in Marsden
et al. 2014). HD 147513 falls in the middle of the corresponding
activity bin of the BCool sample, indicating that as with other
cool stars its activity is determined predominantly by its age
and rotation despite its unusual evolution and barium enrichment
(see Sect. 2).

Stellar rotation periods can be estimated to about 20% ac-
curacy based on their chromospheric log R′HK index. Our mea-
surements indicate a period of 12.4 days. Least-squares fitting
of sine-curves to the Bl and RV measurements (Figs. 3 and 4)
reveal rotation periods of 10.4 d and 9.3 d respectively, though
longer periods cannot be excluded. Fitting both together we find
a rotation period of 10 d, which is the period adopted for the
reconstruction in the Appendix. We can therefore definitively
exclude the 4.7 d reported by (Mayor et al. 2004). A 10-d pe-
riod is consistent with an age of ∼0.5 Gyr using different activ-
ity saturation-threshold braking laws (Krishnamurthi et al. 1997,
Reiners & Mohanty 2012). However, as large spreads are found
in rotation periods of stars with similar masses at these ages,
it is simply noted that the gyrochronological age derived for
HD 147513 is consistent with the age of the UMa group.

Significantly longer periods (>20 d) are ruled out due to the
relatively high values of the chromospheric and coronal activity
indices. The low ve sin i of 1.5 km s−1 is therefore likely due to
a low inclination angle. With a period of 10 d we compute an
inclination angle of 18◦, which is in good agreement with 15+8◦

−6 ,
as determined by Watson et al. (2010). Based on the maximum
and minimum likely values of the radius, rotation period esti-
mates and vsini measurements we find that the inclination can
vary between 10 to 30◦.

Even though a good quality time series of HD 147513
was acquired, as the period covered appears to be less than
the rotation period of the star, we cannot definitively measure
the rotation period of the star using ZDI as done in previous
studies (recent examples; Jeffers et al. 2014, Alvarado-Gomez
et al. 2015). A map of the large-scale surface magnetic field is
produced using our best estimate of the period and the tech-
nique of ZDI (Fig. A.1). We investigate how the large scale
structure is affected by the rotation period, varying the period
between 8–12 days, and find that some aspects of the large
scale field change (e.g., the magnetic field strength and energy).
Regardless of the rotation period used no significant toroidal
component is required and the Stokes V signatures can be ad-
equately fit assuming a purely poloidal field. This is different to
the ZDI analysis of the G8V star, HD 1237 (Prot = 7 d); which
shows a dominant toroidal field (Alvarado-Gomez et al. 2015).
While a strong toroidal field of the type detected on HD 1237 can
be definitively excluded in HD 147513, the reconstruction is not
very sensitive to weaker toroidal field components. Furthermore,
as shown in other stars with similar or slightly higher activity
levels, e.g., ε Eri and ξ Boo, the toroidal field component may
have a stronger contribution at other epochs (Jeffers et al. 2014,
Morgenthaler et al. 2012).

We computed the expected RV signature of the planet and
found this to be almost constant over the 8 d timescale probed
by our observations. As noted, the measured RV variations show
a similar modulation to that traced by B` and are consistent with
the same period. It is therefore likely that the RV variability is
stellar in origin and due to magnetic activity, e.g., due to a dark
spot aligned with the dipolar field. Both surface spots and plage
and broadening effects due to the small scale local field are found
to affect the shape of the line profiles albeit in different ways
(e.g., Dumusque et al. 2014; Hebrard et al. 2014).

We calculate a RMS of 9 m s−1 in these RV measurements.
This is 50% larger than the reported σ(O–C) of ±5.7 m s−1

(Mayor et al. 2004). Those measurements were based on 30 ob-
servations acquired over 1690 d whereas ours have been col-
lected on a timescale closer to the star’s rotation period. The
K-velocity amplitude due to the planetary orbit is 29.3 ±
1.8 m s−1. This is a higher level of activity jitter than previously
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reported and further observations would be necessary to confirm
whether this level of jitter is typical for the star but would likely
not significantly affect the planet detection.

We note that the RV RMS we measure is of the same order
as that reported in the moderately active M2.5 dwarf, GJ 674,
by Bonfils et al. (2007). Whereas the spot causing the RV vari-
ability in GJ 674 shows a clear correlation with chromospheric
and photospheric spectral indices, no such correlation is found
for HD 147513. In HD 147513, the chromospheric activity in-
dex remains constant over the eight-day span of the observa-
tions. This different relationship between the RV signature of
the active region and the chromospheric activity index may be
due to the different spectral types of the stars, the lower chro-
mospheric activity index of HD 147513 or differences in the
geometric properties of the spot signatures in these two stars.
Further studies combining spectro-polarimetry with velocimetry
are necessary to better understand the dependence of RV jitter
on these parameters.
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Appendix A: Magnetic field maps of HD 147513

We present here the maps of the large scale surface magnetic
field of HD 147513 assuming the 10-d rotation period that pro-
vided the best fit to the longitudinal field and RV variability re-
ported earlier in the paper. These have been reconstructed using
the ZDI code presented in Hussain et al. (2002); this describes
the field in terms of spherical harmonics and allows for both
poloidal and toroidal field components. The local line profile has
been modelled using a Milne-Eddington profile whose width and
amplitude were adjusted to fit that of HD 147513 and the equiv-
alent width of 67 mÅ, following the approach of Donati et al.
(2008). More specifically a Voigt profile was used in order to
better fit the wings of the Stokes I LSD profiles in this low ve sin i
star. The width of the local profile was adjusted to find the best fit
to the integrated Stokes I profile in agreement with the published
ve sin i value. The model fits shown here all assume a linear limb
darkening law, with a limb darkening coefficient of 0.65 (Sing
2010).

The resulting maps fit the observed data to a reduced χ2

of 1 and are shown in Fig. A.1. By restricting the solution to
a dipolar solution (lmax = 1) convergence cannot be found be-
yond χ2

r of 1.4. We adopt a maximum spherical harmonic de-
gree of lmax = 3 as we find no significant improvement in the fit
by allowing higher-order modes. These maps have been derived
assuming an inclination angle of 18◦. Magnetic field regions
down to −18◦ latitude should contribute to the observed line pro-
files in stars with inclination angles of 18◦.The region below the
equator is mostly not visible due to the low inclination angle.
Nevertheless field is reconstructed in the unobserved hemisphere
due to the low order spherical harmonics used. Most of the en-
ergy (70%) is concentrated in the aligned dipolar, quadrupolar
and octupolar components (25%, 24% and 21% respectively),
with the rest predominantly divided between the l = 1,m = 1
and l = 2,m = 2 modes.

We note that no extra toroidal field component was re-
quired to fit the data (also see Sect. 6). Toroidal fields have
weaker contributions to circularly polarised profiles in low in-
clination angle stars as Stokes V profiles are sensitive to the
line-of-sight component of the magnetic field. Hence toroidal
fields, particularly at high latitudes will have a weak contri-
bution compared to radial field regions with similar strengths.
Despite this it is still possible to exclude the presence of the
type of dominant unidirectional azimuthal feature recovered in
the maps of the more rapidly rotating G-type stars, HD 1237
and ξ Boo (Alvarado-Gomez et al. 2015) and (Morgenthaler
et al. 2012) as the signature would still be unambiguously de-
tectable. ξ Boo is itself a relatively low inclination star (i = 28◦),
and shows a dominant toroidal field component at its highest ac-
tivity states. Future observations of HD 147513 are necessary
to reveal whether or not there is a similar change in the relative
strength of the toroidal field component with its activity level.

We analysed how the uncertainty in the rotation period may
affect the large scale field by reconstructing maps assuming peri-
ods of 8 and 12 days. The general structure remains very similar
to that shown in Fig. A.1 with the main features being either
concentrated or smeared out with the shorter and longer period.
The main difference is in the strength of the magnetic flux, which
is 20–25% stronger and weaker in the maps derived for the 8-d
and 12-d periods respectively. This is expected as the phase

Fig. A.1. Magnetic field maps and fits to the Stokes V data. First three
panels: radial, azimuthal and meridional field components respectively.
Red and blue represents ±25 Gauss. Bottom panel: fits to the Stokes V
profiles (χ2

r = 1). The corresponding rotation phases are listed in the
bottom left corner assuming a 10-d rotation period.

coverage is more sparse in the 12-d map. Further observations
spanning 16–20 days would be necessary to ascertain the period
with greater accuracy.
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