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Transiting Stellar Surfaces
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Centre-to-limb Variations on the Sun
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Parameterising the Granulation
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Stellar surface magneto-convection as a source of astrophysical noise 7

Figure 4. Average (thick) and individual (thin) line profiles from the four di↵erent contributions to granulation used in
the parameterisation: granules (green), MBPs (red), magnetic (blue) and non-magnetic (purple) intergranular lanes, for four
di↵erent stellar disc centre-to-limb angles. Flux is measured in units of erg s�1 cm�2 sr�1 Å�1.

photosphere, and therefore these components may also
experience a decrease in their thermal broadening. The
MBP components also do not decrease significantly

in continuum intensity until closer to the limb (see
Figure 5); this is likely because they change from point-
like structures within the intergranular lanes at disc cen-
tre (that are bright due to enhanced continuum inten-
sity and decreased radiation absorption) to also include
bright regions on the granular walls known as faculae
at higher inclinations. While the granule itself is non-
magnetic, as the granulation snapshot is inclined high
magnetic field concentrations in the intergranular lanes

decrease the opacity and allow the LOS to reach the
granular wall. Such regions then have high brightnesses
due to the high temperature of the granule, yet a high
magnetic field measurement due to the LOS traversing
regions of high magnetic field within the relatively trans-
parent intergranular lane. Although these regions are
better known as faculae and do not necessarily have
point-like surface areas, since they are both magnetic
and bright we include them in the MBP category across
the stellar disc. As a result, the decrease in brightness
of the MBPs as the simulations are inclined is partially

Cegla, H. M. et al
ArXiv: 1807.11423
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Figure 11. Time-average bisectors from the MHD simulation (red are from the original profiles and dashed green lines are from
the reconstruction) for various centre-to-limb positions (denoted in units of solar radii and approximate µ), after convolution
with an instrumental profile matching Cavallini et al. (1985a). Observations from Cavallini et al. (1985a) are shown in solid
black lines for the quiet Sun and dashed/dot-dashed lines for facular regions; observations from Löhner-Böttcher et al. (2018)
for the quiet Sun are shown in blue at µ intervals of 0.1; dashed lines indicate µ lower by 0.1. The simulated profiles and data
from Löhner-Böttcher et al. (2018) have been shifted to various positions to ease shape comparison with Cavallini et al. (1985a).

where the magnetic field is known to be similar to our
simulation. As such, we expect some di↵erences when
comparing to the literature due to variations in magnetic
field strength as compared to the MHD simulation.

5.1. Centre-to-limb Line Bisectors

Foremost, we compare line profile shapes by inspect-
ing the line bisectors at various limb angles and compar-
ing them to the solar observations from Cavallini et al.
(1985a) and Löhner-Böttcher et al. (2018). Since both of
these authors use time-averages (either via binned data
or long exposures) to smooth out the impact of the p-
modes (and increase signal-to-noise), we make this com-
parison on a line profile created from averaging over the
entire simulation time-series. Moreover, as we are com-
paring purely the line shape in this instance, we shift the
simulated profiles in wavelength to closer examine the
bisectors variations (see Figures 12 and 13 for a com-
parison of net RV). Finally, we convolve our simulated
profile with an instrumental profile matching the obser-
vations of Cavallini et al. (1985a) (a Gaussian with a
full-width at half-maximum [FWHM] of 40 mÅ); this
is particularly important as the symmetric instrumen-
tal profile acts to smooth out some of the asymmetries
in the underlying Fe I 6302 Å profile. In Figure 11,
we can see that our simulated profile shares character-
istics of both the observed quiet Sun and facular region
profiles. Near disc centre, our profiles and those of the
observed quiet Sun share a similar blueward slope near
the bottom of the line; at the same position, our simu-
lated profiles are more similar to observed facular region
profiles in the redward slope seen in the upper part of

the line. Towards the stellar limb, the simulated profile
begins to share even more curvature similarities with
the quiet Sun observations as compared to the facular
regions. This behaviour likely indicates that the mag-
netic field in our simulations is greater than the quiet
Sun (as expected), yet smaller than the facular regions
observed by Cavallini et al. (1985a). Nonetheless, given
the known di↵erences in magnetic field strength, we find
good line shape agreement with the observations across
the stellar disc.

5.2. Centre-to-limb Convective Blueshift

Next we compare the CLV in the net convective
blueshift as a function of limb angle. For the Fe I 6302 Å
line, we have CLV measurements for the quiet Sun from
Cavallini et al. (1985b), and even higher precision mea-
surements from Löhner-Böttcher et al. (2018). However,
as we know the enhanced magnetic field in our simula-
tion inhibits the convective flows, we anticipate poten-
tially large di↵erences in the CLV.
As such, we have also synthesised a small sub-

sample of Fe I 6302 Å line profiles for a MHD
simulation with a net magnetic field of 0 G. This
sample includes profiles from six snapshots, sepa-
rated in time by 20 minutes each, at nine centre-
to-limb positions, in steps of ⇠ 0.1 µ (from 1.0 -
0.1). In this way, this subsample should be su�-
cient to average out most of the impact from the
stellar oscillations, as well as capture the overall
centre-to-limb behaviour. A complete character-
isation of this simulation is beyond the scope of
this paper and will be the subject of future work;

Cegla, H. M. et al, in press ArXiv: 1807.11423 
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Local CCFs

Image: Rappaport et al
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Planets as Probes



Local CCFs

Image: Rappaport et al
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RELOADEDThe Rossiter-McLaughlin effect
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ABSTRACT

Probing the trajectory of a transiting planet across the disk of its star through the analysis of its Rossiter-McLaughlin e↵ect can be used

to measure the di↵erential rotation of the host star and true obliquity of the system. Highly misaligned systems could be particularly

conducive to these measurements, which is why we reanalyzed the HARPS transit spectra of WASP-8b using the Rossiter-McLaughlin

e↵ect reloaded (reloaded RM) technique. This approach allows us to isolate the local stellar CCF emitted by the planet-occulted

regions. As a result we identified a ⇠35% variation in the local CCF contrast along the transit chord, which might trace a deepening

of the stellar lines from the equator to the poles. Whatever its origin, such an e↵ect cannot be detected when analyzing the RV

centroids of the disk-integrated CCFs through a traditional velocimetric analysis of the RM e↵ect. Consequently this e↵ect injected a

significant bias into the results obtained by Queloz et al. (2010) for the projected rotational velocity veq sin i? (1.59+
0.08
�0.09 km s�1 ) and the

sky-projected obliquity � (–123.0+
3.4
�4.4
�

). Using our technique, we measured these values to be veq sin i? = 1.90 ± 0.05 km s�1 and � =

–143.0+
1.6
�1.5
�

. We found no compelling evidence for di↵erential rotation of the star, although there are hints that WASP-8 is pointing

away from us with the stellar poles rotating about 25% slower than the equator. Measurements at higher accuracy during ingress

and egress will be required to confirm this result. In contrast to the traditional analysis of the RM e↵ect, the reloaded RM technique

directly extracts the local stellar CCFs, allowing us to analyze their shape and to measure their RV centroids, unbiased by variations

in their contrast or FWHM.

Key words. methods: data analysis – planets and satellites: fundamental parameters – planets and satellites: individual: WASP-8 b –

techniques: spectroscopic

1. Introduction

1.1. Analysis of the Rossiter-McLaughlin effect

The occultation of a rotating star by a planet removes the profile

portion that is emitted by the hidden portion of the stellar photo-

sphere from the apparent stellar line shape. This distortion of the

spectral lines, known as the Rossiter-McLaughlin (RM) e↵ect

(Holt 1893; Rossiter 1924; McLaughlin 1924) traces the trajec-

tory of the planet across the surface of the stellar disk and is

thus sensitive to the velocity of the stellar photosphere and to the

alignment between the spins of the planetary orbit and the stellar

rotation (namely the obliquity). Measuring the spin-orbit align-

ment is particularly important because it can feed into theories

on planetary migration and evolution. To date, the sky-projected

obliquity has been measured for more than 90 planetary sys-

tems1 (Albrecht et al. 2012; Crida & Batygin 2014). Most of

these measurements have been carried out using Doppler spec-

troscopy, as the distortion of the stellar lines and their corre-

sponding cross-correlation function (CCF) induces deviations to

the Keplerian radial velocity (RV) of the star during the transit

that can be fitted with analytical formulae (e.g., Ohta et al. 2005;

Giménez 2006; Hirano et al. 2011; Boué et al. 2013). However,

because it only fits this RV anomaly and not the full spectral

CCF, this technique (hereafter referred to as the velocimetric

1 Holt-Rossiter-McLaughlin Encyclopaedia in Oct. 2016:
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analysis of the RM e↵ect) can be prone to significant biases

(e.g., Triaud et al. 2009; Hirano et al. 2010; Brown et al. 2017).

For example, fitting the RV anomaly with analytical or numerical

models that assume the local stellar profile is a constant Gaussian

can potentially inject biases of up to 20�30� in the projected

obliquity (Cegla et al. 2016b).

In recent years, Doppler tomography has been used to study

the alignment and properties of a growing number of planetary

systems (e.g., Collier Cameron et al. 2010; Gandolfi et al. 2012;

Bourrier et al. 2015). This technique relies on the decomposition

of the observed CCF profile into its di↵erent components (i.e.,

the stellar and instrumental profiles, the limb-darkened rotation

profile, and the missing starlight signature caused by the planet).

As such, it removes some of the biases of the velocimetric anal-

ysis and can provide additional constraints on the planet-to-star

radius ratio and intrinsic stellar line profile. Yet even Doppler to-

mography assumes a constant, symmetric line profile across the

stellar disk, and typically ignores the e↵ects of di↵erential rota-

tion and velocity shifts due to stellar oscillations and granulation.

This motivated Cegla et al. (2016a) to develop a new

technique to analyze and model the RM e↵ect (the Rossiter-

McLaughlin e↵ect Reloaded technique, hereafter reloaded RM).

By using the planet as a probe, the reloaded RM technique

isolates the local CCFs from the regions successively occulted

during the transit, with no particular assumptions about the shape

of the intrinsic stellar photospheric lines. Many properties can

Article published by EDP Sciences
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ABSTRACT

Probing the trajectory of a transiting planet across the disk of its star through the analysis of its Rossiter-McLaughlin e↵ect can be used

to measure the di↵erential rotation of the host star and true obliquity of the system. Highly misaligned systems could be particularly

conducive to these measurements, which is why we reanalyzed the HARPS transit spectra of WASP-8b using the Rossiter-McLaughlin

e↵ect reloaded (reloaded RM) technique. This approach allows us to isolate the local stellar CCF emitted by the planet-occulted

regions. As a result we identified a ⇠35% variation in the local CCF contrast along the transit chord, which might trace a deepening

of the stellar lines from the equator to the poles. Whatever its origin, such an e↵ect cannot be detected when analyzing the RV

centroids of the disk-integrated CCFs through a traditional velocimetric analysis of the RM e↵ect. Consequently this e↵ect injected a

significant bias into the results obtained by Queloz et al. (2010) for the projected rotational velocity veq sin i? (1.59+
0.08
�0.09 km s�1 ) and the

sky-projected obliquity � (–123.0+
3.4
�4.4
�

). Using our technique, we measured these values to be veq sin i? = 1.90 ± 0.05 km s�1 and � =

–143.0+
1.6
�1.5
�

. We found no compelling evidence for di↵erential rotation of the star, although there are hints that WASP-8 is pointing

away from us with the stellar poles rotating about 25% slower than the equator. Measurements at higher accuracy during ingress

and egress will be required to confirm this result. In contrast to the traditional analysis of the RM e↵ect, the reloaded RM technique

directly extracts the local stellar CCFs, allowing us to analyze their shape and to measure their RV centroids, unbiased by variations

in their contrast or FWHM.

Key words. methods: data analysis – planets and satellites: fundamental parameters – planets and satellites: individual: WASP-8 b –

techniques: spectroscopic

1. Introduction

1.1. Analysis of the Rossiter-McLaughlin effect

The occultation of a rotating star by a planet removes the profile

portion that is emitted by the hidden portion of the stellar photo-

sphere from the apparent stellar line shape. This distortion of the

spectral lines, known as the Rossiter-McLaughlin (RM) e↵ect

(Holt 1893; Rossiter 1924; McLaughlin 1924) traces the trajec-

tory of the planet across the surface of the stellar disk and is

thus sensitive to the velocity of the stellar photosphere and to the

alignment between the spins of the planetary orbit and the stellar

rotation (namely the obliquity). Measuring the spin-orbit align-

ment is particularly important because it can feed into theories

on planetary migration and evolution. To date, the sky-projected

obliquity has been measured for more than 90 planetary sys-

tems1 (Albrecht et al. 2012; Crida & Batygin 2014). Most of

these measurements have been carried out using Doppler spec-

troscopy, as the distortion of the stellar lines and their corre-

sponding cross-correlation function (CCF) induces deviations to

the Keplerian radial velocity (RV) of the star during the transit

that can be fitted with analytical formulae (e.g., Ohta et al. 2005;

Giménez 2006; Hirano et al. 2011; Boué et al. 2013). However,

because it only fits this RV anomaly and not the full spectral

CCF, this technique (hereafter referred to as the velocimetric

1 Holt-Rossiter-McLaughlin Encyclopaedia in Oct. 2016:
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analysis of the RM e↵ect) can be prone to significant biases

(e.g., Triaud et al. 2009; Hirano et al. 2010; Brown et al. 2017).

For example, fitting the RV anomaly with analytical or numerical

models that assume the local stellar profile is a constant Gaussian

can potentially inject biases of up to 20�30� in the projected

obliquity (Cegla et al. 2016b).

In recent years, Doppler tomography has been used to study

the alignment and properties of a growing number of planetary

systems (e.g., Collier Cameron et al. 2010; Gandolfi et al. 2012;

Bourrier et al. 2015). This technique relies on the decomposition

of the observed CCF profile into its di↵erent components (i.e.,

the stellar and instrumental profiles, the limb-darkened rotation

profile, and the missing starlight signature caused by the planet).

As such, it removes some of the biases of the velocimetric anal-

ysis and can provide additional constraints on the planet-to-star

radius ratio and intrinsic stellar line profile. Yet even Doppler to-

mography assumes a constant, symmetric line profile across the

stellar disk, and typically ignores the e↵ects of di↵erential rota-

tion and velocity shifts due to stellar oscillations and granulation.

This motivated Cegla et al. (2016a) to develop a new

technique to analyze and model the RM e↵ect (the Rossiter-

McLaughlin e↵ect Reloaded technique, hereafter reloaded RM).

By using the planet as a probe, the reloaded RM technique

isolates the local CCFs from the regions successively occulted

during the transit, with no particular assumptions about the shape

of the intrinsic stellar photospheric lines. Many properties can

Article published by EDP Sciences
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•Stellar surface phenomena alter line profiles & RVs
•Impacts planet detection/confirmation/characterisation

•Poses fundamental RV precision limit

•MHD simulations offer pathway to characterise and disentangle

•Can use planets to spatially resolve stars
•Probe convection, differential rotation etc.

•Validate MHD simulations (beyond the Sun!)

•Study evolution of star-planet systems

•Ask me about oscillations!

Summary

H. M. Cegla



What about oscillations…?
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Figure 3. Top left-hand panel: residual mode amplitude versus �t
c

. The vertical dotted line marks the

duration corresponding to ⌧
max

= 1/⌫
max

. Top-right hand panel: residual amplitude as a function of the

equivalent frequency ⌫
c

= 1/�t
c

as the independent variable. Bottom panels: frequency axes normalized by

⌧
max

and ⌫
max

.

We may calculate the p-mode signal amplitude that would remain for a given exposure length

by multiplying, in frequency, the mode amplitude
p
Pn(⌫) by the transfer function given by the

exposure duration (i.e., like the transfer functions shown in Fig. 1). The integral in frequency of this

product gives the total remaining or residual mode amplitude. Fig. 3 shows the results for exposures

of di↵erent duration �t
c

as applied to the solar spectrum in Fig. 2. The top left-hand panel shows

the residual signal amplitude, in m s�1, as a function of �t
c

. The vertical dotted line marks the

duration corresponding to ⌧
max

= 1/⌫
max

. The top-right hand panel instead uses the equivalent

frequency ⌫
c

= 1/�t
c

as the independent variable (with ⌫
max

marked by the vertical dotted line). In

the bottom panels the frequency axes have been normalized by, respectively, ⌧
max

and ⌫
max

.

Chaplin, W. J., Cegla, H. M., Watson, C. A., Davis, G. R. in prep for ApJ (hopefully submit next week!)


