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ABSTRACT
Stellar activity is the major roadblock on the path to finding true Earth-analogue planets with
the Doppler technique. Thus, identifying new indicators that better trace magnetic activity
(i.e. faculae and spots) is crucial to aid in disentangling these signals from that of a planet’s
Doppler wobble. In this work, we investigate activity related features as seen in disc-integrated
spectra from the HARPS-N solar telescope. We divide high-activity spectral echelle orders
by low-activity master templates (as defined using both log R′

HK and images from the Solar
Dynamics Observatory, SDO), creating ‘relative spectra’. With resolved images of the surface
of the Sun (via SDO), the faculae and spot filling factors can be calculated, giving a measure
of activity independent of, and in addition to, log R′

HK . We find pseudo-emission (and pseudo-
absorption) features in the relative spectra that are similar to those reported in our previous
work on α Cen B. In α Cen B, the features are shown to correlate better to changes in faculae
filling factor than spot filling factor. In this work, we more confidently identify changes in
faculae coverage of the visible hemisphere of the Sun as the source of features produced in the
relative spectra. Finally, we produce trailed spectra to observe the radial velocity component
of the features, which show that the features move in a redward direction as one would expect
when tracking active regions rotating on the surface of a star.

Key words: techniques: radial velocities – Sun: activity – Sun: faculae, plages – planets and
satellites: detection.

1 INTRODUCTION

In Thompson et al. (2017), and hereafter Paper I, we investigated
the impact of stellar activity from α Cen B on HARPS spectra,

� E-mail: athompson1501@qub.ac.uk
† NASA Sagan Fellow.

by comparing observations taken during magnetically active and
inactive phases. This work uncovered a forest of ‘pseudo-emission
features’: increases in the intensity of the relative spectra con-
structed by dividing ‘high-activity’ spectra (as defined by log R′

HK )
by a low-activity template spectrum. These features varied in
strength and velocity on time-scales of the stellar rotation period,
and also correlated well with the passage of a region of activity
as seen in log R′

HK . This work has since been verified by Wise
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et al. (2018) and Lisogorskyi, Jones & Feng (2019). In addition, in
Paper I, we found morphological differences in the pseudo-emission
features that pointed to the underlying physics driving the line-
profile changes. Simple modelling of the shapes and strengths of
these pseudo-emission features strongly indicated that the spectral
variability was likely being driven by faculae, rather than starspots.

This is potentially an important result in the field of radial
velocity (RV) measurements of extrasolar planets. While active
stars are spot-dominated, quiet stars are known to be plage/faculae-
dominated (Radick, Lockwood & Baliunas 1990; Hall et al. 2009;
Lockwood et al. 2007; Shapiro et al. 2016). Faculae and plage
are the terms used to describe bright magnetic regions in stellar
atmospheres, with faculae being used when describing these regions
within the photosphere, and plage as its chromospheric counter-
part. It is faculae that is believed to represent the fundamental
barrier to the RV detection of, for example, an Earth analogue
(Saar & Donahue 1997; Saar 2003; Meunier, Desort & Lagrange
2010; Dumusque, Boisse & Santos 2014; Haywood et al. 2016).
Appearing as bright magnetic regions, faculae suppresses the
underlying convection in the stellar atmosphere. Since convection
consists of uprising, bright, hot material (granules) that cools and
sinks into dark intergranular lanes, convective motion imprints a
predominantly blueshifted signal on spectral lines. Where faculae
occurs, the associated enhanced magnetic field inhibits convection
– which suppresses the convective blueshift component relative to
the surrounding photosphere. This leads to spurious RV signals as
active regions both evolve and rotate across the stellar disc. The
higher filling factor, more homogeneous distribution, and lower
contrast of faculae compared to the much darker spots have made
faculae difficult to track in both light curves and spectra. As a
result, techniques to remove their effects such as the FF′ method
(Aigrain, Pont & Zucker 2012) assume that faculae and spots
are spatially coincident, which then allows the light curves to
inform the RV noise solution (since the light-curve modulation
of the spots can be monitored). In the case of the Sun, however,
we know that this underlying assumption (that spots and faculae
are spatially coincident) is not the case. For example, the longer
lifetimes of facular regions relative to spots (see Shapiro et al.
2020, and references therein) mean they can persist for several solar
rotations, whereas sunspots rarely complete more than 1 rotation.
Thus, faculae are frequently unrelated to spots.

While there are a number of other sophisticated astrophysical
noise removal techniques that perform well (see Dumusque et al.
2017, for a comprehensive breakdown of the most up-to-date
techniques used within RV measurements), most do not make use
of the wealth of information contained within a spectrum. The
standard approach to mitigating RV noise from stellar activity is to
decorrelate stellar noise from measured RVs using cross-correlation
function (CCF) parameters. These include the CCF full width at
half-maximum (e.g. Queloz et al. 2009; Hatzes et al. 2010) and
bisector span (Queloz et al. 2001) – although recent work has
demonstrated that using a skewed-normal distribution provides a
more self-consistent result than measuring CCF parameters and
bisector span separately (Simola, Dumusque & Cisewski-Kehe
2019). Other recent work has also tried to make better use of the
high-resolution spectral information by instruments like HARPS.
Dumusque (2018), for example, looked at the RV motion of indi-
vidual lines rather than using a CCF. They were able to categorize
spectral lines as either being sensitive or insensitive to changes in
activity, allowing for either a reduction in the RV variation due to
activity (i.e. better for planet detection) or to better isolate the RV
variation due to activity to probe the surface of stars. Indeed, with

our previous work in Paper I, we see individual lines responding
differently to the effects of activity, with some lines more affected by
activity than others. This valuable activity information can become
more entangled with planetary RV signals when using the averaging
approach of the CCF.

The aim of this paper is to conduct a similar analysis to that of
Paper I and determine whether individual spectral-line variability
(driven by stellar activity) can also be identified in disc-integrated
spectra of the Sun. This would also enable the underlying cause
(sunspots or faculae) of such variability to be determined by directly
relating such variability to observable features on the solar surface.
Determining the activity-sensitive lines in the Sun may also be of
future use for uncovering an Earth-analogue planet. We obtained
high-resolution, disc-integrated solar spectra using the HARPS-
N solar telescope (Phillips et al. 2016), a small solar telescope
that feeds light into the HARPS-N instrument on the Telescopio
Nazionale Galileo (TNG, Cosentino et al. 2012). In this study, we
perform a similar analysis to Paper I and follow the framework laid
out in it: producing relative solar spectra to highlight any changes
in the strength of spectral lines and correlate these with activity
indicators like log R′

HK , as well as spot- and faculae-filling factors
determined via Solar Dynamics Observatory (SDO) images.

The paper is structured as follows. In Section 2, we describe the
HARPS-N solar telescope, as well as the data reduction process.
This section also includes an investigation into, and removal of, a
strong etaloning found in the data. In Section 3, we perform a search
of the data for features similar to those found in α Cen B (Paper I)
and produce trailed spectral to better visualize the RV variations of
the features. The results of this search are discussed and summarized
in Section 4.

2 DATA AND DATA REDUCTION

Data for this study were obtained using the HARPS-N solar
telescope. This is an instrument that takes full disc-integrated spec-
troscopic measurements of the Sun to better understand how surface
inhomogeneities can affect precise RV measurements. Using its
unique ‘Sun-as-a-star’ observing capabilities, the RV signatures of
stellar activity can be isolated from that of the (known) Doppler
wobble shifts induced by the solar-system planets – providing a
clean trace of the astrophysical noise associated with solar activity.
Only a brief description of the instrument is given here, see Phillips
et al. (2016) for more detail on the telescope and Dumusque et al.
(2015) for information on its science goals. The HARPS-N solar
telescope is a small 3-inch telescope that takes light from the Sun
and fibre feeds it to the HARPS-N instrument. Being the only
setup to operate at the telescope during the day, the survey is run
continuously and limited only by weather. A 5-min exposure time is
selected to reduce the effects of solar oscillations. Since seeing first
light on 2015 July 18, the telescope has been continuously taking
data, and at the time of writing there are over 60 000 high-resolution,
high signal-to-noise (S/N) measurements of the Sun spanning over
three years (see Cameron et al. 2019, for the data of the first three
years).

For the analysis presented in this paper, a small subset of the data
was selected based on the level of solar activity, and was processed
in a similar way to Paper I to produce comparable results. The time
interval selected contained 69 d worth of data from 2016 June 16 to
August 24 (MJD:57555−57624). This 2016 interval was selected
as this shows a clear periodic modulation of the log R′

HK over two
solar rotation periods (highlighted in the embedded panel in Fig. 1)
and exhibited one of the largest changes in activity over a single
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Figure 1. HARPS-N solar telescope log R′
HK measurements of the Sun,

where the variability seen is due to active regions rotating on and off the
solar surface, with the red points representing the average value per day.
Although a large amount of variation can be seen, all these values can be
considered as being from a ‘quiet’ star since, during this period, the Sun
was on descent into solar minimum. The 2016 interval selected for analysis
(MJD:57555−57624) is shown by the zoomed-in region and chosen from
the log R′

HK values. The day used for the low-activity template is marked
in yellow.

solar rotation period. For this analysis a low-activity template was
created, and we selected data from 2016 June 26 for this purpose
as it was one of the lowest activity days during the 2016 interval
(highlighted as a yellow point in Fig. 1). The spectra from this day
were compared to SDO/HMI (Helioseismic and Magnetic Imager)
images, which showed no spots on the surface and very little
faculae, so represent a close approximation of the Sun having a
truly immaculate photosphere.

We would like to note one difference between the analysis
conducted in this work, and that conducted in Paper I. In this
work, the low-activity template spectrum (against which all other
spectra are compared in our analysis in order to monitor spectral-
line changes) is taken from within the 2016 June 16–August 24
period itself. This is different from our analysis presented in Paper
I, where the low-activity template spectrum used was from the
minimum of α Cen B’s activity cycle – which occurred some years
before the ‘high-activity’ period analysed. Thus, in the analysis of
the solar-spectrum variations presented in this work, any variations
observed are due to rotationally modulated activity (i.e. spots and
faculae), and not due to activity-cycle changes. In addition, this
will reduce the strength of the activity-related spectral changes we
detect, since we have not maximized the activity-level differences
between ‘active’ and ‘inactive’ phases.

2.1 Data processing

Initial analysis followed a similar approach to that of Paper I, where
the spectra for a single day were stacked after being continuum
normalized and interpolated on to the wavelength grid of the low-
activity template spectrum. While the log R′

HK for the Sun is much
lower than that of α Cen B, the large number of higher S/N spectra
technically allows greater sensitivity to spectral changes arising due
to activity.

In our analysis of α Cen B, we employed the final merged and
re-interpolated 1D-spectra data products from the HARPS data-
reduction pipeline. However, in the case of the HARPS-N solar
telescope, we observed what turned out to be etaloning of significant
amplitude in the high S/N relative spectra (discussed in more detail
in Section 2.2). Initially, we thought the observed ripple pattern
might be due to the interpolation to a constant wavelength grid
done as part of the standard HARPS-N data reduction. We show
later in Section 2.2 that this is not the case but is due to etaloning
of an optical element within the light path of the instrument. None
the less, we used the 2D HARPS-N spectra (a lower level data
reduction pipeline product) that consist of stacks of individually
extracted echelle orders prior to applying a wavelength solution
and stitching into the 1D spectra, adding some additional steps in
the subsequent data processing not outlined in Paper I.

First, the blaze profile was removed by dividing through by the
blaze calibration file available per day, and if more than one blaze file
was available these were averaged together. The blaze correction
was applied on an order-by-order basis, where individual blaze
functions are available for each order. Second, a wavelength solution
was then applied to the 2D spectra using:

λ = a0 +
3�

i=1

ain
i
pix (1)

where npix is the pixel number, and ai are calibration coefficients
defined per echelle order and are determined as part of the standard
HARPS-N data reduction pipeline. After this point the data were
processed in a similar fashion to Paper I; a master template spectrum
was created to act as a reference wavelength grid, as well as being
the low solar-activity comparison for the data. For this low-activity
master template, data from 2016 June 26 were used, and the spectra
from this day were individually checked for any obvious issues. A
total of 107 spectra from this day were selected. The header files
contain the S/N per order, which were used to identify the highest
S/N spectrum to use as the template to continuum normalize all
the other spectra. A mean of the S/N values for orders 40–50 was
used for the selection. Spectra from this day showed S/N values
ranging from 267 to 357, with > 90 per cent of the spectra used for
the creation of the low-activity master template having an S/N of
>300.

Each echelle order was then RV corrected, but rather than
using the barycentric RV defined by the HARPS pipeline, the
RV corrections were calculated using the JPL Horizons system.1

While the HARPS-N pipeline is able to accurately measure RVs
to the m s−1 level, the instrument is not calibrated for taking solar
data. The effects of the solar-system planets (most notably Jupiter)
on the Sun are not properly corrected for when moving to this
barycentric reference frame – see Cameron et al. (2019) for more
detail. Therefore, we used JPL Horizons to remove the planetary
induced solar RVs as seen from the Earth following the procedure
outlined in Cameron et al. (2019). In this sense, the HARPS-N
solar telescope data set presents a unique testbed for studying
astrophysical noise since it provides data on the only star for which
we can confidently say that all the planetary RV signals have been
removed. This means that, in our analysis of the impact of stellar
activity, we do not have to disentangle its RV effects from those
induced by bona-fide planets – providing a ‘clean’ data set for such
stellar activity studies.

1JPL Horizons: https://ssd.jpl.nasa.gov/horizons.cgi
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The effects of differential extinction across the Solar disc were
not considered as part of our data processing. This effect is due to
the Solar surface being resolvable in the sky (i.e. it cannot be treated
as a point source) causing different parts of its surface to experience
different levels of extinction as the Sun moves across the sky. When
summed together in a disc-integrated way (as is done with the
HARPS-N solar telescope), this can affect the line-profile shape,
producing a signal similar to that seen for Rossiter–McLaughlin
type measurements, where the leading, or trailing, hemisphere of
the Sun would be differently extinguished. As can be seen later in
Section 2.2, the effects of differential extinction are not apparent in
our results and that, although not directly considered, the effects are
reduced as part of our data processing.

These blaze and RV-corrected 2D spectra were next interpolated
on to a common wavelength grid using a spline fit, with a spline
knot defined at each point on the reference spectrum. Finally, all
spectra were stacked per echelle order using a weighted mean
with the weights being the same mean of the S/N in orders 40–
50 defined earlier. Unlike the 1D spectra, which interpolates each
echelle order on to a set wavelength scale, we decided to preserve the
original dispersion of each order. In this analysis, we are searching
for features within each echelle order, when comparing a single
order over a range of observations this dispersion does not change
and so will not affect our results. In addition, keeping the original
dispersion helps limit any propagation of errors that might be caused
by re-interpolating multiple times.

For all high-activity spectra, a similar process was followed but
with a number of caveats. First, the low-activity master templates
created were used to define the wavelength grid and second, rather
than a by-eye evaluation of the spectra, a cut of >100 was set
in the S/N to remove bad spectra. Again, the spectra were RV
corrected using the JPL Horizons data and stacked per echelle order
using a weighted mean. Finally, each stacked spectral echelle order
was divided by the equivalent low-activity master template echelle
order to produce relative spectra for each order. On producing the
relative spectra, however, a significant sinusoidal variation could
be seen across the entire range, as mentioned earlier. The left-hand
panel of Fig. 2 shows a few examples of the etaloning seen in the
relative spectra, which was persistent across all the relative spectra,
becoming more obvious towards redder wavelengths.

2.2 Investigation and removal of the etaloning pattern

An initial investigation of the periodic intensity fluctuations across
each echelle order showed that these ripples do not have a constant
period, but instead their period (measured in Å) increases from
the blue to the red end of the spectrum. The separation between
peaks at ∼4000 Å is ∼0.2 Å, which becomes ∼0.5 Å at ∼5800 Å.
The pattern also appears invariant to the activity of the Sun, with the
variations of log R′

HK over the period range having no impact on the
strength or periodicity of the ripple pattern. This dispersion and lack
of correlation with changes on the Sun, coupled with observations of
the same periodicity in flat-fielding images suggest that the source
of the pattern is instrumental and is likely due to etaloning of an
optical element. Below, however, we explore potential other sources
(i.e. bad data and/or bad data processing) that could be responsible
for the pattern. Our investigation of the etaloning focused on relative
spectra generated for the most active phase studied in this paper,
namely the 2016 July 14 (with the 2016 June 26 used as the low-
activity template comparison). These days were chosen as they
show a large difference in log R′

HK , and were expected to show
the strongest pseudo-emission features in the relative spectrum if

Figure 2. Pre- (left-hand panel) and post-processing (right-hand panel) of
the daily stacked relative spectra to remove the etaloning. Each relative
spectrum, produced by dividing each spectrum by the low-activity template,
is from a different day and shows the variation in the strength of the pattern.
This demonstrates the need for a manual by-eye reduction. The black arrows
indicate the position of known features in the relative spectrum (see Section 3
where we show that these are indeed activity-related features). The relative
spectrum in blue shows a good example of the success of the etaloning
removal process, where the features cannot be clearly seen prior to the
removal but are an obvious signal in the post-processed relative spectrum.

present. As the purpose of this investigation was to identify the
source of, and remove, the etaloning (while maintaining any activity
related pseudo-emission features), relative spectra showing larger
pseudo-emission features were selected in order to aid the evaluation
of the effectiveness of the removal process.

Prior to investigating the etaloning, each spectrum from the
sample were individually checked for obvious features that could
lead to the pattern. Effects from echelle order mismatch, poor
seeing/weather, and RV offsets were considered as potential sources
of the pattern but none of the spectra showed any effects from
these. As production of the relative spectra involved continuum
matching and interpolating the wavelength grid to that of the low-
activity template, the choice of low-activity template could also
be the source of the pattern observed, or at least may potentially
contribute to it. In order to check this, spectra from 2016 November
12 were selected as an alternative low-activity template but, again,
the etaloning persisted.

As outlined above, instead of working with full 1D spectra, we
used 2D spectra to remove any errors introduced by resampling
of the data to an even wavelength grid. The data were processed
following the procedure outlined earlier (Section 2.1) to produce rel-
ative spectra for each order. The etaloning pattern was analysed for
each order using a Generalised Lomb–Scargle (GLS) periodogram
(Zechmeister & Kürster 2009), which showed that the frequency
(measured in Å−1) with peak amplitude decreases moving from the
lower echelle orders to the higher orders (see Fig. 3). A number of
individual orders from other daily stacked relative spectra were also
analysed using a GLS periodogram. These showed a similar result,
with equivalent echelle orders showing a peak in power at the same
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