nature astronomy

Article

https://doi.org/10.1038/s41550-024-02252-5

Magnetic origin of the discrepancy
between stellar limb-darkening models

and observations

Received: 23 May 2023

Accepted: 14 March 2024

Published online: 12 April 2024

Nadiia M. Kostogryz®'
Robert H. Cameron’, Laurent Gizon ®'?, Natalie A. Krivova®', Hans-G. Ludwig?®,
Pierre F. L. Maxted*, Sara Seager ® >, Sami K. Solanki®"' & Jeff Valenti®®

, Alexander I. Shapiro®', Veronika Witzke',

W Check for updates

Stars appear darker at their limbs than at their disk centres because at the

limb we are viewing the higher and cooler layers of stellar photospheres.
Yet, limb darkening derived from state-of-the-art stellar atmosphere models
systematically fails to reproduce recent transiting exoplanet light curves
from the Kepler, TESS and JWST telescopes—stellar brightness obtained
from measurements drops less steeply towards the limb than predicted

by models. Previous models assumed stellar atmospheres devoid of
magnetic fields. Here we use stellar atmosphere models computed with the
three-dimensional radiative magnetohydrodynamic code MURaM to show
that asmall-scale concentration of magnetic fields on the stellar surface
affects limb darkening at a level that allows us to explain the observations.
Our findings provide away forward to improve the determination of
exoplanet radii and especially the transmission spectroscopy analysis for
transiting planets, which relies on avery accurate description of stellar
limb darkening from the visible to the infrared. Furthermore, our findings
imply that limb darkening allows estimates of the small-scale magnetic field
strength on stars with transiting planets.

Efforts to compute stellar limb darkening go back over a century to the
classical work of Schwarzschild' and Milne”. The knowledge of limb
darkening is required for numerous astrophysical applications, for
example, measurements of stellar diameters with interferometry?,
theinterpretation of light curves of eclipsing binary stars* and spotted
stars’, and the interpretation of the centre-to-limb effects observedin
local helioseismology®”.

Aniconic modern-day application of limb darkening s for transit
light-curve fitting to derive planetary radii with transit photometry

and atmospheric composition with transmission spectroscopy®™°.

It relies on the description of stellar limb darkening, which alters the
transit profile and depth. Yet thereis aconundrum:stellar atmosphere
modelsindicate asubstantially stronger drop of the brightness towards
the stellar limb than multiple sensitive observations show. This point
is made clear by analyses of Kepler and Transiting Exoplanet Survey
Satellite (TESS) transit light curves™". Further observations include
that of a Centauri® with the Very Large Telescope Interferometer
(VLTI)and, most recently, that of WASP-39" with the James Webb Space
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Telescope (JWST.) In particular, ref. 12 compared observed and mod-
elled limb darkening in 33 Kepler and 10 TESS stars with transiting
exoplanets. It was found that although all theoretically computed limb
darkenings, including those based on MPS-ATLAS", ATLAS"'8,
PHOENIX", STAGGER" and MARCS?® model atmospheres, are in rela-
tively good agreement with each other, they all indicate asteeper drop
of the stellar brightness from the centre of a stellar disk towards its
limb than observations.

One response to this mismatch has been to include empirical
limb-darkening coefficients for each wavelength bin as free parameters
when fitting transit light curves®. However, increasing the number of
free parametersintroduces biases and additional uncertainties inthe
determination of the planetary radius***. The problem has beenraised
to a new level with the advent of the JWST®. The extreme precision
transmission spectroscopy data obtained by this telescope require a
more accurate transit analysis, which in turn calls for improved theo-
retical modelling of limb darkening. Similar precision is also antici-
pated from the Atmospheric Remote-sensing Infrared Exoplanet
Large-survey (ARIEL)* (launch expected in 2029).

Here we show that stellar surface magnetic fields measurably
affect limb darkening. The magnetic effect is bound to manifest itself
in the available observations as all stars on the lower main sequence
are intrinsically magnetic”. Some of these magnetic fields are gener-
ated deep within the stellar convective zone by the action of a global
stellar dynamo”®. Another important component of the stellar surface
magnetic field results from the action of a near-surface small-scale
turbulent dynamo (SSD)¥. Such an SSD fills nearly the entire stellar
surface with considerable magnetic flux, thus producing a minimum
level of magneticactivity’* . The turbulent magnetic fields produced
by the SSD are always present at the stellar surface independently of
theaction of the global stellar dynamo and they also modify the stellar
photosphericstructure®* (relative to the hypothetical non-magnetic
case). Large concentrations of surface magnetic field, resulting from
the action of the global dynamo, form active regions (containing, for
example, dark spots). While spots produce an offset of the transit
curve®, the effect fromthe spotsis not visible on stellar limb darkening
unless the planet crosses them during the transit. Smaller concentra-
tions of field resulting from both global and small-scale dynamos lead
to the formation of a more homogeneous magnetic network present
all over the star, so that a transiting planet always crosses it. In the
present study, we show that the mismatch between simulations and
Kepler® measurements disappear after accounting for the effect of
the magnetic network on the limb darkening.

Results
The noted discrepancy between high-precision observations and
models is showcased in Fig. 1 by a comparison of the observations
(where we refer to the average over the Kepler sample) with the refer-
ence grid of non-magnetic limb darkening, which shows an offset. To
quantitatively describe the offset, we compute the observations-model
differences in limb-darkening coefficients used to parameterize limb
darkening'.One, hy, effectively describing the drop instar brightness
from disk centre to about 0.75 of the stellar radius (corresponding to
1 =2/3, where uis a cosine of the heliocentric angle, which is an angle
betweentheline of sight and the normal to the local surface), another,
R, thedrop from 0.75t0 0.95 (1 =1/3) of the stellar radius (see top-right
corner in Fig. 1). Observations from Kepler are averaged over tens of
stars to increase the signal-to-noise ratio. The model values are taken
from the one-dimensional (ID) MPS-ATLAS spectral library™>*¢ (namely,
SET1fromthislibrary, hereafter referred to as REFLD). By computing
the observations-REFLD differences, we quantify the limb-darkening
conundrum, which we solve by adding the effect of magnetic field.
The primary finding of this study is that the offset between mod-
els and observations can be explained by a stellar surface magnetic
field. To demonstrate this, we simulated limb darkening as it would
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Fig.1|Limb darkening in the Kepler passband. The x andy axes express the
difference in the limb-darkening coefficients (h{ and h;) between two sources:
onesource is always the models without magnetic fields (REFLD) and the other
canbe models with either fields or observations. The points marked by a cross
correspond to the data averaged over the full sample of Kepler stars (green) and
over aselected sample including the stars with metallicities—0.1<M/H < 0.1and
transits with animpact factor less than 0.5 (blue). The error bars represent s.e.m.
These points show the mean offset between measurements'?and REFLD". The
star symbols are our calculations based on MURaM simulations (that is, offsets
between our calculations and REFLD) for different magnetization levels (see
legend; HD, SSD, 100 G, 200 G, 300 G) in the Kepler passband. The sketch in the
right upper corner illustrates the definition of the limb darkening coefficients,
where/_ represents the intensity at the disk center, /,; represents the intensity
atu=2/3and/,;represents the intensity at £ =1/3. Allintensities are normalized
to the intensity at the disk center. The solar symbol (Sun) is the measured solar
limb darkening in the Kepler passband®. Our stellar atmosphere models, which
include magnetic fields, match both the solar and the stellar observations and
provide an explanation for the offsets between Kepler limb darkening relative to
models without magnetic field.

be observed for a hypothetical individual star with different levels
of magnetization. We find that a star with magnetic fields of about
100 G has the same offset with respect to non-magnetic models as the
averaged Kepler observations (Fig. 1). This means that by applying
100 G magnetic field to simulations, we can reconcile them with the
observations. This field of about 100 G then corresponds to the aver-
aged magnetization of stars in the Kepler sample.

Our second major finding is that individual stars with the same
fundamental parameters (that is, effective temperature, metallicity
and surface gravity) will have different limb darkening depending
on their magnetization (Fig. 1). This is in stark contrast to what was
assumed before. Specifically, we find a clear trend that stars with higher
magnetic fields are less dark towards the limb than stars with lower
magnetic fields. This is ameasurable effect with current high-precision
data(see ‘Discussion’). Thus, the measurement of limb darkening opens
anew way to measure star surface magnetic fields.

Our modelling approach combines the strengths of 1D and
three-dimensional (3D) approaches to stellar atmospheric model-
ling because each one has its own benefits needed to compute limb
darkening. We first use the REFLD grid based on 1D models of stellar
atmospheresto get limb darkening on stellar fundamental parameters.
Thenwe use 3D models computed with the radiative magnetohydrody-
namic (MHD) code MURaM? to account for the effect of magnetic field
(andrealistic treatment of convection). The 1D models are imperative
because limb darkening has a strong dependence on stellar funda-
mental parameters™", and the 1D models are computationally cheap
enoughtobegenerated onavery fine grid of these parameters. Inthe
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Fig.2|Solar limb darkening. a,b, The spectral intensities (/,) at different disk
positions given by u (Iabelled on the left side in the figure) normalized to the disk
centreintensity (/,.;). The solid lines correspond to our calculations for the SSD
case (thatis, they indicate spectra emerging from MURaM cubes as computed
with the MPS-ATLAS code) and dot symbols are solar measurements by Neckel
and Labs 1994 (NL94)* (a) and Pierce, Slaughter and Weinberger 1977 (PSW77)*
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(b), where manifestations of solar magnetic activity are excluded to the extent
possible. ¢,d, Theresiduals (stars) in percentage between observations (NL94 in
panel cand PSW77 in panel d) and computations (O-C) at different disk positions
(different colours labelled in ¢). The red horizontal lines on these panels point to
zero difference between observations and computations. Our model allows us to
accurately reproduce solar limb-darkening measurements.

present study, we used the REFLD grid for stars with specific funda-
mental parameters fromthe considered Kepler sample. One drawback
of the 1D approachiis that it relies on the parameterized treatment of
convection with the mixinglength approximation®*andisintrinsically
incapable of accounting for the magnetic field.

Toaccount for the magnetic field, we use 3D MHD models because
they allow realistic simulations of near-surface magnetoconvection.
The 3D models are too computationally expensive to be produced on
a grid of fundamental parameters sufficiently fine to allow reliable
interpolations to stars of interest or for each of the stars individually.
At the same time, our analysis of recent MURaM simulations®***° of
magnetized atmospheres of stars with different fundamental param-
eters shows that the magnetic effect only weakly depends on stellar
fundamental parameters and, thus, can be calculated on a rather
coarsegrid. Moreover, the starsin the considered Kepler sample have
near-solar fundamental parameters, so for the purposes of the present
study we restrict MURaM simulations (and their post-processing) to
the solar atmosphere. Inaforthcoming publication, we will extend our
investigation to a broader sample of stars.

Our calculations of the magnetic effect on limb darkening are
performed in two steps. In the first step, we simulate the magnet-
ized stellar atmosphere with the MURaM code. MURaM is capable
of self-consistently simulating the contribution from the action of
an SSD?***%*%%_ The effect of magnetic fields brought about by the
global dynamois simulated by adding homogeneous vertical magnetic
fields of 100 G, 200 G and 300 G to the initial SSD set-up* (hereafter
referred to as 100 G, 200 G and 300 G cases, respectively). These ini-
tially homogeneous and vertical magnetic fields rapidly evolve to a
statistically steady state as our simulations relax. This state is highly

inhomogeneous:strong, nearly vertical magneticfields condensein the
downflow lanes (intergranular lanes), while convective cells (granules)
harbour relatively weak fields (Methods and Extended Data Fig. 1).

In the second step, we bridge atmospheric models produced
by MURaM to observational data. We make the connection by
‘post-processing’ the MURaM output, by ray tracing through the cubes
(representing stellar atmosphere) along several directions (Methods).
Along each ray, we compute the intensity emerging from the cube by
using the MPS-ATLAS code, which uses the temperature and pressure
along the ray. Weintegrate over all rays emerging fromthe cube along
thegivendirection.

Magnetic limb darkening in Kepler measurements
We now turn to a more detailed description of the results in context
withthe physics. Our calculationsindicate that spatially resolved meas-
urements of the quiet Sun’s limb darkening*>** can be very accurately
reproduced by the SSD simulations that account for the intrinsic mag-
netization of the quiet Sun (Figs.1and 2). Theinclusion of an additional
magneticfield representing the global dynamo does not match the solar
observations as the simulation systematically shows larger residuals
to solar observations compared with the SSD simulations (Methods
and Extended Data Fig. 2). This is reassuring, as the spatially resolved
solar limb-darkening observations have been processed to avoid any
distortion by magnetic activity** and, thus, should correspond to the
minimum possible magnetic activity, which is produced by the SSD
set-up (see Methods for more details).

In contrast to the solar case, the explanation of the Kepler meas-
urements requires the action of the global dynamo. Indeed, the point
representing the mean offset for our sample of 30 Kepler stars
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Table 1| Limb-darkening coefficients in the Kepler passband for the Sun

Coefficients Passband REFLD HD SSD 100G 200G 300G

hi Kepler 0.8346 0.8296 0.8311 0.8388 0.8480 0.8576

h’2 Kepler 0.2074 0.2068 0.2057 0.1987 0.1908 01802
(hereafter, full sample; Methods) lies very close to the lines connect- a — SSD-HD 100GHD — 200G-HD — 300 G-HD
ing the points that illustrate different magnetic cases and next to the 005
calculations corresponding to the 100 G case (Fig.1). At the same time,
the offsets of individual stars in the full sample show notable scatter 0.04
(Extended Data Fig. 3a), which averages out when the mean offset is e 003
calculated. In addition to the full sample, we also consider a selected =
sample of 8 Kepler stars with —0.1 < M/H < 0.1 (so that they are better 002
described by our solar simulations) and impact parameters of the tran- 0,01
sit b < 0.5 (reducing the errors in the limb-darkening extraction). The : ‘
mean offset for the selected sample is very close to the mean offset of ° 500 1,000 2,000 5,000
the fullsample but theindividual stars show much less scatter around A (nm)
the simulations (Extended Data Fig. 3b). b — ssba 00 GHD  — 200GHD  — 300 6D

The close alignment of the mean offsets with the simulation line

implies that our calculations with magnetic fields allow us to simulta- ok
neously explain the mean offsets in both limb-darkening coefficients
and, therefore, reproduce the observed limb darkening within the -0.01
error bars. Clearly, the magnetic field removes the discrepancyinthe <
limb darkening, and its neglect in earlier models is probably the cause 002
ofthis discrepancy. We note that our result does not necessarily imply 003
thatstarsinthe Kepler samples are on average more active than the Sun.
Stellar measurements correspond to limb darkening along the transit -0.04 L L L
path without any option of removing contributions from magnetic 500 1000 Aam) 2000 5,000

activity. Thus, the limb darkening obtained from planetary transits
of stars will inherently contain contributions of magnetic activity.
Consequently, astronger magnetic field is needed to reconcile stellar
models and observations.

Allinall, our calculations show that magnetic fields make the stel-
lar limb darkening less steep, leading to an increase (compared with
the non-magneticlimb darkening) of the brightness at 0.75 of the stellar
radius ( =2/3) and to an even stronger increase at 0.95 of the stellar
radius (1 =1/3). The smallest offset relative to the non-magnetic case
is caused by the magnetic fields generated by an SSD (green star in
Fig. 1). Despite the fact that an SSD fills the entire solar photosphere
with a relatively large magnetic field (for example, the mean vertical
field, (|B,|), at the visible surface is about 70 G; (ref. 33)), only a small
fraction of these fields condense to local concentrations harbouring
strong, thatis, kilogauss magnetic fields*»***° resulting in only moder-
ate heating of the photosphere.

In contrast, to the magnetic fields generated by an SSD, the fields
brought about by the global dynamo, for example, those forming
plages and the magnetic network of the Sun, have amore inhomogene-
ous spatial distribution and cluster in concentrations of up to several
kilogauss****. These concentrations are often described as magnetic
flux tubes*® and produce substantial changes in the thermal structure of
the photosphere. Consequently, even aspatially averaged field of 100 G
(once it has formed kilogauss concentrations through its interaction
with the convection) in addition to the SSD-generated field produces
amuch stronger change of limb darkening than the pure SSD case.
Larger spatially averaged magnetic flux densities, for example, 200 G
and 300 G added to SSD simulations, lead to correspondingly larger
changes of the limb darkening (Fig. 1).

InTable 1, we present the values of i, and k), coefficients for REFLD
and 3D MHD MURaM simulations in the Kepler passband. One cansee
that limb darkening from REFLD and HD MURaM simulations (i.e.
without magnetic field) are notidentical (so that the cyan star symbol
inFig.lisnotexactly at the origin). Thisisbecause REFLD are based on
1D calculations where convectionis parameterized following the mix-
ing length approximation®® while MURaM performs realistic 3D

Fig. 3| Wavelength-dependent limb-darkening coefficients. a,b, We show the
differences between limb darkening coefficients (Ah{ inaand Ah; inb) resulting
from MHD simulations with magnetic fields (SSD, 100 G, 200 G, 300 G) and from
non-magnetic (HD) simulations. The colours distinguish between the various
magnetic (SSD,100 G, 200 G, 300 G) simulations entering the difference (see
legend). The spectral resolving power of the calculations is about 400. The effect
of the magnetic field on the limb darkening persists from the ultraviolet to the
visible and into the infrared spectral domains.

simulations of convection. We note that despite this imperfection in
treatment of the convection, 1D models allow reliable calculations of
the non-magnetic limb darkening and their dependencies on stellar
fundamental parameters when the mixinglength and overshoot param-
eters are adequately chosen',

Magnetic limb darkeningin the JWST era

Theeffect of the magnetic field on limb darkening affects the interpre-
tation of the JWST transmission spectroscopy data. Indeed, the first
JWST observations of transits in the WASP-39 b system™ performed
with the NIRSpec*” PRISM showed that the deviation between observa-
tions and the currently available models persists throughout the spec-
tral domain of these observations (about 0.5-5.5 um). To quantify the
effect of magnetic field on limb darkening over the JWST spectral
domain, we show the dependence of Ah; and Ak, on the average
magnetic field (with respect to the field-free MURaM HD simulation)
as a function of wavelength in Fig. 3. The amplitude of the magnetic
effect decreases towards longer wavelengths where emergentintensity
isless sensitive to temperature changes caused by the magnetic field.
At the same time Ah; and AR, have rather complex spectral profiles,
especially in the visible spectral domain where the darkening of the
limb is strongly affected by atomic and molecular lines.

The magnetically induced change of the limb darkening modi-
fies the entire shape of transit profiles (Extended Data Fig. 4) and, in
particular, the transit depth, which plays a crucial role in determin-
ing the radius of a transiting planet. The effect is especially strong
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Fig. 4 | Effect of surface magnetic field on transit depth for the exemplary
case of a Jupiter-size planet transiting a solar twin. a-f, The differencein
the depth of the transit (ADepth) calculated with the darkening of the limb
corresponding to different degrees of magnetization (different colours)

with respect to the darkening of the non-magnetic limb (HD) in ppm. The two
columns show the ADepth at wavelengths shorter than (a,c,e) and longer than
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(b,d,f) 1,000 nm. The three rows correspond to differentimpact parameters
(b=0.0(a,b),b=0.5(c,d)and b= 0.9 (e,f) describing the transit path, which
is schematically shownin the top-right corner of a, c and e. The bigger circle
represents the star and the smaller represents the planet. In general, the
differencein transit depthis always larger for stronger average stellar fields
and is largest in the ultraviolet while decreasing towards longer wavelengths.

shortwards of 2,000 nm, for example, amagnetic field of 100 G would
induce a change of the transit depth larger than about 30-40 ppm
for a Jupiter-size planet transiting the Sun (Fig. 4). Such changes can
be observed with JWST even for a single transit observation and will
alsointerfere with the interpretation of the JWST transit light curves.
Indeed, the first JWST results' indicate that the transit curves are
not contaminated by systematic effects in most spectral channels,
and the noise can be reduced to just a couple of ppm per spectral bin
for most of the exoplanet target stars JWST observes (see Fig. 8 in
ref. 14). Further observations also indicate that the precision of JWST
transit depth measurements reaches the level given by the photon
noise, which ranges from several up to hundred ppm depending on
the brightness of a star, spectral resolution and wavelength domain
of the observations**™,

We expect the magnetic effect to also be measurable with the
forthcoming PLATO mission. Indeed, our calculations for a central
transit and a planet-to-star radii ratio of 0.1 show that the effect of a

100 G magnetic field on transit depth is 116 ppm. Corresponding val-
ues for 200 G and 300 G are 261 ppm and 405 ppm, respectively. This
is substantially higher than the expected PLATO precision (50 ppm
for V=11 mag).

Discussion

Small-scale surface magnetic fields previously ignored in modelling of
stellar limb darkening modify the atmospheric structure and therefore
stellar limb darkening. We have shown that adding such magnetic fields
into 3D radiation MHD simulations of stellar atmospheres solves the
limb-darkening conundrum, that s, the inability of 1D and 3D magnetic
field-free models of stellar atmospheres to return limb-darkening pro-
files consistent with observations.

The dependence of the limb darkening on the surface magnetic
field can be seen as a curse or a blessing depending on one’s point of
view.Ontheone hand, itintroduces one more free parameter into the
light-curve fitting. Onthe other hand, it offers the exciting possibility
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of deducing the magnetization of stars hosting transiting planets. In
particular, the limb-darkening method opens aunique opportunity to
obtain an estimate of stellar magnetic fields.

Forsolartwins (that s, stars with solar fundamental parameters),
this canbe directly done by comparing observed limb darkening with
the values of magnetic limb darkening from Table 1. For stars with
different fundamental parameters, one would first need to calculate
differences between observed and non-magnetic REFLD limb darken-
ing (available online via the Max Planck Digital Library at https://doi.
org/10.17617/3.NJ56 TR, via the ExoTiC-LD python package® at
https://github.com/Exo-TiC/ExoTiC-LD/and viathe ExoTETHyS python
package®v2.0.10 at https://github.com/ucl-exoplanets/ExoTETHyS).
Then these differences must be compared with the offsets between
magnetic and REFLD limb darkening from Table 1 to determine the
magnetization of a star. However, we note that this algorithm assumes
that the magnetic field’s effect on limb darkening does not depend
onstellar fundamental parameters. We expect this to be areasonable
assumption for stars thatare not very different from the Sun (thatis, for
G dwarfswith-0.1<M/H < 0.1; Methods). Inaforthcoming publication,
we will extend calculations of the magnetic limb darkening to stars with
different fundamental parameters, allowing the magnetic field to be
deduced forabroad class of stars with transiting planets. This is espe-
cially timely in anticipation of the upcoming PLATO mission, which will
observe tens of thousands of bright stars in the lower main sequence’™.

The effect of amagnetic field on limb darkening strongly depends
onthewavelength (Figs. 3 and 4) and, thus, ignoring it might introduce
spurious featuresinthe transmission spectra obtained with JWST and
eventually with ARIEL*. This underscores the importance of account-
ing for the magnetic effect on limb darkening in the analysis of trans-
mission spectra.

Methods

Calculations with MURaM and MPS-ATLAS codes

We utilized the 3D radiative MHD code MURaM?***” (which stands for
MPS/University of Chicago Radiative MHD) to simulate the solar atmos-
phere with different degrees of magnetization using the ‘box-in-a-star’
approach (thatis, simulating asmall representative volume that encom-
passes the stellar or solar surface and near-surface layers both below
and above the surface®). Then we used the MPS-ATLAS code™ to syn-
thesize emergent spectrafrom the MURaM cubes. MPS-ATLAS utilizes a
generalized version®*® of the opacity distribution functions approach®,
where high-resolution (R=500,000) opacity is rebinned to a lower
resolutiongrid (R =400 in the visible spectral domain). This allows for a
fastspectral synthesis, even whenaccounting for more than100 million
atomic and molecular transitions®®. The full list of opacity sources
(including continuum opacities) and a detailed description of the
MPS-ATLAS code are giveninref. 56. Boththe MURaM and MPS-ATLAS
codes have been extensively tested and validated by anumber of very
sensitive observational tests in numerous publications™?*" ¢,

MURaM solves the MHD conservation equation for partially ion-
ized and compressible plasma to model mass, momentum and the
energy transport. The transfer of radiative energy is calculated follow-
ing amulti-group opacity method®* using 12 opacity bins® constructed
from the same opacity distribution functions that are used for the
spectral synthesis.

The size of the MURaM box in our simulations is 9 Mm x 9 Mm
(512 x 512 grid points) in the horizontal direction and 5 Mm (500 grid
points) in the vertical direction (4 Mm below the optical surface into
the convection zone and 1 Mm above it, covering the lower stellar
atmosphere and in particular the photosphere). We use the same for-
mulation of the boundary conditions as in ref. 33. It allows for deep
recirculating of the field through the presence of a horizontal field in
the upflow regions at the lower boundary of the simulation cube?*°.
Such a boundary condition results in the generation of a magnetic
field atthe solar surface whose averaged value does not depend on the

depth of the simulation cube® and allowed us to explain ubiquitous
small-scale horizontal and mixed-polarity magnetic fields that are
always present at the solar surface®*°. To cover the range of possible
facular magnetic flux densities, we also executed simulations with
added initially vertical, unipolar and homogeneous magnetic fields
0f 100 G, 200 G and 300 G to the set-up we used for simulating quiet
regions, including the SSD. The simulations are then allowed to relax
and the magnetic field to interact with the convection, finally leading
to kilogauss magnetic featuresintheintergranular lanes, separated by
regions (granules) with very weak fields. This approach allows emulat-
ing magnetic fields in facular (plage) and network regions, which are
thought to be generated by the action of a global dynamo and thus
account for their effects on atmospheric structures**>¢,

We ran our HD and SSD simulations for four solar hours each, while
all simulations with an added vertical magnetic field were run for two
hours each (after the field has relaxed into a statistically steady state).
The MPS-ATLAS code’® was then used to calculate spatially averaged
spectra emergent from the cubes with 90 second cadence at 10 disk
positions, fromthe disk centre (u =1.0) to the limb (u = 0.1) with astep
in u of 0.1. The intensity emerging from one snapshot of our 100 G
simulations is shown in Supplementary Fig. 1 at three wavelengths
and for three u values.

Subsequently, the computed spectrawere time-averaged to effec-
tively average out the variability of the spectra caused by granulation
and oscillations. Finally, these averaged spectra are used to calculate
thelimb darkeningin the Kepler passband. We have used the time series
of our spectrato calculatethe error of the mean spectrumin the Kepler
passband and have checked that it is well below 0.1% at all disk positions
for all the magnetizations considered.

Dependence of the limb darkening on stellar fundamental
parameters and magnetic field
The limb darkening strongly depends on stellar fundamental para-
meters, that s, effective temperature, metallicities and surface grav-
ity"'*%%, REFLD was computed for specific fundamental parameters of
stars fromthe Kepler sample considered. We then perform time-costly
3D radiative MHD simulation runs of magnetic effects only for a star
with solar fundamental parameters. In other words, we used REFLD
to account for a pretty strong dependence of limb darkening on fun-
damental parameters® and then calculated the magnetic effect using
asolar simulation. The latter is a good approximation as stars in the
considered Kepler sample have near-solar fundamental parameters.
Magnetic field modifies the limb darkening curve. In Table 1, we
present the 3D MURaM limb darkening coefficients derived from the
limb darkening with different levels of magnetization in the Kepler
passband. The increase of magnetic field makes the limb darkening
shallower, thatis, brightness near the limbrelative to disk centre drops
by a small amount. This is reflected in both coefficients: h; increases
and h, decreases with increasing magnetic field. The largest drop in
intensity from centreto limbis produced by non-magnetic (HD) simula-
tions. In Extended Data Fig. 3a, we show offsets between observed and
REFLD limb darkening for stars from our full Kepler sample. This sample
consists of stars from ref. 12, where we excluded three most active
stars (HAT-P-7, Kepler-17, Kepler-423) with the ratio of in-transit to
out-of-transit variability larger than 1.2 (see ref.12). While alarge num-
ber of stars cluster along the computed dependence of A and AR,
on magnetic field, there are also some outliers. There are two main
reasons for these outliers. First, there are observational errors thatare
averaged outinthe comparison presentedin Fig.1.Second, while one
can expect that the amplitude of the magnetic effect on the limb dark-
ening depends on stellar fundamental parameters, our calculations
arelimited to the Sun. In Extended Data Fig. 3b, we separately show the
stars with near-central transits (impact parameter b < 0.5) so that the
planetary trajectory crosses a relatively large part of the stellar disk
and therefore extraction of limb darkeningis more reliable. From those

Nature Astronomy


http://www.nature.com/natureastronomy
https://doi.org/10.17617/3.NJ56TR
https://doi.org/10.17617/3.NJ56TR
https://github.com/Exo-TiC/ExoTiC-LD/
https://github.com/ucl-exoplanets/ExoTETHyS

Article

https://doi.org/10.1038/s41550-024-02252-5

Table 2 | Wavelength ranges of some existing or planned
photometric (Kepler®®, TESS’, CHEOPS”', PLATO**) and
spectroscopic (JWST/NIRSpec”’, ARIEL?®, ELT/METIS™?)
instruments

Instrument Wavelength range (nm)
Kepler 430-890

TESS 600-1,000

CHEOPS 400-1,100

PLATO 500-1,000
JWST/NIRSpec 600-5,300

ARIEL 600-7,800

ELT/METIS 3,000-5,000

stars, we create our selected sample, focusing on stars with near-solar
metallicity (-0.1<M/H < 0.1). These stars show much less scatter
around the simulation line.

Allinall, Extended DataFig. 3 hints that the effect of magnetic field
on limb darkening strongly depends on metallicity. At the same time,
it shows that solar calculations can be used for stars with metallicity
values-0.1<M/H<0.1.

Test against solar measurements

We compare our calculations of the limb darkening for the quiet solar
conditions (SSD case) to spatially resolved narrow-band solar meas-
urements*>** at a number of continuum wavelengths (Fig. 2). These
measurements have been processed by the observers to remove any
apparent manifestation of magnetic activity. Our model demonstrates
anexcellent agreement with these observations (within 2% difference
around 400 nm and decreasing to less than 1% towards the infrared).
This agreement stems partly from the fact that the 3D MURaM calcula-
tionsinclude comprehensive calculations of the convection and over-
shoot®, which allows anaccurate reproduction of the limb darkening.
In the blue spectral range, it is difficult to find real continuum where
the measurementsare done, sotheerrorsarelargerin thisregion, but
decreasing towards the infrared. In Extended Data Fig. 2, we present
the comparison of the solar measurements with the computations
with higher magnetic fields (100 G,200 Gand 300 G) at different disk
positions. Increasing magnetic field leads to larger difference between
observations and computations (Extended Data Fig. 2), leading us to
conclude that the best model to reproduce quiet Sun measurementsis
the SSD model. Inparticular, our SSD model shows agood performance
inthe spectralregionabove 500 nm. Thisis encouraging as most of the
transit photometry and spectroscopy measurements are performed
inthis spectral domain (Table 2).

Spatial distribution of magnetic field on the solar surface

We present the horizontal distribution of vertical magnetic field in
Extended Data Fig. 1 for the same still from which we computed the
intensity maps (Supplementary Fig.1). The magneticfieldin theinter-
granular lanes and in the forming active regions reaches values of up
to about 1-2 kilogauss, while for the granules the vertical magnetic
fieldis quite small.

Wavelength range and precision of considered instruments
In Table 2 we present the list of instruments used for detection of
planetary transits and for transmission spectroscopy.

Transit light curves

The change of the limb darkening induced by surface magnetic field
affects the entire transit profile. In Extended Data Fig. 4, we illustrate
this for the exemplary case of the transit of WASP-39 b in front of its
host star. The calculations have been performed by approximating

the limb darkening of WASP-39 by that of the Sun (which is reason-
ablefor illustrative purposes as WASP-39 has near-solar fundamental
parameters, T = 5,400 K +150 Kand M/H =-0.12 + 0.1) and using the
orbital parameter of WASP-39 b from Table 1 of ref. 14.

The effect of the magnetic field

There are two main mechanisms of the magnetic field by which it
impacts the limb darkening. First, a magnetic field leads to the extra
heating of the middle and upper photosphere, decreasing the tem-
perature gradient and, thus, making limb darkening less steep. Second,
amagnetic field leads to a pronounced corrugation of the optical
surface®. Closer to the limb, deeper and hotter layers of granular
wall are seen, leading to an increase of brightness relative to the
non-magnetic case®.

InFig. 1, we assess the relative contribution of these two effects.
Namely, we show the effect of magnetic field on horizontally averaged
temperature structure inour simulations and compare limb darkening
computed from these averaged 1D structures with full calculations.
While the 1D calculations account for the extra heating of the pho-
tosphere, only the full 3D calculations can catch the corrugation of
the optical surface and the effect of hot granular walls. Heating of the
photosphere explains approximately 50% of the magnetic effect for
p=0.5. Atthesametime, it has verylittle effect on near the limb regions
magnetic brightening is driven by the 3D effects.

Data availability

Thelimb-darkening spectrafor the G2 star with different levels of mag-
netization computed with MURaM and MPS-ATLAS codes are available
as Supplementary data.

Code availability
The MPS-ATLAS and MURaM codes used inthe current study are avail-
able from the corresponding author upon reasonable request.
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Extended Data Fig. 1| Limb darkening of individual stars in Kepler passband.
We show the offsets of the limb darkening coefficients for individual stars
(Maxted 2023) observed with Kepler. The starred symbols are the same asin
kostogryz_figure_l.eps. Panel ashows our full sample (see text). The metallicities
ofthe stars are indicated by their colors which refer to the color bar on the right.
Different symbols correspond to transits with differentimpact parametersb.
Panel b shows only stars with near-central transits (b<0.5). Stars with metallicity
values — 0.1< M/H < 0.1are shown in blue (and referred to as a selected sample,
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see text). The stars with higher and lower metallicities are shown in green and
red, respectively. The error barsin the right corner of the panelillustrate the root
mean square uncertainty of the offsets of shown stars (individual uncertainties
are taken from Maxted 2023'). The mean values of the offsets are computed for
the full and the selected samples and indicated by the orange crosses in panels a
andb, respectively. The selected sample is well described by our solar magnetic
simulations.
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inthe figure). Solid lines correspond to our calculations for the different different disk positions. The residuals increase with respect to the SSD-case
magnetization (different columns correspond to 100G (panels aand d), 200G (see Figure kostogryz_figure_2.eps) and the differenceis larger for the
(panels band e), 300G (panels ¢ and f) cases) while dots are combined solar computations with higher magnetic field.

measurements (NL94+PSW77), where manifestations of solar magnetic activity
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Extended Data Fig. 3| Distribution of vertical magnetic field at the optical of magnetic field. Initially homogeneous magnetic field of 100 G is advected
surfaceina MURaM cube. Shown is the distribution of vertical magnetic field by the convection to intergranular lanes. Comparison with Figure kostogryz_
inthe samestill asin Figure kostogryz_supplementary_figure_l.eps. The grey supplementary _figure_l.eps. shows that while small-scale kG field leads to bright
scale (see bar onright of figure) depicts the vertical component of the values features, large concentrations lead to the formation of dark features.
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Extended Data Fig. 4 | Simulated WASP-39b transit light curves. The transit
light curve at different wavelengths (600 nm,1000 nmand 2000 nmin panels
a, b, and ¢, respectively), calculated assuming different levels of WASP-39
atmospheric magnetization. Differences to non-magnetic (HD) calculations
(panelsd, e, and fat the corresponding wavelengths). Shown are small-scale
dynamo (SSD; blue curve) simulations representing the minimum possible
level of magnetic activity as well as fully relaxed simulations with a superposed

initial vertical magnetic field of 100 G (orange), 200 G (green), and 300 G (red).
The error bars shownin the right-hand side of the bottom panels are taken from
Rustamkulov etal.**. The larger error bar is the WASP-39b noise from NIRSpec
PRISM at the wavelength in our panels (at a bin width of about 0.5%). The smaller
error bars are for transit curves averaged over 500-nm bins. The takeaway is that
the change in stellar limb darkening due to surface magnetic fields is discernible
with the JWST precision.
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