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Stars appear darker at their limbs than at their disk centers because at the limb we
are viewing the higher and cooler layers of stellar photospheres. Limb darkening de-
rived 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. All previous models assumed atmosphere devoid of mag-
netic fields. Here we use our new stellar atmosphere models computed with the 3D
radiative magneto-hydrodynamic code MURaM to show that small-scale concentra-
tion of magnetic fields on the stellar surface affect limb darkening at a level that allows
us to explain the observations. Our findings provide a way forward to improve the
determination of exoplanet radii and especially the transmission spectroscopy anal-
ysis for transiting planets, which relies on a very accurate description of stellar limb
darkening from the visible through the infrared. Furthermore, our findings imply that
limb darkening allows measuring the small-scale magnetic field on stars with transit-
ing planets.

Efforts to compute stellar limb darkening go back over a century to the classical work
of Milne“®. The knowledge of limb darkening is required for numerous astrophysical ap-
plications, e.g. measurements of stellar diameters with interferometry'!, the interpretation
of light curves of eclipsing binary stars?’ and spotted stars=>.,

The iconic modern-day application of limb darkening is for transit light curve fitting to
derive planetary radii with transit photometry and atmospheric composition with transmis-
sion spectroscopy>42. It relies on the description of stellar limb darkening, which alters
the transit profile and depth. Yet there is a conundrum: stellar atmosphere models indicate a
significantly stronger drop of the brightness towards the stellar limb than multiple sensitive
observations show. This point is made clear by analyses of Kepler and TESS transit light
curves?#2%, Further observations include that of Alpha Centauri'® with the Very Large Tele-
scope Interferometer (VLTI) and, most recently, that of WASP-394" with the James Webb
Space Telescope (JWST). In particular, Maxted*> compared observed and modeled limb
darkening in 33 Kepler and 10 TESS stars with transiting exoplanets. He found that while
all theoretically computed limb darkenings, including those based on MPS-ATLAS=!, AT-
LASHU2284 PHOENTX®, STAGGER?#, and MARCS“’ model atmospheres are in relatively
good agreement with each other, they all indicate a steeper drop of the stellar brightness
from the center 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 parameter when fitting transit light curves’®. However, in-
creasing the number of free parameters introduces biases and additional uncertainties in
planetary radius determination3141922 The problem is raised to a new level with the ad-

vent of the IWST™>, The extreme precision transmission spectroscopy data obtained by this



telescope require a more accurate transit analysis, which in turn calls for improved theo-
retical modeling of limb darkening. Similar precision is also expected from the Extremely
Large Telescope (ELT, first light expected in 2027) and ARIEL*’ (launch expected in 2029).

Here we show that stellar surface magnetic fields measurably affect limb darkening and
the lack of magnetic field in the theoretical stellar atmosphere models is the main culprit
behind the mismatch with observations. All stars on the lower main sequence are intrinsi-
cally magnetic”®, with the magnetic field being formed within a star and emerging on the
surface due to buoyancy=Z. Large concentrations of surface magnetic field form active re-
gions (containing, e.g., dark spots). While spots produce an the offset of the transit curve>4,
they do not change stellar limb darkening unless the planet crosses them during the transit.
Smaller concentrations of field lead to the formation of a more homogeneous magnetic net-
work present all over the star so that a transiting planet always crosses it. We simulate the
magnetic network on a star with solar fundamental parameters using the 3D radiative mag-
netohydrodynamics (MHD) code MURaM*? and radiative transfer code MPS-ATLAS>!
and show that the network modifies the limb darkening, making the stellar limb brighter
relative to the non-magnetic case. Most importantly, our calculations reconcile models with

Kepler® and TESS*? measurements of limb darkening on stars with near-solar fundamental

parameters.

Results

Small-scale concentration of magnetic fields change the structure of the stellar photosphere
and, consequently, stellar limb darkening. Some of these magnetic fields are generated deep
within the stellar interior by the action of a global stellar dynamo®. They affect the structure
of the stellar photosphere when they emerge at the stellar surface. Another important com-
ponent of the stellar surface magnetic field results from the action of a near-surface small-
scale turbulent dynamo (SSD) 37 Such an SSD fills nearly the entire stellar surface with
considerable magnetic flux, thus producing a minimum level of magnetic activity 212480,
The turbulent magnetic fields produced by SSD are always present at the stellar surface
independently of the action of the global stellar dynamo and they also modify the stellar
photospheric structure** (relative to the hypothetical non-magnetic case). In this study we
simulate the effect of both components of the stellar magnetic field (representing those by

global and by small-scale dynamos) on the stellar photosphere with the MURaM code and

then utilize the MPS-ATLAS code to calculate the limb darkening. While MURaM is ca-



pable of self-consistently simulating the action of an SSD=3/:3510

, the effect from magnetic
fields brought about by the global dynamo is simulated by adding homogeneous, vertical
magnetic fields of 100 G, 200 G, 300 G to the initial SSD setup 22l (hereafter, referred to
as 100 G, 200 G, 300 G cases, respectively). These initially homogeneous and vertical
magnetic fields evolve to a statistically steady state as our simulations relax. This state is
highly inhomogeneous: strong, nearly vertical magnetic fields condense in the downflow
lanes (integranular lanes) while convective cells (granules) harbor relatively weak, mainly
horizontal fields.

To illustrate our results we first introduce a formalism for deriving the steepness of limb
darkening and for quantifying the offset between models and observations. Then we proceed
with showing that these offsets can be explained by the magnetic field. We follow the
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description of limb darkening established in previous studies and define two parameters

that characterize its steepness:
W= Li=23
el
u=1
and
B L=z Lu=1/3

Lot L=y

Here I, is the intensity in the Kepler or TESS passbands at a specified u value, which is the
cosine of the heliocentric angle, i.e. the angle between the direction normal to the stellar
surface and the direction to the observer.

Following a previously proposed approach®> we quantify the difference between obser-
vations and models by considering the offset between /] obtained from observations and
from models and the same for /), (these offsets are referred to as Ak} and Ah}). These
quantities can obviously also be used to distinguish between the limb darkenings obtained
from different sets of models. Here, Ah| and AR} are first determined for non-magnetic
models for which we use set 1 MPS-ATLAS limb darkening taken from Kostogryz el al. !
(hereafter REFLD), and the observations are the Kepler and TESS samples from Maxted>.
The REFLD accounts for the dependence of the non-magnetic limb darkening on stellar
fundamental parameters (effective temperature, metallicity, and surface gravity). Following
that we determine Ah| and AR, for the limb darkening obtained from simulations including
magnetic fields. We use solar MURaM simulations to calculate the magnetic effect on limb

darkening. It is appropriate for the purposes of the present study to restrict these simula-

tions to a solar atmosphere since stars in the considered Kepler and TESS samples have



near-solar fundamental parameters. Also, whereas the effect of the magnetic field per se is
a first order effect, its dependence on stellar fundamental parameters (for stars with funda-
mental parameters not too far from the Sun) is a second order effect and represents only a
small correction, as a preliminary analysis of recent MURaM simulations of magnetized at-

mospheres of stars with different fundamental parameters=-=10

suggests. In a forthcoming
publication we will extend our investigation to a broader sample of stars.

Limb darkening without magnetic fields. The mean offset between the observations
and the REFLD model results over all considered targets® was found to be Al = 0.6% +
0.2% and Ah), = —1.2% + 0.4 for the Kepler sample as well as Ak} = 0.4% + 0.3% and
AR, = —0.9% + 0.4 for thee TESS sample. Combining the two samples, points at u = 2/3
(corresponding to about 75% of the projected distance from center to limb) are observed
to be 0.5% brighter than predicted by non-magnetic models. Similarly, points at u = 1/3
(corresponding to about 95% of the projected distance from center to limb) are observed to
be 1.5% brighter.

Magnetic limb darkening in Kepler and TESS measurements. The small-scale mag-
netic fields make the stellar limb darkening less steep, leading to an increase of the bright-
ness at u = 2/3 and to an even stronger increase at u = 1/3 (compared to the limb dark-
ening for the quiet star; see Figure [I). The smallest offset relative to the non-magnetic
case is caused by the magnetic fields generated by an SSD (green stars in Fig. [I). Despite
the fact that an SSD fills the entire solar photosphere with a relatively large magnetic field
(e.g., the mean vertical field, < |B;| >, at the visible surface is about 70 GSO), only a small
fraction of these fields condense to local concentrations harboring strong, i.e. kG magnetic
fields*8=" resulting in only moderate heating of the photosphere. Our results indicate that

spatially resolved measurements of the quiet Sun’s limb darkening?%-2

can be very accu-
rately reproduced by the SSD setup (Figures[I]and [2)). This is reassuring since the spatially
resolved solar limb darkening observations were performed avoiding visible manifestations
of magnetic activity and, thus, should correspond to the minimum possible magnetic activ-
ity, which is thought to be produced by the SSD setup (see Methods for more details).

In contrast, to the small-scale magnetic fields generated by SSD, the fields brought
about by the global dynamo, e.g. those forming plagues and the magnetic network of the
Sun, have a more inhomogeneous spatial distribution and cluster in concentrations of up

to several kG#4% These concentrations are often described as magnetic flux tubes® and

produce substantial changes in e.g. the thermal structure of the photosphere. Consequently,



even a spatially averaged field of 100 G (once it has formed kG concentrations through its
interaction with the convection) in addition to the SSD-generated field produces a much
stronger change of limb darkening than the pure SSD case. Larger spatially averaged mag-
netic flux densities, e.g., 200 G and 300 G added to SSD simulations lead to correspondingly
larger changes of the limb darkening (Figure ).

Our calculations show that Kepler and TESS measurements can be explained by mag-
netic fields generated by a global dynamo. Indeed, the mean offsets for Kepler and TESS
stars are very close to the calculations corresponding to the 100 G case. More importantly,
the points representing yhe Kepler and TESS offsets lie very close to the lines connecting
points illustrating different magnetic cases (Figure[I). This implies that our magnetized 3D
model atmospheres allows simultaneously explain the offsets in both limb darkening coeffi-
cients and, therefore, reproduce the observed limb darkening within the error bars. Clearly,
the magnetic field removes the discrepancy in the limb darkenings and its neglect in earlier
models is the likely cause of this discrepancy.

We note that our result does not necessarily imply that stars in the Kepler and TESS

samples are on average more active than the Sun. While solar limb darkening measure-
ments have been specifically designed to avoid any distortion by magnetic activity, stellar
measurements correspond to limb darkening along the transit path without any option to
remove contributions from magnetic activity. Consequently, a stronger magnetic field is
needed to reconcile stellar models and observations.
Magnetic limb darkening in the JWST era. The effect of the magnetic field on limb
darkening affects the interpretation 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 observations and currently available
models persists over the entire spectral 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 Ak} and AR, on the average magnetic field (with respect to the field-
free MURaM HD simulations) as a function of wavelength in Figure 3] The amplitude of
the magnetic effect decreases towards longer wavelengths where emergent intensity is less
sensitive to temperature changes caused by the magnetic field. At the same time Ak} and
AR, have rather complex spectral profiles especially in the visible spectral domain where
limb darkening is strongly affected by atomic and molecular lines.

The magnetically-induced change of the limb darkening modifies the entire shape of
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Figure 1: Limb darkening in Kepler and TESS passbands. The x- and y-axes express
the difference between steepness of limb darkening coefficients (4] and /}) between two
sources: one source is always the models without magnetic fields (REFLD), the other can
either be models with fields or observations. The points marked by an X with error bars
are the data (top panel: Kepler, bottom panel: TESS) and show the mean offset between
measurements® and REFLD. The starred points are our calculations based on MURaM
simulations (i.e. offsets between our calculations and REFLD) for different magnetization
levels (see legend in upper panel) in Kepler and TESS passbands (upper and lower panel,
respectively). The solar sign is the measured solar limb darkening in Kepler and TESS
passbands#. We note that our zero magnetic field models (HD) are not exactly at the origin
because our MURaM calculations without magnetic field (HD) are not identical to REFLD
since REFLD uses a simplified treatment of convection. Our stellar atmosphere models,
which include magnetic fields, match both, the solar and the stellar observations and provide
an explanation for the offsets between TESS and Kepler limb darkening relative to models
without magnetic field.
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Figure 2: Solar limb darkening. Shown are spectral intensities (/) at different disk posi-
tions given by u (labeled on the left side in the figure) normalized to the disk center intensity
(I,=1). Solid lines correspond to our calculations for the SSD-case (i.e. they indicate spec-
tra emerging from MURaM cubes as computed with the MPS-ATLAS code) while asterisk
symbols in the top and bottom panels are solar measurements (by NL942%% and PSW7752,
respectively), where any manifestation of solar magnetic activity are excluded. Our model
agrees with measurements from UV, through visible to infrared wavelengths.
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Figure 3: Wavelength-dependent limb darkening coefficients. We show the differences
between limb darkening coefficients (Ah} in top panel and Ah), in bottom panel) resulting
from MHD simulations with a magnetic field (SSD, 100 G, 200 G, 300 G) and from non-
magnetic (HD simulations). The colors distinguish between the various magnetic (SSD,
100G, 200G, 300G) simulations entering the difference (see legend in the figure). The dot-
ted lines indicate the zero level, e.g. no effect from magnetic fields on stellar limb darkening.
The effect of the surface magnetic field on the limb darkening persists from the UV through

the visible and into the infrared spectral domains.



transit profiles (see Figure [6] in Methods) and, in particular, the transit depth, which plays
a crucial role in determining the radius of transiting planet. The effect is especially strong
shortward of 2000 nm, e.g. the magnetic 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 (Figure {4).
Such changes can be observed with JWST even for a single transit observation and will also
interfere 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 from Rustamkulov et al.4%).

Discussion

Small-scale surface magnetic fields previously ignored in modeling 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, i.e. the inability of 1D and 3D magnetic field-free
models of stellar atmospheres to return limb darkening profiles consistent with observations.

The dependence of the limb darkening on surface magnetic field can be seen as a curse
or a blessing depending on one’s point of view. On the one hand, it introduces one more
free parameter into the light curve fitting. On the other hand, it offers the exciting possibility
of measuring the magnetization of stars hosting transiting planets. In particular, the limb
darkening method opens the unique opportunity to measure stellar magnetic fields with the
upcoming PLATO mission, which will observe tens of thousands of bright stars on the lower
main sequence->.

The effect of magnetic field on limb darkening strongly depends on the wavelength
(Figs and, thus, ignoring it might introduce spurious features in the transmission spec-
tra obtained with JWST and eventually with ARIEL*”. This underscores the importance of
accounting for the magnetic effect on limb darkening in the analysis of transmission spectra.

atmospheric retrievals which is offered by our modeling approach.

Methods

Calculations with MURaM and MPS-ATLAS codes. We utilize the 3D radiative magne-

tohydrodynamic (MHD) code MURaM="#? (which stands for MPS/University of Chicago
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Figure 4: Effect of surface magnetic field on transit depth for the exemplary case of a
Jupiter-size planet transiting a solar twin. The difference of transit depth (A depth) com-
puted with limb darkening corresponding to different degrees of magnetization (different
colors) with respect to non-magnetic limb darkening (HD) in parts per million (ppm). The
two columns present the A depth at wavelengths (a, c, e) shorter than and (b, d, f) longer
than 1000 nm. The three rows corresponds to different impact parameters (b = 0.0,0.5,0.9,
respectively) describing the transit path, which is schematically shown in a, ¢ and e panels.
The bigger circle stands for the star and the smaller represents the planet. In general the
difference in transit depth is always larger for stronger average stellar fields and is largest in
the UV while decreasing towards longer wavelengths.
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Radiative MHD) to simulate the solar atmosphere with different degrees of magnetization
using the *box-in-a-star’ approach. Then we use the MPS-ATLAS code! to synthesize
spectra emergent from the MURaM cubes. Both codes have been extensively tested and val-
idated by a number of very sensitive observational tests in numerous publications 234923154

MURaM solves the conservative MHD equations for partially ionized and compressible
plasma to model mass, momentum and the energy transport. The transfer of radiative en-
ergy is calculated following a multi-group opacity method=" using 12 opacity bins®?. The
equation of state is determined by utilizing pre-generated look-up tables from the FreeEOS
code” with abundances from Asplund et all. The entropy inflow and pressure at the bottom
of the simulated cube are chosen to maintain the effective temperature of 5787 K.

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 formulation
of the boundary conditions as in Witzke et al.”%. It allows for the deep recirculating of the
field through the presence of horizontal field in up-flow regions at the lower boundary of the
simulation cube®/8, Such a boundary condition results in the generation of magnetic field
at the solar surface whose averaged value does not depend on the depth of the simulation
cube®’ and allowed explaining ubiquitous small-scale horizontal and mixed polarity mag-
netic 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 of 100 G, 200 G, and 300 G to the setup 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 kG magnetic
features in the intergranular lanes, separated by regions (granules) with very weak fields.
Such an approach allows emulating 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=4152,

We have run our HD and SSD simulations for four solar hours each, while all sim-
ulations with added vertical magnetic field have been run for two hours each (after the
relaxation). The MPS-ATLAS code®! was then used to calculate spatially-averaged spec-
tra emergent from the cubes with 90-second cadence at 10 disk positions, from disk center

(¢ = 1.0) to the limb (u = 0.1) with a step in u of 0.1. The intensity emerging from one
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snapshot of our 300 G simulations is shown in Fig. [5 at three wavelengths and for three u
values.

Subsequently, the computed spectra were time-averaged to effectively average out the
variability of the spectra caused by granulation and oscillations. Finally, these averaged
spectra are used to calculate the limb darkening in the Kepler and TESS passbands. We
have used the time series of our spectra to calculate error of the mean spectrum in the
Kepler passband and have checked that it is well below 0.1% at all disk positions for all
considered magnetizations.

Test against solar measurements. We compare our calculations of the limb darken-
ing for the quiet solar conditions (SSD case) to spatially-resolved narrow-band solar mea-

2833 at a number of continuum wavelengths (Figure . These measurements

surements
carefully selected areas on the solar disk devoid of magnetic activity. Our model demon-
strates an excellent agreement with these observations over a wide range of wavelengths.
This agreement stems partly from the fact that the 3D MURaM calculations include com-
prehensive calculations of the convection and overshoot”? which allows a very accurate
reproduction of the limb darkening. In particular, our model displays a good performance
in the infrared. This is encouraging since most of the transit photometry and spectroscopy
measurements are performed in this spectral domain, e.g. mean wavelengths of Kepler and
TESS are 630 nm and 800 nm, consequently, while JWST measurements are performed
longward 600 nm.

Transit light curves. The change of the limb darkening induced by surface magnetic
field affects the entire transit profile. In Fig. [ we illustrate it for the exemplary case of
the transit of WASP-39b in front of its host star. The calculations have been performed
approximating the limb darkening of WASP-39 by that of the Sun (which is reasonable for

illustrative purposes since WASP39 has near-solar fundamental parameters) and using the

orbital parameter of WASP-39b from Table 1 of Rustamkulov et al. 4",

Data availability

Code availability

The MPS-ATLAS and MURaM codes used in the current study are available on reasonable

request.
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Figure 5: Still from a movie showing MURaM simulations with an initially imposed
vertical field of 300 G. Shown are values of specific intensity (normalized to the mean in-
tensity in the simulation box) at three wavelengths (different rows) and at different distances
from the limb: at disk center (left column), at 4 = 2/3 (middle column) and at 4 = 1/3 (right
column). The colorbar on the right of each row describes the normalized intensity at each
wavelength. Surface magnetic field condenses in the integranular lanes and leads to the for-
mation of small-scale bright features as well as somewhat larger dark features (small pores;
present near the center of the box and at its lower right edge). Both types of features are
brighter closer to the limb and, thus, make limb darkening less steep.
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Figure 6: Simulated WASP-39b transit light curves. Top panel: the transit light curve at
different wavelengths, calculated assuming different levels of WASP-39 atmospheric mag-
netization. Bottom panels: differences to non-magnetic (HD) calculations. 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 are taken
from Rustamkulov et al.*Y. 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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