Sensitivity of spectral lines to granulation:
from the Sun to K-type stars
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The RV bottleneck is astrophysical, not instrumental

Precision of modern spectrographs reaches ~10-30
cm/s (Fisher et al 2016)

Even for relative quiet star like the Sun only
granulation produces RV signal in a level of 1

m/s (Lakeland et al 2024)

Eath-mass planet creates RV semiamplitude of
~10 cm/s

RV semi-amplitude / jitter scale

RV amplitude K in m s~1
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Planet vs Star

For illustration, the effect on lines is increased by a factor of 1000
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Planet induced Doppler motion Granulation (and magnetic Observations show a
iIs common shift for all lines activity) induced RV signals are combination of these effects

line-dependent
RV measurements generally use a line profile averaged over thousands of lines.

Differential sensitivity of lines to granulation in the averaging is still missing

To push the threshold due to stellar variability down to 10 cm/s and discover Earth-like planets, we

need to model the differential effects from stars and incorporate them into algorithms for stellar RV



Approach: MURaM simulations + MPS-ATLAS
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Spectral-line synthesis
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MURaM: 3D convective velocity and thermal structure MPS-ATLAS: turns it into spectra

3D MHD code MURaM (Vogler et al. 2004, 2005) * Merged Parallelized Simplified ATLAS code (Witzke et al. 2021)

Box-in-a-star approach to simulate near-surface layers and atmospheres  Fast and flexible all-in-one code: opacity tables, atmospheric

MHD equations in Cartesian geometry, 3D non-grey multigroup RT structures, spectral synthesis

Magnetic fields are generated by the Small-Scale Dynamo (SSD) * Low- and high-resolution spectral synthesis employ different
approaches



I(n)/I(center)

Validation of the quiet Sun simulations

Nadiia Kostogryz Veronika Witzke

Magnetic limb darkening

Line profiles
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MURaM simulations: from the Sun to K-type

[ee]

4 6

2

V2(Tross = 1) [km s71]
-2 0

-4

-6

-8

T [K]

100 200 300 400
X [pix]

V, [km/s]

+0 intergranular lanes
+0 granules

200

300 -

400-’/»—-\‘i

il c A
2 ::l

100

F -
LN T %

K4
- \ e
i\ < AN v

o ;,
y

- J
) 1%

- T

200 300 400 500
X [pix]

A +0 mean structure =41
-4 -3 -2 -1 -4 -3 -2 -1 0 -4 -3 -2 -1 0 1
10000 10000 10000
- intergranular lanes
9000 - 9000 { — granules 9000 -
—— mean
8000 A 8000 A
7000 A 7000 A
g
6000 - 6000 -
5000 A 5000 A
4000 1 4000 -
- - -2 -1 -4 -3 -2 -1 0
log Tross log Tross

Vasilyev et al. (2026)

Atmospheric structure from

the Sun to K4:
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Ergodicity of granulation

Spatially averaged properties of granulation are equivalent to the temporally averaged Andrew Cameron
properties

Spatial and temporal RV distributions
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Ergodicity lets us to use a single snhapshot. It provides sufficient sampling of
Sowmya et al. (2026) granulation states to yield stable line-sensitivity diagnostics 7



Approach to study spectral line sensitivity to granulation

primarily to convective motions
(V inhomogeneities)

primarily to convection-driven
fluctuations of thermal structure,
T and opacity (also V)

Sowmya et al. (2026)
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Line sensitivities to granulation
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Spatial equivalent width and COG maps
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Toward cooler stars:

Fel becomes majority species, Fell becomes minority - separation in the line strength variability
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Comparison of line sensitivities to the Sun
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Fel and Fell move in opposite Lose correlation between solar S, COG variability systematically
directions -- majority/minority switch of and for K4 -- the strong change in decreases
the two species wrt the Sun ion. balance and the response of

line opacity to local thermodynamic
fluctuations

Line selections optimized on the Sun cannot be assumed to carry over unchanged to early-K
dwarfs, particularly if they rely on equivalent-width stability rather than velocity sensitivity alone

Vasilyev et al. (2026) 11



dF

Formation temperature

Small shift v of spectral line perturbs the profile

:0f ~ (df/dv) dv

Most of the Doppler information comes from large |df/dv|
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Formation temperature in our simulations
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Lines with higher formation temperature tend to have stronger variability of the COG
For Fel at fixed form. temperature there is a scatter due to variation of atomic parameters

Vasilyev et al. (2026) 13



Takeaway messages
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» We use ergodicity of granulation to replace expensive time-series simulations with the single snapshot

« We introduce a way to characterize the line sensitivity to granulation

« Moving from solar to late-G/K dwarfs decreases Vconv and shifts Fel to majority, Fell to minority

« Stellar-type-specific line selection is necessary: EW-based masks optimized on the Sun should not be

assumed to transfer unchanged to late-G and K dwarfs. Fel lines provide robust candidates for upweighting,
whereas Fell lines are prime candidates for downweighting on K4

» Future steps: generalization to larger number of lines and elements (incl atomic parameters), test spectral-
type-specific masks.
« Sensitivity to granulation as a function of metallicity > see poster P2160 (D. Vukadinovic)
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