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A B S T R A C T 

Spectroscopic analyses of young late-type stars suffer from systematic inaccuracies, typically underestimating metallicities but 
o v erestimating abundances of certain elements including oxygen and barium. Effects are stronger in younger and cooler stars, 
and recent evidence specifically indicates a connection to the level of chromospheric activity. We present here a two-component 
spectroscopic model representing a non-magnetic baseline plus a magnetic spot, and analyse the resulting synthetic spectra 
of young solar analogues using a standard spectroscopic technique. For a moderately active star with solar parameters and 

chromospheric activity index log R 

′ 
HK 

= −4 . 3 ( ∼ 100 Myr), we predict that [ Fe/H ] is underestimated by 0.06 dex while v mic is 
o v erestimated by 0.2 km s −1 ; for higher activity levels we predict effects as large as 0.2 dex and 0.7 km s −1 . Predictions are in 

agreement with literature data on solar twins, and indicate that the model is a plausible explanation to the observed effects. The 
model is simple enough that it can be included in spectroscopic packages with only changes to the underlying spectrum synthesis 
modules, if a log R 

′ 
HK 

value is provided. 
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 I N T RO D U C T I O N  

oung solar-type stars are characterized through rapid rotation, rela- 
ively strong magnetic fields and associated high levels of variability, 
ogether called ‘activity’. These phenomena are connected, as rota- 
ion drives the dynamo that generates magnetic fields, and together 
hey deposit energy in the chromosphere and corona (Wedemeyer- 
 ̈ohm et al. 2012 ) which emit in the cores of strong lines (e.g.
eighton 1959 ) as well as in (soft) X-rays (Zuckerman & Song 2004 );

he magnetic stellar wind in turn produces a torque that dissipates
ngular momentum (Matt et al. 2015 ). 

The past two decades have amassed evidence of a correlation 
etween activity levels and distortions in spectroscopic analyses. 
orel et al. ( 2003 , 2004 ) found correlations between chromospheric

ctivity and photometric colours as well as an apparent deficit in iron
bundances and a corresponding enhancement in abundance ratios 
or several elements in their most active (coolest) stars. A particularly 
trong signal is the so-called barium puzzle, where D’Orazi et al. 
 2009 ) found a trend of increasing Ba abundance with decreasing
ge, where dwarf stars in very young clusters (30–50 Myr) and 
ctive giants in clusters of 700 Myr were found to be enhanced by
s much as 0.6 dex compared to solar. Following that study, other

orks validated the observed trend in Ba abundances as a function 
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f age for both clusters and field stars (da Silva et al. 2012 ; Yong,
arney & Friel 2012 ; Mishenina et al. 2015 ; Reddy & Lambert 2015 ,
017 ; Magrini et al. 2018 ). There is also evidence of a connection
ot only with age but also the level of stellar activity (Baratella et al.
021 ). Further evidence that young stars may be exhibiting distorted
bundances comes from studies of star forming regions and young 
pen clusters, which surprisingly exhibit subsolar metallicities for 
 range of locations in the Galaxy (e.g. Cunha, Smith & Lambert
998 ; Santos et al. 2008 ; Spina et al. 2017 ). Similarly, Kos et al.
 2021 ) found complex abundance variations in the Orion complex
 < 20 Myr) that correlate well with ef fecti ve temperature ( T eff ), with
ery small star-to-star variations regardless of spatial location in the 
omplex. 

Measurements from particular ionic stages of an atom may be 
istorted by factors related to youth or activity. F or e xample, dwarfs
n young open clusters exhibit a significant deviation from ionization 
quilibrium where lines of the ionized species appear correlated 
ith T eff . In the ∼ 150 Myr Pleiades cluster, the coolest stars have
een found to e xperience o v erestimated abundances of ionized
ron by nearly 1 dex (Schuler et al. 2010 ). Another finding is that
pectroscopic estimates of the microturbulent velocity ( v mic ) are often
nomalously high for young stars. For example, James et al. ( 2006 )
eported measurements in star forming regions ( < 10 Myr) as high
s 2.5 km s −1 , along with significantly sub-solar metallicities in the
oolest stars. As a potential solution to the issue of anomalously high
 mic values, Baratella et al. ( 2020 ) presented a methodology based
n measurements from lines of titanium rather than iron, leading to
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ignificantly lo wer v mic v alues as well as abundances more in line
ith expectations for young solar-neighbourhood clusters. They also

ound evidence that the discrepancy between v mic derived from lines
f titanium, as compared to iron, depended not only on age but also
ith the level of stellar activity. 
A separate line of evidence has come from spectroscopic time

eries, where variations in spectroscopic quantities have been found
o correlate with variations in chromospheric activity. Flores et al.
 2016 ) studied how the chromospheric activity indicator S correlated
ith other spectral features in the solar analog HD 45184. While they

ound a straightforward correspondence with emission in the Balmer
ine cores, they also discovered an amplification for a number of
trongly saturated singly ionized lines of iron, titanium and barium,
s well as the inner wings of the Balmer lines. For the young solar twin
IP 36515, Yana Galarza et al. ( 2019 ) found small but significant

vidence of variations in spectroscopic parameters as well as in
he equi v alent widths of a iron lines. F oremost, the y found that
he variations were most pronounced for lines that formed high
n the photosphere (in line with results from Reddy & Lambert
017 ), and for those with large magnetic sensitivity. Using a standard
ist of iron lines, their spectroscopic analysis resulted in small but
ignificant correlations between the chromospheric activity level
nd the inferred values of T eff and the metallicity [ Fe/H ] (which
ecreased) and v mic (which increased). Spina et al. ( 2020 ) performed
n extended analysis on a large sample of 211 solar analogue stars
o v ering chromospheric activity indices log R 

′ 
HK = −5 . 4 to −4 . 3,

hat exhibited variations in log R 

′ 
HK . For individual stars in their

ample with activity indices log R 

′ 
HK > −5 . 0, stellar parameters and

ine equi v alent widths were found to v ary significantly, in line with
esults from Yana Galarza et al. ( 2019 ). Variations correlated both
ith the value of log R 

′ 
HK and with the variation in log R 

′ 
HK . 

The o v erall result is that increasing stellar activity leads to an
 v erestimate of v mic and therefore an underestimate of [ Fe/H ] , in
pectroscopic studies based on iron lines. This indicates that stellar
ctivity is a good candidate to explain the various issues found in
oung stars. While it appears possible to derive stellar parameters
rom a selection of lines that are largely insensitive to stellar activity
Baratella et al. 2020 ), this does not solve the problem of measuring
bundances from species where no acti vity-insensiti ve lines exist.
hus, a spectroscopic model that takes into account the effects of
agnetic cool spots appears necessary. 
In this paper, we present a spectroscopic model for the effects

f magnetic cool spots (Section 2 ) and estimate the biases this
ntroduces on traditional spectroscopic analyses of young solar ana-
ogues. Results of a parameter study for solar-type stars are presented
n Section 3 . In Section 4 , we discuss empirical estimates of the
nderlying parameters, and connect these to a single observable – the
ctivity index log R 

′ 
HK . We present predicted effects on spectroscopic

arameters for solar-type stars, and conclude in Section 5 that these
re in agreement with observations. 

 M E T H O D S  

e mimic the spectroscopic effects of stellar activity using a
wo-component photospheric model. The model represents a non-

agnetic reference photosphere plus a magnetic spot that causes
eeman splitting. The spot has identical spectroscopic parameters to

he reference component, aside from a different effective temperature
 eff and magnetic field B. We analyse these synthetic spectra as if

hey represented real data, to estimate effects on stellar parameters
hat would be seen in analyses of active stars. 
NRAS 535, 2863–2872 (2024) 
.1 Spectrum synthesis code 

e have extended the spectrum synthesis code TURBOSPECTRUM

v15.1; Alvarez & Plez 1998 ; Plez 2012 ) to take into account Zeeman
plitting of spectral lines, following Stenflo ( 1994 ). For Zeeman
riplets, magnetic fields of strength B produce a splitting of 

v Z = 

μB 

h 

g eff λB ≈ 0 . 700 km s −1 g eff ( λ / 5000 Å) ( B / kG ) , (1) 

here μB ≈ 5 . 79 × 10 −9 eV G 

−1 is the Bohr magneton and g eff is
he ef fecti ve Land ́e factor. In the optical, magnetically sensitive lines
with g eff � 1) thus experience Zeeman splitting of the order a few
m s −1 within regions of strong magnetic fields such as star spots.
uch splitting may be significantly broader than v mic , and can in a
imilar way act to desaturate spectral lines. 

Calculations are an extension of those presented in Nordlander
t al. ( 2019 ), and we likewise produce synthetic spectra using a grid of
ARCS model atmospheres (Gustafsson et al. 2008 ). We use atomic

ata from the Vienna Atomic Line Database (VALD3; Piskunov et al.
995 ; Kupka et al. 1999 ; Ryabchikova et al. 2015 ), which provides
and ́e factors for tens of thousands of atomic lines in the optical

e gion. We e xplicitly calculate anomalous Zeeman splitting for lines
henever Land ́e factors are available for both states of a transition. 
Additionally, we take into account molecular lines as background

pacity but do not apply Zeeman splitting here as our molecular
atabases lack the necessary Land ́e factors. Although these are
ossible to retrieve (Berdyugina et al. 2000 ; Afram & Berdyugina
015 ), calculations are involved and beyond the scope of this work
s we focus on the traditional analysis of atomic lines in solar-type
tars with molecular lines primarily contributing background opacity.
e include a total of 15 million molecular lines, representing the
olecules AlH, C 2 , CaH, CH, CN, CO, CrH, FeH, H 2 O, MgH,
H, OH, SiH, SiO, SiS, TiO, VO, and ZrO. A complete list of

eferences is provided in Table A1 . In this work, optical atomic lines
hat are unblended in the solar spectrum have been selected and thus
nly molecules that appear in cool spots are of importance, meaning
rimarily CN and TiO. In the case of TiO, we note that magnetic
plitting is only ever significant for very low ( J < 10) rotational
evels (Berdyugina & Solanki 2002 ). 

.2 Verification on sunspots 

e find that our synthetic spectra are able to reasonably well
eproduce the spectrum of a sunspot umbra (Wallace et al. 1999 ).

e note that while this sunspot has an excellent spectrum of high
esolution and high signal to noise, it is not further identified or
nalysed by the authors and its reference properties such as the
ocation on the solar surface are not known to us. As an approximation
f the line formation in a single sunspot, we use a flux (full stellar
isc) spectrum with solar parameters except for the choice of a lower
f fecti ve temperature. We thus neglect the potential influence of
agnetic pressure on the atmospheric structure as well as potential

eviations from non-magnetic hydrostatic equilibrium and viewing
ngle effects (see e.g. Rempel 2012 ). 

As illustrated in Fig. 1 , we find a good match to the temperature
ensitive TiO γ bandhead at 7054 Å with T eff = 4000 K, which is
ot unreasonable for a typical sunspot umbra (e.g. Sobotka, Bonet &
azquez 1993 ). Besides the shape of the bandhead itself, the shape
nd depth of these molecular lines is well reproduced by our synthetic
pectrum. No magnetic splitting is evident except for possibly the
ines with lowest J , which are expected to exhibit the largest
and ́e factors ( g > 1 Berdyugina & Solanki 2002 ). We also find an
xcellent match to the wings of the K I 7699 Å resonance line at the
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Figure 1. A high-resolution umbral sunspot atlas (black solid line) compared 
to synthetic spectra with and without magnetic fields. The TiO molecular γ - 
system v = 0–0 R 3 band head (top) exhibits a strong temperature sensitivity, 
but no magnetic splitting. Synthetic spectra are shown with and without 
magnetic fields, and with a variation in T eff (shaded area). Molecular TiO 

lines are identified by their rotational quantum numbers which run from 

right to left for J < 16 and left to right for J > 16. The K I resonance line 
(bottom) exhibits strong Zeeman doublet splitting which allows determining 
the magnetic field in the umbra of this sunspot. 
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ame temperature. The core of this line is not temperature sensitive 
ut exhibits significant Zeeman doublet splitting. The observed 
eparation matches well our prediction with B ∼ 2 kG, which again 
s a reasonable value for sunspot umbrae. 

.3 Synthetic spectrum grid 

e generate synthetic spectra representing stars with solar stellar 
arameters and varying levels of magnetic activity. These are 
epresented by a two-component model with a non-magnetic ‘quiet’ 
omponent plus a single magnetic ‘spot’ component. Similar models 
ave been used in the literature (e.g. Basri & Marcy 1988 ; Rueedi
t al. 1997 ; Kochukhov et al. 2020 ). We define a spot filling factor f 
nd calculate the composite spectrum 

 composite = f spot F spot + (1 − f spot ) F quiet . (2) 

he synthetic spectra differ in T eff and in magnetic field strength 
, but otherwise use the same stellar parameters: surface gravity 

og g = 4 . 44, metallicity [ Fe/H ] = 0 . 0 and microturbulence v mic =
 . 0 km s −1 . For the quiet component, we set an ef fecti ve temperature
 quiet = 5771 K and B quiet = 0. 
We note that this approach leads to a significant decrease in 

uminosity compared to a not-spotted star of the same T eff , by
pwards of 30 per cent, but argue below that various approaches 
round this used in the literature would have a rather small impact on
ur model. For example, the luminosity can be explicitly conserved 
y varying T quiet while conserving T 4 eff = f spot T 

4 
spot + (1 − f spot ) T 4 quiet 

e.g. Somers & Pinsonneault 2015 ). This approach was used, e.g. by
ilson & Casey ( 2023 ), who found that even with no magnetic fields,

he presence of spots and its star-to-star variation may introduce a 
catter in the inferred metallicities at the 0.05 dex level. Studies of
oth the Sun and solar analogues also indicate that the luminosity 
s not necessarily conserved on short time-scales, as periods with 
arge sunspots or of increased chromospheric activity correspond to 
ignificant reduction in brightness (e.g. Willson et al. 1981 ; Hall et al.
009 ). 
It is also possible that magnetic pressure either offsets or adds to the
 as pressure. Magnetoh ydrodynamic studies have found a depression 
n gas pressure, compared to the non-magnetic case, by some 30
er cent; this lower gas density decreases the opacity such that the
ptical surface forms deeper, where both pressure and temperature 
re relatively higher (see Rempel 2012 , for details). We note that
ur verification on the umbra of a sunspot using pressure-sensitive 
eatures did not obviously require any such changes (see Fig. 1 ). 

For the spot components, we consider synthetic spectra over the 
anges T eff = 4771–5771 K, B = 0–3 kG. We generate composite
pectra for a wide range of spot filling factors, f spot = 0–0.5. An
 xtensiv e grid of synthetic spectra co v ering FGK-type stars with
pots is generated for use in future work. 

.4 Spectr oscopic measur ements on synthetic spectra 

e perform spectroscopic measurements on our synthetic spectra 
epresenting spotted stars, treating these as if they were real stars.

e analyse spectra using a strictly differential line-by-line analysis 
ethod, as outlined by Spina et al. ( 2020 , and references therein). 
Briefly, we created a line list taking the one from Mel ́endez et al.

 2014 ) as reference. It comprises a set of 94 lines of Fe I , 18 of Fe II , as
ell as 59 lines of other metals including Sc, Ti, V, Cu, Y, and Ba (in

ight of the results reported in Baratella et al. 2021 ). The lines have
een selected based upon their suitability for analysis in solar type
tars, ho we ver with no consideration of their magnetic sensitivity. In
ractice, their ef fecti ve Land ́e factors range from g eff = 0 to 3. 
The equi v alent widths (EWs) of each line were measured with

he SMHR 1 and STELLAR DIFF 2 codes, which allow the user to define
asks for continuum setting around the spectral line of interest and

o measure the EWs, respectively. The masks are created considering 
egions of continuum completely free from strong absorption lines, 
ithin a spectral window varying from 3 to 5 Å around the line of

nterest. Once the masks are created, STELLAR DIFF applies the same
ontinuum mask to all the spectra, fitting the lines with a Gaussian
rofile. 
After measuring EWs, we derive stellar parameters for each 

omposite synthetic spectrum using the QOYLLUR-QUIPU 3 code (q 2 , 
am ́ırez et al. 2014 ). This publicly available tool is a PYTHON

rapper of MOOG (version 2019) that automatically derives the 
tellar parameters ( T eff , log g, v mic , and [ Fe/H ] ) through a line-by-line
ifferential analysis. In particular, the parameters and abundances are 
omputed with respect to a reference star, which in our case is the
ynthetic quiet solar spectrum, to minimize the impact of model 
ncertainties and errors in the atomic data. We refer the reader to
el ́endez et al. ( 2014 ) and Ram ́ırez et al. ( 2014 ) for a more detailed

escription of the technique. 
This results in an estimate of the stellar parameters and how these

ould vary in real stars as a function of our model parameters
epresenting stellar activity: f spot , T spot , and B spot . 

.5 Photometric predictions 

e calculate synthetic photometry from our model spectra of 
potted stars. Calculations used transmission curves for the Johnson- 
ousins system from Bessell ( 2005 ) and for 2MASS from (Co-
en, Wheaton & Megeath 2003 ), to calculate the B, V , and K s 
MNRAS 535, 2863–2872 (2024) 
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M

Figure 2. Predicted changes to stellar parameter measurements in young solar analogues with variations in spot co v erage fraction ( f spot ) and spot temperature 
( T spot ) when neglecting magnetic fields. The inferred stellar parameters are the ef fecti ve temperature ( T eff ), surface gravity ( log g), metallicity ( [ Fe/H ] ) and 
microturbulence ( v mic ). The rightmost panels indicate logarithmic changes to the strengths of two Fe I lines with low (top) and high (bottom) excitation energy 
but similar line strength and magnetic sensitivity (see the text for details). The somewhat blotchy behaviour for log g, [ Fe/H ] , and v mic is due to imperfections 
in convergence of our spectroscopic fitting method; seemingly random variations at these smallest scales should not be interpreted as real. 
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agnitudes. Combinations of these are commonly used in the
iterature to estimate stellar temperatures. For the colour–temperature
ransformation, we used the commonly used empirical calibrations
rom Casagrande et al. ( 2010 ), and shifted our predicted colours so
hat the non-spotted reference model reproduces the solar nominal
 eff value, 5771 K. 

 RESU LTS  

e investigate variations in inferred stellar parameters for young
olar analogues with spot co v erage fraction ( f spot ), spot magnetic
eld strength ( B spot ), and spot temperature ( T spot ). Specifically, we

nvestigate variations in the inferred effective temperature ( T eff ),
urface gravity ( log g), metallicity ( [ Fe/H ] ), and microturbulence
 v mic ), as well as the spectral lines Fe I 5247 and 5374 Å. The two
eference spectral lines are selected to have similar line strength
about 60 m Å) and with similarly strong magnetic sensitivity, but
ith very different temperature sensitivity. Fe I 5247 Å has g eff = 2 . 0,
 low = 0 . 09 eV, while Fe I 5374 Å has g eff = 1 . 67, E low = 4 . 47 eV.
s we have varied the three stellar activity markers independently,
e illustrate them here one at a time. 
Fig. 2 illustrates effects on stellar parameters when neglecting
agnetic fields but varying the spot co v erage ( f spot ) and temperature

 T spot ). We find a straightforward correspondence between T spot and
he result for T eff (effects as large as 300 K), and likewise a significant
trengthening of Fe I 5247 Å with decreasing T spot (strengthening by
s much as 0.08 dex or 13 m Å). Fe I 5374 Å is only weakly sensitive
o temperature and does not vary significantly with T spot . Other stellar
arameters do not exhibit straightforward variations with T spot . This
ndicates that our spectroscopic analysis is rather immune to these
hanges. In other words, there is no significant cross-talk between the
urface temperature and these other parameters except in the most
NRAS 535, 2863–2872 (2024) 
xtreme case (at the largest f spot , smallest T spot value), but rather
ffects are captured by the estimated T eff value. 

We also estimate effects on the photometric magnitudes when
eglecting magnetic fields but varying the spot co v erage ( f spot ) and
emperature ( T spot ), shown in Fig. 3 . Effects are straightforward,
ith effects as large as 0.56 mag in B, 0.42 mag in V, and 0.12 mag

n K s . The corresponding effects to T eff as estimated from the B − V 

nd V − K s colours show a similar behaviour to the spectroscopic
 eff , resulting primarily from the change of the spectral energy
istribution and with only a minor secondary effect from the varying
ine blanketing. 

In Fig. 4 , we investigate the effects on stellar parameters when
pots are strongly magnetic, with B spot = 3 kG , b ut lea ving the
quiet’ stellar surface nonmagnetic. With this set-up, we find a
traightforward variation in some stellar parameters as f spot increases.
e find that the strong magnetic field amplifies effects on T eff , and

urthermore results in a reduction of [ Fe/H ] and an increase in v mic , as
ell as an increase in the strengths of both Fe I lines. When varying
 spot , we find a stronger impact on T eff than in the non-magnetic
ase. We find a weakened correspondence between T spot and the
trength of the Fe I lines, with a non-monotonic variation. Rather, the
ines strengthen significantly due to magnetic amplification, by up to
.3 dex (60 m Å) for Fe I 5247 Å and 0.16 dex (30 m Å) for Fe I 5374 Å.
ffects on [ Fe/H ] and log g essentially scale linearly with T spot and
 spot , and grow as large as −0 . 16 and −0 . 4 dex. The behaviour of
 mic is more complex, where the largest effects ( + 1 . 4 km s −1 ) are
ound for spots that are magnetic but with no temperature variation,
hile cool spots result in effects as large as + 0 . 7 km s −1 . Effects on

he photometric T eff are not shown as they are ef fecti vely identical to
he non-magnetic case. 

We note that the spectral lines selected for this comparison are
trongly magnetically sensitive and therefore prone to ‘magnetic
ntensification’ (Babcock 1949 ). As indicated by the lack of cor-
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Figure 3. Predicted changes to the photometric magnitudes and resulting temperature estimates in young solar analogues with variations in spot co v erage 
fraction ( f spot ) and spot temperature ( T spot ) when neglecting magnetic fields. Shown are the direct effects on the B, V , and K s magnitudes, the spectroscopic 
ef fecti ve temperature ( T eff ; same as in Fig. 2 ), and photometric T eff estimates from B − V and V − K s . 

Figure 4. Predicted changes to stellar parameter measurements with variations in spot co v erage fraction ( f spot ) and spot temperature ( T spot ) when assuming a 
spot magnetic field of B spot = 3 kG. Labels and parameters are the same as in Fig. 2 . 
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espondence between effects on [ Fe/H ] and the strength of these 
ndividual lines, there is not necessarily a direct correspondence 
etween the altered strength of the spectral lines and their inferred 
bundance due to the variation of other stellar parameters. 

Ample data are available on the co v erage and properties of
unspots. Typical temperatures are lower than the surrounding solar 
urface, with a difference between spot temperatures and the ef fecti ve 
emperature of �T ≡ T spot − T eff ∼ −1000 to −2000 K for the
mbra of spots and �T ∼ −300 K for the penumbrae (Solanki 2003 ).
uites of 3D magneto-radiation-hydrodynamic (MRHD) simulations 
f the solar photosphere with strong magnetic fields produce spots 
ith typical temperatures approximately 1000 K cooler than the 
hotosphere (Heinemann et al. 2007 ; Rempel et al. 2009a ; Rempel,
ch ̈ussler & Kn ̈olker 2009b ; Rempel 2011 , 2012 ). For young solar
MNRAS 535, 2863–2872 (2024) 
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Figure 5. Predicted changes to stellar parameter measurements with variations in spot co v erage fraction ( f spot ) and spot magnetic field strength ( B spot ). 
Calculations assume a spot temperature T spot = 4771 K, i.e. 1000 K below T eff . Effects on stellar parameter measurements grow stronger with increasing f spot 

and B spot , with generally ne gativ e sign for T eff , log g and [ Fe/H ] , but positive sign for v mic and the strength of the Fe I lines. 
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nalogues, inversion methods have indicated large spots that exhibit
imilar temperature contrasts (see the re vie w by Berdyugina 2005 ).
 or e xample, the ∼ 50 Myr solar twin EK Dra exhibits a solar-

ike activity cycle and large-scale spots with umbral temperature
ontrasts �T ∼ −1000 to −2000 K (Ros ́en et al. 2016 ; Waite et al.
017 ; J ̈arvinen et al. 2018 ). Similarly, temperature contrasts of �T ≈
2000 K were found for a number of ∼ 20–30 Myr solar analogues,

ncluding the IC 2602 member HD 307 938 (Marsden et al. 2005 ),
D 29 615 (Waite et al. 2015 ) and HIP 89 829 (Perugini et al.
021 ). Another ∼ 30 Myr solar analog star, V1358 Ori, exhibits both
ool spots with �T ∼ −1500 K and hot spots with �T ∼ + 350 K
Kriskovics et al. 2019 ). It therefore appears reasonable to assume
hat large cool spots are predominantly featured on the surfaces on
oung solar-type stars, and that a temperature contrast for the cool
pots of �T = −1000 K is not unreasonable. In the rest of this
ection and the following, we focus on this scenario. 

We select T spot = 4771 K (i.e. T spot = T eff − 1000 K) for our test
ase illustrated in Fig. 5 . With this choice, we find a direct relation
etween B spot and stronger effects on the inferred parameters. Clearly,
he effect of magnetic intensification is directly responsible for the
ulk of effects on all stellar parameters. We note that the Fe I lines
ere selected because they are saturated and magnetically sensitive,
ith similar Land ́e g eff values, and therefore both exhibit strong
agnetic amplification. We note also that despite this amplification,
e see a decrease in [ Fe/H ] ; this is largely due to the decrease in
 eff . As previously indicated, varying the magnetic field strength has
f fecti vely no impact on the estimated photometric magnitudes and
esulting T eff estimates, and these plots are therefore not shown. 

 DISCUSSION  

e have shown in Section 3 that our two-zone stellar model
omprising a non-magnetic ‘quiet’ component combined with a
NRAS 535, 2863–2872 (2024) 
ool magnetic component together yield significant variations in the
nferred spectroscopic stellar parameters for young solar analogues.
n particular, we find that models with large co v erage of cool spots
nd with a strong magnetic field yield significant variations in all
tellar parameters of a magnitude that is possible to measure in high-
recision spectroscopic work. In order to interpret spectroscopic data
n the literature, it would be useful to predict the spectroscopic effects
urely from external indicators. Predictions from this model could
e incorporated into spectroscopic analyses with no additional free
arameters, beyond those inherent to the model itself. 

.1 Inferring spot properties in acti v e stars 

pots cannot normally be resolved on the surface of stars through
irect imaging. We therefore need a means of translating our theoret-
cal models (parametrized by f spot , B spot and T spot ) into observables
hat are commonly available for solar-type stars. The chromospheric
ctivity index R 

′ 
HK is such a suitable observable, but unfortunately

acks a direct connection to our theoretical parameters. 
Kochukhov et al. ( 2020 ) studied a set of 15 stars, primarily solar

wins, with ages in the range 27–4500 Myr and activity indices
4 . 8 < log R 

′ 
HK < −4 . 0, in order to determine their large scale

agnetic properties using optical intensity spectra. They found that
agnetic re gions hav e similar field strengths, B = 3 . 2 ± 0 . 6 kG,

n all stars regardless of activity level; variations in the avera g e
agnetic field 〈 B〉 were instead driven by variations in the spot
lling factor f spot . They found that power laws described well

he relations between f spot and the mean magnetic field 〈 B〉 , and
urthermore power law relations between 〈 B〉 and several activity
roxies including R 

′ 
HK , across a wide range of levels of activity. We

se their data to determine a power law fit, 

log R 

′ 
HK = log f spot (0 . 77 ± 0 . 19) − 3 . 82 ± 0 . 14 , (3) 

nd illustrate this in Fig. 6 . The formal errors of the fit are shown by
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Figure 6. Empirical relationship between spot co v erage fraction ( f spot ) and 
activity index ( log R 

′ 
HK ) for solar analogue stars from Kochukhov et al. 

( 2020 ). A power-law fit is overplotted, constrained for activity indices in 
the range −4 . 8 < log R 

′ 
HK < 4 . 0. The 1 σ and 2 σ confidence regions are 

indicated by the vertical dark and light grey shaded regions. 
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re y shaded re gions in the plot, and range from 0.16 dex at f spot = 0 . 4
o 0.24 dex at f spot = 0 . 1. Conversely, at the solar acti vity le vel of
og R 

′ 
HK ≈ −4 . 9 (Noyes et al. 1984 ), we find a 1 σ allowed range

 . 01 < f spot < 0 . 08. In our fit, we hav e e xcluded HD 29615, which
acks a reference log R 

′ 
HK value, and ξ Boo A, which is significantly 

ooler than the other stars in the sample and therefore may not follow
he same spot–activity relationship. 

Although not used in our tests, we also derive a relationship to the
-ray flux in the ROSAT (Boller et al. 2016 ) 0.1–2.4 keV band based
n the data compiled by Kochukhov et al. ( 2020 ), 

log L X /L bol = log f spot (2 . 43 ± 0 . 53) − 2 . 71 ± 0 . 39 . (4) 

his is advantageous for stars that may lack blue spectroscopy 
ecessary to derive log R 

′ 
HK , but that may have X-ray measurements 

rom large-sk y surv e ys surv e ys such as (for the abo v e data sources)
OSAT , Chandra (Evans et al. 2010 ), XMM–Newton (Webb et al.
020 ), or eROSITA (Merloni et al. 2024 ). Due to differences in the
ntegrated energy band for integrated X-ray fluxes from different 
nstruments, values should be converted to the ROSAT reference 
sed here (following, e.g. Wright et al. 2011 ). 
We note that Hahlin et al. ( 2023 ) performed a similar study to

ochukhov et al. ( 2020 ), but using near-infrared rather than optical
pectra. This enables measuring weaker magnetic fields thanks to 
he linear scaling of the Zeeman splitting with wavelength (equation 
 ). Their results imply magnetic field strengths 2–3 times weaker 
han from optical data and spot filling factors 30 per cent smaller.
ystematic errors beyond our statistical error bars may therefore be 
resent in the translation from theoretical to observational parameter 
pace. 

.2 Predictions for spectroscopic effects in acti v e stars 

e show in Fig. 7 our predicted effects on stellar parameters for
oung solar analogues as a function of the activity index log R 

′ 
HK .
his uses the power law fit between log R 

′ 
HK and f spot , and with

 spot = 4771 K (i.e. adopting a typical umbral temperature 1000 K
elow T eff ) and B spot = 3 kG (a typical field strength for large
agnetic regions). Predictions are compared to empirical estimates 
easured from solar twins (Spina et al. 2020 ). For clarity, an

ndicative age scale is also shown, based on a relationship between
ctivity index and age (Mamajek & Hillenbrand 2008 ). We note that
he more up to date log R 

′ 
HK –age relation from Lorenzo-Oliveira et al.

 2018 ) by construction a v oids the young and saturated regime, and
hus is less applicable to the most active stars we aim to model here.

At an acti vity le vel of log R 

′ 
HK = −4 . 3, corresponding to an age

f roughly 100 Myr, we predict changes to the spectroscopic stellar
arameters of �T eff = −230 K, � log g = −0 . 20 dex, � [ Fe/H ] =
0 . 06 dex, �v mic = + 0 . 17 km s −1 , and to the strengths of Fe I

247 Å and 5374 Å of + 0 . 09 dex (15 m Å) and + 0 . 04 dex (7 m Å).
e estimate error bars for these estimates based on uncertainties 

n the translation between log R 

′ 
HK and f spot , and these are roughly

40 K, 0.10 dex, 0.04 dex, 0.14 km s −1 , 0.06 dex and 0.03 dex. At the
ost e xtreme lev els corresponding to log R 

′ 
HK = −4 . 0, these changes

each �T eff = −700 K, � log g = −0 . 4 dex, � [ Fe/H ] = −0 . 2 dex,
v mic = + 0 . 7 km s −1 , and for Fe I 5247 Å and 5374 Å, + 0 . 3 dex

60 m Å) and + 0 . 1 dex (25 m Å). Compared to Spina et al. ( 2020 ), we
redict an earlier but less steep onset for changes in T eff , a later but
ore steep onset for v mic , and very similar trends for [ Fe/H ] . We note

hat Spina et al. ( 2020 ) did not find significant variations in log g,
onsistent with our modest predicted effect on this parameter. 

A potential conflict exists between our predicted effects on T eff ,
hich agree qualitatively with observations from Spina et al. ( 2020 ),

nd the good agreement between spectroscopic and photometric 
emperatures found by Baratella et al. ( 2020 ). As indicated in
ection 3 , effects on the photometric T eff estimate are similar but not

dentical to the spectroscopic measurement. At log R 

′ 
HK = −4 . 3 and

4 . 0, we predict relatively small effects, �T eff ( B − V ) = −100 and
300 K, and �T eff ( V − K s ) = −175 and −500 K. Disagreement at

he 100 K level should therefore be apparent in solar twins younger
han 100 Myr. We note that while existing data clearly indicate
rightness variations correlating with the stellar activity cycle (e.g. 
all et al. 2009 ), variations in colour are not well understood as

xisting data appear insufficient. Our predicted effects on colours 
re as large as 0.1 mag for B − V and 0.4 mag for V − K s , but we
ote that cyclical variations would be significantly smaller than this 
nd therefore compatible with the lack of a signal in observations
f b − y. 
Our predicted effect on [ Fe/H ] at log R 

′ 
HK = −4 . 3 is in very close

greement with the average metallicity found in nearby star forming 
egions, −0 . 07 ± 0 . 03 dex (Cunha et al. 1998 ; Santos et al. 2008 ;
iazzo, Randich & Palla 2011 ; D’Orazi, Biazzo & Randich 2011 ;
iazzo et al. 2012 ; Spina et al. 2014 , 2017 ). The agreement is very
ncouraging, but we note that there may exist systematic differences 
etween our spectroscopic analyses, not the least in the line selection.
urther, these stars are younger than 100 Myr and may exhibit even
tronger chromospheric activity. Our predicted effect on [ Fe/H ] at 
og R 

′ 
HK = −4 (age ∼ 10 Myr) of −0 . 15 dex would imply that these

tar forming regions actually have slightly supersolar metallicity (in 
greement with, e.g. Baratella et al. 2020 ). 

 C O N C L U S I O N S  A N D  SUMMARY  

e have shown that star spots on stellar surfaces may systematically
erturb spectroscopic measurements, in a way that depends critically 
n both the temperature and magnetic field of the spot. In tests on
olar synthetic spectra, the temperature of the spot directly influences 
MNRAS 535, 2863–2872 (2024) 
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Figure 7. Predicted changes to stellar parameter measurements with variations in activity index, compared to empirically inferred effects for solar analogue 
stars (Spina et al. 2020 ). The empirical effects have been extrapolated for R 

′ 
HK > −4 . 3, and these regions are shown with dashed lines. The 1 σ and 2 σ confidence 

regions are indicated by the dark and light shaded re gions. F or the predicted effects, uncertainties are estimated from the conversion from f spot into R 

′ 
HK , and 

confidence regions are therefore horizontal. Approximate ages are indicated based on an empirical relationship between age and activity index (Mamajek & 

Hillenbrand 2008 ). 
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he inferred stellar ef fecti ve temperature ( T eff ), and cool spots
ay significantly strengthen certain spectral lines. For magnetically

ensitive lines, Zeeman splitting effectively produces broadening
ith a width similar to the intrinsic line width. For saturated lines,

his leads to an amplification that partly mimics the effects of
icroturb ulence ( v mic ), b ut varies from line to line according to their
agnetic sensitivity ( g eff ). 
We have analysed synthetic spectra of spotted stars with solar

arameters in a detailed line-by-line differential spectroscopic anal-
sis, treating them as if they were real stars. When modelling strongly
agnetic cool spots, we infer systematic changes in the spectroscopic

tellar parameters that vary directly with the surface spot co v erage
 f spot ). We find an interplay between the spot temperature and
agnetic field strength that strengthens the effects on the inferred
 eff , log g and [ Fe/H ] , but partly cancels for effects on v mic . When
dopting a relation between the log R 

′ 
HK activity index and f spot , we

nd systematic variations in stellar parameters that are in agreement
ith observations of young stellar twins (Spina et al. 2020 ). We
nd remarkably good agreement in the sign and magnitude of
ffects, but mild disagreement in the activity level where these
ffects set in. Our simulations indicate an onset of significant effects
n spectroscopic stellar parameters for stars with log R 

′ 
HK � −4 . 6

orresponding to ages less than about 1 Gyr (Mamajek & Hil-
enbrand 2008 ). Ef fects gro w stronger for more active, younger, 
tars. 

Although we predict effects in good agreement with observational
ata from Spina et al. ( 2020 ), we note that the effects on T eff are
redicted to onset at too low activity levels, while effects on v mic 

ppear only at high activity levels. It is unlikely these differences
ould be explained solely by systematic uncertainties or variations
n the empirical log R 

′ 
HK –f spot relationship. Rather, they may reflect

hortcomings in the observational data, our simple model of stars
NRAS 535, 2863–2872 (2024) 
ith cool spots, or both. We note also that our inferred effects may
ot be directly applicable to studies that used other linelists, nor to
tars that are not solar analogues. 

The empirical log R 

′ 
HK –f spot relationship used in this work was

erived from measurements of magnetic spots in young solar
nalogues (Kochukhov et al. 2020 ). It should be verified whether
his relationship applies also to stars of other spectral types, and
urther how parameters like the magnetic field strength or the spot
emperature (contrast) depends on the spectral type. 

Additional data on young stars throughout their activity cycle, and
specially for stars with cycles that span a wide range in the activity
ndex at a high average value, will help better constrain the empirical
ffects. Data from Spina et al. ( 2020 ) co v ers solar twins o v er a wide
ange of activity indices, but is least complete for moderately-to-
 ery activ e stars with log R 

′ 
HK values in the range −4 . 7 to −4 . 0 (ages

 2 Gyr); this is also the range where effects are significant. Their
ata do not indicate star-to-star variations, but rather agree well with
 simple dependence on the activity level. 

A potentially important modelling shortcoming is that the presence
f strong magnetic significantly alters the structure of the photo-
phere beyond the assumptions of our simple model. Advanced
D MRHD simulations have been used to predict photospheric
tructures in a small number of cases for the Sun (e.g. Heinemann
t al. 2007 ; Rempel et al. 2009a , 2009b ; Rempel 2011 , 2012 )
nd stars of different spectral types (Panja, Cameron & Solanki
020 ). Due to the immense computational cost of such simulations,
t is likely that a simplified approach to describe magnetic spots
s required for detailed applications such as abundance analyses.
nother mechanism, further to that considered in this work, is that

hromospheric emission may be present in the cores of strong lines
hat form in the highest layers of the photosphere. Semi-empirical
hromospheric model grids like that presented by Vieytes, Mauas &
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incunegui ( 2005 ) could be used to test this effect. We note also
hat the use of hydrostatic non-magnetic model atmospheres with 
djusted ef fecti ve temperature, although common in the study of
potted stars, may be insufficient for detailed abundance work and 
ndeed is not the standard in solar physics. Semi-empirical model 
tmospheres such as the umbral model of Maltby et al. ( 1986 )
ypically exhibit a flatter temperature structure and an overall lower 
as pressure than standard hydrostatic atmospheres, which would 
lter the spectral imprint of spots. 

Large cool and warm spot structures have been seen on young 
olar analogues, e.g. V1358 Ori (Kriskovics et al. 2019 ). It is not
lear if the warm spots in these cases are analogous to cool spots,
r if they are large versions of faculae which are seen on the solar
urface, and which are known to dominate o v er cool spots in stars of
olar age (e.g. Radick et al. 1998 ; Montet, Tovar & Foreman-Mackey
017 ). Regardless, such findings may call for a more involved model
ith additional parameters, e.g. �T cool , �T hot , B cool , B warm 

, f warm 

,
nd f warm 

. Empirical data on these parameters are necessary in order
o constrain such a model, especially if the warm and cool spot
o v erage fractions vary differently with age. We therefore caution 
he reader that in case the presence of warm spots is indeed crucial,
hen the model proposed in this work will be insufficient in this
egard. In contrast, our current model is sufficiently simple and 
traightforward that it can be implemented in stellar spectroscopy 
ackages with the addition of the single additional stellar parameter 
og R 

′ 
HK (or log L X /L bol ), and can be used without any changes to

he spectroscopic setup. 
Further work on these effects will focus on improving the the- 

retical model and extending the application to young dwarfs and 
iants more broadly. A full treatment of polarized radiative transfer 
s likely necessary in order to accurately represent the effects of
eeman splitting (see e.g. Cristofari et al. 2023 ). We will include

hese effects in our future work, where we also focus on outstanding
roblems like the Ba puzzle (D’Orazi et al. 2009 ). 
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ATA  AVA ILA BILITY  

he radiative transfer code TURBOSPECTRUM is freely available (Plez 
012 ; see also Gerber et al. 2023 ), and the molecular linelists
Table A1 ) are available for download from Bertrand Plez’s website 
ttps:// www.lupm.in2p3.fr/ users/ plez . The linelist modifications for 
eeman splitting implemented here are trivial, but the code will 
e shared upon request. The spectrum analysis codes are likewise 
reely available: SMHR , STELLAR DIFF and QOYLLUR-QUIPU (q 2 ) are 
vailable at ht tps://github.com/andycasey/smhr, ht tps://github.com/a 
dycasey/stellardiff and ht tps://github.com/ast roChasqui/q2 . 
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