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ABSTRACT

Precise fundamental atmospheric stellar parameters and abundance determination of
individual elements in stars are important for all stellar population studies. Non-Local
Thermodynamic Equilibrium (Non-LTE; hereafter NLTE) models are often important
for such high precision, however, can be computationally complex and expensive, which
renders the models less utilized in spectroscopic analyses. To alleviate the computa-
tional burden of such models, we developed a robust 1D, LTE and NLTE fundamental
atmospheric stellar parameter derivation tool, LOTUS, to determine the effective temper-
ature Teff , surface gravity log g, metallicity [Fe/H] and microturbulent velocity vmic for
FGK type stars, from equivalent width (EW) measurements of Fe i and Fe ii lines. We
utilize a generalized curve of growth method to take into account the EW dependencies
of each Fe i and Fe ii line on the corresponding atmospheric stellar parameters. A global
differential evolution optimization algorithm is then used to derive the optimized fun-
damental parameters. Additionally, LOTUS can determine precise uncertainties for each
stellar parameter using a Markov Chain Monte Carlo (MCMC) algorithm. We test and
apply LOTUS on a sample of benchmark stars, as well as stars with available asteroseis-
mic surface gravities from the K2 survey, and metal-poor stars from R-process Alliance
(RPA) survey. We find very good agreement between our NLTE-derived parameters
in LOTUS to non-spectroscopic values within Teff = ±30 K and log g = ±0.20 dex for
benchmark stars. We provide open access of our code, as well as of the interpolated
pre-computed NLTE EW grids available on Github ¥, and documentation with working
examples on Readthedocs Y.
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parameters of stars (555), Astrometry (80), Effective temperature (449),
Surface gravity (1669), Metallicity (1031)

1. INTRODUCTION

Precise characterization of stellar spectra is a
key ingredient for understanding several fields
of modern astrophysics, including the physical
and chemical properties and abundances of stars
(Asplund et al. 2009; Jofré et al. 2019), galac-
tic formation and evolution (Audouze & Tinsley
1976; McWilliam 1997; Kobayashi et al. 2006),
as well as macro and micro physical phenom-
ena near the surface of stars (Miesch & Toomre
2009; Linsky 2017). This accurate level of char-
acterization is also needed for the detection of
extra-solar planets when using radial velocity
methods (Vanderburg et al. 2016).

With the current inflow of stellar spec-
tra from ongoing and future large observa-
tional spectroscopic surveys including, SDSS-V
(Kollmeier et al. 2017, R∼2000 and ∼22500),
LAMOST (Liu et al. 2020, R∼7500; Cui
et al. 2012; Zhao et al. 2012; Deng et al.
2012, R∼1800), APOGEE (Ahumada et al.
2020, R∼22500), RAVE (Steinmetz et al.
2020, R∼7500), GALAH (De Silva et al. 2015,
R∼28000), as well as the upcoming WEAVE
(Dalton et al. 2016, R∼5000 and R∼20000),
4MOST (de Jong et al. 2019, R∼20000) and
PLATO (Miglio et al. 2017), stellar spec-
troscopy will be providing ∼ 105 of golden op-
portunities to study the chemical and dynam-
ical properties of stars in the Galaxy to help
understand its build-up history and evolution.

Atmospheric fundamental stellar parame-
ters, including Teff , log g, [Fe/H] and micro-
turbulence velocity vmic, as well as chemical
abundances of stars, are determined from the
observed spectra of a given star by fitting theo-
retical synthetic spectra based on assumptions
of geometric structures (1D versus 3D), ra-
diative transfer assumptions (Local Thermody-
namic Equilibrium; hereafter LTE, versus Non-

Local Thermodynamic Equilibrium; hereafter
NLTE). Two classical methods are commonly
used to derive stellar atmospheric parameters
from stellar spectra: either 1) by iteratively fit-
ting the observed spectra to synthetic spectral
models until a best-fit match is met at the cor-
responding stellar parameters, or 2) by measur-
ing chemical abundances of Fe i and Fe ii lines
from equivalent widths (EW) measurements,
and employing optimization of excitation and
ionization equilibrium by changing the stellar
parameters iteratively until trends with excita-
tion potential energies (χ) and reduced equiva-
lent widths (log(EW/λ)) of the lines are mini-
mized.

While the former method of spectral synthesis
might outperform the latter in crowded spec-
tral regions or spectra dominated by strong
lines (log(EW/λ) > −4.5), the EW method
generally requires less calculation time and re-
sources than synthetic spectra, making it a
simpler and more widely applied tool to mea-
sure atmospheric stellar atmospheric parame-
ters and chemical abundances. Classical ra-
diative transfer models for deriving stellar pa-
rameters and chemical abundances from ob-
served spectra assume LTE. Under LTE, the
gas and chemical particles throughout the stel-
lar atmosphere satisfy the Saha-Boltzmann ex-
citation and ionization balance equations. Sev-
eral stellar atmospheric parameter tools im-
plementing classical 1D and LTE approxima-
tions for spectroscopic analyses already exist
and are widely used (e.g., MATISSE (Recio-
Blanco et al. 2006), MyGIsFOS (Sbordone et al.
2014), the APOGEE pipeline ASCAP (Garćıa
Pérez et al. 2016), GALA (Mucciarelli et al.
2013), DOOp (Cantat-Gaudin et al. 2014),
ARES (Sousa et al. 2015), StePar (Tabernero
et al. 2019), and FASMA (Tsantaki & An-
dreasen 2021) using the EW method).
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The LTE assumption utilized by all of these
tools is, however, not physically motivated when
applied to evolved giants and/or metal-poor
stars (Lind et al. 2012; Ezzeddine et al. 2017;
Mashonkina et al. 2017; Amarsi et al. 2020).
Inelastic collisional interactions between atoms
and electrons or neutral hydrogen in the at-
mospheres of cool stars usually drive the local
conditions in these atmospheres towards LTE.
In metal-poor and giant stars, limited elec-
tron donors from metals are not able to induce
enough collisions to maintain collisional equi-
librium in the line-forming regions (Hubeny &
Mihalas 2014), which drive line formation away
from LTE (Mihalas & Athay 1973; Bergemann
et al. 2012). Quantified deviations in abun-
dances and stellar atmospheric parameters from
LTE are commonly known as NLTE effects (As-
plund 2005), which are mainly driven by devi-
ations from statistical equilibrium or kinematic
equilibrium.

To the authors’ current knowledge, the only
stellar atmospheric and chemical abundance
code taking NLTE effects into account is PySME
(Wehrhahn 2021). It is based on the spectro-
scopic analysis code Spectroscopy Made Easy
(SME; Piskunov & Valenti 2017), which has the
capability to synthesize NLTE spectra of indi-
vidual spectral lines. It can become tedious and
time demanding to apply for a line-by-line stel-
lar parameter determination. Therefore, a code
that can automatically derive stellar parameters
using EW is much needed, which is the main
motivation of this paper as explained in more
detail in the following sections.

In this work, we present a fast, automatic and
robust spectroscopic analysis tool, LOTUS, which
stands for a NLTE Optimization Tool Utilized
for the derivation of atmospheric Stellar param-
eters, which allows the derivation of Teff , log g,
[Fe/H] and vmic based on input EW measure-
ments of Fe i and Fe ii lines from stellar spec-
tra. Either or both LTE and NLTE modes

can be chosen for the benefit of comparisons.
As compared to traditional model-by-model full
NLTE calculations, LOTUS can shorten the time
of the determination of stellar parameters in
NLTE assumption from several hours or even
days (Hauschildt et al. 1997) to ∼ 15− 30 mins
for each star. A Monte-Carlo Markov Chain
(MCMC) analysis is also implemented to pre-
cisely estimate the uncertainties of the derived
parameters. We test and apply our code on sev-
eral benchmark stars, and stellar surveys with
available non-spectroscopic atmospheric param-
eters for comparison and validation of our re-
sults.

The rest of the paper is organized as follows:
In Section 2, we present a detailed description
of LOTUS, and describe the input models for our
NLTE calculations, as well as a description of
the different modules of the code. In Section
3, we test our code and apply it to derive and
compare the derived parameters of benchmark
stars, and stars with non-spectroscopic derived
parameters. In Section 4, we apply the code to a
large sample of metal-poor stars and discuss the
NLTE effects obtained via LOTUS. In Section 5,
we present a discussion on the caveats and lim-
itations of the code, and finally, in Section 6 we
present a summary of our results and conclude.

2. DESCRIPTION OF LOTUS

LOTUS is designed to derive the fundamental
atmospheric stellar parameters, namely, effec-
tive temperature (Teff), surface gravity (log g),
metallicity ([Fe/H]) and microturbulent veloc-
ity (vmic) of FGK type stars, by implement-
ing observed measurements of equivalent widths
(EW) for Fe i and Fe ii lines as input. An ex-
ample of a user input EW linelist is shown
in Listing 1 below. The transition wavelength
obs wavelength (in Å), element and ionization
stage (Fe i or Fe ii), measured EW obs ew in
(mÅ) and excitation potential energy EP (in
eV) are required.

1 obs_wavelength ,element ,obs_ew ,obs_ep
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2 4787.8266 ,FeI ,44.2 ,3.00

3 4788.7566 ,FeI ,65.5 ,3.24

4 4789.6508 ,FeI ,83.3 ,3.55

5 6456.3796 , FeII ,59.2 ,3.9

6 ...

Listing 1. Example of an input file format of
observed EW measurements for Fe i and Fe ii lines
provided by users for LOTUS. obs wavelength are
in Å, obs ew in mÅ, and obs ep in eV.

LOTUS’s general modes of functionality are as
follows: (i) Fe i and Fe ii abundances are derived
by interpolating a generalized curve of growth
(GCOG) for each line in a pre-computed grid of
theoretical EW in both LTE and NLTE, follow-
ing the work done by Boeche & Grebel (2016).
(ii) The stellar parameters are then derived by
minimizing the slopes for excitation and ioniza-
tion equilibrium, iteratively using a global min-
imization module. Finally, (iii) uncertainties
of the derived atmospheric parameters are es-
timated utilizing a Markov Chain Monte Carlo
(MCMC) algorithm. We describe each of these
modules in detail in sub-section 2.2 below, after
listing the input and radiative transfer models
used in Section 2.1.

2.1. Input Models

2.1.1. Stellar Atmosphere Models

LOTUS incorporates 1D, LTE MARCS stel-
lar atmospheric models (Gustafsson et al. 1975,
2008), covering a wide range of stellar param-
eters typical for FGK stars. Spherical atmo-
spheric models were used for log g < 3.5, other-
wise, plane-parallel models were adopted. The
grid of MARCS model atmosphere available on-
line1 offer reasonable coverage for the stellar
parameters, however they exhibit wide gaps in
effective temperature (steps of ∼ 250 K), sur-
face gravity (steps of ∼ 0.5 cgs), and metallicity
(steps of ∼ 0.25−0.50 dex) to optimally explore
the parameter space. We utilize the MARCS in-

1 https://marcs.astro.uu.se/

Uncertainty  
Estimation

Module

Interpolation  
Module

Equivalent widths (EW) from spectra

linelist

LTE/Non-LTE  
EW library grid

General 
Curve  of 
Growth  
(GCOG)

A =Φ[Φ[Teff , logg ,V
m      i     c , EW ]

Create 
objective  
function

Converge criteria: 
excitation balance  
ionization balance

Yes  
Convergence?

Covariance  
matrix  

calculation

Slice sampling 
 MCMC

Check  marginal
objective function

and their uncertainties

No

Pre-  
Calculated

Minimize objective 
Function (globally)

Global 
Minimization

Module

Teff , logg , V
m      i     c , [Fe/H]
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Figure 1. A flow diagram describing the working
modules of LOTUS. Three main modules are used to
derive the stellar parameters and their uncertain-
ties: (i) An interpolation Module, (ii) a Global Min-
imization Module, and (iii) an Uncertainty Estima-
tion Module. Input includes EW measurements of
Fe i and Fe ii of the absorption lines measured in
the spectra. Users can define the number of σ clip-
ping required to remove outliers (see Section 2.4.3
for details). Additionally, a halt condition for the
value of the smallest allowable minimization func-
tion threshold can also be defined by users (see Sec-
tion 2.4.3 for details).

terpolation subroutine iterpol marcs.f2 writ-
ten by Thomas Masseron, to produce a higher
resolution grid, with our final parameter grid
ranging from 4000 K to 6850 K for Teff (steps of
50 K), log g from 0.0 to 5.0 (steps of 0.1), [Fe/H]

2 http://marcs.astro.uu.se/software.php
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from −3.5 to +0.5 (steps of 0.5) and vmic from
0.5 to 3.0 km s−1 (steps of 0.5 km s−1).

2.1.2. Iron Model Atom

Computing theoretical NLTE Fe i and Fe ii
EWs requires the input of a comprehensive iron
model with up-to-date radiative and collisional
atomic data. For our EW grid calculations,
we adopt a well-tested Fe i/Fe ii model atom
containing 846 Fe i and 1027 Fe ii lines Ezzed-
dine et al. (2016, 2017, 2020). The atom in-
cludes absorption line transitions spanning the
near-UV to the near-IR, extending the range
of wavelength from ∼ 1000 to 107 Å. The
model also carefully considers hydrogen collision
and electron collision processes from quantum
atomic data, particularly implementing ion-pair
production and mutual-neutralization processes
from Barklem (2018). Extensive details on the
build-up of the atom and the corresponding
atomic data are presented in Ezzeddine et al.
(2016) and Ezzeddine et al. (2020).

2.1.3. NLTE Radiative Transfer

We utilize the NLTE radiative transfer code
MULTI2.3 to solve for statistical equilibrium
populations and derive the theoretical NLTE
EW for the Fe i and Fe ii lines in our atom.
The code utilizes the Approximate Lambda It-
eration (ALI) (Rybicki & Hummer 1991) to it-
eratively determine the populations using the
comprehensive Fe i/Fe ii model atom described
in Section 2.1.2. MULTI2.3 also solves for LTE
populations using the classical Saha and Boltz-
mann equations, which is output as a departure
coefficient, bi, where bi = ni(NLTE)/ni(LTE)
(Wijbenga & Zwaan 1972), where n is the level
population for the corresponding line transition
i.

2.1.4. Linelist Selection

The linelist selection is crucial for the accu-
rate derivation of Fe i and Fe ii chemical abun-
dances and stellar parameters using the EW

method, especially for cooler stars (e.g. FGK
stars) since they have much denser spectral line
regions containing blended lines. Therefore, we
choose a comprehensive list of Fe i and Fe ii
from the Gaia-ESO line list (Jofré et al. 2014;
Heiter et al. 2015, 2021), covering the wave-
length ranges from 4750 to 6850 Å and from
8500 to 8950 Å. Additional lines from the R-
Process Alliance (RPA) survey (e.g., Hansen
et al. 2018; Sakari et al. 2018; Ezzeddine et al.
2020; Holmbeck et al. 2020) have also been
added to account for lines common in metal-
poor stars, with corresponding atomic data and
references in (Roederer et al. 2018). We com-
bine iron lines from both linelists, removing any
duplicates in the process. Our final linelist is
presented in Table 2.

2.2. Key Modules

Below we describe in detail the key compo-
nents and modules of the LOTUS functionalities.
An illustrated flow diagram of the workings of
the code is also shown in Figure 1, demonstrat-
ing the connection between the different mod-
ules.

2.2.1. EW Interpolation Module

Traditional curve of growth (COG) methods
to derive abundances do not take into account
the inter-dependencies of the EW of the lines
on stellar parameters such as Teff , log g, [Fe/H]
and vmic. For some lines, however, EW can have
strong and arbitrary dependencies on some at-
mospheric stellar parameters in given parameter
space. Figure 2 and Figure 3 demonstrate these
dependencies, where theoretical values for EW
from our NLTE grid are shown as a function
of Teff and log g (left panel) and for Teff and
vmic (right panel) for the Fe i line at 4070.768 Å,
and the Fe ii lines at 6247.545 Å, respectively.
The metallicity for both plots has been fixed
at [Fe/H] = −2.00 for demonstration purposes.
It is clear that the EWs vary arbitrarily in
the Teff-log g space with resonance peaks show-



6 Li et al.

Teff (K)

400042004400
4600

4800
5000

5200

log
0.5

1.0
1.5

2.0
2.5

3.0

40
60
80
100
120

Teff (K)

40004200440046004800
5000

5200 mic(km/s)0.5
1.0

1.5 2.0 2.5 3.0

EW
(mÅ)

40
60
80

100
120

40 60 80 100 120

EW(mÅ)

FeI at =4070.77Å, ExP=3.24ev

Figure 2. GCOG of EWs as a function of two-dimensional stellar parameters of the Fe i line at 4070.77Å,
with EP=3.24 eV. [Fe/H] is kept constant at −2.00 for demonstration purposes and to avoid cluttering the
plot.
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Figure 3. Same as Figure 2 but for the Fe ii line at 6247.55Å with EP=3.89 eV.
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ing throughout the grid at different parameters
while demonstrating a smoother dependence in
the Teff-vmic parameter space for the Fe i line at
4070 Å. The Fe ii line at 6247 Å, however, shows
smoother dependence on Teff and log g for lower
Teff and higher log g values, with stronger res-
onance peaks showing at higher Teff and lower
log g. We also observed this behavior when fix-
ing Fe i abundances, in that increasing Teff will
decrease EW while EW is mostly insensitive to
log g variation; For Fe ii increasing Teff will in-
crease EW while increasing log g will decrease
EW, which has been qualitatively proven in
Chapter 17.5 of Hubeny & Mihalas (2014). To
take into account such important dependencies
in our codes, which can strongly affect our de-
rived abundances and thus our stellar parame-
ter derivation, we compute a Generalized Curve
of Growth (GCOG) for each Fe i and Fe ii line
in our linelist. This takes into account each
line’s dependence on each of the stellar parame-
ters, including Teff , log g, [Fe/H], and vmic. Such
methods have also been implemented in previ-
ous work such as in Osorio et al. (2015) and
Boeche & Grebel (2016). Interpolated GCOGs
are then stored as libraries in our code, and uti-
lized in the optimization module afterward to
derive the Fe i and Fe ii abundances.

2.3. Abundance Determination module

To derive the Fe i and Fe ii abundances, we
fit multivariate polynomials to each line, by de-
riving the relation between the iron abundance
of the line with Teff , log g, vmic and EW, de-
noted as A (Fe) = P (Teff , logg, νmic,EW). The
detailed form of P can be written as:∑
i1+i2+i3+i4≤n

ai1i2i3i4 (Teff)i1 (logg)i2 (νmic)
i3 (EW)i4

(1)
where im (m=1,2,3,4) is the power of the 3 stel-
lar parameters (Teff , log g and vmic) as well as
EW. Possible values for im are any positive in-
teger as long as the sum of all these powers is

Table 1. Interpolation intervals chosen for dif-
ferent stellar types considered in LOTUS.

stellar parameter types intervals

Teff (K) K [4000, 5200]

G [5200, 6000]

F [6000, 6850]

logg supergiant [0.0, 0.5]

giant [0.5, 3.0]

subgiant [3.0, 4.0]

dwarf [4.0, 5.0]

[Fe/H] very metal poor [−3.5, −2.0]

metal poor [−2.0, −0.5]

metal rich [−0.5, 0.5]

less than or equal to the power degree of the
polynomial n. ai1i2i3i4 is the product of the co-
efficients of each of these variables. The crite-
ria for choosing n depends on the behavior of
theoretical models within a specific parameter
range of stellar parameters and is described in
more detail in Section 2.3.1 below.

2.3.1. Selection of Interpolator

The selection of the linelist utilized to derive
stellar parameters is dependent on the spectral
type of the star, as some lines can be blended
or strong in some cool high metallicity stars,
whereas these same lines could also be blend-
free and weaker for hotter, metal-poor stars.
Therefore, the multivariate polynomial func-
tions defined in Section 2.3 and used to derive
the abundances of Fe i and Fe ii lines depend on
the choice of linelist. We thus pay special atten-
tion to the choice of interpolator by identifying
the best selection of linelist per spectral type
(or stellar parameters). Therefore, instead of
interpolating in the whole parameter space for
all the lines, we pre-define that the GCOGs fit
only the abundances of the lines we pre-selected
and chose to use within tested intervals of stel-
lar parameters, according to an initial guess of
spectral types that the users can insert as an
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input in the code. Our choice of the intervals
of different stellar parameters for each spectral
types are listed in Table 1. For example, if an
initial guess is chosen such that the target star
is a metal-poor G giant, the multivariate poly-
nomial will fit the abundance of each line ver-
sus other atmospheric parameters using the grid
points falling into the range of Teff from 5200 K
to 6000 K, log g from 0.0 to 3.0 and [Fe/H] from
−2.0 to −0.5.

In order to choose the best interpolator per
spectral type (i.e., the optimal n) among several
multivariate polynomials as defined in Equa-
tion 1, we use a Bayesian Information Criteria
(BIC) to select the best polynomial function for
each line based on the mean residual differences
between the theoretical EWs at the nodes of
our pre-computed NLTE grid (computed at a
combination of Teff , log g, [Fe/H], and vmic), to
the EWs interpolated at these parameters. We
assume that the optimal model is among the
polynomials with degree=2,3,4,5. The BIC was
calculated such as:

BIC = n ln

(
SSR

n

)
+ k ln(n) (2)

where SSR is the sum of the squared residu-
als between the theoretical EWs and the inter-
polated EWs from models at specific nodes of
the grid, and n is sample size (here we choose
n = 4000 nodes in each spectral type inter-
val). k is a free parameter (including coeffi-
cients and slope intercept), which can be cal-
culated as k=Cd

d+4, where d is the degree of the
polynomial, and 4 is chosen as the number of
dependent variables for each interpolated EW
(namely, Teff , log g, [Fe/H] and vmic).

We thus chose the best interpolator for each
spectral type interval as that with the lowest
BIC value. In Fig. 4, we show the differences
between the interpolated EW using the low-
est BIC interpolator as compared to the (non-
interpolated) EW directly from MULTI2.3, cat-
egorized as a function of stellar spectral types

(x-axis) and metalicities (different panels). We
observe that there exist no clear dependencies
between differences and spectral types and met-
alicities. The average of differences is within
0.01 for all stellar spectral types and metalici-
ties. We pre-define the default interpolated EW
uncertainty (also a threshold for the lowest ac-
ceptable BIC) in LOTUS as 6 mÅ for each line.
However, we also design the code to allow users
to input their acceptable uncertainty limits, in
which case LOTUS will drop a given Fe i or Fe ii
from the linelist if the computed BIC is larger
than this uncertainty, and will subsequently be
excluded from the lines used to derive the stellar
parameters in the optimization module.

2.3.2. EP Cut-off

The NLTE abundances derived from low ex-
citation potential Fe i can yield larger abun-
dances as compared with those derived from
high-excitation Fe i and Fe ii lines, especially
using 1D atmospheric models (Amarsi et al.
2016). Such differences can reach up to 0.45 dex
for some Fe i lines, and can affect our de-
rived stellar parameters as documented in sev-
eral studies including Bergemann et al. (2012);
Lind et al. (2012) as well as others. We
thus follow previous literature studies by in-
troducing low-excitation potential cut-offs for
Fe i lines with EP(Fe i)< 2.7ev/2.5ev/2.0 eV for
stars with [Fe/H]< −0.5, depending on the
number of Fe i and Fe ii lines measured in the
stars and the optimization convergence crite-
ria (see Section 2.4); We conduct no cut-offs for
stars with [Fe/H]> −0.5.

2.4. Optimization Module

Once reliable linelists and interpolators per
spectral types of input target stars have been
chosen, as explained in Section 2.3 above, the
derived Fe i and Fe ii abundances are fed into
the optimization module with an initial guess
of the general type of the target star. We note
that users don’t need to specify an initial guess
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Figure 4. Differences (in mÅ) between the interpolated EWs (using interpolators chosen at the lowest BIC
values) and the EWs from NLTE theoretical calculations computed directly using MULTI2.3. Each violin
plot shows the distribution of the means of such differences for a random 4000 nodes within the spectral
type interval of the pre-computed EW library. Red lines are marked as the means of the distributions while
purple lines are for the medians. The differences are shown for different metallicity ranges as indicated in
each panel.

of each stellar parameter, as it suffices to only
chose an initial guess of the spectral type as an
input to LOTUS, which is then assigned the cor-
responding interpolation parameters interval as
indicated in Table 1.

2.4.1. Optimization Conditions

The general principle of optimization is to ad-
just stellar parameters iteratively to derive opti-
mal combinations of stellar parameters that can
satisfy the following three conditions: (i) excita-
tion equilibrium, or minimizing the trend (i.e.,
slope) of the Fe i abundances as a function of
excitation potential EP, (ii) ensuring ionization

equilibrium or minimizing the differences be-
tween the abundances derived from the Fe i and
Fe ii lines, and (iii) minimizing the trend (i.e.,
slope) between the abundances derived from the
Fe i lines versus the reduced equivalent widths,
REW = log(EW/λ).

Therefore, we derive Teff by ensuring excita-
tion equilibrium, log g by ensuring ionization
equilibrium, and vmic by minimizing the trend
between Fe i abundances versus line strength
(REW). [Fe/H] was then determined by aver-
aging the abundances derived from the Fe i and
Fe ii abundances.
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2.4.2. Targeted Optimized Object Function

In order to find the best combination of stellar
parameters that satisfy the optimization condi-
tions defined in Section 2.4.1 within our param-
eter grid, we first combine these conditions into
a targeted optimization object function F , such
as:

F =

(
sχ,1
σχ,1

)2

+

(
sREW,1
σREW,1

)2

+

(
Ā1 − Ā2

σ1−2

)2

(3)

where the subscripts ”1” and ”2” correspond
to Fe i and Fe ii, respectively. sχ,1 is the slope
between Fe i abundances and EP, and σχ,1 is its
uncertainty, sREW,1 is the slope between the Fe i
abundances and REW, and σREW,1 is its uncer-
tainty. Ā1 and Ā2 are the mean abundances
for Fe i and Fe ii, respectively, while σ1−2 is the
standard deviation of the differences between
Ā1 and Ā2. A converged solution is obtained at

the combination of Teff , log g, [Fe/H] and vmic,
which minimizes F globally.

2.4.3. Global minimization

To find the global minimization fit parameters
within our grid, we adopt a differential evolution
algorithm implementing a global minimization
search. The goal is to minimize F by start-
ing with an initial population of candidate so-
lutions, which are iteratively improved by re-
taining the fittest solutions that yield a lower F
values, until convergence for the best-fit param-
eters is met (Storn & Price 1996). The advan-
tage of a differential evolution algorithm is that
it has the benefit of handling nonlinear and non-
differentiable multi-dimensional objective func-
tions while requiring few control parameters to
steer the minimization. For our code, we select
100 initial populations (sets of solutions) with a
combined rate of 0.3, which is a crossover prob-
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ability that depends on how fast the algorithm
moves to the next generation of populations.
We try different weights between 0.8 and 1.2,
to maintain a proper searching radius, at the
same time making sure it does not slow down
the convergence speed. We adopt F ∼ 10−5 as
the absolute tolerance for each iteration. Af-
ter each iteration, we perform a 3σ-clipping on
the abundances of the Fe i and Fe ii lines to re-
move outliers. We adopt 3 iterations of out-
lier removing in total as a default, however, this
number can be defined by the users depending
on the quality of their EW measurements. An
example of HD122563 with derived abundances
of Fe i and Fe ii versus REW and EP at optimal
atmospheric parameters is shown in Figure 5.

2.5. Uncertainty Estimation Module

Since F is a function of the stellar parameters,
it can be described as F(θ) = F(Teff , logg,vmic).
We can keep track of how F changes along
the perturbations around the optimal solution
θ∗=(T ∗eff , logg∗, vmic

∗), T ∗eff , logg∗ and vmic
∗ are

the parameters at the optimal solution. Indeed,
F resembles a likelihood function, which can be
used to estimate the uncertainties on each of
our derived stellar parameters from the Hessian
Matrix such as:

SE(θ∗) = diag(
√
H−1(θ∗)) (4)

where the Hessian Matrix for our objective func-
tion can be written as:

H(θ) =
∂

∂θi∂θj
F(θ), 1 ≤ i, j ≤ 3 (5)

For [Fe/H], we adopt the standard deviation of
the Fe i lines as the uncertainty.

However, in the above uncertainty framework,
one strong assumption is that the standard er-
rors obtained are symmetric around the mean
values. This is only true if the probability dis-
tribution function of the derived parameters is
a normal distribution. Normally, this is not the

case. We, therefore, use a Bayesian framework
to robustly determine the uncertainties on our
derived stellar parameters. First, we construct
a log-likelihood function using the same terms
as in Equation 3 such as:

log(L) = −1

2

∑
i≤3

[(
si
ni

)2

+ log(2πni)

]
(6)

where ni can be written as:

ni = σ2
i + f 2s2

i (7)

where si represent the slopes sχ,1, sREW,1 and
Ā1 − Ā2 individually, while σi are their corre-
sponding standard deviations. Introducing f
will compensate the underestimation of the vari-
ance of each parameter assuming such an addi-
tional term is proportional to the model itself.

We then perform the Slice Sampling algo-
rithm (Neal 2003), which is a type of Markov
Chain Monte Carlo (MCMC) implemented in
PyMC3, to complete the estimation of the poste-
rior probability of each parameter. This method
adjusts the step size automatically on every pro-
posed candidate to match the profile of the pos-
terior distribution without the need to choose
a transition function. Such a framework en-
sures higher efficiency as compared to classi-
cal MCMC algorithms, such as Metropolis and
Gibbs (Metropolis & Ulam 1949; Geman & Ge-
man 1984). For all stellar parameters, we derive
a normal distribution around the mean opti-
mized value obtained from the global minimiza-
tion module described in Section 2.4.3, and a
standard deviation determined from the stan-
dard errors of the Hessian Matrix.

We use the logarithmic of f as an input vari-
able to the MCMC sampler with a uniform dis-
tribution ranging from −10 to 1. In the sam-
pling process, we consider 4 running chains with
each containing 1000 draw steps and 200 tunes
steps. Figure 6 shows the output from our
posterior distribution of the stellar parameters
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Figure 6. Marginalized posterior distributions of the stellar parameters of HD122563 based on the log-
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respectively. Blue intersecting lines show the values obtained from our global optimization module.

and their uncertainty regions for a benchmark
metal-poor star, HD122563. On the same plot,
we also show the optimized parameters derived
using our global optimization module (blue lines
intersection), which agree very well.

3. TESTING LOTUS

We test LOTUS by deriving the atmospheric
stellar parameters of benchmark stars with well
constrained non-spectroscopic and fundamental

stellar parameters, to quantify the precision of
our derived parameters and their uncertainties.
Below we present the results of these tests. We
list the derived stellar parameters (Teff , log g,
[Fe/H] and vmic) using LOTUS in LTE and NLTE
of all the stars considered from Section 3.1 to 3.4
below, the sources of the EW, the number of
Fe i and Fe ii lines, and the excitation potential
cut-offs for each star in Table 3.
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Figure 7. Comparison of our derived stellar parameters, Teff , log g and [Fe/H] using LOTUS to ref-
erence literature values derived non-spectroscopically (for Teff and log g) for HD122564, HD140283 and
Arcturus. The mean NLTE values (red dashed lines) with their 1σ confidence intervals (red shadow
areas) and our mean LTE values (blue dashed lines) with their 1σ confidence intervals (blue shadow
areas), compared to to reference stellar parameters (black dots with error bars) for references on the
x-axis. References are as follows: Q1996...Quirrenbach et al. (1996); G1999...Griffin & Lynas-Gray
(1999); L2008...Lacour et al. (2008);R2011...Ramı́rez & Allende Prieto (2011);C2012...Creevey et al.
(2012);F2013...Frebel et al. (2013);H2015...Heiter et al. (2015);C2015...Creevey et al. (2015);A2016...Amarsi
et al. (2016);K2018...Karovicova et al. (2018);C2019...Creevey et al. (2019);K2020...Karovicova et al. (2020).

3.1. HD122563, HD140283, and Arcturus The two metal-poor standard stars
HD122563, HD140283 and the benchmark gi-
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.

ant Arcturus have been widely analyzed in-
dependently in the literature. Their stellar
parameters have therefore been derived spec-
troscopically (using 1D, 3D, LTE and NLTE
assumptions, or a combination of each), as well
as using non-spectroscopic methods and funda-
mental equations (e.g., using photometric cal-
ibrations, asteroseismology, or interferometric
angular diameters). All three stars are dubbed
benchmark stars which have been selected as
comparison standards for the largest stellar
surveys, especially in the Gaia-ESO spectro-
scopic survey (Jofré et al. 2014; Heiter et al.
2015). We adopt EW measurements of each
benchmark star from literature publications
as follows: HD122563 (Frebel et al. 2013),
HD140283 (Frebel et al. 2013), Arcturus (Jofré

et al. 2014). Frebel et al. (2013) measured their
EW from high-resolution spectroscopic obser-
vations (R ∼35,000 in the blue and ∼28,000 in
the red) of HD122563 and HD140283, obtained
with the MIKE spectrograph (Bernstein et al.
2003) on the Magellan-Clay telescope at Las
Campanas. A R ≥70,000 spectrum was used
to derive EW for Arcturus from the VLT spec-
trum (Jofré et al. 2014). We derive the stellar
parameters of each star and their uncertainties
using LOTUS. We then compare our NLTE and
LTE parameters with several independent de-
terminations from the literature, as shown in
Figure 7.

HD122563 —We derive Teff = 4620±59 K,
log g= 1.21±0.19, vmic = 1.89±0.06 km s−1
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and [Fe/H] =−2.76±0.05 in NLTE,
and Teff = 4528±42 K , log g= 0.66±0.12,
vmic = 1.84±0.03 km s−1 and [Fe/H] =−2.98±0.03.
Creevey et al. (2012) derived Teff = 4598±41 K
using an angular diameter observed with
CHARA interferometry and Palomar interfer-
ometeric observations. Heiter et al. (2015)
derived Teff = 4587±60 K based on the angu-
lar diameters and bolometric fluxe calibra-
tions, and log g= 1.44±0.24 from fitting evo-
lutionary tracks. Karovicova et al. (2018)
updated CHARA interferometry with more
data and derived an effective temperature of
Teff = 4636±37 K. Later in Karovicova et al.
(2020), they updated their data reduction
pipeline and derived a new Teff = 4635±34 K.
Our NLTE Teff derived for HD122563 agrees
very well with Teff determined in these studies
using interferometric angular diameters, within
∼30 K, while the LTE Teff deviated by ∼ 100 K
from the reference values.

And for log g results from the recent updated
asteroseismic analysis are in agreement with the
NLTE values in our work, which is close to the
upper limit of 1σ confidence interval.

For log g, Creevey et al. (2012) used evolu-
tionary track models to derive log g= 1.60±0.04
for HD122563, while Creevey et al. (2019) uti-
lized the Hertzsprung telescope (SONG network
node) to accurately measure the surface gravity
of HD122563 using asteroseismology for the first
time, and derived log g= 1.39±0.01. In their
paper they also compare to Gaia DR2 parallax-
based log g= 1.43±0.03, which shows high con-
sistency between these methods. Karovicova
et al. (2020) also used evolutionary track models
to derive log g= 1.404±0.03 for the same star.
Our LOTUS log g= 1.22 in NLTE matches within
∼ 0.1 dex the asteroseismic and parallax log g in
Creevey et al. (2019), whereas the LTE value is
0.6 dex lower. This gives us strong confidence in
LOTUS’ ability to derive NLTE surface gravities
from spectroscopic observations.

We then compare our NLTE and LTE [Fe/H]
with those derived by Frebel et al. (2013) in 1D,
LTE and Amarsi et al. (2016) in 3D,NLTE. Our
NLTE [Fe/H] agrees with that determined in
both studies within error bars, although Amarsi
et al. (2016) derived a higher [Fe/H] =−2.5,
which is likely due to considering 3D effects in
their study.

HD140283 —We derive Teff = 5681±67 K ,
log g= 3.58±0.16, vmic = 2.17±0.16 km s−1

and [Fe/H] =−2.64±0.05 in NLTE,
and Teff = 5689±59 K , log g= 3.29±0.17,
vmic = 2.09±0.14 km s−1 and [Fe/H] =−2.72±0.04
in LTE. Heiter et al. (2015) derived a mean
Teff = 5774±77 K for the sub-giant in their
Gaia-ESO benchmark sample from photometric
calibrations. Additionally, Creevey et al. (2015)
used the VEGA interferometer on CHARA to
determine Teff = 5534±103 K (using AV = 0.0
mag) and Teff =5 647±105 K (using AV = 0.1
mag). Karovicova et al. (2018) similarly derived
an updated Teff = 5787±48 K from additional
interferometric data points, and afterwards up-
dating their values to 5792±55 K in Karovicova
et al. (2020). Our LTE and NLTE Teff for
HD140283 agree with the interferometric values
derived in Creevey et al. (2015) within 120 K
and Karovicova et al. (2018, 2020) within 80 K.

Heiter et al. (2015) derived log g= 3.58±0.11
using fundamental relations and adopting in-
dependently derived parallax for the star.
Creevey et al. (2015) also derived a mean
log g= 3.69±0.03, similarly from a combina-
tion of parallax and evolutionary track mod-
els. Both log g determined by parallax meth-
ods in Heiter et al. (2015) and Creevey et al.
(2015) agree well with our NLTE value to
within 0.05 dex. Karovicova et al. (2020) de-
rived log g= 3.65±0.0 from evolutionary mod-
els. Our LTE values is, unexpectedly, 0.3 dex
lower.

Similar to HD122563, we compare our [Fe/H]
with 1D,LTE and 3D,NLTE abundances in
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Frebel et al. (2013) and Amarsi et al. (2016),
respectively. Given that both studies derived
their abundances by fixing Teff and log g, while
ours were derived simultaneously using the
global optimization method adopted in LOTUS,
we warrant serious direct comparison with their
values. Nevertheless, our NLTE values agree
very well with that derived in Frebel et al.
(2013) within 1σ, whereas is 0.3 dex lower as
compared to Amarsi et al. (2016).

Arcturus —We derive Teff = 4306±41 K,
log g= 1.61±0.15, vmic = 1.79±0.02 km s−1

and [Fe/H] =−0.63±0.04 in NLTE, and
Teff = 4364±47 K , log g= 1.68±0.17 ,
vmic = 1.76±0.02 km s−1 and [Fe/H] =−0.64±0.05
in LTE. For Teff Quirrenbach et al. (1996) used
the MkIII Optical Interferometer on Mt. Wil-
son to determine Arcturus’ angular diameter
and derived Teff = 4303±47 K. Griffin & Lynas-
Gray (1999) collected all literature results of in-
terferometry observation up to their study and
derived Teff = 4290±30 K. Lacour et al. (2008)
used the IOTA 3 telescope interferometer in
the H band to derive Teff = 4295±26 K. Addi-
tionally, Ramı́rez & Allende Prieto (2011) fit
theoretical spectral energy distributions (SED)
from visible blue bands to mid-infrared to derive
Teff = 4286±30 K. Finally, Heiter et al. (2015)
derived a mean of 4274±83 K from different in-
terferometric measurements, even though they
warranted against using Arcturus as a bench-
mark given the large dispersion they obtained.
All interferometric Teff agree very well with our
NLTE Teff to within ∼ 20 K. Our LTE value is,
however, ∼ 80 K higher.

Ramı́rez & Allende Prieto (2011) derived
log g= 1.66±0.05 from HIPPARCOS parallax
and isocrhone fitting, while Heiter et al. (2015)
derived a fundamental log g= 1.64±0.09 based
on seismic mass and log g= 1.82±0.15 from a
compilation of parallax-based measurements.
Our NLTE log g agrees very well with both re-
sults, whereas our LTE values is 0.1 dex higher.

Griffin & Lynas-Gray (1999) derived
[Fe/H] =−0.68±0.02 by comparing theoretical
1D, LTE SEDs with observed flux. Ramı́rez &
Allende Prieto (2011) used a differential abun-
dance analysis relative to the solar spectrum
to derive [Fe/H] =−0.52±0.04. Our NLTE and
LTE [Fe/H] are within 0.05 dex from each other,
and agree well with the values derived in Griffin
& Lynas-Gray (1999) while being ∼ 0.1 dex as
compared to differential abundance analysis in
Ramı́rez & Allende Prieto (2011).

3.2. GES Metal-Poor Stars

We also test LOTUS on five metal-poor bench-
mark stars proposed by Hawkins et al. (2016)
from the Gaia-ESO survey (GES). They de-
termined Teff via the Infrared Flux Method
(IRFM) (Casagrande et al. 2011) using multi-
band photometry and log g by fitting to evo-
lutionary stellar models. The Fe i and Fe ii
EWs for the sample stars were adopted from
Hawkins et al. (2016), who used different EW
measurements from different pipelines from the
GES survey to derive their parameters. We use
their EPINARBO (EPI) EWs derived with the
FAMA pipeline following Magrini et al. (2013),
as those were derived consistently. We compare
our derived Teff and log g using LOTUS to those
in Hawkins et al. (2016) using the same Fe i and
Fe ii lines. We find that our NLTE parameters
are on average within 5 ± 29 K from their Teff

and 0.11 ± 0.06 for log g on average, whereas
our LTE parameters are within 18 ± 22 K and
0.22 ± 0.08 dex for Teff and log g respectively.
Star by star comparisons are shown in Fig-
ure 8. Our NLTE parameters agree better with
the non-spectroscopic parameters from Hawkins
et al. (2016), as compared to LTE.

A larger log g dispersion is obtained for
HD106038 though with [Fe/H]=−1.25 of −0.25
and −0.45, for both our NLTE and LTE re-
sults, respectively. With a 3D, Non-LTE anal-
ysis, and Gaia EDR3 parallax, Giribaldi et al.
(2021) derived log g=4.29±0.04, which is in ex-
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Figure 9. Same as in Figure 8 for the GES-K2 sample stars from Worley et al. (2020).

cellent with our NLTE log g=4.29±0.08. Addi-
tionally, only 35 Fe i lines used by Hawkins et al.
(2016) were used to derive the stellar parame-
ters in LOTUS which decreases the accuracy of
optimal values (see Section 5 for more details).

3.3. GES-K2 Stars

We also test LOTUS by deriving atmospheric
stellar parameters of a sample of Kepler-2 (K2)
star sample, which was also observed using a
high-resolution UVES spectrograph on the VLT
as part of the GES survey. Worley et al. (2020)
combined the high-resolution spectroscopic ob-
servations from UVES, photometry, and pre-
cise asteroseismic data from K2 to derive self-
consistent stellar parameters for these stars,
which represent a good non-spectroscopic sam-
ple to compare our stellar parameters derived
with LOTUS to.

We adopt the EW measurements from Wor-
ley et al. (2020) derived from high-resolution

UVES spectroscopic observations. We chose a
total of 52 stars from their sample. The ma-
jority of the stars in the sample are metal-
rich with [Fe/H]> −0.5. Only six stars have
[Fe/H]< −0.5. Worley et al. (2020) used the
IRFM to determine photometrically calibrated
Teff for all their stars following Casagrande et al.
(2010, 2011).

The average uncertainties reported in Worley
et al. (2020) for Teff and log g of the GES-K2
stars are ±65 K and ±0.02, respectively. We
note that these values are close to our param-
eter grid resolution. We derive the stellar pa-
rameters for the 52 GES-K2 stars using LOTUS.
Our results for log g and Teff as compared to
Worley et al. (2020) are shown in Figure 9 as
a function of [Fe/H]. We find that the aver-
age differences between the LOTUS parameters
are ∆̄Teff = 74±6 K and ∆̄log g= 0.14±0.01 in
LTE, and ∆̄Teff = 16±6 K, ∆̄log g= 0.10±0.01
in NLTE. Both LTE and NLTE parameters
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Figure 10. Same as in Figure 8 for the CHARA sample stars from Karovicova et al. (2020, 2021a,b).

agree well with the photometric and asteroseis-
mic parameters from Worley et al. (2020) within
their error bars, however our NLTE parameter
derivations agree better for both Teff and, par-
ticularly for log g.

3.4. CHARA Interferometry Stars

Finally, we apply and test LOTUS on a sam-
ple of stars with effective temperatures de-
rived homogeneously from interferometric angu-
lar diameters observed by CHARA from Karovi-
cova et al. (2020, 2021a,b). Karovicova et al.
(2020) presented a study of interferometric ob-
servations of ten late-type metal-poor dwarfs
and giants, whereas Karovicova et al. (2021a,b)
showed a similar analysis for several metal-
rich stars. For three of their stars (namely,
HD122563, HD140283, and HD175305), we
have already presented their analysis in Sec-
tion 3.1 and 3.2. We, therefore, do not include

the analysis of these stars again in this section.
EW measurements of the total 12 stars were
adopted from different literature sources includ-
ing Takeda et al. (2005); Morel et al. (2014);
Heiter et al. (2015); Takeda & Tajitsu (2015);
Liu et al. (2020). The average uncertainties of
the interferometric Teff estimated by Karovicova
et al. (2020, 2021a,b) are within 1%. The au-
thors derived their log g values by fitting Dart-
mouth isochrones (Dotter et al. 2008) to their
interferometric Teff . They thus derive median
uncertainties for log g of 0.09 for their metal-
poor star sample, 0.05 for their dwarf sample,
and 0.07 for the giants/subgiants sample.

We find that on average the differences in Teff

and log g between the reference values (Karovi-
cova et al. 2020, 2021a,b) and those derived with
LOTUS are within 26 K and 0.01 in NLTE, re-
spectively. The NLTE parameters derived for
all the stars agree within 1σ as compared to
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the reference values, except for the log g value
of HD121370 with [Fe/H]=0.29, which deviated
by 0.12 for LTE and 0.18 for NLTE. Heiter et al.
(2015), however, reported a seismic log g for this
star of 3.83±0.02 dex, which agrees very with
our NLTE result of 3.91±0.06 within 1σ.

4. NLTE CORRECTIONS

The stars presented in Section 3 for testing
LOTUS on benchmark stars with Teff and log g
derived using non-spectroscopic methods cover
a limited range of metallicities (mostly with
[Fe/H]> −1.0), as well as mainly dwarfs and
sub-giant stars. However, NLTE stellar pa-
rameter “corrections” (also known as NLTE ef-
fects, defined as ∆ NLTE = parameter(NLTE)
- parameter(LTE)) have been shown in the lit-
erature to be more significant and important
for evolved (giants and supergiant) metal-poor
stars Lind et al. (2012); Ezzeddine et al. (2017).
Thus, to be able to test our derived NLTE “cor-
rections” on a larger, more metal-poor sample of
giant stars, we derive LTE and NLTE stellar pa-
rameters for the R-process Alliance giant metal-
poor star sample from Hansen et al. (2018), who
derived the stellar parameters of 107 metal-poor
stars ([Fe/H]< −1.0) selected based on their r-
process enhancement from several surveys. The
EW measurements for Fe i and Fe ii lines were
adopted from Hansen et al. (2018), measured
from their du Pont spectroscopic observations.
We thus add the RPA sample stars to our test
sample stars presented in Section 3, resulting in
a significant sample covering a wide representa-
tive range of stellar parameters from Teff=4000
to 6500 K, log g=0.0 to 4.5, and [Fe/H]=−3.0
to −0.5. The derived stellar parameters for the
RPA stars, in LTE and NLTE, are also listed in
Table 3.

We derive the NLTE corrections for [Fe/H]
(denoted as ∆[Fe/H]) for the full sample of
stars. We plot the results as a function of
[Fe/H]LTE in Figure 11. As expected, ∆[Fe/H]
increases toward lower metallicities. Such ef-

fects have been shown in multiple previous stud-
ies as well (for e.g., Mashonkina et al. 2011;
Lind et al. 2012; Bergemann et al. 2012; Amarsi
et al. 2016; Ezzeddine et al. 2017). Ezzed-
dine et al. (2017) derived a linear relation be-
tween the NLTE correction for [Fe/H], ∆[Fe/H],
and [Fe/H](LTE) from 20 ultra metal-poor stars
with [Fe/H]< −4.0, such as:

∆[Fe/H] = −0.14[Fe/H]LTE − 0.15 (8)

They found that their relationship can also
be extended for metal-poor benchmark stars at
−4.0 < [Fe/H]< −2.0. It is therefore useful
to re-derive this equation using our full stel-
lar sample analyzed uniformly using LOTUS, for
comparison. Following Ezzeddine et al. (2017),
we re-derive the relation between ∆[Fe/H] and
[Fe/H](LTE) using our sample of stars . We
re-derive the relation by (i) choosing only the
stars with [Fe/H](LTE)< −0.5, and (ii) using
the stars with [Fe/H](LTE)< −2.0. We thus
derive ∆[Fe/H]=
−0.06(±0.01)[Fe/H]LTE − 0.06(±0.02),

for [Fe/H]LTE < −0.5

−0.16(±0.02)[Fe/H]LTE − 0.32(±0.06),

for [Fe/H]LTE < −2.0

(9)
The two relations from these equations for

∆[Fe/H], as well as that derived in Ezzeddine
et al. (2017), are shown in Figure 11, fit to
our test sample stars from Section 3 as well as
the RPA sample. We find that even though
the three relations agree within uncertainties
(colored bands in Figure 11), they can, how-
ever, yield slightly different NLTE corrections
depending on the metallicity range for which
they were fit. For e.g., our relation derived us-
ing stars with [Fe/H]< −2.0 underestimates the
NLTE [Fe/H] correction as compared to Ezzed-
dine et al. (2017) by ∼ 0.1 dex at [Fe/H] =−2.0,
while using the relation derived with [Fe/H]<
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Figure 11. NLTE corrections ∆[Fe/H] versus [Fe/H]LTE determined for this work’s star sample using LOTUS.
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from Ezzeddine et al. (2017) for stars with [Fe/H]<-4.0. The Blue dot-dash line is our fit to the stars for
[Fe/H]< −0.5, and the black dotted line is our fit to the stars with [Fe/H]< −2.0.

−0.5 can underestimate the NLTE correction
up to 0.2 dex. This demonstrates that while
these relations can provide useful first-order es-
timates of the NLTE corrections, a complete
NLTE analysis (e.g., using LOTUS) is needed for
precise estimation of the corrections, as the for-
mer can be dependent on the incomplete sample
of stars or metallicity range.

Similarly, we derive ∆NLTE corrections for
Teff , log g, and vmic for our sample stars.
Again, we define the NLTE correction for Teff

as ∆Teff =Teff(NLTE) - Teff(LTE), for log g as
∆log g= log g(NLTE) - log g(LTE), and for vmic

as ∆vmic = vmic(NLTE) - vmic(LTE). To best rep-
resent these corrections as a function of the
other stellar parameters, we divide our sample
into box plots grouped into different Teff and
log g bins, as a function of [Fe/H] on the x-axis.
The results are shown in Figure 12.

In what follows we discuss the NLTE correc-
tions we obtained for each parameter as a func-
tion of the other parameters, namely Teff , log g

and [Fe/H]. We also compare our result to the
theoretical NLTE stellar parameter corrections
derived by Lind et al. (2012). We note, how-
ever, that our comparisons are affected by the
fact that our analyzed stars do not cover ex-
actly the same parameter space as theirs, and
that our stellar parameters have been derived
by LOTUS simultaneously, i.e., taking into ac-
count their inter-dependencies, as explained in
details in Section 2, whereas Lind et al. (2012)
derived their ∆ NLTE corrections for each pa-
rameter independently, by fixing all the others.
As shown in Figure 12, we find that the Teff de-
rived in NLTE are generally higher than those in
LTE for very metal-poor ([Fe/H]< −2.5) super-
giants and giant stars (log g< 2.0), with NLTE
corrections up to 100 K, whereas lower Teff are
obtained in NLTE as compared to LTE as log g
and [Fe/H] increases. Lind et al. (2012), who de-
rived their Teff using both excitation and ioniza-
tion equilibrium by fixing gravity and other stel-
lar parameters in the process. Similarly, they
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also restrict their Fe i line transitions to certain
cutoffs, choosing only lines with EP> 3.5 eV.
They found that their ionization ∆Teff yielded
lower LTE Teff as compared to NLTE (see their
Figure 5), whereas their excitation ∆Teff yielded
negligible positive corrections for Teff< 4500.
More pronounced negative corrections were ob-
tained for horizontal branches, supergiants, and
extremely metal-poor stars, which are not cov-
ered in our sample stars. As noted above, our
derived Teff using LOTUS implement the contri-

bution from both excitation and ionization equi-
librium, by taking into account their Teff-log g
inter-dependencies. In that context, a thorough
comparison of our ∆Teff results to either excita-
tion or ionization theoretical corrections derived
by Lind et al. (2012) are not very useful, how-
ever, similar to their results we generally find
that the NLTE corrections for the bulk of our
stars are affected by less than 50 K (and up to
100 K) in the considered parameter range, which
is within our derived uncertainties.
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We also derive ∆log g for our sample stars.
As expected, the NLTE corrections for log g in-
crease towards lower gravities, lower metallici-
ties, and higher temperatures. On average, our
corrections are ∼ +0.3− 0.5 for [Fe/H]< −2.0,
∼ +0.1 − 0.3 for −2.0 <[Fe/H]< −1.0, for gi-
ants and supergiant stars with log g< 2.0, with
outliers reaching up to 1.0 dex. For stars with
log g> 2.0, the NLTE corrections can be up to
∼0.3 depending on metallicities. These results
broadly agree with the theoretical corrections
derived in Lind et al. (2012). It can thus be con-
cluded that LTE analyses can strongly underes-
timate the surface gravities of stars, particularly
for warmer metal-poor giants, and should thus
be reliably derived in NLTE for reliable conse-
quent stellar population analyses.

Finally, the NLTE corrections for vmic are
generally small and are within 2.0 km s−1 from
those derived in LTE. The corrections are
mainly positive for lower metallicity giants and
supergiant stars, as in particular their Fe i lines
are more strongly affected by NLTE, which
leads to lower microturbulent velocities in LTE
as compared to NLTE. Our results are generally
consistent with the ∆vmic derived by Lind et al.
(2012) from their theoretical models.

5. CAVEATS

We have so far described and demonstrated
that LOTUS can be used as a reliable tool to de-
rive NLTE and LTE atmospheric stellar param-
eters. There are, however, some caveats that
warrant pointing out which can affect the re-
sults, particularly for stars occupying certain
parameter spaces in our grids.

EW Interpolation —A key component of LOTUS

is the interpolation module that expresses the
EWs as a function of stellar parameters, using
the generalized curve of growth (GCOG). As
explained in Section 2.3.1, we conduct thorough
tests to choose the best polynomial interpola-
tor to calculate the GCOG for each spectral

type. However, some polynomial models can-
not reliably fit the GCOG to derive Fe i and
Fe ii for certain lines at some parameter re-
gions. For example, the Fe i line at 3608.86 Å
with EP=1.01 eV, shows a difference between
theoretic computed NLTE EW directly using
MULTI2.3 and LOTUS interpolated NLTE EW of
20 mÅ at Teff =4000 and [Fe/H] = −0.5, while
the same value can be as low as 5 mÅ at the
same Teff with [Fe/H] = −3.5. Thus, for those
models, the iron abundances derived from the
interpolated polynomial models can deviate up
to 0.5 dex in abundances from those outputs
directly from MULTI2.3 (i.e, non interpolated
EWs). Such large offsets are due to the EWs of
those lines not being sensitive to the variation
of atmospheric stellar parameters, or being too
small (close to zero) at most atmospheric stel-
lar parameters. In other words, those lines are
uncertain to determine iron abundances from
at those parameter ranges. We emphasize that
the number of those lines are limited and do
not impact the statistical properties of interpo-
lated performance for all lines we consider in the
linelist, as shown in Figure 4. We do not drop
these lines from our final linelist in Table 2 as
the uncertainties can only affect a few Fe i lines
in a limited part of the parameter space, which
are then normally automatically excluded as
outliers in the final optimization during sigma
clipping. In future LOTUS updates, we plan to
perform more detailed investigation into what
parameter regions these lines occupy and how
to improve interpolation of EW for these lines
in the code.

Number of lines —The derived atmospheric stel-
lar parameters using LOTUS can be affected by
the number of Fe i and Fe ii used in the opti-
mization. In Figure 13, we show the effects of
the uncertainties derived for each stellar param-
eter as a function of the number of Fe i and Fe ii
lines used in LOTUS. We find that the uncer-
tainties on the derived parameters decrease as
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a function of increasing the number of Fe i and
Fe ii lines and are much more strongly affected
by the number of Fe i lines, NFe i in particular.
For Nlines > 140, the uncertainty on Teff and
log g are less than 50 K and 0.1 dex, respectively,
however can reach up to 200 K and 0.6 dex for
Nlines < 50. We thus recommend that users in-
put more than at least 50 lines in LOTUS for reli-
able results. Additionally, as the number of Fe ii
lines detected in cool FGK stellar spectra are
much smaller than the Fe i lines (on the order
of 10-30, depending on the [Fe/H] of the star),
we moreover recommend that users try to maxi-
mize the number of Fe ii lines they can measure
the EW for in their stars, as that will increase
the precision of the parameter determination.
In future work we plan to test LOTUS on lower
resolution spectroscopic observations, as well as

simultaneous high-resolution data for the same
stars for comparison, to accurately quantify the
effects of the spectral resolution on the results
derived by LOTUS.

K-type stars —The atmospheric stellar parame-
ters, particularly log g, derived for K-type stars
using LOTUS can have larger uncertainties than
other spectra types. Tsantaki et al. (2019)
noted that log g determined for K-type stars
using ionization balance between Fe i and Fe ii
lines might be underestimated depending on the
choice of Fe ii lines in the optimization. They
argued that the derived log g can strongly de-
pend on the choice of Fe ii lines and thus must
be thoroughly selected. We investigated this ef-
fect on our GES-K2 sample, in which most of
our stars are K-type giants or sub-giants. We
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find that both our NLTE and LTE results can
overestimate the surface gravity by up to 0.1 to
0.13 dex as compared to asteroseismic values,
depending on the selection of Fe ii lines.

3D models —Since our atmospheric stellar mod-
els are limited to 1D, inferred iron abundances
might suffer from 3D effects including the ef-
fects of atmospheric inhomogeneities and hori-
zontal radiation transfer, as well as the effect of
differences in the mean temperature stratifica-
tion Amarsi et al. (2016). These can underes-
timate the abundances inferred from Fe i and
Fe ii roughly by up to 0.1 dex in 1D, NLTE
as compared with Fe abundances derived us-
ing 3D, NLTE. Such effects are more strongly
pronounced for Fe ii lines than Fe i as explained
in Amarsi et al. (2016). We find that adding
a 0.1 dex correction for our 1D, NLTE [Fe/H]
for HD122563 brings it closer to the 3D, NLTE
[Fe/H] derived in (Amarsi et al. 2016). On the
other hand, a 0.22 dex difference to Amarsi et al.
(2016) is still present when adding such cor-
rection to the [Fe/H] for HD140283. This can
be due to stellar parameter differences between
both studies, as well as different adopted Fe i
and Fe ii linelists. Nevertheless, we note that a
0.1 3D correction can be smaller than the NLTE
corrections obtained for [Fe/H], especially for
low metallicity stars, which can reach up to 0.3
dex for [Fe/H]=−3.0.

6. SUMMARY & CONCLUSIONS

We present the open-source code, LOTUS, de-
veloped to automatically derive fast and pre-
cise atmospheric stellar parameters (Teff , log g,
[Fe/H] and vmic) of stars in 1D, LTE, and 1D,
NLTE using Fe i and Fe ii equivalent width mea-
surement from stellar spectra as input.
LOTUS implements a generalized curve of

growth (GCOG) method to derive abundances
from a pre-computed grid of theoretical EWs in
a high-resolution and dense spectral parameter
space. The GCOG takes into account the EW

dependencies of every Fe i and Fe ii line on the
corresponding atmospheric stellar parameters.
A global differential evolution optimization al-
gorithm, optimized to the spectral type of the
star, is then used to derive the fundamental stel-
lar parameters. In addition, LOTUS can be used
to estimate precise uncertainties for each stel-
lar parameter using a well-tested Markov Chain
Monte Carlo (MCMC) algorithm.

We tested our code on several benchmark
stars and stellar samples with reliable non-
spectroscopic (asteroseismic, photometric, and
interferometric) measurements for a wide range
of parameter space typical of FGK stars. We
find that our NLTE-derived stellar parame-
ters for Teff and log g using LOTUS are within
30 K and 0.2 dex for benchmark stars includ-
ing the metal-poor standard stars, HD140283
and HD122563, as well as Arcturus. We also
test LOTUS on a large sample of Gaia-ESO
(GES) dwarf stars from Hawkins et al. (2016)
and GES-K2 with asteroseismic gravities from
K2, as well as stars with CHARA interfero-
metric observations. Similarly, we find that
LOTUS performs very well in reproducing the
non-spectroscopic Teff and log g within the mean
of sample as< 20 K and< 0.1 dex in NLTE, and
to within ∼ 70 K and ∼ 0.2 dex in LTE.

We also apply LOTUS on a large sample of
metal-poor stars from the R-Process Alliance
(RPA, Hansen et al. 2018). We use the RPA
sample as well as the test sample stars to derive
NLTE stellar parameter corrections for our stars
and review the ∆[Fe/H] versus [Fe/H](LTE) re-
lation derived in Ezzeddine et al. (2017). We
find that our NLTE corrections agree with the-
oretical corrections investigated by Lind et al.
(2012).

We test LOTUS thoroughly for performance for
different spectral types and parameter spaces.
We find that despite some caveats discussed in
Section 5, LOTUS can overall be reliably used
to provide fast and accurate NLTE derivation
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for a wide range of stellar parameters, espe-
cially metal-poor giants which can be strongly
affected by deviations from LTE. We thus
strongly recommend that the community use it
to apply for the spectroscopic analyses of stars
and stellar populations.

We provide open community access to LOTUS,
as well as the pre-computed interpolated LTE
and NLTE EW grids available on Github ¥,
with documentation and working examples on
Readthedocs Y.
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APPENDIX

A. LINELIST OF Fe i AND Fe ii IN LOTUS

Table 2. Fe i and Fe ii linelist selected for

LOTUS (see Section 2.1.4 for details)

Species λ(Å) Elow(ev) loggf

Fe i 3440.61 0.00 −0.67

Fe i 3440.99 0.05 −0.96

Fe i 3447.28 2.20 −1.02

Fe i 3450.33 2.22 −0.90

Fe i 3451.91 2.22 −1.00

Fe i 3476.70 0.12 −1.51

Fe i 3490.57 0.05 −1.10

Fe i 3497.84 0.11 −1.55

Fe i 3540.12 2.87 −0.71

Fe i 3565.38 0.96 −0.13

Fe i 3608.86 1.01 −0.10

Fe i 3618.77 0.99 −0.00

Fe i 3647.84 0.92 −0.19

Fe i 3689.46 2.94 −0.17

Fe i 3719.93 0.00 −0.43

Fe i 3727.62 0.96 −0.63

Fe i 3742.62 2.94 −0.81

Fe i 3758.23 0.96 −0.03

Fe i 3763.79 0.99 −0.24

Fe i 3765.54 3.24 0.48

Fe i 3786.68 1.01 −2.22

Fe i 3787.88 1.01 −0.86

Fe i 3805.34 3.30 0.31

Fe i 3808.73 2.56 −1.17

Fe i 3815.84 1.48 0.23

Fe i 3820.43 0.86 0.12

Fe i 3825.88 0.91 −0.04

Fe i 3827.82 1.56 0.06

Fe i 3840.44 0.99 −0.51

Fe i 3841.05 1.61 −0.04

Fe i 3849.97 1.01 −0.87

Fe i 3856.37 0.05 −1.29

Table 2 continued

Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 3865.52 1.01 −0.98

Fe i 3878.02 0.96 −0.91

Fe i 3895.66 0.11 −1.67

Fe i 3899.71 0.09 −1.53

Fe i 3902.95 1.56 −0.47

Fe i 3920.26 0.12 −1.75

Fe i 3922.91 0.05 −1.65

Fe i 3949.95 2.18 −1.25

Fe i 3977.74 2.20 −1.12

Fe i 4005.24 1.56 −0.61

Fe i 4045.81 1.49 0.28

Fe i 4058.22 3.21 −1.18

Fe i 4063.59 1.56 0.06

Fe i 4067.98 3.21 −0.53

Fe i 4070.77 3.24 −0.87

Fe i 4071.74 1.61 −0.02

Fe i 4114.44 2.83 −1.30

Fe i 4132.06 1.61 −0.68

Fe i 4134.68 2.83 −0.65

Fe i 4143.87 1.56 −0.51

Fe i 4147.67 1.49 −2.10

Fe i 4150.25 3.43 −1.19

Fe i 4154.50 2.83 −0.69

Fe i 4156.80 2.83 −0.81

Fe i 4157.78 3.42 −0.40

Fe i 4158.79 3.43 −0.70

Fe i 4174.91 0.91 −2.97

Fe i 4175.64 2.85 −0.83

Fe i 4181.76 2.83 −0.37

Fe i 4182.38 3.02 −1.18

Fe i 4184.89 2.83 −0.87

Fe i 4187.04 2.45 −0.56

Fe i 4187.80 2.42 −0.55

Fe i 4191.43 2.47 −0.67

Table 2 continued
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Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 4195.33 3.33 −0.49

Fe i 4199.10 3.05 0.16

Fe i 4202.03 1.49 −0.71

Fe i 4216.18 0.00 −3.36

Fe i 4217.55 3.43 −0.48

Fe i 4222.21 2.45 −0.97

Fe i 4227.43 3.33 0.27

Fe i 4233.60 2.48 −0.60

Fe i 4238.81 3.40 −0.23

Fe i 4250.12 2.47 −0.41

Fe i 4250.79 1.56 −0.71

Fe i 4260.47 2.40 0.08

Fe i 4271.15 2.45 −0.35

Fe i 4271.76 1.49 −0.16

Fe i 4282.40 2.18 −0.78

Fe i 4325.76 1.61 0.01

Fe i 4352.73 2.22 −1.29

Fe i 4375.93 0.00 −3.03

Fe i 4388.41 3.60 −0.68

Fe i 4404.75 1.56 −0.14

Fe i 4415.12 1.61 −0.62

Fe i 4427.31 0.05 −3.04

Fe i 4430.61 2.22 −1.66

Fe i 4432.57 3.57 −1.58

Fe i 4442.34 2.20 −1.25

Fe i 4443.19 2.86 −1.04

Fe i 4447.72 2.22 −1.36

Fe i 4461.65 0.09 −3.21

Fe i 4466.55 2.83 −0.60

Fe i 4484.22 3.60 −0.64

Fe i 4489.74 0.12 −3.97

Fe i 4494.56 2.20 −1.14

Fe i 4514.18 3.05 −1.96

Fe i 4531.15 1.48 −2.16

Fe i 4547.85 3.55 −0.82

Fe i 4574.22 3.21 −2.35

Fe i 4592.65 1.56 −2.45

Fe i 4595.36 3.30 −1.76

Table 2 continued

Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 4602.00 1.61 −3.15

Fe i 4602.94 1.49 −2.22

Fe i 4607.65 3.27 −1.33

Fe i 4619.29 3.60 −1.06

Fe i 4630.12 2.28 −2.58

Fe i 4637.50 3.28 −1.29

Fe i 4643.46 3.65 −1.15

Fe i 4647.43 2.95 −1.35

Fe i 4661.97 2.99 −2.50

Fe i 4668.13 3.27 −1.08

Fe i 4704.95 3.69 −1.32

Fe i 4733.59 1.49 −2.99

Fe i 4736.77 3.21 −0.67

Fe i 4786.81 3.02 −1.61

Fe i 4787.83 3.00 −2.62

Fe i 4788.76 3.24 −1.763

Fe i 4789.65 3.55 −0.96

Fe i 4793.96 3.05 −3.43

Fe i 4794.35 2.42 −3.95

Fe i 4800.65 4.14 −1.03

Fe i 4802.88 3.64 −1.51

Fe i 4807.71 3.37 −2.15

Fe i 4808.15 3.25 −2.69

Fe i 4869.46 3.55 −2.42

Fe i 4871.32 2.87 −0.34

Fe i 4872.14 2.88 −0.57

Fe i 4873.75 3.30 −2.96

Fe i 4875.88 3.33 −1.90

Fe i 4877.60 3.00 −3.05

Fe i 4882.14 3.42 −1.48

Fe i 4885.43 3.88 −0.97

Fe i 4890.76 2.88 −0.38

Fe i 4891.49 2.85 −0.11

Fe i 4896.44 3.88 −1.89

Fe i 4903.31 2.88 −0.89

Fe i 4905.13 3.93 −1.73

Fe i 4907.73 3.43 −1.70

Fe i 4910.02 3.40 −1.28

Table 2 continued
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Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 4911.78 3.93 −1.75

Fe i 4918.99 2.86 −0.34

Fe i 4920.50 2.83 0.07

Fe i 4924.77 2.28 −2.11

Fe i 4938.81 2.88 −1.08

Fe i 4939.69 0.86 −3.34

Fe i 4946.39 3.37 −1.11

Fe i 4950.11 3.42 −1.49

Fe i 4962.57 4.18 −1.18

Fe i 4966.09 3.33 −0.79

Fe i 4969.92 4.22 −0.71

Fe i 4985.55 2.87 −1.33

Fe i 4992.79 4.26 −2.35

Fe i 4994.13 0.92 −3.08

Fe i 4999.11 4.19 −1.64

Fe i 5001.86 3.88 −0.01

Fe i 5002.79 3.40 −1.46

Fe i 5005.71 3.88 −0.12

Fe i 5006.12 2.83 −0.61

Fe i 5012.69 4.28 −1.69

Fe i 5014.94 3.94 −0.18

Fe i 5022.24 3.98 −0.33

Fe i 5023.19 4.28 −1.50

Fe i 5028.13 3.57 −1.02

Fe i 5039.25 3.37 −1.52

Fe i 5044.21 2.85 −2.02

Fe i 5048.44 3.96 −1.00

Fe i 5049.82 2.28 −1.35

Fe i 5051.63 0.92 −2.80

Fe i 5054.64 3.64 −1.92

Fe i 5058.50 3.64 −2.83

Fe i 5060.08 0.00 −5.43

Fe i 5068.77 2.94 −1.04

Fe i 5079.22 2.20 −2.07

Fe i 5079.74 0.99 −3.22

Fe i 5083.34 0.96 −2.96

Fe i 5088.15 4.15 −1.68

Fe i 5107.45 0.99 −3.09

Table 2 continued

Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 5107.64 1.56 −2.36

Fe i 5109.65 4.30 −0.98

Fe i 5115.78 3.57 −2.64

Fe i 5123.72 1.01 −3.07

Fe i 5127.36 0.92 −3.31

Fe i 5131.47 2.22 −2.52

Fe i 5133.69 4.18 0.36

Fe i 5141.74 2.42 −2.24

Fe i 5150.84 0.99 −3.04

Fe i 5151.91 1.01 −3.32

Fe i 5166.28 0.00 −4.20

Fe i 5171.60 1.49 −1.79

Fe i 5191.45 3.04 −0.55

Fe i 5192.34 3.00 −0.42

Fe i 5194.94 1.56 −2.09

Fe i 5197.94 4.30 −1.54

Fe i 5198.71 2.22 −2.13

Fe i 5202.34 2.18 −1.84

Fe i 5215.18 3.27 −0.86

Fe i 5216.27 1.61 −2.15

Fe i 5217.39 3.21 −1.07

Fe i 5223.18 3.63 −1.78

Fe i 5225.53 0.11 −4.79

Fe i 5228.38 4.22 −1.19

Fe i 5232.94 2.94 −0.06

Fe i 5242.49 3.63 −0.97

Fe i 5243.78 4.26 −1.05

Fe i 5247.05 0.09 −4.95

Fe i 5250.21 0.12 −4.93

Fe i 5250.65 2.20 −2.18

Fe i 5253.02 2.28 −3.84

Fe i 5253.46 3.28 −1.58

Fe i 5262.88 3.25 −2.56

Fe i 5263.31 3.27 −0.87

Fe i 5266.56 3.00 −0.39

Fe i 5281.79 3.04 −0.83

Fe i 5283.62 3.24 −0.52

Fe i 5285.13 4.43 −1.66

Table 2 continued
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Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 5288.52 3.69 −1.49

Fe i 5293.96 4.14 −1.77

Fe i 5294.55 3.64 −2.76

Fe i 5295.31 4.42 −1.59

Fe i 5300.40 4.59 −1.65

Fe i 5302.30 3.28 −0.74

Fe i 5307.36 1.61 −2.99

Fe i 5321.11 4.43 −1.09

Fe i 5322.04 2.28 −2.80

Fe i 5324.18 3.21 −0.11

Fe i 5332.90 1.56 −2.78

Fe i 5339.93 3.27 −0.63

Fe i 5341.02 1.61 −1.95

Fe i 5364.87 4.45 0.23

Fe i 5365.40 3.57 −1.02

Fe i 5367.47 4.42 0.44

Fe i 5369.96 4.37 0.54

Fe i 5371.49 0.96 −1.64

Fe i 5373.71 4.47 −0.71

Fe i 5379.57 3.69 −1.42

Fe i 5383.37 4.31 0.65

Fe i 5386.33 4.15 −1.67

Fe i 5389.48 4.42 −0.41

Fe i 5395.22 4.45 −2.07

Fe i 5397.13 0.92 −1.99

Fe i 5398.28 4.45 −0.63

Fe i 5405.77 0.99 −1.85

Fe i 5410.91 4.47 0.4

Fe i 5412.78 4.43 −1.72

Fe i 5415.20 4.39 0.64

Fe i 5417.03 4.42 −1.58

Fe i 5424.07 4.32 0.52

Fe i 5429.70 0.96 −1.88

Fe i 5434.52 1.01 −2.12

Fe i 5436.59 2.28 −2.96

Fe i 5441.34 4.31 −1.63

Fe i 5445.04 4.39 −0.02

Fe i 5461.55 4.45 −1.8

Table 2 continued

Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 5464.28 4.14 −1.40

Fe i 5466.40 4.37 −0.63

Fe i 5470.09 4.45 −1.71

Fe i 5473.90 4.15 −0.72

Fe i 5483.10 4.15 −1.39

Fe i 5487.15 4.42 −1.43

Fe i 5491.83 4.19 −2.19

Fe i 5493.50 4.10 −1.48

Fe i 5494.46 4.08 −1.99

Fe i 5497.52 1.01 −2.85

Fe i 5501.47 0.96 −3.05

Fe i 5506.78 0.99 −2.80

Fe i 5522.45 4.21 −1.45

Fe i 5525.54 4.23 −1.08

Fe i 5536.58 2.83 −3.71

Fe i 5539.28 3.64 −2.56

Fe i 5543.94 4.22 −1.04

Fe i 5546.51 4.37 −1.21

Fe i 5552.69 4.95 −1.89

Fe i 5554.90 4.55 −0.27

Fe i 5560.21 4.43 −1.09

Fe i 5563.60 4.19 −0.75

Fe i 5569.62 3.42 −0.52

Fe i 5576.09 3.43 −0.90

Fe i 5586.76 3.37 −0.11

Fe i 5587.57 4.14 −1.75

Fe i 5618.63 4.21 −1.25

Fe i 5619.60 4.39 −1.60

Fe i 5624.02 4.39 −1.38

Fe i 5624.54 3.42 −0.76

Fe i 5633.95 4.99 −0.23

Fe i 5635.82 4.26 −1.79

Fe i 5636.70 3.64 −2.51

Fe i 5638.26 4.22 −0.72

Fe i 5641.43 4.26 −1.08

Fe i 5649.99 5.10 −0.82

Fe i 5651.47 4.47 −1.90

Fe i 5652.32 4.26 −1.85

Table 2 continued
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Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 5653.87 4.39 −1.54

Fe i 5655.18 5.06 −0.60

Fe i 5661.35 4.28 −1.76

Fe i 5662.52 4.18 −0.41

Fe i 5667.52 4.18 −1.58

Fe i 5679.02 4.65 −0.82

Fe i 5686.53 4.55 −0.45

Fe i 5691.50 4.30 −1.45

Fe i 5696.09 4.55 −1.72

Fe i 5698.02 3.64 −2.58

Fe i 5701.54 2.56 −2.22

Fe i 5705.46 4.30 −1.35

Fe i 5731.76 4.26 −1.20

Fe i 5732.30 4.99 −1.46

Fe i 5741.85 4.26 −1.67

Fe i 5742.96 4.18 −2.41

Fe i 5753.12 4.26 −0.62

Fe i 5760.34 3.64 −2.39

Fe i 5775.08 4.22 −1.08

Fe i 5778.45 2.59 −3.43

Fe i 5784.66 3.40 −2.55

Fe i 5816.37 4.55 −0.60

Fe i 5835.10 4.26 −2.27

Fe i 5837.70 4.29 −2.24

Fe i 5838.37 3.94 −2.24

Fe i 5849.68 3.69 −2.89

Fe i 5853.15 1.49 −5.18

Fe i 5855.08 4.61 −1.48

Fe i 5858.78 4.22 −2.16

Fe i 5883.82 3.96 −1.26

Fe i 5902.47 4.59 −1.71

Fe i 5905.67 4.65 −0.69

Fe i 5916.25 2.45 −2.99

Fe i 5927.79 4.65 −0.99

Fe i 5929.68 4.55 −1.31

Fe i 5930.18 4.65 −0.23

Fe i 5934.65 3.93 −1.07

Fe i 5940.99 4.18 −2.05

Table 2 continued

Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 5956.69 0.86 −4.60

Fe i 6003.01 3.88 −1.10

Fe i 6008.56 3.88 −0.98

Fe i 6012.21 2.22 −4.04

Fe i 6024.06 4.55 −0.12

Fe i 6027.05 4.08 −1.09

Fe i 6056.00 4.73 −0.32

Fe i 6065.48 2.61 −1.53

Fe i 6079.01 4.65 −1.02

Fe i 6082.71 2.22 −3.58

Fe i 6093.64 4.61 −1.40

Fe i 6094.37 4.65 −1.84

Fe i 6096.66 3.98 −1.83

Fe i 6120.25 0.91 −5.97

Fe i 6127.91 4.14 −1.40

Fe i 6136.61 2.45 −1.40

Fe i 6136.99 2.20 −2.95

Fe i 6137.69 2.59 −1.40

Fe i 6151.62 2.18 −3.30

Fe i 6165.36 4.14 −1.47

Fe i 6173.33 2.22 −2.88

Fe i 6187.99 3.94 −1.62

Fe i 6191.56 2.43 −1.42

Fe i 6200.31 2.61 −2.43

Fe i 6213.43 2.22 −2.48

Fe i 6219.28 2.20 −2.43

Fe i 6226.73 3.88 −2.12

Fe i 6229.23 2.85 −2.81

Fe i 6230.72 2.56 −1.28

Fe i 6232.64 3.65 −1.24

Fe i 6240.65 2.22 −3.17

Fe i 6246.32 3.60 −0.77

Fe i 6252.56 2.40 −1.69

Fe i 6265.13 2.18 −2.55

Fe i 6270.22 2.86 −2.47

Fe i 6271.28 3.33 −2.70

Fe i 6297.79 2.22 −2.74

Fe i 6301.50 3.65 −0.71

Table 2 continued
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Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 6315.81 4.08 −1.63

Fe i 6322.69 2.59 −2.43

Fe i 6330.85 4.73 −1.64

Fe i 6335.33 2.20 −2.18

Fe i 6336.82 3.69 −0.85

Fe i 6338.88 4.80 −0.96

Fe i 6344.15 2.43 −2.92

Fe i 6355.03 2.84 −2.29

Fe i 6364.36 4.80 −1.33

Fe i 6380.74 4.19 −1.38

Fe i 6393.60 2.43 −1.58

Fe i 6400.32 0.91 −4.32

Fe i 6408.02 3.69 −0.99

Fe i 6411.65 3.65 −0.59

Fe i 6421.35 2.28 −2.03

Fe i 6430.85 2.18 −2.01

Fe i 6475.62 2.56 −2.94

Fe i 6481.87 2.28 −2.98

Fe i 6494.98 2.40 −1.27

Fe i 6496.47 4.80 −0.53

Fe i 6498.94 0.96 −4.69

Fe i 6518.37 2.83 −2.44

Fe i 6533.93 4.56 −1.36

Fe i 6546.24 2.76 −1.54

Fe i 6569.21 4.73 −0.38

Fe i 6574.23 0.99 −5.00

Fe i 6592.91 2.73 −1.47

Fe i 6593.87 2.43 −2.42

Fe i 6597.56 4.80 −0.97

Fe i 6609.11 2.56 −2.69

Fe i 6627.54 4.55 −1.59

Fe i 6648.08 1.01 −5.92

Fe i 6677.99 2.69 −1.42

Fe i 6699.14 4.59 −2.10

Fe i 6703.57 2.76 −3.06

Fe i 6713.74 4.80 −1.50

Fe i 6733.15 4.64 −1.15

Fe i 6739.52 1.56 −4.79

Table 2 continued

Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe i 6750.15 2.42 −2.62

Fe i 6752.71 4.64 −1.20

Fe i 6786.86 4.19 −1.97

Fe i 6804.27 4.58 −1.81

Fe i 6806.84 2.73 −2.13

Fe i 6810.26 4.61 −0.99

Fe i 6820.37 4.64 −1.22

Fe i 6843.66 4.55 −0.73

Fe i 6855.16 4.56 −0.49

Fe i 6858.15 4.61 −0.90

Fe i 6978.85 2.48 −2.50

Fe i 7495.07 4.22 −0.10

Fe i 7511.02 4.18 0.12

Fe i 7568.90 4.28 −0.88

Fe i 8220.38 4.32 0.30

Fe ii 4173.45 2.58 −2.38

Fe ii 4178.86 2.58 −2.51

Fe ii 4233.16 2.58 −2.02

Fe ii 4303.17 2.70 −2.52

Fe ii 4385.38 2.78 −2.64

Fe ii 4416.82 2.78 −2.57

Fe ii 4491.40 2.86 −2.71

Fe ii 4508.28 2.86 −2.42

Fe ii 4515.34 2.84 −2.60

Fe ii 4522.63 2.84 −2.29

Fe ii 4549.47 2.83 −1.92

Fe ii 4555.89 2.83 −2.40

Fe ii 4576.33 2.84 −2.95

Fe ii 4583.83 2.81 −1.94

Fe ii 4620.51 2.83 −3.21

Fe ii 4923.93 2.89 −1.26

Fe ii 4993.35 2.81 −3.68

Fe ii 5197.57 3.23 −2.22

Fe ii 5234.63 3.22 −2.18

Fe ii 5256.93 2.89 −4.18

Fe ii 5264.80 3.23 −3.13

Fe ii 5276.00 3.20 −2.01

Fe ii 5316.61 3.15 −1.87

Table 2 continued
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Table 2 (continued)

Species λ(Å) Elow(ev) loggf

Fe ii 5316.78 3.22 −2.74

Fe ii 5325.55 3.22 −3.16

Fe ii 5414.07 3.22 −3.58

Fe ii 5425.25 3.20 −3.22

Fe ii 5534.84 3.25 −2.80

Fe ii 5991.37 3.15 −3.65

Fe ii 6084.10 3.20 −3.88

Fe ii 6113.32 3.22 −4.23

Fe ii 6149.24 3.89 −2.84

Fe ii 6247.56 3.89 −2.44

Fe ii 6369.46 2.89 −4.11

Fe ii 6432.68 2.89 −3.57

Fe ii 6456.38 3.90 −2.19

B. DERIVED STELLAR PARAMETERS OF
THE TARGET STARS IN THIS WORK
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Sipőcz, B. M., et al. 2018, AJ, 156, 123,
doi: 10.3847/1538-3881/aabc4f

Audouze, J., & Tinsley, B. M. 1976, ARA&A, 14,
43, doi: 10.1146/annurev.aa.14.090176.000355

Barklem, P. S. 2018, A&A, 612, A90,
doi: 10.1051/0004-6361/201732365

Bergemann, M., Lind, K., Collet, R., Magic, Z., &
Asplund, M. 2012, MNRAS, 427, 27,
doi: 10.1111/j.1365-2966.2012.21687.x

Bernstein, R., Shectman, S. A., Gunnels, S. M.,
Mochnacki, S., & Athey, A. E. 2003, in
Instrument Design and Performance for
Optical/Infrared Ground-based Telescopes, ed.
M. Iye & A. F. M. Moorwood, Vol. 4841,
International Society for Optics and Photonics
(SPIE), 1694 – 1704, doi: 10.1117/12.461502

Boeche, C., & Grebel, E. K. 2016, A&A, 587, A2,
doi: 10.1051/0004-6361/201526758

Brodtkorb, P. A., & D’Errico, J. 2015,
numdifftools 0.9.11,
https://github.com/pbrod/numdifftools

Buitinck, L., Louppe, G., Blondel, M., et al. 2013,
in ECML PKDD Workshop: Languages for
Data Mining and Machine Learning, 108–122

Cantat-Gaudin, T., Donati, P., Pancino, E., et al.
2014, A&A, 562, A10,
doi: 10.1051/0004-6361/201322533

Casagrande, L., Ramı́rez, I., Meléndez, J., Bessell,
M., & Asplund, M. 2010, A&A, 512, A54,
doi: 10.1051/0004-6361/200913204

Casagrande, L., Schönrich, R., Asplund, M., et al.
2011, A&A, 530, A138,
doi: 10.1051/0004-6361/201016276

Collette, A. 2013, Python and HDF5 (O’Reilly)

Creevey, O., Grundahl, F., Thévenin, F., et al.
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Jofré, P., Heiter, U., & Soubiran, C. 2019,
ARA&A, 57, 571,
doi: 10.1146/annurev-astro-091918-104509
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