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ABSTRACT

Observations of H i Lyman α, the brightest UV emission line of late-type stars, are critical for

understanding stellar chromospheres and transition regions, modeling photochemistry in exoplanet

atmospheres, and measuring the abundances of neutral hydrogen and deuterium in the interstellar

medium. Yet, Lyα observations are notoriously challenging due to severe attenuation from interstellar

gas, hindering our understanding of this important emission line’s basic morphology. We present

high-resolution far- and near-UV spectroscopy of five G, K, and M dwarfs with radial velocities large

enough to Doppler shift the stellar Lyα emission line away from much of the interstellar attenuation,

allowing the line core to be directly observed. We detect self-reversal in the Lyα emission line core for

all targets, and we show that the self-reversal depth decreases with increasing surface gravity. Mg II

self-reversed emission line profiles provide some useful information to constrain the Lyα line core, but

the differences are significant enough that Mg II cannot be used directly as an intrinsic Lyα template

during reconstructions. We show that reconstructions that neglect self-reversal could overestimate

intrinsic Lyα fluxes by as much as 60%–100% for G and K dwarfs and 40%–170% for M dwarfs. The

five stars of our sample have low magnetic activity and sub-solar metallicity; a larger sample size is

needed to determine how sensitive these results are to these factors.

1. INTRODUCTION

H i Lyman α (Lyα; 1215.67 Å) is the brightest UV emission line of late-type stars (F–M spectral types) and serves

as an important diagnostic for stellar activity, the interstellar medium (ISM), and exoplanet atmospheres. However,

bright geocoronal Lyα emission (airglow) and resonant scattering from interstellar H I make direct observations of

this intrinsically broad line’s core impossible for the vast majority of stars. Measuring an accurate Lyα flux requires

minimizing airglow through a narrow entrance aperture or slit and reconstructing the true flux from the observed

line wings (e.g., Wood et al. 2005), or simply observing a star with large enough radial velocity to Doppler shift the

entire line away from the ISM absorption (Guinan et al. 2016; Schneider et al. 2019). Unfortunately, most stars in the

solar neighborhood have low radial velocities, ensuring that much of the stellar Lyα emission line coincides spectrally

with the optically-thick ISM absorbers, and reconstructions are generally relied upon to obtain accurate intrinsic Lyα

fluxes.

Lyα reconstructions often implement parametric models of the interstellar H i and D i absorption and the intrinsic

stellar line profile (e.g., Youngblood et al. 2016), assuming a core line shape that is poorly constrained by observations

and theory (Bourrier et al. 2017; Fontenla et al. 2016; Peacock et al. 2019a,b; Tilipman et al. 2021), although see

Wood et al. (2005) and Zhang et al. (2021) for non-parametric examples. Our lack of knowledge of the true Lyα line

core shape limits the accuracy of our reconstructed fluxes and therefore our exoplanet atmosphere models, for which

Lyα flux and its flux density profile are critical inputs. Lyα controls the energy balance of H i atoms in planetary
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atmospheres; these atoms are generally cold and absorb within ±20 km s−1 of line center (Emerich et al. 2005; Tian

et al. 2009c). Lyα also ionizes NO and photodissociates important molecules such as H2O, CO2, and CH4, thereby

influencing the chemical balance of O2 and O3 in planetary atmospheres.

The Sun is the only star whose entire Lyα profile has been observed at high spectral resolution and high signal-to-

noise without obscuring effects from the ISM or airglow. The quiet Sun’s average Lyα profile is Voigt-like except in

the line core where it exhibits self-reversal, with a slight asymmetry making the blue peak brighter than the red peak

(Figure 1; Fontenla et al. 1988; Gunár et al. 2020). The self-reversal is shallower or even disappears completely over

magnetically active regions such as plage or sunspots (Fontenla et al. 1988).

Self-reversed emission lines display broad intensity dips in their cores and are characteristic of optically-thick chro-

mospheric scattering lines such as Mg II, Ca II, Na I, and H-alpha (Linsky et al. 1979; Short & Doyle 1998). The

outermost layers of the chromosphere where Lyα forms have low density and large mean free paths against collisions

and thus strongly depart from local thermodynamic equilibrium (LTE). Therefore, despite the increasing temperature

with altitude, the emissivity at high altitudes is depressed by the low efficiency of thermal emission and photon scat-

tering losses, mainly to the line wings. The density increases in the mid-chromosphere, reducing scattering lengths

and increasing the efficiency of thermal emission due to increasing collisional excitation and quenching. In the low

chromosphere, where the density is even higher, collisional processes dominate and the emissivity has fully thermalized.

Roughly, the emergent intensity profile maps to the emissivity corresponding to optical depth unity; further away

from line center the τ=1 surface moves deeper in the atmosphere. Near line center, the intensity is reduced by

the depressed high-altitude emissivity, but then slightly away from line center, the intensity rises as the emissivity

couples better to the local thermal collisional excitation at mid-altitudes. The intensity declines again in the outer

line core, reflecting the decreasing temperatures, and thus also reduced thermal emission, at lower altitudes in the

chromosphere. If a chromosphere has higher density, as in a solar magnetic plage region or a high surface gravity M

dwarf, the collisional coupling in the higher layers is enhanced, so that the central reversal exhibits lower contrast, or

disappears completely in extreme cases (see Ayres 1979).

Stellar observations of various chromospheric emission lines, including Lyα, indicate that Lyα self-reversal deepens

with increasing stellar mass. For example, high-resolution spectra of optically-thick chromospheric emission lines that

are less affected by ISM attenuation than Lyα, such as Mg II and Ca II, show that solar type stars clearly have deep

self-reversal (Linsky et al. 1979) while M dwarfs have little to no self-reversal (Wood et al. 2005). Medium resolution

Lyα spectra of high radial velocity K and M dwarfs (Guinan et al. 2016; Youngblood et al. 2016; Bourrier et al.

2017; Schneider et al. 2019) and other stars without a directly-observable line core (e.g., Wood et al. 2005; Garćıa

Muñoz et al. 2020; Carleo et al. 2021; Bourrier et al. 2017) generally support the self-reversal trend with mass. This

suggests stronger collisional coupling with the chromospheric temperature rise due to larger chromospheric densities

in M dwarfs, which would be a natural outcome of their higher surface gravities compared with warmer, lower gravity

G dwarfs like the Sun. Also, many M dwarfs display higher magnetic activity levels than typical G dwarfs, partially

due to their longer lives and slower rotational evolution (e.g., Reiners & Mohanty 2012). Higher activity in the well-

vetted solar example (e.g., plage regions versus the quiet Sun) is associated with higher chromospheric densities, which

presumably also would be the case for active stars.

Nevertheless, stellar models currently struggle to replicate the shallow self-reversals expected for M dwarfs, instead

producing very deep reversals (Fontenla et al. 2016; Peacock et al. 2019b,a; Tilipman et al. 2021). Peacock et al. (2019b)

note that missing physics from their 1D models like a corona and ambipolar diffusion could be creating inaccuracies in

the hydrogen ionization, and Judge et al. (2020) point out the importance of 3D effects in controlling the appearance

of the Lyα line.

We have observed five new high radial velocity stars ranging from spectral type G-M at high resolution in order

to spectrally resolve and quantitatively measure Lyα self-reversal and uncover trends with spectral type. We have

obtained contemporaneous high-resolution Mg II spectroscopy to ascertain if that line’s core serves as a suitable

proxy for Lyα’s. Section 2 describes the target selection, observations and data reduction, Section 3 details the

reconstruction and fitting technique, and Section 4 presents the results. Section 5 discusses the implications of the

results, and Section 6 concludes.

2. OBSERVATIONS & REDUCTIONS

Observations were obtained with the Hubble Space Telescope (HST ) Space Telescope Imaging Spectrograph (STIS)

as part of HST-GO-15190 between 2018 August and 2020 January. Table 1 lists our targets, their spectral types,
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Figure 1. Left: The average quiet-Sun Lyα profile derived from SOHO/SUMER data (R ∼14,000; Wilhelm et al. 1997) taken
on 2008 June 24-26 (Gunár et al. 2020). Right: The average quiet-Sun Mg II k solar profile derived from IRIS data (R ∼35,000;
De Pontieu et al. 2014) taken between 2019 April and 2020 September (Gunár et al. 2021). Both profiles are peak normalized,
and the grey shading represents the reported 1-σ uncertainties. See Fontenla et al. (1988) and Schmit et al. (2015) for examples
of solar Lyα and Mg II profiles over magnetically-active regions such as plage and sunspots; these profiles generally exhibit
shallower self-reversal than the quiet Sun.

distances, radial velocities, surface gravities, and details about the instrument setup and observing time. The five

targets were selected based on the following criteria: radial velocity |Vradial| > 80 km s−1, d ≤6 pc, and spectral

types G-M. The radial velocity criterion ensures that the core of the emission line will be Doppler-shifted away from

the interstellar H I attenuation trough, the distance criterion ensures sufficient signal-to-noise (S/N) at high spectral

resolution with STIS, and the spectral type range allows us to explore the shape of the line cores as a function of

stellar mass.

The target list includes one G dwarf (82 Eri), one K dwarf (HD 191408), and three M dwarfs (Barnard’s Star,

Kapteyn’s Star, and GJ 411). Here we provide details for each star, including the determination of the stellar

surface gravity (GM/R2) that will be used in our analysis. Measuring masses for individual stars is notoriously

challenging and uncertain, and we elected to adopt masses derived from mass-luminosity relations. Radii are from

direct interferometric measurements when available and radius-luminosity relations otherwise. As described in the

next paragraphs, our sample size is small and skewed toward stars with low activity and low metallicity. The impacts

of this important limitation on our results is discussed in Section 5.

82 Eri—This G8 V star (6.04 pc, +87.9 km s−1) with four confirmed exoplanets (Pepe et al. 2011; Feng et al. 2017) is

likely field age (∼5 Gyr) based on its kinematics (Gagné et al. 2018). Ghezzi et al. (2010) estimate via isochrones that

the star is >13 Gyr old and determine its metallicity [Fe/H] = -0.42±0.02. To determine 82 Eri’s surface gravity, we

adopt the mass-luminosity and radius-luminosity relations of Eker et al. (2018), which are valid for 0.72-1.05 M�. The

stellar bolometric luminosity was derived from the V band magnitude (Ducati 2002), the distance from Table 1, and a

bolometric correction from Pecaut & Mamajek (2013)1. There are significant differences between the mass and radius

we derive (0.928±0.007 M� and 0.897±0.176 R�) and those from Ghezzi et al. (2010), but our log g value (4.50±0.08)

overlaps with that work’s value at the 1-σ level. Note that 82 Eri’s metallicity falls outside the calibration range of the

Eker et al. (2018) scaling relations, meaning that the stellar surface gravity may be affected by systematic uncertainty.

HD 191408—This K2.5V star (6.01 pc, -129.3 km s−1) is also likely field age based on its kinematics (Gagné et al.

2018). Ghezzi et al. (2010) estimate its age via isochrones as 9-14 Gyr and measure [Fe/H] = -0.56±0.04. We follow the

approach outlined for 82 Eri to determine HD 191408’s surface gravity using the Eker et al. (2018) relations, despite

HD 191408’s low metallicity. We used the V band magnitude from Zacharias et al. (2013) to determine the bolometric

luminosity. Like for 82 Eri, there are significant differences between the mass and radius we derive (0.805±0.016 M�,

1 http://www.pas.rochester.edu/∼emamajek/EEM dwarf UBVIJHK colors Teff.txt
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0.744±0.176 R�) and those from Ghezzi et al. (2010), but our log g value (4.60±0.10) overlaps with that work’s at

the 1-σ level.

Kapteyn’s Star—This M1 subdwarf (3.93 pc, +245 km s−1) with one confirmed exoplanet (Anglada-Escude et al. 2014)

is a halo star possibly born in the ω Cen globular cluster (Kotoneva et al. 2005), which has an average metallicity

[Fe/H] = -1.35 and is approximately 11.5 Gyr old (Maŕın-Franch et al. 2009; Forbes & Bridges 2010). Kapteyn’s Star’s

metallicity has been measured as [Fe/H] = -0.88±0.08 (Neves et al. 2013). We combine the KS band magnitude from

2MASS (Cutri et al. 2003) and the distance reported in Table 1 with the Kesseli et al. (2019) M dwarf radius-luminosity

relation and the Mann et al. (2019) M dwarf mass-luminosity relations. The Kesseli et al. (2019) radius relation is

valid for metallicities [Fe/H] > -2.0 dex, and the Mann et al. (2019) relation is only explicitly valid for [Fe/H] >

-0.6. However, Mann et al. (2019) estimate that their masses are insensitive to metallicity (0.0%±2.2% per dex), and

therefore the relation is likely appropriate for Kapteyn’s Star. We find M=0.279±0.008 M�, R=0.283±0.094 R�, and

combine them to derive log g = 4.98±0.13.

GJ 411—This M2V star (2.55 pc, -84.7 km s−1) with two confirmed exoplanets (Dı́az et al. 2019; Rosenthal et al.

2021) is likely field age (∼5 Gyr) based on its kinematics2 (Gagné et al. 2018) and has metallicity [Fe/H] = -0.41±0.17

(Rojas-Ayala et al. 2012). We use the mass and radius posterior distributions (0.389±0.008 M� and 0.392±0.004 R�)

from Pineda et al. (2021) to derive log g = 4.84±0.01. Pineda et al. (2021) used the angular diameter from Boyajian

et al. (2012) and a new empirical mass-radius relationship to derive these quantities.

Barnard’s Star—This M4V star (1.83 pc, -110.4 km s−1) is approximately 7-10 Gyr old (Ribas et al. 2018) with

metallicity [Fe/H] = -0.52±0.08 (Neves et al. 2013). We use the mass and radius posteriors (0.161±0.004 M� and

0.187±0.001 R�) from Pineda et al. (2021) to derive log g = 5.10±0.01. We note that we tested the scaling relations

used for Kapteyn’s Star on Barnard’s Star and GJ 411 and find masses and radii consistent with those adopted in this

work.

In order to spectrally resolve any self-reversal in the line cores of the Lyα (1216 Å) and Mg II (2796, 2802 Å)

chromospheric emission lines, we selected the STIS E140M and E230H gratings, respectively. Lyα is an intrinsically

broad emission line in the spectra of late type stars, with FWHM of order 100 km s−1, while Mg II is intrinsically

narrow with FWHM of order 10 km s−1. The exact intrinsic widths of these chromospheric emission lines positively

correlate with stellar luminosity (i.e., the Wilson-Bappu effect; Wilson & Bappu 1957). The E140M observations were

centered at 1425 Å and cover 1150-1700 Å at spectral resolving power R = λ/∆λ ≈ 45,800, which corresponds to

a resolution element of 0.027 Å or 6.6 km s−1 at Lyα. The E230H observations were centered at 2713 Å and cover

2574-2851 Å at R ≈ 100,000, which corresponds to a resolution element of 0.028 Å or 3 km s−1 at Mg II.

Each target was observed in a single visit in order to mitigate the impact of stellar variability on the Lyα to Mg II

comparisons, and all exposures were obtained in time-tag mode. No flares were observed. The guide star acquisition

of HD 95735 failed on 2019 May 15 and was retaken via HOPR 91550 on 2020 January 14 with a wider slit. We only

present data here from the 2020 observation.

The STIS E140M and E230H echellegrams were post-processed starting from the standard CALSTIS pipeline x1d

files, which contain tabulations of wavelengths, fluxes, photometric errors, and data quality flags for each of the echelle

orders. Several of the post-pipeline ASTRAL (Advanced Spectral Library Project3) procedures were utilized to merge

the overlapping wavelengths in each order of each echellegram, and combine spectra taken in the same visit with the

same instrumental setup. Two of the targets, 82 Eri and HD 191408, had sufficiently bright continuum emission in

the NUV region to make use of the ASTRAL blaze correction algorithm, which iteratively finds a blaze shift that

optimally balances the fluxes in the overlap zones between echelle orders, averaged over the echellegram. However, the

rest of the NUV observations, and all the FUV, were too faint for this option to be utilized.

We determined that the effect of Lyα scattered light on the spectrum was minimal, due largely to the intrinsic

faintness of the target stars. Airglow contamination was also minimal, because we restricted each target’s visit to

occur during the time of year when Earth’s projected velocity toward our target sight lines coincides with the expected

spectral width and velocity of the ISM absorption. The narrow H i geocoronal emission lines appear in the ISM

2 http://www.exoplanetes.umontreal.ca/banyan/
3 https://casa.colorado.edu/∼ayres/ASTRAL/
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Table 1. Targets and Observations

Target Spectral d Vradial log g Observation Grating Aperture Exp.

Name Type (pc) (km s−1) (cgs) Date Time (s)

82 Eri G8V 6.04 +87.9 4.50±0.08 2018-Dec-15 E140M 0.2′′×0.06′′ 3919

2018-Dec-15 E230H 0.2′′×0.2′′ 503

HD 191408 K2.5V 6.01 -129.3 4.60±0.10 2018-Sep-04 E140M 0.2′′×0.06′′ 4064

2018-Sep-04 E230H 0.2′′×0.2′′ 306

Kapteyn’s sdM1 3.93 +245.0 4.98±0.13 2019-Apr-03 E140M 0.2′′×0.06′′ 6312

Star 2019-Apr-03 E230H 0.2′′×0.2′′ 976

GJ 411 M2V 2.55 -84.7 4.84±0.01 2020-Jan-14 E140M 0.2′′×0.2′′ 7193

2020-Jan-14 E230H 0.2′′×0.2′′ 316

Barnard’s M4V 1.83 -110.4 5.10±0.01 2018-Aug-12 E140M 0.2′′×0.06′′ 9195

Star 2018-Aug-12 E230H 0.2′′×0.2′′ 1029

Note—All distances (d) and radial velocities (Vradial) are from Gaia DR2 (Gaia Collaboration et al. 2016,
2018; Soubiran et al. 2018) except for GJ 411’s Vradial (Nidever et al. 2002). The central wavelength
setting for all E140M observations is 1425 Å and for all E230H observations is 2713 Å. Note that all
observations and discussion of HD 191408 refer to the primary component of the binary. HD 191408 B
is a K or M dwarf (Bidelman 1985; Howard & Fulton 2016) separated 4.06′′ from the primary according
to Gaia.

absorption troughs where there is zero signal from the star. A Gaussian was fitted to these airglow features and then

subtracted.

3. Lyα AND Mg II ANALYSIS

3.1. Description of model and fitting routines

Interstellar hydrogen and deuterium absorption is hundreds of km s−1 wide, even for nearby stars, meaning that all

of our high-radial velocity targets require correction for ISM attenuation. Note that, unlike Lyα, the Mg II emission

lines of our targets are not affected by ISM attenuation; the stellar radial velocities are sufficiently large to Doppler

shift the ISM Mg II absorption away from the stellar emission line. This difference between Lyα and Mg II is due to

the combined effect of the narrower intrinsic line width of Mg II and the lower abundance of Mg in the ISM. In order

to recover the intrinsic Lyα profiles from our E140M spectra, we model the observed Lyα profiles as the product of two

components: the stellar emission component and the ISM absorption component. Previous works have found that a

Voigt profile fits the Gaussian-like core and Lorentzian-like wings of Lyα well (Garćıa Muñoz et al. 2020; Carleo et al.

2021; Youngblood et al. 2021), so we select a Voigt profile as the parameterization of the emission component without

any self-absorption. We also tested and ruled out the Mg II line as a scaleable template for the entire Lyα emission line,

including self-reversal. The Mg II templates were created by smoothing the observed k line spectra, then the templates

were shifted in velocity space and their widths and amplitudes were scaled to match the data. No satisfactory fits were

achieved; when scaling the Mg II templates to fit the width of the Lyα lines, the separations between the two peaks of

the self-reversed profile became too wide. Note that this does not imply there is no correlation between the fluxes of

the Lyα and Mg II emission lines, which has been clearly demonstrated in the literature (see Wood et al. 2005).

We tested several parameterizations for self-reversal of the Voigt emission line including a Gaussian or Voigt in

absorption. We performed tests where the velocity centroid was either fixed to the emission line’s centroid or free to

vary and the self-reversal FWHM was independent of the emission line FWHM. The Gaussian and Voigt in absorption

performed equally well according to the Bayesian Information Criterion (BIC), and we found that allowing the centroid

to vary freely only improved the BIC for one star. We also fit the line profiles with no self-absorption, and in all cases

find that self-absorption is clearly warranted to substantially improve the fit quality.
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Figure 2. Lyα reconstructions for the target stars. The black histogram with green error bars show the STIS E140M data
(post-airglow subtraction) with 1-σ uncertainties shown every seventh data point for visual clarity. The dashed blue line shows
the reconstructed intrinsic profile, which when multiplied by the dotted black line showing the ISM attenuation (with values
ranging from 0-1 scaled to the vertical range of the plot) yields the median best fit profile (pink line). The small panels below
each fit result show the residuals (data - model). Heliocentric velocities are shown for reference. The line cores of all five stars
are clearly detected in the STIS spectra.

We select the Voigt in absorption for the self-reversal because of its ability to fit the data well, and because Cowan

& Dieke (1948) used a similar model to explain self-reversal observed in laboratory arc lamps. Their model requires

the self-reversal to exactly mimic the reversal-free emission line shape and is given by:

Fλemission = Vλ(Vradial, A, FWHML, FWHMG) · exp
(
− pVλnorm

)
, (1)

where Vλ is the Voigt profile (astropy Voigt1D function; McLean et al. 1994), Vλnorm is the peak-normalized Vλ,

and p is the unitless self-absorption parameter. Here we refer to self-absorption as a general condition of which

self-reversal is an extreme case: p=0 corresponds to the absence of any self-absorption (i.e., the line intensity shape

of a chromosphere in local thermodynamic equilibrium), 0< p <1 yields slightly flat-topped emission lines, and the

transition from self-absorption to self-reversal (a dip in intensity in the line core) occurs at p=1. Self-reversal deepens

with increasing p for values >1. The free parameters of Vλ are the radial velocity of the emission line, Vradial (km

s−1), the Lorentzian amplitude, A (erg cm−2 s−1 Å−1), and the full width at half maximum values for the Lorentzian

and Gaussian components, FWHML, and FWHMG (km s−1).

We assume a single interstellar absorbing cloud. Most sight lines intersect multiple clouds (Redfield & Linsky 2008),

but often multiple clouds can be approximated with a single absorption component (Youngblood et al. 2016) by

inflating the fitted column densities and Doppler broadening parameters. The ISM component is modeled as a single

Voigt profile in absorption for H I and D I each using the code lyapy4 (Youngblood et al. 2016):

Fλabsorption = Vλ(VHI, N(HI), bHI)× Vλ(VDI, N(DI), bDI), (2)

4 https://github.com/allisony/lyapy
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Figure 3. The Mg II k & h profiles as observed for our target stars. The black histogram and green error bars show the
STIS E230H data with 1-σ uncertainties shown every eighth data point for visual clarity. The bottom horizontal axes show the
wavelength arrays offset from the h (left panels) and k (right panels) transitions’ rest wavelengths (2796.3543 Å and 2803.5315
Å, respectively) for visual clarity. The pink lines show the fits to the k line. Heliocentric velocities are shown for reference.

where VHI is the radial velocity (km s−1), assumed to be identical for both H I (1215.67 Å) and D I (1215.34 Å);

N(HI) is the hydrogen column density (cm−2); N(D I) is the deuterium column density, taken to be 1.5×10−5 ×
N(H I) (Linsky et al. 2006); and b is the Doppler broadening parameter. We link bHI and bDI under the assumption of

thermal equilibrium so that bDI = bHI/
√

2, but note that in reality there is a small turbulent broadening component.

Absorption from the stellar astrosphere or the heliosphere can appear in the blue and red wings, respectively, of the

ISM H i absorption troughs (see Wood et al. 2021 and references therein), affecting any Lyα reconstructions that do
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Figure 4. The un-convolved intrinsic Lyα (left) and Mg II k (right) profiles of the targets. The black lines show the median
value (normalized by its peak value) as a function of wavelength from the ensemble MCMC samples and the gray shading shows
the 68% confidence interval. Velocities in the stellar reference frame are shown.

not explicitly model this extra absorption. Wood et al. (2021) searched for astrospheric absorption in the Lyα spectra

of GJ 411 and Barnard’s Star presented here, but found none. Heliospheric absorption is likely present in the red

wing of the ISM H i absorption trough of Barnard’s Star, given that star’s close proximity and position in the sky only

23◦ from the upwind direction of the ISM flow seen by the Sun (Wood et al. 2005). However, including heliospheric

absorption in our model profile would not significantly impact the reconstruction given the low signal-to-noise of the

spectrum near the expected absorption. For our other targets, excess absorption from an astrosphere or the heliosphere

is not seen, although a rigorous analysis is beyond the scope of this paper.

To model the observed Lyα profile, we multiply the emission and absorption models (Equations 1 and 2) and convolve

with the instrument line spread function (LSF) provided by STScI5 for the appropriate grating and slit size:

Fλ = (Vemission × Vabsorption) ~ LSF. (3)

We fit Equation 3 to the data using a likelihood-based Bayesian calculation and the emcee Markov Chain Monte

Carlo implementation (Foreman-Mackey et al. 2013). emcee maximizes the sum of the logarithm of our parameters’

5 https://www.stsci.edu/hst/instrumentation/stis/performance/spectralresolution
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prior probabilities and the logarithm of a likelihood function that measures the goodness of fit of the model to the data.

We assume uniform priors for all parameters except for a logarithmic prior for the Doppler b parameter (Youngblood

et al. 2016), and a Gaussian likelihood function. We used 100 walkers, ran for 50 autocorrelation times, and removed a

burn-in period. Table 2 lists selected best-fit parameters and Figure 2 shows the best fit and reconstructed line profiles

and residuals.

3.2. Fits to stellar Mg II k profiles and solar Lyα and Mg II k spectra

To enable direct comparison with our intrinsic Lyα profiles after correction for instrumental line broadening effects,

we fit a modified Equation 3 to our E230H Mg II k profiles (Figure 3, Table 3) and the average quiet Sun Lyα and

Mg II k profiles shown in Figure 1 from Gunár et al. (2020, 2021). For these spectra, the ISM attenuation can be

dropped from Equation 3.

The uneven peaks of the stellar Mg II and solar Lyα and Mg II profiles show that self-reversal asymmetry is present,

which needs to be accommodated by an additional parameter in our symmetric model. We add an offset velocity

parameter to Vradial in Equation 1 called Vreversal that allows the self-reversal to be offset from the emission line,

creating the asymmetry. This additional parameter is applied only in Vλnorm, so that the velocity centroid of Vλnorm
equals the sum of Vradial and Vreversal. We did not include the Vreversal parameter for our Lyα reconstructions, because,

except for possibly Kapteyn’s Star, reliable information about the asymmetry of the Lyα line profiles cannot be inferred

given the data quality and ISM attenuation. We fit the stellar Mg II and solar Lyα and Mg II profiles with the same

fitting procedure as previously described. For the stellar Mg II lines we use the STIS LSFs. For the solar spectra, we

assume Gaussian LSFs with FWHMs corresponding to the reported instrument resolutions: 0.08 Å for IRIS (Mg II;

De Pontieu et al. 2014) and 0.086 Å for SOHO/SUMER (Lyα; Wilhelm et al. 1997). Selected fit results are listed in

Tables 2 and 3 and shown in Figures 3 and 4.

The fitted solar Lyα and Mg II k Vreversal parameters are nearly identical (0.68 and 0.79 km s−1, respectively), and

we assume that the same holds true for the stellar spectra. To test the ability of our Lyα spectra to constrain Vreversal
and the impact of fixing Vreversal=0 km s−1 on our recovered parameters, we performed a Lyα reconstruction for HD

191408 where Vreversal was free to vary. We imposed a Gaussian prior of mean 0.44 km s−1 and standard deviation 0.10

km s−1 on Vreversal (i.e., that star’s Mg II k median Vreversal value and 68% confidence interval). The Lyα fit yielded

a solution where the intrinsic Lyα flux decreased by ∼2% and the ISM column density increased by 0.01 dex; both

changes are similar to the 1-σ uncertainties reported in Table 2. The Vreversal parameter median and 68% confidence

interval mirrored the prior exactly. Together, this shows that Vreversal is not uniquely constrained by our data and

assuming symmetrical Lyα self-reversal has a small impact on the reconstructed fluxes.

3.3. Note on apparent Lyα flux evolution of Barnard’s Star and Kapteyn’s Star

The intrinsic Lyα fluxes we measure for Kapteyn’s Star and Barnard’s Star are significantly smaller than values

reported in the literature measured from lower resolution spectra. Kapteyn’s Star was observed with the COS G130M

2.5′′ PSA aperture on 2013-Sep-22, and Guinan et al. (2016) reported a Lyα flux 1.85× larger than that measured

in this work using the STIS E140M 0.2′′×0.06′′ slit on 2019-Apr-03. Barnard’s Star was observed on 2019-Mar-04

with the STIS G140M 52×0.1′′ slit, and France et al. (2020) reported a Lyα flux 1.75× larger than that measured

in this work with the STIS E140M 0.2′′×0.06′′ slit on 2018-Aug-12. In both cases, such a large difference cannot be

attributed to differences in the ISM correction and may be astrophysical or instrumental in nature. Despite their

old ages, Barnard’s Star and Kapteyn’s Star both exhibit chromospheric variability due to magnetic activity (Guinan

et al. 2016; France et al. 2020), so activity cycles akin to the Sun’s 11-year cycle could feasibly be responsible for these

flux differences. However, STIS has known focus issues that noticeably affect the flux calibration of observations with

narrow slit widths (<0.2′′; Proffitt et al. 2017; Riley et al. 2018). All of our targets except GJ 411 were observed with

the 0.06′′ slit for Lyα, meaning that the Lyα fluxes of Barnard’s Star and Kapteyn’s Star could be systematically low.

To shed further light on the cause of this flux discrepancy, we compare this work’s Mg II flux for Barnard’s Star

(obtained with the STIS E230H 0.2′′×0.2′′ slit on 2018-Aug-12) to the Mg II flux that France et al. (2020) measured

with the lower resolution STIS G230L 52′′×0.2′′ slit on 2019-Mar-04. Note that each Mg II measurement was taken

on the same day as the Lyα measurement for that star. France et al. (2020) reported Mg II k & h fluxes 3% and

5%, respectively, larger than our measured fluxes. Given the good agreement between the STIS G230L 52′′×0.2′′ and

STIS E230H 0.2′′×0.2′′ Mg II fluxes of Barnard’s Star taken seven months apart, we conclude that the large Lyα flux

differences for Barnard’s Star are attributable to STIS focus issues.



10

Table 2. Selected Lyα Fitted Properties

Target Vradial VHI log N(HI) bHI p Vreversal F (Lyα) Peak-to-trough

Name (km s−1) (km s−1) cm−2 (km s−1) (km s−1) (erg cm−2 s−1) ratio

82 Eri 89.37+2.43
−2.27 13.36±1.12 18.33±0.03 11.20+0.99

−1.81 2.43±0.10 =0 (2.23+0.07
−0.06) 1.72±0.10

×10−12

HD 191408 -135.57+2.18
−1.99 -25.05±0.42 18.28±0.02 14.06+0.46

−0.39 2.09±0.06 =0 (2.04±0.04) 1.42+0.05
−0.04

×10−12

Kapteyn’s 245.28+0.80
−0.93 -6.59+21.70

−16.51 17.98+0.36
−0.32 =11.5 1.52±0.10 =0 (2.88+0.16

−0.08) 1.11±0.04

Star ×10−13

GJ 411 -87.16+3.08
−3.04 3.91+0.77

−0.74 17.84±0.03 11.74±0.49 1.50+0.12
−0.13 =0 (1.62+0.07

−0.06) 1.10+0.05
−0.04

×10−12

Barnard’s -109.66+1.85
−1.75 -23.84+0.57

−0.53 17.72±0.03 10.79+0.32
−0.33 1.27±0.10 =0 (5.83±0.02) 1.03±0.02

Star ×10−13

Sun – – – – 2.38±0.14 0.68+0.82
−0.81 – 1.67+0.14

−0.13

Note—Vradial is the stellar radial velocity, VHI is the ISM HI radial velocity, N(HI) is the ISM column density, bHI is the Doppler
broadening parameter for the ISM absorbers, p is the unitless self-absorption parameter, Vreversal is the offset velocity of the
self-reversal, and F (Lyα) is the reconstructed stellar Lyα flux. All uncertainties represent the 68% confidence interval, and the
reported values are the median (values with an equal sign indicate the parameter was fixed at that value during the fit). HD
191408’s large bHI value indicates there are probably multiple interstellar clouds along this sightline. For the Sun, we only list
the measured p and peak-to-trough ratio values because Vradial is zero by definition in the heliocentric frame, no ISM attenuation
is present, and the integrated flux of the Gunár et al. (2020) profile is not representative of the Sun’s disk-integrated Lyα flux.

We compare Kapteyn’s Star’s Mg II k & h fluxes measured with the STIS E230H 0.2′′×0.2′′ slit on 2019-Apr-03 with

the fluxes measured from IUE on 1987-Aug-19 presented in Guinan et al. (2016). Kapteyn’s Star’s COS Lyα spectrum

from 2013 does not have a contemporaneous Mg II spectrum. We find that Kapteyn’s Star’s Mg II flux is 15% fainter

in 2019 than in 1987, but given the low signal-to-noise of our STIS spectrum, the fluxes are consistent within the 95%

confidence interval. Therefore, it is plausible that the 85% Lyα flux difference between 2013 and 2019 for Kapteyn’s

Star could be astrophysical or instrumental in nature. We caution the reader that the intrinsic Lyα fluxes reported for

all stars except GJ 411, which was observed with the wider 0.2′′×0.2′′ slit, could be systematically low due to STIS

flux calibration issues with narrow slits (Proffitt et al. 2017; Riley et al. 2018).

4. RESULTS

We find that self-reversal is present in the Lyα profiles of all five targets, and that the self-reversal depth is greater

for earlier spectral types than for later spectral types. This is reflected in the finding that the best fit self-absorption

parameter p >1 for all targets (Table 2). Barnard’s Star has the smallest value p=1.27±0.10, and the other two M

dwarfs (GJ 411 and Kapteyn’s Star) have somewhat larger values (p=1.50+0.12
−0.13 and p=1.52±0.10, respectively). The

K dwarf HD 191408 has the next largest value (p=2.09±0.06), and the G dwarf 82 Eri has the largest at p=2.43±0.10.

For comparison, we find that the average quiet Sun’s Lyα profile has p=2.38±0.14, consistent with 82 Eri’s.

Self-reversals in the Mg II profiles are apparent for all stars except Kapteyn’s Star, which has a low signal-to-noise

Mg II spectrum. However, unlike for Lyα, no trend between Mg II self-reversal and spectral type is seen among these

five stars. The most likely value of Kapteyn’s Star’s Mg II p is zero, but the 1-σ upper limit is p=1.6, indicating that

self-reversal cannot be confidently ruled out. The M dwarf Barnard’s Star and the K dwarf HD 191408 have the next

largest p values and are equivalent within uncertainties (p=2.27±0.30 and p=2.33±0.05, respectively). The M dwarf

GJ 411 and the G dwarf 82 Eri have the largest p values and are roughly equivalent within uncertainties (p=2.81±0.25

and p=2.71±0.03, respectively). For comparison, we find that the average quiet Sun’s Mg II k profile has p=2.59±0.04,

significantly smaller than 82 Eri’s. Except Kapteyn’s Star, all stars including the Sun exhibit greater self-reversal in

their Mg II profiles than in Lyα.
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Table 3. Selected Mg II k Fitted Properties

Target Vradial p Vreversal Peak-to-trough

Name (km s−1) (km s−1) ratio

82 Eri 87.37±0.07 2.71±0.03 0.72±0.05 2.05+0.04
−0.03

HD 191408 -130.08+0.14
−0.13 2.33±0.05 0.44±0.10 1.63±0.05

Kapteyn’s 242.46+1.10
−1.17 0a ∼0a 1.00+0.14

−0.00

Star

GJ 411 -87.8±0.2 2.81±0.25 0.17+0.14
−0.13 2.18+0.39

−0.32

Barnard’s -111.3±0.2 2.27±0.30 -0.03±0.15 1.58+0.30
−0.23

Star

Sun – 2.59±0.04 0.79±0.07 1.91±0.05

Note—Vradial is the stellar radial velocity, p is the unitless self reversal
parameter, and Vreversal is the offset velocity centroid of the reversal
from Vradial. All uncertainties represent the 68% confidence interval,
and the reported values are the median.

aKapteyn’s Star’s self-reversal is poorly constrained due to the low
signal-to-noise of the Mg II spectrum. We applied uniform priors to
p (0-3) and Vreversal (-0.3 to +0.3 km s−1). The most likely value for
p is zero with a 1-σ upper limit of 1.6, and Vreversal is unconstrained
within the prior bounds.

To further quantify self-reversal depth, we measure the peak-to-trough ratios of the intrinsic Lyα and Mg II profiles

of our sample and the Sun. Unlike the self-absorption parameter p, this quantity can be measured directly from

spectra and does not require fitting Equation 1 to the data. However, we note that instrumental line broadening can

decrease the measured peak-to-trough ratio and should be taken into account as appropriate. For example, instead

of measuring the peak-to-trough ratio directly from the solar spectra shown in Figure 1, we fit a model convolved

with the instrumental LSF (Section 3.2), allowing us to recover a un-convolved line profile from which to measure

the peak-to-trough ratio. The peak-to-trough ratio is unity for profiles with no self-reversal, and it therefore does not

distinguish between flat-topped lines (0< p <1) and pure Voigt profiles (p=0). For asymmetric profiles, the average

flux density of the two peaks is used to compute the ratio. The median peak-to-trough ratios and 68% confidence

intervals determined from the ensemble MCMC samples (prior to convolution with the instrument LSFs) are reported

in Tables 2 and 3.

We compare the Lyα and Mg II peak-to-trough ratios with surface gravity (Figure 5). We observe a clear decrease

in Lyα peak-to-trough ratio from 1.7 to 1.0 with increasing surface gravity (log g from 4.5 to 5.1), and the Sun follows

this trend within uncertainties. For Mg II, the trend is not followed. The M dwarfs GJ 411 and Barnard’s Star show

self-reversals on par with the earlier type stars. Kapteyn’s Star’s Mg II spectrum has very low signal-to-noise, but our

fits demonstrate that the peak-to-trough ratio is consistent with unity and a 1-σ upper limit of 1.14. This is possible

because the definition of the peak-to-trough ratio implies that any profile with p <1 will have a peak-to-trough ratio

of unity; while Kapteyn’s Star’s Mg II p value is highly uncertain (Table 3), 63% of the self-absorption parameter p

parameter space is <1. We note that the results reflected in Figure 5 remain similar when using the self-absorption

parameter p instead of peak-to-trough ratio.

5. DISCUSSION

Our results indicate that Lyα self-reversal depth correlates well with stellar surface gravity. This suggests that

basic stellar structure plays a role in dictating the properties of the Lyα emitting regions of the upper chromosphere,
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Figure 5. Peak-to-trough ratios for Lyα (teal points) and Mg II k (red points) are shown with 1-σ uncertainties as a function
of stellar surface gravity for the five targets. For the Sun (circle-dot symbols), we adopted log g = 4.44.

perhaps most crucially the density. The results from lower-resolution spectroscopy of three high-radial velocity K and

M dwarfs from Bourrier et al. (2017) and Schneider et al. (2019) follow this trend.

Mg II forms deeper in the atmosphere than Lyα (e.g., Vernazza et al. 1981), where densities are higher and perhaps

less dependent on surface gravity effects. This could explain the absence of a trend with surface gravity for Mg II

and the fact that Mg II consistently shows deeper self-reversals than Lyα. Notably, the Mg II line core shapes of the

G-K dwarfs closely follow Lyα, but two of the M dwarf Mg II line cores exhibit very narrow and deep self-reversals

in contrast to their Lyα profiles. This indicates major differences between the chromospheres of M dwarfs and earlier

types, but could be influenced by other factors including the low activity and metallicity of our sample, and the lower

signal-to-noise of the M dwarf Mg II spectra. The lower signal-to-noise translates into the large errors in Figure 5,
which in turn may mask any correlation.

Based on spatially resolved Lyα and Mg II spectroscopy of the Sun, magnetic activity plays a role in controlling the

self-reversal depth and asymmetry. For example, sunspots, plages, and network regions generally exhibit shallower

self-reversals than quiet Sun regions (e.g., Fontenla et al. 1988; Tian et al. 2009a,b; Schmit et al. 2015). Measurements

of activity and surface magnetism across the main sequence show clear differences between G, K, and M dwarfs. The

average magnetic field flux (due to cancellation) across the quiet Sun is ∼1 Gauss, while sunspot regions have kilo-

Gauss field fluxes. Global fields increase dramatically with decreasing stellar mass, reaching kilo-Gauss fluxes for M

dwarfs (see Donati & Landstreet 2009 for a review). The greater surface magnetism of M dwarfs is likely a contributing

factor to the self-reversal trend with spectral type that we observe, and it would be interesting to disentangle the effects

of surface gravity and magnetism (or its proxy stellar activity) on the self-reversal of chromospheric emission lines. A

larger sample with a range of activity could allow for disentangling the specific effects of activity on self-reversal.

5.1. The use of Mg II as a proxy for Lyα line core shape

Our analysis of the average quiet Sun Lyα and Mg II profiles show that their asymmetries are nearly identical, but

the solar Mg II self-reversal is deeper than Lyα’s. Our stellar Lyα spectra do not provide strong constraints on the

line asymmetries, but comparison with the unobstructed Mg II profiles show that the Mg II self-reversal is consistently
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deeper than for Lyα. The exception is Kapteyn’s Star, but as previously noted, the quality of that star’s Mg II data

is poor.

Our model tests in Section 3 show that the Mg II data cannot be successfully used directly as a template for the

intrinsic Lyα profile during a reconstruction. However, Mg II spectra may still provide useful constraints on a Lyα

reconstruction by providing an upper limit on the peak-to-trough ratio and an estimate for the asymmetry.

5.2. The effect of ignoring self-reversal on Lyα reconstructions of low-radial velocity stars

The vast majority of nearby stars are more strongly affected by ISM attenuation than our target stars, and generally

the line cores will not be observable. We use the intrinsic profiles derived in this work to test the accuracy of standard

reconstruction techniques, which do not include self-reversals, for low radial velocity stars. We shifted the un-convolved

intrinsic Lyα profiles from Figure 4 to zero velocity, added ISM attenuation (see Equation 2) with VHI= 0 km s−1,

bHI=11.5 km s−1, and N(HI) = 1018 cm−2 (chosen to be typical of nearby sightlines, e.g., Wood et al. 2005), and

convolved the profiles with the STIS E140M LSF for the 0.2′′×0.06′′ aperture. This grating and aperture setup was

used for all of our stars except GJ 411, which used the 0.2′′×0.2′′ aperture, and achieves a spectral resolving power

R ≈45,800. We gave the synthetic spectra flux uncertainties based on the original STIS data. Specifically, any flux

density Fλ,i in the synthetic spectrum would inherit the average errorbar value Eλ,i of any flux density value near Fλ,i
in the original STIS E140M spectrum. Random noise, drawn from a normal distribution with mean zero and standard

deviation equal to the error bar value, was added to the synthetic data. We also simulated STIS G140M spectra,

because that mode is commonly used for G-M dwarf Lyα observations in recent HST cycles. For these simulated

spectra, we used the STIS G140M LSF for the 52′′×0.2′′ aperture and adopted noise properties consistent with one

orbit of exposure time for all five stars.

We fit each synthetic spectrum twice with different restrictions on the self-absorption parameter p: p=0 (i.e., no

reversal) and restricted p to realistic ranges based on the stellar surface gravity. For 82 Eri, 1.8≤ p ≤2.8, for HD

191408, 1.5≤ p ≤2.5, and for the three M dwarfs, 1.0≤ p ≤1.8. The resulting intrinsic Lyα fluxes compared with the

original values presented in Table 2 are shown in Figure 6.

We find that including self-reversal is generally essential to recover the true Lyα flux for either grating. For 82

Eri and HD 191408, the reconstructions without self-reversal overestimate the true flux between 60% and 110%,

and including self-reversal brings agreement with the input flux to within 7%. The M dwarf G140M reconstructions

with no self-reversal can overestimate Lyα fluxes by 52%-185%, levels comparable to or greater than the earlier type

stars, but this overestimate is less severe for the E140M spectra (13%-40%). Including self-reversal for the M dwarfs

significantly improves agreement to within the 2%-15% of the true flux. The exception is Barnard’s Star, whose

G140M reconstruction with self-reversal overestimates the input flux by 38%. Kapteyn’s Star’s simulated spectra are

very noisy, and while reconstructions with or without self-reversal agree with the true flux within the 68% confidence

interval, including self-reversal narrows the probability distribution to be tighter around the true flux.

For context in interpreting these results, the integrated flux of a Voigt profile (i.e., Equation 1 with p=0) will be

larger than the integrated flux of a flat-topped or self-reversed Voigt profile (i.e., Equation 1 with p >0) by about

85% for p=1, 150% for p=1.5, 220% for p=2, and 305% for p=2.5. How much the intrinsic flux is overestimated when

ignoring self-reversal depends mainly on if increasing the ISM column density can bring the attenuated Voigt profile

into good agreement with the data. With lower spectral resolution and/or lower signal-to-noise, this becomes much

easier for the fitting routine to accomplish. For broad intrinsic lines with deep self-reversal like the G and K dwarfs,

simply increasing the ISM attenuation is not sufficient for agreement with the data. The fits must also compromise

by increasing the Voigt widths and decreasing the amplitude, and this decreases the overestimation relative to the M

dwarfs. However, the quality of the G and K dwarf reconstructions without self-reversal is clearly poorer, indicating

that the model is misspecified (i.e., self-reversal is needed).

Self-reversal is generally neglected for M dwarf reconstructions in the literature (Youngblood et al. 2016; Bourrier

et al. 2018; dos Santos et al. 2020; Linsky et al. 2020; Youngblood et al. 2021), and the current results indicate that

revisiting these past reconstructions with more realistic constraints on self-reversal would be worthwhile. Additional

Lyα observations of high-radial velocity stars could better inform the most likely parameter space for self-reversal

depth and asymmetry, especially its dependence on stellar activity and metallicity. Our sample of five stars is small

and, given that stars with large space velocities tend to be old, is skewed to lower activity and metallicity. Spatially-

resolved solar Lyα observations show that greater surface activity lessens self-reversal (e.g., Fontenla et al. 1988), so
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more active stars likely exhibit shallower self-reversals than the stars in this sample. Thus, the Lyα flux overestimates

presented in this section may be a worst-case scenario.

5.3. Recommendations for exoplanet photochemical studies that rely on Lyα fluxes

A host star’s UV spectrum is a required input for exoplanet photochemical models, which are used to understand the

chemical makeup of exoplanet atmospheres and compare to or predict observations (e.g., Miller-Ricci Kempton et al.

2012; Rugheimer et al. 2015; Miguel et al. 2015; Arney et al. 2017). The Lyα emission line is an order of magnitude

brighter than other lines in the far-UV spectra of late type stars, especially M dwarfs (France et al. 2013), and is thus

important to accurately capture. Although much effort has been expended in obtaining Lyα fluxes unaffected by the

ISM (e.g., Wood et al. 2005; Youngblood et al. 2016; Schneider et al. 2019), uncertainties in the reconstructed fluxes

remain and are rarely accounted for in photochemical models (Teal et al. under review). Authors who use Lyα fluxes

should include caveats with their assessments and run models with a range of fluxes consistent with potential systematic

effects and the uncertainty in the interstellar absorption toward their particular target. In addition to the systematic

effects described in Section 5.2 related to reconstructions that neglect self-reversal, this paper also notes large flux

changes over the years that may be due to either STIS flux calibration issues with narrow slits or stellar activity cycles

(Section 3.3). Finally, any particular star’s reported Lyα fluxes may not be that far off systematically, because earlier

spectral types are more affected by self-reversal than later types and highly active stars may be minimally affected.

As new observations of planetary atmospheres exhibiting disequilibrium chemistry become available with JWST and

other upcoming facilities, the urgency of characterizing systematic uncertainties affecting host star Lyα fluxes will

increase.

6. CONCLUSIONS

New UV spectra from the Hubble Space Telescope STIS instrument of five high radial velocity G, K, and M dwarfs

indicate that most main sequence stars likely exhibit self-reversal in their Lyα line profiles. This result has implications

for models of stellar upper atmospheres, interstellar medium measurements, and exoplanet atmosphere photochemical

models. We show that basic stellar structure, as traced by surface gravity, appears to be the most important indicator

for Lyα self-reversal; stars with greater surface gravity (lower mass) display weaker self-reversals. However, Mg II self-

reversals, which always appear to be deeper than Lyα self-reversals, do not appear to follow this trend. Nonetheless,

commonalities exist between the Lyα and Mg II self-reversals, and we discuss how high-resolution Mg II spectra can

provide a priori estimates of Lyα self-reversals. We show that neglecting self-reversal from Lyα reconstructions using

STIS E140M spectra can lead to flux overestimations of up to 70% for G and K dwarfs and as much as 40% for M

dwarfs. With the lower resolution G140M grating, neglecting self-reversal worsens the overestimates to up to 110%

for G and K dwarfs and up to 180% for M dwarfs. Stars more magnetically active than those in our sample are likely

less affected by self-reversal. These results can improve the accuracy of Lyα reconstructions for the vast majority of

stars whose Lyα cores are obstructed by interstellar gas and inform models of stellar chromospheres.
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Figure 6. The histograms show the probability density for each intrinsic Lyα flux measured from the synthetic G140M and
E140M spectra (left and right, respectively). The Lyα fluxes of the profiles used to make the synthetic data (shown by a dashed
horizontal line) are compared to the fluxes recovered from the synthetic STIS data simulated for low-radial velocity stars (i.e., a
case where the intrinsic stellar emission line and ISM absorption have the same velocity). The blue histograms shows the results
where self-reversal (SR) was not allowed (p=0) and the orange histograms show fit results where self-reversal was restricted to
a realistic range of p based on the stellar surface gravity (see text for specific ranges).



16

Software: Astropy (Robitaille et al. 2013), IPython (Perez & Granger 2007), Matplotlib (Hunter 2007), NumPy and

SciPy (van der Walt et al. 2011), lyapy (Youngblood et al. 2016), emcee (Foreman-Mackey et al. 2013).
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