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Abstract

The 1215.67 A H1 Lya emission line dominates the ultraviolet flux of low-mass stars, including the majority of
known exoplanet hosts. Unfortunately, strong attenuation by the interstellar medium (ISM) obscures the line core
in most stars, requiring the intrinsic Ly« flux to be reconstructed based on fits to the line wings. We present a test
of the widely used Lya emission-line reconstruction code LYAPY using phase-resolved, medium-resolution STIS
G140M observations of the close white dwarf-M dwarf binary EG UMa. The Doppler shifts induced by the
binary orbital motion move the Ly« emission line in and out of the region of strong ISM attenuation.
Reconstructions of each spectrum should produce the same Ly« profile regardless of phase, under the well-
justified assumption that there is no intrinsic line variability between observations. Instead, we find that the
reconstructions underestimate the Ly« flux by almost a factor of 2 for the lowest velocity, most attenuated
spectrum, due to a degeneracy between the intrinsic Lya and ISM profiles. Our results imply that many stellar
Lya fluxes derived from G140M spectra reported in the literature may be underestimated, with potential
consequences for, for example, estimates of extreme-ultraviolet stellar spectra and ultraviolet inputs into
simulations of exoplanet atmospheres.

Unified Astronomy Thesaurus concepts: M dwarf stars (982); White dwarf stars (1799); Common envelope binary

stars (2156); Ultraviolet astronomy (1736); Planet hosting stars (1242)

1. Introduction

The HI Ly line at 1215.67 A is a paradox of stellar
observational astronomy: vitally important for the study of
stellar atmospheres and their effects on orbiting exoplanets,
contributing as it does a large fraction of the ultraviolet flux of
low-mass stars (=30%—70%, France et al. 2013), but extremely
difficult to observe, occulted almost entirely by a combination
of absorption by hydrogen in the local interstellar medium
(ISM) and geocoronal airglow emission from Earth’s atmos-
phere. Airglow is very uniform on the angular size scale of
stars observed with astronomical ultraviolet spectrometers, and
its effects can generally be corrected for by subtracting the off-
source background spectrum. However, the ISM is so opaque
to Ly« photons that, near the rest wavelength of the line in the
frame of reference of the intervening ISM, even emission from
the nearest stars is completely absorbed. Nevertheless,
observations of the Ly« line are the focus of a large number
of papers and observing programs, returning data from
hundreds of stars to date. These observations have been used
to, for example, measure stellar winds (Wood et al. 2021),
estimate the extreme-ultraviolet flux of stars (Linsky et al.
2014), characterize the outer heliosphere (Wood et al. 2014),
and model the atmospheres of the TRAPPIST-1 planets
(Bourrier et al. 2017; Wunderlich et al. 2020).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Stellar Ly« observations rely on the fact that the Ly« lines
of their targets are broad enough that the wings of the line are
detectable on one or both sides of the region of strong ISM
absorption and/or airglow. The intrinsic profile and flux of the
Lya line can then be reconstructed from the wings. Multiple
methods have been developed for the reconstruction, such as
using metal lines to characterize and thus remove the ISM
(Wood et al. 2005) and/or fitting model line profiles to the
wings (Bourrier et al. 2015; Youngblood et al. 2016), with
broad agreement between techniques and recipes. However,
statistical uncertainties in the reconstructions, which range from
5% to 100% depending on the data quality and whether the
unsaturated deuterium absorption line from the ISM is
spectrally resolved, are dominated by degeneracies between
the ISM absorbers and intrinsic stellar profile, as well as our
incomplete knowledge of the intrinsic Ly« profile shape for the
vast majority of stars. Improving the accuracy of Ly«
reconstructions is particularly important for accurately model-
ing the chemistry in exoplanet atmospheres. Small changes of
~20% in the reconstructed Ly« flux can propagate to ~30%
changes in the O, and O3 column depths in Earth-like planets
orbiting M dwarfs (Segura et al. 2007). In mini-Neptune
atmospheres, Lya is the dominant driver of photochemistry in
the atmospheric layers most likely to be probed by future direct
observations (Miguel et al. 2015).

Testing the absolute accuracy of the Lya reconstruction
routines is challenging, as the ground truth of occulted Ly«
profiles cannot be obtained. In rare cases, the Ly« line can be
fully observed for stars with sufficiently high radial velocities
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Figure 1. Far-ultraviolet spectrum of EG UMa. The COS spectrum is shown in blue, with a dashed line indicating the region affected by geocoronal Ly« airglow.
Prominent emission (from the M dwarf atmosphere) and absorption (stellar wind accretion onto the white dwarf) features are labeled. The white dwarf model spectrum
is shown in orange. The STIS spectrum shows the highest-velocity and mostly unobscured Ly« line at phase 0.73, which exceeds the axis limit by factor ~2. The inset
shows the region around the C 11 1335 A lines, simultaneously fit with an ASTROPY model to measure the instantaneous radial velocity of the M dwarf (emission
features), ISM (weak absorption features), and the white dwarf (strong absorption features).

Table 1
Summary of Observations

Date Instrument Grating Central Start Time (UT) Exposure Time (s) Data Set Orbital Phase
Wavelength (10\)

2017-12-5 COS G130M 1291 17:30:29 1969 LDLC05010

2021-4-2 STIS G140M 1222 06:39:15 1358 OEHUA4010 0.53

2021-4-2 STIS G140M 1222 09:51:27 1358 OEHUAI1010 0.73

2021-4-2 STIS G140M 1222 14:35:35 1358 OEHUA2010 0.03

2021-4-26 STIS G140M 1222 19:46:59 1358 OEHUB3010 0.3

Note. Data set numbers are given for retrieval from MAST (https://archive.stsci.edu/hst/).

to shift the line out of the airglow and the deepest ISM
absorption, the best example being Kapteyn’s star at
245kms ! (Guinan et al. 2016; Schneider et al. 2019; Peacock
et al. 2022; Youngblood et al. 2022). Unfortunately, high-
velocity stars cannot also be observed with the line occulted.
What is required is a star with a radial velocity that changes by
many tens of kms~' over time, allowing observations to be
taken at low velocities when the Ly« line is occulted, and the
reconstruction based on those data compared with high-
velocity, unobscured Ly« observations of the same star. Such
conditions exist in detached Post-Common Envelope Binaries
(PCEBs), specifically those containing a white dwarf with a
main-sequence companion.

EG UMa is a PCEB comprising an M4-type dwarf star and a
white dwarf in a 16 hr orbit (Lanning 1982; Bleach et al. 2000)
at a distance of ~28 pc. The white dwarf is unusually cool
among the sample of well-studied PCEBs, with an effective
temperature of only around 13,000 K (Sion et al. 1984), such
that the ultraviolet emission from the system is not completely
dominated by the white dwarf and shows a detectable
contribution from the M dwarf. The short orbital period
provides a large range of radial velocities (up to ~150
km s~ ") that allows the system to be observed at multiple levels
of Lya occultation, providing a comprehensive test of Lya
reconstruction routines. This paper presents the results of this
experiment using phase-resolved Hubble Space Telescope
(HST) spectroscopy of EG UMa.

2. Observations
2.1. HST/COS

Table 1 provides a log of the observations of EG UMa
discussed in this section. All data used in this paper can
be found in MAST:10.17909/k8h7-s556. EGUMa was
observed with the Cosmic Origins Spectrograph (COS;
Green et al. 2012) on board HST as part of program ID
15189. A single observation was obtained on 2017 December 5
with an exposure time of 1969s, using the Primary Science
Aperture and the G130M grating with a central wave-
length of 1291 A. The spectrum was automatically extracted
using the standard CalCOS tools. The spectrum is shown in
Figure 1.

2.2. HST/STIS

Four additional HST spectra of EGUMa were obtained
using the Space Telescope Imaging Spectrograph (STIS;
Woodgate et al. 1998) on 2021 April 2 (three spectra) and
2021 April 26 (one spectrum)’ under program ID 16449. Each
spectrum had an exposure time of 1358's and was obtained
using the G140M grating with a central wavelength of 1222 A

® This observation was initially attempted on 2021 March 30, but a technical

issue caused a complete data loss. We note it here to avoid confusion for
readers wishing to retrieve the data. The failed observation is archived on
MAST as data set OEHUA3010.
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Figure 2. Top panel: example STIS G140M spectrum of EG UMa (data set OEHUA2010) with major emission features marked. Note the increased scatter noise at
wavelengths <1214 A due to the FUV glow. Bottom panels: the Ly« emission line in all four spectra, in the observer rest frame (left) and velocity-shifted to the M
dwarf rest frame (right). The dashed purple line in the left panel shows the center-of-mass radial velocity of the binary system.

and the 52” x 0”1 slit. The spectra were timed to obtain data at
the 0.0, 0.25, 0.5, and 0.75 phases of the binary orbit based on
the ephemeris of Bleach et al. (2002), with an allowable phase
error of 0.05. The observations were further scheduled such
that the radial velocity of Earth relative to the predicted ISM
velocity (1.45+1.37kms™'; Redfield & Linsky 2008) along
the line of sight to EG UMa was no more than £20km s L
placing the bright geocoronal Ly« airglow line in the deepest
region of ISM absorption. The airglow contribution was further
reduced by the use of the narrow 0”1 slit. The spectral trace
was automatically located and extracted by the standard
CalSTIS pipeline. An example STIS spectrum is shown in
the top panel of Figure 2. We used the STISTOOLS SPLITTAG
routine to extract time-series spectra from each observation and
found no evidence for variability of the Ly« line during any of
the visits.

We evaluated the flux calibration of the STIS spectra by
comparison with the COS spectrum. Three of the four spectra
showed good agreement at all wavelengths, apart from the
expected Doppler shift. Spectrum OEHUA2010 showed
significant, unphysical departures from the COS spectrum at
wavelengths <1210 A, including a region of negative flux and
a region roughly 1.5 times higher than the COS flux. We
attribute the poor extraction to “FUV glow,” an irregular region

of dark current on the STIS MAMA detector that grows over
time after the detector is powered on after an SAA passage.’
OEHUA2010 was the third of three EG UMa observations on
the same day, and the irregular dark current had increased such
that the standard background regions (+300 pixels from the
spectral trace) were no longer representative of the background
around the spectral trace. We re-extracted OEHUA2010 with
the STISTOOLS X1D routine, changing the background regions
to £50 pixels from the trace, which brought the spectrum into
much better agreement with the COS spectrum, although with a
lower signal-to-noise ratio at the shorter wavelengths compared
to the other STIS spectra.

3. COS Spectral Analysis and Experiment Design

Figure 1 shows the far-ultraviolet spectrum of EG UMa. The
spectrum is dominated by the extremely broad Ly« absorption
feature in the white dwarf photosphere, along with the satellite
feature around 1400 A (Allard et al. 1994; Koester et al. 2014).
Although not strictly correct, we refer to this as the white dwarf
continuum hereafter to avoid confusion with the M dwarf Ly«

9 https: //hst-docs.stsci.edu /stisihb/chapter-7-feasibility-and-detector-
performance/7-5-mama-operation-and-feasibility-considerations #id-7.
5SMAMA OperationandFeasibilityConsiderations-7.5.2MAMADarks
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emission line. The spectrum was fit with synthetic models
generated by the latest version of the code described in Koester
(2010) using the parallax measurements from Gaia DR2 (Gaia
Collaboration et al. 2018) to constrain the distance. As the
results are of marginal relevance to this work we do not detail
the fitting process here but point the reader to Wilson et al.
(2021a) for a full description of the methods used to fit the data
from program 15189. We find an effective temperature
Ter;=12,599+13 K and logg=7.834+0.01 (statistical
uncertainties only) and infer a white dwarf mass of
~0.51M.,. Our T is substantially lower than the ~18,000 K
found in recent studies (e.g., Gianninas et al. 2011; Limoges
et al. 2015), but those results were based on optical data that
feature significant flux contributions from the companion,
which can seriously affect the standard analysis of the Balmer
absorption lines of the white dwarf. Sion et al. (1984) found
Teoir = 13,000 + 500 K based on data from the International
Ultraviolet Explorer, consistent with our result.

In addition to the continuum, multiple emission and
absorption features are detected. The emission features
originate from the outer atmosphere of the M dwarf, with the
same collection of lines seen in ultraviolet spectra of isolated
mid-M dwarfs (see, e.g., Loyd et al. 2016). The absorption
features originate in the white dwarf photosphere and are
produced by the accretion of the M dwarf stellar wind onto the
white dwarf (Debes 2006). Of particular interest is the
C 1 doublet around 1335 A, which shows both emission and
absorption features, as well as weak ISM absorption (inset in
Figure 1). We fit the C1I lines using the ASTROPY (Astropy
Collaboration et al. 2018) modeling functions, using a second-
order polynomial for the continuum and six Gaussian profiles
for the lines, with the line separation and widths fixed between
each pair of features. Although only one ISM feature is reliably
detected, we find a line-of-sight ISM velocity of 3.7+
2.8kms~!, consistent with the 1.454 1.37kms™! velocity
predicted by the ISM maps from Redfield & Linsky (2008) and
significantly less than the COS wavelength solution accuracy
of £7.5kms ', The OT lines at 1300 A also show the same
emission—-ISM—absorption configuration, but as these lines are
blended with nearby Si lines and geocoronal OT airglow, we
did not attempt to fit them.

The combination of strong detected emission lines and high-
radial-velocity amplitude suggests that this is an ideal system to
test the Lya reconstruction routines by observing the Ly line
at different velocities and therefore different levels of
obscuration by ISM absorption. Unfortunately, the large
aperture of COS means that the stellar Ly« line is completely
swamped by bright geocoronal emission over the full radial
velocity range (dashed line in Figure 1). The experiment was
therefore performed using STIS with a narrow (0”1) slit that
greatly reduced the airglow contribution.

4. STIS Results

As expected, the phase-resolved STIS observations returned
four distinctly different Ly« profiles. Figure 2 shows the region
around the Ly« line, velocity adjusted to the observer frame
(left) and M dwarf rest frame (right). The observations clearly
demonstrate the effects of ISM absorption on the Ly« line, with
the line being much fainter at low velocities than higher ones.
The STIS_G140M spectra also cover the Silll 1206 A and
NV 1240 A emission lines, which are clearly detected in all
four spectra.

Wilson et al.

Given the allowed uncertainty in the phase targeting and the
cycle-count errors induced by the 20 yr gap between these
observations and those of Bleach et al. (2002), the phases of
each observation are not quite at the 0, 0.25, 0.5, and 0.75
positions. Our recalculation of the correct phase positions is
described in Section 5.2, but to avoid confusion we use the
corrected phases (0.03, 0.3, 0.53, and 0.73) in figures and text
throughout the paper.

5. Lya Reconstructions
5.1. Line Model and Reconstruction Routine

The observed Lya spectrum is a combination of four
components: geocoronal airglow from Earth, absorption from
the ISM, absorption from the white dwarf photosphere, and
finally ,the feature that we are aiming to characterize, emission
from the chromosphere of the M dwarf. Our observations were
timed such that the radial velocity of Earth coincided with the
expected radial velocity of the ISM in the direction of EG UMa,
ensuring that the airglow emission fell in the deepest region of
ISM absorption and would not overlap with the measurable
signal from EG UMa. Combined with the standard pipeline
background subtraction, we find that airglow makes a
negligible contribution to the spectra and can be ignored. The
flux from the white dwarf in the region around the Ly« core is
much smaller than that from even the wings of the M dwarf
emission line and can also be ignored. This leaves the ISM
absorption and intrinsic stellar emission to be fitted.

We reconstructed the Lya line for each spectrum with the
latest version of the publicly available LYAPY'' routines
(Youngblood et al. 2016, 2021). The intrinsic emission from
the M dwarf is treated as a Voigt profile (McLean et al. 1994)
modeled using the ASTROPY VOIGT-1D function. Youngblood
et al. (2022) demonstrated that significant self-reversal is
present in the cores of the Ly« lines observed for high-velocity
M dwarfs, so we optionally include a second, absorbing Voigt
profile at the line core. The broad (>100 kms ') ISM
contribution is a combination of absoorption from HI and D1,
with rest wavelengths of 1215.67 A and 1215.34 A respec-
tively, which we also treat as a pair of Voigt profiles. The STIS
G140M grating has insufficient resolution to resolve the DI
line, so the ratio of the column density of the absorption
features is fixed at D/H = 1.5 x 1073 (Linsky et al. 2006) and
the Doppler parameter b, which determines the width of the
features, fixed at by = 11.5 kms™ !, bp; = by, /2 (Redfield
& Linsky 2004; Wood et al. 2004). The observed spectra can
then be modeled by multiplying the normalized ISM profile
with the Ly« line and convolving the resulting spectrum with
the STIS G130M line-spread function.'? The parameters to be
fit are therefore the velocity, amplitude, and the Gaussian and
Lorentzian widths of the Ly emission line Vi y,, A, FWHMg,
and FWHM,, a dimensionless self-reversal parameter p (if
included), along with the hydrogen column density N(HI) and
ISM velocity Vigm. The intrinsic Lyo flux (Fpy,), which is the
key result for most astrophysical applications, is calculated by
numerical integration over the Voigt profile. Assuming that the
intrinsic Lya emission profile has not changed between

" L YAPY is actively developed at https: //github.com/allisony /lyapy. The
version used in this article is available on Zenodo (Youngblood &
Newton 2022).

12 hitps:/ /www.stsci.edu /hst/instrumentation /stis /performance /spectral-
resolution
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Figure 4. As Figure 3, but fitting all four spectra simultaneously with only the radial velocity allowed to vary between reconstructions.

observations, fits to all four spectra should return the same
result for all parameters except for Vi yq. Viy, should in turn be
consistent with the velocities measured from the Si 1 1206.5 A
and NV 1238.8, 1242.8 A emission lines in the same spectrum.
These lines were also fit with Voigt profiles to measure their
fluxes and radial velocities. For the N V doublet, we fixed the
line separation and fixed the ratio of the line strength to 2, the
ratio of their respective oscillator strengths.

As the velocity of the M dwarf changes over each exposure,
the emission lines may be smeared out by the changing Doppler
shift. We used the phase positions to calculate the change
in velocity over each exposure. The change in velocity is
<18 kms™ ! for all spectra, smaller than the instrumental
resolution of ~27 kms '. Nevertheless, we added a Doppler
broadening effect to our fitting routines for our initial Ly«
reconstructions. The differences between reconstructions with
and without broadening included were negligible. As including
broadening is computationally expensive, we did not include it
in further fits. The line is also subject to a rotational broadening
of ~30 kms™! (Bleach et al. 2002), but as it is constant with
phase, we did not include it as a specific parameter in the model.

We fit the profiles using a Markov Chain Monte Carlo
(MCMC) method as implemented by EMCEE (Foreman-Mackey

et al. 2013). EMCEE maximizes the sum of the logarithm of our
parameters’ 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 (Y oungblood
et al. 2016) and a Gaussian likelihood function. log N(HI) was
forced to be >17, and if self-reversal were included then p was
forced to be >1. We used 100 walkers, ran for 50
autocorrelation times, and removed a burn-in period.

In addition to fitting each spectrum individually, we also
performed a simultaneous fit to all four spectra. In this case, the
intrinsic Lya and ISM profiles were forced to be the same for
all four spectra, with only Vi, varying between reconstruc-
tions. While fitting to the Ly« line at different velocities is
impossible for single stars, we can use this joint fit to inform
our discussion of the individual fits, as well as take advantage
of this unique data set to get the best possible reconstruction of
the EG UMa Lya line.

5.2. Reconstruction Results

The reconstructed Ly« profiles for each spectrum are shown
in Figure 3 (individual fits) and Figure 4 (simultaneous fit). The
key parameters are summarized in Figure 5 and Table 2.
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where necessary to avoid overlapping points.

Figure 6 shows an overlay of the intrinsic Lya and ISM
profiles.

For the individual fits, we find that each reconstruction
successfully recreates the observed spectrum, with the excep-
tion of the possibly spurious feature at ~100 kms™ ' at phase
0.73. The velocities of the emission lines are also consistent
within each spectrum. We fit the radial velocity curve from
Bleach et al. (2000) to the measured velocities, bounding the
orbital velocity amplitude, net velocity, and period within their
respective uncertainties and allowing the phase to vary freely
(Figure 5, panel b). This refit velocity curve was used to
calculate the correct phase position of each spectrum, with the
corrected phases used throughout this paper. In all cases, we
find only small differences in fits with and without self-
reversal, which we discuss in more detail below, but the
discussion hereafter will refer to the results from fits including
self-reversal unless otherwise stated.

Contrary to our expectations, we find different reconstructed
Ly« emission profiles and intrinsic fluxes for all four spectra,
with the peak of the intrinsic profile approximately following
the peak of the observed flux. No correlation is seen between
the Lya flux and the Silll and NV fluxes: In fact, the
emission-line flux is highest when the Ly« flux is lowest. The

reconstructions at phases 0.3, 0.53, and 0.73 are broadly
similar, with intrinsic fluxes within 10—20. However, at phase
0.03, where none of the line core is observed, the intrinsic flux
is only ~50%-70% of that found for the other spectra, with a
150 difference between the highest and lowest reconstructed
fluxes. The FWHMg; is also larger for phase 0.03. We find that
the profile reconstructed from all four spectra simultaneously
returns a good fit to all four observed profiles, although the rms
residuals are ~5%-20% higher than for the individual fits.
Comparing the profiles in Figure 6, we find that the intrinsic
Ly« profile is similar to that found when fitting only the least-
attenuated observed profile (phase 0.73) but that a deeper and
broader ISM profile is required for a good fit to all four spectra.

The fitted properties of the ISM N(HT) and Vigyy are within
lo—20 for all four spectra, with the mean Vigy (1.6 km sfl) in
agreement with the 3.7 +2.8kms ™' measurement from the
COS spectrum. However, the spread in the best-fit values of
N(HT) is nearly an order of magnitude, with the lower values
likely unphysical (the column density to Alpha Centauri is
NHTI) = 17.6; Wood et al. 2001). Despite this, swapping the
fitted ISM profiles between spectra and calculating the
predicted flux returns reasonable matches to the data in all
cases. The most likely reason for the wide allowed range of
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N(HTI) is the low resolution of the G140M grating and in
particular the inability to resolve the DT line.

6. Discussion
6.1. Why Are the Fits Different?

The differences in reconstructed Lya flux between the four
spectra may have troubling implications for existing Ly« fits to
dozens of stars in the literature. However, we must first rule out
that the different results are due to genuine variability and/or
consequences of binarity.

The EG UMa white dwarf may influence the observations in
two ways: contribution from the (velocity-shifting) underlying
spectrum and heating of the facing side of the M dwarf. We see
no evidence for contributions from the white dwarf spectrum to
our fits, as the contribution from the Lya emission-line wings
is over an order of magnitude brighter than the modeled white
dwarf spectrum at the same wavelengths, and none of the
modeled parameters in Figure 5 vary in phase with the white
dwarf motion (that is, in antiphase to the M dwarf velocity).
The irradiation from the white dwarf is also insufficient to
power strong variations in emission-line strength. Using
Equation (7) from Rebassa-Mansergas et al. (2013), we find
that the ratio of the flux generated by irradiation to the inherent
flux from the Mdwarf is ~0.5%, in keeping with the few
percent variations seen in optical photometric data (e.g., Bleach
et al. 2000). Additionally, if irradiation were causing the flux
variations we would expect to see the highest emission-line
flux at phase 0.53 when the full day side of the M dwarf is
visible, but the highest fluxes are observed at phases 0.03 (N,
Si1n) and 0.73 (Lya).

All M dwarfs demonstrate some level of variability in the
ultraviolet (Loyd et al. 2018; France et al. 2020), including
flares that can produce factor of 10—100 increases in emission-
line fluxes for short time periods (Froning et al. 2019). The flux
of the NV and SiIlI lines is stronger by a factor of ~2 at phase
0.03, indicating that EG UMa may have been undergoing a
flare during that exposure. However, this does not explain the
discrepancy in Lya flux, as the response of the Ly« line to
flares is generally small (Loyd et al. 2018), and the
reconstructed Lya flux at phase 0.03 is lower than that at
other phases, not higher. Explaining the results as genuine

variability would also be a strong appeal to coincidence, with
the variably exactly mimicking a constant-strength line moving
in and out of a region of high ISM attenuation. Finally, the fact
that the simultaneous fit does return a good fit to all four spectra
indicates that there is at least one Ly« profile that is consistent
with all observations. In summary, there is neither firm direct
nor circumstantial evidence that the intrinsic Ly« line profile
changed during our observations.

As described in Section 2.2, the spectrum at phase 0.03
required a custom extraction. To check that our results were not
affected by the re-extraction, we performed an additional Ly«
reconstruction based on the original automatic extraction. We
found only a ~10% change in the reconstructed intrinsic Ly«
flux between the automatic and custom extractions, insufficient
to explain the discrepancy with the other observations.

We therefore conclude that the fault is not in our star but in
our reconstructions. The differences between the reconstruc-
tions to phases 0.3, 0.53, and 0.73 are small and so can be
discussed together as the high-velocity fits. These fits are
clearly incompatible with phase 0.03. Shifting the intrinsic
profile from any of the high-velocity phases to the velocity of
phase 0.03 and attenuating by the ISM from either fit results in
a model spectrum that overpredicts the observed flux by a
factor of ~2. Conversely, the intrinsic flux reconstructed from
the phase 0.03 data underpredicts the observed flux at the
higher-velocity observations.

However, the success of the simultaneous fit shows that there
is at least one reconstruction that fits all four phases and that
LYAPY is able to find it when sufficiently constrained.
Comparing the individual fits to the simultaneous fit suggests
an explanation for the different reconstructions: degeneracy
between the strength of the line core and the ISM absorption.
The larger intrinsic flux in the simultaneous fit than in the
individual fit to phase 0.03 is offset by a wider ISM profile.
With none of the line cores observed and the DI line
unresolved, there is no information to distinguish between a
weak Lya core with low ISM attenuation or strong Lya with
proportionally strong attenuation. In the high-velocity fits,
more of the line core is detected, better constraining the balance
between the intrinsic profile and ISM with information that is
unavailable at low velocities.
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6.2. Implications for Observations at Single Stars

The majority of Ly« reconstructions are carried out single
stars (or individual members of wide binaries) with low radial
velocities, based on STIS G140M/L spectra. The spectra of
their Lya lines appear similar to the observation at phase 0.03
presented here, with the emission-line core completely occulted
by the ISM (see for e.g., France et al. 2013; Youngblood et al.
2016, 2021; Bourrier et al. 2018; Wilson et al. 2021b). The
published uncertainties for these reconstructions generally fall
in the range of 5%-30%, so the factor of 2 difference found
here represents a significant increase in uncertainty. Inaccurate
Lya measurements propagate into, for example, incorrect
integrated far-ultraviolet fluxes and/or inaccurate estimates of
the ultraviolet input into the atmospheres of orbiting exopla-
nets. On the other hand, a factor of 2 change in Lya flux is
small in comparison to order-of-magnitude level uncertainties
in attempts to determine the flux of the far-ultraviolet
continuum (Teal et al. 2022).

If the uncertainty in the Lya flux is found to have a
significant effect on the outcomes of exoplanet atmosphere
observations, future Ly« reconstructions of low-velocity data
may need to incorporate more detailed priors. For example, the
attenuation may be estimated from maps of nearby ISM clouds
(e.g Redfield & Linsky 2008). The current formula for
estimating the Ly« strength from other emission lines
(Youngblood et al. 2017; Melbourne et al. 2020) is too
imprecise to improve the priors here, but these relationships
may improve with future observations. Although it does not
appear to have been a factor in this case, the radial velocity of
the Ly« line could also be constrained via (for example)
measurements of the nearby SII and NV emission lines.
Ideally, higher-resolution STIS E140M spectra should be
obtained, which can resolve the DI and tightly constrain the
ISM profile, but the lower throughput of E140M makes this
impractical for many targets. High-resolution observations of
the MgIl H&K lines around 2800 A obtained contempora-
neously with Lya observations can provide additional
constraints on the ISM line velocity and column depth (see,
e.g., Carleo et al. 2021).

6.3. Self-reversal

Self-reversal occurs in optically thick emission lines where
the line center traces hot, high-altitude, low-density gas that
departs significantly from local thermodynamic equilibrium. As
a result, thermal emission is less efficient in the line core than
in the wings, producing a line profile with a reversed core.
Youngblood et al. (2022) performed Ly reconstructions for a
selection of high-radial-velocity stars, where the self-reversal of
the Lya core could be detected. Among their results was that
including self-reversal was essential to recovering the true Ly«
flux, with reconstructions without self-reversal overestimating
the Ly« flux by factors of 40%—170%. In contrast to that, our
reconstructions of EG UMa find little difference whether self-
reversal is included or not, both in the integrated flux
(Figure 5(a)) and profile (Figure 6). Spatially resolved
observations of active regions on the Sun have consistently
shown decreased self-reversal in emission-line profiles (e.g.,
Schmit et al. 2015) in comparison with inactive regions, so the
lower self-reversal at EG UMa could be due to it being more
active than the stars characterized by Youngblood et al. (2022).
Alternatively, observational effects could be to blame.
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Although we found that orbital smearing had no effect on the
overall reconstructions, the combination of smearing, rotational
broadening, and the relatively low-resolution G140M grating
may have complicated the retrieval of any contribution from
self-reversal in the line cores.

6.4. Potential Future Targets

A caveat to our results is that we only perform this
experiment for a single system, and similar observations of
other PCEBs may produce different outcomes. The ideal
criteria for such observations include a white dwarf with a wide
Lya line (i.e., relatively cool) so that the M dwarf emission line
can be reliably isolated, a radial velocity amplitude =100
kms~' so that the line peak moves through a range of ISM
attenuations, detectable M dwarf emission lines so that an
estimate of the Ly« strength can be made before investing
valuable HST time, and a strong-enough estimated Ly« flux to
be detected in short, single-orbit exposures with the STIS
G140M grating, or ideally the higher-resolution E140M
grating.

Extensive STIS E140M data have already been obtained for
the white dwarf-K dwarf binary V471 Tau. Unfortunately, the
white dwarf makes a considerable, variable contribution to the
region around the Ly« core, and extensive post-pipeline data
processing is required to isolate the emission line (see, e.g.,
Wood et al. 2005; Sion et al. 2012). We performed an initial
analysis of the V471 Tau spectra and found that the change in
the detected Lya emission-line morphology is small in
comparison to EG UMa. Further processing the data to the
required level is beyond the scope of this paper, although we
recommend this experiment as a secondary science goal in any
future analysis of the V471 Tau data set. Another PCEB, HZ 9,
was also observed with E140M as part of the same program,
but none of the four spectra were obtained at low radial
velocities.

Hernandez et al. (2022) present an STIS G140L spectrum of
the white dwarf-G dwarf binary TYC 110-755-1. Despite a
velocity amplitude of only ~50 km s, the Ly« emission line
is clearly detected and distinguishable from the ~16,600 K
white dwarf, as are multiple other emission lines. Further STIS
spectroscopy of this star at different phases would allow an
excellent test of the Lya reconstruction routines at a much
earlier spectral type than EG UMa.

In addition to EG UMa, Bleach et al. (2000) characterized its
near-twin PG 1026+002 (UZ Sex), an M4 spectral-type star
orbiting a 17,000 K white dwarf with a ~200 kms~ ' radial
velocity amplitude. COS spectroscopy of PG 1026+002 (data
set LDLC03010; D. J. Wilson et al. in preparation) shows a
similarly broad Ly« absorption line to EG UMa and, although
no ultraviolet emission lines are detected, Call H&K and H «
emission lines are present in the optical spectra (Napiwotzki
et al. 2020), allowing an estimate of the Ly« strength. PG 1026
4002 is therefore an ideal target to repeat this experiment,
comparing EG UMa with a potentially less active example of a
similar spectral type.

7. Conclusion

By observing the Lya emission of the binary star EG UMa at
multiple velocities, we have found that the widely used LYAPY
reconstruction routines return different results as a function of
how much of the Ly« core is detected, with a difference of a
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factor of ~2 between the strongest and weakest reconstruction.
We find that this is unlikely to be due to intrinsic variation from
the star, both as there is no plausible physical mechanism to
provide such variation, and as a simultaneous fit to all
observations returns a single consistent result. We suggest that
the issue is a degeneracy between the strength of the ISM
attenuation and Lya flux, especially at low velocities where
none of the line core is detected. Lya reconstructions using
medium-resolution spectra of single, low-velocity stars may
therefore need additional prior constraints on the Lya and ISM
profiles to provide a precise Lya flux measurement.

This research is based on observations made with the
NASA/ESA Hubble Space Telescope obtained from the Space
Telescope Science Institute, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., under
NASA contract NAS 5-26555. These observations are
associated with programs 15189 and 16449. Support for
program 16449 was provided by NASA through a grant from
the Space Telescope Science Institute, which is operated by the
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Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS 5-03127. B.T.G. was supported by
grant ST/T000406/1 from the Science and Technology
Facilities Council (STFC). This project has received funding
from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation
program (grant agreement No. 101020057). We thank the HST
operations team for their work ensuring the accurate phasing of
the STIS observations and Daniel Welty at STScI for assistance
with the FUV glow issue.

Facilities: HST(COS, STIS).

Software: astropy (Astropy Collaboration et al. 2018),
stistools,'® scipy (Virtanen et al. 2020), numpy (Harris et al.
2020), matplotlib (Hunter 2007), emcee (Foreman-Mackey
et al. 2013).

Appendix
Table of Results

Table 2 shows the results of our Ly« reconstructions for the
four STIS spectra.

13 https: //stistools.readthedocs.io/en/latest/
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