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Exoplanet surveys have shown a class of abundant exoplanets smaller than Neptune
onclose, <100-day orbits™. These planets form two populations separated by a
natural division at about 1.8 R termed the radius valley. It is uncertain whether
these populations arose from separate dry versus water-rich formation channels,
evolved apart because of long-term atmospheric loss or acombination of both®™.
Here we report observations of ongoing hydrogen loss from two sibling planets,
TOI-776 b (1.85+ 0.13 Ry) and TOI-776 ¢ (2.02 + 0.14 Ry), the sizes of which near the
radius valley and mature (1-4 Gyr) age make them valuable for investigating the
origins of the divided population of which they are a part. During the transits of
these planets, absorption appeared against the Lyman-a emission of the host star,
compatible with hydrogen escape at rates equivalent to 0.03-0.6% and 0.1-0.9%

ofthe total mass per billion years of each planet, respectively. Observations of the
outer planet, TOI-776 c, are incompatible with an outflow of dissociated steam,
suggesting both it and its inner sibling formed in adry environment. These
observations support the strong role of hydrogen loss in the evolution of close-

orbiting sub-Neptunes

5-8,15,16

The planets TOI-776 band TOI-776 c have bulk densities that allow for
degenerate compositions, from half water, half iron-silicate ‘water
worlds’ to dry rocky bodies inflated by hydrogen-helium envelopes”.
TOI-776 b is a keystone planet, demographically located between
differing predictions of the location of the radius valley in the radius—
period plane made from competing formation-evolution models’s.
The planets are hosted by a star roughly half the mass of the Sun
(spectral type M1V) atadistance of 27 pc from Earth that rotates with
aperiod of 34.4'%% days, from which we estimate an age of 1-4 Gyr
(refs.17,19-21). They orbit at distances yielding zero-albedo equilib-
rium temperatures of 514 + 17 Kand 415 + 14 Kand are subject to X-ray
and extreme ultraviolet (XUV; 100-912.7 A) irradiation several hun-
dred times that experienced by present-day Earth, based on our esti-
mate of astellar XUV luminosity near 10?® erg s (ref.17) (see ‘Lyman-a
and XUV’ in Methods and Extended Data Fig. 1). Extended Data Fig. 2
placesthe planetsin the context of the sub-Neptune populationand
the adjacent population of smaller, denser super-Earths. More system
properties are available in Extended Data Table 1.

Hydrogen absorption signal

Observations of the transits of TOI-776 b and c in the Lyman-a line of
hydrogen were madein 2021and 2022 with the Space Telescope Imag-
ing Spectrograph (STIS) of the Hubble Space Telescope (HST). These
observations originate from two independent programmes, with dif-
ferences in instrument configuration (‘Data’ in Methods). The first
programme observed the Lyman-« transit of TOI-776 b in June 2021
withaspectral resolving power of R =10,000. The second programme, a
stellar characterization campaign, serendipitously captured the transit
of TOI-776 binJune 2022 at R = 10,000 and TOI-776 cin December 2022
atalower resolving power of R =1,000.

Transitabsorption appearedinall observations (Fig.1and Extended
DataFig.3). During the observations of the transit of TOI-776 b, fluxin
the-37 kms™to 69 km s velocity range dropped by 2.4ginboth]June
2021 andJune 2022. Meanwhile, flux in the 100-250 km s reference
range did not significantly vary (‘Throughput stability’ in Methods).
During the observations of the transit of TOI-776 cin December 2022,
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Fig.1|Lyman-atransitlightcurves.a, TOI-776 b.b, TOI-776 c. The blue points
show datafromJune 2021, orange squares fromJune 2022 and green diamonds
fromDecember2022withloerrorbars. Theblacklines are the transits simulated
with the median outflow model. The grey background points, slightly offsetin
time for visual clarity, show flux in areference 100-250 km s band (not available
for TOI-776 c data). The dashed grey lines are the first and last contact points of
the optical transit.

Lyman-a flux, integrated over the full line due to low resolution,
dropped by 6.70.

We estimated the false alarm probability of these signals accounting
for key sources of systematic noise using a minimal-parameter model

Stellar XUV luminosity (erg s

Stellar XUV luminosity (erg s

(‘Signal significance’in Methods and Extended Data Fig. 3). Fits to the
datayielded transit depths 0f16.0 + 5.4% for TOI-776 binthe -37 km s™
to 69 kms™ range and 18.7 + 3.2% for TOI-776 c over the full line, cor-
responding to 74'11% and 47 + 4% of the nominal Hill radius of each
planet. For TOI-776 b, identical fits to noise-only lightcurves incorpo-
rating systematic wavelength errors yielded a false alarm probability
of 0.07%. For TOI-776 c, the strongest possible source of a spurious
signal was stellar variability. We addressed this by correlatingrandomly
drawn Lyman-a fluxes with other available stellar emission lines, yield-
ing amaximum false alarm probability of 0.2% (Extended Data Fig. 4).

A limitation of the June 2021 and December 2022 observations
is a gap of about 40 h between baseline and transit measurements.
This gap introduces vulnerability to false positives from stellar vari-
ability, as variations on this timescale are not probed by any existing
Lyman-a observations of TOI-776. A transit interpretation of the sig-
nals is supported by several lines of evidence: the star rotates only
around 5% in 40 h; variations in reference band flux (TOI-776 b) or
correlations with activity-tracing lines (TOI-776 c) do not explain the
transit signal; for TOI-776 b, a similar transit signal appeared in two
observations a year apart. Further observations are needed to fully
confirmthisinterpretation and are likely to occurin 2025 (programme
HST-GO-17801).

Atmospheric mass loss

The Lyman-a transit observations can be explained by outflows of
hydrogen escaping the planets at rates of 108°-10°” g s (TOI-776 b)
and 10°°-10%° g s (TOI-776 c). We obtained these estimates by for-
ward modelling of the transits assuming hydrodynamic outflows fun-
nelled into cometary tails* (‘Outflow model’ in Method). The median
modelis shownin comparisonwith transit datain Fig.1and posteriors
on the mass loss rates of hydrogen are shown in Fig. 2. Attempting to
match the Lyman-a transit depths without an outflow yields unstable

Fig.2|Massloss constraints.
a,b, Left: TOI-776 b. Right: TOI-776 c.
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solutions unless the planets harbour approximately 100 G magnetic
fields (approximately 10x that of Jupiter) to resist a global outflow
(‘Staticatmosphere’in Methods). Itis unclear whether these fields are
plausible. In population-evolution models, confining fields require
lower-density core compositions to match the present radius valley®.

For context, other planets with detected Lyman-a transits have
estimated rates of hydrogen loss ranging from 1054 g s (the 4.2 R,
warm-Neptune GJ 436 b) to about 10" g s (for example, the 15.23 R,
hot-Jupiter HD 209458 b) (refs. 24-26). For TOI-776 band c, our results
indicate that the planets would lose, in hydrogen alone, 0.03-0.6%
(TOI-776 b) and 0.1-0.9% (TOI-776 c) of their total mass over the next
billionyears ifloss rates stayed constant. The evolutionary significance
ofthis mass loss is comparable to the hot Neptune G) 3470 band warm
sub-Neptune HD 63433 c(refs. 27,28). Several other sub-Neptunes have
also been observed to be losing hydrogen or helium®?. Among this
group, TOI-776 b and c are remarkable for their combination of sizes
near the radius valley and age >1 Gyr.

Thehydrogenloss rates of TOI-776 b and c can be explained by heat-
ing from XUV radiation if their atmospheres are hydrogen-rich. Mass
loss rates predicted ab initio from radiative-hydrodynamic (RHD)
simulations of solar-metallicity atmospheres (‘RHD simulations’
in Methods) intersect with the values we estimated a posteriori from
fits to the Lyman-a transits (Fig. 2). Core-powered mass loss is not via-
ble because of the low equilibrium temperatures of TOI-776 band c,
yielding mass loss rates of orders of magnitude too low to explain the
Lyman-a transits”s.

Implications for formation and evolution

Ahydrogen outflow from the atmosphere of TOI-776 c has implications
for its water content and associated formation history. Any oxygen
dissociated from the water will be dragged along with the hydrogen
outflow given its strength®>? (Fig. 2b and ‘Oxygen drag’ in Methods).
However, oxygen at mixing ratios above about 10% in the outflow
of TOI-776 c requires unphysically high temperatures to match the
transit data®>** (Fig. 2d). Assuming all oxygen is sourced from dissoci-
ated steam, this limits the water content of a mixed steam-hydrogen
atmosphere to under 20%, posing a challenge to scenarios in which
sub-Neptunes, particularly those with sizes near the radius valley, are
dominantly water-rich. In a population model combining water-rich
formation with atmospheric escape to match the radius valley, <2%
of sub-Neptunes near the radius valley (1.7-2.4 R) are as dry as our
constraint for TOI-776 c (ref. 14). Our constraint for TOI-776 c adds to
early indications that the atmospheric compositions of these planets
may vary substantially, contrasting with the >30% mixing ratio of atmos-
pheric water found for the small sub-Neptune GJ 9827 d (1.98 + 0.11 R,
3.02 £ 0.58 My, 675 + 13 K) (ref. 35).

Formation arguments imply that TOI-776 b is probably no wetter
than TOI-776 c. Models indicate that water content generally increases
with formation distance from the star, with higher water contents cor-
responding to more massive planets®. Because TOI-776 b is neither
farther from the star nor more massive than TOI-776 c, we conclude it
probably formed similarly water-poor. However, the present observa-
tions do not enable a direct constraint.

The ensemble of evolutionary tracks in Fig. 3 shows how hydrogen
loss has and will continue to substantially alter the atmospheres of
TOI-776 b and c. These tracks, generated from a model that success-
fully reproduces the radius valley, are consistent with the current
properties of the planets, including their rates of hydrogen loss'>*’
(‘Evolutionary tracks’in Methods). They indicate that TOI-776 b and
c formed with hydrogen-helium envelopes making up 1.4-31%
(TOI-776 b) and 1.0-24% (TOI-776 c) of their total mass, subsequently
lost 84-99% and 62-98% of these envelopes, and presently harbour
envelope mass fractions of 0.09-0.6% and 0.16-1.0%, respectively.
Theremainder of their envelopes are lostin 60% and 47%, respectively,
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Fig.3|Atmosphericevolution of TOI-776 band c.a, TOI-776 b.b, TOI-776 c.
Thethin curvesrepresent amodelled ensemble of evolutionary tracks of
XUV-driven mass loss consistent with the posteriors on the current system
properties. The curves transition fromblue to grey when they pass the age,
randomly drawn from within the plausible age range of TOI-776, at which the
planet was assumed tobe observed on eachtrack.

of ensemble tracks before the system age reaches 10 Gyr. In these
scenarios, the planets cross the radius valley, becoming super-Earths
as their .46 393 R (TOI-776 b) and 1.55:338 R, (TOI-776 c) interiors
are exposed. Many super-Earths may simply be analogues of TOI-776
b and c that have already completed this transition, consistent with
apicturein whichboth sub-Neptunes and super-Earths formed from
aninitially unbroken population divided into two through billions of
years of atmospheric loss.
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Methods

Observations and datareduction

The TOI-776 Lyman-a observations were collected as part of HST pro-
grammes 16456 (principal investigator R.O.P.L.) and 16701 (principal
investigator A.Y.) using the STIS with the G140M and G140L gratings.
Extended Data Table 2 summarizes the observations. The two inde-
pendent teams that planned these observations chose different slit
widths for the observations, 0.05” (16456) and 0.2” (16701), which has
implications discussed later in this section. One observation, sampling
at 0.87 hrelative to the transit of planetb, is near the transit of planet c
(-3.75 h). However, this exposure avoids theingress of planet c accord-
ing to our outflow model fits, implying that the measurement of the
transit of planet b is not biased. Observing notes indicate possible
guide star acquisition issues during the 2022 G140M observations.
We checked for variations in the telescope position angle indicative
of pointing drifts and found none.

We used standard pipeline tools (calSTIS) to process the data®®. We
manually identified the spectral tracein each exposure and forced data
extraction at that location. Reference files were those current as of
6 March2023retrieved using the Calibration Reference Data System of
HST. We used an extraction width (extrsize) of 19 pixels for the G140M
dataand 13 pixels for the G140L data and background offsets (bkloffst
and bk2offst) of £30 pixels with 20 pixel background widths (bklsize
and bk2size). Backgrounds were not smoothed, in contrast with the
pipeline default, to avoid leakage of geocoronal airglow that otherwise
appeared in the G140L data. The dark subtraction step was omitted
because dark count rates were overestimated by the standard pipeline,
resulting in nonphysical negative background rates in areas of low
flux. The default pipeline wavelength calibration was used, based on
emission linesin calibration exposures of the onboard Pt-Cr/Ne lamp
taken either immediately before or after each science exposure®. We
divided each full exposure into several subexposures with durations
of approximately 500 s, with minor adjustments to ensure full use of
the total exposure time.

Atthe time of writing, the stistools.inttag routine used to split expo-
suresinto subexposures contained abugresultingininaccurately large
valuesinerrorarrays (J. Lothringer, STScl, personal communication).
Asaworkaround, we deleted the errorarraysin the _rawimage files fol-
lowing runs of inttag, forcing the pipeline torecompute error arrays dur-
ing spectral extraction. When fitting the Lyman-a profile and planetary
outflow model (see ‘Lyman-a and XUV’ section), we used Poisson uncer-
tainties based on predicted count rates from the models themselves.

The extracted data and absorption signals proved robust against a
range of reduction choices. Variations in lightcurves remained within
error bars in response to changes to the size of the extraction region
and the location and size of the background regions, the omission or
inclusion of background smoothing, and the omission or inclusion
of the dark subtraction step. We inspected potential outliers in the
Lyman-a transit and pre-transit lightcurves present in some reduc-
tions and found them unlikely to be the result of flares or background
artefacts or strongly incompatible with Poisson noise. As these points
did not drive model fits, we retained all data.

For the TOI-776 b observations, we used differenced in- and out-
of-transit spectra, binned to the velocity grid of the 2022 epoch, to
identify the velocity range in which absorption was present to be
-37km ™ to 69 km s™. Choosing a different range would affect the
signal, and integrating the entireline reduces the transit to a statistically
insignificant level by adding noise without enhancing the signal. For
TOI-776 ¢, specific velocity regions cannot be isolated because of the
low resolution of the G140L grating. Thus, we integrated the entire line
from approximately 700 km s™ (avoiding Si 1111,206 A emission) to
1,000 km s™. Aswould be the case for TOI-776 b, integrating the entire
Lyman-a line probably dilutes the transit signal for TOI-776 ¢, but the
larger planetary Hill sphere and slower ionization rate of TOI-776 ¢

compensate, yielding a greater outflow volume with higher optical
depths and enabling viable transit fits for mass loss rates overlapping
with those of TOI-776 b (see ‘Outflow model’ section).

Throughput stability

Throughput variations during exposures with STIS are known to occur
because of thermal variations of the focus of HST (often referred to
as ‘breathing’)¥*%*, Vvariations between exposures have also been
observed”*.

We searched for throughput variations in the observations of the
transit of TOI-776 b by examining flux in a reference 100-250 km s™
band, beyond the range in which Lyman-a absorption has been
observed for other planets*?”*4-# (Extended DataFig. 5). Fluxes were
constant to within 1o according to a > test, both as a function of HST
orbital phase and linear time.

As afunction of the orbital phase, linear and quadratic polynomial
fitsyielded the lowest values of the Bayesian information criteria® for
the 2021 and 2022 epoch observations, respectively. However, these
fits also yielded reduced x* values below unity, suggestive of overfit-
ting. Because of this and the relative unimportance of intra-exposure
versus inter-exposure variations to the observed signal, we chose not
todetrend the datain the final analysis.

Anidentical investigation was not possible for the observations of
the transit of TOI-776 c because the Lyman-alineis unresolvedin those
observations (that s, flux in only the 100-250 km s band cannot be
isolated). However, calibration data indicate 4.5% RMS (root mean
square) throughput variations for the 0.2” slit aperture used in the
observations of the transit of TOI-776 c, a value roughly 4x smaller
than the transit signal®.

Lyman-aand XUV

Only the portion of the stellar Lyman-a emission line corresponding
to redshifted Doppler velocities was observable. The remainder was
absorbed by hydrogenin theinterstellar medium (ISM). Reconstructing
the intrinsic stellar Lyman-« line without ISM absorption or instru-
ment broadening was necessary to forward model transit-absorbed
spectra with our outflow model and for one XUV reconstruction
technique.

We fit the spectrum obtained on 4 June 2021, the only spectrum
resolving the line without transit absorption, following the process as
described inref. 46 with a single ISM component. Model parameters
andtheir priorsaregivenin Extended Data Table 3. We used the Markov
chain Monte Carlo code Zeus to sample the posterior probability dis-
tribution of these parameters with 44 walkers sampling to achainlength
more than 10x the autocorrelation length*#8, Extended Data Fig. 6
shows the results of the fit. Our fit yielded a medianintrinsic Lyman-a
flux of 8.9513%, x10 ™ erg s 'ecm ™.

We supplied the ISM-attenuated profile predicted by the maximum-
likelihood fitas a fixed input to the outflow model. The outflow model
was free to scale this profile up and down using a separate parameter
for each epoch during fitting.

We estimated the XUV spectrum of the star using three separate
techniques. The simplest method of estimation was anempirical scal-
ingbased on thereconstructed Lyman-a flux covering wavelength bins
spanning 100-912 A (the extreme ultraviolet, EUV)*. This method
yielded an EUV luminosity of 7.5 x 10¥ erg s 'based onareconstructed
Lyman-avalueat1Auof2.8ergs™cm™.

Thesecond andthird reconstructiontechniquesrelied onfar ultravio-
letline fluxes measured from the combined G140L spectra. These fluxes,
inunits of 10 erg s cm™, were: C 11 blend (1,175 A) 2.01+ 0.35, Si 111
(1,206 A) 5.79 + 0.90, N vblend (near1,240 A) 2.28 + 0.14, Si11 (12,67 A)
0.84 +0.24,01blend (near1,305 A) 6.18 + 0.25, C11blend (near1,335 A)
9.70 £0.21,Si1vdoublet (1,394 Aand 14,013 A)3.13 £ 0.34, C1vblend (near
1,549 A)10.5+0.5; C1blend (1,561 A) 2.00 + 0.35, C1blend (near 1,657 A)
7.34+0.56 and Al11 (1,671 A) 2.26 + 0.35.



The second reconstruction covers XUV wavelengths from 6 A to
912 Aand is based on the differential emission measure (DEM) technique
describedinrefs. 50,51. This approach uses atomic data and a simplified
plasmamodeltodescribe the structure of the stellar upper atmosphere
(chromosphere, transition region and corona) as a one-dimensional
(1D) function of temperature. The DEM for TOI-776 was constrained
by both X-ray data and the far ultraviolet data detailed in the previ-
ous paragraph. X-ray data originate from 28 ks of observation by
XMM-Newton on 14 December 2022 (Obs. ID 0892000501, principal
investigator A.Y.), contemporaneous with the third epoch of G140L data.
Datafrom the PN, MOS1and MOS2 detectors were used to reconstruct
the X-ray spectrum assuming an absorbing hydrogen column density
of 5x10” cm™and solar elemental abundances scaled to the metal-
licity listed in Extended Data Table 1. We represented the logarithmic
form of the DEM as afifth-order Chebyshev polynomial and used this
to predict fluxesin X-ray bands and far ultraviolet lines, with anadded
hyperparameter describing systematic uncertainty in these fluxes.
Emission line parameters were obtained from v.10.0.1 of the CHIANTI
atomic database®*, We sampled the joint posterior likelihood of the
model parameters using the Markov Chain Monte Carlo (MCMC) sam-
pler emcee, with 25 chains runto 100 autocorrelation lengths®. Apart
from line emission, we included continuum emission from hydrogen
and helium species asinref. 51to predict the EUV spectrum.

Thethird reconstructionisbased onalDradiative model of the stellar
atmosphere to simulate its spectral emission using a modification of
the PHOENIX code®*®. The code attaches a chromosphere and transi-
tion region extending up to 200,000 K with a prescribed tempera-
ture structure to an underlying photosphere in radiative-convective
equilibrium. For TOI-776, we used the nominal effective temperature,
surface gravity and mass provided in Extended Data Table 1and tailored
the temperature structure of the chromosphere and transition region
until the far-ultraviolet line fluxes of the output spectrum matched
with those provided earlier in this section. Because the model does not
include plasma with temperatures above 200,000 K, emission from
the stellar coronais absent. Including treatment of this plasma would
probably reverse the slope of the spectrum below about 500 A and
couldincrease the integrated EUV (100-912 A) flux by a factor of 2 to 3%

The results of all three reconstructions at EUV wavelengths are
compared in Extended Data Fig. 1. The predicted EUV spectra vary
substantially as a function of wavelength and the minimum and maxi-
mum estimates differ by a factor of 7.6 whenintegrated from 100 A to
912 A. The absolute accuracy of these techniques is not well known, and
uncertainties are compounded by stellar variability at XUV wavelengths
reaching factors of a few on year timescales®>**°, Consequently, we
consider XUV luminosities spanning 107-10% erg s to be plausible
for TOI-776.

Stellar activity

The stability of Lyman-a emission of TOI-776 can be assessed with
out-of-transit data, including the June 2021 observing visit with the
G140M grating and three later visits with the G140L grating, total-
ling 5.1 h of cumulative data separated by intervals of several months.
Extended DataFig. 4 plots the integrated Lyman-a flux across all G140L
visits, normalized by the global out-of-transit mean.

On long (month-year) timescales, the average flux from each visit
probes variability. Relative to the global mean, these averages are
-4.8 £1.3% in the first visit; 13.2 £ 2.2% in the second visit, 0.6 stellar
rotations after thefirst visit,and -5.6 £ 2.2% in the third visit, 5.9 stellar
rotations after the first visit (out-of-transit only). In comparison, the
transit visit of TOI-776 cbegan 0.05 stellar rotations after the pre-transit
visitbegan, making flux variations from rotational variability between
pre-transit and transit likely to be smaller than the values just quoted.

On shorter, sub-visit timescales, the point scatter (standard devia-
tion) of 5.7% was slightly lower than that of the median uncertainty
of 6.2%, indicating no evidence for additional variability due to the

star or instrument on those timescales. A previous study examined
the effect of the Lyman-a variability of the Sun on simulated transit
measurements and found that it generally did not significantly bias
the measurements®.

Emissions from other far ultravioletlines can provide anindependent
measure of variationinstellar activity. The G140L datainclude detect-
able emission from Si?*, N*, Si* and C** ions (the Nv1,238 A, 1,242 A;
Si1v1,393 A, 1,402 A; and C1v1,548 A, 1,550 A lines) that are unlikely
to produce substantial transit signalsif presentin the outflow at solar
metallicity®>. However, in the out-of-transit data, these lines are not
well correlated with the Lyman-a emission, probably because they do
not form cospatially in the stellar atmosphere®. A Pearson correlation
testyieldsr=0.19,P=29%forSi1L; r=-0.06,P=75%forNv;r=-0.18,
P=33%for Si1v; and r=0.19, P=29% for C 1v. To be conservative we
conducted false alarm tests introducing correlated noise based on
each of these estimates (see the next section).

Additional lines detected in the G140L data include 011,305 A, C11
1,335 A and He 111,640 A. Extended Data Fig. 4 plots these as well. We
did not use these lines as activity probes because of the possibility of
transit absorption (O 1and C11) and low signal-to-noise ratio (He I1).
Cuexhibitsapossible transit, but we consider it likely to be a result of
the strong correlationbetween C11and C1vemission (Pearsonr=0.47,
P <0.01%). O 1 emission is constant within uncertainties, but the data
cannot rule out plausible oxygen entrainment in an outflow sourced
by a steam atmosphere.

Although the G140M bandpass includes emission from Si1111,206 A
and Nv1,238 A, 1,242 A lines, substantially lower signal-to-noise ratio
prevented an analysis equivalent to the above.

Signal significance

Toevaluate the likelihood of a false alarm, we first fit lightcurves of the
-37kms™to 69 kms™ flux for TOI-776 b and the integrated line flux
for TOI-776 c with a function representing the transit of one solid disk
in front of another. The minimal parameters required by this simple
model are beneficial for false alarm tests as they mitigate overfitting,
are easily interpreted and enable rapid computation to fully explore
the allowable parameter space. Although the disk-on-disk model does
notallow for leading or trailing tails, it is sufficient for false alarm tests
given that the datado not sample well beyond the optical transit. Later,
when constraining the physical parameters of an outflow matching the
transit data, we used a model including an outflow tail (see ‘Outflow
model’ section).

The free parameters of the model are the pre-transit flux and occult-
ing disk radius. For the observations of TOI-776 b, we used separate
parameters for the pre-transit flux at each epoch to allow for differences
inthe band flux resulting from stellar activity changes over their 1-year
separation and the use of differing slit apertures. We fixed the impact
parameter and transit duration of the planet midpoint to the best-fit
values fromref. 17.

Posterior probabilities were sampled using the Zeus MCMC code
with eight walkers to a minimum of 1,000 steps and a factor of 100
greater than the autocorrelation length**, Extended Data Fig. 3 shows
the results of those fits.

We estimated false alarm probabilities by replacing the data with
noise aboutaconstant value. The noise included measurement uncer-
tainty as well as wavelength error as described in the following para-
graphs. We found the minimum x? best-fit for 100,000 trials for both
planets and determined the fraction that resulted in a best-fit disk
radius larger than that found from the actual data.

The STIS Instrument Handbook states a wavelength accuracy of
0.5-1.0 pixels, but this represents an absolute accuracy relative to
laboratory values for calibration emission lines. The relative accuracy
betweenexposuresandyvisitsistherelevant quantity tothe presentwork,
but, to our knowledge, this has not been explicitly measured for obser-
vations of Lyman-a with the G140M grating. To measure it, we consulted
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the HST archive and identified five suitable datasets: programmes
15904,12681,16319,17152 and 8695, initiated by principal investigators
B.E.Wood, D.Ehrenreich, M. Zhang, G. Zhou and T. M. Tripp. For each
dataset, we determined the wavelength shifts needed to best matcha
prominent feature in the spectrum across exposures by minimizing the
x* difference, as well as the uncertainty in this shift. The scatter in the
wavelength shifts over each dataset, in excess of that explicable from
flux uncertainties, ranged from 0.02 to 0.2 pixels (10). Shifts between
adjacent exposures were generally lower, with a scatter of 0.03-0.13
pixels (10). We conclude that 0.2 pixels is areasonable estimate for the
scatter between exposures from separate visits and 0.1is reasonable
for adjacent exposures in the same visit.

For each simulated lightcurve, we drew random pixel shifts for each
pair of exposures from the two epochs of TOI-776 b observations. For
the first epoch, for which the exposures were obtained in separate
visits, we set 0 = 0.2 pixels. For the second, for which the exposures
were obtained consecutively in the same visit, we set 0 = 0.1 pixels.
In each case, we shifted the spectrum from the first exposure by the
randomly drawn value and computed the fluxin the original integration
band. We then adjusted the points representing the second exposure
by this amount.

Forthe G140L data (TOI-776 c), we conducted an additional test cor-
relatingrandom draws of the Lyman-a flux with the observed variabil-
ity in other emission lines. To do so, we drew each Lyman-« pointin a
simulated lightcurve from the collapsed univariate distribution that
results from substituting the observed flux of the correlated line at
that pointinthelightcurve into the appropriate bivariate distribution
whose parameters are giveninthe previous section. Thisincorporated
the effect of possible dips in activity near the transit of planet c when
drawing random Lyman-a fluxes for the false alarm test as a means of
accounting for the possibility of aspurious transit signal due to stellar
activity variations. The largest false alarm probability resulted from
using CI1v1,548 A,1,550 A emission as the correlate (see the main text).

Background sources, dominated by geocoronal airglow emission,
contribute asubstantial fraction of the counts in the bandpasses used
to measure the planetary transits (Extended Data Table 2). This back-
ground shows much larger variability onintra-exposure timescales than
the inter-exposure timescales that drive the transit signal (Extended
DataFig. 3). Varying the location and size of regions on the detector
used to estimate background count rates did not substantially affect
the signal significance. We conclude that the background (airglow)
subtraction step of the data reduction is not likely to have produced
aspurious transit signal.

Static atmosphere

Previous works have inferred the presence of atmospheric escape
from Lyman-a transits based on absorption beyond the planetary
escape velocity and transit depths requiring a minimum occulting
arealarger than the planetary Hill radius®**. For TOI-776 band c, these
arguments are not fully satisfactory. Although the velocity argument
may be appliedto TOI-776 b, it cannot be applied to TOI-776 c because
of the low velocity resolution of the corresponding observations. For
both planets, transit depths allow for occulting areas smaller than
their Hill radii (see the main text). Hence, we explored whether a static
atmosphere (thatis, lacking any radial flow) could be constructed that
would produce the observed transits.

Todoso, we assumed a spherically symmetric, hydrostatic, isother-
mal atmosphere of pure hydrogen. We set the base of this atmosphere
at the optical planetary radius and truncated it at the Hill sphere. The
functional form of the scale height accounted for the radial fall-off of
the planetary gravity with a correction for the stellar tide. Photoioni-
zation was balanced against thermal recombination as in ref. 33. We
treated the atmosphere as optically thin to XUV photons throughout,
justified by the approximately five orders of magnitude difference in
absorption cross-section of hydrogenatomsto XUV photonsat13.6 eV

and Lyman-a photons at line centre, implying that XUV self-shielding
becomesimportant onlyinregions that are already opaque to Lyman-a.
We used the resulting neutral hydrogen density field to compute an
absorption profile with natural and thermal broadening integrated
across the projected stellar disk at mid-transit.

In search of absorption compatible with the observations, we sam-
pled temperatures of 2,000 Kand 10,000 K and stellar XUV luminosities
of 107 erg s?,10% erg s'and 10% erg s, then varied the basal pressure
until we achieved an approximate match to the transit depths. We then
evaluated theresulting atmospheric profiles for stability against hydro-
dynamic escape based on the Knudsen number (ratio of particle mean
free path to the scale height) at points where a gas particle would be
thermally unbound (thermal energy equal to gravitational potential)
or where the sonic point would settle in a Parker wind. For any com-
bination of parameters producing adequate absorption to explain
the observations, the atmosphere is collisional both at the altitude
at which it would become thermally unbound and at the would-be
sonic point. Were these conditions to exist in reality, a hydrodynamic
outflow would ensue.

Amagnetic field mightbe capable of confining an otherwise unbound
atmosphere such asthe above. We estimated the field strength required
for confinement by equating gas thermal pressure to magnetic pressure
and extrapolating the field to the planetary surface assuming the radial
dependence of adipole field (r*). We computed these values from the
base to the Hill radius and took the maximum. The necessary surface
field strengths varied from 50 G to 300 G for the range of parameters
described previously. Although these field strengths are high in com-
parison with the Earth and Jupiter, we cannot rule out the possibility
that an extended, magnetically confined atmosphere is responsible
for the observed transits. Note that, in these cases, escape at 1-10% of
the unconfined rates would still be expected to occur through polar
openings®,

Outflow model

The outflow model simulates Lyman-a transits using a technique
designed for efficient computation to enable athorough exploration
ofthe parameters of the planet, its outflow and the stellar environment
that shapes a Lyman-a transit, as detailed in ref. 22. The model splits
the outflow into two components. Inside the Hill sphere, it treats the
outflow as a spherically symmetric Parker wind, parametrized by a
constant mass loss rate and sound speed. The ionization structure of
theoutflowinthisregionis calculated using the optically thick ioniza-
tion equation. Outside the Hill sphere, where the outflow is sculpted
into a cometary tail by the stellar tidal field and stellar wind ram pres-
sure, the model treats the outflow as a stream bundle with varying
elliptical cross-section. This geometry agrees with the results from
three-dimensional hydrodynamic simulations® 73, Radiation pres-
sure is neglected®®. The model calculates the trajectory of the tail by
assuming a generalized geostrophic balance and the ionization state
in the tail using the optically thin ionization equation.

Free parameters for each planetinclude the mass loss rate, outflow
sound speed, tail launch angle (measured relative to the planetary
orbital velocity vector) and planet mass. Free parameters for the host
star include the XUV luminosity, stellar wind speed and stellar wind
mass loss rate. Extended Data Table 4 lists the priors adopted for each
parameter. Notably, we imposed a physical prior on the mass loss
efficiency, €, based on an equation for energy-limited mass loss

3
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where R,and M, are the planet radius and mass and Fyy is the XUV flux
at the planet. In this formulation, € encapsulates the radius at which
XUV radiationis absorbed, tidal corrections and the efficiency at which
the absorbed energy is converted into work removing mass from the



gravitational potential. Given the possibility of large absorption radii
and high efficiencies for small, moderately irradiated planets™, as well
asuncertainty inthe conversionfactor for hydrogenionizationbetween
themodeland the true XUV spectrum of the star we allowed for alarge
degree of freedomin ¢, setting an upper limit of 10.

Inaseparate model run, weincluded a parameter specifying the ratio
of oxygen to hydrogen for each planet. The effect of oxygen included
inthe model wasto lower the mass loss rate of hydrogeninaccordance
with its mass fraction.

Wefit the transit data of both planets simultaneously, using the pre-
cisely measured ratio of their semi-major axes (0.651965 + 0.000017;
ref.17) to fix their relative XUV radiation. The stellar wind velocity is
expected to be super-Alfvénic at both planets and, therefore, varies
logarithmically with distance from the star. We approximated the stellar
wind velocity to be the same at both planets, scaling the stellar wind
pressure atthe planets accordingto their orbital distances. We assumed
asingle set of stellar parameters for all observations, following the
example of past analyses of the Lyman-a transit of GJ 436 b (refs. 68,75).
The similarity of stellar Lyman-a emission between epochs suggests
minimal variation in stellar activity (Extended Data Fig. 4). Nonethe-
less, we advise that any future observations be taken as closely spaced
intime as is practically feasible to maximize consistency.

The model assumes all XUV photons have an energy of 20 eV. For an
identical XUV luminosity, the spectrum of the star versus the assump-
tionofonly 20 eV photons willyield differing hydrogen ionizationrates.
InFig.2a, we used the DEM reconstruction of the XUV spectrum of TOI-
776 (see ‘Lyman-a.and XUV’ section) to compute the stellar XUV lumi-
nosities (top axis) that would yield the same ionization rates sampled by
the model (bottom axis). The DEM spectrum for TOI-776 is substantially
harder than the measured solar spectrum, resulting in hydrogenioniza-
tion rates several times lower for an equivalent XUV flux.

We additionally fit a version of the model, including charge exchange
between stellar wind protons and planetary neutral hydrogen as a pro-
cessto generate energetic neutral atoms (ENAs), using a fluid descrip-
tionin which these ENAs are generated in a collisional turbulent mixing
layer™”. These results did not differ substantially from the model pre-
sented here.

Extended Data Table 4 provides the 16th-84th percentile ranges of
the 95th percentile limits of the posteriors the modelinferred for each
parameter. Mass loss rate bounds quoted in the main text are the 16th-
84th percentiles fromthe 1D distributions marginalized over all other
model parameters. Mismatches between the 16th-84th percentile
bounds from the 1D mass loss rate distribution and the extremes of
the 39.3% contour intervals in two-dimensional posteriors, including
the mass loss rate (Fig. 2a), reflect the non-normality of the posterior.

The upper and lower bounds of the mass loss rate posteriors are
driven by the data except the upper bound for TOI-776 ¢, whichreflects a
prior weimposed onthe massloss efficiency. The bound is not perfectly
sharpin Fig.2 primarily because of the uncertainty in the planet mass
folded into the model. Allowing larger mass loss efficiencies could
improve the best-fit x> by up to 3, but do not change the conclusions
of this work.

Owingtothelimited velocity range of the Lyman-aline that remains
after ISM absorption (Extended Data Fig. 6), absorption must come
from sources with velocities 20 km s™. As aresult, hydrogen still near
the velocity of about 10 km s at which it is launched from the planet,
along with thermal and natural broadening, is responsible for the bulk
oftheabsorptionsignalinour model. This contrasts with observations
of hydrogen loss from GJ 436 b, in which the blue wing of the Lyman-«a
line is exposed and either ENAs or a wind-deflected outflow tail are
thought to produce the observed signal?>2¢87879,

Moreover, the limited temporal sampling, effectively confined to
the optical transit, prevents constraints on the physics of the outflow
tail. As a result, model posteriors allow for fits both with and without
anextended transit egress. Future observations sampling the transits

through egress would narrow the posteriors of our model, although
ISM absorption of blueshifted velocities will remain limiting.

Our model fits enable comparisons of predicted transit signals in
velocity ranges for which the transits of other planetary hydrogen out-
flows have been observed (thatis, overcoming the limitationsimposed
by ISMabsorption).Inthe -120 km s to-40 km s™ band, for which the
transit of approximately 50% of the hydrogen outflow of GJ 436 b has
beenobserved (refs. 41,44), the median model predicts transit depths
0f 80.2% (TOI-776 b) and 82.7% (TOI-776 c).

Oxygendrag

To estimate the mass loss rate at which oxygen begins to be dragged
into the outflow in a hydrogen-dominated atmosphere as well as the
rate of diffusion-limited hydrogen escape in an oxygen-dominated
atmosphere, we used the diffusion constant for hydrogen and oxygen
fromref. 80 and assumed atemperature of 7=5,000 K. The estimated
rate varies less than afactor of two for temperatures between 3,000 K
and 10,000 K.

RHD simulations

We used a 1D photoionization code adapted from ref. 33 to model the
mass loss rates of TOI-776 b and c across a range of XUV luminosities.
This code models atmospheric escape as a transonic Parker wind and
has been revised to include metals in the planetary atmosphere and
their interactions with the XUV spectral irradiance from the host star
(M.L.B. et al., manuscript in preparation). For TOI-776, we adopted as
the XUV spectrum the DEM reconstruction (see ‘Lyman-a and XUV’
section), scaled to reproduce the XUV luminosity specified in Fig. 2
acrossroughly 10 grid points. The atmospheres of TOI-776 band c were
constructed of H, Heand O in solar mass fractions (0.7933,0.2000 and
0.0067, respectively). To approximate the effects of H;" cooling, which
removes a substantial amount of the energy deposited by photons
with energies above 70 eV (R. Frelikh et al., manuscriptin preparation),
we truncated the spectrumin our model at 165 eV and attenuated the
flux above 70 eV (17.7 nm) by a factor of 0.7. We simulated the outflow
at the substellar point, then multiplied by a factor of 0.3 to scale the
result to a global mass loss rate®>. Models were run using the nominal
radii and masses for the planets givenin Extended Data Table 1. We ran
additional models over a grid covering the uncertainties in planetary
masses and radii to estimate the corresponding uncertainty envelopes
inpredicted massloss rates as shownin Fig. 2. The mass-radius grid for
TOI-776 bwas incomplete but well-behaved, so we interpolated where
necessary.

Evolutionary tracks

We computed evolutionary tracks for two different escape mecha-
nisms, photoevaporation and core-powered mass loss, using the
semi-analytic models from refs. 8,81,82. For consistency, we used
efficiencies interpolated from the same model described in the pre-
vious section, with added grid points toaccommodate planetary radii
reachingashighas5 R, (TOI-776 b) and 6 R, (TOI-776 ¢) at young ages.
Iftracks explored parameters beyond this range, we scaled according
to the efficiencies givenin ref. 16. We assumed all planet interiors are
Earth-like in composition (1/3 iron, 2/3 silicates) with a heat capacity
of 107 erg g K™ (refs. 13,83). The XUV history of the star was assumed
to follow the relations in ref. 37, normalized to the present XUV lumi-
nosity of TOI-776.

Todetermine the allowable histories and futures of TOI-776 band c,
we performed 50,000 simulations under each mass loss mechanism
foreachplanet. Time-invariant parameters were randomly drawn from
normal distributions with variances set by the published uncertainties:
stellar mass, stellar metallicity, planetary orbital period and planet
interior mass, taken as equal to the present planet mass given the neg-
ligible added mass of a hydrogen-helium envelope. Each model was
initialized at 10 Myr with an atmospheric mass fraction (atmospheric
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mass/interior mass) drawn log-uniformly between 0.001and 0.7. The
upper limit avoids self-gravitating atmospheres not implemented in
the model.

We drew arandom stellar age uniformly between1Gyr and 4 Gyr to
observe the planet. The track was then weighted based on a Gaussian
likelihood of the mass loss rate, based on the posterior provided by the
outflow model, as well as the planet radius and mass with uncertainties
shownin Extended Data Table 1. These weights were then used to redraw
asample of 1,000 tracks from the initial ensemble. The atmospheric
mass fractions predicted by these tracks are shownin Fig. 3.

Data availability

The datasets analysed during this study are publicly available in the
Mikulski Archive for Space Telescopes at https://doi.org/10.17909/
a8jb-3759.

Code availability

The Space Telescope Environment for Python and stistools pack-
age used to process the STIS data are publicly available at https://
stistools.readthedocs.io/en/latest. Code for datareduction and analysis
and for generating all figures and values except those relating to the
evolutionary tracksisavailable on Zenodo at https://doi.org/10.5281/
zenodo.13976674 (ref. 84). The outflow model code is publicly available
athttps://github.com/eschreyer/LyA_code. The code used to generate
evolutionary tracksis available at https://github.com/jo276/EvapMass,
along with the efficiency interpolator as part of the main code pack-
age, and chains from the most recent run are present in the Zenodo
archive. A beta release of the RHD code is available at https://github.
com/mibroome/wind-ae/.
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Extended Data Table 1| Properties of the TOI-776 system

Designations
Spectral Type

Mass

Radius

Effective Temperature
log,, Surface Gravity
Metallicity, [Fe/H]
Rotation Period

Age

XUV Luminosity
Distance

Radial Velocity

Designation

Mass

Radius

Equilibrium Temperature
Instellation

Orbital Period

Bulk Density
Semi-major Axis

Incident XUV Flux

Host Star

TOI-776, LP 961-53, 2MASS J11541839-3733097
M1V

0.544 + 0.028 M,

0.538 + 0.024 R,

3709 + 70 K

4.727 =+ 0.025 logo(cm s?)
-0.20 + 0.12

34.4°d

1-4 Gyr

10%%*" erg s-1

27.17010 + 0.03205 pc
49.34 +0.22 kms™

Planets
TOI-776 b TOI-776 ¢
40+09M, 53+18M,
1.85+0.13R, 2.02+0.14R,
514 + 17K 415 £ 14K
115+ 0.6S. 49:068.
8.24661"°%°%® ¢ 15.6653 7% ¢

—0.0004

+1.1 "
3.47 ,gcm

—0.0003

+1.4 3
3.5 ,9¢cm

0.0652 + 0.0015 au 0.1000 + 0.0024 au
10%%*" erg s’ cm™

102.1 +1 SXUV"D

10%°*"erg s cm?

1 02.5 =1 SXUV,F

Age estimated based on the stellar rotation period via refs. 19-21. Distance from the GAIA

observatory®®®. See Methods: Lyman-a and XUV for XUV luminosity estimation. Incident XUV
flux based on the stellar XUV luminosity and Sy,6=3 erg s™ cm™ for present-day Earth based
on the spectrum of ref. 88. All other properties reproduced from ref. 17.



Extended Data Table 2 | Observing log

UTC Date Julian Date Grating Slit Texo t, t. Faa Vy Dataset ID
(h) (h) (h) (%) (kms?)

Used to Measure Transit

2021-06-04 2459369.653 G140M 0.05 0.50 -40.42 -45.04 41+05 -29 0ei103010
2021-06-05 2459371.373 G140M 0.05 0.50 0.87 -3.75 6.5+ 0.7 -24 0ei104010
2022-06-20 2459750.627 G140M 0.2 0.70 -1.30 75.12 228+0.9 -11 0e0016010
2022-06-20 2459750.690 G140M 0.2 0.70 0.21 76.64 285+1.0 -1 0e0016020
2022-12-20 2459933.687 G140L 0.2 0.59 37.92 -43.04 64.1+£0.9 - 0e0040010
2022-12-20 2459933.750 G140L 0.2 0.70 39.44 -41.53 59.4+0.8 - 00040020
2022-12-21 2459935.406 G140L 0.2 0.59 79.18 -1.79 66.2 + 0.9 - 0e0039010
2022-12-21 2459935.469 G140L 0.2 0.70 80.70 -0.27 64.9+0.9 - 00039020
2022-12-22 2459935.535 G140L 0.2 0.70 82.28 1.32 65.1 £ 0.9 - 0e0039030
Other

2022-05-31 2459730.987 G140L 0.2 0.59 -76.82 -20.26 296+ 0.6 - 0e0014010
2022-05-31 2459731.050 G140L 0.2 0.70 -75.30 -18.74 39.1£0.7 - 0eo0014020
2022-05-31 2459731.117 G140L 0.2 0.70 -73.71 -17.15 38.3+0.7 - 0e0014030
2022-06-21 2459752.412 G140L 0.2 0.59 41.54 117.97 53.8+0.8 - 0e0015010
2022-06-21 2459752.475 G140L 0.2 0.70 43.06 119.49 542+ 0.7 - 0eo0015020

Alltime values are given in the barycentric frame. Slit refers to the width of the slit aperture used in arcseconds. Columns t, and t, give the time relative to mid-transit for planets b & c at the
midpoint of the exposure based on the ephemeris of ref. 17. F,; gives the fraction of the counts within the bandpass used for the transit measurement attributed to airglow and other backgrounds
and vy gives the velocity in the system frame at which the estimated background count rate drops below the signal count rate.
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Extended Data Table 3 | Lyman-a line profile fit parameters

Parameter Units Priors Posterior Notes
Stellar Radial Velocit km s N(O, 6.5) & — 6. Ofg'; Prior allows for offsets due to error in the instrument wavelength
Y U(-13, 13) ’ calibration. Quoted values are relative to the star’s known 49.34 km s™ RV.

Broad Emission

Flux 10" erg s’ cm?  U(0, 1000) 8.0",

. » U(0, 1000) +88
Broadening parameter km s bb > bn 756754

Narrow Emission
Flux 10 ergs’cm?  U(0, 100) 18377
Broadening parameter kms™ U(0, 1000) 76. 432
Central Absorption (Self-Reversal)
Self-absorption parameter u(, 2) <1.6 Prior is based on observed values for M stars from ref. .
Self-absorption shift km s’ u@©,0.1b) <717
ISM Absorption
) . . . Prior is based on predicted radial velocities of ISM clouds near the line of
Radial Velocit 1 - —17.6"*
adial Velocity kms U(-40, 20) 176 g, sight that range from -11 to 4 km s™ (ref. ®9).
Log Column Densit log(cm?) U7, 30) <185 Prior lower limit based on ref. %, upper limit was chosen not to be
9 Y 9 ’ ’ constraining.
N(1.06, 0.3) 0 Prior follows the value assumed by ref.*, allowing for a factor 2 variance.
Broadening parameter kms™ < 3' T 19. SJ:B'S The upper limit prevents the sampler from becoming stuck on solutions
’ with effectively flat absorption profiles.
N(-4.81,0.25) o2 Prior based on values measured in ref.?' and represents an asymmetric

Log Deuterium/Hydrogen ratio N(—4.81 ’0'1) - 4.86" . normal distribution with o = 0.25 for values < -4.81 and 0.1 for value >

-4.81.

Uncertainties specify the 16"-84" confidence interval. U stands for uniform distribution and N for normal distribution. Where the posterior is given as an upper limit, the upper limit is taken as
the 95" percentile. The self-reversal parameter, p, is defined as in ref. 89, applied only to the narrow emission component. The Doppler broadening parameter is related to o in the Gaussian
component of the Voigt profiles by b= ﬁco/vo, where c is the speed of light and v, is the frequency at line centre. The following references are cited in this table: refs. 46,89-91.



Extended Data Table 4 | Outflow model parameters

Parameter Units Prior Posterior Notes
Star
Log mass loss rate log(g s™ U(10.3, 13) 12. 12?
L : In the model, all photons were assumed to have energies of 20 eV. See
1
Log XUV Luminosity log(erg s) U8, 29) > 27 Methods: Outflow model for implications.
Log stellar wind velocit log(km s™) U(.5,3) _ The posterior effectively returns the prior (i.e., the parameter is unconstrained
9 Y 9 - by the data).
Planet b
Mass M. N(4.0, 0.9) 3. 97th§ Prior based on the mass and uncertainty estimated by ref."”
e +0.37 The prior imposes an upper bound on mass loss efficiency. See Methods:

Log hydrogen mass loss rate log(g s™) see note 9.29_ 1, Outflow model for more details.

. 1 +0.11 An additional prior disallows sound speeds requiring the temperature of a
Log isothermal sound speed logkm s™) U(0, 1.35) 1. 12_0_58 fully-ionised outflow to be > 30,000 K.
Outflow anale radians U2, 1) _ The posterior effectively returns the prior (i.e., the parameter is unconstrained

9 ’ by the data).
Planet c
Mass M. N(5.3, 1.8) 5. Zii Prior based on the mass and uncertainty estimated by ref."”
e +0.39 The prior imposes an upper bound on mass loss efficiency. See Methods:

Log hydrogen mass loss rate log(g s™) see note 9. 50_0_43 Outflow model for more details.

. 1 +0.24 An additional prior disallows sound speeds requiring the temperature of a
Log isothermal sound speed logkm s™) U(0, 1.35) 0. 61_0_28 fully-ionised outflow to be > 30,000 K.
Outflow angle radians u(m/2, i) >1.72 The fit favours values near m.

Pre-transit Lyman-a Flux Scaling Factor

2021 June - - 1.08 + 0.05 -37-69 km s™ band.
2022 June - - 1.19 £ 0.05 -37-69 km s™ band.
2022 Dec - - 0.97 + 0.02 Integrated line.

Uncertainties specify the 16"-84" confidence interval. U stands for uniform distribution and N for normal distribution. Where the posterior is given as a lower limit, the lower limit is taken as the
5" percentile.
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