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ABSTRACT

We report helium absorption from the escaping atmosphere of TOI 560.01 (HD 73583b), a R =

2.8R⊕, P = 6.4 d mini Neptune orbiting a young (∼600 Myr) K dwarf. Using Keck/NIRSPEC, we

detect a signal with an average depth of 0.68 ± 0.08% in the line core. The absorption signal repeats

during a partial transit obtained a month later, but is marginally stronger and bluer, perhaps reflecting

changes in the stellar wind environment. Ingress occurs on time, and egress occurs within 12 minutes of

the white light egress, although absorption rises more gradually than it declines. This suggests that the

outflow is slightly asymmetric and confined to regions close to the planet. The absorption signal also

exhibits a slight 4 km/s redshift rather than the expected blueshift; this might be explained if the planet

has a modest orbital eccentricity, although the radial velocity data disfavors such an explanation. We

use XMM-Newton observations to reconstruct the high energy stellar spectrum and model the planet’s

outflow with 1D and 3D hydrodynamic simulations. We find that our models generally overpredict the

measured magnitude of the absorption during transit, the size of the blueshift, or both. Increasing the

metallicity to 100× solar suppresses the signal, but the dependence of the predicted signal strength

on metallicity is non-monotonic. Decreasing the assumed stellar EUV flux by a factor of 3 likewise

suppresses the signal substantially.

1. INTRODUCTION

There is a growing body of evidence suggesting that

atmospheric mass loss dramatically shapes the popula-

tion of close-in exoplanets detected by transit surveys.

This population is dominated by planets with radii be-

tween 1 − 4 R⊕ (‘sub-Neptunes’), which have no solar

system analogue. Smaller sub-Neptunes (1 − 1.7 Earth
radii) appear to have Earth-like bulk compositions and

are commonly referred to as ‘super Earths’, while larger

sub-Neptunes (2 − 3 Earth radii) are called ‘mini Nep-

tunes’ and have low bulk densities indicating the pres-

ence of volatile-rich envelopes that typically constitute a

few percent of their total mass. The two populations are

separated by a gap in the radius distribution where few

planets reside (Fulton et al. 2017; Fulton & Petigura

2018). Sub-Neptunes are challenging to characterize,

but new telescopes, observing techniques, and numeri-

cal models are opening up this frontier to exploration.
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It has been suggested that all sub-Neptunes were

formed with hydrogen-rich envelopes, which were then

stripped away from the most highly irradiated and least

massive planets. For young, low-density planets on

close-in orbits, photoevaporation can drive strong hy-

drodynamic outflows that rapidly remove hydrogen-rich

gas (e.g., Owen & Wu 2017; Mills & Mazeh 2017). How-
ever, this mass loss may also be driven by the newly

formed planet’s own internal luminosity (Ginzburg et al.

2018; Gupta & Schlichting 2019). An alternate expla-

nation for the radius gap is that it has nothing to do

with mass loss, but is instead because cores have a

broad mass distribution, with the smaller cores having

never accreted gas in the first place (Lee & Connors

2021). It is also possible that some mini Neptunes have

no hydrogen-rich envelopes at all, but instead formed

with substantial water-rich envelopes (e.g. Mousis et al.

2020). This could dramatically change the mass loss

rate, especially that of helium, which would have been

already lost to space alongside the primordial hydrogen.

Empirical measurements of mass loss from young sub-

Neptunes provide a critical test of these competing hy-

potheses. We expect that mass loss rates will be highest

at relatively early times, when the star’s high-energy
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flux is enhanced and the planet is still inflated (Owen

2019). By searching for evidence of outflows during this

critical early period, we can determine whether or not

a young sub-Neptune planet possesses a hydrogen and

helium-rich envelope. When an outflow is detected, it

can be used to test and refine mass loss models, with the

eventual goal of developing an accurate understanding

of atmospheric evolution through the planet’s life.

We can search for outflows by measuring the amount

of absorption from hydrogen and/or helium during the

transit, but the small size of mini Neptunes makes them

challenging targets for this technique. In a recent study,

we obtained the first measurement of Lyα absorption

from a young mini Neptune, HD 63433c (Zhang et al.

2021b). This planet is one of two transiting mini Nep-

tunes orbiting a 400 Myr solar analogue. Our non-

detection of similar absorption from HD 63433b sug-

gests that the inner planet may not possess a hydrogen

and helium-rich envelope at all, in agreement with its

shorter predicted atmospheric lifetime. HD 63433 is a

particularly favorable target for Lyα observations, as it

is an active nearby star that is moving towards us. This

results in an unusually high flux in the near blue wing

of the Lyα line, which is expected to contain most of

the absorption signal from the planet’s escaping atmo-

sphere. To date, Lyα absorption has only been conclu-

sively detected for four planets aside from HD 63433c

(Vidal-Madjar et al. 2008; Bourrier et al. 2013; Lavie

et al. 2017; Bourrier, V. et al. 2018), all of which are

larger than Neptune.

The metastable helium triplet at 1083 nm can also be

used to probe atmospheric mass loss (Oklopčić & Hi-

rata 2018; Spake et al. 2018), and has the advantage of

being readily accessible to ground-based observatories.

The strength of the absorption in this line is less than

that in Lyα, at most several percent, but this precision

is achievable with many infrared spectrographs. How-

ever, observations in this triplet are largely restricted to

planets orbiting active K stars, which have the optimal

UV spectral shape to produce a significant population of

metastable helium (Oklopčić 2019). To date there have

been multiple detections of outflows from close-in gas gi-

ant planets using this line, including the hot Jupiter HD

189733b (Salz et al. 2018), the inflated Saturn WASP-

107b (Spake et al. 2018; Allart et al. 2019), and the warm

Neptune GJ 3470b (Palle et al. 2020). However, helium

mass loss has never been securely detected for planets

smaller than 4 R⊕ despite many attempts (i.e. Kasper

et al. 2020; Gaidos et al. 2020; Gaidos et al. 2020; Zhang

et al. 2021a,b). Most of these published non-detections

are of planets around old and inactive stars (HD 97658b,

55 Cnc e, GJ 1214, GJ 9857d), and the few observations

of young planets were not very sensitive (K2-100b, K2-

25b). We also did not detect helium absorption from HD

63433c, despite the Lyα detection. We suspect that the

unfavorable host star type (G5) and underestimated out-

flow confinement mechanisms combined to suppress the

size of the expected absorption signal in this line, while

the unexpectedly high stellar variability in the 1083 nm

line decreased the sensitivity of our observations.

The Transiting Exoplanet Survey Satellite (TESS) has

vastly increased the sample of small transiting planets

that are amenable to atmospheric characterization, in-

cluding the aforementioned HD 63433 system. TESS re-

cently identified TOI 560.01 (HD 73583b), a 2.83± 0.10

R⊕, 10.1+3.2
−3.0M⊕ planet orbiting a K4V star with a 6.4

d period (Barragán et al. 2021). This star is young: the

SuperWASP project’s photometry reveals a robustly de-

tected rotation period of 12 days, corresponding to a

gyrochronological age of ∼600 Myr. It is also close by,

with a distance of 31.6 pc and a J band magnitude of

7.6. The age and spectral type of the star, the size of the

planet, and the closeness of the system combine to make

TOI 560.01 an exceptionally favorable mini Neptune for

probing helium mass loss. In addition, the planet has an

outer companion at P=18.9 d with a very similar radius,

making comparative mass loss studies possible.

In this paper, we use Keck/NIRSPEC to measure the

helium absorption signal from TOI 560.01 and XMM

to measure the star’s high energy spectrum. We then

compare our helium measurement to predictions from

1D and 3D photoevaporative mass loss models. We de-

scribe the observations in §2, our analysis of the data

in §3, our reconstruction of stellar properties in §4, and

our modelling of the outflow in §5. We discuss in §6 and

summarize our conclusions in §7.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Keck/NIRSPEC

We used Keck/NIRSPEC to observe a full transit of

TOI 560.01 on March 18, 2021 UTC and a partial transit

on April 19, 2021 UTC (40% of T14). All observations

were obtained in Y band using the high resolution mode

with the 12 x 0.432′′ slit, resulting in a spectral resolu-

tion of 25,000. We used 60 second exposure times, and

adopted an ABBA nod pattern to help subtract back-

ground. Because we only used one coadd per exposure,

we achieved a high efficiency of 77% for these observa-

tions. On March 17, the sky was clear and the seeing

was 0.6–0.7”. We observed 0.7 h of pre-transit baseline,

the 2.1 h transit, and 0.6 h of post-transit baseline. We

achieved a typical SNR of 170 per spectral pixel in one

60 second exposure. On April 18, the seeing was bet-

ter (0.5” at both beginning and end of night), but there



3

were sporadic cirrus clouds which caused large fluctua-

tions in the water column density. We observed 1.9 h of

pre-transit baseline and 0.8 h of transit before the tar-

get sank too low to observe. On this second night, we

achieved a higher average SNR of 200 per spectral pixel,

but with more weather-induced variability.

We calibrated the raw images and extracted 1D spec-

tra for each order using a custom Python pipeline de-

signed for the upgraded NIRSPEC. The pipeline is de-

scribed in detail in Zhang et al. (2021a), but we summa-

rize it here, along with the target-specific differences in

our reduction for TOI 560. First, the pipeline subtracts

crosstalk from each raw frame. Then, it calibrates the

raw frames by computing a master flat, identifying bad

pixels in the process. It uses the master flat to compute a

calibrated A-B difference image for each A/B pair. The

spectral trace containing the 1083 nm line (spanning

10,803–11,008 Å) is identified, and we perform optimal

spectral extraction to obtain spectra along with their

errors. A template is computed from a model stellar

spectrum and model tellurics, with the stellar spectrum

shifted in wavelength to account for the star’s average

Earth-relative radial velocity during that night. We use

the template to derive the wavelength solution for each

individual spectrum.

After extracting the 1D spectra, we remove tellurics.

In Zhang et al. (2021a), we did this by running SYS-

REM, which can be thought of as Principal Component

Analysis with error bars (Mazeh et al. 2007). However,

we have subsequently found that while SYSREM per-

forms excellently in removing tellurics, it also removes

half the planetary signal unless the planet, like 55 Cnc

e, undergoes extreme radial acceleration during the ob-

servation (Zhang et al. 2021b). Furthermore, due to an

unfortunate coincidence, a strong telluric water line falls

right on top of the helium line during both nights of our

observations. We therefore opted for a more conserva-

tive and physically motivated telluric removal method.

We used molecfit (Smette et al. 2015), which mod-

els tellurics using a meteorological model for Earth’s

temperature-pressure profile at the time and place of

observation, but allows the user to fit for the rapidly

varying water column density. We fit for the water col-

umn density using narrow wavelength ranges containing

strong telluric lines while avoiding any stellar lines. We

also fit for the continuum with a line. The line spread

profile is fixed to a Gaussian with a FWHM of 3.5 pix-

els, a value we settled upon after several fits to different

spectra (with the FWHM as a free parameter) converged

upon similar values. 3.5 pixels is close to the theoreti-

cal value of 3 pixels for the slit we used. After fitting

the water lines, molecfit produces a telluric corrected

spectrum across the full wavelength range of the order

containing the helium line, which we adopt for the rest

of the analysis.

Having obtained wavelength calibrated and telluric

corrected spectra, we interpolate all spectra onto a com-

mon wavelength grid with a uniformly logarithmic spac-

ing of λ/110, 000 and a range of 10,810–10,850 Å. We

remove fringing by applying a notch filter twice, us-

ing exactly the same parameters described in Zhang

et al. (2021a). We divide each spectrum by the con-

tinuum, take the logarithm of the entire spectral grid,

and subtract the mean of every row and column from

that row and column. This results in a residuals grid:

a Nobs × Nwav grid of numbers representing the rela-

tive deviation of a pixel from the mean for that row and

column. For every column (wavelength), we subtract

the mean of the out-of-transit part of the residuals im-

age for that column; we then invert the residuals image.

The residuals image now gives excess absorption rela-

tive to the out-of-transit baseline. However, there are

continuum variations that cause structure in this image.

We mask out the helium line, mask out the strong lines

because optimal extraction performs poorly with them

Zhang et al. (2021a), fit a 3rd order polynomial to each

row (epoch) with respect to wavelength, and subtract

off the polynomial.

2.2. XMM-Newton

On April 21, XMM-Newton measured the star’s X-ray

and MUV spectrum, which are crucial for modeling pho-

toevaporative mass loss and predicting the metastable

helium population. We observed the system for a total

of 13 ks as part of XMM prop. ID 088287 (PI: Michael

Zhang). We configured the EPIC cameras to observe

with the medium filter and small window, giving us 97%

observing efficiency on the two MOS CCDs and 71% ef-

ficiency on the one pn CCD. We configured the Optical

Monitor to observe the star in the UVM2 filter (231±48

nm) for 7.2 ks and the UVW2 filter (212 ± 50 nm) for

4.4 ks. Although these observations are not simultane-

ous with the helium mass loss observations, they were

taken a month after the first helium observation, a short

time compared to typical stellar activity cycles.

To analyze XMM-Newton data, we download the raw

Observation Data File (ODF) and use the Science Anal-

ysis System (SAS) provided by the XMM-Newton team

to reduce it. We run xmmextractor, to obtain spectra

from the ODF with default settings. For the Optical

Monitor, SAS reports the count rate in the UVW2 and

UVM2 filters, the two mid ultraviolet filters we selected.

For each of the three EPIC detectors, SAS generates the

light curve and the background-subtracted spectrum.
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For the pn detector, we find that the automatic re-

duction by xmmextractor leads to significantly negative

fluxes at 0.23–0.28 keV, which is unphysical. Therefore,

we use SAS to manually reduce the pn data by defin-

ing the source region as a circle 17.5′′in radius, and the

background region as an annulus centered on the source

with an inner radius of 20′′and an outer radius of 35′′.

Defined in this way, the spectrum no longer has signifi-

cantly negative fluxes around 0.25 keV.

3. ANALYSIS OF HELIUM TRANSIT

OBSERVATIONS

Figure 1 shows the excess absorption in the 1083

nm metstable helium triplet as a function of time

and wavelength, for both nights of observation with

Keck/NIRSPEC. To compute the excess absorption, we

adopt a baseline that includes all pre-ingress spectra

and (for the first night) all spectra taken more than 12

minutes after egress. Ingress and egress are computed

purely based on the white light ephemeris. Figure 2

shows the band-integrated light curve for each night in

the helium line. We detect strong absorption starting

from the white light ingress, reaching a maximum of

1.7% half an hour after the midpoint of the white light

transit, and declining quickly after white light egress.

The excess helium absorption begins on time on both

nights, but ends ∼10 min late on the first night, the

only night we captured the egress. The band-integrated

excess absorption is ∼0.7%, and the equivalent width of

the planetary absorption is 7 ± 0.4 mÅ. The absorption

spans at least 1.5Å, corresponding to a velocity spread

of 40 km/s–far higher than the escape velocity from the

planetary surface of 15 km/s, or the escape velocity from

the approximate helium absorption radius (∼ 4Rp) of

7.5 km/s. This shows that the atmosphere is escaping,

because velocity dispersion is the only significant broad-

ening mechanism: natural broadening is of order 0.01

km/s, the equatorial rotational velocity of the planet is

0.2 km/s, and pressure broadening is ∼10−11 km/s at

picobar pressures because it is ∼10 km/s at atmospheric

pressure (Niermann et al. 2010). For unknown reasons,

the helium flux rises by 0.2% right before ingress on the

first night. Since we do not see the same brightening on

the second night, and since there is no plausible way the

planetary outflow can cause the star to brighten before

the transit, we attribute this brightening to stellar ac-

tivity. The helium line is well known to be a tracer of

chromospheric activity, which is more intense in younger

stars. In previous observations we monitored the young

G5 star HD 63433 for two nights, and saw >∼ 0.2%

variability on both nights (Zhang et al. 2021b).

In Figure 3, we examine the wavelength-dependence

of the transit-averaged excess absorption signal from the

first night. We find that it is redshifted by ∼ 0.14 Å rel-

ative to the radial velocity of the planet, corresponding

to a velocity of ∼4 km/s. The 1D absorption spectrum

peaks at 0.68 ± 0.08% and declines quickly in the red

wing but slowly in the blue wing, consistent with gas

being pushed towards the observer by radiation pres-

sure or stellar wind. This extended tail of blue-shifted

absorption is similar to that observed for WASP-107b

(Allart et al. 2019), a planet with a far more extended

egress in the integrated helium light curve. In Figure 4,

we divide the transit into thirds and show the excess

absorption spectrum for each third. Consistent with

the other plots, there is slightly redshifted absorption

in each part, with the final third having much stronger

absorption than the first third.

In Figure 5, we compare the excess absorption spec-

trum for the two nights averaged over the in-transit

phases observed on the second night. We find that the

absorption observed on the second night appears slightly

stronger and more blueshifted than it did during the

equivalent time window on the first night. The two

nights are otherwise consistent. To quantify the signifi-

cance of the differences between the two nights, we used

nested sampling as implemented by dynesty (Speagle

2020) to fit a Gaussian to the excess absorption spectra

plotted in Figure 5, with 3 free parameters: amplitude,

standard deviation, and mean. We find a mean position

of 10833.06 ± 0.15 Å on night 1 and 10, 832.70 ± 0.06 Å

on night 2, a difference of 0.36 ± 0.16 Å (10 ± 4 km/s

in velocity space). The amplitude was 0.22 ± 0.04% for

night 1 and 0.40 ± 0.04% on night 2, for a difference

of 0.18 ± 0.06%. These statistical tests confirm what

visual inspection shows: on night 2, the helium absorp-

tion was marginally stronger and marginally bluer. Fur-

ther observations are necessary to determine whether

this variability is due to underestimated error bars, a

consequence of poorly understood stellar variability, or

a change in the properties of TOI 560.01’s outflow.

On the second night of observation, the stellar he-

lium line was slightly narrower (by 8%) than on the first

night, but of indistinguishable depth (to within 1.5%)

and position (to within 0.5 km/s). Minor differences in

the stellar line do not affect our results for the planetary

excess absorption, which is computed by comparing in-

transit and out-of-transit spectra on the same night.

3.1. Possible causes of the observed redshift

The redshifted absorption peak seen during the first

night (Figure 1 and 3) is unusual. Aside from HAT-P-

32b (Czesla et al. 2021), none of the gas giant planets
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Figure 1. Percent excess absorption from TOI 560.01 as a function of time and wavelength, for the first (left panel) and second
(right panel) nights of observation. The dashed white line indicates the beginning of the white light transit, while the solid
white line indicates the end. The red lines show the wavelengths of planetary helium absorption. At 10,830 Å is a deep stellar
Si I line, which, like other strong lines, we mask as part of our analysis because optimal extraction deals poorly with very strong
lines (Zhang et al. 2021a).

Figure 2. Light curve of the helium line (top) in a 1.5Å
bandpass centered on 10833.27Å. The dashed black line
marks the beginning of the white light ingress, while the
solid black line marks the end of white light egress. We over-
plot the predicted light curves from the fiducial and best fit
Microthena models as solid black and grey lines, respectively.
We rescale the amplitude of the fiducial model light curve by
a factor of 0.4 to match the amplitude of the observed signal.

with spectrally resolved helium observations have ex-

hibited a similar redshift (e.g., Salz et al. 2018; Allart

et al. 2019; Palle et al. 2020), and material flowing away

from the star should appear blueshifted during transit.

If the observed redshift is due to the geometry of TOI

560.01’s atmospheric outflow, it would suggest that TOI

560.01 has unusual outflow properties, perhaps implying

an unexpected weak stellar wind. However, we must first

ascertain whether the apparent redshift is real.

The apparent redshift is unlikely to be due to wave-

length calibration uncertainties. NIRSPEC does experi-

ence wavelength drift over the course of a night (Kasper

et al. 2020), but our wavelength calibration is performed

Figure 3. Excess absorption spectrum from the full transit
observation on night 1, plotted in the planetary frame.

Figure 4. Excess absorption spectrum for each third of the
transit on night 1. Wavelengths are in the planetary frame.
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Figure 5. Comparison of the excess absorption spectrum
on both nights, averaged over only the in-transit phases ob-
served on night 2 (first 40% of transit).

independently on every spectrum, so drift does not af-

fect us. In addition, we computed the wavelength so-

lutions with an alternate method that uses the median

observed spectrum instead of the theoretical spectrum

as a template. Comparing the results, we conclude that

the wavelength solution for each spectrum is accurate to

at least 1 km/s.

The apparent redshift is also not due to ephemeris

uncertainties. The ephemeris predicts the transit mid-

point on the first night with a 1σ uncertainty of 1

minute, during which time the planet accelerates by 0.07

km/s. This is much smaller than the observed redshift

of ∼4 km/s. Similarly, uncertainties on the stellar mass

and semimajor axis can only change the acceleration of

the planet by ∼ 7%. Since the planet accelerates from

−4.5 km/s to +4.5 km/s during the transit, a 7% change

is insufficient to account for the observed redshift.

The final source of uncertainty is the eccentricity. To

obtain the radial velocity of the planet, we assumed a

perfectly circular orbit. However, Mills et al. (2019) used

the transit durations of 1000 Kepler planets, combined

with accurate stellar radii from the California-Kepler

Survey and Gaia, to statistically infer typical eccentric-

ities. They obtained a mean eccentricity of 0.05 for sys-

tems with multiple transiting planets. The star-planet

distance changes at a maximum rate of Kpe where Kp is

the orbital speed; since Kp = 102 km/s for TOI 560.01,

an eccentricity of 0.05 can cause an apparent helium sig-

nal redshift of up to 5.1 km/s. Barragán et al. (2021)

constrained the eccentricity to 0.10+0.08
−0.07 using a joint fit

to the radial velocity and light curve, which is consis-

tent with both 0 and 0.05. However, their radial veloc-

ity fit results in a planetary radial velocity of −7.4+9.3
−7.0

km/s at mid-transit, which is in the wrong direction, al-

Figure 6. Median telluric correction factors inferred by
molecfit, for the in-transit and out-of-transit spectra. The
wavelengths of the helium triplet are indicated with vertical
red lines.

beit consistent with a 4 km/s redshift to within 2σ. We

are therefore unable to differentiate between a redshift

caused by a non-zero orbital eccentricity and one caused

by the geometry of the outflow.

3.2. Telluric absorption

As we mention in Subsection 2.1, a telluric water ab-

sorption line overlaps with the red end of the stellar he-

lium line, and we use molecfit to correct for this telluric

absorption. One might wonder whether imperfect tel-

luric correction impacts our analysis, and in particular,

whether it might be the cause of the apparent redshift

in the absorption signal.

Figure 6 shows the median correction that molecfit

applied to the in-transit and out-of-transit spectra. Al-

though the total correction was, at maximum, 2%–which

is comparable to the highest excess absorption from

the planet–the correction is nearly identical for the in-

transit and out-of-transit spectra, with a difference of

only 0.12%. However, the out-of-transit spectra span a

larger range of airmass than the in-transit spectra, so

comparing only the median correction factors does not

tell the whole story.

To get a better idea of the effects of telluric correc-

tion, we looked at two other telluric lines redward of

the helium line: one with a slightly lower absorption

depth (1.5%), and one with a significantly higher absorp-

tion depth (4%). Figure 7 shows the excess absorption

spectrum (both 2D and 1D) in the region of wavelength

space around these lines. For both lines, there are no

statistically significant features in either plot. In the

1D spectrum, there does appear to be small (0.1%) dips

redward of both telluric lines. These dips are probably
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Figure 7. To explore the effect of telluric correction on the
helium signal, which overlaps with a telluric line, we choose
two other telluric lines: one slightly weaker, and one signifi-
cantly stronger. We show the 2D excess absorption spectrum
in the stellar frame (top) and the 1D excess absorption spec-
trum in the planetary frame (bottom), with the wavelengths
of the telluric lines marked in red; the bluer line is the weaker.
These plots are analogous to Figure 1 and Figure 3.

coincidental, but if not, they would only strengthen our

conclusion that the helium absorption is redshifted.

3.3. RM and CLV

The Rossiter-Mclaughlin (RM) effect and center-

to-limb variations (CLV) plague high-resolution tran-

sit spectroscopy of giant exoplanets. They introduce

pseudo-signals which can be a substantial portion of the

helium absorption signal for planets like HD 189733b

(Salz et al. 2018).

The RM effect occurs when the planet or its escaping

atmosphere blocks out a portion of the rotating stellar

disk. Because the portion it blocks out has a non-zero

rotational velocity, the star appears to experience a ra-

dial velocity change during the course of the transit.

Combining the radius and rotational period of TOI 560,

we calculate a rotational speed of 2.8 km/s. If escaping

atmosphere blocks 0.7% of the limb, an apparent radial

velocity shift of (0.7%)(2.8) = 0.02 km/s is created. To

estimate the effect this has on the excess absorption, we

multiply by the maximum derivative of the relative flux

in the vicinity of the helium line, dln(F )
dv = 0.02 km−1 s.

We obtain 0.04%, well below the average excess absorp-

tion of 0.7%, and below our noise.

The CLV effect occurs because line centers experience

different limb darkening from the continuum. Standard

stellar spectra libraries such as PHOENIX (Husser et al.

2013) and MARCS (Van Eck et al. 2017) do not model

the chromosphere, and therefore do not include the he-

lium line. Without knowing how the helium line depth

varies across the stellar surface, it is impossible to pre-

cisely model the CLV, but we can do an approximate

calculation. de Jager et al. (1966) reported that for the

Sun, the center (θ = 0◦) has a 10833Å line depth of

6% while the edge (θ = 70◦) has a line depth of 10%.

TOI 560 has a much deeper 10833Å line, at 30%. If

the center of the star has a line depth of 20% and the

edge has a depth of 40%, when the escaping atmosphere

blocks 1.7% of the center of the stellar disk, the stellar

pseudo-signal would increase the apparent helium signal

by (10%)(1.7%) = 0.17%. This is not negligible, but it

is a small fraction of the total signal. It is not possible

under any circumstances for the entire helium signal to

be due to CLV because the white light transit depth is

only 0.16%, far smaller than the measured helium signal.

4. THE STAR

4.1. Age

We estimate the star’s age with gyrochronology. The

star has a rotation period of 12.2 ± 0.3 d and a mass

of 0.71 ± 0.02M� (Barragán et al. 2021). It has a B-V

color of 1.112± 0.001, from the Hipparcos input catalog

(Turon et al. 1993). Using Schlaufman (2010), which re-

lates age to stellar mass and rotation period, we obtain

an age of 635 ± 40 Myr. Using Mamajek & Hillenbrand

(2008), which relates age to B-V color and rotation pe-

riod, we obtain 540 ± 80 Myr. The error bars for the

first estimate are purely statistical, with no model un-

certainty, while the error bars for the second estimate

include the statistical uncertainties of the model param-

eters.

4.2. X-ray observations

We analyzed the XMM data using the approach de-

scribed in Zhang et al. (2021b), which we summarize

here. We used xspec to fit a model consisting of two

components of optically thin, collisional plasma in equi-

librium. We also tried one and three components, but

found that two components minimizes the Bayesian In-

formation Criterion. We show the data and fitted model

in Figure 8, and list the corresponding model parame-

ters in Table 1. The model is a good fit to the data for
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Figure 8. Top: Best fit model spectrum from our XMM
EPIC observations of TOI 560. The total spectrum as ob-
served from Earth (black) is the sum of a low-temperature
component (APEC 1) and a high-temperature component
(APEC 2). Bottom: the data and the folded models,
which take into account the instrumental throughput and
line spread function.

all three EPIC detectors, and the fit parameters are con-

sistent with expectations for a moderately active star.

As discussed in Wood & Linsky (2010) and Zhang et al.

(2021b), coronal metallicities are often lower than the

equivalent photospheric metallicities.

From the model fits, we derive a 5–100 Å flux of 1.05±
0.06 × 10−13 erg/s/cm2. However, the star’s intrinsic

variability is likely to be much higher than the reported

precision for this flux measurement. Figure 9 shows the

light curve measured by the EPIC detectors during the

12 ks observation. As is typical for X-ray observations of

active stars, the light curve is variable at the 20% level

on kilosecond time scales.

4.3. Lyα and EUV

Table 1. Model parameters for XMM-Newton data

Parameter Value

Metallicity 0.60 ± 0.26

kT1 (keV) 0.25 ± 0.03

EM1 (cm−3) 7.3 ± 2.5 × 1050

kT2 (keV) 0.94 ± 0.13

EM2 (cm−3) 2.2 ± 0.7 × 1050

Flux∗ (erg/s/cm2) 1.05 ± 0.06 × 10−13

Note—∗Derived, not a fit parameter. For the range 5–100
Å (0.124–2.48 keV).
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Figure 9. Background-subtracted X-ray light curves of TOI
560, recorded by the three EPIC cameras.

The star’s extreme UV flux (roughly 100–912 Å) is

the predominant driver of photoevaporative mass loss.

Unfortunately, no EUV telescopes currently exist, and

strong interstellar absorption makes it difficult to accu-
rately measure EUV flux from even the closest stars.

To obtain the EUV spectrum, we use the scaling rela-

tions of Linsky et al. (2014), which give the EUV flux in

100 Å bins with respect to the Lyα flux. Unfortunately,

there are also no measurements of the star’s Lyα flux.

To compute the flux, we use Linsky et al. (2013), which

provides a scaling relation with respect to the rotation

period and another with respect to the X-ray flux, with

mean dispersions of 32% and 22%, respectively. For TOI

560, both scaling relations give the same Lyα flux: 18

erg s−1 cm−2 at 1 AU.

4.4. MUV

The 1230–2588 Å stellar flux (which we will call

“MUV”) ionizes triplet state helium, but does not con-

tribute to producing it because it cannot ionize hydro-

gen or helium. It therefore plays a crucial role in de-
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Figure 10. Fiducial stellar spectrum used in our mass loss
modeling. We bin the X-ray data for better visibility in this
figure. The errors associated with the spectrum are listed in
Table 2, and were computed using the methodology of Zhang
et al. (2021b).

termining the size of the metastable helium population.

To quantify the MUV luminosity, we observed the star

in two MUV filters using XMM-Newton’s Optical Mon-

itor. The Optical Monitor recorded a count rate of

0.654 ± 0.011 s−1 in the UVM2 filter and 0.565 ± 0.015

s−1 in the UVW2 filter. Correcting for the minor co-

incidence losses, we obtain count rates of 0.679 ± 0.011

s−1 and 0.585 ± 0.015 s−1, respectively.

As a starting point for the UV spectrum, we used a

PHOENIX model (Husser et al. 2013) for a star with

Teff = 4600 K, log(g)=4.5, and [M/H]=0. We then

rescaled this model to reflect the radius of the star, its

distance, and the effective areas of the filters as a func-

tion of wavelength, and used it to predict the count rate

in each filter. We obtain 0.41s−1 for UVM2 and 0.45s−1

for UVW2, substantially below the measured values. To
rectify the mismatch, we multiplied the PHOENIX UV

flux (1230–3500 Å) by a factor of 1.67, bringing the pre-

dicted count rates (0.677 and 0.586 s−1) into exact align-

ment with our measurements.

4.5. Reconstructed stellar spectrum

Table 2. Band-integrated fluxes

Band Wavelengths (Å) Flux at 1 AU (cgs)

X-ray 5 − 100 4.4 ± 2.2

EUV 100 − 912 14 ± 4

Lyα 1214 − 1217 18 ± 4

MUV 1230 − 2588 11 ± 2

Total 5 − 50, 000 2.47 ± 0.13 × 105

Figure 10 shows the reconstructed stellar spectrum,

while Table 2 lists the corresponding band-integrated

fluxes. The error bars on the band-integrated fluxes,

which are very approximate, are computed using the

methodology of Zhang et al. (2021b). We find that the

ratio of MUV to XUV (X-ray + EUV) flux for this star

is 0.6, which is relatively low. For the young solar ana-

logue HD 63433, this ratio is 63 (Zhang et al. 2021b). As

expected, K-type stars like TOI 560 have lower MUV-to-

XUV ratios than G stars (Oklopčić 2019). Low MUV-to-

XUV ratios are more favorable for helium observations

because the MUV flux destroys triplet helium while the

XUV flux, although capable of destroying triplet helium,

also ionizes hydrogen and helium. This creates the elec-

trons and ionized helium which then recombine to pro-

duce triplet state helium.

4.6. Stellar wind

The stellar wind shapes the planetary outflow by con-

fining it and pushing it away from the star, creating a

Coriolis force that can lead to the formation of a comet-

like tail. However, the density and speed of the solar

wind are highly variable with time, and there are few

observational constraints on winds from other stars. To

infer the stellar wind conditions, we rely on Wood et al.

(2005), which used astrospheric absorption to charac-

terize the mass loss rates of a handful of nearby stars.

This absorption occurs where the stellar wind collides

with the interstellar medium and charge exchange cre-

ates a population of hot neutral hydrogen, which then

absorbs the stellar Lyα emission line. In order to trans-

late a measured Lyα profile into a mass loss rate, one

must accurately model the intrinsic stellar Lyα emis-

sion, the population of energetic neutral atoms, and the

neutral hydrogen of the interstellar medium along the

line of sight, none of which are trivial problems. De-

spite these challenges, Wood et al. (2005) were able to

use their measured mass loss rates to derive a scaling

relation with the star’s X-ray flux. We use this relation

to obtain an estimated mass loss rate of 11 times solar

for TOI 560. We further assume that the wind speed is

comparable to that of the Sun (400 km/s), and use these

values for our fiducial 3D models described in §5.2.

The mass loss rate we derived is consistent with the

new data presented by Wood et al. (2021) (their Figure

10). However, the new data also shows that among the

7 GK dwarfs with an X-ray flux similar to TOI 560, the

range in inferred mass loss rate per unit surface area

is over 200x. This means it is unfortunately impossible

to predict the stellar mass loss rate to even an order of

magnitude with any confidence.

5. MODELING
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We model the outflow using two different hydrody-

namic codes: The PLUTO-CLOUDY Interface (TPCI),

a 1D code developed by Salz et al. (2015a); and Mi-

crothena, a 3D code developed by Wang & Dai (2018).

Both codes have been extensively used to study photo-

evaporation (e.g. Salz et al. 2015b, 2016; Kasper et al.

2020; Zhang et al. 2021a for TPCI; Wang & Dai 2020,

2021; Zhang et al. 2021b for Microthena). As we discuss

below, we view the 3D simulations as a more accurate

predictor of the observed helium signal during transit,

because photoevaporation is fundamentally a 3D prob-

lem. Different areas of the planet receive different stel-

lar irradiation levels, and the stellar wind cannot be ig-

nored for young and active stars. Nevertheless, we find

it useful to run both models for two reasons. First, 1D

models much simpler than TPCI are widely used to in-

terpret helium observations, most commonly variants of

the Parker wind model proposed by Oklopčić & Hirata

(2018) (e.g. Kasper et al. 2020). By running both 1D

and 3D models for TOI 560.01 and comparing their pre-

dictions, we can evaluate the magnitude of the error

introduced by assumptions of radial symmetry for this

planet. Second, there are aspects of the problem that

TPCI handles better than our 3D models, which must

use a simplified physics framework in order to remain

computationally tractable. In particular, Microthena

divides radiation into just seven energy bins and only

computes atomic line cooling from a small number of

species, while TPCI propagates the entire continuum

and computes line cooling from all neutral and ionized

species. We therefore take advantage of TPCI’s sophis-

ticated radiative transfer to explore the qualitative ef-

fects of increasing metallicity (up to 100× solar) on the

absorption signature. This is a topic that has been rel-

atively unexplored in the literature to date, but TOI

560.01’s small size and high bulk density mean that it

could easily host a metal-rich atmosphere.

5.1. 1D TPCI models

TPCI is a combination of two sophisticated and widely

used codes: the hydrodynamic solver PLUTO (Mignone

et al. 2007), and the plasma simulation and spectral syn-

thesis code CLOUDY (Ferland et al. 2013). CLOUDY

computes the equation of state and heating and cooling

rates and provides these to PLUTO; PLUTO evolves

the fluid using the Euler equations and provides the new

conditions to CLOUDY, restarting the cycle.

We set up the simulations following the methodol-

ogy of Zhang et al. (2021a), which in turn is based

on the methodology of Salz et al. (2015b). Briefly,

we set the lower boundary condition at a radius of

2.9 R⊕, a particle number density of 1014 cm−3, and

a pressure computed from the number density and a

pressure of P = nkBTeq = 10.2 dynes/cm2 (assuming

Teq = 740 K). The planetary mass is fixed at 9 M⊕,

derived from the mass-radius relation of Chen & Kip-

ping (2016) and consistent with the RV-measured mass

of 10.06+3.24
−2.98M⊕. The stellar spectrum is derived in Sec-

tion 4. In Zhang et al. (2021a), we did not include

any metals or molecules; here, we continue to neglect

molecules, but include metals with a solar abundance

greater than 10−5: C, N, O, Ne, Mg, Si, S, Fe. For

our four simulations, the abundances of these metals are

scaled from solar by a factor of 1, 10, 30, and 100, and

the mean molecular weight is adjusted accordingly. At

Z=1, hydrogen makes up 92% of the atoms, helium 8%,

and the metals less than 0.1%. By weight, the ratios are

74%, 25%, and 1.3%. At Z=100, even though the metals

comprise only 9% of the atoms, they comprise 57% of

the mass; hydrogen and helium are only 32% and 11%,

respectively. At this metallicity, hydrogen and helium

become minor species by mass.

We evolve each simulation for at least 100 time units

without advection, where 1 unit is approximately the

sound crossing time of Rp/(10 km/s). We then evolve

the simulation for at least 10 time units with advection

turned on (100 units for Z=1, 10, and 30), at which

point we perform a visual inspection to ensure conver-

gence has been reached. We use the conditions at the

last timestep to compute the helium absorption depth.

Since the outflow is 3D and we only simulate the sub-

stellar point, we must rescale the model predictions to

approximate the 3D geometry. Stone & Proga (2009)

showed that the mass loss rate is higher by a factor of 4

in the spherically symmetric simulation, and we there-

fore adopt this as our rescaling factor, as was done by

Salz et al. (2016). We implement the rescaling by di-

viding both the velocities and the densities by two, be-

cause this gives a helium line width comparable to the

observed width. Given that photoevaporation is inher-

ently a 3D process, there is no “right” way to obtain a

transit spectrum from a 1D simulation.

Figure 11 shows how the the resulting excess absorp-

tion spectrum varies as a function of metallicity, while

Table 3 list the mass loss rate, peak absorption, and

equivalent width of the absorption. Despite our rescal-

ing to account for 3D effects, we find that our 1D models

systematically overpredict the measured helium absorp-

tion signal, which peaks at 1.7%. The model with a

metallicity of 100× solar has the weakest predicted he-

lium absorption signal. However, Figure 11 shows that

the predicted helium absorption signal does not decrease

monotonically with increasing metallicity. In fact, the

helium signals for the 10× and 30× solar metallicity
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Figure 11. Excess absorption spectrum (top), triplet he-
lium number density (middle), and temperatures (bottom)
predicted by TPCI as a function of metallicity.

models are stronger than for the solar metallicity model.

The mass loss rate follows a similar pattern: we obtain

0.32, 0.42, 0.37, and 0.13 M⊕/Gyr for the 1×, 10×, 30×,

and 100× metallicities, respectively. The velocity at the

edge of our simulation (15 Rp) decreases with increasing

metallicity, from 29 km/s to 20 km/s, while the location

of the sonic point increases slightly with metallicity, with

a minimum value of 2.5 Rp at Z=1 and a maximum value

of 3.1 Rp at Z=100. The density is fairly similar: 50%

higher for Z=10 and 30 than for Z=1, 40% lower for

Z=100 than for Z=1.

While the density in the far regions is similar between

the 1× and 100× solar metallicity models, ne is 2.5×
lower in the 100× solar model, while nHeII is 6× lower.

Since triplet helium is primarily produced by recombi-

nation at a rate of nenHeIIα and destroyed by photoion-

ization, and the recombination coefficient α is a factor of
two lower in the higher metallicity case due to the higher

temperature (Pequignot et al. 1991), one would expect

the triplet helium density in the outer regions to be 30×
lower–in approximate agreement with the TPCI models.

We ascribe the low ne at high metallicity to the lower

mass density, and to the lower number of easily ioniz-

able electrons per unit mass. For example, if we define

easily ionizable as having an ionization energy smaller

than 54 eV (the second ionization energy of helium), hy-

drogen and helium have 1 easily ionizable electron per

amu, carbon has 0.25, neon has 0.1, and iron has 0.07.

The lower nHeII at high metallicity is due to a combi-

nation of helium being less abundant (11% by mass vs.

25%) and the second-ionized fraction being higher (77%

vs 56%), leaving fewer helium atoms in the singly ion-

ized state. The latter, in turn, is due to a combination

of ne being 2.5× lower, and the temperature-dependent

helium recombination coefficient being a factor of two

lower. In short, helium absorption drops dramatically

at high metallicities largely because metals begin dom-

inating hydrogen and helium by mass, but also due to

changes in heating and cooling rates.

The temperature profile is governed by the equation

of energy conservation (Murray-Clay et al. 2009):

ρv
∂

∂r

[ kT

(γ − 1)µ

]
=
kBTv

µ

∂ρ

∂r
+ Γ + Λ, (1)

where the left-hand term represents advection and the

three right-hand terms represent adiabatic cooling, ra-

diative heating, and radiative cooling. We plot all four

terms in Figure 13 for the Z=1 and Z=100 simulations.

At Z=1, adiabatic cooling is more important than ra-

diative cooling at nearly all radii; at Z=100, radiative

cooling is more important than adiabatic below 4 Rp.
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Figure 12. Top row: radiative cooling (left panel) and radiative heating (right panel) contributions for our 1D solar metallicity
TPCI model. Bottom row: cooling (left panel) and heating (right panel) contributions for our 100× solar metallicity TPCI
model. The labels are as provided by TPCI. For cooling, a label like O 3 5007.0 means the OIII line at 5007Å. For heating, a
label like O 3 means photoionization of OIII, while “line” refers to line heating. While hydrogen and helium are dominant in
both heating and cooling at Z=1, a variety of metals in a variety of ionization states dominate heating and cooling at Z=100.

We plot the radiative heating and cooling rates in Fig-

ure 12, which reveals a complex interplay between differ-

ent processes. In the solar metallicity model, cooling is

dominated by free-free emission below 1.6 Rp, hydrogen

line emission between 2 and 2.9 Rp, and recombination

after 3.5 Rp. Metal cooling still matters in this model–

Fe II compromises 30% of cooling from 1.6–2.0 Rp and

2.9–3.4 Rp, for example–but hydrogen is clearly the most

important coolant. As the metallicity increases, metals

become more and more prominent coolants. The cool-

ing in the 100× solar metallicity model is dominated

by a diverse array of metal lines, including Na I, Ca II,

Mg II, O III, and Fe VI, among many others. In the

solar metallicity model, the heating at radii beyond 1.3

Rp is dominated by a combination of photoionization of

HI, HeI, and (beyond 9 Rp) HeII; below 1.3 Rp, it is

dominated by a combination of line heating and pho-

toionization of metals like Si I. The same pattern holds

for the 10× solar metallicity model. At a metallicity

of 30× solar, HI photoionization is only the most sig-

nificant heating contribution from 1.9 to 4.5 Rp. At a

metallicity of 100× solar, it is only the most significant

contributor from 1.7 to 2.4 Rp, with a diverse array of

metals in various ionization states (like O II and Si I)

dominating at larger radii.

These changes in heating and cooling cause changes

in the temperature profile shown in Figure 11. In the

solar metallicity model, the temperature profile peaks

at 2.49Rp and 10,000 K, declining to 2800 K at 15Rp.

As the metallicity increases, the peak moves to lower
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Figure 13. Comparison of the four terms of the energy conservation equation (Equation 1). The advection term switches sign,
so we plot the absolute value. The oscillations in the Z=100 plot are numerical artifacts. The radiative heating and cooling
terms are further dissected in Figure 12.

temperatures and larger radii, while the temperature in

the outer regions increases. By the time the metallic-

ity reaches 100× solar, the temperature peak has be-

come more of an asymptote, as the temperature rises

to 8000 K at 6 Rp and then stays nearly constant be-

yond that point. Consistent with this behavior, the total

non-adiabatic cooling is significantly lower than the to-

tal heating in the solar metallicity model, but the two

become comparable in the outer regions (> 6Rp) in the

highest metallicity model.

5.2. 3D Microthena hydrodynamic models

Our 3D models utilize the approach outlined in Wang

& Dai (2018), Wang & Dai (2020), and Zhang et al.

(2021b), which combines ray-tracing radiative transfer,

real-time non-equilibrium thermochemistry, and hydro-

dynamics based on the higher-order Godunov method

code Athena++ (Stone et al. 2020). As in Zhang et al.

(2021b), we perform radiative transfer by dividing pho-

tons into seven energy bins for the ray-tracing calcula-

tion: 1.4, 7, 12, 16, 47, 300, and 3000 eV, meant to rep-

resent IR/optical/NUV, FUV, Lyman-Werner photons

(which photodissociate molecular hydrogen), soft EUV,

hard EUV, soft X-rays, and hard X-rays respectively.

We first run the model for the fiducial parameters:

a planet mass of 9 M⊕ (consistent with the RV mass

and mass-radius relation) and radius 2.9 R⊕, the stel-

lar spectrum derived in Section 4.5, a solar metallic-

ity atmosphere, and a stellar wind with a solar velocity

(400 km/s) and an 11× solar mass loss rate (see Section

4.6). We then selectively vary every parameter except

the planet mass in an attempt to find a best fit model.

Microthena takes about one day to run a model on a

GPU cluster, so running more than a handful of models

is infeasible.

The top panel of Figure 14 shows the predicted ab-

sorption from the fiducial model with respect to time

and wavelength, while the bottom panel compares the

predicted average in-transit excess absorption spectrum

to the observations. This fiducial model significantly

over-predicts the observed signal, with a predicted peak

three times higher than the measured value. The model

absorption peak is also blueshifted by 15 km/s, while

the measured peak is redshifted by ∼4 km/s. Lastly, the

fiducial model outflow contains two components, while

the observed signal appears to be unimodal. It is partic-

ularly difficult to explain the large discrepancy between

the predicted and measured peak locations, as velocity

blueshifts are a near-universal feature of all 3D outflow
models (Wang & Dai 2018; Wang & Dai 2020). If this

15 km/s discrepancy between model and data is due

to a non-zero orbital eccentricity, it would be in severe

tension with the radial velocity data, which indicates

the planet is moving toward us at 7.4+9.3
−7.0 km/s at mid-

transit–that is, in the wrong direction. Interestingly,

while the amplitude of the simulated signal is much

too big, the band-integrated light curve has a similar

shape to the observed light curve (see Figure 2). Both

model and data exhibit a slow increase in absorption

from ingress to 0.5 h past the white light mid-transit,

followed by a fast decrease.

The poor match between the fiducial model and the

data prompted us to try different combinations of metal-

licity, stellar wind speed, and stellar wind density. Fig-

ure 14 shows the excess absorption spectrum of the dif-

ferent models we tried, compared to each other and to
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Figure 14. Excess absorption as a function of wavelength
and time, as predicted by the fiducial model (top) and the
best-fit model (middle). The fiducial model uses our best
guess for all parameters, while the best-fit model has a higher
stellar wind speed of 500 km/s (versus the fiducial 400 km/s),
a higher metallicity (10× solar versus the fiducial 1× solar),
and 1/3 the fiducial stellar EUV flux. Bottom: average in-
transit excess absorption predicted by all Microthena models
we tried, compared to data.

the data, while Table 3 reports their mass loss rates,

peak absorption, and equivalent width of the absorp-

tion. The qualitative behavior of the model when the

metallicity is increased is very similar to the behavior

of TPCI: the strength of helium absorption is similar

at Z=1, 10, and 30, but substantially lower at Z=100.

In both models, absorption changes non-monotonically

with metallicity, reaching its peak at Z=10. The 3D

models reveal that metallicity only marginally affects

the blueshift. In addition to increasing the metallicity,

we tried halving the stellar wind density, which resulted

in broader but slightly less blueshifted absorption with

a slightly lower (by ∼30%) peak. We also tried halv-

ing the stellar wind speed, which marginally decreased

the absorption peak and equivalent width, but decreased

the blueshift by 10 km/s. For all of these models, the

mass loss rate remains remarkably similar: it decreases

slightly with metallicity, from 0.12 M⊕/Gyr at Z=1 to

0.086 M⊕/Gyr at Z=100, but the fiducial, 0.5ρ∗, and

0.5v∗ models have mass loss rates within several percent

of each other.

Because all of the models that assume the fiducial stel-

lar spectrum substantially overpredict the observed ab-

sorption, we also tried rescaling the input EUV flux.

Since the outflow is driven largely by EUV heating, and

triplet helium is mostly produced by EUV-driven pho-

toionization followed by recombination of electrons with

helium, lowering the EUV flux should lower the cor-

responding absorption signal. In the end, the model

we found that best matches the observations (labelled

“Best” in all the plots) has 1/3 the nominal EUV, a

stellar wind with a speed of 500 km/s, and a metallicity

of 10x. As a result of the low EUV flux, the mass loss

rate is 1/3 fiducial (Table 3); as a result of the low mass

loss rate and the higher stellar wind speed, the outflow

is more confined. In the middle and lower panels of Fig-

ure 14, we show results for this best fitting model. This

model is a much better match to the amplitude of the

observed absorption signal and the corresponding tran-

sit light curve, although the predicted absorption signal

is still bluer than the observed, and stronger in both the

peak and the equivalent width.

Figure 15 shows the neutral hydrogen number density,

triplet helium number density, and temperature in the

orbital plane for the fiducial and the best-fit models.

Both models exhibit a cometary tail, which is caused

by the dense and fast stellar wind pushing the outflow

away from the star. The tail is angled partly because of

the planetary orbital velocity, and partly because of the

Coriolis force. In both models, the stellar wind is strong

enough to prevent the planetary outflow from becom-

ing supersonic at many locations, making it possible for
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Figure 15. Neutral hydrogen number density (left), triplet helium density (middle), and temperature (right) from the time-
averaged (over the last ∼ 10 kinematic timescales) fiducial (top) and best-fit (bottom) 3D models. The star is toward the left,
and orbital motion is upwards. These plots show the profiles in the orbital plane. The white lines are the streamlines, while the
dashed black lines represent the inner sonic surface.

interplanetary conditions to affect the launching of the

wind. As expected, the “best” model has a substantially

more confined outflow.

5.3. Order-of-magnitude empirical estimate of mass

loss rate

By making a few assumptions, we can use the equiv-

alent width of the helium signal to obtain a decent es-

timate for the mass of metastable helium in the outflow

and an order-of-magnitude calculation of the mass loss

rate. The first assumption we make is that helium ab-

sorption from most of the planetary outflow is optically

thin. This is supported by the fact that we do not see

the secondary peak at 10832 Å, which is 1/8 the height

of the primary peak in the optically thin regime, but

higher when the primary peak becomes optically thick.

The optical thinness assumption tends to cause us to

underestimate the mass loss rate.

The optical depth from the star to the observer is:

τ(λ) = NσλP (λ), (2)
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Table 3. Summary of Model Predictions

Dim Model Ṁ (M⊕/Gyr) Peak (%) EW (mÅ)

1 Z=1 0.32 4.3 39.6

1 Z=10 0.42 6.1 47.0

1 Z=30 0.37 5.1 35.0

1 Z=100 0.13 1.7 9.6

3 Fiducial 0.12 2.5 23.3

3 Z=10 0.11 2.6 23.0

3 Z=30 0.10 2.3 19.7

3 Z=100 0.086 1.7 12.5

3 0.5ρ∗ 0.12 1.9 22.3

3 0.5v∗ 0.12 2.3 20.5

3 Best 0.041 0.9 11.4

3 Data ? 0.68 ± 0.08 7.0 ± 0.4

where N is the column density, σλ ≡ (πe2glfl)/(mec
2),

and P (λ) is the line profile (
∫ +∞
−∞ P (λ)dλ = 1). Integrat-

ing 1−e−τ over λ, and assuming the optically thin limit

(where 1 − e−τ ≈ τ), we obtain the standard equation

for the equivalent width:

Wλ = Nσλ (3)

We can perform another integration over the cross-

sectional area of the star, which turns the column den-

sity N into the total number of metastable helium atoms,

N’. We then divide each side by the cross-sectional area,

so that the left hand side becomes the average equiva-

lent width across the star–the number measured by our

observations:

∫∫
WλdS =

∫∫
NσλdS (4)∫∫

WλdS∫∫
dS

= N ′σλ (5)

Wavg =
N ′σλ
πR2
∗

(6)

N ′ =
R2
∗mec

2

e2glflλ2
0

Wavg (7)

= 8 × 1031 (8)

mHe∗ = 5 × 108g, (9)

where we combined glfl for the two lines at 10833 Å. 5×
108 g is 500 tons–a remarkably small amount of material

to be detectable at interstellar distances. This is the

most secure part of our estimate.

Next, we convert the mass of metastable helium to to-

tal mass, by assuming that metastable helium comprises

10−6 of helium nuclei, and that helium is 25% of total

mass. 10−6 is roughly the ratio we find in our 3D sim-

ulations from 2–5 Rp, as well as the ratio we find from

2–10 Rp for HD 63433 b/c (Zhang et al. 2021b). We

obtain mtot = 2 × 1015 g.

Finally, we estimate the replenishment lifetime of the

metastable helium atoms: how long do they take to cross

the stellar disk and stop being observable? We calculate

τ = R∗/cs = 50, 000 s, adopting 10 km/s for the sound

speed cs. The mass loss rate is then mtot/τ = 4 ×
1010g/s = 0.22M⊕/Gyr.

This estimate should not be considered accurate to

more than an order of magnitude, but it is reassuring

that our empirical estimate is of the same order of mag-

nitude as that of the simulations (Table 3).

6. DISCUSSION

The fiducial versions of both our TPCI (1D) and Mi-

crothena (3D) models predict helium absorption many

times stronger than observed. For the same input pa-

rameters, the helium absorption predicted by TPCI is

much higher than that predicted by Microthena (4.3%

vs. 2.5%). The 3D structure, which TPCI cannot

model, determines the shape of the helium absorption

signal in both wavelength and time. Though the pre-

dicted helium signal is too large, the predicted mass

loss rates in Table 3 are all reasonable. We assume a

2% hydrogen/helium envelope, which is consistent with

the planet’s radius, mass, and equilibrium temperature

assuming a rocky core (Zeng & Seager 2008). The mass

loss timescales predicted by Microthena would then

range from 1.6–2.4 Gyr, and those predicted by TPCI

would range from 0.4–1.6 Gyr. All of these timescales

are comparable to the planet age, which is high enough

that the planet has likely lost a substantial portion of

its primordial envelope, but low enough that it is not

surprising the planet still has an envelope.

We next consider whether there might be additional

modifications to the 3D Microthena models that could

better match the amplitude of the observed signal while

also reducing the size of the predicted blueshift. We

could increase the stellar wind speed by a larger amount,

which would eventually succeed in suppressing the mass

loss rate (Murray-Clay et al. 2009), but this would also

increase the magnitude of the predicted blueshift. If we

instead decreased the EUV flux by a larger factor than

3x, it would also decrease the helium signal strength,

but our X-ray observations strongly disfavor this sce-

nario. The scaling relations from Linsky et al. (2014)

that we used to estimate the EUV spectrum have a dis-

persion about the fit line of 20–37% for F5–K5 stars,

which seems to make a 3x error implausible, but the re-

lations are based on the Lyα flux, which we have not
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measured for TOI 560 and must infer from the X-ray

flux and the stellar rotation rate. In addition, the dis-

persion might be smaller for young stars only than for

all stars. The X-ray and MUV (1230–2588 Å) fluxes are

even better known because they were directly measured

by XMM-Newton within weeks of both Keck observa-

tions. A substantially larger planetary mass (e.g. 16

M⊕) could also suppress the signal, but would be in

tension with both the RV measurements and the mass-

radius relation of Chen & Kipping (2016). This mass-

radius relation is derived primarily from observations

of mature planets; since young planets are expected to

be more inflated, it provides a conservative upper limit

on the likely mass of this planet. Finally, the redshift

would be more consistent with the models if we assumed

a much weaker wind, in which case there would be a sig-

nificant up-orbit stream launched from the dayside, as

seen in the 3D hydrodynamic simulations by McCann

et al. (2019). This is scenario favored by Czesla et al.

(2021) for the redshift they observe from HAT-P-32b;

however, their helium signal also shows pre-ingress ab-

sorption, which ours does not.

Our 1D TPCI models demonstrate that increasing the

metallicity beyond 10× solar gives rise to a rich tapestry

of radiative phenomena, which in turn results in signifi-

cant changes to the structure of the outflow and a reduc-

tion in the predicted helium absorption strength. Our

3D models show a qualitatively similar pattern. It is

clear, however, that further work is required in order to

better address some of the limitations of our models for

describing metal-rich atmospheres. For example, both

codes are potentially inaccurate at high metallicities be-

cause they use the escape probability formalism for ra-

diative transfer, instead of performing radiative transfer

completely correctly. The 3D Microthena model only ac-

counts for line cooling from O, S, Si, O+, S+, and Si+,

whereas our TPCI models predict that there is a much

broader array of elements and ionization states that are

important for both heating and cooling at high metal-

licities (Figure 12). In addition, while the 3D model

divides all radiation into 7 bins, TPCI uses the incident

spectrum at the resolution provided (Figure 10); this

likely has a significant impact on the predicted thermal

structure of the outflow.

In addition to ensuring correct behavior of the model

at high metallicities, future studies of metal-rich out-

flows should also vary the assumed elemental ratios (e.g.,

C/O) to reflect the diverse array of possible atmospheric

compositions for sub-Neptune-sized exoplanets. Con-

densation of species like NaCl, MgSiO4, and TiO in the

deep atmosphere could also further alter the composi-

tion of the outflow in ways that may be detectable in

future observations.

The parameter space exploration we undertook as-

sumes that the observed outflow is in a steady state.

However, there is some tentative evidence for variability

in our data: on the second night, the absorption dur-

ing the portion of transit we could observe was slightly

stronger and slightly bluer than on the first night. This

effect is only marginally significant (2-3σ), and could be

explained by a combination of statistical fluctuations,

underestimated errors, stellar variability, and unknown

instrumental systematics. However, our 3D simulations

show that stellar wind conditions have a significant im-

pact on the absorption signal, so it is by no means im-

plausible that variations in the stellar wind could lead

to variations in the outflow properties. During the 2008

solar minimum, for example, the solar wind number

density regularly fluctuated by a factor of two over a

timescale of days, with dozens of upward spikes corre-

sponding to increases of more than a factor of five (Lei

et al. 2011). The solar wind velocity during this period

regularly fluctuated between 400 and 600 km/s, again on

a timescale of days. TOI 560 is younger, less massive,

and more active than the Sun, and we do not know where

it was in its activity cycle during our observations. It

is therefore possible that TOI 560’s stellar wind may be

more variable than that of the Sun, and that the stellar

wind conditions during the two transits were apprecia-

bly different. Our 3D simulations show that decreasing

the stellar wind density by a factor of two decreases the

absorption peak by ∼30%, while decreasing the wind

speed by a factor of two decreases the blueshift by ∼ 10

km/s. This level of variation is similar to the magnitude

of the observed variability between the two nights.

Another effect that neither TPCI nor Microthena ac-

counts for is magnetic fields. Using the same method-

ology as Zhang et al. (2021a), which is itself based on

Owen & Adams (2014), we can estimate the significance

of magnetic fields by comparing the magnetic pressure

PB = B2/(8π) to the ram pressure Pram = Ṁv/(8πr2).

At 3.6 Rp, roughly the position of the helium line pho-

tosphere, our Microthena models predict a typical wind

speed of 7 km/s. As discussed in Zhang et al. (2021a),

the slow rotation of a tidally locked planet (the tidal

circulation timescale is 1200 yr, assuming Q=100) gives

rise to a weak magnetic field, which does not signifi-

cantly affect the outflow (Pram/PB = 64 at 3.6 Rp).

However, the interplanetary magnetic field can plausi-

bly have a significant effect on the outflow. Based on

the scaling relation between surface magnetic field and

stellar age in Vidotto et al. (2014), we calculate an in-

terplanetary magnetic field of 0.025 G at the position of
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TOI 560.01, which leads to Pram/PB = 1.1 at 3.6 Rp.

Finally, we emphasize that these are order-of-magnitude

calculations with uncertainties of at least a factor of a

few in all quantities: interplanetary magnetic fields, stel-

lar activity cycles, and planetary magnetic fields are all

very poorly understood for extrasolar systems.

7. CONCLUSION

We observed two transits of TOI 560.01 using

Keck/NIRSPEC and detected a strong helium absorp-

tion signal during each transit. The observed signal

shows a number of intriguing features, including a slow

rise in absorption accompanied by a fast decline, a slight

redshift, and tentative evidence of variability between

the two transits, with the signal being stronger and bluer

on the second night at 2-3σ significance. TOI 560.01

is the first mini Neptune with a helium detection. Its

size and youth place it in the critical regime where mini

Neptunes transition into super Earths, giving rise to the

radius gap and dramatically shaping exoplanet demo-

graphics.

We applied the 1D code TPCI and the 3D code Mi-

crothena to model the outflow. We found it difficult

to match the low magnitude of the observed absorption

level and the moderate redshift with a solar metallic-

ity planetary atmosphere. Increasing the metallicity to

Z=100 suppresses the helium absorption signal in both

TPCI and Microthena, but in both models, intermediate

metallicities do not. However, neither code is very well

suited to modeling high metallicity atmospheres. This

problem is more acute for Microthena, which uses a sim-

plified radiative transfer model and includes a limited

number of atomic coolants. Further work will be neces-

sary to confirm whether a high metallicity atmosphere

is a good explanation for the data, and if so, whether it

is the only plausible explanation.

As a low mass mini Neptune around a nearby K star,

TOI 560.01 is a favorable target for atmospheric char-

acterization. In this paper, we measure the planet’s he-

lium absorption, but its Lyα absorption may also be

observable with HST/STIS. If so, it will provide com-

plementary insight into the escaping atmosphere: due to

the strength of the Lyα line and the strong interstellar

absorption, which wipes out the core, Lyα traces ener-

getic hydrogen atoms in the tenuous outer regions of the

outflow. JWST could also reveal important insights into

the outflow by measuring the composition and thermal

structure of the deeper atmosphere, which, aside from

being scientifically valuable in its own right, will drasti-

cally shrink the parameter space of inputs that models

can assume.

Finally, TOI 560 is a two planet system, and TOI

560.02 is also a transiting mini Neptune. This makes the

system an excellent test for mass loss models. The two

planets share the same contemporary X-ray/EUV envi-

ronment, and the same irradiation history. In addition,

planets of similar size located in adjacent orbits might

be expected to have largely similar formation and/or mi-

gration histories, and therefore it is reasonable to expect

that their primordial atmospheric compositions would

be quite similar. This is supported by observational

studies of the masses and radii of multi-planet systems

in the Kepler sample, which suggest that planets in the

same system tend to have similar masses and radii (the

‘peas in a pod’ theory; Weiss et al. 2018).

Software: numpy (van der Walt et al. 2011),

scipy (Virtanen et al. 2020), matplotlib

(Hunter 2007), dynesty (Speagle 2020), SAS
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