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Abstract

The evolution of magnetism in late-type dwarfs remains murky, as we can only weakly predict levels of activity for
M dwarfs of a given mass and age. We report results from our spectroscopic survey of M dwarfs in the Southern
Continuous Viewing Zone (CVZ) of the Transiting Exoplanet Survey Satellite (TESS). As the TESS CVZs overlap
with those of the James Webb Space Telescope, our targets constitute a legacy sample for studies of nearby M
dwarfs. For 122 stars, we obtained at least one R = 2000 optical spectrum with which we measure chromospheric
Ha emission, a proxy for magnetic field strength. The fraction of active stars is consistent with what is expected for
field M dwarfs; as in previous studies, we find that late-type M dwarfs remain active for longer than their early-type
counterparts. While the TESS light curves for ~20% of our targets show modulations consistent with rotation,
TESS systematics are not well enough understood for confident measurements of rotation periods (Prm) longer than
half the length of an observing sector. We report periods for 12 stars for which we measure P, < 15 days or find
confirmation for the TESS-derived P, in the literature. Our sample of 21 P,,, which includes perlods from the
literature, is consistent with our targets being spun-down field stars. Finally, we examine the Ha-to-bolometric
luminosity distribution for our sample. Two stars are rotating fast enough to be magnetically saturated, but are not,
hinting at the possibility that fast rotators may appear inactive in Ho.

Unified Astronomy Thesaurus concepts: Low mass stars (2050); Stellar activity (1580); Stellar rotation (1629)

Supporting material: figure sets, machine-readable table

1. Introduction

M dwarfs are the most promising targets for searches of
Earth-sized transiting exoplanets. Not only are the photometric
signals for a given planet size larger than around, for example,
a solar-like star, but transits of planets in the stellar habitable
zone are more likely and more frequent (Gould et al. 2003).
Furthermore, based on results from the Kepler mission
(Borucki et al. 2010), such relatively close-orbiting planets
are very common around M dwarfs (Dressing & Charbonneau
2015; Muirhead et al. 2015).

Striking examples of Earth-sized planets found orbiting late-
type dwarfs by recent surveys include the seven orbiting the
M8 star TRAPPIST-1 (Gillon et al. 2017) and the 1.32 R
planet transiting LHS 3844, another M dwarf (Vanderspek
et al. 2019), found in data from the first month of observations
by the Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015). To constrain the evolution and habitability of these
planets, however, we need to understand the magnetic activity
of their parent stars today and in the past.
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For example, Garraffo et al. (2017) and Vida et al. (2017)
found that flaring and winds from TRAPPIST-1, by potentially
stripping the atmospheres of its planets, may have made these
planets unsuitable for the development of life. By contrast,
Glazier et al. (2020) argued that the flare rate in TRAPPIST-1
is insufficient to catalyze the chemical pathways thought to be
required for ribonucleic acid synthesis, a key step in the
chemical history of Earth. More generally, the flare duty cycle
is an example of stellar magnetic activity we need to
understand, as it is thought to play a critical role in the
stability and/or depletion of Earth-like atmospheres around old
M dwarfs (Tilley et al. 2019; France et al. 2020).

The activity—rotation relation is a powerful tool for exploring
the magnetic behavior of late-type stars. In these stars, the
Ha luminosity (Ly,), produced by magnetic heating of the
chromosphere, increases as a fraction of its bolometric
luminosity (Lyo) With faster rotation. But this is true only up
to a threshold velocity: stars rotating faster than this velocity
show no further increase in activity levels (Noyes et al. 1984),
and are said to be magnetically saturated. Several theories have
been advanced to explain this behavior, including changes in
the magnetic dynamo (e.g., Collier Cameron & Jianke 1994) or
in the topology of the magnetic field (e.g., Garraffo et al. 2015).
Crucially, however, the exact mechanism driving the activity—
rotation relation remains unknown, whether in the saturated or
in the unsaturated regime.
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The activity—rotation relation has been studied with samples
encompassing a large range of stellar masses and rotational
velocities (e.g., Delfosse et al. 1998; Jackson & Jeffries 2010;
Douglas et al. 2014; Nufiez et al. 2015; Newton et al. 2017). It
remains challenging, however, to characterize this relation in
the case of slower, less active rotators. Many studies focus on
the stars in nearby, generally young (<1 Gyr) open clusters
(e.g., the =150 Myr old NGC 2516 or the ~700 Myr old
Hyades and Praesepe; Jackson & Jeffries 2010; Douglas et al.
2019; Rampalli et al. 2021), where the periods are
typically < 20-25 days and the later-type stars tend to have
strong Ha emission. The field dwarfs we need to fill in our
picture of the activity—rotation relation, in the regime that
applies to planet hosts such as TRAPPIST-1, are presumably
older and slower, with rotation periods that are more
challenging to measure because of the long-baseline photo-
metric observations required. TESS data are an unparalleled
opportunity to obtain P, for these older, slow-rotating low-
mass stars that are more representative of the overall Galactic
population. TESS has a higher sensitivity to the redder spectra
of later-type stars than its predecessor Kepler/K2 (Basri et al.
2005; Ricker et al. 2015). In addition, TESS spent its first year
(2018 July—2019 July) monitoring the southern ecliptic pole
Continuous Viewing Zone (CVZ) for 351 days, and has since
then returned to observing the southern hemisphere. While it is
currently challenging to confidently measure P, longer than
~15 days from TESS light curves alone, eventually it should be
possible to use the resulting photometry, whether on its own or
with that from other surveys (e.g., the Zwicky Transient
Facility in the north; Bellm et al. 2019) to reliably measure very
long periods for TESS targets.

We have conducted a spectroscopic survey of 125 M dwarfs
within 80 pc and located in the southern CVZ, obtaining at least
one optical spectrum with which to measure the Ha line
strength for 122 of these stars. Gunning et al. (2014) found that
the scatter in Ho measurements for a group of field mid-M
dwarfs was comparable to the full range of Ho measurements
exhibited by a single star. This implies that measuring Ha only
once may not capture the characteristic activity level of a single
star, and that it is important to make multiple measurements to
understand more fully the uncertainty on any individual
measurement. We therefore obtained more than one spectrum
for almost two-thirds of our stars, and 50% have at least four
spectra. As the TESS CVZs overlap with, e.g., the CVZs for
the James Webb Space Telescope, our targets constitute a
legacy sample for anyone interested in the properties of nearby
field M dwarfs and/or of their exoplanets.

In Section 2, we describe the spectroscopic and photometric
data for our sample of M dwarfs. In Section 3, we describe our
Ha and rotation-related measurements, from which we derive
Lyo/Lyo values and Rossby numbers for our stars. In
Section 4, we present our main results, Ha equivalent-width
measurements as a function of spectral type, and Ly, /Ly as a
function of Rossby number, for our targets. In Section 5, we
summarize our results and conclude.

2. Sample Assembly, Spectroscopy, and Light Curves
2.1. Assembling our Sample

We used the TESS input catalog, version 8 (TICv8; Stassun
et al. 2019) to build our volume-limited sample of late-type
dwarfs. First, we selected stars with masses <0.8 M, within
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Figure 1. Gaia CMD showing our targets (blue circles: RUWE < 1.2; orange
triangles: RUWE > 1.2) with, for comparison, 32,000 cool dwarfs in the TESS
southern CVZ from the Stassun et al. (2019) catalog (gray dots).

100 pc, and located within 12° of the southern ecliptic pole. For
this selection, we used the stellar masses and distances given by
Stassun et al. (2019) in their specially curated “Cool Dwarf”
list. The lowest-mass object selected in this manner has a mass
of 0.13 M. Next, we searched for Gaia Early Data Release 3
(EDR3; Gaia Collaboration et al. 2021) counterparts to stars in
this sample. We then adopted the EDR3-based distances of
Bailer-Jones et al. (2021) for the stars and, with these updated
distances, recalculated their masses, using the Mann et al.
(2019) mass—absolute K-magnitude (My) relation (as did
Stassun et al. 2019), which is valid for My between 4 and
10 mag. Finally, we selected all dwarfs from our initial sample
with recalculated masses < 0.6 M, and within 80 pc.

The resulting catalog contains 125 dwarfs with masses
between 0.11 and 0.60 M. Figure 1 shows a Gaia EDR3
color—magnitude diagram (CMD) for our stars, with a selection
of stars in the southern CVZ cataloged by Stassun et al. (2019)
included for reference.

Figure 2 gives the distance (top panel) and mass (bottom
panel) distribution of our sample. Table 1 describes the 26
columns in our catalog, available in full online.

Stassun et al. (2019) did not attempt to identify potential
binaries in the TICvS, and instead treated all objects as single
stars when determining their properties. However, identifying
these systems in our sample is essential, as members of binary
and higher-order systems can have very different evolutionary
histories that result in shorter P (e.g., Meibom et al. 2007;
Douglas et al. 2017) and potentially higher levels of Ha
activity than single stars of the same mass and age.

To help us identify potential binaries and higher-order
systems, we used the Gaia EDR3 renormalized unit weight
error (RUWE). The RUWE is a goodness-of-fit measure of the
single-star model fit to the source’s astrometry. When a star has
a RUWE > 1.2, there is a strong likelihood it has a companion,
and the system is usually an unresolved binary (e.g.,
Jorissen 2019; Belokurov et al. 2020). The Gaia spatial
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Figure 2. Our field dwarf sample, binned by distance (top panel) and stellar
mass (bottom). The fraction of stars with spectra is shown in blue, that with
both spectra and P, measurements in red, and that with neither in gray.

resolving limit of ~0”7 (Ziegler et al. 2018) corresponds to a
semimajor axis a ~ 6 au for the nearest candidate binary in our
sample, and =54 au for the farthest. Stars in our sample with
RUWE > 1.2 are indeed likely to be binaries with small enough
separations for their components to have affected each other’s
protoplanetary disks in the first 10 Myr of their lifetimes
(Rebull et al. 2006; Meibom et al. 2007; Kraus et al. 2016;
Messina et al. 2017). This underlines the need to consider the
observed properties of these stars separately from those of the
likely single stars in our sample.” We include the RUWE for
each star in our sample in Table 1. Fifty stars (40% of our
sample) have RUWE > 1.2, and we flag these in Figure 1 and
in our later analysis.

2.2. Optical Spectroscopy

We obtained our spectroscopic data primarily through
observations with the Goodman High-Throughput Spectro-
graph (Goodman; Clemens et al. 2004) on the Southern
Astrophysical Research (SOAR) 4.1 m telescope and the
Gemini Multi-Object Spectrograph (GMOS; Gimeno et al.
2016) on the Gemini-South 8.1 m telescope, both located on
Cerro Pachoén, Chile. The bulk of our observations took
place in early 2019, with additional data obtained at both
observatories through early 2020 (see Table 2). We

° In Figure 1, there are a handful of stars in our sample that appear brighter

than stars of the same color but that do not have RUWE > 1.2. We believe that
these are nonetheless likely binaries, as the RUWE does not capture all
binaries, and our stars are on the whole older, field stars, and therefore unlikely
to be, e.g., young single stars that are overluminous due to their inflated radii.
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Table 1
Properties of M Dwarfs in the Southern CVZ
Column Description
1 2MASS designation
2 Gaia EDR3 designation
3,4 Epoch J2000 R.A. and decl.
5,6 Distance and 1o uncertainty
7,8 K-band magnitude and 1o uncertainty
9, 10 r’-band magnitude and 1o uncertainty
11 Source of r’ magnitude®
12, 13 Gaia G-band magnitude and 1o uncertainty
14, 15 Gaia Ggp-band magnitude and 1o uncertainty
16 Gaia RUWE
17 Number of spectra
18, 19 EW and 1o uncertainty of the Ha line
20 Quiescent absorption EW
21 Rotation period P,
22 Source of Pro”
23 Stellar mass
24 Convective turnover time 7
25, 26 Ratio x of the continuum-to-bolometric flux
near the Ha line, and 1o uncertainty
Notes.

% APASS: APASS DRY Survey; DMO09: Derived from the V-(J — K)—r'
relation in Dymock & Miles (2009).

® AD17: Derived from the log(R{ix)—Pro relation in Astudillo-Defru et al.
(2017); Evryscope: the Evryscope (Ratzloff et al. 2019); ME: the MEarth
Project (Berta et al. 2012); TESS: TESS.

(This table is available in its entirety in machine-readable form.)

Table 2
SOAR and Gemini Observations

UT Date Instrument # of Spectra
2019 Jan 10 Goodman 11
2019 Feb 4 Goodman 29
2019 Feb 16-17 Goodman 98
2019 Feb 24 Goodman 20
2019 Mar 8-9 Goodman 79
2019 Apr 21 Goodman 27
2019 May 10 Goodman 4
2020 Jan 5-7 Goodman 92
2020 Jan 14 Goodman 50
2019 Jan—-May GMOS 54
2019 Jul-2020 Mar GMOS 26
Total 490

Note. SOAR observations were obtained in part through programs LNA/
SOAR S0O2019A-014 (42 hr; 93% completed) and SO2019B-015 (24 hr; 92%
completed); PI: do Nascimento. Gemini observations were obtained through
Band 3 programs GS-2019A-Q-319 (20 hours; 100% completed) and GS-
2019B-Q-301 (17.18 hr; 42% completed); PI: Agiieros.

complemented these data with archival European Southern
Observatory (ESO) spectra for eight of our targets.

Figure 2 shows our spectroscopic coverage. We have at least
one spectrum for 122 of our targets, and a total of 551 spectra,
which we use to characterize Ho emission in these stars, as
discussed in Section 3.2. Five sample spectra for our stars are
shown in Figure 3. As can be seen in these examples, the
spectra reveal a variety of Ha emission levels in our target M
dwarfs.
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2.2.1. SOAR and Gemini Data

At SOAR, we used the red camera with its 400 £//mm grating
with the GG455 long-pass filter, 1 x 2 binning, and the 175
long slit. This configuration provided a wavelength coverage
over 5000-9050 A with a maximum resolving power of
R~ 1850. We processed the spectra with the Goodman data-
reduction pipeline (Torres-Robledo et al. 2020),'° which is
designed to extract and wavelength-calibrate the spectra before
doing the cosmic-ray removal and flux calibration. The
resulting spectra have a signal-to-noise ratio (S/N) per pixel
between 10 and 1000 at 6563 A. We have a total of 410
Goodman spectra for 80 stars.

At Gemini-South, we used the 400 ¢//mm grating with the
GG455 long-pass filter, 1 x 2 binning, and a 1”5 inner slit.
This configuration gave us a wavelength coverage over
4500-9000 A with R ~2000. We ?rocessed the spectra using
the Gemini IRAF package v1.14'" and followed the GMOS
Data Reduction Cookbook'? to reduce long-slit spectra. The
resulting spectra have a S/N between 10 and 500 at 6563 A.
We have a total of 80 GMOS spectra for 78 stars. Thirty-six
stars have both Goodman and GMOS spectra.

2.2.2. Archival ESO Data

We retrieved 61 reduced spectra for eight stars in our sample
from the ESO Science Archive.'? These spectra were obtained
with the High Accuracy Radial velocity Planet Searcher
(HARPS; Mayor et al. 2003), a high-resolution echelle
spectrograph, on the 3.6 m ESO telescope, La Silla, Chile,
between 2003 December and 2020 March as part of eight
different scientific programs. For all of these stars, we also have
a Goodman or GMOS spectrum, so that we have a total of 551
spectra for 122 stars. The spectra have a wavelength coverage
over 3800-6900 A with R ~ 115,000 and a S/N between 16
and 120 at 6563 A.

2.3. Optical Light Curves

We extracted TESS photometric data using publicly released
full-frame images (FFIs) to create 30 minute cadence light
curves for all 125 stars in our sample. First, we downloaded a
21 x 21 pixel cutout image centered on each target via the
TESScut tool on the Mikulski Archive for Space Telescopes
server (Brasseur et al. 2019). We used a circular aperture of
radius 2 pixels around the object to perform the photometric
extraction. We estimated the background signal to be
subtracted from the light curve through a sigma (o) clip over
the entire FFI cutout using the photutils algorithm
(Bradley et al. 2016). The flux for each TESS sector
(corresponding to a 27.4 day observing window) was divided
by the median to normalize and, consequently, preserve the
light-curve variability. We performed all these steps using the
tesseract pipeline.'* Finally, we stitched together data for
all the available sectors from the first year of TESS operations
for each of our targets.

19 hitps: // github.com/soar-telescope/goodman_pipeline
" hitps: //www.gemini.edu/observing /phase-iii/understanding-and-
processing-data/data-processing-software /gemini-iraf-general

2 hutp: //ast.noao.edu/sites /default/files/GMOS_Cookbook /Processing /
IrafProcLS.html

13 These spectra were processed using the ESO calibration pipeline v3.5 or
v3.8: http://www.eso.org/sci/observing /phase3.html.

' hitps: //github.com/astrofelipe/tesseract
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Figure 3. Spectra of five of our M dwarfs ranging in mass from 0.13 to
0.56 M..,. Four of these spectra were obtained using Goodman on SOAR or
GMOS on Gemini-South; the fifth is an archival spectrum obtained with
HARPS on the 3.6 m ESO telescope, La Silla. Left: each spectrum is labeled
with the star’s 2MASS designation and mass. The spectra are normalized to the
flux at 6555 A and smoothed to a resolution R ~ 1000. Right: a close-up of the
Ha line, the location of which is indicated with a vertical dotted line.

The resulting light curves were carefully processed to
remove data affected by systematic effects that clearly
impacted their quality. For a fraction of the stars, we identified
abrupt flux increases or decreases at the beginning and/or end
of some sectors, such as the side the gaps created when the data
were being sent to Earth. We attempted to mitigate these effects
by discarding photometry offset from the median by more than
50. Even after this 5o clipping, however, there were still
obvious systematics present in the data. Because of these
issues, we also used the causal pixel modeling (CPM; Hattori
et al. 2021) approach to reextract the light curves and confirm
the results reported in Section 3.1.

We also examined the apertures to check whether there was
contamination from nearby bright sources, which would impact
our ability to assign confidently the observed light-curve
behavior of our target. In 20 cases, we found a source near our
target that had a magnitude difference of less than 1 mag, and
we removed those from the analysis.

About one-fifth (i.e., 24/125) of the stars in our sample
exhibit modulations consistent with rotation. Figure 4 shows
examples of these light curves. As discussed in more detail in
Section 3.1, our efforts did not necessarily produce light curves
of sufficient quality to extract credible P, values longer than
about half the length of a TESS sector length, or ~15 days.
This is mainly due to uncertainties introduced in the processing
necessary to stitch together the light curves from the different
sectors, which may either remove or introduce photometric
variations.
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Panel (a) shows examples of stars with P, <15 days, which we considered our upper limit for confident P,,, measurements based exclusively on TESS data. Panel (b)
shows examples of light curves where we measured P, > 15 days, and thus considered unreliable. The first two stars in panel (b) have P,, measurements in Howard
et al. (2020) that disagree with those measured here by more than 20%. As for the third star, while its light curve shows plausible modulations on a timescale of

~40 days, we lack any ancillary data to confirm the TESS-derived P,q.

3. Rotational Properties and Ho Measurements of Our
Targets

3.1. Measuring Rotation Periods

We used the generalized Lomb—Scargle (GLS; Zechmeister
& Kiirster 2009) periodogram to measure P, from our TESS
light curves. The GLS periodogram takes into account
measurement errors when finding the best fit to the data and
generally avoids aliasing in the period determination, and can
therefore be considered superior to the standard Lomb—Scargle
approach (VanderPlas 2018; Reinhold & Hekker 2020). We
used the false alarm probability (FAP) to assess the significance
of the power of the periodogram peaks, considering only P,
for periodograms with a FAP < 1%. We obtained P,y
measurements for 24 out of 125 stars in our initial sample,
which represents ~20% of the total.

However, as was highlighted recently by Claytor et al.
(2022), there are fundamental issues with trying to measure
longer P, with TESS light curves produced by stitching
together data from several 27 day sectors. In the resulting light
curves, it is difficult to assess whether a signal is caused by true
fluctuations in stellar brightness, or whether it is a result of
systematics in the data either incorrectly removed or added in
the processing of the light curves. It was noticeable, and
disconcerting, that we found a number of stars for which the
apparent flux modulations (and resulting P,,, measurements)
coincided with the length of a sector.

As a result, our position is that confidently measuring
periods for slow rotators (defined here as having

Pt 2 15 days) based only on TESS light curves is challenging,
and that reporting these P, is potentially misleading. We
therefore initially limited our TESS-derived sample of P, to



THE ASTRONOMICAL JOURNAL, 163:257 (12pp), 2022 June

MO M1 M2 M3 M4 M5 M6

Anthony et al.

MO M1 M2 M3 M4 M5 M6

@ Stars with spectra
X  Stars without spectra
8 1 [] Reliable Pro; T
@
9 A
L] o
i ° ]
10 ®
Mg @
o o
11 A
fe Q ©
12 A XO
[l | ' | o
13 A -10 -5 0 B
EW (4)

@ Reliable Pt
.‘ Unreliable/No Pyt
"’8 @
1 (I
0 ®
1 @
@)
(]
()
B, | A
15 45 75
Prot (days) o

0.9 1.0 1.1 1.2 1.3 1.4
G — Ggp

0.9 1.0 1.1 1.2 1.3 1.4
G — Gge

Figure 5. Gaia CMDs showing the distribution of stars with EW and P, measurements in our sample. Left: the circles are color-coded according to the EW value
using the color bar at the bottom left. Gray circles are stars to which we assigned EW = 0 (see Section 3.2). Stars without spectroscopy are indicated with x symbols.
The open squares indicate stars with reliable P, (see Section 3.1). Right: the circles are color-coded according to the P, value using the color bar at the bottom left.
Gray circles are stars in our sample with no P, measurement or unreliable determination.

those stars for which P, < 15 days. With this restriction, our
final sample of reliable P, from TESS light curves is 12 stars.
For each of these objects, we include in the two figure sets in
the Appendix the 21 x 21 pixel cutout of the TESS FFI used to
extract the light curve, the extracted light curve, the GLS
periodogram, and the phase-folded light curve.

Given these limitations in TESS data, we searched the
literature for other measurements of P, for stars in our sample.
We found six slow-rotating stars whose periods were inferred
by Astudillo-Defru et al. (2017) by applying an empirical
relation between the strength of the Call H and K emission
lines, another tracer of magnetic activity, and the P, of M
dwarfs. Additionally, we found one rotator in the MEarth
Project (Berta et al. 2012) database'” that is also in our sample,
and we used the MEarth P, to confirm our TESS-derived
period of 14.34 days for that star. Finally, we found two stars in
our sample with long rotation periods extracted from
Evryscope (Ratzloff et al. 2019) light curves by Howard
et al. (2020). These two stars are the ones shown in panel (b) of
Figure 4, and we adopted the Evryscope P, for them. In this
fashion, we increased the size of our sample of rotators to 21
stars.

3.2. Measuring Ho. Equivalent Widths and Estimating
Quiescent Equivalent Widths

We used the PHEW code (Nuiiez et al. 2022), which uses
PySpecKit (Ginsburg & Mirocha 2011) to fit lines with a
Voigt profile, to measure automatically the equivalent width
(EW) of the Ha line, and to estimate the corresponding EW
uncertainty, for all of our spectra.

We interactively defined continuum regions blueward and
redward of the Ha line in each spectrum. These continuum
regions varied in length between 5 and 35 A on each side, but

15 https: / /lweb.cfa.harvard.edu/MEarth/DR10/

the total length of the continuum considered was never less
than 20 A.

We extracted the noise for each point in our spectra from a
Gaussian width equal to the o of the flux in the continuum
regions defined for the individual spectra. PHEW performed
1000 Monte Carlo iterations adding this noise to the spectrum
and calculated the mean and o of the 1000 resulting EWs,
which we assigned as the EW value and 1o uncertainty for that
spectrum. When a star had multiple spectra, we took the error-
weighted mean EW and the weighted mean standard error to be
the EW value and 1o uncertainty for that star. The over-
whelming majority of the stars in our sample with multiple
spectra showed little evidence of variability in the Ho EW we
measured from their spectra.

We measured an Hoe EW value for 133 of the 551 spectra in
our sample. For the other 438, the Ha line was indistinguish-
able from zero. Our EW values range between —11.5 and
1.1 A. The smallest value we could measure for a star with Ho
emission was EW=—0.5A. For the spectra with Ha
indistinguishable from zero, we assigned EW =0A and a
systematic EW 1o uncertainty of 0.5 A.

The eight stars in our sample with high-resolution HARPS
spectra also have low-resolution (GMOS or SOAR) spectra. In
six of these stars, the low-resolution spectra exhibited an Ho
line indistinguishable from zero, whereas the high-resolution
spectra showed a measurable Ha line in absorption, covering
the EW range 0.2-0.5 A. The lack of Ha absorption in the
GMOS/SOAR spectra for these six stars reflects the fact that
below ~0.5A we reach the smallest resolvable wavelength
difference in these spectra. Still, in the other two stars, both
low- and high-resolution spectra showed Ha in absorption
covering the range 0.3-0.5A, although the low-resolution
spectra have large (>20%) EW uncertainties.

All in all, we have 45 stars (37% of our sample) with at least
one spectrum with a nonzero EW and 77 stars (62% of our
sample) with EW = 0 A. In the left panel of Figure 5, we color-
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Figure 6. P, vs. Gaia (G — Grp) color for stars in our sample, represented
with square symbols. Black circles indicate stars with RUWE > 1.2. The
distribution for Praesepe single stars (=700 Myr old; from Rampalli
et al. 2021) is plotted in gray in the background. The squares are color-coded
according to the Ha EW value using the color bar at the bottom left. The
horizontal dash line indicates our upper limit in P, space when calculating P,
from TESS light curves (see Section 3.1).

code the stars in our sample on their Gaia CMD by the strength
of their Ho EW measurement. The three stars for which we
have no spectra are indicated with x symbols, and stars with
trustworthy P, measurements are highlighted with open
squares (see Section 3.1). In turn, the right panel shows the
P, distribution of these 21 stars on a Gaia CMD.

Stauffer & Hartmann (1986) showed that in inactive M
dwarfs, the Ho line appears in absorption; the line fills in and
eventually transitions to emission as the stars become more and
more active. Accurately measuring the EW of the Ha feature
therefore requires considering the basal absorption level, which
is a function of spectral type. We calculated this quiescent
absorption EW value for each of our stars using the empirical
model of Newton et al. (2017) and then determined the relative
EW, the measured EW minus the quiescent absorption EW.
Table 1 includes both the measured EW (also plotted in
Figure 5) and the calculated quiescent absorption EW for the
122 stars in our sample with spectroscopy.

The color—period distribution for these 21 stars is shown in
Figure 6. We also indicate which of these rotators have
measured Hoe EWs. Comparing our sample of field rotators to
rotators in the ~700 Myr old Praesepe open cluster (gray dots
in Figure 6) underlines the difference in the ages of the two
samples: the majority of the likely single stars in our sample
have larger P, values than the stars that define the slow-
rotating sequence in Praesepe, which extends from K7 to M3.5
and P, ~ 15-30 days. This is consistent with our sample being
populated by older, spun-down field stars.

3.3. Obtaining Lgo/Lio

Lyia/Lvor is @ measure of the fractional contribution of Ha
emission relative to the entire energy output of the star, and is
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therefore a more useful indicator of chromospheric activity than
Ly, when comparing stars spanning a range of masses.

We obtained Ly, /Lpo for stars with Ha in emission by
using the relation

Lite/ Lot = —Wia 22, (1)

bol

where Wy, is the relative Ho EW, f; is the continuum flux near
the Ha line, and fi, is the apparent bolometric flux.
Empirically, one can calculate fy/fyo, known as x, as a
function of color. Douglas et al. (2014) derived a relation
between x and color using spectra from the PHOENIX ACES
model spectra (Husser et al. 2013) with solar metallicity,
log(g) = 5.0, and 2500 < T < 5200 K.

We used the log(x)—(¥ — K) relation in Douglas et al.
(2014) to derive x values for our stars. We obtained r’
photometry from the AAVSO Photometric All Sky Survey
(APASS; Henden et al. 2016), and K photometry from the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006). For
the 20 stars in our sample with no APASS photometry, we used
V photometry from the TICv8 catalog and the V—(J — K)—r'
relation from Dymock & Miles (2009) to estimate r’. The K
and r’ photometry we used for each star is included in Table 1.

We did not calculate Ly,/Ly, for stars with EW
uncertainties large enough to cross over into potential Ho
absorption. This was the case for all stars for which we
assigned an EW =0 A.

3.4. Calculating Rossby Numbers

The scatter in the activity—rotation relationship is signifi-
cantly smaller if rotation is parameterized in the form of the
Rossby number, defined as R,= P,,/7, where 7 is the
convective turnover time (e.g., Noyes et al. 1984; Wright
et al. 2011). We estimated 7 values for our stars using the
empirical mass—log(7) relation of Wright et al. (2018), which is
based on P, and X-ray luminosity measurements for almost
850 stars in the mass range 0.08—1.36 M. With those 7 values,
we calculated R, for the 21 stars in our sample with a measured
P,... Table 1 includes the 7 values we calculated for our stars.

4. Results and Discussion
4.1. Hoo EW Distribution

The top panel of Figure 7 shows the Hae EW as function of
Gaia color and spectral type for the 122 stars in our sample
with spectroscopy. We used the Kiman et al. (2021) definition
for the Hoe EW boundary as a function of (G — Grp) between
active and inactive stars. Stars earlier than M3 appear largely to
be inactive, while a larger portion of stars later than that
spectral type—corresponding to the transition between Sun-
like and fully convective stars (Chabrier & Baraffe 1997)—are
active. This behavior is consistent with the assumption that a
sample of field stars should generally be older than a few
billion years. Analyses of Ha activity in younger single-aged
populations such as Praesepe and the Hyades find that the early
M dwarfs are active (see, e.g., Figure 8 of Douglas et al. 2014)
but, by ~1 Gyr, they no longer show evidence for Ha emission
(e.g., the MO-M2 stars in the ~1.3 Gyr old open cluster NGC
752; see Figure 11 of Agiieros et al. 2018).

In Figure 7, we indicate with orange triangles stars in our
sample with RUWE > 1.2, and thus suspected of being
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Figure 7. Top: Ha EW as a function of Gaia (G — Ggp) color and spectral type
for stars in our sample. Blue circles indicate stars with Gaia’s RUWE < 1.2,
and orange triangles stars with RUWE > 1.2; the latter are potential unresolved
binary or higher-order systems. Bottom: a comparison of the active fraction of
M dwarfs in our sample (black squares and line) to that for the sample of M
dwarfs with SDSS spectra of West et al. (2011, gray pentagons and line). We
define active/inactive stars following the Ha EW—(G — Ggp) boundary
relation in Kiman et al. (2021).

binaries. While there does not seem to be a difference between
the overall behavior of potential binaries compared to single
stars in this plot, we do note more elevated levels of Ha
emission in some of the later-type potential binaries. Typically,
magnetic activity, and hence Ho emission, can be increased by
the presence of accretion disks (e.g., Muzerolle et al. 1998;
Biazzo et al. 2012) or by interactions between members of
close binaries (Morgan et al. 2012; Skinner et al. 2017).
Although accretion disks have long disappeared at the expected
ages of the field stars in our sample (e.g., Haisch et al. 2001;
Lee et al. 2020), the higher Ho levels for stars with high
RUWE may be interpreted as evidence of enhanced magnetic
activity due to a nearby companion. As mentioned in
Section 2.1, the stars in our sample with high RUWE are
likely interacting binaries, potentially resulting in increased
activity levels relative to single stars of the same mass.
However, a binary identification based on RUWE alone would
miss tight (@ < 0.1 au), tidally interacting binaries (e.g.,
Belokurov et al. 2020), and the enhanced activity in our stars
with high RUWE could be driven instead (or additionally) by
the strong magnetic interactions in such compact stellar
systems. Further observations are required to understand
whether stars in our sample with high RUWE have additional,
hidden companions.

To provide more context for these data, the bottom panel of
Figure 7 shows the active fraction of stars in our sample as
a function of the binned Gaia color (black squares). As in

Anthony et al.

T T T T T
LA
-4 L
10 ®
1072 2
- E
S
=}
I
~
1076 | ], Southern CVZ upper limits 4
[ @ RUWE =< 1.2 ]
A RUWE > 1.2
Newton+2017 sample
10—7 il s PR | s MR | N PR ’I
0.001 0.01 R 0.1 1.0

o

Figure 8. L./ Ly, as a function of R, for our southern CVZ sample and for the
M dwarfs of Newton et al. (2017, gray circles). Blue circles indicate stars in our
sample with RUWE < 1.2, and orange triangles with RUWE > 1.2. The
arrows indicate upper limits for stars in our sample with Ha indistinguishable
from zero; for these stars we assumed an EW upper limit of —0.5 A to measure
their Ly,/Lpoy upper limit. The black line is the best fit from Newton
et al. (2017).

Kiman et al. (2021), we calculated uncertainties for each bin,
based on a binomial distribution, as o= (f % (1 —f))/n, where
fis the active fraction and # is the bin size. We compared the
active fraction of our sample with that of more than 7 x 10*
Sloan Digital Sky Survey (SDSS; York et al. 2000) M dwarfs
from West et al. (2011; gray pentagons in Figure 7).'® The
fraction of active stars in our sample is consistent with what is
expected for field (i.e., 21 Gyr) M dwarfs: close to zero for
early M dwarfs, and ~0.4 for mid-M dwarfs. As in previous
studies of M dwarfs (West et al. 2004, 2011; Schmidt et al.
2015; Kiman et al. 2021), we conclude that later-type M dwarfs
remain active for longer than their earlier brethren.

4.2. Activity—Rotation Relation

In Figure 8, we plot Ly, /Lyo as a function of R, for the stars
in our sample with a Ly, /Ly, measurement (see Section 3.3).
For context, we also show the large sample of nearby M dwarfs
of Newton et al. (2017). These authors’ sample contains more
than 400 stars with P, values, nearly all of which were
measured from MEarth light curves, as well as Ha-relative EW
values, i.e., corrected for quiescent Ha absorption (see
Section 3.2). The Newton et al. (2017) sample exhibits a
typical saturated/unsaturated behavior (e.g., Mohanty &
Basri 2003; Reiners et al. 2012; Douglas et al. 2014): stars with
R,2 0.2 show a power-law dependence of Ly,/Ly, oOn
rotation, while stars with a R, below this threshold are
saturated, with Ly,/Lp, ~ constant and independent of
rotation. Our stars follow the same distribution as the Newton
et al. (2017) sample.

We also include Ly,/Lyor upper limits for stars with Ho
indistinguishable from zero in our spectra; for these stars, we
assumed an EW upper limit of —0.5A to estimate their

16 Kiman et al. (2021) did not correct their Ho data to account for the basal
absorption in inactive stars. We therefore used our measured EW values for this
comparison instead of our calculated relative EW values.
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Lo/ Lyo upper limit. As can be seen in Figure 8, two of our
Lo/ Lyor upper limits fall almost one order of magnitude below
the typical value for their R, ~ 0.1. These M dwarfs are rotating
fast enough that they should be magnetically saturated, and yet
they are not. While Newton et al. (2017) showed clearly that M
dwarfs without detectable Ho emission are slow rotators, the
contrapositive remained unanswered: are all fast rotators Hoa
emitters?

The answer appears to be no, although the number of
examples of fast-rotating M dwarfs that do not show Ha
emission is small. Newton et al. (2017) found one fast-rotating,
Ha-inactive star in their sample. Earlier, West & Basri (2009)
identified three fast rotators in a sample of 14 M6-M7 dwarfs
selected because of their unusually low levels of Ha emission
in SDSS spectra. There are therefore intriguing suggestions that
some fast-rotating M dwarfs may appear inactive in Ha.
Follow-up X-ray observations of these stars to measure their
level of coronal activity, perhaps with the eEROSITA instrument
aboard the Spectrum-Roentgen-Gamma mission (Sunyaev et al.
2021), could help to determine whether these unusual stars are
truly magnetically inactive.

Lastly, we see in Figure 8 no distinct behavior for stars in
our sample with RUWE > 1.2. If these stars are indeed
unresolved binaries, the fact that their Ly, /Ly, are comparable
to the Ly, /Lpo Of stars with similar R, in our sample and in the
Newton et al. (2017) sample indicates that their Ly,/Lpo
measurements are likely dominated by the Ha emission of only
one of the binary components.

Our ability to contribute data to this plot is currently limited
by the small number of stars for which we can confidently
measure P, with TESS data. These are primarily fast rotators
that appear saturated in this plot. However, there are reasons to
be optimistic about our ability to overcome the systematic
problems arising from stitching TESS sectors. One promising
approach has been to combine ground and space data (e.g.,
Andrews et al. 2021; Howard et al. 2021). With the hoped-for
improvements in our confidence in measuring longer P, from
TESS light curves (or by combining TESS light curves with
data from other surveys), we aim to eventually add more points
to the sample of unsaturated stars shown in Figure 8.

5. Conclusions

We have conducted a spectroscopic survey of M dwarfs
located in the southern TESS CVZ and within 80 pc of the Sun.
We used the TICv8 (Stassun et al. 2019) to build our volume-
limited sample of 125 stars, and, through a combination of
observations with SOAR/Goodman and Gemini-South/
GMOS and archival ESO/HARPS data, obtained at least one
optical spectrum with which to measure the Ha line strength
for 122 of these stars.

Because measuring Ha only once may not capture the
characteristic activity level of a single star (Gunning et al.
2014), it is important to make multiple measurements to
understand more fully the uncertainty on any individual
measurement. We therefore obtained more than one spectrum
for almost two-thirds of our targets. These reduced spectra are
publicly available from the Columbia University Academic
Commons, an online research repository'”.

We measured the Hoe EW for all of the spectra in our sample.
For stars with multiple spectra, we took the error-weighted

17" Available on the Columbia Academic Commons: 10.7916/d8-xg58-9x44.
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mean EW and the weighted mean standard error as the
representative EW and uncertainty. For the majority of our
stars, we found an Ha line strength indistinguishable from
zero, and in the cases where we had more than one spectra, no
evidence for variability in the measured line strength.

We calculated quiescent absorption EW values for our stars
using the Newton et al. (2017) model and then determined the
relative EW for each star by combining the quiescent and the
measured EW values. Stars earlier than M3 in our sample
appear largely inactive, while a larger fraction of stars later than
that spectral type are active. This behavior is consistent with the
assumption that a sample of field stars should be older than a
few billion years. We also compared the active fraction of our
sample with that of a large sample of M dwarfs with SDSS
spectra (West et al. 2011). The fraction of active stars in our
sample is consistent with what is expected for field M dwarfs.

We generated photometric light curves for all of our targets
using the publicly released TESS FFIs. For each star, the flux
for each TESS sector was divided by the median value for that
sector, and we then stitched together data for all the available
sectors. The resulting, nearly year-long light curves were
processed to remove data affected by systematics. This
processing, however, is still far from perfect, with TESS
systematics not yet well enough understood for confident
measurement of P, longer than roughly half the length of a
sector, or ~15 days (Claytor et al. 2022).

While about one-fifth of the stars in our sample exhibit
modulations consistent with rotation, we report TESS periods
only for those stars for which we either measure P, < 15 days
with TESS data alone, or for which we find confirmation for
the TESS-derived P, in the literature. There are 12 stars in the
former category, and another nine whose periods we confirm or
obtain using the literature. Comparing our sample to rotators in
the ~700 Myr old Praesepe cluster underlines the difference in
the ages of the two samples: the majority of the likely single
stars in our sample have longer P, than the stars that define the
slow-rotating sequence for K7 to M3.5 stars in Praesepe. This
is consistent with our sample containing older, spun-down field
stars.

We estimated Ly, /Ly and R, for our stars and compared
these to the distribution of field M dwarfs assembled by
Newton et al. (2017). Our ability to contribute data to this
distribution is currently hindered by the small number of stars
for which we can confidently measure P, with TESS data.
These are a handful of fast and slow rotators that are either
magnetically saturated, with Ly, /Lpo ~ 10~ for the stars with
R, < 0.2, or that exhibit an activity level consistent with what is
expected given their larger R,. Two stars in our sample with
R,< 0.2 only have Ly,/Ly, upper limits. Together with a
handful of other similar outliers in the literature, they hint at the
possibility that fast rotators may appear inactive in Ha. Thus,
follow-up observations, e.g., of their coronal X-ray emission,
are necessary to determine whether these are truly rapidly
rotating, but magnetically inactive, M dwarfs.

The full value of TESS data will be realized when we learn
to combine TESS sectors to obtain confident P,,; measurements
for the slowest rotators. With the hoped-for improvements in
our confidence in measuring longer P, from TESS light
curves, we aim eventually to add more points to the sample of
unsaturated stars. Our combination of Ha and P, measure-
ments can potentially help constrain the activity—rotation
relation for the slowest rotators, as TESS will produce some
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of its longest-baseline light curves, spread over several years of
its observing campaigns, for this sample of M dwarfs.
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Appendix

We present a set of figures in which we show in Figure 9 a
pixel cutout of the TESS full-frame image and in Figure 10 the
TESS light curve, and P, analysis.
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Figure 9. The 21 x 21 pixel cutout of the TESS FFI for 2MASS
J05054736-5733138 (red dot). The green circle has a 2 pixel radius and
corresponds to the aperture used to extract the light curve. The color scale
represents the flux intensity. The numbered points show the nearby Gaia
sources; their size is proportional to their Ggp magnitude. Information such as
the TESS sector, CCD number, and camera are also shown. The complete
figure set (12 images) is available in the online journal.

(The complete figure set (12 images) is available.)
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Figure 10. Top: normalized TESS light curve. Bottom left: the GLS periodogram analysis shows a peak at P, = 13.4 days (vertical dash line). Bottom right: phase-
folded light curve to this P,y, which visually helps to confirm the period determination. The complete figure set (12 images) is available in the online journal.

(The complete figure set (12 images) is available.)
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