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ABSTRACT

M dwarfs comprise 75% of all stars and commonly host rocky exoplanets, but their

magnetic stellar activity significantly impacts the potential habitability of said planets. Here

we discuss three projects we conducted to better understand this activity.

We first investigate a sample of 36 wide binaries, where the two “twin” M dwarfs in each

pair have BP/RP/J/H/Ks magnitudes differing by < 0.10 mag, mass estimates matching

within < 3%, and presumably the same age and composition. We use short– and long-

term photometry, multi-epoch spectroscopy, and archival data to measure rotation periods,

photometric variability, and H� strengths, alongside speckle imaging, radial velocities, and

long-term astrometry to find unresolved companions. Four systems received additional X-

ray observations and comprised our first project, where we found NLTT 44989 A and B

differ by 6� in rotation period, �40� in LX , and have a total H� inactive/active mismatch.

Our second project expanded to all 36 binaries, finding numerous twins hosting functionally

identical rotation rates and activity levels. In contrast, mismatches of > 25% exist in rotation

period, H� activity, and photometric variability for roughly one out of five twin pairs despite

their otherwise identical natures. These results challenge the magnetic predictability of M

dwarfs, and we discuss many possible explanations.

Our third project uses 25 years of V RI photometry from the RECONS 0.9 m program to

discover new long-term stellar activity cycles in nearby M dwarfs. We report cycle detections

in 50 stars — including 20 with measured periods spanning 4.0–24.3 yrs — roughly doubling

the number of known cycle periods in fully convective M dwarfs. We find cycles with extreme

brightness changes of �10–20%, others indicating periods beyond 30 yrs, and one in a 40–

50 Myr-old pre-main-sequence star. Comparison with our volume-complete subsample yields

a cycle occurrence rate lower limit of � 5:7% � 1:0%, which increases to � 10:2% � 2:4%

for stars between 0.30–0.15 M�. Activity cycles are therefore a somewhat common outcome



of dynamos in fully convective M dwarfs, and can have periods similar to those in solar-like

stars.
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Figure 1.1 : This schematic diagram from Figure 3 of Henry and Jao [7] visu-
ally demonstrates the relative proportions of di�erent types of stars within
10 parsecs of the Sun in the Solar Neighborhood. M dwarfs clearly dominate
the local stellar population, accounting for 75% of all stars in the nearby cen-
sus. In fact, even just the lowest mass M dwarfs, i.e., those below� 0.35 M� ,
account for roughly half of all stars. . . . . . . . . . . . . . . . . . . . . . . 4

Figure 1.2 : This grid from Table 1 of Henry and Jao [7] provides a summary of
fundamental parameter values for stars across the red dwarf sequence, with
the Sun included in the second column for comparison. The luminosity values
in the second row show that the lowest mass red dwarfs can be thousands
of times fainter than the Sun, demonstrating a key reason these objects have
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Figure 1.3 : A Hertzsprung{Russell diagram of the M dwarf main sequence show-
ing sources fromGaia DR3 [8] within 50 pc and with parallax and magnitude
uncertainties of< 1%. A diagonal cyan line shows the Jao Gap near 0.35 M�

[9, 10], indicating the transition region for partially convective stars above it
and fully convective stars below it. This gap line uses the upper edge de�-
nition from Jao et al. [10], but o�set downward by 0.05 mag to better align
with the center of the gap region. A weak secondary sequence is visible above
the main sequence due to the presence of unresolved binaries. Stars near the
bottom right of this plot are near the end of the stellar main sequence and
include some of the lowest mass objects still fusing hydrogen in their cores. 6

Figure 1.4 : An example light curve for the fully convective M dwarf LHS 5094
using data from theTESS spacecraft [11]. The y-axis is the 
ux measured by
TESS, given here in arbitrary units. The prominent periodic signal is from
the star rotating every 1.4 days, while vertical spikes in brightness correspond
to short-term 
ares from the star. . . . . . . . . . . . . . . . . . . . . . . . 8

Figure 1.5 : A recreation of rotation-activity results from Newton et al. [12] using
their reported data for a large sample of nearby �eld M dwarfs. The H�
EW scale is linear between 0.3 to� 0.3 and logarithmic outside this range.
Symbols and colors indicate which stars are partially convective (PC) versus
fully convective (FC), designated based on the Newton et al. [12] estimated
masses relative to the 0.35 M� transition value. Vertical dashed lines roughly
divide the clumps of rapidly-rotating FC M dwarfs at periods less than 10 days
and slowly-rotating FC M dwarfs at periods longer than 70 days. . . . . . . 11



Figure 1.6 : Example rotational evolution model tracks for fully convective M
dwarfs at 0.25 M� , repurposed from Figure 5 of Sarkar et al. [13]. Vertically
separated tracks are stars with di�erent initial rotation periods at formation,
with the solid and dashed lines in each case corresponding to those stars having
disk-locking times of 3 Myrs and 10 Myrs respectively. The vertical dotted
line on the left at 1 Myr indicates the range of rotation rates observed by
Hillenbrand [14] (and references therein) for stars near this mass in the Orion
Nebula. Points show the range of observed rotation periods for stars near
this mass in several clusters with ages up to roughly 700 Myrs. Observational
results from Pass et al. [15] are shown with the plus symbol (a minimum age)
and a horizontal bar (an age range) for two stars given in the legend. . . . . 14

Figure 2.1 : A re-showing of part of Figure 1 from Kochukhov and Lavail [16]
displaying their reconstructions of the magnetic �eld topologies of GJ 65 A
(left) and B (right) based on Zeeman-Doppler imaging. The projected radial,
meridional, and azimuthal components are shown for each star, with color
corresponding to the �eld strength in units of kG. The B star shows much
stronger and more structured magnetic �elds compared to A, despite the two
stars being nearly identical twins. . . . . . . . . . . . . . . . . . . . . . . . 20

Figure 2.2 : An observational Hertzsprung{Russell Diagram usingGaia DR3
magnitudes and parallaxes. Grey points show a sample ofGaia sources within
50 parsecs to illustrate the main sequence. Large black circles indicate stars
in our sample of 36 M dwarf twin binary pairs. The four systems examined
in this Chapter are �lled in and labeled, with red lines connecting the two
components in those pairs. A diagonal cyan line represents the gap marking
the transition between partially and fully convective M dwarfs near� 0.35M�

[9, 10], o�set downward by 0.05 mag to approximately match the middle of
the gap instead of the upper edge. . . . . . . . . . . . . . . . . . . . . . . . 25

Figure 2.3 : An example on-sky image of theChandraX-ray data for the 2MA 0201+0117 A
and B twin stars separated by roughly 1000, highlighting that their compo-
nent measurements are spatially resolved thanks to the exquisite resolution of
Chandra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Figure 2.4 : A background-subtractedChandraX-ray light curve for NLTT 44989 B,
showcasing a strong stellar 
are during the exposure. Vertical dashed blue
lines indicate the time period used for isolating the stellar 
are. Counts are
merged into 200-second bins. Light curves for all of the other X-ray datasets
can be seen in Figure A.1 in Appendix A. . . . . . . . . . . . . . . . . . . . 43



Figure 2.5 : Blue data points show the observedChandra coronal X-ray spectrum
from 0.3{10 keV for the� Pic Moving Group members 2MA 0201+0117 A and
B, grouped to 9 counts per bin. Overplotted in orange are the forward-folded
best-�t APEC models; A uses a single temperature component whereas B uses
two temperature components in the coronal model. The bottom panels show
the residual values divided by the errors, with horizontal bars indicating the
energy bin widths. Spectral �ts for all of the other quiescent X-ray datasets
can be seen in Figure A.3 in Appendix A. . . . . . . . . . . . . . . . . . . . 46

Figure 2.6 : Optical images of the NLTT 44989 AB system, showing the relative
positions of the brighter target M dwarfs and fainter background contaminat-
ing sources. The left panel shows a DSS2-Blue image taken roughly half a
century ago (Ep. � 1975) [17, 18] and the right panel shows a VPHAS DR4
g-band image taken more recently about a decade ago (Ep.� 2012) [19]. Red
squares and blue circles show the relevant source positions fromGaia DR3
at J2000 and J2016 respectively, with green arrows along the proper motion
vectors of the twin stars | the background sources have negligible proper
motions. Our new observations of the system span 2019 to 2024, when proper
motion has moved B farther on top of background source 1. Several other
background sources inGaia DR3 are not shown in these images for visual
clarity, but all are negligibly faint and/or resolved from our target stars. See
§2.3.6 and§2.3.6.1 for a discussion of the small contamination impacts in the
various observations we use. . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Figure 2.7 : Long-term 0.9m light curves for the three true twin systems. A (top)
and B (bottom) components are shown for each pair, with a brightening trend
indicated by a rise in each plot. Observation �lters are noted in each subplot
title. GJ 1183 A and B are shown spanning over a decade of coverage, while
the other two systems capture several years. Note the very di�erent y-axis
scale for 2MA 0201+0117 A and B. Year times are the Julian epoch, i.e., J2000
plus the number of Julian years since then. Large clusters of points in 2022 for
2MA 0201+0117 AB and 2023 for GJ 1183 AB are from the additional rotation
visits analyzed in Figure 2.8, with moderate 
aring points left included here as
examples. Open circles represent visits when only a single frame was secured;
these are excluded from all quantitative analyses. Black numbers in the upper
left of each panel are the mean absolute deviation (MAD) values (average of
absolute value o�sets from the mean) for the solid points for each component.
Grey numbers in the top right of each panel are the average noise levels of
the non-varying reference stars used in the di�erential photometry analyses,
again calculated as MAD values; these noise levels are indicated visually as
grey shaded regions above and below 0 in each panel. . . . . . . . . . . . . 58



Figure 2.8 : Each set of three vertical panels shows 0.9mV-band rotation results
for a single component in a twin system. On top is a light curve in the same
format as Figure 2.7, the middle is a Lomb-Scargle periodogram of the same
data, and the bottom is the corresponding phase-folded light curve. The
periodogram shows horizontal green lines at the 10% (dotted) / 1% (dashed)
/ 0.1% (solid) false alarm probability (FAP) values, the selected maximum
power peak with a vertical red line, vertical dashed orange lines at the 2/3/4
harmonic multiples, and vertical solid purple lines at the integern = [ � 3; :::; 3]
1/day sampling aliases. (Caption and content continued in next Figure.) . . 60

Figure 2.9 : (Continuation of Figure 2.8.) Phase-folding begins at the epoch
of the �rst point, with a red sine wave corresponding to the selected Lomb-
Scargle model result. Values in red are given for the rotation period, FAP,
and peak-to-peak amplitude (�) in mmag. The number of �lled data points
(N) and the observation �lter ( V for all these stars) are given in the top left of
the phase-folded subplot | open points correspond to incomplete visits that
only obtained one frame. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Figure 2.10 : Format details are largely the same as Figure 2.8, now showing
example results using archival data from ZTF (top left and top right), ASAS-
SN (bottom left), and TESS-unpopular (bottom right). The phased light
curves show data folded every two phases in time instead of one phase for
visual clarity. TESS is also space-based without 1-day sampling, so does not
show the corresponding alias lines. ZTF spatially resolves 2MA 0201+0117 A
and B, while the other two examples have the A-B(C) components blended. 62

Figure 2.11 : Blended light curves for the NLTT 44989 AB system. (Left) | TESS
2-minute cadence PDCSAP pipeline data from sector 39, shown in the same
general format as Figure 2.8 and Figure 2.10. The� 6.55d rotation period from
the B component is plainly evident, while the A component's longer signal is
absent due to the defaultTESS pipeline processing. (Right) | Alternative
TESS-unpopular light curves from sectors 12 (top) and 39 (bottom), with the
MADs given in the top left and numbers of data points (N) in the bottom
left. The shorter periodic rotation pattern of � 6.55d from the B component
is weakly visible intermixed with the more obvious long-term rotation signal
of the A component. Red curves overlay the 38.27d Lomb-Scargle sine wave
result from the 0.9m data (Fig. 2.8) but extended in time to compare the phase
alignment with the signal in eachTESS-unpopular sector; the small shift in
phase in sector 39 is likely explained by a small o�set between the adopted and
true period, or possibly di�erential rotation. See§2.4.2 for further discussion. 65



Figure 2.12 : A one-to-one equivalency plot comparing H� EWs between compo-
nents in each system. Individual epochal measurements are black circles while
the means of these are red squares. Open symbols indicate the non-twin triple
KX Com A-BC. Absorption and emission regions are indicated with blue lines
and labels. We only include non-
aring epochs with both stars successfully
observed back-to-back. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Figure 2.13 : CHIRON spectra of the H� line region | shifted to zero RV and
blaze corrected | stacked for multiple epochs to visually compare the A and
B components in each system. We only include non-
aring epochs with both
stars successfully observed back-to-back; the legends indicate the �nal number
of epochs shown and the timespan of those spectra. Work by Pass et al. [20]
(P24) indicates the emission seen in the blended spectra for KX Com BC is
primarily from the B star while C is 
at (see §2.6.2). . . . . . . . . . . . . . 73

Figure 2.14 : Radial velocity timeseries from CHIRON for four resolved targets.
The weighted average RV value for each case is shown with a black dashed
line and given in black in the top left (except KX Com BC listing the MAD
instead), with the average single-point uncertainty spanning above and below
in grey and given in the top right. Error bars are always shown, but appear
smaller than the points for KX Com BC owing to the di�erent scale. (Top)
| NLTT 44989 A and B show all 15 epochs across roughly 1.5 years, with
neither star showing RV variations beyond the noise. (Bottom) | KX Com A
also appears non-varying within the noise for the eight available epochs. In
contrast, KX Com `B' shows the only case we �nd with RV variations, which
we ascribe to orbital motion with an unresolved third component `C'. We only
show 23 of the 30 total epochs available for KX Com BC so as to highlight
the orbital arc captured from our sequential visits throughout April 2023. . 74

Figure 2.15 : One-to-one equivalency plots comparing (a)LX and (b) VEM be-
tween components in each of the four systems for each observation ID. The
cases with three exposures fromChandra, KX Com A-BC and GJ 1183 AB,
have results from their individual epochs numbered after the associated sys-
tem letter label following the designations in Table 2.3. Grey diagonal one-
to-one lines are shown along with leftward arrows for the upper limits on
NLTT 44989 A. Open symbols indicate the non-twin triple KX Com A-BC.
In (a) the pink shaded region shows a factor of 4� both above and below the
one-to-one line (see§2.4.4 for discussion). In panel (b) a green point indicates
the hotter component in the 2T model result for 2MA 0201+0117 B. . . . . 77



Figure 2.16 : An example speckle detection limit curve from the 880 nm channel
of QWSSI on LDT for 2MA 0201+0117 A is shown. No new unresolved
companions were found for this star, to limiting magnitude di�erences (�m)
of 1.82 mag at 0.100, 3.08 mag at 0.200, and 4 mag or more beyond� 0.300. A
0.100separation corresponds to 4.93 au at the stellar distance of 49.3 pc. . . 79

Figure 2.17 : In each panel, stars studied here are represented by squares and
lines connect components in a pair. Open squares indicate components A and
BC in the non-twin triple KX Com. (Top Left) | Prot versus H� EW, with
fully convective stars (M < 0:35 M� ) from Newton et al. [12] underplotted.
All points for bona �de twins are color coded by mass except our stars that
have less reliable mass estimates, shown in black. Bars on the squares for
the stars studied here show the range of observed H� values for each star,
excluding 
ares or epochs without A and B observed back-to-back. System
letter labels are placed next to the A components in each pair. (Bottom Left)
| The same as above, now with LX and underplotting fully convective stars
from Wright et al. [21] and Wright et al. [22]. An arrow indicates the upper
limit in LX for NLTT 44989 A (§2.3.4.1). The multiple Chandra epochs for
GJ 1183 and KX Com are shown with multiple connected points. (Right) |
H� EW versusLX , again showing the observed H� ranges as shaded bars and
multiple connected points for the multipleChandra visit cases. Underplotted
grey points show �eld M dwarfs from Doyle [23] for comparison. The vertical
dashed blue line at EW=0 divides active emission and inactive absorption
stars. An arrow again indicates the upper limit inLX for NLTT 44989 A.
Overall, among twin pairs, strong H� emission is correlated with highLX ,
and each of those observables is correlated with fast rotation. . . . . . . . . 81

Figure 2.18 : The 0.9mV-band rotation amplitudes (peak-to-peak �) versus (a)
the rotation period, (b) H� EW, and (c) LX . Lines connect the A (red)
and B (black) components in a pair, with open squares indicating the non-
twin triple KX Com A-BC. Overall, no clear correlations are seen. Blue
horizontal dashed lines in (a) at 10d and 70d bound the approximate region
of intermediate rotation periods where few FC M dwarfs are found [24]. The
blue horizontal dashed line in (b) at EW=0 marks the approximate transition
between active H� emission and inactive H� absorption. Shaded red and grey
bars in (b) are the ranges of observed H� EW values for each star, excluding

ares or epochs without A and B observed back-to-back. Stars in (c) with
three vertically stacked connected points show the three epochs ofChandra
LX measurements in those cases. An arrow in (c) indicates the upper limit in
LX for NLTT 44989 A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83



Figure 3.1 : The distance of all 36 M dwarf wide binary systems in our Full
Sample plotted against their angular on-sky separations. The three systems
we ultimately �nd to be con�rmed or suspected non-twin triples are shown as
open circles, while the remaining 33 robust twin binaries use �lled circles and
comprise our Results Sample. Horizontal red lines provide context: 400is the
lower limit pair separation in our sample construction and also the limit that
keeps sources suitably resolvable in good seeing. 2100 is the size of a single
TESS pixel, which is important considering our usage ofTESS data for some
rotation measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Figure 3.2 : An observational Hertzsprung{Russell diagram of our Full Sample
usingGaia DR3 values. The 64 components comprising 32 pairs in this Chap-
ter's New Systems are shown as black circles, with red lines connecting the
components in each pair. Open green circles indicate the remaining four sys-
tems (eight components) previously discussed in our �rst Chapter ([6], here-
after P1). The main sequence is illustrated with gray points using a sample
of Gaia DR3 sources within 50 pc. A diagonal cyan line shows the Jao Gap
near 0.35 M� [9, 10], indicating the transition region for partially convective
stars above it and fully convective stars below it | we visually o�set the gap
upper edge de�nition from Jao et al. [10] downward by 0.05 mag to better
align with the center of the gap region. Various systems discussed throughout
this Chapter are individually identi�ed with red arrows and labels. . . . . . 114

Figure 3.3 : An example archival image from the DSS2-Red survey [17, 18] show-
ing our twin stars RTW 0933-4353 A and B separated by 1200, with A and B
shifted by their Gaia DR3 proper motions to 1998.0 for alignment with the
image. In order of their listed increasing radii, the blue circles correspond to:
(1) the typical 1:002 seeing at CTIO for our SMARTS 0.9 m and 1.5 m observa-
tions, (2) the 2:007 diameter CHIRON spectral �ber, (3) the 3:005 Gaia BP and
RP measurement region, (4) the 400minimum separation of our AB pairs and
rough boundary for blending sources in our 0.9 m observations depending on
the seeing, (5) the 800boundary near which sources begin to blend in ZTF, (6)
a single 2100TESS pixel while keeping in mind that a commonTESS aperture
is a 3� 3 pixel grid, and (7) the 3200boundary at which sources begin to blend
in ASAS-SN data. All of our analyses and results here consider the variety of
possible AB blending and background contamination impacts, as detailed in
Section 3.4 and Section 3.8.2. . . . . . . . . . . . . . . . . . . . . . . . . . . 130



Figure 3.4 : Two equivalency plots assessing radial velocity measurements for the
stars in our Results Sample. Black points are cases newly reported in this
Chapter while gray points show the remaining systems already introduced in
P1. Gray one-to-one lines are underplotted. Error bars are always shown but
often appear smaller than the points. (a) | A comparison of our CHIRON
RVs (Table 3.3 and P1) and theGaia DR3 RVs (Table 3.1) for the 43 individ-
ual stars with both measures available, using the weighted mean RVs for cases
with multiple CHIRON epochs. (b) | The RVs of our A and B components
are compared for each system, except RTW 2202+5537 AB as B lacks an RV
measure. We use CHIRON RVs if available, employing weighted mean RVs
for cases with multiple epochs, and otherwise useGaia DR3 RVs. . . . . . . 138

Figure 3.5 : Our CHIRONv sin(i ) values compared between twin pair components
from our Results Sample, using the measurements from Table 3.3 and P1 and
plotting error bars in all cases. Systems are ordered by descendingv sin(i )
value, with vertical gray lines connecting the component stars and a gray
shaded region indicating less reliable measures at< 10 km s� 1. See 3.6.2 for
discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Figure 3.6 : Spectra of the H� region for 22 New Systems observed by CHIRON,
excluding the known or suspected non-twin higher order multiple systems.
Each individual spectrum has been blaze corrected and shifted to the rest
frame based on the measured stellar RVs. These plots only include epochs
with both stars successfully observed back-to-back and with neither 
aring.
Each subplot compares the A star in red and its twin B star in black; cases
with multiple epochs are shown stacked. The top grid of 10 pairs shows `core'
targets where each system has �ve epochs, except RTW 0933-4353 AB with
four epochs | these multi-epoch cases are split into emission systems on
the left (with changing y-axis scales) and absorption systems on the right.
The bottom grid shows the remaining 12 non-core pairs observed at only one
or two epochs. Titles specify the binary shown and their interior structure
(PC/FC/Gap); those in the top grid also give the time baseline of their epochs. 147



Figure 3.7 : H� EWs are compared between M dwarf binary components for two
samples of twin or nearly-twin systems. Each plot is scaled linearly between
� 0.5 to +0.5 and logarithmically outside these bounds. Several systems dis-
cussed throughout the text are labeled. (a) | The left panel shows our Results
Sample, using measurements reported in Table 3.3 and P1. Cases with mul-
tiple CHIRON epochs show their observed ranges of H� EWs as shaded bars,
while those with only a single CHIRON epoch have un-shown measurement
uncertainties that are typically smaller than the points. The CHIRON H�
results shown here only include epochs with both stars successfully observed
back-to-back and with neither 
aring. (b) | A sample of 48 nearly-twin M
dwarf wide binaries from Gunning et al. [25] is reproduced in the right panel
using data from their Table 1, with their EWs inverted in sign to match our
convention of negative values indicating emission. Their �ve systems with
multiple epochs use the mean and standard deviation of observed activity.
Points are color coded by the absolute di�erence inr � z color between stars
in a system, with more twin-like pairs having darker colors. See Section 3.6.3
for further discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

Figure 3.8 : An example set of astrometric results from the 0.9 m long-term pro-
gram for our twin stars RTW 0933-4353 A and B, using nightly mean points
averaged from the multi-frame visits. The positional residuals in RA (top)
and Declination (bottom) after �tting for parallactic motion and proper mo-
tion are shown, along with informative statistics and dashed lines at zero.
The insets specify the observation �lter and data time span. An additional
unseen companion could present itself in these photocenter measurements as
orbital motion if it existed, and the absence of such motions in these data is
therefore consistent with neither component hosting an unresolved companion
down to the measurement limits, typically reaching to low mass brown dwarf
companions in most orbits out to several times the duration of the time series. 154

Figure 3.9 : Long-term 0.9 m light curves for 16 of our New Systems, ordered by
RA, with triples excluded. Formatting is largely the same as Fig. 2.7. A (red)
and B (black) stars are o�set by� =+ 50 mmag. Point clusters are the rotation
data discussed in§3.8. LP 368-99 A and B are likely varying due to rotation.
RTW 1133-3447 A likely has false variability due to a nearby di�raction spike.
See Table 3.5 for related variability and noise measures. . . . . . . . . . . . 156



Figure 3.10 : A comparison is given of the 0.9 m long-term photometric variability
levels between twin pair components from our Results Sample, using values
from Table 3.5 and P1. A one-to-one line and corresponding 25% (1.25� )
bounding lines are shown. Point shapes correspond to the stars' interior
structures; circles are PC, squares are FC, and the single diamond system
is in the gap region between the PC and FC cases. A star with a MAD vari-
ability measure less than or within 10% of its reference �eld MAD noise level
is considered not varying beyond the noise and shows a corresponding upper
limit arrow. The single open circle indicates the system RTW 1133-3447 AB,
where the A component's variability measure is unreliable owing to a contam-
inating di�raction spike. Several key systems discussed throughout the text
are labeled. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Figure 3.11 : Rotation results for a subset of our New Systems from targeted
observations with the SMARTS 0.9 m at CTIO. Formatting is largely the
same as Figure 2.8. Our �nal adopted rotation periods are often supported
by multiple results beyond just these, as discussed in Section 3.8. (Continued
in subsequent Figures.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

Figure 3.12 : (Continuation of Figure 3.11.) . . . . . . . . . . . . . . . . . . . . . 173

Figure 3.13 : (Continuation of Figure 3.11.) . . . . . . . . . . . . . . . . . . . . . 174

Figure 3.14 : Rotation results using external data sources are shown for several
stars in our New Systems. Formatting is generally the same as Figure 3.11,
but without the gray shaded noise regions in the 0.9 m plots. TheTESS-unpop
data for LP 719-37 AB are blended, but we show results from two di�erent
sectors that correspond to the disentangled periods for each star. LP 368-
99 A and B are moderately blended in ZTF but their PSF-�t photometry
yields resolved rotation results. (Caption and content continued in subsequent
Figure.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Figure 3.15 : (Continuation of Figure 3.14.) RTW 2202+5537 A and B are blended
in TESS-unpop but the resolved ZTF data for B allow us to disentangle the
true rotation signal for each star. TheTESS data for RTW 0409+4623 AB
are blended, but the periodogram demonstrates the two peaks correspond-
ing to the two distinct rotation signals we adopt. RTW 2311-5845 A shows
an example result based on resolvedGaia DR3 data that helps con�rm the
system's rotation periods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177



Figure 3.16 : Rotation results fromTESS-unpop for RTW 1123+8009 A and B,
in the same general format as Figure 3.14. Data from sectors 14, 20, 21, 26,
40, 41, 47, 53, 60, 73, and 74 are merged in a joint analysis using the methods
described in Section 3.8.1. TheTESS-unpop data are blended for the two
stars given their 9:0096 separation, but our apertures were manually chosen to
minimize the blending, so the results are very similar but slightly di�erent
between the two cases. These speci�c periods are possibly half-harmonics of
the adopted longer periods from L24, as discussed in Section 3.8.3. . . . . . 181

Figure 3.17 : A comparison of rotation periods and peak-to-peak rotation ampli-
tudes (amprot ) between the A and B components in our twin binary Results
Sample is shown, using values from Table 3.6 and P1. One-to-one lines and
corresponding 25% bounding lines are shown. For plotting purposes we assign
RTW 0409+4623 A the 2.55 day period and corresponding 7.1 mmag ampli-
tude, RTW 0409+4623 B the 2.24 day period and corresponding 5.9 mmag
amplitude, and then double the amplitudes for RTW 0409+4623 AB and
RTW 2202+5537 AB, as discussed in Section 3.8. The measurements for dif-
ferent systems are derived from photometry in di�erent �lters, so care should
be taken if comparing amplitudes in panel (b) across systems and not just be-
tween twin components. Several key systems discussed in the text are labeled.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

Figure 3.18 : Twin binaries from our Results Sample shown in the rotation-activity
plane for M dwarfs, with lines connecting the two twin components in each
binary. The H� EW scale is linear between 0.3 to� 0.3 and logarithmic for
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CHAPTER 1

Introduction

1.1 Motivation

Are we alone in the Universe? This fundamental question has occupied the minds of hu-

manity for millennia and motivates large swaths of modern astronomical investigation. One

of the leading research areas targeting this ultimate question is the study of planets orbiting

stars other than our Sun. Recent decades have seen an explosion in the number of con�rmed

exoplanet detections, which presently nears 6,000 planets1. This is due in large part to mod-

ern space-based surveys by theKepler and TESS telescopes [11, 40], which have detected

thousands of planets passing in front of their host stars. The rise of high-precision radial

velocity spectrographs has been similarly instrumental, where planets are detected through

the Doppler e�ect as they gravitational tug on the host star.

The search for potential life elsewhere requires the planets be habitable to that life.

Numerous factors in
uence the potential habitability of a planet in the context of life as we

know it. Paramount among these is the presence of liquid water, which generally requires

planets be located in the so-called Habitable Zone (also known as the Goldilocks Zone)

around their host star. Planets orbiting in this region are not so close to the star that they

overheat and lose any liquid water on the surface but not so far from the star that they

freeze any existing water. Furthermore, we generally consider planets similar in structure

and composition to the Earth, i.e, rocky terrestrial planets, to be the best candidates for

1Based on the NASA Exoplanet Archive (available here: https://exoplanetarchive.ipac.caltech.edu/) as
of June 13 2025.
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hosting habitable conditions; this is opposed to more massive Jupiter-like Jovian gas giant

planets. Thus, the best targets for exoplanet habitability are commonly regarded to be rocky

Earth-like planets orbiting within the Goldilocks Zone around their star.

However, detecting such targets remains a challenge, in part due to the observational

biases of the transit and RV detection methods. For transits, signals are stronger for a

larger planet around a smaller star. For RVs, signals are larger for a more massive planet,

orbiting closer to its host star, around a less massive star. Both methods also generally favor

planets orbiting at shorter periods given this enables easier observational detection and

characterization over reasonable timescales. These various biases result in it being easiest

to �nd a given planet if it is orbiting a small and relatively low-mass star. Such stars also

have their Goldilocks Zone's relatively closer in compared to higher-mass stars, enhancing

the ability to detect a given planet within the Goldilocks Zone. While observatories in the

distant future may be su�ciently sensitive to probe other regions of parameter space, the

status for the foreseeable future is that Earth-like exoplanets orbiting within the Goldilocks

Zone are primarily detectable and characterizable only if orbiting a su�ciently small and

low-mass star [41]. Indeed, modern e�orts �nd rocky planets are relatively common around

very low-mass stars, with recent estimates suggesting roughly one out of every two such stars

hosts a terrestrial planet [42].

Our attention must therefore shift to these small stars and their properties, making them

the focus of this work. Low-mass stars in this context speci�cally refers to the M dwarfs,

which are also known as red dwarfs given their reddish colors. The lowest mass stars can
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technically reach down to spectral types of L2.5V [43], slightly past the end of the M dwarf

sequence, but for simplicity in this work we commonly use the term \M dwarfs" to refer to

all such low mass stars be they true Ms or early Ls. The term \red dwarfs" similarly includes

all such objects down to the end of the main sequence. Red dwarfs are the most numerous

type of star in the Galaxy, and they can spin at timescales ranging from just a few hours

all the way up to several months while simultaneously exhibiting tremendously energetic

variations spanning seconds to decades. In the subsequent sections we will introduce these

properties and other basic aspects of M dwarfs, explore how M dwarf behaviors are relevant

to exoplanet habitability, and outline the related key facets we aim to study in these stars.

1.2 The Basics of M Dwarf Stars

M dwarfs comprise almost exactly three quarters of all stars in the solar neighborhood and

presumably throughout the nearby the Universe [7], as demonstrated in Figure 1.1. These

objects can also live for up to trillions of years [44], so their ubiquity will remain for the

majority of the Universe's future stelliferous lifetime. Indeed, no M dwarf born in the history

of the Universe has ever meaningfully evolved away from the main sequence, and they all

continue to fuse hydrogen to this day. These stars therefore provide long-term enduring

environments for any exoplanets around them.

M dwarfs have historically been neglected due to their intrinsic faintness, but their afore-

mentioned role as hosts of detectable exoplanets has made them common targets of study

today. Their prevalence also makes them intrinsically connected to many other areas of



4

Figure 1.1 : This schematic diagram from Figure 3 of Henry and Jao [7] visually demonstrates
the relative proportions of di�erent types of stars within 10 parsecs of the Sun in the Solar
Neighborhood. M dwarfs clearly dominate the local stellar population, accounting for 75%
of all stars in the nearby census. In fact, even just the lowest mass M dwarfs, i.e., those
below � 0.35 M� , account for roughly half of all stars.

astrophysics, such as measuring the initial mass function, adding further motivation for

study. When investigated, their faintness also results in a predilection for the closest ob-

jects, with modern surveys only being complete for the lowest mass M dwarfs out to distances

of � 25 parsecs. The commonality of M dwarfs combined with this preference for proximity

means that studying these stars is often an investigation of the entire solar neighborhood
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Figure 1.2 : This grid from Table 1 of Henry and Jao [7] provides a summary of fundamental
parameter values for stars across the red dwarf sequence, with the Sun included in the second
column for comparison. The luminosity values in the second row show that the lowest mass
red dwarfs can be thousands of times fainter than the Sun, demonstrating a key reason these
objects have generally been understudied compared to other stars.

more generally.

M dwarfs are both smaller and lower mass than the Sun, and a summary of typical

physical values can be seen in Figure 1.2 for M dwarfs across their spectral sequence. Their

mass range from 0.075{0.61 M� [4, 7] is somewhat narrow in an absolute sense, but this

factor of eight span in mass is larger in a relative sense than that spanned by A, F, G, and

K type stars combined. The entire sequence of M dwarfs also includes not just one but at

least three separate structural types of stars. The �rst are those with masses& 0.35 M� ,

which are similar in structure to the Sun with an outer convection zone and inner radiative

core [45], making them partially convective (PC) stars. Next are those at masses. 0.35 M�

| comprising about half of all stars [7] | which lack a radiative core and are thus fully

convective (FC) [45]. The third type are stars straddling the boundary between these two

cases at masses near� 0.35 M� , which exist within the so-called Jao Gap region on the

Hertzsprung{Russell diagram (HRD) [9], as visible in Figure 1.3. This �nal type hosts
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Figure 1.3 : A Hertzsprung{Russell diagram of the M dwarf main sequence showing sources
from Gaia DR3 [8] within 50 pc and with parallax and magnitude uncertainties of< 1%. A
diagonal cyan line shows the Jao Gap near 0.35 M� [9, 10], indicating the transition region
for partially convective stars above it and fully convective stars below it. This gap line uses
the upper edge de�nition from Jao et al. [10], but o�set downward by 0.05 mag to better
align with the center of the gap region. A weak secondary sequence is visible above the main
sequence due to the presence of unresolved binaries. Stars near the bottom right of this plot
are near the end of the stellar main sequence and include some of the lowest mass objects
still fusing hydrogen in their cores.

interior structures that change over millions to billions of years as an intermediate radiative

layer periodically separates convective regions both above and below it before disappearing

for a time [46{48].

Further complexity arises when considering compositional e�ects. M dwarf photospheres
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span roughly 2,000{4,000 K in temperature, which in the cooler stars allows for the forma-

tion of molecules such as titanium-oxide (TiO) and vanadium-oxide (VO). This is partially

responsible for M dwarfs being particularly sensitive to metallicity e�ects compared to higher

mass stars, adding an important parameter when studying these low-mass objects. For ex-

ample, the widening of the main sequence around mid-M dwarfs in Figure 1.3 is primarily

(although not entirely) due to metallicity e�ects [e.g., 49].

1.3 M Dwarf Activity

A crucial aspect not yet discussed is stellar activity, which can be remarkably strong in M

dwarfs. The combination of stellar rotation and convection in M dwarfs drives a magnetic

dynamo that generates magnetic �elds [e.g., 50], which subsequently produces activity behav-

iors as the dissipation of magnetic energy (often through magnetic reconnection) in
uences

material throughout and around the star. M dwarf stellar activity can include extremely en-

ergetic 
ares, heated chromospheres and coronas, starspots, faculae, radio emission, variable


ux levels across a range of wavelengths and timescales, and more [e.g., 51, and references

therein].

Short-term activity on the order of minutes to hours includes 
ares and similar eruptive

events, which are capable of increasing the brightness of an M dwarf by over an order of

magnitude nearly instantaneously. Medium-term activity spanning hours to months includes

intrinsic changes as starspots and faculae evolve on the surface of the star, combined with

non-intrinsic brightness changes seen observationally as the spots and faculae move in and
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Figure 1.4 : An example light curve for the fully convective M dwarf LHS 5094 using data
from the TESS spacecraft [11]. The y-axis is the 
ux measured byTESS, given here in
arbitrary units. The prominent periodic signal is from the star rotating every 1.4 days, while
vertical spikes in brightness correspond to short-term 
ares from the star.

out of our view as the star rotates. Long-term changes are also possible via so-called stellar

activity cycles, where the overall level of activity across nearly all metrics considered can


uctuate periodically across years to decades. Examples of 
ares and rotation signals are

shown in Figure 1.4, and activity cycles will be discussed extensively later in Chapter 4.

Stellar activity is particularly important in the study of exoplanet habitability around M

dwarfs because the strong 
ares and high energy emission from activity can strip exoplanet

atmospheres and dangerously irradiate planet surfaces [e.g., 52]. The lack of an atmosphere

has clear consequences for planet habitability as we understand it. However, activity-induced

UV emission may also trigger prebiotic chemistry conducive to the development of life [e.g.,

53]. The exact details regarding when activity may be good, neutral, or bad for habitability

are areas of active research, but it su�ces to say that the above factors motivate the desire

for reliable predictions of M dwarf activity throughout their lives. Magnetic activity at the
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stellar surface also likely in
uences the physical radius of M dwarfs, resulting in some models

underestimating their radii by up to at least several percent [54{57]. This is particularly

relevant for exoplanet studies, where derived planet properties are often dependent on our

knowledge of stellar properties such as radius.

By understanding how activity behaves and evolves throughout a star's lifetime, we will

be able to better inform the cumulative impacts the activity has on exoplanet habitability

during these same time periods. In summary, the search for life elsewhere in the Universe

leads to the search for habitable exoplanets around M dwarfs which leads to the need for

understanding M dwarf stellar activity behaviors.

1.4 M Dwarf Rotation-Activity Evolution

Understanding M dwarf activity is a task inherently linked with understanding the rotational

evolution of these stars, given rotation helps drive activity via the dynamo. Most solar-like

and lower mass stars on the main sequence, including G, K, and M dwarfs, gradually slow

their rotation rates over time (i.e., they \spin down") via a mechanism known as magnetic

braking [58]. In this process, magnetized stellar winds carry material and its associated

momentum away from the star over time, combined with a torque created by the magnetic

�eld of the star being dragged through the charged stellar wind material, ultimately leading to

the gradual loss of angular momentum and a slowing of the stellar rotation. The material loss

is itself modulated at least in part by stellar activity, such as the solar wind and coronal mass

ejections emitted by the Sun. This altogether produces interplays as rotation helps generate
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magnetic �elds, the �elds produce activity, the activity and �elds produce magnetic braking

resulting in a slowing of the rotation, which then changes the strength of the generated

�elds and subsequent activity, and so on. In general, slower rotating stars at older ages will

produce weaker magnetism and weaker stellar activity compared to a more rapidly rotating

younger star, all else being equal, as demonstrated in the landmark work by Skumanich [59].

However, in reality this overall process is far from straightforward and not fully under-

stood. For example, results from Newton et al. [12] are shown in Figure 1.5 comparing

rotation period to H� equivalent width (EW) for a large sample of nearby �eld M dwarfs.

The H� line is a chromospheric activity diagnostic commonly used to measure the strength

of magnetic stellar activity in a given M dwarf, with more negative EWs indicating more

emission and more activity in this case. The emergent pattern shows that M dwarfs rotating

at periods . 5{10 days reach the so-called \saturated" region of activity, wherein faster ro-

tation no longer results in markedly stronger activity. On the 
ip side, stars at slow rotation

periods in the \unsaturated" regime do generally show weaker activity levels, but with a

substantial amount of scatter plainly evident. These results also serve to highlight the typi-

cal range of rotation periods M dwarfs host, spanning from 0.1 days at the fastest end up to

almost 200 days at the slowest end. The phenomena of saturated and unsaturated activity

regimes has been observe in M dwarfs using many activity diagnostics, including via coronal

X-ray activity in the results of Wright et al. [21] and Wright et al. [22], 
aring activity in

the results of Medina et al. [60], and direct measurements of magnetic �eld strength in the

results of Reiners et al. [61].
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Figure 1.5 : A recreation of rotation-activity results from Newton et al. [12] using their
reported data for a large sample of nearby �eld M dwarfs. The H� EW scale is linear
between 0.3 to� 0.3 and logarithmic outside this range. Symbols and colors indicate which
stars are partially convective (PC) versus fully convective (FC), designated based on the
Newton et al. [12] estimated masses relative to the 0.35 M� transition value. Vertical dashed
lines roughly divide the clumps of rapidly-rotating FC M dwarfs at periods less than 10 days
and slowly-rotating FC M dwarfs at periods longer than 70 days.

The saturated and unsaturated regime results help constrain how the activity levels will

scale with rotation rate, aiding the desired exoplanet host star activity reconstructions. But,

we must still consider how the rotation rates themselves will evolve for a given star. Starting

at stellar formation, the gravitationally contracting protostar magnetically couples to its

formation disk in the star-disk locking phase [62, 63], transferring angular momentum from

the star to the disk. Di�erent disk masses and lifetimes can subsequently change how long
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the young star spends in this phase and its rotation period after formation. From this point

onward the magnetic braking mechanism described above primarily regulates subsequent

rotational evolution throughout a star's remaining main sequence life. Recent evidence

indicates solar-like stars later reach a phase of weakened magnetic braking where rotational

spin down stalls [64{66], but the timescales for this phenomenon indicate it is not relevant

for the M dwarfs considered here [67].

Observations of rotation rates for stars at a range of ages subsequently inform the mag-

netic braking spindown timescales after formation. Starting with PC M dwarfs, similar stars

at very young ages can show a scatter of fast rotation periods before �nally converging to a

consistent rotational sequence by ages of roughly half a billion years [e.g., 68, and references

therein]. However, after this, the subsequent rotation spindown encounters the so-called in-

termediate period gap, a dearth of measured rotation periods near 20{30 days �rst discovered

with Kepler results by McQuillan et al. [69, 70]. The cause of this rotation feature may relate

to spot-faculae contrast balancing and/or core-envelope interactions but is an area of active

research [71{74] (Lu et al. [74] is hereafter referred to as L22). L22 have observationally

shown the intermediate period gap spans the full range of PC M dwarfs before disappearing

somewhere near the transition to FC stars, so it remains relevant for all PC M dwarfs.

Once entering the FC regime, MEarth results from Newton et al. [24, 75] have demon-

strated a strong bimodality in the distribution of FC M dwarf rotation periods for �eld-age

stars, a feature distinct from the aforementioned intermediate period gap in PC stars. This

clustering of FC stars around short. 10 day and long& 70 day periods is visible in Figure 1.5
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and is suspected to derive from a relatively rapid phase of strong magnetic braking transi-

tioning stars between the two period-activity groups. The starting age of this fast braking

phase varies among FC M dwarfs depending on their mass and possibly their formation

histories [6, 13, 15, 20, 76, 77] (Pass et al. [20] is hereafter referred to as P24, and Couperus

et al. [6] is hereafter referred to as P1), and is likely linked to the initial rotation period

and evolution of the magnetic �eld morphology [78]. Furthermore, Jao et al. [10] (hereafter

J23) �nd evidence for signi�cantly higher historical magnetic braking strengths in the most

massive FC M dwarfs compared to PC stars and lower mass FC stars. We show an example

set of fully convective M dwarf rotational evolution model tracks from Sarkar et al. [13] in

Figure 1.6, where two takeaways are clear. First, signi�cant rotation spread is possible at

young ages depending on a given star's formative rotation rate and disk lifetime. Second,

the models still generally struggle to match observations from Pass et al. [15], as well as the

slowly-rotating �eld FC M dwarf results from Newton et al. [24, 75] shown in Figure 1.5.

The above results highlight the need for more work understanding these processes, both

in how di�erent activity phenomena behave for stars of di�erent masses and rotation periods

as well as how the rotation rates themselves change for a given star over its lifetime. For

example, why is there so much scatter in the observed activity levels for otherwise similar

mass and rotation stars, and is this scatter derived from a deterministic process we could

possibly predict or is it possibly somewhat stochastic or chaotic in nature? Do stars with

the same ages and fundamental parameters often show the same rotation rates, or might the

early disk factors and rapid spindown phases introduce higher order complexity for many
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Figure 1.6 : Example rotational evolution model tracks for fully convective M dwarfs at
0.25 M� , repurposed from Figure 5 of Sarkar et al. [13]. Vertically separated tracks are
stars with di�erent initial rotation periods at formation, with the solid and dashed lines
in each case corresponding to those stars having disk-locking times of 3 Myrs and 10 Myrs
respectively. The vertical dotted line on the left at 1 Myr indicates the range of rotation
rates observed by Hillenbrand [14] (and references therein) for stars near this mass in the
Orion Nebula. Points show the range of observed rotation periods for stars near this mass
in several clusters with ages up to roughly 700 Myrs. Observational results from Pass et al.
[15] are shown with the plus symbol (a minimum age) and a horizontal bar (an age range)
for two stars given in the legend.

cases? Investigating these and related questions is the goal of this work, with the ultimate

motivation of enhancing our ability to understand and predict activity behaviors in M dwarfs
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so that we can better inform how this activity impacts exoplanet habitability.

1.4.1 Rotation-Activity Summary

Based on all of the above, a broad and simpli�ed summary of rotation-activity evolution

in an arbitrary M dwarf's lifetime can be structured as follows. During formation, the

contracting young M star gradually spins up, likely magnetically couples to the disk around

it for a time, eventually dissipates the disk, and then continues contracting (see Figure 1.6).

Throughout those initial steps, the young star provides a complex environment of stellar

rotation / magnetism / activity behaviors during the formation and early evolution of any

planets. At the transitionary age of about� 10 Myrs, the pre-main-sequence M star likely has

a magnetic �eld of roughly several hundred gauss depending on its mass [79, and references

therein] and a relatively rapid rotation period of . 10 days (Figure 1.6 and [80]), leading

to an environment of considerable high-energy radiation and 
aring for any orbiting planets

[e.g., 80].

The star subsequently continues contracting throughout the extended pre-main-sequence

phase for many tens to hundreds of millions of years depending on the mass, likely reaching

a rotation period minimum during or shortly after this time as contraction spin-up and

magnetic braking slow-down competitively in
uence the rotation rate (Figure 1.6). The

rapid rotation throughout this phase would also likely maintain a magnetic �eld of up to

several kG [61]. There would be relatively consistent and high activity levels throughout

this time as the fast rotation keeps the star in the saturated activity regime (e.g., left side

of Figure 1.5, [61]), emitting much high-energy X-ray and UV emission onto any orbiting
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planets and their atmospheres.

Once contraction ends and the M dwarf settles onto the main sequence, the aforemen-

tioned magnetic braking mechanism continues to gradually slow the star's rotation rate over

time. This progresses relatively steadily if it is a PC M dwarf, or with an additional sudden

rapid transition at a certain point if it is an FC M dwarf. The star would reachProt & 10 days

by ages of up to roughly several gigayears depending on its mass [76, 81]. The stellar activity

and magnetic �eld strength would then scale down with the slowing rotation past periods of

roughly 10 days in the unsaturated regime (Figure 1.5, [61]), likely leading to a less energetic

and more stable activity environment for any planets depending on the stellar mass. By old

ages of many gigayears, the M dwarf would be very slowly rotating, potentially at periods

> 100 days, and emitting the weakest activity of its lifetime so far. At very old ages and for

the remainder of the M dwarf's main-sequence life it would provide a relatively stable and

low-activity environment for any planets.

1.5 M Dwarf Magnetic Dynamos

An additional area of interest for understanding both activity and rotation evolution is that of

the underlying magnetic dynamos themselves, which are ultimately responsible for creating

the stellar behaviors of interest. However, even the relatively well-studied magnetic dynamo

operating in the Sun remains a large and active area of ongoing investigation with many

open questions (see [82] for a recent review of solar dynamo theory), but we consider it �rst

here as a useful starting point. At a basic level, the solar dynamo is commonly described
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as a combination of (1) the� e�ect, where magnetic �elds are twisted by a combination of

rotational and convective motion inside the Sun, (2) the 
 e�ect, where the Sun's di�erential

rotation stretches out magnetic �eld lines around the Sun, and (3) the tachocline, a boundary

layer of high shear dividing the radiative zone and convective zone inside the Sun. In principle

these e�ects can also occur in M dwarfs, but the critical exception is that fully convective M

dwarfs lack a tachocline region, so it is often presumed that they likely host distinct dynamo

behaviors.

While our knowledge of the solar dynamo has progressed signi�cantly in the last several

decades, our current understanding of magnetic dynamos in M dwarfs is comparatively

inadequate at best. For partially convective M dwarfs, their structures and rotation-activity

relations indicate a solar-like� 
 dynamo [12, 21, 82], but some other results suggest a

possible non-solar dynamo [39, 83{85]. For fully convective M dwarfs, both theory and

observations promote a transition to a poorly-understood� 2 or similar turbulent dynamo

[86{89]. There is likely another dynamo division between rapid and slow rotating stars [e.g.,

12, 78, 87, 90{93]. Furthermore, very rapidly rotating mid-to-late-type M dwarfs may host a

bi-stable dynamo wherein similar stars could converge to two di�erent dynamo states [16, 94{

97]; however, this may instead be caused by cyclical dynamos observed during transition

phases [98]. Slowly rotating fully convective stars, such as Proxima Cen, are the least

explored, but likely host a non-solar dynamo still producing cyclical behavior [93, 99, 100].

To disentangle this complex dynamo landscape, many e�orts have emphasized the need

for years-to-decades long monitoring of M dwarfs and their subtypes [e.g., 25, 34, 39, 50, 93,
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96, 98, 99, 101{108], primarily to constrain stellar activity cycles analogous to the solar cycle.

This leads to the consideration all of our projects will give to these long-term activity cycles.

Finally, M dwarfs thus have an additional motivation for study, namely that they probe

magnetic dynamos in new regimes and therefore o�er improvements to our understanding

of how magnetism operates in the Sun and other stars more generally.

1.6 Summary of Projects

The work presented here spans multiple projects investigating M dwarf stellar activity, under

the aegis of the REsearch Consortium On Nearby Stars (RECONS; www.recons.org). Chap-

ter 2 and Chapter 3 both investigate the rotation and activity of M dwarf binaries where

components in each pair are stellar twins with the same fundamental parameters | Chap-

ter 2 examines four standout systems with a variety of targeted observations, while Chapter 3

expands to consider the full sample and population-level takeaways. Chapter 4 presents a

separate study detailing the detection and characterization of many new M dwarf activity

cycles using data from the RECONS long-term program. All three works are motivated

by the same general framework discussed above in the Introduction, but each Chapter has

additional project-speci�c introductory context given as well. We conclude and summarize

our key takeaways in Chapter 5.
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CHAPTER 2

Twin M Dwarfs | The Chandra Four

2.1 Introduction

Following from the introductory content in Chapter 1, some additional observations of M

dwarf rotation and activity behaviors merit discussion. One might traditionally expect M

dwarfs with the same mass, age, composition, and rotation rate to have similar activity levels,

but, intriguingly, this is not always the case. For example, the two components in the BL+UV

Ceti binary system (GJ 65 AB) have virtually identical masses (A = 0:120� 0:003 M� ,

B = 0 :117� 0:003 M� ; Benedict et al. [4]) and rotation periods (A = 0:24 days, B = 0:23 days;

Barnes et al. [109]), and are presumably of the same age and composition as members of a co-

eval binary pair. However, they display incongruous star spot distributions [109], markedly

di�erent magnetic �eld strengths and topologies (as shown in Figure 2.1) [16], mismatched X-

ray variability [110], and di�erent levels of radio emission [110, 111, and references therein].

The di�erence in X-ray variability was recently observed to have possibly normalized to

roughly similar activity levels compared to 18 years earlier [112], while the radio di�erences

have persisted over several decades. Radio emission di�erences have also been found between

the similar M dwarf components in Ross 867-8 [113]. In addition, Gunning et al. [25] found

marked di�erences in chromospheric H� activity between similar components in several M

dwarf wide binaries, although rotation periods were unavailable, thereby limiting a fully

contextualized interpretation of their results.

Beyond �eld wide binaries, similar mismatch behaviors has also been observed for M
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Figure 2.1 : A re-showing of part of Figure 1 from Kochukhov and Lavail [16] displaying
their reconstructions of the magnetic �eld topologies of GJ 65 A (left) and B (right) based
on Zeeman-Doppler imaging. The projected radial, meridional, and azimuthal components
are shown for each star, with color corresponding to the �eld strength in units of kG. The B
star shows much stronger and more structured magnetic �elds compared to A, despite the
two stars being nearly identical twins.
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dwarfs in young open clusters. For example, in Henry and Jao [7] we examined plots of

rotation period versusMG (a tracer of mass) for M dwarfs in clusters spanning ages of 10{

750 Myrs using results from Popinchalk et al. [114] and references therein, highlighting that

stars in the same cluster (i.e., same age and metallicity) at similarMG (i.e., similar mass)

can show pronounced spread in rotation periods around transition regions from fast to slow

rotators. This mismatch behavior can also be seen in stellar activity for cluster M dwarfs

via the H� comparisons of Popinchalk et al. [114], which are based on values from Douglas

et al. [115], Newton et al. [12], and Kiman et al. [116]. This activity and rotation scatter

appears most strongly when initial formative rotation periods are still a relevant factor and

around regions of strong spindown. While very-low-mass late-type M dwarfs are often more

sparsely covered in existing cluster results, the general behavior remains that some M dwarfs

of similar fundamental parameters can display quite varied activity and rotation behaviors.

Altogether, the cases of observed activity di�erences in otherwise similar M dwarfs remain

poorly understood, indicating that work remains to be done to improve any predictions about

their magnetic attributes and consequent e�ects on orbiting exoplanets. In particular, the

strong mass dependence of M dwarf spindown timescales, the metallicity sensitivity of M

dwarfs, and their varied interior structures, all suggest that any stars being studied for

activity and/or rotation di�erences need to have very tight constraints on their fundamental

parameters. This would thus truly constrain how di�erent M dwarfs can be in activity and

rotation even if stars are otherwise nearly identical, and probes if the underlying origins of

these di�erences are only from mass/age/composition or if other aspects, such as formation
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disks or dynamo factors, may be crucial to consider as well.

Furthermore, understanding rotational evolution has the potential to measure ages for

speci�c stars based on their observed rotation rates, an approach known as gyrochronology

[26, 68, 117, 118]. However, if poorly-understood factors are causing only some otherwise

very similar stars to deviate in rotation rate, such as the aforementioned M dwarf binary

mismatched activity results suggest may be possible, then further study is needed before

gyrochronology can be accurately applied for M dwarfs. Reliable age measurements for

isolated stars are generally di�cult to obtain but invaluable for countless areas of stellar and

exoplanetary astrophysics, so this adds even more motivation for investigating rotational

evolution in M dwarfs and any cases of mismatched rotation.

To this end, and to improve our understanding of M dwarf magnetism and rotation, we

have carried out a study investigating `twin' M dwarf wide binaries. For each of the pairs, we

seek to determine if the twin components show the same or meaningfully di�erent magnetic

properties and rotation. Any observed mismatches in the rotation periods between twin stars

could imply stochasticity and set constraints on the spindown process, while di�erences in

activity for otherwise similarly rotating twin stars sets constraints on the potential intrinsic

scatter in magnetic activity for even equal mass/age/composition/rotation stars. Of par-

ticular note is the understudied long-term years-to-decades variability, where out-of-phase

magnetic stellar cycles may be the cause of some activity di�erences at a given epoch of ob-

servation. Results from this twin study are split between the current Chapter and Chapter 3.

This �rst e�ort outlines our overall methodology while focusing on a subset of four intriguing
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sets of twins for which a variety of observations have revealed di�erences. Chapter 3 will

then discuss the remaining 32 twin systems and overall results for our cumulative sample.

The present Chapter is split into seven further sections:§2.2 outlines our sample, followed

by details of each observing campaign in§2.3. In §2.4 and§2.5 we present our results, and

we give additional notes on the systems in§2.6. We then discuss the results in§2.7 and

summarize the key insights in§2.8. Additional materials are provided in Appendix A.

2.2 Sample

The RECONS Twins sample was constructed by searchingGaia DR2 [119] for common

proper motion wide binaries with nearly identical components. First, we extracted M stars

within 50 pc by selecting forparallax > 20 mas and BP � RP > 2.0. We then selected

source pairs with angular separations of 400{30000, which allows sources to be resolved in

many observing programs while still close enough to �t within typical detector �elds of view.

Pairs with components havingBP , RP, or 2MASSJ, H, or K s di�ering by > 0.10 mag were

then removed in order to select only `twin' stars with nearly identical magnitudes across

the optical and near-IR wavelengths, where M dwarfs emit most of their light. Finally, we

removed pairs whose component parallax distances di�ered by more than 1 pc. No additional

criteria such as parallax error cuto�s or proper motion matches were needed (pairs all have

proper motion components matching within a few mas/yr). This yielded an all-sky sample

of 36 M dwarf twin binaries that are still astrometrically associated and pass these same

cuts in updated Gaia DR3 data [8]. To further con�rm the binary nature of our stars we
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crossmatched with the SUPERWIDE catalog of Hartman and L�epine [120], �nding all four

systems considered here to be real wide binaries at> 99.99% probability.

The four systems we highlight in this current Chapter are GJ 1183 AB, KX Com A-BC,

2MA 0201+0117 AB, and NLTT 44989 AB, chosen for their standout activity behaviors

amongst our sample and their inclusion in theChandraX-ray study detailed here. \KX Com"

nominally refers to what we call our A component, and we added the name association to

what we call our B component and its subsequently discovered C companion discussed later

in §2.4.3.2 and§2.6.2. The designation NLTT 44989 speci�cally refers to A, while B is

NLTT 44988, but we refer to them as NLTT 44989 A and B for clarity throughout this

Chapter; this system also goes by the name LP 920-61 AB. A and B labels were decided

following some existing catalog component names (GJ 1183 A and B), but were otherwise

chosen by DR2BP brightness. The A or B distinction is somewhat arbitrary for these twin

stars because di�erent measurements or catalogs will often 
ip-
op which is the brighter A

star, so precise coordinates may prove more useful for the interested investigator.

The twin binaries are shown on an observational Hertzsprung{Russell Diagram in Fig-

ure 2.2, where the four systems of interest for this Chapter are highlighted with solid points

connected by short red lines. As expected, this Figure con�rms that no binary giants were

mistakenly captured in our search. The signi�cantly elevated pair is 2MA 0201+0117 AB, a

member of the young� 25-Myr � Pictoris association [121, 122]; the other slightly elevated

system is GJ 1183 AB. All components in the four systems targeted here are fully convective

stars | three systems are below the partially/fully convective transition gap of Jao et al. [9]
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Figure 2.2 : An observational Hertzsprung{Russell Diagram usingGaia DR3 magnitudes
and parallaxes. Grey points show a sample ofGaia sources within 50 parsecs to illustrate
the main sequence. Large black circles indicate stars in our sample of 36 M dwarf twin
binary pairs. The four systems examined in this Chapter are �lled in and labeled, with red
lines connecting the two components in those pairs. A diagonal cyan line represents the
gap marking the transition between partially and fully convective M dwarfs near� 0.35M�

[9, 10], o�set downward by 0.05 mag to approximately match the middle of the gap instead
of the upper edge.

indicated with the diagonal cyan line, whereas 2MA 0201+0117 AB has been functionally

fully convective throughout its brief life because it is a pre-main-sequence (PMS) system.

We also note that none of the four systems | except KX Com A-BC, a non-twin triple |

land within the activity dip sub-gap region identi�ed in J23 betweenMG = 10.3{10.8.
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Astrometric and photometric parameters for the four systems targeted in this Chapter

are given in Table 2.1 and Table 2.2, respectively. All data in Table 2.1 are fromGaia DR3,

as well as the derivedMG values, G, BP , and RP in Table 2.2. JHK s values are from

2MASS. The key values have average errors as follows:� � 0.03 mas,G � 0.003 mag,BP

� 0.007 mag,RP � 0.005 mag,J � 0.028 mag,H � 0.035 mag, andK s � 0.028 mag.

Tables are ordered alphabetically by star name, where `2MA' counts as M. The projected

separations are greater than 80 AU for all four wide systems, implying orbital periods&1000

years at their low masses, signi�cantly longer than the� 100 day limit on tidal interaction

and locking predicted by Fleming et al. [123] | we thus conclude that present-day stellar

tidal interactions between these wide pairs are negligible.

For context, estimated masses are given in Table 2.2, derived from theV-band mass-

luminosity relation (MLR) for M dwarfs in Benedict et al. [4] via a prescription similar to

that described in Vrijmoet [124]. Brie
y, several hundred M dwarfs on the RECONS long-

term 0.9m program [125] with measuredMV were used with theV-band MLR to estimate

their masses. We then correlated these masses with the stars'Gaia DR2 MBP values, and

�t that relation with a high-order polynomial, which was then used to estimate masses for

our twin stars via their Gaia DR2 MBP values1. Masses are shown in parentheses for the

unresolved KX Com BC component, as well as 2MA 0201+0117 A and B, for the latter

pair because they are PMS stars and therefore provide upper limit mass estimates at best.

Regardless of the exact mass estimation method, our magnitude criteria are ultimately the

1The Benedict et al. [4] M V MLR has an rms scatter of 0.19 mag or 0.023 M� , setting the uncertainty
scale for our derived mass estimates.
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fundamental observables that select our pairs to be twins in mass; we presume they host

functionally identical ages, compositions, and environments as well under the assumption

the binary components formed together and are co-eval.

We also employed the BANYAN � tool of Gagn�e et al. [126], which uses a Bayesian

analysis to probabilistically determine a target's candidate membership in nearby young

stellar associations based on inputs optionally combining astrometry, radial velocities, or

photometric distance constraints. We utilizedGaia DR3 astrometry and ran the analysis

both with and without our weighted mean CHIRON radial velocities (§2.4.3) given the binary

nature of our targets. The results indicate GJ 1183 A has a 13% chance of membership in

the young Carina-Near association, but only for the A component and only when excluding

radial velocities | this low probability, combined with the low number of 13 stars used

to de�ne the group in BANYAN �, leads us to disregard the possible membership. The

results do correctly support 2MA 0201+0117 AB belonging to the� Pictoris association2,

and otherwise �nd no membership probabilities> 2% for the other stars considered here.

2The recent � Pictoris membership analysis by Lee et al. [127] does not include 2MA 0201+0117 AB
as a con�rmed member, possibly due to their inclusion probability threshold of 90%, but we regard
2MA 0201+0117 AB as a member for the remainder of this dissertation based on the membership anal-
yses by Alonso-Floriano et al. [121] and Messina et al. [122], our BANYAN � results, and the stars' elevated
nature in our HRD.
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Table 2.1: Basic parameters for the four twin systems

explored in this chapter. All astrometric information is

from Gaia DR3. Physical separations are from 2-D pro-

jections on the sky assuming an average of the two com-

ponent distances. Separations for KX Com refer to A-

BC, not B-C. GJ 1183 B has no RV available in DR3. See

§2.2.1 for a discussion of RUWE, RVGaia , and IPDfmp.

Name R.A. Decl. � � � � � � 2D Sep. RUWE RVGaia IPDfmp

[ICRS-2016] [ICRS-2016] (mas) (mas/yr) (mas/yr) (00) (au) (km/s) (%)

GJ 1183 A 14 27 55.69� 00 22 30.5 57.01 � 361.15 41.70 13.07 229.3 1.510� 11.7� 3.3 0
GJ 1183 B 14 27 56.01� 00 22 18.3 57.03 � 363.17 52.54 1.524 � � � 0
KX Com A 12 56 52.80 +23 29 50.7 36.61 70.27 4.10 7.72 211.2 1.234� 7.9� 0.8 0
KX Com BC 12 56 52.24 +23 29 50.2 36.52 74.89 8.56 1.436� 10.8� 4.9 0
2MA 0201+0117 A 02 01 47.00 +01 17 05.1 20.30 74.77� 49.21 10.45 514.7 1.404 5.2� 1.0 0
2MA 0201+0117 B 02 01 46.85 +01 17 15.3 20.31 75.86� 46.73 1.501 6.0� 2.8 1
NLTT 44989 A 17 33 05.98 � 30 35 10.1 54.68 � 113.37 � 123.01 4.75 86.9 1.001 40.1� 0.7 0
NLTT 44989 B 17 33 05.62� 30 35 11.3 54.61 � 121.23 � 122.86 1.167 44.4� 1.2 39
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Table 2.2: Photometry and mass estimates for the four

twin systems explored in this chapter. Mass estimates

are derived from the Benedict et al. [4] MLR for main

sequence M dwarfs; values in parentheses are less reliable

or unreliable estimates, as discussed in§2.2. Gaia G,

MG, BP , and RP magnitudes reported here are from

DR3, though note our twin stars were originally selected

using DR2 data. JHK s magnitudes are from 2MASS [5].

Name G BP RP J H K s MG Mass

(mag) (mag) (mag) (mag) (mag) (mag) (mag) (M� )

GJ 1183 A 12.46 14.27 11.17 9.31 8.70 8.40 11.24 0.21
GJ 1183 B 12.50 14.33 11.22 9.35 8.76 8.46 11.28 0.21
KX Com A 12.66 14.07 11.48 9.86 9.33 9.09 10.47 0.32
KX Com BC 12.65 14.12 11.46 9.83 9.29 9.04 10.47 (0.32)
2MA 0201+0117 A 11.90 13.26 10.73 9.10 8.46 8.26 8.44 (0.54)
2MA 0201+0117 B 11.95 13.33 10.79 9.15 8.53 8.27 8.49 (0.53)
NLTT 44989 A 12.44 13.91 11.25 9.61 9.06 8.80 11.13 0.25
NLTT 44989 B 12.50 13.93 11.28 9.61 9.03 8.78 11.19 0.25
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2.2.1 Higher Order Multiplicity Checks

Our intended comparisons between binary components require the stars be true twins, so it is

crucial to search for any higher order companions | especially unresolved ones | that could

disrupt the components' twin natures. ThreeGaia parameters were assessed to check for

unresolved companions and are included in Table 2.1. First is the Renormalised Unit Weight

Error [RUWE; 128, 129], where an elevated value may indicate an unresolved component.

Ongoing RECONS work by LeBlanc et al. (in prep) on the nearest� 3000 M dwarf systems

�nds that RUWE > 1.7 indicates an unseen companion, in line with the results of Vrijmoet

et al. [130] which compared RECONS data toGaia DR23. All eight components considered

here have RUWE< 1.7, implying no companions that a�ect the astrometry over the 34-

month timescale of the DR3 data. The second parameter is the error on RVGaia , where all

are generally less than� 3 km/s, appropriate for single stars with these magnitudes. Note,

however, that KX Com B has an RVGaia error value of nearly 5 km/s, implying a companion,

which is in fact the case (see§2.4.3.2 and§2.6.2).

The third Gaia parameter,ipd frac multi peak (IPDfmp), reports the fraction of Gaia

windows of the source for which a double peak is identi�ed, possibly indicating an unresolved

companion or contaminating source. For context, Tokovinin [132] demonstrated that source

pairs closer than� 2:005 can generally display elevated IPDfmp values just due to proximity

and not unseen bound companions. The components considered here all have IPDfmp� 1%,

3While conventional criteria often use RUWE > 1.4 [e.g., 128, 131], we adopt a more conservative RUWE
limit of 1.7 because our research �nds this to be a more appropriate cuto� for true M dwarf binaries in the
solar neighborhood [130, LeBlanc et al. in prep].
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consistent with no unresolved sources, except NLTT 44989 B at 39% presumably because of a

very nearbyGaia source 0:0084 away at the DR3 2016.0 epoch (0:0022 away at Ep=2021.04). Our

careful examination of archival DSS [17, 18] and VPHAS [19] images andGaia astrometry

clearly shows this very nearby source | along with a second nearby source 3:0023 away from B

(3:0002 away at Ep=2021.0) | are both physically unassociated fainter background stars that

NLTT 44989 AB has approached over time via proper motion. These two contaminating

sources are discussed further in§2.3.6.

Our stars were searched for inclusion in the VizieR collection ofGaia DR3 non-single

stars catalogs [133], which report various assessments indicating likely unresolved multiples,

but no matches were found. We also searchedGaia DR3 for any potential additional wide

companions within a 2D projected separation of 10,000 AU around each of our eight com-

ponents, �nding no sources in this radius with parallaxes within 10 mas of each associated

twin star's parallax. A crossmatch found none of our components are present in the SB9

spectroscopic binary catalog as well [134]. Finally, the four systems were matched against

the Washington Double Star Catalog [WDS; 135], where the only result of note was the entry

of a supposed additional `C' component for NLTT 44989 AB. A careful investigation reveals

this extra `C' source to be the aforementioned unassociated background star 3:0023 away from

B, so it is not a real companion.

4We often use the notation \Ep=year" throughout this Chapter to designation the Julian epoch of
coordinates used to derive an angular separation value at a certain point in time.
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2.3 Observations and Data Processing

Our twin targets have been observed with �ve observing campaigns: (1) long-term opti-

cal photometry with the CTIO/SMARTS 0.9m spanning several years to probe for stellar

activity cycles, (2) short-term optical photometry with the CTIO/SMARTS 0.9m to cap-

ture rotation | our rotation period determinations are also supported by archival data from

TESS [11], ZTF [136], and ASAS-SN [137, 138], (3) multi-epoch high-resolution optical spec-

troscopy using the CHIRON echelle spectrograph on the CTIO/SMARTS 1.5m to determine

radial velocities and H� equivalent widths, (4) Chandra X-ray imaging observations to de-

termine X-ray luminosities and coronal parameters, and (5) speckle imaging with HRCam on

the SOAR 4.1m and QWSSI on the LDT 4.3m to search for hidden companions. We outline

the methodology for each of these �ve observing campaigns in the following subsections:

long-term photometry in §2.3.1, rotation in §2.3.2, optical spectroscopy in§2.3.3, X-rays in

§2.3.4, speckle in§2.3.5, and a subsequent cumulative discussion about contamination in

§2.3.6.

2.3.1 Stellar Cycles - CTIO/SMARTS 0.9m Long-term Campaign

The CTIO/SMARTS 0.9m has been used to observe nearby M dwarfs as part of an ongo-

ing RECONS long-term monitoring program since 1999 (see Henry et al. [125] for a recent

summary). Past work has used the multi-decade photometry to investigate stellar vari-

ability [27, 28, 49, 139], with an ongoing project to reveal stellar activity cycles (Couperus

et al. in prep). GJ 1183 AB had fortuitously already been on the program since 2013,
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2MA 0201+0117 AB and NLTT 44989 AB were added to the long-term program in 2019,

and KX Com A-BC was added in 2021. KX Com A-BC is the only case we do not re-

port long-term variability results for here, as the system still has insu�cient coverage to be

informative for long-term cycles.

Details of the di�erential photometry reduction and analysis procedures for the 0.9m

long-term program are described in Jao et al. [139] and Hosey et al. [27]. To summarize,

each target typically receives two visits per year with 5 frames taken per visit using the

same opticalV , R, or I �lter and positioned consistently in the 6:08 square �eld to provide a

set of 5{15 reference stars to be used as di�erential photometry calibrators. Measurements

are made with SExtractor [140], speci�cally using theMAGWINparameter; this routine ob-

tains instrumental magnitudes by summing the source pixel counts falling within a circular

Gaussian window function that is scaled to the light distribution of each source. Following

the methodology of Honeycutt [141], the instrumental magnitudes of all reference stars in

all frames are simultaneously minimized from their individual mean brightnesses to yield

corrective o�sets for each frame due to changes in atmospheric transmission, instrumental

e�ciency, and exposure time. Any photometrically variable reference stars are identi�ed by

eye and removed to ensure that only constant calibrator stars are used. The o�sets are then

applied to the target science star magnitudes, giving the �nal relative light curve.

Results from the long-term program are discussed later in§2.4.1.
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2.3.2 Rotation - CTIO/SMARTS 0.9m, TESS, ZTF, and ASAS-SN

Archival data alone did not provide reliable periods identi�able for each star in a system

in most cases, either because of blending or due to no rotation signal being evident in one

component or the other. This situation motivated collecting our own observations with the

0.9m, as that telescope system can outperform the archival sources in vital ways. For exam-

ple, the noise 
oor for the 0.9m is typically� 7 mmag [27, 139], with the key advantage of

high resolution with a 401 mas/pixel plate scale, which is the best of the four data sources

utilized here. This is markedly better than for ZTF with � 10{20 mmag precision atr=14{17

and 1:0001 pixels [142], or ASAS-SN with� 15{25 mmag at V=13{14 with 8 :000 pixels [138].

WhereasTESS provides exquisite precision for the photometry, its 2100pixels mean that all

four of our systems are blended inTESS measurements, thereby still requiring 0.9m mea-

surements to assign rotations periods to individual components. For 2MA 0201+0117 AB,

ZTF data were able to determine reliable periods for each star independently, but we still

observed this system with the 0.9m to validate our rotation methodology.

The 0.9m observations targeting our twins' stellar rotation periods were carried out using

NOIRLab time (ID 2023A-549259; PI Couperus). Observing cadences were tailored to each

system based on likely or possible periods indicated by their H� activity and the archival

data from TESS, ZTF, or ASAS-SN. At the 0.9m, we made� 50{70 visits to each target

during two separate 20-night observing runs, with a few additional visits during adjacent

long-term program (§2.3.1) runs to extend baselines and coverage for GJ 1183 AB and

NLTT 44989 AB. At each visit we routinely acquired four images with both components
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falling in a single detector �eld of view. Observations for all systems were made in theV

�lter to provide enhanced spot contrast [27] and to balance the brightnesses of the targets

and reference stars. The light curves from the 0.9m rotation e�ort were derived following

the same procedures as the long-term RECONS program (§2.3.1).

For TESS, we extracted Pre-search Data Conditioning Simple Aperture Photometry (PD-

CSAP) light curves using 20-second (20s) and 2-minute (2m) high-cadence data as well as

10-minute (10m) and 30-minute (30m) Full Frame Image (FFI) data, provided by theTESS-

SPOC pipeline [143, 144]. We used all available data products from all availableTESS sec-

tors for each of our targets as follows: GJ 1183 AB has 2m and 10m data from sector 51,

KX Com A-BC has a mix of 20s/2m/10m/30m data from sectors 23/49, 2MA 0201+0117 AB

has a mix of 20s/2m/10m/30m data from sectors 4/42/43, and NLTT 44989 AB has a mix

of 2m/10m/30m data from sectors 12/39.

In addition to the standard TESS results, we also generated FFI light curves with the

unpopular package of Hattori et al. [145]. This approach uses an alternative causal pixel

model method that corrects for systematics by modeling trends common across many di�er-

ent sources in the �eld. A key facet ofunpopular is the optional inclusion of a polynomial

component that is simultaneously �t during this detrending process to better capture and

preserve long-term astrophysical variations | such as rotation signals with periods beyond

half a TESS sector baseline (� 13.5d) | thereby allowing us to search for longer duration

signals in TESS. We followed the approach outlined in Kar et al. [28], where the polyno-

mial component and any resulting long-term signal are only used and deemed reliable if
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the raw Simple Aperture Photometry (SAP) TESS 
ux also shows a long-term signal. A

long-term signal appearing in multiple sectors further validates a detection. Apertures used

with unpopular were manually selected rectangles chosen to closely match the defaultTESS

pipeline apertures while minimizing blending and contamination where possible. The same

sectors of data were used withunpopular for each target as noted above for the normal

TESS products.

Beyond the 0.9m andTESS, two other sources of rotation data were utilized. ZTF PSF-

�t light curves were obtained from Data Release 18 via the IPAC/Caltech system [142], using

zr and zg �lter data separately, with measurements from di�erent ZTF �elds and CCDs but

for the same star all combined into a single light curve in each �lter. ASAS-SN pre-computed

light curves in the V-band were extracted via the photometry page5 [138], or newV-band

and g-band aperture photometry curves were generated with all cameras merged using the

ASAS-SN Sky Patrol resource6 if the aforementioned pre-computed data were unavailable

[146]. No light curves or rotation data were available fromGaia DR3 [147],Kepler [40], K2

[148], or MEarth [149] for the four systems discussed here, and a literature review found no

other rotation results not already surpassed in quality by the 0.9m or archival sources.

To search for and measure rotation periods, we �rst addressed 
ares and outliers as fol-

lows. Any obviously strong 
ares in the 0.9m data were manually excluded. We removed

poor quality measurements from the archival data (TESS-SPOC, TESS-unpopular, ZTF,

and ASAS-SN) using provided quality 
ags if available, along with removal of any outlier

5Available at https://asas-sn.osu.edu/photometry.
6Available at https://asas-sn.osu.edu/.
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points greater than 3� from the mean. Note that ASAS-SN Sky Patrol curves had stricter

cuts for points at > 2� and > 50 mmag error owing to less curated starting data. For archival

datasets, points indicating lingering mild 
ares not removed by our outlier cut were left

untouched as we found the separate archival sources gave extremely congruent period mea-

surements regardless.

Each light curve was inspected visually and analyzed with the Generalized Lomb-Scargle

Periodogram [150{152] using the Astropy implementation [153, 154]. Periodograms used

100,000 samples evenly spaced in frequency between 0.05{300 days. False Alarm Probabil-

ities (FAPs) were computed using the approximate upper-limit Baluev method [155]. The

maximum power peak and its corresponding FAP value, 2/3/4 harmonic multiples, n =

� 3 to +3 one-day aliases (for ground-based observatories), and relative FAP lines were all

considered in the determination of periods for each case. FAP values were de-emphasized

in these reviews, and our manual assessment instead relied more on criteria such as the

photometric amplitude of a signal relative to the noise level of the data itself, the visual

robustness of candidate periods in raw and phase-folded light curves, a signal repeating over

time or not, the periodogram power of a peak relative to the power of noise peaks, and the

re-occurrence of trends in multiple independent data sources. That said, very small FAP

values routinely accompanied our �nal choices. We point the interested reader to VanderPlas

[156] for a discussion of the subtleties involved with interpreting FAP values.

The �nal rotation period chosen for each star was determined through a comprehensive

review of all available light curves from the various sources outlined above, in conjunction
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with knowledge about the di�erent amounts of blending, contamination, and photometric

precision between the data sources. For example, our resolved 0.9m data might con�dently

suggest period X in star A but only gives a weak uncertain detection of period Y in star

B, while blended TESS data shows a combined signal of two robust periods also near X

and Y, allowing us to con�dently assess that the Y period is legitimate and belongs to B.

Either data set alone may be inconclusive, but combined they con�rm a period exists and

to which star it belongs. The mix of data sources also allows us to better vet 1d sampling

alias peaks in ground-based data by comparing to space-based data without such aliases.

Generally, our resolved 0.9m results were able to either outright con�rm or give indications

towards a speci�c period in each star, with external blended data providing con�rmation

that such periods exist within the system as a whole to validate a weaker 0.9m detection.

Note that we did not attempt to combine separate data sources into merged light curves or a

global simultaneous analysis given the signi�cantly di�erent precision, systematics, cadences,

�lters, reduction procedures, timescales, blending, and contamination present across the

many archival sources used individually here.

Results from the rotation analysis are discussed later in§2.4.2.

2.3.3 H� Equivalent Widths and Radial Velocities - CTIO/SMARTS 1.5m and CHIRON

Optical spectra were obtained at the CTIO/SMARTS 1.5m with the CHIRON echelle spec-

trograph [157, 158]. Each of the four systems were observed at least 5 times spread over

several months to determine H� equivalent widths (EWs) and radial velocities (RVs), with

an additional sequence of 5 visits 5 nights in a row to search for close, potentially inter-
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acting unresolved companions via changes in RVs. For KX Com A and B only 3 of the 5

nightly sequence visits were secured due to poor weather. After preliminary RV analyses

found a likely unresolved companion to KX Com B (the C component), we obtained another

23 single-spectrum visits on just B over one month to con�rm or refute the companion.

NLTT 44989 AB also received several additional visits to extend the time baseline beyond

one year in order to further rule out any companion with an orbital period up to a few years.

Spectra were taken in �ber mode with 4� 4 binning, yielding R� 27,000. Components

were well resolved given the 2:007 diameter �ber and � 4:0075 pair separations (see§2.3.6 for

additional contamination details). A typical visit consisted of four total exposures, two on

each binary component, along with ThAr wavelength calibration images at each pointing.

For each system, spectra on each component were secured back-to-back, not at disjointed

times from each other, so that our A-B comparisons are robust at consistent snapshots in

time. Exposure times of 900{1800 sec were used and the two spectra at a given epoch were

combined to yield a typical continuum signal-to-noise ratio (SNR7) of � 27.

Reduced data were received from the CHIRON pipeline as described in Paredes et al.

[158]. The process includes routine bias and 
at corrections, order extraction, and wave-

length calibration using time-adjacent ThAr frames. We manually reviewed each spectrum

to remove any cases with critical observing failures or strong cosmic rays on or near H� .

Spectra were then further processed using the procedures and code of J23, who used the same

CHIRON con�guration as our work and also targeted H� and RVs in M dwarfs. Brie
y, the

7Our reported SNRs are the mean SNRs per pixel across both continuum regions using the per-pixel
method in Eq. (1) of Tokovinin et al. [157].
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two back-to-back spectra in a single star's visit were barycenter corrected following Wright

and Eastman [159], combined to a mean spectrum to boost the SNR, blaze function nor-

malized, and trimmed for cosmic rays along the way. RV andv sin(i ) values were obtained

via cross-correlation with the mid-M standard stars Barnard's star and GJ 273 in 6 echelle

orders following the methodology of Irwin et al. [160] and Nisak et al. [161] (see J23). Each

standard star gives 6 measures from the 6 respective orders, yielding a mean and standard

deviation of the RV, as well asv sin(i ). A weighted average of the two standard star results

then gives our �nal RV and v sin(i ) for that target star at that epoch.

Our H� EWs also follow the process outlined in J23. Spectra were shifted to rest-

frame using the stellar RVs and manually reviewed to de�ne three wavelength windows, one

centered on the H� feature and two on either side to capture the mean continuum level. Our

default regions for absorption cases are as given in Figure 2 and Table 2 of J23. In emission

cases, the H� region was adjusted in width to capture line wings based on visual inspection

using the template of J23. If an H� wing came close to or overlapped the default continuum

regions, we shifted both continuum regions outward slightly to consistent `wide' positions

designed to yield nearly the same mean continuum level as the default positions in order to

avoid systematic o�sets. Some poor SNR cases also used slightly wider continuum regions

to better estimate the mean continuum levels. To avoid biasing our resulting measures and

comparisons, speci�c care was taken to be as consistent as possible when de�ning all regions

for two components in the same twin binary.

Our EWs are measured following Eq. (1) of J23, and we adopt the convention of negative
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EWs indicating H� emission. The EW uncertainties follow the procedure in Cayrel [162]

and use a Gaussian �t to H� to estimate the needed FWHM. We note that a handful of

spectra with weak (often double-peaked) emission near the continuum were �t with overly

wide Gaussians, falsely in
ating the EW uncertainties from the typical� 0.02�A to � 0.10�A

| this has no meaningful impact on our results.

Results from the CHIRON spectral analysis are discussed later in§2.4.3.

2.3.4 X-rays - Chandra Observatory

To evaluate the coronal behavior of the target stars, we obtained observations with theChan-

dra X-ray Observatory for our four systems from 2020{2022 through the GO proposalFrater-

nal or Identical? The Magnetic Properties of M Dwarf Twins(ID 22200260; PI Osten). The

spatially-resolved ACIS-S imaging study resulted in eight exposures across the four systems

| three each for GJ 1183 AB and KX Com A-BC and one each for 2MA 0201+0117 AB and

NLTT 44989 AB. The cases with multiple exposures are noted as TARGET{1, TARGET{

2, etc., and all are outlined in Table 2.3. These observations allow us to produce X-ray

light curves and non-grating spectra for subsequent analysis. Data were analyzed using the

Chandra Interactive Analysis of Observations (CIAO) software package v4.14.3 and CALDB

v4.9.8 [163], with chandra repro used to apply the corresponding calibrations. Spectral

�tting was carried out using the Sherpa package within CIAO [164].

Non-overlapping circular apertures were manually constructed for the A and B compo-

nents in each observation, placed at corresponding source locations determined by the CIAO

wavdetect algorithm. Source aperture radii were chosen based on the manual inspection of
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Figure 2.3 : An example on-sky image of theChandra X-ray data for the 2MA 0201+0117 A
and B twin stars separated by roughly 1000, highlighting that their component measurements
are spatially resolved thanks to the exquisite resolution ofChandra.

radial plots for each source, with selected radii of 3{6 pixels depending on the extent of each

source's photon signals. Background apertures were� 50-pixel radius circles encompassing

the components, with enlarged regions excluded around each source to ensure the removal of

all source photons. In a single case, NLTT 44989 A, we did not obtain a con�dent detection

at the expected source location, the handling of which is detailed further in§2.3.4.1. An

example �eld image of theChandra data is shown in Figure 2.3 to demonstrate the resolved
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Figure 2.4 : A background-subtractedChandra X-ray light curve for NLTT 44989 B, show-
casing a strong stellar 
are during the exposure. Vertical dashed blue lines indicate the time
period used for isolating the stellar 
are. Counts are merged into 200-second bins. Light
curves for all of the other X-ray datasets can be seen in Figure A.1 in Appendix A.

nature of our pairs.

For each source, X-ray light curves �ltered to 0.3{10 keV, the nominal energy-calibrated

range of ACIS, were inspected for noise background 
ares but none were found. We captured

time-resolved stellar 
ares during four of the eight total exposures. An example light curve

for the strongest 
are, in this case for NLTT 44989 B, is shown in Figure 2.4 | all other

X-ray light curves can be seen in Figure A.1 in Appendix A. In these 
are cases, data were

visually split into 
aring and non-
aring time periods and analyzed separately; we report

both the quiescent and 
aring measurements separately in Table 2.3.

Non-grating Pulse Height Amplitude (PHA) spectra were extracted for each detected

source, background subtracted, and �ltered to 0.3{10 keV. We grouped data to 9 counts
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per bin in all cases for consistency | in spectra with total counts. 200 we tested 6 counts

per bin as well, but it did not substantively change our resulting measurements. The X-

ray coronal spectra were �t with Astrophysical Plasma Emission Code (APEC) models

within Sherpa that parameterize the plasma temperature (kT in keV units), joint coronal

abundances relative to solar of 13 atomic species other than hydrogen, redshift (�xed to 0 for

our nearby stars), and a normalization parameter tied to the emission measure. We used a

forward-folding technique typical for this application that takes into account the instrumental

response function and utilized thechi2xspecvar reduced-� 2 statistic. Fits were carefully

tested in every case with the Sherpalevmar optimizer and moncarMCMC optimizer, along

with several di�erent initial parameter values, to validate consistent convergence to the �nal

selected solutions.

A model component to account for interstellar medium absorption was tested using hy-

drogen column density estimates from the local interstellar cloud model of Red�eld and

Linsky [165]8, which gave relatively small values of 1016{1018 cm� 2 because the model only

extends out to a few parsecs. Using these low densities, including the absorption model

component had functionally no impact on the resulting coronal parameters | the minuscule

changes were signi�cantly smaller than the underlying parameter uncertainties. Given our

stars can be found out to nearly 50 pc, we also tested with column densities of� 1020 cm� 2

for the highest and lowest SNR datasets; this indicated the resulting coronal parameters and


uxes would deviate by no more than� 0.1{0.5 � , insu�cient to change the interpretation of

our results. Based on this and the low densities from Red�eld and Linsky [165] we removed

8We used the column density web calculator available at http://lism.wesleyan.edu/ColoradoLIC.html.
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the absorption component for simplicity.

Another concern was pileup, the coincident arrival of two or more X-ray photons in the

same pixel region within a single frame time. We used the Sherpajdpileup implementation

of the Davis [166] pileup model and followed suggestions in theChandra ABC Guide to Pileup

documentation9. Test �ts indicated the pileup parametersalpha and psfrac were poorly

constrained even in our best cases, so we adopted a �xed pileup model with parameters set

to typical values advised by the documentation. When the �t-measured pileup fractions

were . 1% the overall impact was negligible and changed the resulting coronal parameters

by markedly less than the underlying uncertainties | the pileup component was removed

in these cases for simplicity. When&1%, values sometimes changed by more than the

uncertainties, especially in cases with a second hotter coronal component | the pileup

model was kept in these&1% cases and typically slightly improved the reduced-� 2. Table 2.3

reports a pileup fraction if it was included in the spectral model for a dataset.

Each spectrum was tested with gradually increasing model complexity, including 1-

temperature and 2-temperature coronae, pileup inclusion or exclusion as outlined above,

varying or �xed global coronal abundances, and alternate VAPEC models which use APEC

models just with di�erent combinations of �xed and varying individual elemental abun-

dances. Such thorough testing was motivated by the range of signal-to-noise values and

di�erent features present in various datasets. Final model selections were informed foremost

by the reduced-� 2 proximity to unity, the presence of any poorly constrained or uncon-

strained parameters in the solution, the visual quality of the �t to the data, and in some

9The Chandra pileup guide is found at https://cxc.harvard.edu/ciao/download/doc/pileup abc.pdf.
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(2MA 0201+0117 A) (2MA 0201+0117 B)

Figure 2.5 : Blue data points show the observedChandra coronal X-ray spectrum from
0.3{10 keV for the � Pic Moving Group members 2MA 0201+0117 A and B, grouped to
9 counts per bin. Overplotted in orange are the forward-folded best-�t APEC models; A
uses a single temperature component whereas B uses two temperature components in the
coronal model. The bottom panels show the residual values divided by the errors, with
horizontal bars indicating the energy bin widths. Spectral �ts for all of the other quiescent
X-ray datasets can be seen in Figure A.3 in Appendix A.

cases F-test comparisons between competing models. We favored simpler models and con-

sistent choices when there was an ambiguity in the best choice. Example spectral �ts can

be seen in Figure 2.5 for the� Pic Moving Group members 2MA 0201+0117 A and B,

with all other quiescent spectral �ts shown in Figure A.3 in Appendix A. For most cases,

1-temperature corona models provided reasonable �ts to the data. A second temperature

component was indicated but not fully constrained for datasets GJ 1183 A{2, GJ 1183 A{3,

and GJ 1183 B{3.

A few notes about the global coronal abundances are in order. In two cases, GJ 1183 B{2

and KX Com A{2, the abundances were not constrained, so were instead �xed to quiescent

values obtained from separate exposures on the same stars taken earlier in each day. Global



47

abundances were otherwise �xed to a representative sub-solar value of 0.15 if unconstrained in

other �ts, with 0.15 determined from the average measured abundance we see in the quiescent

datasets. We tested our �xed sub-solar abundance cases using a solar abundance instead,

but most FX and coronal temperature results deviated by less than� 1{2 � . We ultimately

chose to exclude solar-abundance-�xed models given thatall of our measured abundances

indicated �rmly sub-solar values around 0.1{0.2, in agreement with the typically sub-solar

coronal abundances found in other M dwarfs [167]. For the four 
aring events, we used the

same �xed 0.15 sub-solar coronal abundance where needed despite knowing that abundances

can change during X-ray 
ares [e.g., 168] because our one measured abundance during a


are was still sub-solar at 0.092 in NLTT 44989 B. Flares are not our principle science focus

here; a more careful analysis of the 
ares is possible, but beyond the scope of this work.

Finally, we note that sub-solar abundances were indicated but not fully constrained for the

GJ 1183 A{2{Flare, GJ 1183 B{2, KX Com A{2, and KX Com BC{3 datasets.

Table 2.3 Detailed Description: Exposure times are what is left after separating

the stellar 
are segments, where relevant. Counts are for 0.3{10 keV after background

subtraction. Cases with a reported pileup fraction used a pileup component in their spectral

modeling while those without a reported value did not. Values in square brackets were �xed

in the coronal models. The uncertainties are all 1-� (68% con�dence interval) values (see

§2.3.4 and§2.4.4 for details). NLTT 44989 A was a weak- or non-detection, with values

provided here indicating estimated upper limits only (see§2.3.4.1 for details). All of the

Chandra observations here are available at DOI: 10.25574/cdc.305.
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Table 2.3: ChandraX-ray measurements for the four twin

systems. See§2.3.4 for a detailed table description.

Dataset Exp. Counts Pile FX LX T1 V EM1 T2 V EM2 Abund. red.
Up � 2

� 10� 14 � 1027 � 1050 � 1050

(ks) (cts) (%) (erg cm� 2/s) (erg/s) (MK) (cm � 3) (MK) (cm � 3) (solar)
GJ1183A{1 14.7 475 2.2 48.8+3 :7

� 6:1 18.0+1 :4
� 2:2 10.91+0 :65

� 0:65 20.1+4 :2
� 3:5 � � � � � � 0.16+0 :06

� 0:05 1.0
GJ1183A{2 13.3 345 1.7 36.9+3 :2

� 4:5 13.6+1 :2
� 1:7 10.49+0 :66

� 0:64 13.8+3 :6
� 3:3 � � � � � � 0.20+0 :10

� 0:06 1.6
GJ1183A{3 28.3 994 2.4 59.8+2 :3

� 2:5 22.0+0 :8
� 0:9 11.41+0 :37

� 0:46 23.3+2 :9
� 2:5 � � � � � � 0.18+0 :04

� 0:03 1.3
GJ1183B{1 14.7 340 1.6 39.6+3 :2

� 3:7 14.6+1 :2
� 1:4 9.21+0 :53

� 0:53 14.1+3 :4
� 3:1 � � � � � � 0.22+0 :09

� 0:06 0.9
GJ1183B{2 14.9 196 � � � 23.0+2 :0

� 1:9 8.5+0 :7
� 0:7 8.66+0 :58

� 0:59 7.9+0 :8
� 0:8 � � � � � � [0.22] 1.2

GJ1183B{3 28.3 777 1.9 47.3+2 :0
� 2:1 17.4+0 :7

� 0:8 11.41+0 :55
� 0:82 22.2+3 :9

� 2:4 � � � � � � 0.11+0 :03
� 0:03 1.1

KXComA{1 16.4 323 1.4 30.8+2 :3
� 2:8 27.5+2 :1

� 2:5 11.01+0 :75
� 0:70 32.5+6 :5

� 6:1 � � � � � � 0.14+0 :06
� 0:04 0.9

KXComA{2 9.3 140 � � � 24.6+2 :7
� 2:7 22.0+2 :4

� 2:4 9.64+0 :88
� 1:04 25.8+3 :5

� 2:9 � � � � � � [0.14] 1.1
KXComA{3 30.2 583 1.3 35.1+2 :1

� 2:8 31.3+1 :9
� 2:5 10.32+0 :56

� 0:55 38.7+6 :3
� 5:5 � � � � � � 0.12+0 :04

� 0:03 0.9
KXComBC{1 14.4 39 � � � 7.7+3 :9

� 3:6 6.9+3 :5
� 3:2 4.86+2 :17

� 1:04 11.2+6 :5
� 5:1 � � � � � � [0.15] 1.5

KXComBC{2 16.9 67 � � � 6.1+0 :9
� 1:0 5.5+0 :8

� 0:9 9.92+0 :93
� 1:09 6.1+1 :0

� 0:9 � � � � � � [0.15] 2.4
KXComBC{3 30.2 79 � � � 4.4+0 :5

� 0:5 3.9+0 :4
� 0:4 12.02+1 :38

� 1:33 4.4+0 :5
� 0:5 � � � � � � [0.15] 0.6

2MA0201+0117A 13.9 605 � � � 62.5+4 :2
� 7:8 181.5+12 :2

� 22:7 10.87+0 :59
� 0:68 207.6+41 :8

� 31:1 � � � � � � 0.15+0 :05
� 0:04 1.0

2MA0201+0117B 13.9 2071 1.7 225.8+11 :1
� 15:3 654.8+32 :3

� 44:4 9.75+0 :71
� 0:59 370.3+228 :8

� 93:7 20.9+5 :5
� 1:7 331+52

� 116 0.17+0 :06
� 0:07 1.1

NLTT44989A 49.8 � 4.3 � � � � 0.2 � 0.1 [10.00] � 0.1 � � � � � � [0.20] � � �
NLTT44989B 42.8 223 � � � 9.7+0 :9

� 0:9 3.9+0 :4
� 0:4 9.09+0 :64

� 0:67 4.4+0 :5
� 0:4 � � � � � � [0.15] 1.3

Separated Flare Datasets

GJ1183A{2 1.6 96 4.7 111.8+15 :0
� 14:9 41.2+5 :5

� 5:5 10.10+1 :11
� 1:14 46.2+7 :5

� 6:5 � � � � � � [0.15] 0.6
KXComA{2 7.6 327 2.8 69.0+6 :4

� 10:0 61.6+5 :7
� 8:9 6.56+1 :67

� 2:95 35.4+24 :5
� 11:2 18.3+5 :3

� 2:3 39+11
� 10 [0.15] 1.7

KXComBC{1 2.0 43 1.5 34.0+5 :8
� 5:6 30.5+5 :2

� 5:0 12.97+2 :22
� 1:88 34.6+5 :8

� 5:7 � � � � � � [0.15] 0.7
NLTT44989B 7.1 252 2.3 52.3+4 :2

� 5:1 21.0+1 :7
� 2:0 13.94+1 :74

� 1:22 27.4+5 :3
� 5:2 � � � � � � 0.09+0 :07

� 0:04 1.6
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We report 68% con�dence interval (1-� ) asymmetric uncertainties for the APEC coronal

parameters, computed with theconf Sherpa sampling method. X-ray 
uxes were determined

between 0.3{10 keV using thesample energy flux Sherpa method, which repeatedly draws

parameter values and sums over the model to calculate a 
ux at each iteration. We adopt

the median of the resulting distribution of 10,000 
ux samples as our chosen 
ux value, with

the asymmetric 1-� bounds of the distribution as our 
ux uncertainties.

Results from theChandra X-ray analysis are discussed later in§2.4.4.

2.3.4.1 NLTT 44989 A Detection

The expected source location for NLTT 44989 A at the epoch of theChandra observation,

based onGaia DR3 coordinates and proper motions, did not show a clear detection above

the background noise, nor did thewavdetect source-detection method identify any sources

within several arcseconds. The projected separation of the AB pair gives an orbital period

> 1000 years, eliminating orbital motion as a possible explanation. Furthermore, theGaia

astrometry over 2014{2017 yielded a proper motion for A that is consistent with the RE-

CONS proper motion �t using data over 2019{202410, indicating no deviation in the star's

path betweenGaia DR3 and the Chandra observations in 2022.

There is a weak grouping of roughly 5{10 counts across all energies over several pixels

within � 100 of the expected location, but this is qualitatively comparable to many other

regions of noise in the image. That said, we cannot strictly rule out the possibility of some

10The RECONS data undergo a full astrometric analysis alongside each photometric analysis, yielding
the RECONS proper motion mentioned here. See Henry et al. [125] for a recent summary of the RECONS
long-term program.
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detected source photons from A, so we used the few counts at its expected location to derive

an upper limit on its X-ray luminosity and emission measure.

We used a 2-pixel radius source aperture centered at the expected location of NLTT 44989

A to capture the small grouping of nearby counts. After �ltering to 0.3{10 keV and sub-

tracting the background, only 4.3 counts remain. The associated count rate was then used

with the Chandra PIMMS11 calculator to determine an X-ray 
ux assuming an APEC source

model (T=107 K, Abundance=0.2, Redshift=0, nH=0), returning a Norm value of 2� 10� 6

as well. The �nal limiting luminosity and emission measure values are reported in Table 2.3.

If the 4.3 counts are true source photons and not a coincidental clustering of background

noise, then this o�ers a rough estimate for the NLTT 44989 A X-ray 
ux under our model

assumptions; it otherwise gives an approximate upper limit only.

2.3.5 Speckle Imaging - SOAR & LDT

GJ 1183 AB and NLTT 44989 AB were observed using the High-Resolution Camera [HRCam;

169] with the SOAR Adaptive Module [SAM; 170] on SOAR through a separate RECONS

project led by coauthor Vrijmoet and summarized in Vrijmoet et al. [171]. Observations

occurred during 2019{2020, with one visit to the GJ 1183 AB system and two visits to the

NLTT 44989 AB system. Data were taken in theI -band, and otherwise used procedures

typical for the observing program as outlined in Vrijmoet et al. [171]. Data were processed

using the methodology of Tokovinin et al. [172] and Tokovinin [169], yielding measures of

the angular separation and magnitude di�erence either as detections or limits.

11PIMMS is found at https://cxc.harvard.edu/toolkit/pimms.jsp.
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2MA 0201+0117 AB and KX Com A-BC were observed with the Quad-camera Wave-

front-sensing Six-wavelength-channel Speckle Interferometer instrument [QWSSI; 173] on the

Lowell Discovery Telescope as part of an ongoing RECONS speckle e�ort led by coauthor

Henry. Stars were observed once each during 2021 in each of the four 40 nm wide channels at

577, 658, 808, and 880 nm. Data were processed following the procedures typical for QWSSI,

which are similar to that of its predecessor DSSI as outlined in Horch et al. [174, 175]. As

with the SOAR data, the results are parameters for detections or limits for non-detections.

Results from the speckle analysis are discussed later in§2.4.5.

2.3.6 Blending and Contamination

Our new data from all �ve observing campaigns spatially resolve the A and B components in

a twin pair in all four cases in reasonably good seeing. As shown in Table 2.1, GJ 1183 AB,

KX Com A-BC, and 2MA 0201+0117 AB are well separated by 7{1300, and all three systems

are also free from contamination because the nearest backgroundGaia DR3 sources are> 1500

away at Ep=2021.0.

For the closest of the four pairs, NLTT 44989 AB with a separation of 4:0075, care was taken

to only observe and use data with suitably good seeing to prevent AB blending. Background

contamination is more complex for this system given its location in a dense �eld, with sources

closer than roughly 4:005 possibly contaminating the new measurements. Here we examine

potentially contaminating sources, although overall we deem all of the new observations of

NLTT 44989 A and B to be suitably free from contamination at any meaningful level.

NLTT 44989 A has twoGaia sources within 4:005 away but each is� 6.5 mag fainter than
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A at G, making them negligible in the optical where four of our �ve campaigns observe.

In X-rays, we see no con�dent detection at A's location (§2.3.4.1) nor at its < 4:005 nearby

neighbors, so we consider the star to be uncontaminated in theChandra measurements as

well.

NLTT 44989 B has several background sources within 4:005; all are negligible at 6.4{

7.4 mag fainter inG except for two that warrant further consideration. The �rst (source 1)

is separated from B by only 0:0022 at 2021.0 (0:0084 away at Ep=2016.0), is 3.75 mag fainter

in G, and has no parallax information available. The second (source 2) is 3:0002 away at

2021.0 (3:0023 away at Ep=2016.0), is 3.97 mag fainter inG, and is possibly an evolved giant

star based on theGaia DR3 parallax with large error. Both are shown relative to the twin

system over time in Figure 2.6. In the 0.9m photometry of NLTT 44989 B we utilize relative

brightness changes, so while source 1 always adds� 3% contaminating 
ux, its impact is

negligible within our uncertainties | this assumes source 1 does not vary by large fractions

of its entire brightness at timescales (or morphologies) matching our observed signal. Source

2 is trickier for the 0.9m because seeing changes that vary the contaminating 
ux could easily

mimic a weak variability signal. We took extreme care to only observe with excellent seeing

� 1:004 and manually reviewed radial source pro�les forall 0.9m frames to remove any cases

with unacceptable overlap between the B star and source 2 light distributions.TESS data,

which always have both background sources entirely blended with both NLTT 44989 A and

B, yield period measures from two sectors that are consistent with the 6.55d signal we see in

the 0.9m photometry of B (discussed later in§2.4.2), con�rming that variable blending with




	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	Introduction
	Motivation
	The Basics of M Dwarf Stars
	M Dwarf Activity
	M Dwarf Rotation-Activity Evolution
	Rotation-Activity Summary

	M Dwarf Magnetic Dynamos
	Summary of Projects

	Twin M Dwarfs — The Chandra Four
	Introduction
	Sample
	Higher Order Multiplicity Checks

	Observations and Data Processing
	Stellar Cycles - CTIO/SMARTS 0.9m Long-term Campaign
	Rotation - CTIO/SMARTS 0.9m, TESS, ZTF, and ASAS-SN
	H Equivalent Widths and Radial Velocities - CTIO/SMARTS 1.5m and CHIRON
	X-rays - Chandra Observatory
	Speckle Imaging - SOAR & LDT
	Blending and Contamination

	Results
	Stellar Cycles - CTIO/SMARTS 0.9m Long-term Campaign
	Rotation - CTIO/SMARTS 0.9m, TESS, ZTF, and ASAS-SN
	H Equivalent Widths and Radial Velocities - CTIO/SMARTS 1.5m and CHIRON
	X-rays - Chandra Observatory
	Speckle Imaging - SOAR & LDT

	Rotation-Activity Comparisons
	Additional System Notes
	GJ 1183 AB
	KX Com A-BC
	2MA 0201+0117 AB
	NLTT 44989 AB

	Discussion
	Observed Differences and Possible Causes
	Implications for Fully Convective M Dwarf Spindown
	Implications for Exoplanet Host Activity Predictions

	Conclusions

	Twin M Dwarfs — The Full Sample
	Introduction
	Sample
	Young Association Membership
	Twin Status Validation Checks

	Overview of Observations
	Blending and Contamination
	Apparent Magnitudes
	New Observations

	Speckle Imaging — SOAR and LDT
	Speckle Observations and Data Processing
	Speckle Results

	Radial Velocities and H Activity — SMARTS 1.5m and CHIRON
	CHIRON Observations and Data Processing
	CHIRON RV and v(i) Results
	CHIRON H Results

	Astrometry and Stellar Cycles — SMARTS 0.9m Long-term Campaign
	Long-Term Program Observations and Data Processing
	Long-Term Astrometry Results
	Long-Term Photometry Results

	Rotation Periods — SMARTS 0.9m, Gaia, ZTF, TESS, and ASAS-SN
	Rotation Observations and Data Processing
	Archival Rotation Data Blending, Contamination, and Systematics
	Rotation Assessment Notes
	Rotation Results

	Rotation–Activity Comparisons
	Discussion: The Results Sample
	Overall Assessment of Matched and Mismatched Systems
	Possible Explanations for Mismatches
	Trends with Mass

	Systems Worthy of Note
	2MA 0201+0117 AB, GJ 1183 AB, and NLTT 44989 AB
	LP 719-37 AB
	G 103-63 A(C)-B
	RTW 0824-3054 A-B(C)
	LP 368-99 AB
	RTW 0933-4353 AB
	RTW 1123+8009 AB
	GJ 745 AB
	RTW 2241-1625 AB
	RTW 2311-5845 AB

	Future Prospects
	Summary and Conclusions

	M Dwarf Stellar Activity Cycles
	Introduction
	The Solar Context
	Cycles in Solar-Like Stars
	M Dwarf Cycles
	Project Description

	Sample and Target Coverage
	0.9m Program
	Stellar Mass and Structure Determinations
	Disentangling Detections in Binary and Higher Order Systems
	The Cycle Sample

	Observations and Data Processing
	Cycle Parameter Measurements

	Results
	Key Cycle Results
	Cycle Timescales Compared Across Mass
	M Dwarf Cycle Occurrence Rates

	Discussion
	How reliable are the Group A cycle period and amplitude measurements?
	Are these really polarity inversion cycles?
	What about Rotation?
	Importance for Exoplanet Science
	Relevance for Existing and Future M Dwarf Cycle Studies
	Prospects for Future Cycle Studies

	Individual System Notes
	GJ 285 (YZ CMi)
	GJ 358
	Proxima Cen

	Summary and Conclusions

	Conclusions and Key Discoveries
	APPENDIX
	Supplemental Figures and Content
	Chandra X-ray Figures
	Additional Rotation Assessment Notes

	REFERENCES

