














range of 5200–7000Å. A total of 10 observations were obtained
over UT 2015 September 30 to UT 2015 October 5 (see Table 3
and Figure 5). To measure the radial velocities of both stellar
components in the spectra, we cross-correlate the spectra against
nine M-dwarf standards observed by WiFeS, ranging over the
spectral classes of M1.5 to M4.0. An example series of cross-
correlation functions with an M4.0 template are shown in Figure 4.
To derive the velocities for both stellar components from each
exposure, we simultaneously fit double Gaussians to the cross
correlation function (CCF) from all the exposures that were
gathered. The CCF from each exposure are described by the free
parameters velocity centroids v1 and v2, while the parameters for
light ratio L2/L1 and CCF widths are shared among all exposures.
The best-fit parameters and per-point uncertainties are estimated
from a Markov Chain Monte Carlo (MCMC) analysis, using the
emcee implementation of an affine invariant ensemble sampler
(Foreman-Mackey et al. 2013). We apply this same velocity fitting
procedure to the sets of CCFs derived from each M-dwarf template
to understand the template spectral type dependence of the radial
velocity measurements. The scatter in the velocity measured for
each point for the set of models is then added in quadrature to the
mean velocity uncertainty from the MCMC analysis. We also
measure a light ratio of L2/L1 = 0.43 ± 0.03 from the relative
heights of the CCFs; this is subsequently used to constrain the
global fitting. As an independent check on the reported radial
velocities (RVs) in Table 3, we also ran 2D cross-correlations with
TODCOR (Zucker & Mazeh 1994) to rule out the possibility that
our 1D cross-correlations may have introduced systematic velocity
shifts due to line blending. The TODCOR-derived RV semi-
amplitudes are consistent to within 0.25σ of those derived via the
1D cross-correlations. Given this agreement and the quality of the
WiFeS spectra, we conclude that the RVs are most strongly limited
by potential systematics in the wavelength solutions rather than the
analysis technique.

As with many other short-period M-M binaries, the Balmer and
Calcium H & K lines are found in emission due to stellar activity
(Metcalfe et al. 1996; Zhou et al. 2015). López-Morales (2007)
found a correlation between the activity index and the relative
model-observation radius discrepancy of M-dwarf binaries. We
use the WiFeS R= 7000 spectrum to estimate the Hα flux in each
stellar component of KELT J041621-620046. We measure Hα
luminosities of L Llog 3.7 0.1H Bol = - a and −4.0 ± 0.1

for the two components of KELT J041621-620046, which is
derived from the two WiFeS exposures taken on UT 2015
October 2 and UT 2015 October 5 at phase quadratures.

3. Analysis and Results

3.1. Spectral Energy Distribution Fit

To estimate the “average” effective temperature of the stars,
we first fit the combined-light spectral energy distribution
(SED) of the system using catalog photometry from GALEX,
APASS, 2MASS, and WISE spanning a wavelength range of
0.15–20 μm, as shown in Figure 6 and listed in Table 1. The
fitted SED model is a NextGen stellar atmosphere model with
free parameters of Teff and AV (we adopted a main-sequence
surface gravity of 5.0 and solar metallicity). This initial fit
yielded a best-fit ofTeff = 3350 ± 50 K and AV = 0.03 ±
0.03 mag, which are in full agreement with the temperature
measured by WiFeS. The SED fitting is only used as a
consistency check to spectroscopic analysis and the global fit
results. In Figure 6, an ultra-violet excess is clearly seen
relative to our SED model, which is likely coming from the
chromosphere and the transition region of the stars.

3.2. Global Model

We perform a global model fit of the follow-up photometry
and RVs using EBOP (Nelson & Davis 1972; Popper &
Etzel 1981). Following Zhou et al. (2015), the eclipses are
modeled using a modified version of the JKTEBOP code
(Southworth et al. 2004), with free parameters of Period P, time
of eclipse t0, radius ratio R2/R1, normalized orbital radius
(R1+ R2)/a, inclination i, light ratio L2/L1, radial velocity semi-
amplitudes K1 and K2, and orbital parameters e cosw and e sinw.
Limb darkening coefficients for each photometric band are fixed
to values interpolated from Claret (2000) using the Phoenix
models. Unfortunately, the follow-up light-curves are not precise
enough to derive the gravity darkening or reflection coefficients.
Therefore, we fix these values to be 0.2 and 0.5, respectively,
based on the work of Morales et al. (2009). We assign a Gaussian
prior on the light ratio based on the height ratio of the CCF peaks
in the WiFeS spectra, and assume it to be identical across the
bands. Since both stars are approximately the same spectral type,
we assume the light ratio is the same across all light-curves. The
posterior distribution is derived using an MCMC analysis with
the emcee package (Foreman-Mackey et al. 2013). The results of
the EBOP model are presented in Table 4 and the posterior

Figure 3. WiFeS R = 3000 spectrum of KELT J041621-620046. The best
match BT-Settl model spectrum is over-plotted for comparison. We also plot
the spectrum of GJ 191 and GJ 699, which are two well-characterized M
dwarfs, for a visual comparison.

Table 3
KELT J041621-620046 RV Observations with WiFeS

BJDTDB RV1 σRV1 RV2 σRV2

(km s−1) (km s−1) (km s−1) (km s−1)

2457296.21686 26.10 8.52 −35.20 6.62
2457298.15719 83.00 3.90 −92.26 6.04
2457299.07271 9.78 7.60 −3.72 10.21
2457300.10221 −26.96 7.56 28.27 9.30
2457301.02527 −93.83 6.32 103.74 3.27
2457325.07740 41.37 4.01 −49.02 8.24
2457462.90894 27.13 4.73 −37.45 15.96
2457464.97631 82.46 3.47 −100.55 10.48
2457473.90325 83.25 3.69 −88.62 4.48
2457490.89514 −59.70 5.89 62.72 13.14
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probability distribution of key global fitting free parameters is
shown in Figure 7.

We can estimate the individual stellar temperatures from the
global modeling results. We assume that the luminosity of both
stars can be well described by the Stefan–Boltzman’s law, and
that the system together has an “effective” binary temperature
of Teff = 3340 ± 85 K as measured by WiFeS. We can then
adopt the individual stellar radii and luminosity ratio
determined from the global modeling and derive an effective
temperature of 3481 ± 83 K and 3108 ± 75 K for the primary
and secondary stars, respectively. We also check this result
against the SED independent of the global fit. We re-fit the
combined-light SED as above, but this time using the sum of
two stellar atmospheres whose flux-weighted average temper-
ature is 3350 K (from the initial SED fit above) and whose
temperature ratio is as given from the light-curve modeling. We
adopt the spectroscopic light ratio from the WiFeS spectra of
L2/L1 = 0.43 ± 0.03 over the wavelength range 0.52–0.70 μm.

The only free parameter then is the radius ratio required to
produce a flux ratio in the 0.52–0.70 μm range of 0.43 ± 0.03.
This resulting fit shown in Figure 6 yields individual
temperatures of T1 = 3413 ± 84 K and T2 = 3203 ± 98 K,
and a radius ratio of R2/R1 = 0.838 ± 0.029, which are
consistent with the radius ratio from the global modeling and
the temperature ratio derived from Stefan–Boltzman’s law. The
final system parameters are summarized in Table 4. In addition,
the component stellar masses, radii, and temperatures are
shown together in Figure 8 in comparison to other low-mass
EBs from the literature and to theoretical stellar isochrones.
To clarify the system geometry, KELT J041621-620046 A is

the primary star due to its higher mass, radius, and luminosity.
The primary eclipse of the system is when star B passes in front
of A, causing the deeper eclipse seen in Figures 1 and 2. Both
the primary and secondary eclipses are partial/grazing eclipses
and not transits. All figures, except Figure 1, use the global fit

Figure 4. Example series of cross-correlation functions from WiFeS spectra of
KELT J041621-620046, against an M4.0 radial velocity template observed by
WiFeS. The derived velocities for each stellar component are marked by the
blue and red ticks.

Figure 5. Follow-up radial velocities from WiFeS for KELT J041621-
620046A (red) and B (black). The best-fit models for A and B are shown in
black and red, respectively.

Figure 6. SED for KELT J041621-620046 where the red points are the
photometry and error from the literature. Crosses represent the measured fluxes,
with vertical bars representing the measurement uncertainties and the horizontal
bars representing the width of the bandpass. The cyan and red curves represent the
best fitting NextGen synthetic spectra for the primary and secondary, respectively
(see the text). The black curve corresponds to the sum of the primary and
secondary model SEDs, and the blue points are the model passband fluxes.
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ephemeris in (BJDTDB), with the primary eclipse a Phase = 0.
In addition to the eclipses, our global analysis infers that the
light-curves should exhibit out-of-transit variations at the level
of 2 mmag peak to peak due to the primary and secondary stars
being oblate at 0.2% and 0.1%, respectively. Additionally, we
removed the eclipses from the KELT light-curve and analyzed
the out-of-eclipse variability. The results of this analysis
suggest that the rotation periods of both stars are synchoronized
to the orbital period. However, due to the low precision of the
KELT observations for a target this faint, we do not claim spin–
orbit synchronization.

The Myers I-band primary eclipse light-curve on UT 2016
February 14 appears somewhat asymmetric, which is potentially
due to a spot-crossing event. Responding to a valuable initiative
proposed by our manuscript referee, we omitted the light-curve
and re-fit the entire data set, obtaining R1 = 0.555 ± 0.033Me
and R2= 0.452± 0.017Me, which are consistent with our results
when including the Myers I-band observations within uncertain-
ties. The results from both fits are shown in Table 4. We adopt the
system parameters determined from the global fit that includes all
observations. In addition, our radial velocity measurements were

obtained by cross-correlating the WiFeS observations against a
series of M-dwarf standard stars with spectral classes ranging
from M1.5 to M4.0. The spectral mismatch between KELT
J041621-620046 and the standard stars contributed to the
relatively large per-point velocity uncertainties. To test the impact
of mismatched templates on our radial velocity orbit solution, we
re-derived the velocities using only the M3.4 and M4.0 standard
stars, deriving M1 = 0.45 ± 0.05Me and M2 = 0.40 ± 0.04Me,
which are within 1σ of the results from Table 4.

4. Discussion

KELT J041621-620046 joins the ranks of a small number of
double-lined eclipsing binary systems in which both stellar
components are M dwarfs (Figure 8). Primary and secondary
components have masses of ≈0.45 and ≈0.40M☉, respec-
tively, and thus occupy an interesting region of parameter space
at or near the fully convective boundary.
In addition, as with many of the other known M-dwarf EBs,

the stellar radii and effective temperatures differ significantly from
the predictions of standard theoretical stellar isochrone models.

Table 4
Median Values and 68% Confidence Interval for the Physical and Orbital Parameters of the KELT J041621-620046 System

Parameter Description (Units)
KELT J041621-

620046A
KELT J041621-

620046B
KELT J041621-

620046Aa
KELT J041621-

620046Ba

All Eclipses All Eclipses Selected Eclipses Selected Eclipses
Adopted Adopted

M* Mass (M☉) 0.447 0.052
0.047

+
- 0.399 0.046

0.042
+
- 0.447 0.051

0.048
+
- 0.396 0.051

0.048
+
-

R* Radius (R☉) 0.540 0.034
0.032

+
- 0.453 ± 0.017 0.555 0.035

0.033
+
- 0.452 ± 0.017

R R2 1 Radius Ratio (Fixed) 0.849±0.029 0.815±0.029
R R a1 2+( ) Normalized radius sum 0.1929±0.0014 0.1925±0.0014

L L2 1 Luminosity Ratio 0.458±0.026 0.441±0.027
P Period (days) 1.1112860702 0.000000379

0.000000376
+
- 1.1112862048 ± 0.000000052

T0 Time of eclipse (BJDTDB) 2455255.96335 0.00071
0.00070

+
- 2455255.96452 ± 0.00115

K RV semi-amplitude (km/s) 91.3 ± 4.7 102.5 ± 5.1 90.7 ± 4.6 102.2 ± 5.1
Teff Effective temperature (K) 3481 ± 83 3108 ± 75 3462 ± 82 3125 ± 76
i Inclination (degrees) 83.4 ± 0.1 83.6 ± 0.1
e cos ω* K 0.0007 ± 0.0002 0.0005 ± 0.0003
e sin ω* K −0.034 ± 0.011 −0.021 ± 0.011
u B1 B-band linear limb darkening

coefficient
0.3746 0.5463 K K

u B2 B-band quadratic limb darkening
coefficient

0.5043 0.3790 K K

u V1 V-band linear limb darkening
coefficient

0.4335 0.6038 K K

u V2 V-band quadratic limb darkening
coefficient

0.4384 0.3229 K K

u R1 R-band linear limb darkening
coefficient

0.3709 0.5074 K K

u R2 R-band quadratic limb darkening
coefficient

0.4554 0.3697 K K

u I1 I-band linear limb darkening
coefficient

0.1467 0.2815 K K

u I2 I-band quadratic limb darkening
coefficient

0.6311 0.5669 K K

u Ks1 Ks-band linear limb darkening
coefficient

−0.1077 −0.1066 K K

u Ks2 Ks-band quadratic limb darkening
coefficient

0.5721 0.5217 K K

Note.
a The asymmetric Myers I band observations from UT 2016 February 14 was excluded. The determined limb darkening coefficients were the same for both fits.
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As shown in Figure 8 (blue symbols), both stars appear to have a
radius inflated by 17%–28% and an effective temperature
suppressed relative to the same solar metallicity stellar models
by 4%–10%; the latter exceeds the 2.2% suppression seen in
single M dwarfs by Mann et al. (2015), but this effective
temperature offset between single and binary M dwarfs is known
(Boyajian et al. 2012). The stellar models shown in Figure 8 only
change by a few percent when changing solar metallicity by 0.5
dex. This small difference is within our reported errors shown in
Table 4. KELT J041621-620046B is more consistent with the
stellar models in its radius, while KELT J041621-620046A has a
more consistent temperature. Interestingly, the mass of the two

stars in KELT J041621-620046 (M M0.447A 0.052
0.047= +

-
 and

M M0.399B 0.046
0.042= +

-
) are similar to those of the CU Cnc

system (CU Cnc A = 0.433M☉ and B = 0.3980). The orbital
period for CU Cnc is 2.77 days, which is similar to the 1.11 day
period we find for KELT J041621-620046 (Ribas 2003).
However, the radii for CU Cnc A and B are 0.432 R☉ and
0.391 R☉ (Ribas 2003) and are significantly smaller than what we
measure for KELT J041621-620046 (R R0.540A 0.034

0.032= +
-

 and
RB = 0.453 ± 0.017 Re). It is possible that the slightly shorter
orbital period of KELT J041621-620046 may be related to the
larger observed radii, but a comparative study of both systems
could shed light on this discrepancy.

Figure 7. Posterior probability distribution of key global fitting free parameters. We note the significant covariance in the eclipse modeling parameters, such as
inclination inc, radius sum (R1 + R2)/a, light ratio L2/L1, and the eccentricity parameters e cosw and e sinw.
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Figure 9 shows the difference between observed and Baraffe
1998 model radii and effective temperatures as a function of the
orbital period for known M-dwarf EBs. While there is no
statistically significant correlation observed between radius
inflation and orbital period, there is a clear trend toward
less temperature suppression for M dwarfs on shorter-period
orbits (Spearman rank coefficient ρ=−0.54; p= 1× 10−5).
This observed trend suggests that close binary interactions can
dampen the effective temperature suppression. The discovery
and characterization of additional M dwarfs in long-period
binaries beyond ∼40 days would elucidate this trend.

A number of recent studies have demonstrated that chromo-
spheric activity in LMSs can alter their physical properties
relative to the expectations of non-magnetic stellar models. In
particular, strong activity appears to be able to inflate the stellar
radius and to decrease the effective temperature (e.g., López-
Morales 2007; Morales et al. 2010). Typical amounts of radius
inflation and temperature suppression are ∼10% and ∼5%,
respectively (e.g., López-Morales 2007) and are similar to what
we observe here for KELT J041621-620046.

Stassun et al. (2012) developed empirical relations for the
radius inflation and temperature suppression for a given amount
of chromospheric Hα luminosity. These relations predict that
the temperature suppression and radius inflation roughly
preserve the bolometric luminosity. The relations are able to
explain the surprising reversal of temperatures with mass in the
young brown-dwarf eclipsing binary system 2M0535−05
(Stassun et al. 2006, 2007), including the anomalously cool
spectral type of the more massive brown dwarf in the system
(Mohanty et al. 2010; Mohanty & Stassun 2012), and may also
explain some of the observed discrepancies between young
stellar EBs and non-magnetic stellar models (Stassun et al.
2014a).

Here, we apply the empirical relations of Stassun et al. (2012)
to KELT J041621-620046 using the observed Hα emission of
the two components in the system (see Section 2.3). The

Figure 8. Top: the measured radii, temperatures, and masses for all known M dwarfs in double-lined eclipsing binary systems are shown in gray. Systems with V �
14 are shown in black. Also shown are the Dartmouth (black line, Dotter et al. 2008), Baraffe 1998 (purple line, Baraffe et al. 1998), and Yonsei-Yale (green line, Yi
et al. 2001; Spada et al. 2013) solar metallicity, and 5 Gyr models. The KELT J041621-620046 system is shown in blue (without Hα correction) and in red (with Hα
correction applied); see the text. The known M-M binaries plotted were obtained from Birkby et al. (2012), Nefs et al. (2013), and Dittmann et al. (2017).

Figure 9. Measured radius relative to the model-predicted radius (top) and the
measured effective temperature relative to the Baraffe 98 model value (bottom)
as a function of the orbital period for the M dwarfs in Figure 8.
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resulting radii and temperatures (Figure 8, red symbols) are
brought into better agreement with the predictions of the stellar
evolution models for both stars. The agreement seen for both
components of KELT J041621-620046 is best with respect to
the Dartmouth models, though the agreement with the other
models shown is only marginally worse, and the agreement with
the models is within ∼2σ.

To be clear, these Hα-based adjustments to the stellar radii
and temperatures are not “corrections” per se; the observed
radii are in fact inflated, and temperatures are in fact
suppressed. The adjustments serve to show what the stellar
radii and temperatures would be in the absence of magnetic
activity. Evidently, were it not for the strong magnetic activity
(as manifested by the strong Hα emission) in these rapidly
rotating M dwarfs, their basic properties would be much more
in line with the predictions of standard (non-magnetic) stellar
models.

5. Conclusion

We present the discovery of KELT J041621-620046 as a
double-lined eclipsing binary in the field, in which both
components are low-mass M-dwarf stars. With component
masses of 0.447 0.052

0.047
+
- and M0.399 0.046

0.042
+
-

, and radii of
0.540 0.034

0.032
+
- and 0.453 ± 0.017 R☉, KELT J041621-620046

becomes one of only a handful of M dwarfs in EBs, with
precisely determined stellar masses and radii. In addition, the
measured stellar masses place the stars at or near the fully
convective boundary for M dwarfs, a particularly important
region of stellar parameter space for understanding stellar
structure, evolution, and magnetic field generation.

Both stars appear to be very magnetically active based on
their strong Hα and Ca II H and K emission. This is perhaps not
surprising considering the likely tidal synchronization of the
stars with the short-period orbit. Perhaps as a direct
consequence of this magnetic activity, KELT J041621-
620046A and B appear to have radii that are significantly
larger and effective temperatures that are significantly cooler
compared to predictions by standard (non-magnetic) stellar
isochrone models. Recent empirical relations for the amount of
radius inflation and temperature suppression as a function of
chromospheric activity appear able to explain the observed
properties of KELT J041621-620046A and the radius of KELT
J041621-620046B, and these stars would be in better
agreement with theoretical non-magnetic stellar models were
they not magnetically active. However, the temperature of
KELT J041621-620046B is too low with respect to theoretical
non-magnetic stellar models to be explained by magnetic
temperature suppression alone. While being quite bright for an
M-dwarf eclipsing binary system (J ∼ 10.2) and therefore
amenable to more high precision radial velocity follow-up
observations, KELT J041621-620046 promises to serve as a
test bed for stellar structure and evolution at the stellar fully
convective boundary.
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