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ABSTRACT

GJ 581 is an M dwarf host of a multiplanet system. We use long-baseline interferometric measurements
from the CHARA Array, coupled with trigonometric parallax information, to directly determine its physical
radius to be 0.299 £ 0.010 Ry. Literature photometry data are used to perform spectral energy distribution
fitting in order to determine GJ 581’s effective surface temperature Tgpr = 3498 £56 K and its luminosity
L = 0.01205 £ 0.00024 L. From these measurements, we recompute the location and extent of the system’s
habitable zone and conclude that two of the planets orbiting GJ 581, planets d and g, spend all or part of their orbit

within or just on the edge of the habitable zone.
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1. INTRODUCTION

The formation, evolution, and environment of extrasolar
planets are heavily dependent on the astrophysical properties
of their respective parent stars. In particular, the location and
extent of the system’s habitable zone (HZ) are direct functions
of the parent star’s size and surface temperature, both of which
are frequently determined by stellar modeling. The advent of
long-baseline interferometry at wavelengths in the near-infrared
or optical range has made it possible to directly measure these
stellar astrophysical properties (e.g., Baines et al. 2007, 2008,
2009, 2010; van Belle & von Braun 2009, and references
therein).

M dwarfs are popular targets for exoplanet searches, in part
due to their low intrinsic luminosity, which makes it possible
for planets with orbital periods of much less than a year to be
located near or inside the system’s HZ. GJ 581 (= HIP 74995,
V =10.570, H = 6.095, K = 5.837) is a nearby M2-3 dwarf
(Bessel 1990; Henry et al. 1994; Hawley et al. 1996; Cutri et al.
2003) that hosts six currently reported planets, all detected by the
radial velocity (RV) technique and successively announced in
Bonfils et al. (2005, Neptune-mass planet b), Udry et al. (2007,
super-Earth mass planets ¢ and d), Mayor et al. (2009, Earth-
mass planet ), and most recently, Vogt et al. (2010, super-Earth
mass planets f and g).

Here we present the fundamental astrophysical parameters
of GJ 581 primarily based on interferometric observations, and
comment on the resulting location and extent of the system’s HZ

10 Hubble Fellow.

as well as the locations of the orbiting planets with respect to it.
Our observations are described in Section 2, and the calculations
of the resulting stellar astrophysical parameters in Section 3. We
discuss the HZ of the GJ 581 system in Section 4, and summarize
and conclude in Section 5.

2. OBSERVATIONS
2.1. Interferometry

Our interferometric observations of GJ 581 were carried out
using the Georgia State University Center for High Angular
Resolution Astronomy (CHARA) Array (ten Brummelaar et al.
2005) in the context of ongoing surveys to determine funda-
mental parameters of exoplanet hosting stars (von Braun et al.
2010) and of low-mass stars (Boyajian et al. 2010). We used
the single baseline CHARA Classic beam combiner in the H
band (Acenrat = 1.67 pm) and collected data on six nights
between 2010 March and June. We observed with CHARA'’s
longest baselines S1/E1 (~ 330 m, 19 observations) and W1/
El (~ 313 m, eight observations). The calibrator stars HD
136257 (V = 7.55, H = 6.24, 6sgp = 0.233 £ 0.007 mas'")
and HD 136713 (V = 7.99, H = 5.83, 6sgp = 0.323 +0.023
mas) were observed along with GJ 581 in bracketed sequences.
These calibrator stars were chosen to be near-point-like sources
of similar H-band magnitudes as GJ 581 and located at small
angular distances from it.

The uniform disk and limb-darkened angular diameters (Byp
and 6. p, respectively; see Table 1) are found by fitting the

1 gsep corresponds to the estimated angular diameter based on spectral
energy distribution fitting.
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Figure 1. Calibrated visibility observations along with the limb-darkened angular diameter fit for GJ 581. For details, see Section 2.1.

Table 1
Stellar Properties of GJ 581

Parameter Value Reference
Spectral type M2.5V Henry et al. (1994)
V—K 4.733+0.083 Bessel (1990); Cutri et al. (2003)
[Fe/H] —0.135 Average?®

6up (mas) 0.4334+0.014 This work
6.p (mas) 0.446 £0.014 This work
Parallax (mas) 160.12 4+ 1.33 This work
Radius (Rp) 0.299+0.010 This work
Luminosity (Lg) 0.01205 £ 0.00024 This work
Terr (K) 3498 + 56 This work

log g° 4.96 +0.08 This work

Notes. Properties of GJ 581. For details, see Section 3.

4 Average from Bonfils et al. (2005), Johnson & Apps (2009), Rojas-Ayala et al.
(2010), and Schlaufman & Laughlin (2010).

b The surface gravity log g is based on our quoted values of mass and radius, and
its uncertainty is calculated from our empirically determined radius uncertainty.
We assume oM = 0.05 Mg 16%, which represents a slightly more
conservative approach than the (o0 M)max = 10% requirement in the calculation
of the M—L relation in Delfosse et al. (2000).

~

calibrated visibility measurements (Figure 1) to the respective
functions for each relation. These formulae may be described
as nth-order Bessel functions that are dependent on the angular
diameter of the star, the projected distance between the two
telescopes, and the wavelength of observation (see Equations (2)
and (4) of Hanbury Brown et al. 1974). We use the H-band
limb-darkening coefficient (uy = 0.358) calculated from the
PHOENIX model atmospheres code for the corresponding value
of Tgrr = 3500 K and logg = 5.0, as tabulated in Claret
(2000).'? The solutions and their respective errors are computed
using MPFIT, a nonlinear least-squares fitting routine in IDL

12 We note that an uncertainty in an assumed parameter will only modestly
influence the value of the coefficient, and consequentially the value of 6y p. For
example, changing the model Tgrr by £300 K will change the resulting
diameter by only a few tenths of a percent, well within our error budget.

(Markwardt 2009). For this solution we find szeduced = 0.65,
implying that the standard CHARA reduction pipeline may
have overestimated our measurement errors. Thus, the results
presented here assume a true xZ2..q = | to remedy effects
of the overestimated uncertainties. Our results are shown in
Table 1.

Finally, our interferometric data allowed for a search for sep-
arated fringe packets to comment on the potential existence of a
previously unresolved stellar companion in a near face-on orbit
(see discussion in Baines et al. 2010 and Farrington et al. 2010),
which would influence the interpretation of the RV curves. The
fringe packets from two stellar sources would overlap for small
projected separations of ~0.5-5 mas, producing a periodic mod-
ulation in the angular diameter visibility curve (e.g., Baines et al.
2010). The amplitude of this modulation is set by the flux ra-
tio of the binary components. Based on the range of visibility
residuals in our angular diameter fit, we can rule out companions
with magnitude differences § H < 2.4 mag. The fact that we did
not find any evidence of a secondary fringe packet (and thus
stellar-mass companion at low inclination angles) reinforces the
dynamical stability argument of coplanar orbits in this system
as described in Mayor et al. (2009) and Beust et al. (2008)
by providing an empirical lower-limit constraint on the orbital
inclinations of the planetary orbits.

2.2. Astrometry

Translating the measured angular radius of GJ 581 into a lin-
ear radius depends on its distance. Trigonometric parallax mea-
surements are available for GJ 581 in The General Catalogue
of Trigonometric Stellar Parallaxes (van Altena et al. 1995,
Tyig = 157.9 &= 5.6 mas), from van Leeuwen’s reduction of the
HIPPARCOS space mission observations (van Leeuwen 2008,
Trig = 160.91 &£ 2.62 mas), and from the RECONS group13 of

13 WWWw.recons.org
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Figure 2. Spectral energy distribution fit for GJ 581. Literature photometry data
are plotted on top of the spectral template. Horizontal error bars correspond to
filter bandwidths. Crosses indicate flux levels of the spectral template integrated
over the filter bandwidth. The fractional residuals are given in the bottom panel,
along with scaled error bars in the respective photometry data point. The large

U-band error bar is due to uncertainties associated with literature photometry.
For details, see Section 3 and Table 1.

(A color version of this figure is available in the online journal.)

Tyig = 160.01 & 1.61 mas.'"* The weighted-mean parallax of
the three independent measurements for the GJ 581 system is
160.12 % 1.33 mas, driven primarily by the improved RECONS
parallax, and is used here in the calculation of GJ 581’s physical
size.

3. FUNDAMENTAL ASTROPHYSICAL PARAMETERS OF
THE HOST STAR GJ 581

A summary of our results of the fundamental parameters of
GJ 581 is given in Table 1. We describe below how individual
values were obtained.

Based on GJ 581’s myj, and interferometrically measured
angular diameter 6 p, we calculate its linear radius to be
R = 0.299 4+ 0.010 Ry. Following the procedure outlined
in Section 3.1 of van Belle et al. (2007), we produce a fit of
the stellar spectral energy distribution (SED) to the literature
UBVRIJHK photometry. We obtain a value of GJ 581’s stellar
bolometric flux Fgor = (9.92 & 0.104) x 10~ erg cm 257!
and luminosity L = 0.01205 +0.00024 L. Photometry for our
SED fit from the following papers was used along with spectral
templates from Pickles (1998): Weis (1993), Bessel (1990),
Koen et al. (2002), Cutri et al. (2003, 2MASS JHK}), Nordstrom
et al. (2004), Kilkenny et al. (2007), Rayner et al. (2009),
and Koen et al. (2010). The transformation from the SAAO
photometry system to 2MASS was based on the equations in
Koen et al. (2007). We show our SED fit in Figure 2.

It should be noted that, in order to minimize the X2 of our
SED fit, we obtain a non-zero value for extinction (Ay =
0.174 £ 0.021), which is unexpected for a star at a distance
of around 6 pc. Forcing Ay = 0 degrades the x2 from around
2 to around 6. The associated difference in the calculated value

14 This supersedes the value reported in Jao et al. (2005) where details about
the RECONS astrometry program at the CTIO 0.9 m can be found. In essence,
the improved parallax results from a reduction of 224 total frames of the GJ
581 field taken over 9.93 years, whereas the previous result was based on 122
frames over 2.95 years.
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of Fpop is around 6.7%, corresponding to a 1.6% effect in
the calculation of Tgpr (see Equation (1)) in the sense that an
Ay > 0 produces a slightly higher Tgpr. We postulate that the
extinction could be circumstellar in origin.'> Equivalent SED
fitting using NextGen synthetic templates (Hauschildt et al.
1999) instead of the empirical Pickles (1998) templates yielded
near-identical values of Fgor and Ay for the best-fit templates
using Tgpr = 3300 K, log g = 5.0, and [Fe/H] = —0.5.

The effective temperature Tgpp is calculated based on the
rearranged form of the Stefan—Boltzmann equation

=

Terr(K) = 2341(FpoL/0(p) )
where Fgoy is in units of 107% erg cm™2 s~! and the angular
diameter 6y p is in units of mas. We calculate GJ 581°s effective
temperature to be Tgrr = 3498 £ 56 K.

We derive a mass estimate of M ~ 0.3 M from the K-band
mass—luminosity relation in Delfosse et al. (2000). Finally, GJ
581’s mass and radius produce log g = 4.96 £ 0.08, assuming
a mass uncertainty of 0.05 M. See Table 1 for a summary of
our results.

The most recent values for GJ 581°s astrophysical properties
before the ones presented here are the ones calculated in Bonfils
et al. (2005). They were subsequently adopted by the papers
documenting the discoveries of the other five planets orbiting
GJ 581 (Udry et al. 2007; Mayor et al. 2009; Vogt et al. 2010).
Below we compare these values to ours.

Bonfils et al. (2005) use a V-band bolometric correction from
Delfosse etal. (1998) to derive L = 0.013 L, which constitutes
a 40 increase with respect to our value, using only our error
estimates; theirs are not given. This discrepancy decreases only
marginally (to 3.60) if we set equal the two slightly different
values for e The radius of GJ 581 was calculated in Bonfils
et al. (2005) by applying their estimated mass, M = 0.31 M,
to the mass—radius relation in Chabrier & Baraffe (2000). We
find that their resulting value of 0.29 R is ~1o (or ~3.0%)
smaller than our direct measurement. Finally, the estimate of
Terr in Bonfils et al. (2005), based on their calculated stellar
radius and luminosity, is 3622 K, which is 3.5% (2.20") higher
than our value.

Interestingly, some previous estimates of GJ 581’s Tggp
yield results with lower temperature estimates. The temperature
calibration for M dwarfs presented in Bessell (1995) implies a
value for GJ 581°s Tgrr of 3320 K. Furthermore, two different
approaches used in Casagrande et al. (2008) result in Tgpr =
3320 K and Tgrr = 3300 K, respectively. Conversely, the
(independently calculated) empirical relation between Tgpr and
(V — K)o in van Belle & von Braun (2009, Equation (2))
produces an effective temperature of GJ 581 of just over 3500 K.

4. THE HABITABLE ZONE IN THE GJ 581 SYSTEM

A system’s traditional HZ is defined as the range of circum-
stellar distances from a star within which a planet could have
liquid water on its surface, given a dense enough atmosphere.
The various criteria for defining the HZ are described in detail
in Kasting et al. (1993) and further generalized by Underwood
et al. (2003). For the GJ 581 system, the HZ boundaries were

15 Both Kospil et al. (2009) and Bryden et al. (2009) report a 70 ;um excess in
the analysis of Spitzer MIPS archival data of around three times the value
expected from extrapolating the stellar SED to wavelengths redward of
2MASS photometry, although Bryden et al. (2009) classify the significance of
their detection as marginal.
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Figure 3. Top—down view of the GJ 581 system. The HZ is indicated by the gray shaded region with calculated boundaries of 0.11 and 0.21 AU. Left panel: scenario
1 adopted from Mayor et al. (2009). Planet d spends part of its elliptical orbit in the HZ. Right panel: scenario 2 adopted from Vogt et al. (2010). Planet g spends all its
orbits inside the HZ, which planet d orbits right on its outer edge. Planet f (a = 0.758 AU) is not shown for purpose of clarity. For details, see Section 4 and Table 2.

calculated by Udry et al. (2007), Mayor et al. (2009), and Vogt
et al. (2010) in the context of the respective detections of ad-
ditional planets in the GJ 581 system. A detailed analysis of
the habitability of the system under various assumptions can be
found in Selsis et al. (2007).

Our recalculation of the boundaries of the GJ 581°s HZ based
on our directly determined host star properties is based on the
equations in Underwood et al. (2003) and Jones & Sleep (2010)
that relate the radii of the inner and outer edges of the HZ to
the luminosity and effective temperature of the host star. This
results in an inner boundary of 0.11 AU and an outer boundary
of slightly above 0.21 AU. To determine which of GJ 581’s
planets are located in the HZ, we calculate their equilibrium
temperatures T4 following the methods of Selsis et al. (2007):

Tet _ S A)’ @)
fo
where S is the stellar energy flux, A is the Bond albedo, and o
is the Stefan—Boltzmann constant. The redistribution factor fis
determined by the efficiency of atmospheric heat redistribution
efficiency and is set to 2 for a hot dayside and to 4 for even
heat redistribution. Table 2 shows the calculated equilibrium
temperatures for the planets in the GJ 581 system assuming an
Earth Bond albedo of 0.29 in each case. We look at two different
scenarios of the geometry of the GJ 581 system below.
Scenario 1. We take orbital parameters from Mayor et al.
(2009). Figure 3 (left panel) depicts this scenario of the geometry
of the GJ 581 system with its HZ shown as a gray shaded region.
Planet d spends part of its orbit in the HZ. It should be noted that
due to the non-zero orbital eccentricity, Tq is a function of time

(or phase angle). Thus, the Te{;:4 for planet d varies from 229 K
at periastron to 154 K at apastron, causing it to periodically dip
into and out of the HZ.

Scenario 2. We take all orbital parameters from Vogt et al.
(2010), motivated by the discussion in Anglada-Escudé et al.
(2010), which points out that the RV signal of planet d’s
eccentric orbit could, in fact, be due to two circular orbits of

Table 2
Equilibrium Temperatures for the GJ 581 System Planets
Planet a (AU) 757 (K) 7472 (K)
b 0.041 418 £3 498 £ 3
c 0.070 320 +£ 2 381 + 2
d 0.220 181 £ 1 215 £ 2
e 0.030 489 + 2 582 + 3
f 0.758 97 £ 1 116 £ 1
g 0.146 222 +£ 2 264 + 2

Notes. Equilibrium temperatures based on the equations in Selsis et al. (2007)
and assuming orbital element values from Mayor et al. (2009, planets b—e) and
Vogt et al. (2010, planets f and g). f = 4 implies perfect energy redistribution
efficiency on the planetary surface, f = 2 means no energy redistribution. For
details, see Section 4 and Figure 3. Note that the quoted uncertainties are based
only on the uncertainties in the calculation of GJ 581’s luminosity, and not on
uncertainties in the orbital elements. As such, they should be regarded as lower
limits.

planets d and g. The geometry of this scenario is illustrated in
Vogt et al. (2010, Figure 6 and Table 2) and shown here in the
right panel of Figure 3. In this scenario, planet g spends all its
circular orbit in the HZ with a semimajor axis of a, = 0.15 AU,
while planet d is right on the outer edge of the HZ with
ag = 0.22 AU. For planet g, an even heat redistribution results
in Toq = 222 K which is slightly less than the value calculated
by Vogt et al. (2010) as anticipated from our smaller value
for GJ 581’s luminosity. We note that Ty = 222 K is below the
freezing temperature of water, but does not take into account the
greenhouse effect heating due to an atmosphere (for comparison:
Earth’s Toq = 255 K). See Section 6 of Vogt et al. (2010)
and particularly Wordsworth et al. (2010) for more detailed
elaborations. Planet d’s T.q = 181 K for f = 4 when using its
semimajor axis in Equation (2).

5. SUMMARY AND CONCLUSION

In this Letter, we present directly determined astrophysical
parameters of the late-type, multiplanet host star GJ 581,
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observed as part of our ongoing interferometric survey with the
CHARA Array of KM dwarfs with and without planets. We find
small but significant differences between literature values and
our empirical results for GJ 581, which are explicitly shown in
Section 3 and Table 1. We measure a stellar radius that is larger
than predicted by theory-based calibrations (3%) but a slightly
lower than predicted Tgrr (3.5%), resulting in our calculated
luminosity’s being lower than the currently used literature value
(by ~7%). Thus, we confirm the results in Boyajian et al. (2010)
that theoretically calculated radii of M dwarfs are smaller than
the directly measured counterparts.

We recalculate the boundaries of the system’s HZ based on
our new results. An analysis of the equilibrium temperatures of
the six planets orbiting GJ 581 confirms that planet g spends
all of its orbit inside the HZ. Depending on the assumed
eccentricity of planet d’s orbit, it periodically dips into and
out of the HZ or spends all of its circular orbit on its outer edge
(Section 4). The presence of any moderately dense atmosphere
around planets d and particularly g could provide sufficient
greenhouse heating of the planetary surface temperatures (Selsis
et al. 2007; Wordsworth et al. 2010) such that any existing water
could be in liquid form.

Planetary characterization is playing an increasingly impor-
tant role in exoplanet research. With the exception of directly
imaged planets, the large majority of astrophysical exoplanet
parameters are functions of stellar parameters, which in turn
are, by necessity, calculated on the basis of stellar models. Par-
ticularly in the low-mass regime, however, these stellar mod-
els lack observational constraints, leading, not necessarily by
fault of the models themselves, to uncertainties and sometimes
systematic discrepancies between theoretical and observational
results, as we present in this Letter. It is thus hard to overstate
the importance of “understanding the parent stars.” With recent
and ongoing improvements in both sensitivity and spatial reso-
lution of near-infrared and optical interferometric data quality,
we are able to ameliorate this situation and provide firm, direct
measurements of stellar radii and effective temperatures in the
low-mass regime.
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