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Fig. 1. ADI-processed images from the two SPHERE-IRDIS datasets taken with the K1 and H2 filters, and the NACO data taken with the L’ filter.
The companion is detected with SNR > 1000 in the two SPHERE epochs, and SNR > 8 in the NACO data.

Table 2. Observing Log

UT Date Instrument Filter DITa Na
exp �⇡a True North correction Plate Scale

[s] [�] [�] [mas/pixel]
2011-06-08 NACO L’ 0.2 8000 130.4 �0.5 ± 0.1 27.1 ± 0.05
2016-04-01 IRDIS H2/H3 64 64 45 �1.73 ± 0.06 12.255 ± 0.009
2016-04-01 IFS YJ 64 64 45 �102.21 ± 0.06 7.46 ± 0.02
2017-02-08 IRDIS K1/K2 64 72 61 �1.71 ± 0.06 12.249 ± 0.009
2017-02-08 IFS YH 64 72 61 �102.19 ± 0.06 7.46 ± 0.02

Notes. aDIT refers to the integration time of each image, Nexp to the total number of images obtained, �⇡ to the parallactic angle range during the
sequence

Table 3. Observed Astrometry and Photometry of HIP 64892 B

UT Date Instrument Filter ⇢ (") ✓ (�) Contrast (mag) Abs. mag Mass (COND)
2011-06-08 NACO L’ 1.272 ± 0.029 310.0 ± 1.3 6.10 ± 0.08 7.61 ± 0.17 37 ± 9
2016-04-01 IRDIS H2 1.2705 ± 0.0023 311.69 ± 0.15 7.23 ± 0.08 8.73 ± 0.17 29 ± 4
2016-04-01 IRDIS H3 1.2704 ± 0.0022 311.70 ± 0.15 6.99 ± 0.08 8.46 ± 0.17 29 ± 5
2017-02-08 IRDIS K1 1.2746 ± 0.0010 311.73 ± 0.12 6.79 ± 0.08 8.28 ± 0.17 34 ± 7
2017-02-08 IRDIS K2 1.2737 ± 0.0010 311.77 ± 0.12 6.49 ± 0.12 7.97 ± 0.19 35 ± 8

Fig. 2. 5� detection limits for the two SPHERE datasets, after process-
ing using the TLOCI algorithm. The grey shaded region indicates the
separations partially or fully blocked by the coronagraph.

We then interpolated the COND evolutionary models
(Bara↵e et al. 2003) using the age and absolute magnitudes to
yield estimates of the mass of HIP 64892B. The measurements,
listed in Table 3, are consistent with masses of 29-37 MJ. This
implies a mass ratio between the brown dwarf and the primary
of q ⇠ 0.014.

4.3. Spectral Properties

We produced a spectral model for the primary by scaling a BT-
Settl spectrum with Te↵ = 10400 K, log g = 4, [M/H]= �0.5 us-
ing photometric measurements compiled from 2MASS, Tycho-2
and WISE (Skrutskie et al. 2006; Høg et al. 2000; Wright et al.
2010). This was then used to convert the contrast measurements
from IRDIS and NACO to apparent fluxes.

To estimate the spectral type and e↵ective temperature of the
companion, we compared the observed spectrum and photome-
try of HIP 64892B with a range of spectra compiled from the lit-
erature, using the goodness-of-fit statistic G (e.g. Cushing et al.
2008). We considered young L dwarfs from the Upper-Scorpius
subgroup (Lodieu et al. 2008) as well as companions of Upper
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Fig. 1. ADI-processed images from the two SPHERE-IRDIS datasets taken with the K1 and H2 filters, and the NACO data taken with the L’ filter.
The companion is detected with SNR > 1000 in the two SPHERE epochs, and SNR > 8 in the NACO data.
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2016-04-01 IFS YJ 64 64 45 �102.21 ± 0.06 7.46 ± 0.02
2017-02-08 IRDIS K1/K2 64 72 61 �1.71 ± 0.06 12.249 ± 0.009
2017-02-08 IFS YH 64 72 61 �102.19 ± 0.06 7.46 ± 0.02

Notes. aDIT refers to the integration time of each image, Nexp to the total number of images obtained, �⇡ to the parallactic angle range during the
sequence

Table 3. Observed Astrometry and Photometry of HIP 64892 B

UT Date Instrument Filter ⇢ (") ✓ (�) Contrast (mag) Abs. mag Mass (COND)
2011-06-08 NACO L’ 1.272 ± 0.029 310.0 ± 1.3 6.10 ± 0.08 7.61 ± 0.17 37 ± 9
2016-04-01 IRDIS H2 1.2705 ± 0.0023 311.69 ± 0.15 7.23 ± 0.08 8.73 ± 0.17 29 ± 4
2016-04-01 IRDIS H3 1.2704 ± 0.0022 311.70 ± 0.15 6.99 ± 0.08 8.46 ± 0.17 29 ± 5
2017-02-08 IRDIS K1 1.2746 ± 0.0010 311.73 ± 0.12 6.79 ± 0.08 8.28 ± 0.17 34 ± 7
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Fig. 2. 5� detection limits for the two SPHERE datasets, after process-
ing using the TLOCI algorithm. The grey shaded region indicates the
separations partially or fully blocked by the coronagraph.

We then interpolated the COND evolutionary models
(Bara↵e et al. 2003) using the age and absolute magnitudes to
yield estimates of the mass of HIP 64892B. The measurements,
listed in Table 3, are consistent with masses of 29-37 MJ. This
implies a mass ratio between the brown dwarf and the primary
of q ⇠ 0.014.

4.3. Spectral Properties

We produced a spectral model for the primary by scaling a BT-
Settl spectrum with Te↵ = 10400 K, log g = 4, [M/H]= �0.5 us-
ing photometric measurements compiled from 2MASS, Tycho-2
and WISE (Skrutskie et al. 2006; Høg et al. 2000; Wright et al.
2010). This was then used to convert the contrast measurements
from IRDIS and NACO to apparent fluxes.

To estimate the spectral type and e↵ective temperature of the
companion, we compared the observed spectrum and photome-
try of HIP 64892B with a range of spectra compiled from the lit-
erature, using the goodness-of-fit statistic G (e.g. Cushing et al.
2008). We considered young L dwarfs from the Upper-Scorpius
subgroup (Lodieu et al. 2008) as well as companions of Upper
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The companion is detected with SNR > 1000 in the two SPHERE epochs, and SNR > 8 in the NACO data.
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We then interpolated the COND evolutionary models
(Bara↵e et al. 2003) using the age and absolute magnitudes to
yield estimates of the mass of HIP 64892B. The measurements,
listed in Table 3, are consistent with masses of 29-37 MJ. This
implies a mass ratio between the brown dwarf and the primary
of q ⇠ 0.014.
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We produced a spectral model for the primary by scaling a BT-
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ing photometric measurements compiled from 2MASS, Tycho-2
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2010). This was then used to convert the contrast measurements
from IRDIS and NACO to apparent fluxes.

To estimate the spectral type and e↵ective temperature of the
companion, we compared the observed spectrum and photome-
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Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry

Fixed parameters Fitted parameters Calculated parameters
HD AV [Fe/H] log(g) Te↵ ✓SED Fbol Fbol

[cm · s2] [K] [mas] (AV = 0)
3651 0.060 0.1 4.4 ± 0.17 5297 ± 27 0.715 ± 0.014 13.409 ± 0.236 13.163 ± 0.169
9826 0.185 0.1 4.2 ± 0.14 6494 ± 39 1.073 ± 0.016 68.200 ± 2.310 58.448 ± 0.493
19994 0.090 0.2 4.2 ± 0.14 6039 ± 26 0.767 ± 0.011 25.798 ± 0.654 24.980 ± 0.291
75732 0.0075 0.3 4.4 ± 0.12 5219 ± 26 0.709 ± 0.012 12.435 ± 0.168 12.399 ± 0.168
167042 0.103 -0.1 3.2 ± 0.10 4774 ± 33 0.958 ± 0.028 15.886 ± 0.551 12.927 ± 0.429
170693 0.052 -0.5 2.1 ± 0.54 4460 ± 24 1.933 ± 0.023 49.180 ± 0.600 49.723 ± 0.102
173416 0.047 -0.2 2.5 ± 0.10 4735 ± 23 0.917 ± 0.013 13.179 ± 0.265 13.733 ± 0.148
185395 0.328 0.0 4.3 ± 0.15 7181 ± 28 0.775 ± 0.010 49.400 ± 0.460 40.372 ± 0.403
190360 0.044 0.2 4.3 ± 0.09 5577 ± 26 0.669 ± 0.011 14.405 ± 0.195 13.987 ± 0.213
217014 0.078 0.2 4.3 ± 0.11 5804 ± 27 0.689 ± 0.011 17.965 ± 0.238 16.939 ± 0.241
221345 0.046 -0.3 2.4 ± 0.29 4692 ± 25 1.359 ± 0.023 27.983 ± 0.447 27.055 ± 0.418
1367 0.588 0.0 3.0 ± 0.10 5488 ± 23 0.725 ± 0.009 15.959 ± 0.432 9.750 ± 0.060
1671 0.473 -0.1 3.7 ± 0.10 7047 ± 27 0.619 ± 0.007 31.473 ± 0.259 21.401 ± 0.185
154633 0.046 -0.1 3.0 ± 0.10 4934 ± 24 0.788 ± 0.010 12.243 ± 0.211 11.937 ± 0.087
161178 0.408 -0.2 2.4 ± 0.25 5158 ± 26 0.885 ± 0.018 19.799 ± 0.343 15.748 ± 0.078
168151 0.129 -0.3 4.1 ± 0.50 6563 ± 38 0.679 ± 0.016 28.519 ± 0.674 25.442 ± 0.625
209369 0.116 -0.2 3.8 ± 0.10 6447 ± 41 0.682 ± 0.017 26.737 ± 0.686 24.166 ± 0.560
218560 0.059 0 1.5 ± 0.10 4631 ± 24 0.929 ± 0.014 13.375 ± 0.138 12.800 ± 0.134

Table 4: Fixed input parameters to determine the bolometric flux. Fbol is expressed in 108 erg · s�1· cm�2, and the error adopted in
the rest of the study on [Fe/H] is 0.1 dex. We adopt a minimum of 0.1 dex for the error in log(g) (see Sect. 3.1).

HD ✓UD ± �✓UD µ� ✓LD ± �✓LD(%) �2
red

3651 0.687 ± 0.007 0.537 0.722 ± 0.007 (0.97) 0.97
9826 1.119 ± 0.026 0.425 1.161 ± 0.027 (2.34) 6.95
19994 0.731 ± 0.010 0.448 0.761 ± 0.011 (1.41) 0.67
75732 0.687 ± 0.011 0.561 0.724 ± 0.012 (1.64) 0.36
167042 0.998 ± 0.013 0.616 1.056 ± 0.014 (1.28) 0.30
170693 1.965 ± 0.009 0.634 2.097 ± 0.009 (0.41) 0.20
173416 0.937 ± 0.033 0.608 0.995 ± 0.034 (3.45) 0.59
185395 0.726 ± 0.007 0.355 0.749 ± 0.008 (1.01) 8.47
190360 0.596 ± 0.006 0.480 0.622 ± 0.007 (1.08) 1.00
217014 0.624 ± 0.013 0.458 0.650 ± 0.014 (2.14) 2.27
221345 1.404 ± 0.029 0.614 1.489 ± 0.032 (2.16) 2.73
1367 0.719 ± 0.013 0.505 0.754 ± 0.014 (1.84) 0.44
1671 0.582 ± 0.006 0.359 0.600 ± 0.006 (0.92) 0.42
154633 0.763 ± 0.011 0.569 0.804 ± 0.012 (1.44) 0.33
161178 0.897 ± 0.040 0.545 0.944 ± 0.043 (4.50) 1.89
168151 0.642 ± 0.014 0.386 0.664 ± 0.015 (2.20) 0.61
209369 0.601 ± 0.017 0.380 0.621 ± 0.018 (2.85) 1.72
218560 0.875 ± 0.020 0.600 0.927 ± 0.022 (2.38) 0.64

Table 5: Angular diameters of our targets (in mas). Errors in %
are given in parenthesis (see Sect. 3.2).

in [Fe/H]. Since we observed around 720 nm, we had to consider
both R and I filters (in the Johnson-Cousin system).

We first computed linear interpolations over the coe�cients
corresponding to [Fe/H] and log(g) surrounding the stellar pa-
rameters for each filter R and I and each temperature surround-
ing the initial photometric temperature (determined from Fbol)
by ±250 K. (We took the closest values to our stars available
on the tables.) Then, we averaged the resulting LD coe�cients
on the filters to have one coe�cient per temperature. Finally, we
computed linear interpolations until the derived ✓LD calculated
with the LD coe�cient converge with the values of Te↵,? and
Fbol. The final interferometric parameters are given in Table 5.
We used the final LD coe�cient to estimate the final ✓LD using
the LITpro software. Then, the final Te↵,? is directly derived
from the LD diameter and Fbol :

Te↵,? =

0
BBBB@

4 ⇥ Fbol

�SB✓2LD

1
CCCCA

0.25

, (4)

where �SB is the Stefan-Boltzmann constant.
The stellar radius is obtained by combining the LD diame-

ter and the distance d (from Hipparcos parallaxes, van Leeuwen
2007) :

R?[R�] =
✓LD[mas] ⇥ d[pc]

9.305
. (5)

To determine the errors on Te↵,? and R?, we consider that the
parameters on the righthand side of each equation are indepen-
dent random variables with Gaussian probability density func-
tions. For any quantity X, the uncertainty on its estimate is noted
�X , and the relative uncertainty �X/X is noted �̃X . Then, the
standard deviation of each parameter that we want to estimate
is given analytically to first order by a classical propagation of
errors, following the formula :

�̃T e↵,? =

q
((1/2) ⇥ �̃✓LD)2 + ((1/4) ⇥ �̃F bol)2

�̃R? =
q
�̃✓2LD + �̃

2
d ,

(6)

where �✓LD, �Fbol, and �d are the errors on the LD diameter,
bolometrix flux, and distance, respectively. Then, we calculate
the stellar luminosity L? by combining the bolometric flux and
the distance :

L? = 4⇡d2Fbol , (7)

and its error
�̃L? =

q
(2 ⇥ �̃d)2 + �̃F

2
bol . (8)

Finally, we calculate the gravitational mass Mgrav,? using log(g)
and R?

Mgrav,? =
R2
? ⇥ 10log(g)

G
(9)

and its error

�̃Mgrav,? =

r
(2 ⇥ �̃R?)2 +

⇣
�log(g) ⇥ ln(10)

⌘2
. (10)

The parameters and their errors are shown in Table 6.
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in [Fe/H]. Since we observed around 720 nm, we had to consider
both R and I filters (in the Johnson-Cousin system).

We first computed linear interpolations over the coe�cients
corresponding to [Fe/H] and log(g) surrounding the stellar pa-
rameters for each filter R and I and each temperature surround-
ing the initial photometric temperature (determined from Fbol)
by ±250 K. (We took the closest values to our stars available
on the tables.) Then, we averaged the resulting LD coe�cients
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We used the final LD coe�cient to estimate the final ✓LD using
the LITpro software. Then, the final Te↵,? is directly derived
from the LD diameter and Fbol :

Te↵,? =

0
BBBB@

4 ⇥ Fbol

�SB✓2LD

1
CCCCA

0.25

, (4)

where �SB is the Stefan-Boltzmann constant.
The stellar radius is obtained by combining the LD diame-

ter and the distance d (from Hipparcos parallaxes, van Leeuwen
2007) :

R?[R�] =
✓LD[mas] ⇥ d[pc]

9.305
. (5)

To determine the errors on Te↵,? and R?, we consider that the
parameters on the righthand side of each equation are indepen-
dent random variables with Gaussian probability density func-
tions. For any quantity X, the uncertainty on its estimate is noted
�X , and the relative uncertainty �X/X is noted �̃X . Then, the
standard deviation of each parameter that we want to estimate
is given analytically to first order by a classical propagation of
errors, following the formula :

�̃T e↵,? =

q
((1/2) ⇥ �̃✓LD)2 + ((1/4) ⇥ �̃F bol)2

�̃R? =
q
�̃✓2LD + �̃

2
d ,

(6)

where �✓LD, �Fbol, and �d are the errors on the LD diameter,
bolometrix flux, and distance, respectively. Then, we calculate
the stellar luminosity L? by combining the bolometric flux and
the distance :

L? = 4⇡d2Fbol , (7)

and its error
�̃L? =

q
(2 ⇥ �̃d)2 + �̃F

2
bol . (8)

Finally, we calculate the gravitational mass Mgrav,? using log(g)
and R?

Mgrav,? =
R2
? ⇥ 10log(g)

G
(9)

and its error

�̃Mgrav,? =

r
(2 ⇥ �̃R?)2 +

⇣
�log(g) ⇥ ln(10)

⌘2
. (10)

The parameters and their errors are shown in Table 6.
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Fixed parameters Fitted parameters Calculated parameters
HD AV [Fe/H] log(g) Te↵ ✓SED Fbol Fbol

[cm · s2] [K] [mas] (AV = 0)
3651 0.060 0.1 4.4 ± 0.17 5297 ± 27 0.715 ± 0.014 13.409 ± 0.236 13.163 ± 0.169
9826 0.185 0.1 4.2 ± 0.14 6494 ± 39 1.073 ± 0.016 68.200 ± 2.310 58.448 ± 0.493
19994 0.090 0.2 4.2 ± 0.14 6039 ± 26 0.767 ± 0.011 25.798 ± 0.654 24.980 ± 0.291
75732 0.0075 0.3 4.4 ± 0.12 5219 ± 26 0.709 ± 0.012 12.435 ± 0.168 12.399 ± 0.168
167042 0.103 -0.1 3.2 ± 0.10 4774 ± 33 0.958 ± 0.028 15.886 ± 0.551 12.927 ± 0.429
170693 0.052 -0.5 2.1 ± 0.54 4460 ± 24 1.933 ± 0.023 49.180 ± 0.600 49.723 ± 0.102
173416 0.047 -0.2 2.5 ± 0.10 4735 ± 23 0.917 ± 0.013 13.179 ± 0.265 13.733 ± 0.148
185395 0.328 0.0 4.3 ± 0.15 7181 ± 28 0.775 ± 0.010 49.400 ± 0.460 40.372 ± 0.403
190360 0.044 0.2 4.3 ± 0.09 5577 ± 26 0.669 ± 0.011 14.405 ± 0.195 13.987 ± 0.213
217014 0.078 0.2 4.3 ± 0.11 5804 ± 27 0.689 ± 0.011 17.965 ± 0.238 16.939 ± 0.241
221345 0.046 -0.3 2.4 ± 0.29 4692 ± 25 1.359 ± 0.023 27.983 ± 0.447 27.055 ± 0.418
1367 0.588 0.0 3.0 ± 0.10 5488 ± 23 0.725 ± 0.009 15.959 ± 0.432 9.750 ± 0.060
1671 0.473 -0.1 3.7 ± 0.10 7047 ± 27 0.619 ± 0.007 31.473 ± 0.259 21.401 ± 0.185
154633 0.046 -0.1 3.0 ± 0.10 4934 ± 24 0.788 ± 0.010 12.243 ± 0.211 11.937 ± 0.087
161178 0.408 -0.2 2.4 ± 0.25 5158 ± 26 0.885 ± 0.018 19.799 ± 0.343 15.748 ± 0.078
168151 0.129 -0.3 4.1 ± 0.50 6563 ± 38 0.679 ± 0.016 28.519 ± 0.674 25.442 ± 0.625
209369 0.116 -0.2 3.8 ± 0.10 6447 ± 41 0.682 ± 0.017 26.737 ± 0.686 24.166 ± 0.560
218560 0.059 0 1.5 ± 0.10 4631 ± 24 0.929 ± 0.014 13.375 ± 0.138 12.800 ± 0.134

Table 4: Fixed input parameters to determine the bolometric flux. Fbol is expressed in 108 erg · s�1· cm�2, and the error adopted in
the rest of the study on [Fe/H] is 0.1 dex. We adopt a minimum of 0.1 dex for the error in log(g) (see Sect. 3.1).

HD ✓UD ± �✓UD µ� ✓LD ± �✓LD(%) �2
red

3651 0.687 ± 0.007 0.537 0.722 ± 0.007 (0.97) 0.97
9826 1.119 ± 0.026 0.425 1.161 ± 0.027 (2.34) 6.95
19994 0.731 ± 0.010 0.448 0.761 ± 0.011 (1.41) 0.67
75732 0.687 ± 0.011 0.561 0.724 ± 0.012 (1.64) 0.36
167042 0.998 ± 0.013 0.616 1.056 ± 0.014 (1.28) 0.30
170693 1.965 ± 0.009 0.634 2.097 ± 0.009 (0.41) 0.20
173416 0.937 ± 0.033 0.608 0.995 ± 0.034 (3.45) 0.59
185395 0.726 ± 0.007 0.355 0.749 ± 0.008 (1.01) 8.47
190360 0.596 ± 0.006 0.480 0.622 ± 0.007 (1.08) 1.00
217014 0.624 ± 0.013 0.458 0.650 ± 0.014 (2.14) 2.27
221345 1.404 ± 0.029 0.614 1.489 ± 0.032 (2.16) 2.73
1367 0.719 ± 0.013 0.505 0.754 ± 0.014 (1.84) 0.44
1671 0.582 ± 0.006 0.359 0.600 ± 0.006 (0.92) 0.42
154633 0.763 ± 0.011 0.569 0.804 ± 0.012 (1.44) 0.33
161178 0.897 ± 0.040 0.545 0.944 ± 0.043 (4.50) 1.89
168151 0.642 ± 0.014 0.386 0.664 ± 0.015 (2.20) 0.61
209369 0.601 ± 0.017 0.380 0.621 ± 0.018 (2.85) 1.72
218560 0.875 ± 0.020 0.600 0.927 ± 0.022 (2.38) 0.64

Table 5: Angular diameters of our targets (in mas). Errors in %
are given in parenthesis (see Sect. 3.2).

in [Fe/H]. Since we observed around 720 nm, we had to consider
both R and I filters (in the Johnson-Cousin system).

We first computed linear interpolations over the coe�cients
corresponding to [Fe/H] and log(g) surrounding the stellar pa-
rameters for each filter R and I and each temperature surround-
ing the initial photometric temperature (determined from Fbol)
by ±250 K. (We took the closest values to our stars available
on the tables.) Then, we averaged the resulting LD coe�cients
on the filters to have one coe�cient per temperature. Finally, we
computed linear interpolations until the derived ✓LD calculated
with the LD coe�cient converge with the values of Te↵,? and
Fbol. The final interferometric parameters are given in Table 5.
We used the final LD coe�cient to estimate the final ✓LD using
the LITpro software. Then, the final Te↵,? is directly derived
from the LD diameter and Fbol :

Te↵,? =

0
BBBB@

4 ⇥ Fbol

�SB✓2LD

1
CCCCA

0.25

, (4)

where �SB is the Stefan-Boltzmann constant.
The stellar radius is obtained by combining the LD diame-

ter and the distance d (from Hipparcos parallaxes, van Leeuwen
2007) :

R?[R�] =
✓LD[mas] ⇥ d[pc]

9.305
. (5)

To determine the errors on Te↵,? and R?, we consider that the
parameters on the righthand side of each equation are indepen-
dent random variables with Gaussian probability density func-
tions. For any quantity X, the uncertainty on its estimate is noted
�X , and the relative uncertainty �X/X is noted �̃X . Then, the
standard deviation of each parameter that we want to estimate
is given analytically to first order by a classical propagation of
errors, following the formula :

�̃T e↵,? =

q
((1/2) ⇥ �̃✓LD)2 + ((1/4) ⇥ �̃F bol)2

�̃R? =
q
�̃✓2LD + �̃

2
d ,

(6)

where �✓LD, �Fbol, and �d are the errors on the LD diameter,
bolometrix flux, and distance, respectively. Then, we calculate
the stellar luminosity L? by combining the bolometric flux and
the distance :

L? = 4⇡d2Fbol , (7)

and its error
�̃L? =

q
(2 ⇥ �̃d)2 + �̃F

2
bol . (8)

Finally, we calculate the gravitational mass Mgrav,? using log(g)
and R?

Mgrav,? =
R2
? ⇥ 10log(g)

G
(9)

and its error

�̃Mgrav,? =

r
(2 ⇥ �̃R?)2 +

⇣
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. (10)

The parameters and their errors are shown in Table 6.
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• This corresponds to the approximate likelihood map in the (M★, age★) for which each 
term of the equation                                                                        is less than 1, 2, 3 (red, yellow, 
blue, resp.). 

• Then, least squares to give a value. 
• generally 2 distinct solutions for main sequence stars (degeneracy).

R. Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry and new estimations of exoplanetary parameters

Fig. 3. Upper panel: comparison between angular diameters measured
with VEGA and with other instruments. Bottom panel: estimation of
empirically determined angular diameters versus angular diameters
measured with VEGA. Dwarfs and subgiants stars are plotted in blue,
and giants and bright giants in red (see Sect. 3.3).

Fig. 4. Comparison between interferometric temperatures and tempera-
tures derived from SED. Dwarfs and subgiants stars are plotted with
blue diamonds, and giants and bright giants with red squares (see
Sect. 3.3).

We used the recently published PARSEC stellar models
(Bressan et al. 2012) to determine the masses and ages of the
18 stars. The details of these models are well documented in
Bressan et al. (2012), but here we give a brief summary. Models
are initiated on the pre-main sequence phase and evolve beyond

the horizontal branch, which is sufficient for our purposes. High
temperature opacity tables (OPAL, Iglesias & Rogers 1996) are
used in conjunction with those calculated from their own code
(Aesopus, Marigo & Aringer 2009) for lower temperatures. The
models make use of the FREEEOS code6 to calculate the equa-
tion of state, and the nuclear reaction rates comprise the p-p,
Ne-Na, and Mg-Al chains, the CNO cycle, and some alpha-
capture reactions.

Energy transport in the convective regions is described by the
mixing-length theory of Böhm-Vitense (1958), and the mixing-
length parameter found for the Sun is 1.74. Convective overshoot
from the convective core and below the convective envelope is
a variable parameter that depends on stellar mass and chemi-
cal composition. Microscopic diffusion is included following the
implementation of Salasnich (1999). The reference distribution
of heavy elements is given by Grevesse & Sauval (1998) except
for some species where the Caffau et al. (2011) ones are used,
and this gives a present solar metallicity of Z⊙ = 0.01524 and
Z⊙/X⊙ = 0.0207. A chemical enrichment law is derived from
the solar value using the primordial helium abundance (0.2485),
and this is given as Y = 0.2485 + 1.78Z. The approximation
[M/H] = log(Z/Z⊙) is used to determine the metallicity.

The isochrones span log(age) from 6.6 to 10.13 in steps of
0.01 and [M/H] from 0.5 to −0.8 dex in steps of ∼0.015. We
assume that [M/H] = [Fe/H] because no additional information
is available to differentiate them.

For this data to be appropriate, the points on one single
isochrone should not be separated on the H-R diagram by a large
distance compared to σL⋆ and σTeff,⋆ . As this is generally not the
case, we performed spline interpolations of each isochrone to
produce a refined table for each star around L⋆ and T⋆, except
for HD 1367 and HD 218560 due to their complex position on
the H-R diagram. For these two stars, we did not build any inter-
polation, which gives more consistent results.

4.1. Best fit (least squares)

To find the mass and age of a star, we perform a least squares
algorithm, looking for the parameter combination in our table
that minimizes the quantity:

χ2 =
(L − L⋆)2

σL⋆
2 +

(Teff − Teff,⋆)2

σTeff,⋆
2 +

([M/H] − [M/H]⋆)
σ[M/H]⋆

2 · (11)

Although not intrinsically degenerate (because the number of
constraints equals that of parameters to be determined given a
fixed set of parameters), this problem does not have a unique
solution, especially in some parts of the H-R diagram, where
the isochrones cross, so that a given luminosity and tempera-
ture may correspond to two stars of different ages and masses.
Typically, there is a young (<400 Myr) and an old (>400 Myr)
solution. This is described particularly well by Bonfanti et al.
(2015, Fig. 2), who also show that two solutions are possible
when also using the PARSEC tables, one in the Gyr range and
the other in the Myr range. They show that without knowledge
of the stellar mass, it is not possible to establish the evolutionary
stage of the star. Additional stellar properties may allow one to
rule out one of the two solutions (e.g. chromospheric activity,
Lithium abundance, gyrochronology, or independent measure of
the stellar mass, see discussion about HD 75732 below), but we

6 http://freeeos.sourceforge.net/
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Method: Interpolation of PARSEC stellar models (Bressan et al. 2012). 

Ligi et al. (2012a, 2016)



Characterisation of exoplanetary systems with interferometry 
FROM STELLAR PARAMETERS TO EXOPLANET PROPERTIES

→ Better description of exoplanetary population

New robust 
determinations: 

• semi-major axis a, 
• habitability zone, 
• mpsin(i) 

Decrease the uncertainties 
for 18 exoplanets

Transiting exoplanet  
55 Cnc e

13
Ligi et al. (2012a, 2016)



OUTLINE

• Introduction: from the formation to the characterisation of 
exoplanets 

• Characterisation of exoplanetary systems with 
interferometry 

• Getting the most out of it: 55 Cnc 

• Formation mechanisms: the challenging case of GJ504 

• Some limitations in interferometric measurements 

• Conclusion and perspectives
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Solar system 

55 Cnc system

• 55 Cnc: 5 exoplanets 

• 55 Cnc e transits its star, and is a super-Earth (Winn et al. 2011,  
Demory et al. 2011) 

• Well studied stars

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

15



Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Stellar Results

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET
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Stellar Results

• From isochrones: 2 solutions 
• Young solution: M★ = 0.968 ± 0.018 M⦿, 30.0 ± 3.028 Myrs 
• Old solution: M★ = 0.874 ± 0.013 M⦿, 13.19 ± 1.18 Gyrs

Getting the most out of it: 55 Cnc 
55 CNC AND ITS TRANSITING EXOPLANET

17

VEGA/CHARA PARSEC models

Spatial frequency (in 108/rad)

• Using the stellar density + interferometric radius: M★ = 0.96 ± 0.067 M⦿



Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

Getting the most out of it: 55 Cnc 
USING STELLAR DENSITY AND ANGULAR DIAMETERS

18

→ Strong correlation: 0.995! 
(Crida, Ligi et al. 2018a,b) 
→ Different M★ than von Braun et 
al. (2011) based on isochrones.

From the PDF of R★ and ρ★, 
analytic joint PDF of M★ - R★  .

P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Stellar Results



Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

Taking the values of R★ and M★ 
from Ligi et al. (2016), one gets 

the large, wrong blue ellipse.

Getting the most out of it: 55 Cnc 
USING STELLAR DENSITY AND ANGULAR DIAMETERS
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From the PDF of R★ and ρ★, 
analytic joint PDF of M★ - R★  .

P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Stellar Results



RV measurements:  
mp sin(i) = M★ K (P/2πGM★)1/3

Transit light curve: 
 Rp = R★ x √TD

Rp mp

sin(i)

ρp

Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry

exoplanet itself, one has to know the stellar mass. In the pre-
vious section, we give the stellar masses of ten exoplanet host
stars (see Table 7), which yields the semi-major axes and the
masses of their exoplanets using the observables P and K given
in Table 8. For half of the stellar sample, there are two solu-
tions concerning the age and mass (an old one and a young one),
thus we give the corresponding semi-major axes and planetary
masses for each solution. Our errors on a account for the un-
certainty in the stellar mass (which is not always the case in the
literature) derived from the MC method. The planetary param-
eters are given in Table 9. The old and young sets of planetary
parameters are generally very close to each other, sometimes al-
most identical, because the young and old stellar masses are not
dramatically di↵erent. Thus, Fig. 9 only shows the solutions de-
rived from the old solution for the stellar masses. However, a
planet of a given mass has a di↵erent structure after a few dozen
Myrs or a few Gyrs of evolution, so the fact that a young solution
exists matters. The system of 55 Cnc does not appear in Table 9
since it has a direct determination of the mass that does not cor-
respond to either a young or an old solution. The parameters of
this system are thus given in Table 10.

The habitable zone (HZ) is defined as a range of distances
where liquid water can be found on an exoplanet. We used the
method described by Jones et al. (2006) to calculate it. We first
calculate the critical flux at the inner boundary

S b,i(Te↵,?) = (4.190 ⇥ 10�8T 2
e↵,?) � (2.139 ⇥ 10�4Te↵,?) + 1.296

(13)
and at the outer boundary

S b,o(Te↵,?) = (6.190⇥10�9T 2
e↵,?)�(3.319⇥10�5Te↵,?)+0.2341 ,

(14)
where S b(Te↵) is given in units of the solar constant and Te↵ in
K. We can then calculate the inner and outer distances of the HZ
in au:

ri =

"
L?

S b,i(Te↵,?)

#

ro =

"
L?

S b,o(Te↵,?)

#
,

(15)

where L? is the luminosity of the star in L� from Table 6. The
resulting values are given in Table 9 for each star. Jones et al.
(2006) specify that this method is based on a simplified model
that neglects enhanced cloud formation and the formation of
CO2 clouds, which results in a conservative HZ. Thus, the HZ
could in reality be wider. As expected, the values of HZ found by
Jones et al. (2006) are close to our estimations when the stellar
parameter estimations are in good agreement. This is the case for
HD9826, HD217014, and HD19994. For HD75732, HD3651,
and HD190360, we found HZ to be closer to their star than what
is given by Jones et al. (2006). It is the same for the planetary
masses, which depend on the stellar masses and thus explain dif-
ferences between di↵erent estimations. As noted in Sect. 4.3, for
example, our estimation of the mass of HD221345 is lower than
what is estimated in Paper I. This directly translates into a lower
minimum mass for HD221345 b.

According to our values, only HD9826 c and HD75732 f lie
in their HZ. They are large exoplanets (of the Jupiter type), thus
life as we know it could hardly been found on them. However,
their moons could be terrestrial bodies with water on their sur-
face and possibly an atmosphere, if these planets have a system
similar to those of the solar system giant planets (think of Titan
and Europa).

In Fig. 9, we see that small exoplanets lie closer to their stel-
lar host than large planets. This is of course due to an instrumen-
tal bias, but our sample is quite representative of the population
of known exoplanets.

5.2. The case of 55 Cnc e

The system of 55 Cnc holds a transiting super-Earth, 55 Cnc e,
which was independently discovered by Winn et al. (2011) and
Demory et al. (2011). The transit method provides the ratio of
the planetary to the stellar radius and the density of the star.
Thus, to correctly determine the planetary radius Rp, one has
to know the stellar radius. This method also provides the incli-
nation of the system. If RV measurements are also performed,
which is the case for the system of 55 Cnc, the true planetary
mass Mp can then be derived, contrary to the minimum mass
that is currently found. Then, the density ⇢p of the planet can be
derived. Von Braun et al. (2011) give a complete review of this
system using at first interferometric measurements to determine
55 Cnc’s radius. Here, we consider our interferometric measure-
ment for the radius and our direct determination of the mass to
derive 55 Cnc e’s radius, mass, and density.

The results are given in Table 11. We calculated them using
the transit parameters given by Dragomir et al. (2014). For the
planetary mass, we do not consider the error on the inclination
i since it is negligible (it implies a variation on the order of 1‰
on the error on the mass). Since the stellar radius and density are
known, we can express the planetary density as

⇢p =
31/3

2⇡2/3G1/3 ⇢
2/3
? R�1

? T D�3/2 P1/3 K (1 � e2)1/2 , (16)

where TD refers to the transit depth caused by the planet. This
expression of ⇢p is independent of M? and directly linked to
measured quantities. It therefore allows for a precise estimate
of the planetary density with small uncertainties from a standard
propagation of errors. The mass we find (8.631 ± 0.495 M�)
places 55 Cnc e just below the no-iron line in Fig.7 of Demory
et al. (2011) and between the 50% water and the Earth-like lines
of Fig.3 in Winn et al. (2011). Our results are also in good agree-
ment with the radius and density given by Dragomir et al. (2014)
and Winn et al. (2011), but are more accurate thanks to an accu-
rate and direct determination of the stellar radius and density,
since the error bar on ⇢p is dominated by the error on TD. We
thus confirm that 55 Cnc e can be classified as a super-Earth or
a mini-Neptune.

These results illustrate that the knowledge of exoplanet char-
acteristics pass through the knowledge stellar parameters. Their
accuracy are decisive in detecting exoplanets potentially hosting
life.

6. Conclusion

We performed interferometric measurements with the
VEGA/CHARA instrument in visible wavelentgth to mea-
sure the angular diameter of 18 stars. Our measurements are
very constraining for adjustments as we reach low V2, and we
got many data points. We thus reached an average of 1.9%
accuracy on angular diameters. These angular diameters are
generally consistent with previous interferometric measure-
ments or with the estimations using the Kervella et al. (2004)
empirical law. However, a bigger discrepancy is found toward
giant stars and stars with angular diameters larger than 1 mas.
Using photometry, we derived the luminosity and e↵ective
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Some calculation to decrease  
the error bar…

Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

Planetary Results

Getting the most out of it: 55 Cnc 
USING STELLAR DENSITY AND ANGULAR DIAMETERS
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P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)



RV measurements:  
mp sin(i) = M★ K (P/2πGM★)1/3

Transit light curve: 
 Rp = R★ x √TD

Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

Planetary Results

→ Analytic PDF of ρp 
→ Joint PDF of mp-Rp 

Getting the most out of it: 55 Cnc 
USING STELLAR DENSITY AND ANGULAR DIAMETERS

21

P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

Crida, Ligi et al. (2018a)

Crida, Ligi et al. (2018b)
Bourrier et al. (2018)



RV measurements:  
mp sin(i) = M★ K (P/2πGM★)1/3

Transit light curve: 
 Rp = R★ x √TD

Transit duration: T=2R★/aΩ 
Period: P = 2π/Ω

Planetary Results

Neglecting stellar 
uncertainties

Wrong!

If TD and K were  
exactly known

Dream!

Getting the most out of it: 55 Cnc 
USING STELLAR DENSITY AND ANGULAR DIAMETERS

P/T3 = (π2G/3) ρ★ 

measure of stellar density ρ★ (Maxted 
et al. 2015, Seager & Mallén-Ornelas 2003)

Measure of R★ by interferometry → M★=(4π/3)R★3ρ★ (Ligi et al. 2016)

→ Analytic PDF of ρp 
→ Joint PDF of mp-Rp 

Crida, Ligi et al. (2018a)

Crida, Ligi et al. (2018b)
Bourrier et al. (2018)

Mp [M⨁]Mp [M⨁]
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Input : 
Original data mp 
Correl. mp-Rp (0.30) 
Hypothetical corr. (0.85) 
Abundances 

Model by Dorn et al. (2017a,b)

 Results : 
A → composition of 

the mantle 
C → gas layer 
H → could rule out pure  

solid composition

OCA case: our best constrains on all the parameters.

Getting the most out of it: 55 Cnc 
55 CNC E: INTERNAL COMPOSITION
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system properties based on interferometric measurements, high
contrast imaging observations obtained with VLT/SPHERE, and
existing and new RV data. We present the observations and the
related data processing in Section 2. We derive a new age esti-
mate for the system in Section 3. We analyse the companion pho-
tometric properties following an empirical approach (Section 4)
and using atmospheric models (Section 5). The Section 6 sum-
marizes the mass estimates of GJ504b that can infered from the
analysis presented in the previous sections. We exploit in Sec-
tion 7 the companion astrometry, the RV measurements, and the
interferometric radius of GJ 504A to study the system architure.
We discuss our results in Section 8 and summarize our findings
in Section 9.

2. Observations

2.1. SPHERE high contrast observations

We observed GJ 504 on seven di↵erent nights with the SPHERE
instrument mounted on the VLT/UT3 (Table 1) as part of the
guaranteed time observation (GTO) planet search survey SHINE
(Chauvin et al. 2017). All the observations were acquired in
pupil-tracking mode with the 185mas diameter apodized-Lyot
coronograph (Carbillet et al. 2011; Guerri et al. 2011).

The target was observed on May 6, 2015, June 3, 2015,
March 29, 2015, and February 10, 2017 with the IRDIFS mode
of SPHERE. The mode enables operating the IRDIS instrument
(Dohlen et al. 2008) in dual-band imaging mode (DBI; Vigan
et al. 2010) with the H2H3 filters (Table 1), and the IFS inte-
gral field spectrograph (Claudi et al. 2008) in Y-J (0.95-1.35µm,
R� = 54) mode in parallel. The companion lies inside the circu-
lar field of view (FOV) of ⇠5” radius. It is however outside of
the 1.7”⇥1.7” IFS FOV.

We obtained additional observations with the IRDIFS_EXT
mode on June 5, 2015. The mode enables DBI with the K1K2
filters (Table 1) and the simultaneous use of the IFS in the Y-H
mode (0.95-1.64µm, R� = 30). GJ 504 was then re-observed on
June 6, and 7, 2015 with IRDIS and the DBI Y2Y3 and J2J3
filters (Table 1).

We collected additional calibration frames with the wa✏es
pattern created by the deformable mirror for the May and June
2015 epochs. Those frames were used to ensure an accurate reg-
istration of the star position behind the coronagraph. The wa✏e
pattern was maintained during the whole sequences of 2016 and
2017 IRDIFS observations to allow a registration of the individ-
ual frames along the deep imaging sequence. We also collected
non saturated exposures of the star before and after the sequence
of coronographic exposures for astrometric and photometric ex-
traction of point sources.

The IRDIS and IFS datasets were reduced at the SPHERE
Data Center (DC; Delorme et al. 2017b) using the SPHERE Data
Reduction and Handling (DRH) pipeline (Pavlov et al. 2008).
The DRH carried out the basic corrections for bad pixels, dark
current, and flat field. The DC performed an improved wave-
length calibration, a correction of the cross-talk, and removal of
bad pixels for the IFS data (Mesa et al. 2015). It also applied the
anamorphism correction to the IRDIS and IFS data. We regis-
tered the frames fitting a two-dimentional mo↵at function to the
wa✏es.

We temporally binned some of the registered cubes of IRDIS
frames to ensure we could run the ADI algorithms e�ciently
(bining factors of 2, 4, and 8 for the K1K2, J2J3, and Y2Y3 data;
factors of 7 and 2 for the May 2015 and June 2015 H2H3 data).
We also selected the resulting IFS datacubes based on the flux

Fig. 1. High contrast images of the immediate environnement of
GJ 504A obtained with the DBI filters of IRDIS and using the TLOCI
angular di↵erential imaging algorithm. The star center is located at the
lower-left corner of the images. GJ 504b is re-detected (arrow) into the
Y2, Y3, J3, H2, and K1 bands. The companion is tentatively re-detected
in the H3 channel. The H2-H3 images correspond to the May 2016 data.

ratio between and an outer and an inner ring contained within
the adaptive optics (AO) correction radius to ensure keeping the
frames with the best contrasts beyond the 1.7" square FoV. Con-
versely, we selected 80% (H2H3, K1K2, J2J3 datasets) to 60%
(Y2Y3 dataset) of the frames having the less extended halo be-
yond the AO correction radius where GJ 504b lies (between 19
and 26 full-width-at-half-maxima).

The absolute on-sky orientation of the instrument and the
detector pixelscale were calibrated as part of a long-term moni-
toring conducted during the GTO (Maire et al. 2016a,b).

We used the Specal pipeline (Galicher et al., in prep.) to
apply the angular di↵erential imaging (ADI; Marois et al. 2006)
steps on the IRDIS data. We applied the Template Locally Opti-
mized Combination of Images algorithm (TLOCI; Marois et al.
2014) to extract the photometry and astrometry of the compan-
ion and to derive detection limits. The algorithm has been shown
to extract the flux and position of such companions with a high
fidelity (Chauvin et al, in prep). We also used the Principal Com-
ponent Analysis (PCA; Soummer et al. 2012) implemented in
Specal and ANDROMEDA (Cantalloube et al. 2015) algorithms
to confirm our results. We processed the IFS data with a cus-
tom pipeline exploiting the temporal and spectral diversity (Vi-
gan et al. 2015). The pipeline derived detection limits following
the estimation of the flux losses based on the injection of fake
planets with flat spectra. The sensitivity curves account for the
small-number statistics a↵ecting the noise estimates at the inner-
most working angles (Mawet et al. 2014).

The Y3, J3, H2, and K1 filter sample the main emission
peaks of cold companions ("on-channels") while the central
wavelengths of the Y2, J2, H3, and K1 filters are chosen to sam-
ple the molecular absorptions. The companion is therefore re-
detected in the "on" chanels with S/N ranging from 10 to 46
(Figure 1). We also re-detect the object into the Y2 (�Y2 =
16.71±0.16 mag) channel at a lower S/N (of 7). To conclude, we
also tentatively re-detect the object in the H3 band in the May
2016 data, which are the deepest ones obtained on the system
with SPHERE. We considered it as an upper limit in the Sec-
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Figure 1: Isochrone set by Bressan et al. (2012, MNRAS 427, 127) for ages 100, 400, 700 Myr and 1,
2, 3, 4 Gyr for the metallicity of GJ 504 ([Fe/H]=+0.1) in the B-V vs MV plane (left panel) and logg
vs Teff (right panel). In the left-hand panel we overplot the observed parameters for GJ 504 (adopting
the high-accuracy trigonometric parallax by van Leuween 2007). We show in the middle panel the
results of several spectroscopic analyses: red circle: FC2015; black circle: our independent spectroscopic
analysis based on FEROS spectra; green circle: Valenti & Fischer 2005; blue circles: other high-quality
spectroscopic analysis from the literature. The analysis by Valenti & Fischer was taken as reference
by K2013 to show the consistency between the young rotation/activity age and the isochrone fitting.
However, as also discussed in FC2015 the figure shows that a gravity of 4.6 is unphysical for this kind
of object and then the analysis by Valenti & Fischer is not self- consistent, possibly because of the high
activity level of GJ 504. Right-hand panel: Rotation period vs B-V for GJ 504 (black filled circle)
compared to the rotation period of the members of Hyades open cluster (red circles, age 625 Myr) and
of Pleiades open cluster (green squares, age 125 Myr). Similar results are obtained for chromospheric
and coronal emission and support a young age as derived from these indicators.

Figure 2: COND models by Baraffe et al. (2003) in comparison to the MH = 18.92±0.14 absolute
magnitude of GJ 504b given by the blue horizontal bar. Dark and light shading denote the mass
regimes for BDs and planets. The cases of a 4 MJup young planetary companion derived by K2013 and
the 25 MJup brown dwarf mass for a rather old system of about solar age are explicitly given (from
FC2015).

3a.

~4 MJup 

 
160 Myr 

(Kuzuhara et al. 2013) 

~25 MJup 

 
4.5 Gyr 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Fuhrmann & Chini (2015)

 
Kazuhara et al. (2013)  
➔ 4 MJup, 160 Myr 
(rotational period, activity) 
 
Fuhrmann & Chini (2015)  
➔ 25 MJup, 4.5 Gyr 
(high-resolution spectroscopy) 
 
d’Orazi et al. (2017)  
➔ BD, 2.5 Gyr 
(differential spectroscopy) 

Bonnefoy et al. (2018.) 
➔ 1.3 Mjup (21 Myr) or  
23 Mjup (4 Gyr)  
(isochronal age) 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Fig. 20. Gravitational instability model adapted to the case of GJ 504.
Fragments are allowed to form if they respect the Toomre and cooling
criteria. GJ 504b properties are reported. The pink curve corresponds
to the posterior distribution of the companion semi-major axis found
with our MCMC orbit fitting package (Section 7.1). The dashed lines
correspond to the disk mass distribution for di↵erent hypothesis on the
initial disk mass.

e.g., beyond the typical size of circumstellar disks of T-Tauri
stars (e.g., Piétu et al. 2014; Tazzari et al. 2017; Tripathi et al.
2017).

Could GJ 504b be formed in a disk then? We generated a
disk instability model (Klahr et al. in prep; see also Janson
et al. 2011) adapted to the case of GJ 504 (stellar luminosity
and metallicity). The model predicts the range of semi-major
axis and clump masses allowed to form and cool-down more
rapidly than the local Keplerian timescale in Toomre-unstable
disks (Toomre 1981). The result is shown in Figure 20. Clumps
with masses in agreement with the companion properties can
form if we adopt the old isochronal age for the system. How-
ever, the allowed fragmentation zone is predicted to be at larger
semi-major axis than most solutions found from the MCMC or-
bital fits. This can be explained if the disk opacity is lowered,
and therefore not scaled on the stellar metallicity (this can be the
case if GJ 504A was initially a solar-metallicity star that was lat-
ter enriched by a planet engulfment event; see Section 8.1). In
such a case, clumps can cool down su�ciently rapidly at shorter
separations. The companion may have alternatively been formed
at larger separation and have undergone inward disk-indiced mi-
gration (for instance through the type II process which allows for
clump survival; Stamatellos 2015; Nayakshin 2017). This forma-
tion at a wider distance would also allow for a lower disk mass.

The model can not account for GJ 504b if it is a 1.3+0.6
�0.3MJup

22 Myr old planet. However, more complex models allowing for
a more detailed investigation of the free-parameters in the GI
models (e.g., Boss 2017) and subsequent planet embryo evo-
lution (protoplanet migration, clump-clump dynamical interac-
tions, "tidal downsizing", etc; e.g., Forgan & Rice 2013; Hall
et al. 2017; Müller et al. 2018) may lead to di↵erent conclusions.

Fig. 21. Population synthesis at 20 Myr for core-accretion models in-
cluding type I and II migration and dynamical scattering between mut-
liple planet enbryos in the disk. We considered the case of a 1, 1.5, and
2 M� central stars.

We used the core-accretion population synthesis model gen-
erated from the publicly available DACE database12. The model
(Fig. 21) considers the formation of multiple planet embryos per
disk (50, 20, and 10 embryos per disk for the simulations with
1, 1.5, and 2 M� central objects, respectively) and type I and
II migration (Alibert et al. 2005; Mordasini et al. 2012; Alibert
et al. 2013). The bulk enrichment in solids of each final planet
is reported in the figure. With a lower limit of 27.8 au on its
semi-major axis, GJ 504b appears as an outlier of the population
for the two possible age ranges. The models can however still
form a few objects as massive and distant as the companion. The
simulations indicate that all planets more massive than 10MJup
should not be significantly metal-enriched with respect to their
host stars. That is in good agreement with the atmospheric metal-
licity found with the Morley and petitCODE models and the
MCMC method.

8.4. Finding analogues of GJ 504b with VLT/SPHERE

Most of the SHINE observations are performed with the IRDIFS
mode of the instrument. The H-band observations ensure good
AO performances, an optimal use of the apodised Lyot corono-
graph, and low background emission. The IFS can distinghish
cool companions in the first 0.8-1.2” from hotter background
objects through the detection of characteristic spectral features.
That is also one of the best characterized mode for the astromet-
ric monitoring. The unusual colors of GJ 504b calls however for
a re-investigation of the detection capabilities of ultracool com-
panions with the various instrument modes of SPHERE.

We estimated the absolute magnitude and colors13 of plan-
ets and brown dwarfs for three characteristic ages in the field
pass-bands using the Exo-REM atmospheric models as boundary
conditions (see Appendix F).

The Exo-REM models predict a strong sensitivity of the ab-
solute magnitudes to the cloud coverage and metallicity, in par-
ticular for the lowest masses (and Te↵). The models also show
that the companions have a higher or similar brightness in the J3

12 https://dace.unige.ch/evolution/search/index
13 We caution that our predictions do not account for the feedback of
the atmosphere on the object evolution. They should not be used for the
characterization of individual objects.
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Brown Dwarf + old system:  
Gravitational instability + inward 
migration 
 
Planet + young system:  
Core accretion but challenging given the 
system properties 

In both cases, the companions is in a 
« desert »!

Different masses call different formation mechanisms:

We need the age of the system to unravel the mass of GJ504 b! 
→ Asteroseismology: several proposals submitted (HARPS-N, ESPRESSO)
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Some limitations in interferometric measurements 
DISCREPANCIES BETWEEN MEASUREMENTS

R. Ligi et al.: Radii, masses, and ages of 18 bright stars using interferometry and new estimations of exoplanetary parameters

Fig. 3. Upper panel: comparison between angular diameters measured
with VEGA and with other instruments. Bottom panel: estimation of
empirically determined angular diameters versus angular diameters
measured with VEGA. Dwarfs and subgiants stars are plotted in blue,
and giants and bright giants in red (see Sect. 3.3).

Fig. 4. Comparison between interferometric temperatures and tempera-
tures derived from SED. Dwarfs and subgiants stars are plotted with
blue diamonds, and giants and bright giants with red squares (see
Sect. 3.3).

We used the recently published PARSEC stellar models
(Bressan et al. 2012) to determine the masses and ages of the
18 stars. The details of these models are well documented in
Bressan et al. (2012), but here we give a brief summary. Models
are initiated on the pre-main sequence phase and evolve beyond

the horizontal branch, which is sufficient for our purposes. High
temperature opacity tables (OPAL, Iglesias & Rogers 1996) are
used in conjunction with those calculated from their own code
(Aesopus, Marigo & Aringer 2009) for lower temperatures. The
models make use of the FREEEOS code6 to calculate the equa-
tion of state, and the nuclear reaction rates comprise the p-p,
Ne-Na, and Mg-Al chains, the CNO cycle, and some alpha-
capture reactions.

Energy transport in the convective regions is described by the
mixing-length theory of Böhm-Vitense (1958), and the mixing-
length parameter found for the Sun is 1.74. Convective overshoot
from the convective core and below the convective envelope is
a variable parameter that depends on stellar mass and chemi-
cal composition. Microscopic diffusion is included following the
implementation of Salasnich (1999). The reference distribution
of heavy elements is given by Grevesse & Sauval (1998) except
for some species where the Caffau et al. (2011) ones are used,
and this gives a present solar metallicity of Z⊙ = 0.01524 and
Z⊙/X⊙ = 0.0207. A chemical enrichment law is derived from
the solar value using the primordial helium abundance (0.2485),
and this is given as Y = 0.2485 + 1.78Z. The approximation
[M/H] = log(Z/Z⊙) is used to determine the metallicity.

The isochrones span log(age) from 6.6 to 10.13 in steps of
0.01 and [M/H] from 0.5 to −0.8 dex in steps of ∼0.015. We
assume that [M/H] = [Fe/H] because no additional information
is available to differentiate them.

For this data to be appropriate, the points on one single
isochrone should not be separated on the H-R diagram by a large
distance compared to σL⋆ and σTeff,⋆ . As this is generally not the
case, we performed spline interpolations of each isochrone to
produce a refined table for each star around L⋆ and T⋆, except
for HD 1367 and HD 218560 due to their complex position on
the H-R diagram. For these two stars, we did not build any inter-
polation, which gives more consistent results.

4.1. Best fit (least squares)

To find the mass and age of a star, we perform a least squares
algorithm, looking for the parameter combination in our table
that minimizes the quantity:

χ2 =
(L − L⋆)2

σL⋆
2 +

(Teff − Teff,⋆)2

σTeff,⋆
2 +

([M/H] − [M/H]⋆)
σ[M/H]⋆

2 · (11)

Although not intrinsically degenerate (because the number of
constraints equals that of parameters to be determined given a
fixed set of parameters), this problem does not have a unique
solution, especially in some parts of the H-R diagram, where
the isochrones cross, so that a given luminosity and tempera-
ture may correspond to two stars of different ages and masses.
Typically, there is a young (<400 Myr) and an old (>400 Myr)
solution. This is described particularly well by Bonfanti et al.
(2015, Fig. 2), who also show that two solutions are possible
when also using the PARSEC tables, one in the Gyr range and
the other in the Myr range. They show that without knowledge
of the stellar mass, it is not possible to establish the evolutionary
stage of the star. Additional stellar properties may allow one to
rule out one of the two solutions (e.g. chromospheric activity,
Lithium abundance, gyrochronology, or independent measure of
the stellar mass, see discussion about HD 75732 below), but we

6 http://freeeos.sourceforge.net/
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Table 3
(Continued)

Star† ⟨R⟩ ± σ (R⊙) ⟨Teff⟩ ± σ (K) ⟨Mass⟩ (M⊙) ⟨Age⟩ (Gyr)

142860 1.4715 ± 0.0082 6222 ± 13 4.3 1.168
150680 2.7620 ± 0.0613 5656 ± 63 3.3 1.438
217014 1.1678 ± 0.0416 5706 ± 95 6.4 1.054

Notes. All measurements of stellar radii found in the literature, with precision of better than 5%. Stars with multiple measurements are marked with a †. Metallicities
are from Anderson & Francis (2011) and parallaxes are from van Leeuwen (2007). The bottom portion of the table lists the stars with multiple measurements, and the
weighted mean for their radii and temperatures (all other parameters remain unaffected when combining the multiple sources for measured radii). All bolometric flux,
luminosity, and temperature values are computed/measured in this work. See Sections 2.2–2.4 for details.
a Stellar mass and age determined by interpolating the Y2 isochrones to match the measured stellar radii, effective temperature, and metallicity.
b Spectral type from SIMBAD.
c The measurements and associated errors are incommensurate for the two stars HD 146233 and HD 185395, likely caused from calibration errors. No measurement
averages are taken due to this.
d Bolometric flux from Huber et al. (2012).
References. (1) Baines et al. 2008; (2) Boyajian et al. 2012a; (3) Ligi et al. 2012; (4) Di Folco et al. 2004; (5) van Belle & von Braun 2009; (6) Thévenin et al. 2005;
(7) Davis et al. 2011; (8) Hanbury Brown et al. 1974; (9) Davis & Tango 1986; (10) Kervella et al. 2003a; (11) Mozurkewich et al. 2003; (12) Bigot et al. 2011;
(13) Chiavassa et al. 2012; (14) Nordgren et al. 2001; (15) Kervella et al. 2004; (16) von Braun et al. 2011b; (17) Creevey et al. 2012; (18) Kervella et al. 2003b; (19)
Bigot et al. 2006; (20) Bazot et al. 2011; (21) Huber et al. 2012; (22) Nordgren et al. 1999; (23) Crepp et al. 2012; (24) Baines et al. 2012.

Figure 5. New angular diameter measurements of exoplanet host stars compared
to previously published measurements from Baines et al. (2008), Baines et al.
(2009), and van Belle & von Braun (2009). We also show the agreement with
indirect diameter determinations using the surface brightness (SB) relation
(Lafrasse et al. 2010), spectral energy distribution (SED) fitting (Baines et al.
2008, 2009; van Belle & von Braun 2009), and the infrared flux method (IRFM;
Ramı́rez & Meléndez 2005; González Hernández & Bonifacio 2009; Casagrande
et al. 2010). Each of the four objects is identified with a vertical marker at the
top end of the plot. The dashed line indicates a 1:1 relation. See legend within
plot and Section 2.1 for details.
(A color version of this figure is available in the online journal.)

the data points smaller), to illustrate more clearly that only
the stellar metallicity is a contributing factor in the correlation
between the stellar mass and luminosity. Note that the masses
for the low-mass stars were derived using empirically based
mass–luminosity relations (as described in DT2), which are
currently independent of metallicity, whereas masses for the
higher mass stars described here were found by isochrone fitting,
with metallicity as a valid input parameter.

3. COLOR–TEMPERATURE RELATIONS

We use the full range of interferometrically characterized
stars to determine relations linking color index to effective tem-
perature. This sample consists of luminosity class V and IV

Figure 6. Histogram of metallicities for the stars with interferometrically
determined radii discussed in this work and presented in Table 3. See Section 3
for details.

Figure 7. H-R diagram on the luminosity–temperature plane for all stars in
Table 3 plus the collection of low-mass star measurements in DT2. The color
and size of the data point reflect the metallicity and linear size of the star,
respectively. See Section 2.3 for details.
(A color version of this figure is available in the online journal.)
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diameter or the Tycho VT magnitude. To find the model that best
fits the photometric data, we then compared the grid of model
fluxes with the observed fluxes, calculated using the same zero
points as in the procedure described above. Finally, the bolomet-
ric flux of each star was determined by integrating the ELODIE
spectrum between 390 and 680 nm together with the synthetic
ATLAS9 model (covering the wavelength ranges <390 nm and
>680 nm) that best fits the observed photometry.

To estimate uncertainties the above procedure was repeated
100 times, drawing random values for the observed photometry
given in Table 6, and adding the standard deviation of the
resulting distribution in quadrature to the uncertainty of the total
flux of the ELODIE spectra. The final values for the two different
calibration methods are given in Table 6. The derived bolometric
fluxes agree well with the estimates from MARCS models,
reassuring us that the model dependency and adopted method
have little influence compared to the estimated uncertainties.
We note that we have also compared our bolometric fluxes with
estimates derived from the IRFM, as described in Silva Aguirre
et al. (2012). Again, we have found good agreement with our
estimates within the quoted uncertainties.

4. FUNDAMENTAL STELLAR PROPERTIES

4.1. Asteroseismic Scaling Relations

The large frequency separation of oscillation modes with the
same spherical degree and consecutive radial order is closely
related to the mean density of the star (Ulrich 1986):

∆ν ∝ M1/2R−3/2. (3)

Additionally, Brown et al. (1991) argued that the frequency of
maximum power (νmax) for solar-like stars should scale with
the acoustic cutoff frequency, which was used by Kjeldsen &
Bedding (1995) to formulate a second scaling relation:

νmax ∝ MR−2T
−1/2

eff . (4)

Provided the effective temperature of a star is known,
Equations (3) and (4) allow an estimate of the stellar mass
and radius. This can be done either by combining the two equa-
tions (the so-called direct method; see Kallinger et al. 2010c)
or by comparing the observed values of ∆ν and νmax with val-
ues calculated from a grid of evolutionary models (the so-called
grid-based method; see Stello et al. 2009b; Basu et al. 2010; Gai
et al. 2011).

Our interferometric observations, presented in Section 3.2,
allow us to test Equations (3) and (4). Using the Hipparcos
parallaxes in combination with the angular diameters, we
have calculated linear radii for our sample of stars, which
are listed in Table 7. These are compared to asteroseismic
radii calculated using Equations (3) and (4) (using Teff values
taken from Table 1) in Figure 7. Note the influence of Teff on
Equation (4) is small: for solar Teff a variation of 100 K causes
only a 0.9% change in νmax, which is significantly smaller than
our typical uncertainties (see Table 3).

The comparison in Figure 7 is very encouraging, showing
an agreement between the two methods within 3σ in all cases.
The overall scatter about the residuals is ∼13%, and we do
not observe any systematic trend as a function of size (and
therefore stellar properties). We note that two of the stars
in our sample (HD 173701 and HD 177153) have also been
analyzed by Mathur et al. (2012), who used both a grid-based

Figure 7. Comparison of stellar radii measured using interferometry and
calculated using asteroseismic scaling relations. Black diamonds show our
Kepler and CoRoT sample, and red asterisks show several bright stars as
indicated in the plot for comparison. The dashed line marks the 1:1 relation.
(A color version of this figure is available in the online journal.)

approach as well as detailed modeling of individual oscillation
frequencies to derive stellar radii and masses. In both cases,
the radii from different models presented in Mathur et al.
(2012) slightly improve the difference to the interferometrically
measured radius, with minimum differences of +0.4σ and +0.8σ
compared to differences of −0.6σ and −1.0σ from the direct
method, respectively.

For comparison, Figure 7 also shows examples of bright stars
for which well-constrained asteroseismic and interferometric
parameters are available. We have adopted values for ∆ν and
νmax from Stello et al. (2009a) and references therein, with
uncertainties fixed to typical values of 1% in ∆ν and 3% in
νmax. Asteroseismic observations have been obtained from the
MOST (Microvariability and Oscillations of Stars) space tele-
scope for ϵ Oph (Barban et al. 2007; Kallinger et al. 2008),
the CoRoT space telescope for HD 49933 (Appourchaux et al.
2008), and from ground-based Doppler observations for the re-
maining sample (Carrier & Bourban 2003; Kjeldsen et al. 2003,
2005; Bedding et al. 2004, 2007; Carrier et al. 2005a, 2005b;
Arentoft et al. 2008; Teixeira et al. 2009; Bazot et al. 2011).
Angular diameters and effective temperatures were taken from
Mazumdar et al. (2009) and De Ridder et al. (2006) for ϵ Oph,
Bazot et al. (2011) for 18 Sco, Bigot et al. (2011) for HD 49933,
and from Bruntt et al. (2010) and references therein for the
remaining sample. Parallaxes were adopted from van Leeuwen
(2007), except for α Cen A and B for which we have adopted the
value by Söderhjelm (1999). Figure 7 again shows agreement
within 3σ in all cases. Excluding HD 175726 from our sample
due to large uncertainties in the asteroseismic observations, the
residual scatter between asteroseismic and interferometric radii
is 4% for dwarfs and 16% for giants, with mean deviations of
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Possible causes

• Calibrators? 
→ verification in the sample (on-
going) 

• Stellar activity? 
→ comparison with 3D models  
(coll. A. Chiavassa; planned)

Some limitations in interferometric measurements 
DISCREPANCIES BETWEEN MEASUREMENTS

GJ504, Bonnefoy et al. (2018) using 
COMETS code (Ligi et al. 2015)
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• Between interferometric measurements 
from different instruments 

• Between direct and indirect measurements 
• Between interferometric and asteroseismic 

radii



OUTLINE

• Introduction: from the formation to the characterisation of 
exoplanets 

• Characterisation of exoplanetary systems with 
interferometry 

• Getting the most out of it: 55 Cnc 

• Formation mechanisms: the challenging case of GJ504 

• Some limitations in interferometric measurements 

• Conclusion and perspectives
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Conclusions and perspectives 
INTERFEROMETRY FOR FAINTER STARS
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Stars harbouring transiting exoplanets

55 Cnc

HD209458

HD189733

Current CHARA limit

HD75784

HD97658

HD10442

HD219134



Direct measurements Indirect 
measurements

PLATO 
4-11 mag 
solar type stars 

TESS 
4-12 mag 
F5 to M5 

CHEOPS 
V<12 mag 
Known host stars
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Conclusions and perspectives 
FUTURE AND ON-GOING WORK



Conclusions and perspectives 
FUTURE AND ON-GOING WORK
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TESS

PLATO

Gaia

CHEOPS
…

Investigation of transiting exoplanets (same model as 55 Cnc) 
- Better characterisation of exoplanetary population 
- Keys for planetary formation  

Investigation on the limitations of the radius determination 
- stellar activity 
- bias in the calibrators  
 

Combination of asteroseismology and  
interferometry 

- for individual targets (e.g. GJ504,  
TESS targets) 

- for larger samples (discrepancies) 
- testing radius determination: asteroseismology from 

photometry/spectroscopy, interferometry 



INTASTE  
combining INTerferometry and ASTeroseismology: a new insight on 

Exoplanet characterisation
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Thank you for your attention!


