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HD 97658b

planetary radius = 2.34 ± 0.16 REarth
planetary mass = 7.86 ± 0.73 MEarth
planetary mean density = 3.4 ± 0.7 g/cm3 

Phased MOST light curveDragomir et al. (2013)

stellar radius = 0.703 ± 0.035 RSun
stellar mass = 0.747 ± 0.030 MSun

period = 9.4894 ± 0.0002 days
orbital inclination = 89.45 ± 0.4 deg



The HD 97658b WFC3 transmission 
spectrum is inconsistent with the 
solar cloud-free model at the 17σ 
level.

Six Spitzer transits at 3.6 μm, 
currently being analysed
(PI: D. Dragomir)

HD 97658b: Transmission Spectroscopy

(Knutson et al. (2014)

Spitzer 4.5 μm transit of HD 97658b
Van Grootel et al. (2014)

Comparing the atmospheres of super-Earths, D. Dragomir et al. 3
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Figure 2: Model transmission spectra of plausible atmospheric scenarios (lines, described
in legend) compared to previous observations (circles) and simulated observations (squares)
for our proposed Spitzer observations (red) and our awarded Hubble program HST GO
13665 (green). Existing transit depth measurements from the MOST telescopes are shown
in blue; Kepler measurements are shown in black. For all three planets, our proposed
Spitzer observations will allow us to robustly distinguish between a cloud-free low metallicity
atmosphere and a high metallicity atmosphere. For 55 Cnc e, we could distinguish between
solar C/O and a carbon-rich composition (Madhusudhan et al. 2012).

telescope photometry including six transits of HD 97658b. Our analysis of this data is on-
going and will contribute to decreasing the uncertainty on the planet’s radius measurement.
As for the atmosphere of HD 97658b, the first question to ask is whether it is dominated by
low or high molecular weight species. Initial WFC3 transit spectroscopy reveals no spectral
features (Knutson et al. 2014b), suggesting a cloud-covered H2 atmosphere or a metal-rich
atmosphere. As described above, measuring the transit depth in the mid-infrared at 3.6 and
4.5 µm could distinguish between the two possibilities (even in the case our upcoming WFC3
transmission spectra cannot), and constrain the abundance of C-bearing species known to
absorb at these two wavelengths. PI Dragomir is leading an ongoing Spitzer program to ob-
serve six transits of HD 97658b at 3.6 µm (see Figure 3 for a preliminary phased light curve
of the transits observed so far). These would be valuably complemented by six transit obser-
vations at 4.5 µm, providing precious additional wavelength coverage and the opportunity
to search for CO features.

Since one HD 97658b transit has already been obtained at 4.5 µm, we propose to
observe five additional transits in channel 2. In addition to searching for spectral

Expect < 42 ppm per-transit 
uncertainties



HD 97658b: Spitzer 3.6 μm Transit Observations 
(PID 10105)

Visit 1: July 26, 2014 

Visit 2: Aug. 14, 2014 

Visit 3: Aug. 23, 2014 

Visit 4: Mar. 1, 2015 

Visit 5: Mar. 10, 2015 

Visit 6: Mar. 20, 2015

All observations done in Peak-up mode



Raw light curves
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X Position
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Y Position

864.6 864.7 864.8 864.9
JD−2460000

14.90

14.95

15.00

15.05

15.10

15.15

Y 
po

si
tio

n 
(p

ix
el

s)

883.6 883.7 883.8 883.9
JD−2456000

15.10

15.15

15.20

15.25

15.30

15.35

Y 
po

si
tio

n 
(p

ix
el

s)
893.1 893.2 893.3 893.4

JD−2460000

14.95

15.00

15.05

15.10

15.15

15.20

15.25

Y 
po

si
tio

n 
(p

ix
el

s)

1082.9 1083.0 1083.1
JD−2460000

14.95

15.00

15.05

15.10

15.15

15.20

15.25

Y 
po

si
tio

n 
(p

ix
el

s)

1092.3 1092.4 1092.5 1092.6
JD−2460000

15.00

15.05

15.10

15.15

15.20

15.25

15.30

Y 
po

si
tio

n 
(p

ix
el

s)

1101.8 1101.9 1102.0 1102.1
JD−2460000

15.00

15.05

15.10

15.15

15.20

15.25

15.30

Y 
po

si
tio

n 
(p

ix
el

s)

Visit 1 Visit 2 Visit 3

Visit 4 Visit 5 Visit 6

Aperture: 3.5 pixels



864.6 864.7 864.8 864.9
JD−2465000

1.10

1.15

1.20

1.25

1.30

1.35

Y 
FW

H
M

 (p
ix

el
s)

883.6 883.7 883.8 883.9
JD−2456000

1.30

1.35

1.40

1.45

1.50

Y 
FW

H
M

 (p
ix

el
s)

893.1 893.2 893.3 893.4
JD−2460000

1.10

1.15

1.20

1.25

1.30

1.35

Y 
FW

H
M

 (p
ix

el
s)

1082.9 1083.0 1083.1
JD−2460000

1.10

1.15

1.20

1.25

1.30

1.35

Y 
FW

H
M

 (p
ix

el
s)

1092.3 1092.4 1092.5 1092.6
JD−2460000

1.25

1.30

1.35

1.40

1.45

Y 
FW

H
M

 (p
ix

el
s)

1101.8 1101.9 1102.0 1102.1
JD−2460000

1.25

1.30

1.35

1.40

1.45

Y 
FW

H
M

 (p
ix

el
s)

Y FWHM

Aperture: 3.5 pixels



Light curves detrended with  
Pixel Level Decorrelation (Deming et al. 2015)
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Transit Depths (PLD)

Visit 1: (Rp/Rs)2 = 0.000650 ± 0.000038 

Visit 2: (Rp/Rs)2 = 0.000543 ± 0.000042 

Visit 3: (Rp/Rs)2 = 0.000671 ± 0.000037 

Visit 4:  TBD 

Visit 5:  TBD 

Visit 6:  TBD 

4.5 μm Visit: 0.000689 ± 0.000042 

Transit depths from visits 1 
and 3 are in agreement.

Transit depth from visit 2 is 
off by ~2 σ.



Light Curves De-trended with Polynomial Fits 
(using EXOFAST; Eastman et al. 2013)
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De-trended from t, t^2, x, x^2, y, y^2



Transit Depths (EXOFAST)

Visit 1: (Rp/Rs)2 = 0.000676 ± 0.000030 

Visit 2: TBD 

Visit 3: (Rp/Rs)2 = 0.000645 ± 0.000042 

Visit 4: (Rp/Rs)2 = 0.000666 ± 0.000032 

Visit 5: TBD  

Visit 6: TBD  

4.5 μm Visit: 0.000828 ± 0.000032

Transit depths from visits 1, 3 
and 4 are in agreement.



Comparison with Demory et al. (2015)8 Demory et al.
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Figure 6. 55Cnc e Spitzer/IRAC 4.5µm 2012 vs. 2013 occultations. The top and bottom lightcurves are the combined occultations for 2012 and 2013
respectively. Each season results from co-adding four occultations. Data are detrended from instrumental systematics and normalised following the technique
described in the text. Black datapoints are binned per 15 minutes. Best-fit occultation models are superimposed in red.
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Figure 7. 2012 occultation lightcurves. Individual analyses of the Spitzer/IRAC 4.5-µm 2012 occultation data detrended and normalised following the
technique described in the text. Black filled circles are data binned per 15 minutes. The best-fit model resulting from the MCMC fit is superimposed in red for
each eclipse.

Variability in the super-Earth 55 Cnc e 7
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Figure 5. 55Cnc e average occultation depths δocc in 2012 and 2013. Posterior probability distribution functions for the 2012 (red) and 2013 (blue) mean
occultation depths. Both histograms indicate the entire credible region constrained by the Spitzer data using an MCMC fit.

Date obs δocc [ppm] TB [K]

2012-01-18 87±56 1862+537
−640

2012-01-21 44±28 1390+317
−402

2012-01-23 39±25 1328+293
−376

2012-01-31 82±45 1811+440
−509

2013-06-15 212±46 3016+396
−406

2013-06-18 201±64 2920+552
−575

2013-06-29 169±62 2636+544
−574

2013-07-15 101±52 2002+489
−552

Table 4. 55Cnc e Spitzer occultation depths and brightness temperatures. IRAC 4.5µm occultation depths derived from the MCMC simulation detailed
in Sect. 2.3.5. Brightness temperatures are computed using a stellar spectrum, as detailed in the text.

T profile between (Tmin, Pmin) and (Tmax, Pmax). Note that the
curvature of the T -P profile and hence the vertical location of the
intermediate points are arbitrary in this toy model. The more im-
portant matter is that the maximum extent of the plumes can be
encompassed within ∼10 scale heights of the atmosphere, imply-
ing ∼ 500 km in an H2O-rich atmosphere, and 200 or 300 km
for a CO2 or CO atmosphere, respectively. Such plume heights are
comparable to those of the largest plumes in the solar system as
discussed below (Spencer et al. 1997; McEwen et al. 1998). How-
ever, depending on their aspect ratios and locations relative to the
sub-stellar point multiple plumes may be required to influence the
disk integrated thermal emission observed.

The chemical composition of the outgassed material is uncon-
strained by our current observations and would depend on the in-
terior composition of the planet. However, any candidate plume

material is required to have significant opacity in the IRAC 4.5
µm bandpass. Gases such as CO2, CO, and HCN could pro-
vide such opacity (e.g. Madhusudhan 2012). Using internal struc-
ture models of super-Earths (Madhusudhan et al. 2012), we find
that the mass and bulk radius of the planet, given by the min-
imum radius observed, are consistent with an Earth-like inte-
rior composition of the planet, i.e. composed of an Iron core
(30% by mass) overlaid by a silicate mantle and crust. Previ-
ous studies which used a larger radius of the planet required
a thick water envelope (Demory et al. 2011; Gillon et al. 2012;
Winn et al. 2011) or a carbon-rich interior (Madhusudhan et al.
2012), neither of which are now required but cannot be ruled
out either. However, under the assumption of an Earth-like inte-
rior, which is also the case for Io, the outgassed products could
comprise of gaseous CO2 and sulfur compounds (Moses et al.

55 Cnc 4.5 μm secondary eclipses

2012

2013 Difference in eclipse depths: 130 ppm 

Comparable to difference we see between 
PLD light curves of visit 2 vs. visits 1/3


