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4.2. Cross-correlation

As an additional confirmation that spectral features from all
three molecules are present in the OSIRIS spectrum of HR
8799 b, a cross-correlation analysis was used following K13. In
this case, a new CH4 template was calculated using roughly a
billion of the strongest transitions across the K band
(Yurchenko & Tennyson 2014). Water and CO templates
were calculated using lists from Barber et al. (2006) and
Goorvitch (1994). Figure 2 compares the cross-correlation
functions (CCFs) for each template. Peaks in the CCFs are
found for all three molecules at identical velocities, centered on
zero km s−1. As was the case for HR 8799 c, a peak with
maximum near 1 is found for H2O, indicating that this
molecule contributes most of the spectral lines. CO also shows
the characteristic ringing pattern, produced by near-repeating
patterns of CO lines, many separated by roughly 200 km s−1 in
velocity. This same CCF pattern was found for CO in HR
8799 c by K13, with peak of 0.6 compared to 0.4 here. A peak
in the CCF for CH4 is present, but not as prominent as found
for H2O, mainly because much of the weak-line information is
blended with other stronger lines at this resolution.

H-band observations were previously obtained using the
same telescope and instrument combination as used for K-band
and were originally analyzed at low resolution in B11. These
data have been reanalyzed and continuum-filtered at full
resolution (also ∼R 4000) following the same steps as K band.
The average S/N of these data is about 3 times lower than the K
band data and show a pattern of lines that are visually difficult
to identify. B11 concluded that water is the dominant molecular
opacity source in this wavelength range and this is confirmed
here by a cross-correlation analysis. The CCFs for H2O and
CH4 templates across the H band are plotted in Figure 3.
Correlating the data with an H-band H2O template yields a
strong peak in the CCF (Figure 3). No peak was detected for an
H-band CH4 template (using the ExoMol list).

The HR 8799 bK-band spectrum also correlates well with
the HR 8799 c spectrum, another indication that both planet
spectra share similar spectral patterns of H2O and CO lines. The
CCF was also recalculated for HR 8799 c using the new
CH4 template and no peak was found, confirming the non-
detection of CH4 reported by K13.

4.3. Model Comparisons

For the atmospheric abundance study presented below, it is
important that the underlying thermal structure of the models,
especially across most of the photosphere, is reasonably
correct. Atmospheres of giant planets are generally close to
local thermodynamic equilibrium and, thus, a model matching
the planet’s spectral energy distribution over a wide wave-
length range should have a thermal profile that reasonably
approximates the planet’s average thermal structure. A similar
model comparison as performed by B11 was repeated, but
comparing updated models with the new CH4 list to the new
medium-resolution unfiltered spectrum discussed above and
additional flux calibrated data spanning 1–5 μm. For wave-
lengths less than 1.8 μm the z/Y-band flux of Currie et al.
(2011), the low-R P1640 J-band spectrum (Oppenheimer
et al. 2013) and the H-band spectrum from B11 were used.
Photometric data was used at wavelengths longer than 3 μm
(Galicher et al. 2011; Skemer et al. 2012; Currie et al. 2014).
The data used for the model fits are plotted in Figure 4.
The relative flux calibration of the near-IR spectra from

OSIRIS and P1640 could impact the model comparisons, as
these spectra are calibrated using H and Ks photometry that
have a range of reported values and uncertainties (Marois
et al. 2008; Metchev et al. 2009; Esposito et al. 2013). It is also
possible that HR 8799 b is variable as indicated by studies of
brown dwarfs (Metchev et al. 2015). Such potential issues are
not accounted for here and the H and K flux calibration
described in B11 is used. A small scaling was applied so that
the H-band portion of the P1640 spectrum matches the H-band
OSIRIS spectrum, resulting in a slight change in the absolute
fluxes of the P1640 J-band spectrum plotted in Figure 4.

Figure 2. Top: continuum-subtracted spectrum for HR 8799 b. Template
spectra for pure CH4 (orange), H2O (blue) and CO (green) are also plotted and
offset by an arbitrary amount. Bottom: cross-correlation functions for HR
8799 b and the template spectra plotted in the top panel.

Figure 3. Same as Figure 2, but for H band. Only very weak CO lines are
present in the H band and, therefore, were not searched for. The observed
continuum-subtracted spectrum shows no correlation with the CH4 template.
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• Line broadening: 
=> spin measurements  
=> planet accretion history  
   => final mass and atmospheric composition 
   => formation of moons and rings
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Fast spin of the young extrasolar planet b Pictoris b
Ignas A. G. Snellen1, Bernhard R. Brandl1, Remco J. de Kok1,2, Matteo Brogi1, Jayne Birkby1 & Henriette Schwarz1

The spin of a planet arises from the accretion of angular momentum
during its formation1–3, but the details of this process are still unclear.
In the Solar System, the equatorial rotation velocities and, conse-
quently, spin angular momenta of most of the planets increase with
planetary mass4; the exceptions to this trend are Mercury and Venus,
which, since formation, have significantly spun down because of tidal
interactions5,6. Here we report near-infrared spectroscopic observa-
tions, at a resolving power of 100,000, of the young extrasolar gas
giant planet b Pictoris b (refs 7, 8). The absorption signal from carbon
monoxide in the planet’s thermal spectrum is found to be blueshifted
with respect to that from the parent star by approximately 15 kilo-
metres per second, consistent with a circular orbit9. The combined
line profile exhibits a rotational broadening of about 25 kilometres
per second, meaning that b Pictoris b spins significantly faster than
any planet in the Solar System, in line with the extrapolation of the
known trend in spin velocity with planet mass.

Near-infrared, high-dispersion spectroscopy has been used to char-
acterize the atmospheres of hot Jupiters in close-in orbits10,11. Such
observations use changes in the radial component of the orbital velocity
of the planet (resulting in changes in Doppler shift) to filter out the quasi-
stationary telluric and stellar contributions in the spectra. Here we make
use of the spatial separation and the difference in spectral signature
between the planet and star, which allow the starlight to be filtered out.
A similar technique12 has been applied very successfully13 at a medium
spectral dispersion to characterize the exoplanet HR8799c. We observed
the bPictoris system7,8 (apparent magnitude, K 5 3.5) using the Cryo-
genic High-Resolution Infrared Echelle Spectrograph14 (CRIRES) located
at the Nasmyth focus of Unit Telescope 1 of the Very Large Telescope (VLT)
of the European Southern Observatory (ESO) at Cerro Paranal in Chile on
the night of 17 December 2013, with the slit orientated in such way that it
encompassed the planet and star.

An important step in the data analysis is the optimal removal of the
stellar contribution along the slit, which for this class-A star consists mostly
of a telluric absorption spectrum. The resulting spectra were cross-correlated
with theoretical spectral templates constructed in a similar way as in our
previous work on hot Jupiters10,11, varying the planet’s atmospheric tem-
perature pressure (T/p) profile and the abundances of carbon monoxide,
water vapour and methane, which can also show features in the observed
wavelength range. We note that there is a strong degeneracy between the
atmospheric T/p profile and the abundance of the molecular species,
meaning that different combinations of these parameters result in nearly
identical template spectra.

At the expected planet position, a broad, blueshifted signal is apparent
(Fig. 1), which is strongest when the cross-correlation is performed with a
spectral template from an atmospheric model with deep carbon monoxide
lines and a small contribution from water. We estimate the signal to have a
signal-to-noise ratio of 6.4 by cross-correlating the residual spectrum with
a broadened model template, and compare the peak of the cross-correlation
profile with the standard deviation. If we use the cross-correlation profile
as seen in Fig. 1 to estimate the signal-to-noise ratio, we need to take into
account the width of the signal and the dependence of adjacent pixels in
the profile. This results in a signal-to-noise ratio of 7.8, but we found the
latter method to be less accurate because it does not properly include
contributions from correlated noise structures on scales of the broad
signal. Cross-correlation with the optimal spectrum of water vapour alone
provides a marginal signal at a signal-to-noise ratio of ,2, which means
we cannot claim a firm detection of water in the planet’s atmosphere. No
signal is retrieved for methane models (Extended Data Fig. 1).

We fit the planet profile using a grid of artificial cross-correlation func-
tions, produced by cross-correlating the optimal template spectrum with a
broadened and velocity-shifted copy of itself, for a range of velocities and
rotational broadening functions. The best fit (Fig. 2a) was obtained for

1Leiden Observatory, Leiden University, Postbus 9513, 2300 RA Leiden, The Netherlands. 2Netherlands Institute for Space Research (SRON), Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands.
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Figure 1 | Broadened cross-correlation signal of b Pictoris b. a, CO 1 H2O
cross-correlation signal (linear colour scale) as function of the position along
the slit (orientated 30u east of north), after the stellar contribution was removed.
The x axis shows the radial velocity with respect to the system velocity
(120 6 0.7 km s21) of the star15. The y axis denotes the relative position with
respect to the star bPictoris with the planet located 0.499 below, both indicated

by horizontal dashed lines. A broad signal, at a signal-to-noise ratio of 6.4 is
visible, blueshifted by 15.4 6 1.7 km s21 (1s) with respect to the parent star.
b, Cross-correlation (CC) signal at the planet position. The dotted curve shows
the arbitrarily scaled auto-correlation function of the l/Dl 5 100,000
(resolving power) model template, indicating the CC signal expected from a
non-rotating planet.
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• Unambiguous identification of molecules such as  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• Line broadening: 
=> spin measurements  
=> planet accretion history 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• Time Domain Analysis of line profile:  
=> Doppler imaging  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• Unambiguous identification of molecules such as  
CO, CH4, CO2, O3, O2 

• Line broadening:  
=> spin measurements 
=> planet accretion history 
   => final mass and atmospheric composition 
   => formation of moons and rings 

• Time Domain Analysis of line profile: 
=> Doppler imaging 
=> Global circulation 
=> Cloud coverage and weather 

• Contrast gains:  
=> gains α √Nlines (# lines resolved) 
=> Sidesteps chromatic speckle noise present and inevitable at low res
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Figure 9. Albedo spectrum of an Earth-like planet. We consider the average albedo between an high cloud case (high albedo)
and no cloud case (low albedo). Shaded regions are wavelength regions we consider to simulate observations for detecting
molecular species.

Figure 10. Q factors normalized by their maximum values
for CO2, O2, and H2O for wavelengths ranging from 0.5 to
1.7 µm.

Figure 11. Q factors normalized by their maximum values
for CH4, CO2, O2, and H2O for wavelengths ranging from
0.5 to 2.175 µm.

ther would (1) potentially make the angular sepa-
ration fall below the inner working angle of certain
coronagraphs (2) reduce the absolute flux from the
planet.

5.2.1. Simulating LUVOIR Observation

A Large ultraviolet, optical and infrared (LU-
VOIR) telescope is a candidate for next-generation
space telescope (10-m class). Exoplanet study will
be one of its major scientific objectives. Based on
calculations in §5.1, we consider a filter centered at
0.7 µm for O

2

detection and a filter centered at 1.5
µm for CO

2

and H
2

O detection. Both filters have
a bandwidth of 20%. We consider an optimistic
case in which detector noise (both readout noise and
dark current) is set to zeros, and an baseline case
in which detector noise is set to values that can be
currently achieved. Table 4 and 5 summarize the
parameters used in simulation.
Unlike the case for HR 8799 e and 51 Eri b, we

consider only photon noise limited case. At low SNR
regime, which is the case for Earth-like planet obser-
vation, CCF SNR is unlikely to be limited by CCF
fluctuation, which can only be seen at high SNR
regime. At low SNR regime, LSD is not likely to
be e↵ective because decomposition tends to intro-
duce noise and further decrease the SNR. Since we
use the same albedo spectrum for the input planet
spectrum and the template spectrum for cross corre-
lation, there is no mismatch spectrum case. There-
fore, the results shown below should be interpreted
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B O T T O M  L I N E

• HDC might be the only way to tease out biomarkers 
from Earth-like and super-Earth exoplanets 

• HDC enables detailed characterization from optical to 
infrared: composition, spin, cloud mapping 

• Strong synergies with transit spectroscopy and RV:  
fiber-fed diffraction limited high-resolution 
spectrographs 
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Keck Planet Imager and Characterizer 

H I G H  D I S P E R S I O N  C O R O N A G R A P H Y  S C I E N C E  
D E M O N S T R AT O R  W I T H  K P I C
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P E R S P E C T I V E S

• Theoretical studies/numerical simulations: 

• Refine HDC simulators  
(exo-zodis, telescope/system emissivity, speckle chromaticity) 

• Refine theoretical models of exoplanet atmospheres 

• Better spectroscopic templates 

• Capture diversity of planets 

• Archean Earth modeling 

• HDC science demonstrators: 

• KPIC @ Keck/NIRSPEC 

• SCExAO @ Subaru/IRD 

• HiRISE @ VLT/CRIRES 

• PARVI @ Palomar
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