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ABSTRACT

We propose that coronagraphic imaging in combination with moderate to high spectral resolution from
the outset may prove more effective in both detecting extrasolar planets and characterizing them than a stan-
dard coronagraphic imaging approach. We envisage an integral-field spectrograph coupled to a coronagraph
to produce a data cube of two space dimensions and one wavelength. For the idealized case where the spec-
trum of the star is well known and unchanging across the field, we discuss the utility of cross-correlation to
seek the extrasolar planet signal and describe a mathematical approach to completely eliminate stray light
from the host star (although not its Poisson noise). For the case where the point-spread function (PSF) is
dominated by diffraction and scattering effects and comprises a multitude of speckles within an Airy pattern,
typical of a space-based observation, we turn the wavelength dependence of the PSF to advantage and
present a general way to eliminate the contribution from the star while preserving both the flux and spectrum
of the extrasolar planet. We call this method ‘‘ spectral deconvolution.’’ We illustrate the dramatic gains by
showing an idealized simulation that results in a 20 ! detection of a Jovian planet at 2 pc with a 2 m corona-
graphic space telescope, even though the planet’s peak flux is only 1% that of the PSF wings of the host star.
This scales to detection of a terrestrial extrasolar planet at 2 pc with an 8 m coronagraphic Terrestrial Planet
Finder in !7 hr (or less with appropriate spatial filtering). Data on the spectral characteristics of the extra-
solar planet and hence on its atmospheric constituents and possible biomarkers are naturally obtained as part
of this process.
Subject headings: instrumentation: miscellaneous — methods: analytical — planetary systems

1. INTRODUCTION

The detection of a large number of extrasolar planets and
planetary systems through precision radial velocity surveys
has revolutionized thinking on the frequency and character-
istics of planets (Marcy & Butler 1998). It is now clear that
extrasolar planets are common. Along with the discovery
that life can exist and thrive in an extreme range of environ-
ments on Earth, this has given a strong stimulus and boost
to the search for life elsewhere in the universe. Major design
studies have been undertaken to consider competing con-
cepts for the Terrestrial Planet Finder (TPF), whose pri-
mary goal is to locate terrestrial extrasolar planets in the
habitable zone (where liquid water may be present) and to
characterize their atmospheres. It is thought that a combi-
nation of disequilibrium chemical processes will betray the
presence of biological activity (Woolf & Angel 19981).

Because of the faintness of planets, it has generally been
assumed that characterization of Earth-like planets will be
carried out at low spectral resolution. This maximizes the
number of photons from the planet, per spectral resolution
element, and allows the use of broad, deep molecular
absorption bands to probe the atmosphere and to seek evi-
dence of life (Kasting 1996; Woolf & Angel 1998; Schindler,
Trent, & Kasting 2000; Des Marais et al. 2001). Here we
consider the use of higher spectral resolution observations
from the outset, although retaining the imaging context.
The methods described will still work, however, to varying

degrees at low resolution. Allowing ourselves to consider
high resolution enables us to explore more novel approaches
and understand some of the basic dependencies.

High spectral resolution observations have of course been
obtained for the ground-breaking precision radial velocity
measurements, and in addition high spectral resolution
searches have been performed in order to attempt detection
of extrasolar planets through the reflection of stellar photo-
spheric emission, coupled to sophisticated numerical meth-
ods (Collier Cameron et al. 2002). Detection of planetary
atmospheres with high signal-to-noise ratio transit spectros-
copy has been both proposed and performed (Brown 2001;
Charbonneau et al. 2002).

Classically, direct imaging of faint companions to bright
stars has been carried out with coronagraphic observation.
There has been a great deal of work devoted to improving
the performance of coronagraphs with a multitude of ana-
log methods and data analysis techniques (e.g., Roddier &
Roddier 1997; Rouan et al. 2000; Spergel & Kasdin 2001;
Kuchner & Traub 2002; and many others). Other
approaches include manipulation of speckle patterns to
reduce point-spread function (PSF) halos or recognize plan-
etary signatures within the speckle noise, including the
dark-speckle coronagraph (Boccaletti et al. 1998) and the
use of dichroics and differencing of speckle images (Racine
et al. 1999; Marois et al. 2000).

Our goal here is to detect and image extrasolar planets
directly, that is, separated from their host star, through pho-
tons reflected or emitted from their surface or atmosphere.
The concept is to use a coronagraph together with integral-1 See also http://tpf.jpl.nasa.gov.
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field spectroscopy (e.g., Bacon et al. 1995). Recognition of
the planetary spectrum within the multiple spectra into
which the image is divided may be achieved using pattern
recognition techniques or by manipulation of the stray light
of the host star with the goal of eliminating it. The process
can be aided by the orbital velocity of the planet, which dis-
places its spectrum in wavelength from that of the star. The
concepts outlined may be applicable to either space or
ground-based observation.

First we consider the case where the spectrum of the star
is well known and consistent across the field of view (i.e.,
spatially invariant; the same at all points of interest in its
PSF). In x 3.1 we explore the statistical properties of
straightforward cross-correlation of the spectra using a
(matched) template. We show the trade space between sig-
nal-to-noise ratio (S/N) and rejection of stray light from the
host star. In x 3.2 we present a mathematical approach that
ensures complete elimination of stray light from the host
star. By using Gram-Schmidt orthonormalization we show
that the S/N of the correlation functions may be preserved
while offering formally complete rejection of the host star
light. In the absence of a matched template, analysis of var-
iance methods (x 3.3) may be used to provide information
on whether there are multiple spectroscopic components
(i.e., planets or other companions) present. We develop
spectral templates and idealized simulations for these con-
cepts, which are more applicable to ground-based observa-
tion, in x 4.

In x 5 we discuss the alternate case that the PSF of the
coronagraphic observation is dominated by diffraction, or
diffraction plus scattering, and introduce the concept of
‘‘ spectral deconvolution.’’ This situation is likely to apply
to space-based observation, primarily, although there may
be some ground-based opportunities using adaptive optics.
We use the wavelength dependence of the PSF to advantage.
By changing the image scale inversely to the wavelength,
one transforms the PSF into a simple, slowly varying func-
tion that can be removed, e.g., by fitting low-order poly-
nomials as a function of wavelength. The extrasolar planet
on the other hand is moved radially in the data cube by this
process and hence becomes a high-frequency component
that is ignored by the starlight rejection procedure. Recon-
struction of the subtracted data cube back onto the original
spatial scale and summation along the spectral dimension
reveals the extrasolar planet signal. This method may prove
exceptionally powerful and allows essentially an ideal
Poisson noise–limited imaging detection, which simultan-
eously provides a spectrum of the extrasolar planet. In x 6, we
speculate on future directions a spectroscopic approach
might take, and x 7 summarizes our conclusions.

2. CONCEPT

Collier Cameron et al. (1999, 2002) have utilized sophisti-
cated pattern recognition techniques to place stringent lim-
its on the contribution from a planet to the integrated light
of a star hosting an extrasolar planet. Tonry & Davis (1979)
describe the Fourier theory of cross-correlating a spectrum
with a template and the associated error analysis for finding
the (redshift) peak and (velocity dispersion) width. Here we
use elementary concepts involving spectroscopy not only to
characterize extrasolar planets but also to assess their utility
in the detection process itself.

A standard instrumental approach is to obtain an image
of the field of view, which presumably contains a bright star
and very faint nearby planet, perhaps a factor of 109 or 1010

times fainter. Suppression of the starlight may be achieved
through a variety of techniques, most commonly using an
apodized coronagraph. Observation through several filters
yields information on the flux distribution of the planet with
wavelength and hence its characteristics.

Now suppose we are presented with a similar field of view,
but rather than integrate each portion of the image to meas-
ure the total flux from that region, or pixel, instead we dis-
perse the light in each pixel using an integral-field
spectrograph. We then explore the resulting data cube of
two space dimensions and one spectral dimension to seek
evidence of the extrasolar planet.

Temporal changes in spatial PSF structure may be
accommodated since we envisage both spatial and spectral
multiplexing. For long ground-based integrations, we
expect rapid fluctuations from the constantly changing
speckle pattern to average out in the spectral dimension. To
approach the idealized case of a spatially invariant spec-
trum, further low-order filtering of the spectra may be
required. Experimentation with actual coronagraphs and
actual integral-field spectrographs would be invaluable in
making a determination of the degree to which such an
idealized situation may be approached in practice. For
space-based observation, where PSFs are muchmore stable,
the techniques of x 5 are more general and likely to be more
easily applied than the pattern recognition methods
described in the earlier sections, although over a limited
wavelength range or close to the host star they may be use-
ful. While we develop the ideas using both spatial and spec-
tral multiplexing, either of these may be relaxed at the cost
of implicitly imposing higher stability demands on the opti-
cal system and additional exposure time to build up the data
cube.

We assume that the dominant noise is the photon noise of
the host star, i.e., that the detector noise is negligible. We
are assuming that the planet is faint and therefore that the
photon budget is dominated by residual light from the host
star. If there are S0 photons from the star in a particular
pixel, there are "S0=ðNnexpÞ photons for each of N spectral
elements and nexp exposures; hence, this assumption
requires S0 > Nnexp!2

R if the detector read noise is !R. For
example, in the simulation of x 5 below, S0 ! 9% 105,
N ! 600, so the requirement is !R < 38=

ffiffiffiffiffiffiffiffi
nexp

p
. For a read

noise of, say, 4 photons, we could take 100 exposures and
satisfy the constraint.

There is an analogy to the principle of ‘‘ do no harm.’’ By
ignoring the spectral dispersion of the light from each pixel,
in our idealized configuration we simply recover the undis-
persed coronagraphic observation. That is, if we add all the
counts in each spectrum, we obtain the flux at that pixel.
This represents the best imaging detection limits currently
(and in the near future) achievable. Yet, with the additional
spectral dimension we may be able to achieve greatly
improved rejection of contaminating starlight, knowledge
of the extrasolar planet’s velocity and kinematics, and
knowledge of its atmospheric characteristics, all with the ini-
tial discovery observation.

The first part of the discussion (xx 3 and 4) considers the
use of pattern recognition techniques to extract information
on the faint extrasolar planet signal within the noisy spec-
trum under the assumption that the spectra of the residual
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light from the host star are the same everywhere in the field
of view. There is a vast array of signal processing and pat-
tern recognition techniques that could be brought to bear
on such a data set. To gain insight into some of the funda-
mental dependencies, however, we explore simple cross-
correlation of the spectra with a matched template that has
the same shape and structure as the target sought. The
amplitude of the cross-correlation functions, as we show,
depends on essentially two parameters: (1) the total flux
from the extrasolar planet relative to the noise and (2) the
degree of structure, or variance, of the template. We extend
the analysis to a general analysis of variance and conclude
this part of the discussion with a technique related to cross-
correlation whereby template spectra are constructed that
closely match the extrasolar planet’s spectrum but that are
mathematically orthogonal to the stellar spectrum. Cross-
correlation with such a template in the idealized case fully
eliminates stray stellar light although not the photon noise
from that stray light.

The second part of the discussion (x 5) offers a completely
different way to remove the stray stellar light for the case
where we have strong wavelength-dependent diffraction-
limited PSFs, e.g., such as those obtained with space-based
observation. The results of this procedure are both a Pois-
son-limited image of the extrasolar planet and, from the
outset, its spectrum, irrespective of the nature of that
spectrum.

3. CORRELATION AND VARIANCE METHODS:
THEORY AND ERROR ANALYSIS

3.1. Cross-Correlation withMatched Template

If the planet has a gray, uniform albedo and isotropic
scattering phase function, then the planet’s spectrum is the
same as that of the stellar photosphere, many orders of mag-
nitude weaker, and shifted in velocity by the planet’s orbital
motion. If we are searching for a specific type of extrasolar
planet, such as a terrestrial planet with strong molecular
absorption features in the near-infrared or a Jovian planet
with deep methane troughs, we may optimize the search by
providing a template whose shape matches what we seek.
We present a variety of templates in x 4 below. Eventually,
to pursue this approach, one would build a library of spec-
tra for comparison based on a mix of theory, modeling, and
observation.

Now consider a pixel in a coronagraphic image of a star
and suppose there is a contribution to the signal from an
extrasolar planet at that location. Let the total flux from the
star in the (single) pixel and within the spectral window be
S0 and that of the planet be sp. That is, S0 is the portion of
host star flux falling into a single pixel at some location in a
coronagraphic image (not the total flux of the star over the
whole image). Define a stellar template (spectrum) T such
that

R
Tð"Þd log" ¼ 1:0 and T > 0:0 everywhere (i.e., there

are no regions of negative flux). Since we will sample the
spectrum with quantized detector pixels, we will use a sum-
mation version of this; hence,

P
i Ti ¼ 1:0, where Ti is

Tð"iÞ, the template at the ith wavelength "i. That is, this
template is normalized as a probability density function and
sampled on a logarithmically uniform grid.

The planet will have a spectrum similar in part to that of
the star, since it shines by reflected starlight, modified by the
albedo of the planet as a function of wavelength, by any

absorption features in the planet’s atmosphere (through
which the reflected light passes twice), and by any intrinsic
emission features, such as aurora, dayglow, and nightglow,
and shifted by the velocity of the planet. Let the probability
density template t of the planet as a function of (logarithm)
wavelength be ti, also such that

P
i ti ¼ 1:0.

We will use other versions of the templates. T̂T is a zero-
mean version of T; i.e., T̂T ¼ T ' 1=N, where N is the num-
ber of points in the spectrum. In addition, we define
T 0 ¼ T %N; T 0 is such that T 0 > 0 everywhere and
hT 0i ¼ 1:0. It is simply the template obtained by normaliz-
ing the spectrum to have an average value of unity across
the wavelength of interest. We define t̂t and t0 in a
similar way. In x 3.2, we define a norm jjxjj (

P
i x

2
i

" #1=2
and ‘‘ normalized ’’ zero-mean template ~TT ¼ T̂T=jjT̂T jj.

Strictly speaking, in the treatment of photon statistics we
should use photon-weighted templates. However, over the
wavelength ranges we adopt, the photon weighting is rela-
tively flat, and our detector is hypothetical. Therefore, in
our simulations, to avoid difficulty with end effects and to
focus on the influence of extrasolar planet atmospheric
spectral features, we will deal with continuum-normalized
spectra. In practice, we may very well need to filter out low-
order terms that are irrelevant to the important aspects of
the correlation functions but may remain for a variety of
practical reasons.

The total (undispersed) signal falling at a given single spa-
tial pixel is, in photons, S ¼ S0 þ sp. A spectrum of this total
flux may be expressed as

Si ( Sð"iÞ ¼ S0Ti þ #i þ spti ;

where #i is the photon shot noise from the star at wavelength
"i, the index i runs 1 to N for N sample points or wave-
lengths in each spectrum, and units are photons for Si, S0,
sp, #i with Ti and ti dimensionless. That is, S ¼

P
Si. We

presume that there is some means to estimate the spatial
shape and flux of the stellar PSF, either empirical or theoret-
ical, and we will attempt to subtract this estimate of the host
star PSF from the observation. The estimate of the true flux
S0 will be in error by a fractional amount $ given by
SðestimateÞ ¼ S0ð1þ $Þ. Then consider the difference
spectrum

di ¼ Si ' S0ð1þ $ÞTi ;

di ¼ #i þ spti ' S0$Ti ; ð1Þ
where di is in photons, the index i corresponds to spectral
dimension as above, and #i is the noise, also with units are
photons.

It is the difference spectrum di that we cross-correlate with
the zero-mean template of the planet t̂t. Let the cross-corre-
lation function cj be given by

cj (
X

i

dit̂ti'j ¼
X

i

#i t̂ti'j þ sp
X

i

ti t̂ti'j ' S0$
X

i

Tit̂ti'j :

ð2Þ

Each of the terms in equation (2) has a different physical
meaning, and each contributes to detection capability. In
the following subsections, we look at each term individually
to understand its importance.

3.1.1. Signal from the Planet

The second term of equation (2) represents the signal
from the planet. When the template is cross-correlated in
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the wavelength dimension with the signal, the value at the
zero-offset position (i.e., ‘‘ on ’’ the planet) from the second
term is

c0 ¼ sp
X

i

ti t̂ti ¼ sp
X

i

ð̂tti þ 1=N Þ̂tti ;

c0 ¼ sp
X

i

t̂t2i ; ð3Þ

since
P

i t̂ti ¼ 0 by definition.
We will also make use of the identity

P
i t̂t

2
i ¼ !2ðt0Þ=N,

where !ðt0Þ is the standard deviation of the template nor-
malized to have unit mean in the region of study. This leads
to c0 ¼ ðsp=NÞ!2ðt0Þ for the ‘‘ signal.’’ The t0 (unit mean)
template is the most straightforward to derive observatio-
nally, and its standard deviation offers an intuitive descrip-
tion of the degree of structure in the template.

3.1.2. Photon Statistics and S/N

The first term of equation (2) is the photon shot noise
from the host star, and at the correlation peak, from this
first term, c0 ¼

P
i #i t̂ti. If there are S0 photons from the star

in the pixel, there are Si " S0Ti photons in spectral pixel i,
and the expected dispersion per pixel from Poisson statistics
is therefore !i " S0Tið Þ1=2. Hence, the variance of the cross-
correlation function at peak due to shot noise from the star
is Eðc20Þ ¼ Eðð

P
i #i t̂tiÞ

2Þ, where E denotes expected value. It
follows that !2

c0 ( Eðc20Þ ¼
P

i t̂t
2
i Eð#2i Þ since the expected

value of the cross terms, Eð#i#jÞ, is zero because of the inde-
pendence of #i and #j , and hence, since Eð#2i Þ ¼ !2

i by
definition,

!2
c0 ¼

X

i

t̂t2i S0Ti ;

!2
c0 ¼ S0

X

i

T̂Ti þ
1

N

$ %
t̂t2i ð4Þ

(where, again, the ‘‘ hat ’’ symbol refers to a zero-mean tem-
plate). The latter term, 1=N, is independent of the shape of
the stellar template and dominates over the former, T̂Ti, for
the cases we studied.

Combining equations (3) (signal) and (4) (noise), and
using the identity mentioned in the previous section, we
derive the S/N of the correlation peak due to photon statis-
tics from the host star:

S=N ¼ spffiffiffiffiffi
S0

p
P

i t̂t
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i T̂Tit̂t2i þ

P
i t̂t

2
i =N

q ;

S=N ¼
spffiffiffiffiffi
S0

p !
1ffiffiffiffiffiffiffiffiffiffiffi
1þ f

p ; ð5Þ

where ! ( !ðt0Þ is the standard deviation of the unit-mean
template and f ¼

P
i T̂Tit̂t2i =

P
i t̂t

2
i , which is a small quantity,

for the cases we studied.
In words, the S/N of the peak of the correlation function

for a matched template is approximately the S/N of the
direct image times the standard deviation ! of the template
in its unit-mean form. To illustrate, the extreme situation is
one where all the flux comes from a single emission line, and
the star has a flat, featureless continuum. Then, ! ¼

ffiffiffiffiffi
N

p
for

the unit-mean emission-line template and the S/N is
increased over direct imaging by a factor

ffiffiffiffiffi
N

p
. This is as

expected intuitively, since we are simply excluding all flux
from the star arising from wavelengths where the extrasolar
planet does not emit, equivalent to centering a narrow filter

on the emission line. The planet’s flux is preserved, but the
star’s, and hence contaminating noise, is decreased. For 104

spectral data points, the S/N of the planet to star is
S=N ¼ 100sp=

ffiffiffiffiffi
S0

p
: we could see a planet 100 times fainter

by dispersing the light in this example if we knew that its
light arose from a single emission line. There may be practi-
cal application of this example at Ly% or other resonance
scattered lines.

A single emission line maximizes the magnitude of the
improvement; however, there is obviously a middle ground
between a $-function and a completely featureless spectrum,
where we may benefit from increasing the spectral resolu-
tion. Below, we examine plausible Jovian and terrestrial
templates and find that for typical spectral windows this
standard deviation implies a moderate loss of S/N com-
pared to a direct image. There are however spectral win-
dows where the parameter ! is large, and it increases as a
function of the spectral resolution. Even so, the spectral
approach can win in the next term, which is the elimination
of systematic missubtraction of the host star.

3.1.3. PSFMatching Error

The third term in equation (2), cj ¼ 'S0$
P

i Tit̂ti'j; repre-
sents our ability to remove systematics and model or meas-
ure the reference PSF. This can be the limiting factor
(Brown & Burrows 1990). Again, on the correlation peak,
we have the error term

c0 ¼ 'S0$
X

i

Tit̂ti ;

c0 ¼ 'S0$
X

i

T̂Tit̂ti ; ð6Þ

since
P

i t̂ti ¼ 0 by definition, andTi ¼ T̂Ti þ 1=N.
Typically, if the extrasolar planet spectrum is significantly

structured in a way unrelated to that of the star or if the
velocity moves the spectrummore than the instrumental res-
olution, then the term

P
i T̂Tit̂ti is small. We can quantify the

gain due to this systematic term as the ratio R of signal-to-
error, equations (3) and (6),

R ¼ sp
S0$

P
i t̂t

2
iP

i T̂iTit̂ti
:

In the pure imaging case, this ratio (the planet’s signal to
missubtracted stray light) is R ¼ sp=ðS0$Þ, and hence using
correlation techniques we gain by a factor

P
i t̂t

2
i =

P
i T̂iTit̂ti.

Equivalently, we reduce the host star flux by the inverse of
this factor. This gain can be very large, from several tens to
thousands. In x 3.2, we modify our procedure to (mathe-
matically) make the gain infinite.

3.2. Gram-Schmidt Orthonormalization to
Eliminate Stray Light

Again, the noiseless spectrum at a pixel is S ¼ S0T þ spt,
which is a linear combination of the star and planet tem-
plates. The ‘‘ basis vectors ’’ T and t are independent but not
necessarily orthogonal and hence span a two-dimensional
vector space. The correlation functions we have been deal-
ing with provide an inner product defined on that vector
space

d; th i ¼
X

i

diti ;
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and the norm of a function for this inner product is given
by, say,

jj x; xh ijj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

x2i

r
:

We can define a unit basis vector

~TT ( T̂T

jjT̂T jj

(i.e., such that ~TT ; ~TT
& '

¼ 1). Similarly, it will be convenient
to define a scaled version of t̂t that has unit norm
~tt ¼ t̂t=

P
i t̂t

2
i

" #1=2
.

Given such a space, it is always possible to generate an
orthonormal set of basis vectors that span the space, start-
ing from any unit norm basis vector, such as ~TT . (This proce-
dure is known as Gram-Schmidt orthonormalization.) An
orthonormal basis set is one whose members are orthogo-
nal, i.e., their inner product is zero, unlike the ~tt and ~TT vec-
tors by themselves, and they have been scaled to have unit
norm.

For a two-dimensional space like ours, we can simply
define the function

g ¼
~tt' ~TT ;~tt

& '
~TT

jj~tt' ~TT ;~tt
& '

~TT jj
: ð7Þ

It is straightforward to show that g; ~TT
& '

( 0, remember-
ing that

P
i
~TT2
i ¼ 1 by the definition of unit norm.

So what happens if we cross-correlate our spectra (i.e.,
derive the inner product) with the Gram-Schmidt function g
that may be derived for any given planetary and stellar tem-
plate pair? First, in the absence of noise, we derive our ‘‘ sig-
nal ’’ S; gh i (

P
Sigi:

S; gh i ¼ S0T þ spt; g
& '

;

and T ¼ T̂T þ 1=N, t ¼ t̂tþ 1=N, ~tt ¼ t̂t=jĵttjj, ~TT ¼ T̂T=jjT̂T jj.
Hence,

S ¼ S0
1

N
þ ~TT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i
T̂T2

q$ %
þ sp

1

N
þ~tt

ffiffiffiffiffiffiffiffiffiffiffiffiffiX
i
t̂t2

q$ %
:

Given that hg; constanti ( 0 since we are dealing with the
zero-mean versions of the templates and that ~TT ; g

& '
¼ 0 by

the construction of g, it follows that the signal

S; gh i ¼ sp
ffiffiffiffiffiffiffiX

i

r
t̂t2i ~tt; gh i ; ð8Þ

or in other words the terms involving S0, the stellar compo-
nent, and any constant offsets, drop out. We find that this is
the same as the signal obtained from cross-correlation, but
for zero stray light error, noting the different scalings used
for the templates and modified by the inner product of~tt and
g.

The term ~tt; gh i measures how orthogonal the planetary
template is to the stellar template. We can expand this inner
product to find that

~tt; gh i ¼ 1' ~TT~tt
& '2( )1=2

;

where, as in the cross-correlation section, the quantity
~TT ;~tt

& '
is typically very small.

We may, as above, derive a variance for the inner product
of S with g assuming only Poisson photon noise. Similar to
before, if w ¼

P
i gi#i, then Eðw2Þ ¼

P
i g

2
i !

2
i ¼ S0

P
i g

2
i Ti.

Hence, !2ðwÞ ¼ S0
P

i T̂Tg2i þ S0=N
P

i g
2
i ; however, g has

unit norm
P

i g
2
i ¼ 1, so

!2ðwÞ ¼ S0

N
þ S0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

T̂T2
r X

i

~TTig
2
i ; ð9Þ

which is similar to the cross-correlation version, equation
(4).

We can therefore write an S/N for the Gram-Schmidt
orthonormalization by combining equations (8) and (9).

S=N ¼ spffiffiffiffiffi
S0

p !ðt0Þ ~tt; gh i=
ffiffiffiffiffiffiffiffiffiffiffi
1þ h

p
; ð10Þ

where again we have made use of the identity
!ðt0Þ ¼ N

P
i t̂t

2
i

" #1=2
and h ¼ NS0

P
i
~TT2

" #1=2 ~TT ; g2
& '

. We
expect h to be small, and as above, ~tt; gh i " 1, so the loss in
S/N that might have been anticipated by moving to a truly
orthogonal basis is very small indeed. The S/N of the Gram-
Schmidt method is essentially the same as that of the cross-
correlation technique but with the advantage that stray light is
completely eliminated.

Note also that, in principle, with the Gram-Schmidt
approach we do not need to carry out additional PSF esti-
mation and subtraction. In practice that may still be desired,
but under these idealized conditions it is not needed.
Finally, we note that this method will operate effectively
only where the planet spectrum differs significantly from
that of the star, either because of atmospheric spectral fea-
tures or velocity shifts. The spectral templates we con-
structed, below, are the as-observed Jovian spectrum and a
terrestrial template, and they do display substantial struc-
ture that distinguishes them from the star. Woolf et al.
(2002) present the integrated spectrum of the Earth derived
from earthshine observations, and they show empirically
that strong atmospheric absorption features are indeed
prominent.

3.3. Analysis of Variance

Cross-correlation with a matched template offers a good
strategy for finding a signal in a noisy data set. If, however,
we do not have a template, progress can still be made pro-
vided that there are spectral differences between the star and
extrasolar planet. The noiseless spectrum at a pixel is
S ¼ S0T þ spt, a linear combination of the star and planet
templates multiplied by a flux contribution from each. The
‘‘ basis vectors ’’ T and t are independent but not necessarily
orthogonal and hence, as discussed in x 3.2, span a two-
dimensional vector space. A variety of methods exist to
determine the dimensionality of a distribution of points in
such a space. Principal component analysis may be used to
determine how many basis vectors are needed to describe
the distribution. Closely related to this, and sufficient for
our purposes, is a simple analysis of variance.

We may, in principle, derive a very high S/N mean stellar
spectrum template empirically from the integral-field obser-
vation itself, estimate the flux at each position from the
observed value, and then subtract a scaled mean. Analysis
of the variance of the residuals can offer a statistical state-
ment about the likelihood that the photon distribution
arises only from the stellar host spectrum. The variance of
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the residual distribution for a given pixel follows the &2 dis-
tribution, so it is easy to quantify the probability that the
observed distribution could have arisen under the null
hypothesis: that there is no planet present.

A generalized statistical approach such as the analysis of
variance is attractive because it requires no knowledge of
the character of the planetary template. Clearly, having
established that significant excess variance exists (or an
equivalent statistical statement), one would then interrogate
the spectrum in more detail either to derive an empirical flux
distribution or else to quantify its similarity to a variety of
predetermined templates and hence deduce its nature. In
our simulations below, we illustrate application of a &2

statistic.

4. SIMULATIONS FOR SPATIALLY
INVARIANT SPECTRA

Obviously, these are idealized approaches in terms of the
concept of the data cube, and the statistical techniques are
straightforward. However, they serve to emphasize the prin-
ciple that there are mathematical and statistical approaches
to data analysis, in addition to specialized hardware, which
may contribute significantly to solving problems in extraso-
lar planet detection and characterization. In x 4 we proceed
to illustrate application of the formulae of x 3. Given the
assumption of a spatially invariant spectrum (after filtering
out low-order differences), this may be considered as an
idealized representation of a time-averaged ground-based
observation, or of a space-based observation over either a
limited wavelength range or close to the host star where dif-
fraction effects do not cause high-frequency ripples.

4.1. Derivation of Template Spectra and the Photon Budget

We will consider solar illumination of Jupiter and the
Earth as the basis for our templates. One of the fundamental
parameters whose influence we wish to study is spectral res-
olution. We therefore attempted to obtain template spectra
at the highest possible spectral dispersion, which may be
degraded to lower spectral resolution, or not, depending on
the application.

Simulation of very high resolution spectra reflected from
planetary surfaces, particularly terrestrial ones, is compli-
cated by the fact that the atomic and molecular features of
most interest are the very ones that hamper astronomical
observation of astronomical targets. Rather than strive for
ultimate accuracy therefore, we have created a set of illus-
trative, but realistic, templates as described in the following
section. All spectra were resampled onto a uniform grid in
log"with a constant resolution "=d" ¼ 500; 000 using stan-
dard interpolation routines. Shifting and cross-correlation
of a template onto a logarithmically sampled spectrum cor-
responds to a velocity shift.

1. A solar template was generated from the solar model
of Kurucz derived using the program ASUN and available
from Kurucz’s World Wide Web site.2 The file used was
irrcmasun.asc in the [SUN.IRRADIANCE] directory. We
further processed this model to normalize by the local
continuum (presented in the file) and resampled onto a

uniform grid in log " with a constant resolution
"=d" ¼ 500; 000. This was done using spline interpolation.
We decided to use a model atmosphere in order to avoid
problems in the regions of most interest: namely, where
there is a large amount of molecular structure arising from
terrestrial absorption. While in detail the model atmosphere
may differ from the actual solar spectrum, it is quite
adequate for our purposes in providing a statistically realis-
tic distribution of lines, line densities, and depths. The
resulting continuum-normalized template solar spectrum is
shown in Figure 1.
2. A Jovian template was made, which is a hybrid high-

resolution solar spectrum (the one described above) multi-
plied by a moderate-resolution spectrum of the Jovian
albedo from Karkoschka (1994). Karkoschka (1994, 1998)
presents and discusses the albedo of Jupiter and the other
outer planets from 3000 Å to 1.050 lm. The resolution is
"10 Å, or R ! 500 1000. We kept the reflected solar com-
ponent at the full resolution above. In reality, there may well
be additional fine structure apparent at high resolution in
the Jovian albedo. For example, Tokunaga et al. (1979)
show numerous emission lines in the 10 lm window for
Jupiter, emission from C2H6 in particular; these results were
reviewed by Larson (1980). Rotational broadening may
enter at our full resolution since R ¼ 500; 000 corresponds
to velocity v ¼ 0:6 km s'1, or 1.2 km s'1 for a 2 pixel width
bin. The equatorial speed of Jupiter is 12.6 km s'1; however,
the majority of the reflected light arises from the disk center
regions where the relative velocity is much closer to zero,
and additionally any inclination of the planetary pole out of
the sky plane further reduces rotational broadening. We did
not make any correction for rotational broadening in our
analysis. The resulting spectrum is shown in Figure 2 as a
function of resolution.
3. A terrestrial template was generated with absorption

features only. Again, for an incident spectrum, we used the
Kurucz model above. To estimate the atmospheric absorp-
tion spectrum, we used the three atlases of the solar spec-
trum (Livingston & Wallace 1991; Wallace, Hinkle, &
Livingston 1993, 1998), which present Fourier transform
spectra of the Sun from 3570 Å to 5.4 lm at a resolution of
order 200,000–400,000 over the majority of the wavelength
range (" > 5000 Å). These atlases present atmospheric
transmission functions at high spectral resolution that are
well suited for our purpose. To generate a terrestrial tem-
plate, we multiplied the Kurucz model by the square of the
atmospheric transmission (squared to allow for the fact that
light reflected from the surface of the Earth has to pass
through the atmosphere twice). Figure 3 shows the resulting
terrestrial template spectrum. In this case, as spectral resolu-
tion grows, the complexity of the absorption features con-
tinues to grow. The dominant bands are from oxygen and
water and may also be seen in the observed spectrum of
Woolf et al. (2002). Figure 4 expands the region around the
prominent molecular oxygen A band and offers a sense of
the level of complexity that arises as spectral resolution
increases.
4. Another terrestrial template was generated with

absorption and a selected set of emission lines from theMei-
nel series of OH lines in the near-IR. We were interested in
understanding whether atmospheric emission lines might be
detectable from extrasolar planets. This could occur only
because they are extremely narrow, which allows, in princi-
ple, rejection of the continuum starlight in a fashion analo-2 See http://cfaku5.harvard.edu.
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Fig. 2.—Hybrid Jovian template constructed from high-resolution solar model multiplied by moderate-resolution Jovian albedo spectrum (Karkoschka
1994).

Fig. 1.—Solar spectrum, continuum normalized, showing the growth of structure as spectral resolution increases. Although the spectra in this plot and the
following are plotted against wavelength, the actual underlying sampling is logarithmic. The resolution is as indicated in the panels.



Fig. 3.—Terrestrial template obtained bymultiplying the high-resolution solarmodel by the square of the atmospheric transmission functions of the empiri-
cal solar atlases described in the text.

Fig. 4.—Detail fromFig. 3, showing the oxygenA-band absorption feature and the growth of fine structure as the spectral resolution is increased



gous to, but the reverse of, a terrestrial OH-suppression
device.

By far the brightest line emission from the nighttime air-
glow is from the Meinel series of OH radical vibration-rota-
tion complex (Meinel 1950; Krassovsky, Shefov, & Yarin
1962; Leinert et al. 1998). The intensities are highly variable
and decrease through the night (Ramsey, Mountain, &
Geballe 1992). A typical total intensity is of order 5 MR
(Leinert et al. 1998). We obtained a list of bright OH lines
(only) in the 1–2 lm range in order to understand their likely
relevance. This was downloaded from the Cambridge OH
Suppression Instrument Web site,3 which draws from Mai-
hara et al. (1993) and Olivia & Origlia (1992). To estimate
an order-of-magnitude amplitude at which to insert these
lines, we first converted the tabulated intensities to rayleighs
and then estimated an approximate terrestrial reflected solar
spectrum. The (low resolution) flux spectrum of the Sun
obtainable from theHubble Space Telescope (HST) calibra-
tion library crcalspec within iraf/stsdas was used, with
a Bond albedo of 0.306 for the Earth. The solid angle of
Earth from the Sun is 5:7% 10'9 sr, and the total scattered
flux is 1:4% 10'10 that of the Sun; hence, the approximate
surface brightness of the Earth in rayleighs Å'1 is
R* " 3:06% 10'7 S+, where S+ is the solar flux expres-
sed in photons s'1 cm'2 Å'1. Given the large variability of
these lines, and to better assess the difference they make, we
arbitrarily increased their intensities from the tabulated
value by a factor of 5, corresponding to a total intensity of
3.2MR in these lines.

Figure 5 shows the resulting spectrum, again normalized
to the continuum level. As can be seen, the OH lines do start
to become evident for very high spectral resolutions,
although their strength never rises to dominate the spectra.
Additional work on atmospheric line emission farther into
the infrared, or possibly ultraviolet, may prove interesting.
In the IR, some of the strongest emission lines occur where
water vapor strongly absorbs incident sunlight, so the rela-
tive contrast between the emission and absorption spectra
may be very different. In addition, the character of the night
and day emission spectra differs substantially (Zipf 1966; Le
Texier et al. 1989).

4.2. Quantitative Characterization of the Templates

In order to design an experiment, equation (5), which
gives the S/N of the cross-correlation peak, may be used for
a given template to plot !, s=

ffiffiffiffiffi
S0

p
, and hence S/N as a func-

tion of wavelength, for a chosen spectral interval or resolu-
tion. In other words, the correlation function contains more
information in regions where the spectrum is highly struc-
tured, and these plots allow such spectral windows to be
identified. Figures 6 and 7 show the case of 2% sampling
intervals for calculating these parameters. It suggests that
we go either to the blue, where there are strong photospheric
absorption features from the illuminating star (in our case,
the Sun), or else to the near-infrared, where strong molecu-
lar absorption features in the planet’s atmosphere domi-
nate. Since the latter differentiate the extrasolar planet from
the star, this is the region we choose to study.

For the purposes of analysis and simulation, we selected a
spectral region that seems to be a plausible candidate for
studies of the type we advocate. This primary region is
essentially the I band, from 7000 Å to 1 lm, where strong

Fig. 5.—Similar terrestrial template to Fig. 3 but nowwith OH emission lines in the region 1–2 lm added as described in the text to assess their observability
at high resolution.

3 See http://www.ast.cam.ac.uk/~optics/cohsi/www/ohsky/
database.htm.
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Fig. 6.—For a spectral window 2% of the wavelength in question, we plot the cross-correlation detectability parameters (eq. [5]) in various combinations as
a function of wavelength for the terrestrial template. The top panel plots the standard deviation of the unit-mean template, !; the second panel is the product
sp!with sp from the template. The third panel is sp=

ffiffiffiffiffi
S0

p
with S0 from the stellar template, and the bottom panel the final S=N ¼ sp!=

ffiffiffiffiffi
S0

p
.

Fig. 7.—For a spectral window 2% of the wavelength in question, we plot the cross-correlation detectability parameters as a function of wavelength for the
Jovian template with panel descriptions as in Fig. 6.



water and oxygen absorption features are present in the ter-
restrial spectrum, and deep, broad methane absorption fea-
tures are apparent in the Jovian spectrum. In future work it
may be of interest to select, for example, a very narrow win-
dow around the oxygen A band from 7580 to 7800 Å, in
order to attempt specific targeting of terrestrial extrasolar
planets with oxygen in their atmospheres, provided the pho-
ton budget permits it.

The other parameters of the spectral templates that offer
an indication of the utility of the correlation function are
the width and contrast of the autocorrelation function, and
the variance (i.e., degree of spectral structure) as a function
of spectral resolution. The autocorrelation functions are
shown in Figures 8 and 9, showing the very narrow peak in
the terrestrial version, indicative of the wealth of structure
present at high spectral resolution.

Figures 10, 11, and 12 show the run of standard deviation
of the unit-mean template with spectral resolution for each
example. For the terrestrial template, Figure 10, we see a !
that increases continuously, to the limit of our resolution.
The value of ! is in the range 0.1–0.2, corresponding to an
S/N of about 20% that obtained by direct imaging alone.
(Recall that we still have the direct image; the spectral
dimension is adding extra information.) The A-band region
shows similar behavior, though with an overall dispersion
that is larger, corresponding to about 40% of the imaging S/
N. The Jovian template has a high degree of structure even
at relatively low spectral resolution, and it saturates at reso-
lutions of a few hundred. This may be an artifact of the
hybrid nature of the template, or else it may be that the
broad methane bands do not contain additional fine struc-
ture. If there is additional fine structure, then the dispersion
can only increase and hence the S/N too.

Finally, we consider the ‘‘ gain ’’ term, which is the reduc-
tion of stray light by the cross-correlation process. The gain
termR is

R ¼
sp
S0$

P
i t̂t

2
iP

i Tit̂ti

and is dominated by the function
P

i T̂Tit̂ti. For the spectral
regions we selected, there is little correlation between the
stellar and planetary templates. There is no physical con-
straint on whether the quantity should be positive or nega-

tive, and indeed as we shift the relative velocities, the
function can, and does, pass through zero, corresponding to
infinite gain and complete rejection of the stray stellar light
(albeit not the noise from that light). These functions
depend in a sensitive way on the template, the spectral
region, the relative velocity, and the spectral resolution, so
rather than attempt to span this large and somewhat unsta-
ble parameter space, we hark back to x 3.2 and note that
infinite gain may be forced mathematically. Suffice it to say
that gain values ranged from several tens to thousands for
the examples we studied.

Thus, if the dominant error term is the subtraction of the
PSF, then we could gain over direct imaging according to
the product of the dispersion of the template (which typi-
cally reduces S/N somewhat) and the gain function, which
greatly decreases the contaminating starlight.

4.3. Photon Budget

Aside from all other considerations, it is clearly necessary
that there be sufficient photons from the extrasolar planet
we seek so that detection is at least possible. The smallest
aperture that might be considered for direct planet imaging
is !2 m, similar to the aperture ofHST. Space telescopes of
order 2–10 m diameter are under consideration for extraso-
lar planet finding and characterization, while ground-based
concepts can reach many tens of meters diameter. For an
order-of-magnitude estimate, we assume an Earth/Sun flux
ratio of 1:04% 10'10 and a Jupiter/Sun flux ratio of
5:18% 10'10. Scaling from the number of photons that
would be detected by the Advanced Camera for Surveys
(ACS) on HST in the F814W filter (the I band), which is
2:6% 1010 s'1 for the Sun at 1 pc, we derive Table 1, which
gives the number of photons for various apertures and dis-
tances. We also consider two bandpasses: the I band and a
small window centered around the molecular oxygen A
band, a possible biomarker spectral feature. If typical back-
ground Poisson noise levels can be brought down to of
order a few hundred or a thousand counts, there are
adequate numbers of photons from the extrasolar planets in
many circumstances that direct detection may indeed be
contemplated.

TABLE 1

Photon Counts for Extrasolar Planets

Telescope Diameter
Distance

(pc) Jupiter Earth Earth A Band

2 m....................................... 1 1.35 % 105 27000 2490
2 33700 6760 622
5 5390 1080 100

10 m..................................... 1 3.37 % 106 6.76 % 105 62200
2 8.42 % 105 1.69 % 105 15500
5 1.35 % 105 27000 2500

30 m..................................... 1 3.03 % 107 6.08 % 106 5.6 % 105

2 7.58 % 106 1.52 % 106 1.4 % 105

5 1.21 % 106 2.43 % 105 22400
50 12100 2430 224

Note.—Table computed assuming flux ratios relative to the host star 1:04% 10'10 and
5:18% 10'10 for Earth and Jupiter, respectively, and a solar count rate of 2:6% 1010 s'1 at
1 pc (appropriate to the F814W filter with ACS). The Earth A-band flux, 7580–7800 Å, was
assumed to be 9.2% of the F814Wflux. An integration time of 104 s was assumed.
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Fig. 8.—Noiseless autocorrelation function for the Jovian template in the wavelength region 7000–10,000 Å as a function of spectral resolution. The top,
center, and bottom panels are for spectral resolution 300, 1000, and 10,000, respectively. There is a minor increase in the sharpness of the autocorrelation func-
tion as the resolution is increased, but most of the power in the spectrum comes from the broad, diffuse bands (which may be an artifact of the template con-
struction). The right-hand column expands the velocity scale, intended to show the high-resolution case autocorrelation peak.

Fig. 9.—Noiseless autocorrelation function for the terrestrial template in the wavelength region 7000–10,000 Å as a function of spectral resolution. The
top, center, and bottom panels are for spectral resolution 300, 1000, and 10,000, respectively. Because of the dominance of fine structure in the terrestrial spec-
trum, the autocorrelation becomes very finely peaked in the high-resolution case. As in Fig. 8, the right-hand column expands the velocity scale about the auto-
correlation peak to illustrate the accuracy of velocity measurement that might be achieved.



4.4. Simulation for the Cross-Correlation Approach

Cross-correlation methods would be applicable for con-
figurations that result in a uniform spectrum across the field
of view, such as most ground-based approaches, but also
space based either over limited wavelength ranges, using
averaging, or using specialized filtering methods. For an
example configuration, we used a simulated coronagraphic
observation kindly provided by J. Krist (STScI), which is
typical of those expected from the recently installed ACS on
HST, using its aberrated beam coronagraph. The filter used
for the simulation was the F435W filter, although since we
are only interested in showing the numerical approach, this is
unimportant. The surface brightness profile of this aber-
rated beam PSF is similar to estimates of the ideal perform-
ance of ground-based adaptive optics coronagraphs in the
infrared (e.g., Itoh et al. 1998; Beuzit, Mouillet, & Le Mig-
nant 2000). We simply need a PSF that demonstrates some

of the generic complexities that might be encountered, either
in space or on the ground; hence, we adopt this PSF for our
calculations. Figure 13 shows the coronagraphic image.

A second simulation was also provided with typical
parameter variations seen in HST: slight ‘‘ breathing ’’ dif-
ferences and slight miscentering of the star on the two
frames. This second simulation offers us a benchmark
because it allows us to compare the idealized mathematical
results with what is one of the most powerful actual techni-
ques currently in use on HST, namely, ‘‘ roll deconvolu-
tion.’’ In this approach, a second PSF of a star is obtained

Fig. 10.—Dispersion of the unit-mean template as a function of spectral
resolution for the terrestrial template from 7000 to 10,000 Å. Note the con-
tinuous rise in ! due to the presence of fine structure in the spectrum.

Fig. 11.—Dispersion of the unit-mean template as a function of spectral
resolution for the Jovian template. The standard deviation ceases to rise at
resolutions above "300 because the majority of power in this template lies
in the diffuse molecular band features. This may be an artifact of the
template.

Fig. 12.—Dispersion of the unit-mean template as a function of spectral
resolution for the terrestrial template from 7580 to 7800 Å, corresponding
to a spectral region including the oxygenA-band complex. The high level of
complexity in this feature causes the standard deviation to rise continuously
with resolution.

Fig. 13.—Simulation of realistic coronagraphic image obtained using
the ACS aberrated beam coronagraph showing typical PSF wings and
intended to provide a generic representation of PSF complexity that might
be encountered.
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with the telescope ‘‘ rolled ’’ around the axis pointing toward
the star. The PSF remains unchanged, while the image of
the extrasolar planet is moved from its original location.
Differencing of the two PSFs results in the roll-deconvolved
image. (This is one way of estimating PSFs, parameterized
by $ in x 3.1.) This second simulation offers a plausible
amount of mismatch between the two PSFs one might
obtain in practice.

We are not attempting to provide the limits to which the
techniques may be pushed, so we adopt the most optimistic
scenario plausible, following Brown & Burrows (1990),
which is of Jupiter orbiting a (strictly) solar-type star at 1
pc, at a radius of 5 AU, i.e., like % Cen A and B. A reason-
able upper limit to the integration time is !105 s, or !30 hr,
beyond which terrestrial planet orbital motions would begin
to smear their images, so this is the fiducial integration time
we adopt. Since the simulation is for a 2 m telescope, the
equivalent 8 m observation would correspond to a distance
of !4 pc (although hopefully such a telescope would not
require an aberrated beam coronagraph!).

There are a number of free parameters, not least of which
is the data volume consideration. We used a 150% 150 pixel
quadrant of the PSF, sampled 0>025 pixel'1 spatially, and a
spectral resolution of 800 sampled twice per resolution ele-
ment to provide spectra from 7000 Å to 1 lm. This results in
a data cube of dimensions 150% 150% 571.

In generating the spectral dimension we assumed that the
PSF remained the same over the spectral window and that
the stellar spectrum was as given by the Kurucz model tem-
plate, above, and we added planets with their templates’
spectra, as described above. We added Jupiter at 5 AU and,
to test the numerical methods, ‘‘ bright Earths ’’ at 1.5, 2,
and 3 AU with flux 10 times that of the real Earth. The flux
ratio assumed for the Jovian planet was 5:2% 10'10 of the
star, and the bright-Earths 1:0% 10'9. At the location of the
Jovian planet, the PSF wing level is 1:6% 106 photons
pixel'1, about 9 times the peak in the planet. The expected
ideal imaging S=N ! 145 from Poisson statistics, although
the empirical noise level is some 300 times the photon noise
because of PSF fine structure, and the planet is not visible.
For the bright Earths, the PSF wing levels are 4:1% 108,
1:6% 108, and 2:0% 107 with planet peak flux of !370,000
counts.

First, to show the best that might currently be attainable
in practice, Figure 14, we simulated a realistic ‘‘ roll decon-
volution ’’ by differencing the two coronagraphic simula-
tions from one another. Slight miscenterings and focus
changes (breathing) were introduced between the two. The
Jovian extrasolar planet is visible in the top right corner of
the roll-deconvolved image. The fine-structure noise is
reduced by a factor of !10, and the planet is visible with an
S=N ! 6.

We now turn to the mathematical methods of x 3. Figure
15 shows an image of the cross-correlation function c0 from
equation (2) for the roll-deconvolved data cube using the
hybrid Jovian template;

c0 (
X

i

dit̂ti ¼
X

i

#i t̂ti þ sp
X

i

ti t̂ti ' S0$
X

i

Tit̂ti :

This time the Jovian planet is very clearly visible in the top
right corner. The S/N of the simulation is close to the theo-
retical values given above. We expect the photon S/N to be
reduced by a factor !J ¼ 0:39 from the structure level in the

Jovian template, to about 50–60. The gain factor G for the
Jovian template in this simulation is large, at G ¼ 1347;
hence, we expect photon statistics to dominate. In fact, in
the cross-correlation image, the peak planet flux to local
(empirical) noise gives S=N " 43, in good agreement with

Fig. 14.—Simulation of a ‘‘ roll deconvolution ’’ in which a pair of coro-
nagraphic images obtained at different roll angles have been subtracted
from one another. Slight miscenterings and focus changes (breathing) were
introduced between the two. There is a Jovian planet visible in the top right
corner.

Fig. 15.—Correlation function, c0, for the roll-deconvolved data cube
using the hybrid Jovian template. The Jovian planet is clearly visible in the
top right corner.
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the theory (and much better than the S=N ¼ 6 of the roll-
deconvolution).

The cross-correlation with the terrestrial template, Figure
16, also reveals the bright Earth, but the Jovian planet does
not appear (it is actually a slight depression). This indicates
that a good template match is important. Sensitivity to the
template match is a two-edged sword: on the one hand,
detection in the general case is made more tricky, but on the
other hand, it reveals potentially important information
about the spectrum of the extrasolar planet. The gain factor
for the terrestrial template is lower, at "80 consistent with
the higher degree of residual structure seen in this image.

Figure 17 shows the analysis of variance image, an image
of reduced &2 with a strong peak at the location of the
Jovian planet, and a second faint one at the position of the
outer ‘‘ bright Earth.’’ The probability associated with the
reduced &2 thresholded at 5 ! is shown in Figure 18, and
indeed there is a statistical signature of both planets present.

Next, we produced images of the Gram-Schmidt correla-
tion function image using the Jovian template, Figure 19,
applied to the single original (not roll-deconvolved) corona-
graphic data cube. The Jovian planet is clearly visible, and
the remainder of the image shows only noise expected from
photon statistics, with numbers essentially as for the cross-
correlation (S=N ¼ 43). Figure 20 shows the Gram-Schmidt
correlation function image using the terrestrial template
also applied to the original coronagraphic data cube. The
outer bright-Earth planet is clearly visible, and there are
hints of the inner two. If we lightly smooth this image, all
three are easily seen (Fig. 21). The remainder of the image
shows only noise expected from photon statistics. The
Jovian planet does not appear, demonstrating the impor-
tance of template matching.

As we progress through this sequence, the ability to detect
extrasolar planets within the wings of the stellar PSF
increases dramatically. This is because huge gains can be

made in reducing the systematic residual term, to the Gram-
Schmidt orthonormalization limit where it is eliminated
completely. The S/N of the correlation peak is related sim-
ply to the S/N of the ideal image, multiplied by the standard
deviation of the planet’s template normalized to unit mean.
If there is a large dispersion in that template, i.e., the planet
has lots of spectral structure, then we can in principle gain
over direct imaging alone. In practice, for the templates

Fig. 16.—Correlation function for the roll-deconvolved data cube using
the terrestrial template. The ‘‘ bright Earth ’’ is clearly visible.

Fig. 17.—Analysis of variance image showing an image of reduced &2

with a peak at the location of the Jovian planet and a second at the inner
position of the ‘‘ bright Earth.’’

Fig. 18.—Image of the probability associated with reduced &2 thresh-
olded at 5 ! showing a statistical signature of both planets.
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studied here, that standard deviation was in the range
!0.15–0.8. Despite a loss of a factor of several in S/N com-
pared to the ideal imager, the dramatic gains in the system-
atic term clearly result in a better detection capability. If
these techniques are to be applied in practice, we must also
understand the degree to which the assumption of spatially
similar spectra can be realized, a study that has many free
parameters and is beyond the scope of this work.

5. DIFFRACTION-DOMINATED PSF:
SPECTRAL DECONVOLUTION

5.1. Concept and Illustration

While the previous section explored the concept of pat-
tern recognition where the spectra of each pixel were identi-
cal, we now look at the effects of potentially strong
amplitude modulation of spectra introduced by wavelength
dependencies in the PSF. A monochromatic diffraction-lim-
ited coronagraphic PSF with a plausible suite of aberrations
contains a spectacular degree of structure. This may broadly
be characterized as a set of rings, the Airy pattern, due to
diffraction by the telescope optics with spacing at the diffrac-
tion limit of the telescope "=D (whereD is to be corrected by
the Lyot stop) together with a multitude of speckles due to
scattering from mid-frequency surface irregularities, also of
typical dimensions "=D. As wavelength increases, the ring
pattern scales to larger size proportional to the wavelength
and the speckles also grow larger proportional to wave-
length. At an angular radius x, therefore, we expect a char-
acteristic change of the spatial PSF (with wavelength) to
produce a modulation (i.e., variation in apparent flux as
Airy rings and speckles move across the pixel) in the
spectral dimension at a characteristic scale of
d ln" ( d"=" ! ð"=DÞ=x, where x is in radians, i.e., (spatial
resolution)/(angular separation). For " " 1 lm and x ! 500,
d" ! 200 Å. In other words, we expect modulation on a
characteristic spectral scale of d"=" ! 0:02.

It is possible to remove some of this spectral modulation
using a variety of techniques. Ftaclas et al. (1994), for exam-
ple, advocate use of very broad bandwidth imaging to sup-
press the fine structure. Fourier filtering could be used (since
there is a very characteristic set of spectral frequencies
involved); however, in the example used above, the spectral
frequencies of the hybrid Jovian template are quite similar
to those of the diffraction modulation, so Fourier filtering
runs the risk of eliminating much of the signal from the
planet.

Fig. 19.—Gram-Schmidt correlation function image using the Jovian
template applied to the original (not roll-deconvolved) coronagraphic data
cube. The Jovian planet is clearly visible, and the remainder of the image
shows only noise expected from photon statistics.

Fig. 20.—Gram-Schmidt correlation function image using the terrestrial
template applied to the original (not roll-deconvolved) coronagraphic data
cube. The outer bright-Earth planet is clearly visible.

Fig. 21.—Lightly smoothed version of Fig. 20, showing all three inner
planets. Note that the outer Jovian planet does not appear.
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Instead, making a virtue of necessity, we offer a simple
and rather effective method to eliminate the stellar PSF in
this case, which we call ‘‘ spectral deconvolution.’’ To illus-
trate, we again used the code of J. Krist to generate a set of
monochromatic PSFs from 7000 Å to 1 lm for a 2.0 m tele-
scope with a Lyot coronagraph reducing the pupil diameter
by 20%. AGaussian occulting spot with HWHM ¼ 0>3 was
used. A midfrequency rms surface error of 0.5 nm was
assumed, significantly improved over that of HST. A sup-
pression factor for the host star of 0:6% 10'3 results. The
PSF was sampled with 0>025 pixels and a field of view of
300% 300 pixels (10>6 corner to corner) and again a spectral
resolution of 800, corresponding to 571 spectral slices uni-
formly spaced in log". To add planets we generated a simu-
lated self-consistent PSF for a point source not lying
beneath the coronagraphic hole. We again used Jupiter at 5
AU and extra planets at 1.5, 2, and 3 AU with 10 times
Earth flux. The flux ratios of the Jovian planet and bright
Earths to the host star were 5:6% 10'10 and 1:0% 10'9,
respectively. This time we did not impose spectral structure
on either the star or planets but simply adopted the same
total counts in each spectral slice. In principle, spectral real-
ism could be included; however, the simplicity of the con-
cept proposed is quite well shown without this additional
complication.

The extrasolar planetary system was placed at a distance
of 2 pc, and fluxes were normalized to those of a solar-type
star at that distance for a 2 m telescope and 105 s integration
time. Poisson noise was added to each image.

Figure 22 shows the average PSF of the data cube, with
the extrasolar planets. Clearly, the planets are completely
hidden in the scattering wings of the stellar PSF. Following
Brown & Burrows (1990), the structure is dominated by
PSF fine structure. The empirically measured noise at the
location of the Jovian planet is "75 times the photon shot

noise. The amplitude of the stray light in the wings of the
stellar PSF is "8:9% 105 photons pixel'1 compared to a
peak flux in the Jovian planet of 11,800 photons pixel'1.
That is, the planet’s peak flux is only 1.3% that of the local
stray light. In the notation of Brown & Burrows (1990),
Q ¼ 0:013. If we were photon noise dominated, the
S=N " 12:5 for such an observation; however, the PSF fine
structure results in S=N ! 0:2, and the extrasolar planet is
undetectable.

The left-hand panels of Figure 23 show slices through the
data cube prior to the light smoothing that was applied, at
four separate wavelengths (bottom to top) from 7000 Å to

Fig. 22.—Simulation of space-based coronagraphic observation of
solar-type star at a distance of 2 pc over the wavelength range 7000 Å to 1
lm, with parameters as given in the text. The figure shows the spectrally
integrated PSF, representative of a direct image taken with an I-band filter.

Fig. 23.—Sequences showing cuts through the data cube at (bottom to
top) wavelengths 0.70, 0.76, 0.84, and 1.0 lm. The left panels show the
speckles and ripples expanding with wavelength. The right panels illustrate
the process of adjusting image scale as a function of wavelength, and PSF
features can now be seen to remain fixed in place.
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1 lm. Inspection of these figures shows the expected expan-
sion of the PSF with wavelength as features move out and
everything scales with wavelength. Figure 24 picks a pixel at
the radius of the Jovian planet and shows the spectrum
along the data cube at that pixel. The modulation at this res-
olution is very large because of these diffraction effects as
structures move across the pixel.

Now we adjust the spatial scale of the data cube as we
progress through it in wavelength. An image at 9000 Å, say,
is shrunk by a factor of 9/7 to match the PSF at 7000 Å and
a new data cube is constructed. The right-hand panels of
Figure 23 in contrast to the previous data cube show that
there is far less difference between the PSFs as a function of
wavelength when resampled spatially. A plot along the spec-
tral dimension at the same pixel as before, Figure 25, now
shows only a smooth, slowly varying component that can
easily be modeled with a polynomial fit. The procedure is to
make such a fit, subtract it from the data cube, and then
resample the data back onto the original spatial scales.

If there is additionally a smooth scattering component as
well as the diffraction-dominated speckles and rings, that

too would enter as a low spatial frequency component and
would not make any difference to the effectiveness of the
method.

In the spatially resampled data cube, apart from the first
few slices, the planet has been moved away from its original
pixel. It now occupies a straight diagonal slice through the
data cube starting at its original location (radius r0) and
ending at a radius r1 ¼ ð"0="1Þr0 along the radius vector to
the planet from the star. The fractional width along the
spectrum is d ln"=D ln" ! dx=½r0 lnð"1="2Þ-, where D ln" is
the logarithmic width of the entire spectral window and dx
is the diffraction width of the planet’s PSF. Note that the
shrinking of images with increasing wavelength preserves
this width. Hence, when a low-order polynomial is fitted to
the spectrum at a particular pixel, the flux from the extrasolar
planet is largely ignored because it represents a high-order
term that the polynomial cannot reproduce.

Having subtracted the emission from the star, we can
now reconstitute the original (but subtracted) data cube by
resampling the subtracted data back onto its original spatial
scale. When the data cube is resampled back to its original
dimensions and scale, this residual planet flux realigns itself
once more, and the elements of its flux line up spatially. Col-
lapsing the data cube along the spectral dimension makes
the extrasolar planet become visible.

In addition, while the host star spectrum at the location
of the extrasolar planet is very strongly affected by diffrac-
tion, the spectrum of the extrasolar planet is unaffected. The
planet location is obviously the center of its Airy pattern,
and hence, apart from a slow change in peak brightness as
resolution decreases to longer wavelength, the spectrum of
the extrasolar planet is fully preserved.

Figure 26 shows exactly such an image from the simula-
tion described. Light spatial smoothing was first applied to
avoid sampling problems (a two-dimensional Gaussian

Fig. 24.—Spectral plot for a pixel near the Jovian planet in the original
data cube showing strong modulation as Airy rings and speckles move
across the pixel.

Fig. 25.—Spectral plot for the same pixel in the scale-adjusted data cube
showing the removal of rapid modulation and only low-frequency terms
that are easily modeled.

Fig. 26.—Spectrally collapsed image of the reconstructed, subtracted
data cube showing a 20 ! detection of a Jovian planet whose peak is only
1% of the PSF wing background, using a 2 m telescope. The equivalent
observation with an 8 m TPF would correspond to a terrestrial-scale
planet.
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! ¼ 1). The NOAO iraf utility imlintran was used with
‘‘ sinc ’’ interpolation to resample the images, both to com-
press and reexpand, and a fourth degree polynomial fit and
subtraction was carried out for each ‘‘ spectrum.’’ The final
subtracted, reconstructed data cube was collapsed along
the spectral dimension to produce the image shown in
Figure 26.

The Jovian planet is easily visible, as is the outer one of
the additional planets we added. Interior to this (3 AU at 2
pc), residuals from the star again dominate, and the effec-
tiveness of the method diminishes as the ratio dx=r0
increases and the planetary signal becomes lower (Fourier)
frequency in the spectral dimension. Quantitatively, the
peak in the Jovian planet’s signal is "6000 photons pixel'1

and the empirically measured noise around it is "290 pho-
tons pixel'1. Given that we spatially smoothed a noise field
that originally had ! ¼ 950 photons pixel'1, we expect the
Poisson noise to reduce to ! " 220 photons pixel'1, consis-
tent with our measurement. This smoothing also accounts
partially for the slightly lower peak planetary flux. In other
words, the detection achieved is S=N " 20, compared to a
Poisson limit in the range 12–40 depending on the level of
spatial smoothing employed. Recall that the peak flux of the
extrasolar planet is only 1% of the level of the PSF wings.

In this simulation S0 ! 9% 105, N ! 600, so the require-
ment that the noise not be dominated by detector read noise
is !R < 38=

ffiffiffiffiffiffiffiffi
nexp

p
. For a read noise of, say, 4 photons, we

could take 100 exposures and satisfy this constraint. Alter-
natively, we may reduce the spectral resolution and shorten
the exposure time of individual exposures, provided we keep
the extrasolar planet signal in only a small fraction of the
spectrum in the resampled data cube.

Figure 27 illustrates the idea further by showing cuts
through the data cubes along one spatial and one spectral
dimension, for both the original cube and the spatially
resampled cube. The diverging diffraction pattern changes

to a series of smoothly changing ‘‘ spectra ’’ that can be
modeled and subtracted, leaving the planet spectrum as a
diagonal in that data cube. Improved tuning of the recon-
structed image may be obtained by allowing for the varying
noise as the stray light amplitude varies with wavelength,
with 1=!2 weighting being optimal.

This simulation was carried out in a very simple and
straightforward fashion. It ought to be possible to reach the
ideal Poisson imaging limit with this method. The factor
that would limit the derived S/N is the level to which a spec-
trum can be modeled and subtracted with low-frequency
components. If there were high spectral frequency features
arising from the diffraction and scattering (not intrinsic to the
source), they would enter into the noise of the final image.
The expected frequencies are low, however, and no high-fre-
quency features were found in the simulation we ran. In
practice, of course, the star has a somewhat complex spec-
trum; however, it is a well-known spectrum, and it should
be possible to adjust its low-order shape to achieve a good
match to the observations. Ultimately, it may even be possi-
ble to combine a matched filtering or orthonormalization
approach with the spectral deconvolution method (e.g., by
testing whether a specific pixel hosts an extrasolar planet
using corresponding matched filters in the appropriate adja-
cent pixels of the spatially resampled data cube).

If we scale the simulation to an optical coronagraphic 8 m
TPF concept, with midfrequency surface errors unchanged
(0.5 nm), then the radial distance of the planet would be
now 1.2 AU and the background and planet would have
!16 times the flux. Consequently, to detect a terrestrial
luminosity planet 5 times fainter than Jupiter to 5 ! we
would require!25,000 s, or 7 hr. If we allow spatial smooth-
ing to improve S/N, as before, the required exposure time is
only!104 s. Equivalently, Jovian planet detection for a 2 m
telescope requires only!6000 s, scaling the 20 ! result in 105

s back to 5 !.
There are a number of very appealing aspects to this

method. First, we can essentially achieve the theoretical
Poisson limit for direct imaging, irrespective of the spectral
character of the extrasolar planet. By contrast, the S/N
achievable in the cross-correlation and Gram-Schmidt
method depends on the variance of the planet’s spectrum.
Standard coronagraphic techniques are typically limited to
much higher flux levels because of the midfrequency errors.
Second, and obviously, having located the extrasolar plan-
ets using a spectrum, we have at our disposal a spectrum of
the extrasolar planet from the outset, so we can in a very
general way immediately begin to study its character. Third,
we require only a single observation to detect the candidate
planet; hence, we need PSF stability only over the duration
of the observation. Since we design the experiment to be
Poisson limited, the shortest possible integration times
could be used and processed independently. This may allevi-
ate PSF stability issues that are of concern under some cir-
cumstances.

5.2. Related Observations and Applications

A variation on the theme of this method is to obtain mul-
tiple images using narrowband filters sequentially and then
pursue similar resampling and subtraction (spectral decon-
volution) with a data cube built from the sequential filter
observations. The wavelength sampling interval needs to
satisfy two constraints: (1) the planet should move by a sig-

Fig. 27.—Cuts through the original data cube with one spatial and one
spectral dimension. In the original cube, the rings diverge outward with
wavelength, while in the spatially resampled cube, they form straight lines
running vertically in the plot and showing only low-frequency structures.
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nificant distance when the image scale is adjusted in propor-
tion to wavelength; and (2) there need to be enough data
points in the pseudospectrum that the planet’s spectrum
occupies only a small element within it. (An equivalent
strategy is to build a data cube using a long-slit spectro-
graph with adjacent spectra taken sequentially, as in
Fig. 27.)

Recall from the above discussion that to move a full dif-
fraction width of dx ¼ "=D, we would require D" ¼ "dx=x.
This approach offers a straightforward route to experimen-
tal design. For example, if dx ¼ 0>05 and x ¼ 200, at 5000 Å
we would need to change wavelength by 125 Å, which is well
suited for example to the parameters of the narrowband
ACS ramp filters. Clearly, it would be highly desirable to
obtain more realistic simulations, together with some
exploratory observations to determine how well this works
in practice in the presence of slowly changing optics.

In principle, there are three major advantages and one
disadvantage compared to roll-deconvolution. (1) The tele-
scope does not need to be moved. We eliminate aberrations
due to miscenterings between successive observations that
plague roll-deconvolutions. (2) We are insensitive to low-
frequency modulation that telescope ‘‘ breathing ’’ would
typically cause, and we can reduce this further by keeping
exposures short. (3) We are always on target so the planet
flux continues to integrate. There is no dead time while
reference PSFs are obtained. On the other hand, the disad-
vantage is that we no longer ‘‘ spectrally multiplex ’’ and so
additional exposure time is needed to accumulate the same
number of photons. If we are interested only in detection,
rather than characterization, then we would need to con-
sider observations in the blue where spatial resolution is
improved, versus the red where the speckle pattern becomes
less severe.

The spectral deconvolution technique, if it lives up to its
promise, has the potential to be applied to a high fraction of
space-based coronagraphic observations, beyond planet
searches. These may include probes of dust disks around
stars and the host galaxies of QSOs. The case of QSOs may
be particularly interesting as the combination of strong
emission lines in the QSO and possibly its surroundings will
provide a challenge to data analysis and raises the possibil-
ity of trying to combine correlation and spatial scaling
techniques.

This method depends on the data cube possessing mostly
diffraction behavior (a smooth scattering component would
not reduce its efficacy) and hence is most appropriate for
space-based concepts. If the bandwidth is small (as might be
the case for focusing on specific spectral features) or if the
PSF structure is color insensitive (e.g., as caused by the at-
mosphere), then the cross-correlation approaches above are
likely to prove more effective.

5.3. Practicalities

Application of any of these ideas to real optical systems
will require careful consideration of numerous practical dif-
ficulties. Not least of these is construction of an integral-
field spectrograph of the dimensions envisaged, especially in
the first part of the paper. Inefficiencies in the optical system
inevitably arise in a real spectrograph, and difficulties may
arise from scattered light internal to the spectrograph and
interference fringing within the layers of the detector itself.
Many CCDs are especially prone to moderate- or large-

amplitude fringing in the very red regions in which we are
most interested.

Data volume, too, is likely to be an issue. Ideally, one
would like a large spatial coverage, high spatial resolution,
and moderately high spectral resolution. The reason this
problem does not need to become completely uncontrolled
is that we seek planets close to their host stars, and hence the
spatial coverage may be restricted to the region of interest.

Finally, if compromises must be made such as abandon-
ing spectral multiplexing, then the degree of achiev-
able stability enters the trade space as we design our
observations.

Despite these and other difficulties that may be encoun-
tered in practice, it will be worthwhile to obtain a set of test
observations and gain actual experience of dealing with the
issues and to assess the degree to which we may really
approach the limiting, idealized results.

6. MORE ON PLANETARY SPECTRA

The cross-correlation techniques depend critically on the
nature of the planet’s spectrum for their effectiveness. We
consider therefore a number of aspects of the planet spectra
that bear on this but that may eventually lead to important
new scientific information on the nature of the planet as one
might go to higher spectral resolution with future very large
aperture planet characterization missions or ground-based
projects.

All other things being equal, it is best to use the highest
spectral resolution possible for a given bandpass constraint.
The degree of structure, spectral variance, and of course sci-
entific information such as relative line strengths always
increases as spectral resolution increases. Even though the
signal from the planet can be quite low, that of the star is
typically high, so we do not lose to detector read noise as we
would in a more conventional high-resolution observation.
As above (x 2), detector read noise is one of the parameters
entering concept designs and viable observing strategies.

As higher spectral resolutions are used, cross-correlation
with a matched template more precisely locates the velocity
of the planet. Monitoring of line locations allows not only
discrimination against chromospheric activity on the host
star but vital information on the orbit of the planet and, in
turn, on the mass of the planet. At the highest spectral reso-
lutions, planetary emission features may become visible
from night and dayglow lines as well as aurorae. If we can
get into this regime, a new suite of diagnostics becomes
available and detection can be optimized because lines
would typically be extremely narrow, in contrast to the
underlying relatively smooth stellar continuum.

The width of the correlation function (or equivalently
absorption or emission-line features in the planet’s atmo-
sphere) contains additional information, from random ther-
mal velocities as temperature indicators to systematic line
broadening due to the spin of the planet in its daily cycle.

As with most other time series observations of planets, we
would expect to probe periodicities in intensities induced by
the planet’s diurnal cycle. Ford, Seager, & Turner (2001)
discuss large albedo changes that may be recognizable in
photometric observations of planets. If both the spin rate of
the planet and the length of the day can be found, then we
may estimate the geometric size of the planet.

On a longer term, yearly seasonal changes may be sought
and changes due to ‘‘ solar ’’ cycles on even longer time-
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scales. Atmospheric emission lines are especially sensitive to
many changing conditions, such as local weather or surface
conditions and atmospheric instabilities. The terrestrial OH
Meinel system in the near-IR, for example, is intimately
related to the chemistry of the terrestrial ozone layer and
changes completely between day and night (Zipf 1966; Le
Texier et al. 1989). Other atmospheric emission lines arise
from oxygen, atomic and molecular, sodium, and nitrogen
and are, to varying degrees, diagnostics of the presence of
life on Earth.

7. CONCLUSIONS

We have considered the use of integral-field spectroscopy
together with coronagraphy as an interesting approach to
planet detection as well as characterization. The concept is
to acquire a data cube of images, each at a different wave-
length, of a star with planets shining by reflected light of the
star modified by the integrated albedo (or emission) of the
planet. The star is presumed to be occulted by the corona-
graph; however, there remains significant leakage or stray
light from the star that dominates the problem of finding
extrasolar planets. A potentially effective compromise mod-
ification to an integral-field spectrograph would be con-
struction of a spectral data cube using narrowband filters
sequentially or a long slit moved perpendicular to its length.

In the limiting case where the spectrum of the host star is
the same across the field of view (or a region of interest
within the field of view), we may use pattern recognition
techniques to find extrasolar planets within the noisy spec-
tra of the field. This is effectively done with cross-correlation
using matched templates that in turn offer scientific insight
into the nature of the spectrum of the planet. The S/N of
the cross-correlation approach is the S/N of the ideal imag-
ing case multiplied by the standard deviation of the planet’s
spectrum (normalized to unit mean), which leads to pressure
to use higher spectral resolution. Substantial gains can be
made in rejecting the systematic contamination from the
host star. In this limiting case, we may also use a general
analysis of variance approach to estimate whether there is
any source within the field other than just the host star, irre-
spective of its spectrum.

A method is described that mathematically completely
eliminates the parasitic emission from the host star,
although not the Poisson noise of that emission. This techni-
que uses Gram-Schmidt orthonormalization, with the stel-
lar spectrum and planet’s template providing basis vectors
from which orthonormal vectors can be constructed. The S/
N of the Gram-Schmidt method is essentially the same as
that of the cross-correlation technique but with the advant-
age that stray light is completely eliminated.

In the case where the optics are diffraction limited,
although not necessarily perfect, we describe a quite differ-
ent technique to remove the stray light from the star.We call
this ‘‘ spectral deconvolution,’’ applicable to space-based
observation and perhaps some ground-based adaptive
optics approaches. In the diffraction limit, the spatial scales
of the parasitic emission are proportional to wavelength.
When the image scales in the data cube are numerically
adjusted to that of a reference wavelength, the PSF changes
with wavelength are much less dramatic. We can fit a low-
order spectral function at each pixel of the resampled
(‘‘ shrunk ’’) data cube and subtract it to approach the Pois-
son noise limit. However, since the planet now occupies
many spatial pixels and only a limited spectral window in
the resampled data cube, its contribution to the flux is over-
looked by the fitting procedure. When the star-subtracted
data cube is reconstructed back onto the original scale, the
planet spectrum is realigned and the planet may be seen by
collapsing the data cube in the spectral dimension to make
an image. This method offers, with a single observation,
essentially Poisson-limited detection capability. At the same
time, and as part of the discovery observation, it provides a
spectrum of the extrasolar planet from the outset and suit-
able for scientific investigation into the composition of the
extrasolar planet’s atmosphere and possible biomarkers.

The parameter space encompassed by integral-field spec-
troscopy with coronagraphic imaging is vast, covering spa-
tial extent, spatial resolution, spectral coverage, and
spectral resolution for telescopes of various sizes both
ground and space based. The technical and practical diffi-
culties are nontrivial, and there is a great deal of work
required to understand which regimes may be most effec-
tively pursued with techniques similar to those described
here or with much more sophisticated pattern recognition
techniques, yet the promise seems sufficiently high that we
feel the effort is likely to be worthwhile. If these methods do
prove practical, the design of future instruments, and per-
haps even missions optimized for planet detection and char-
acterization, may be influenced, since it not only improves
detection capability but, at the same time and as part of the
discovery observation itself, can offer vital information on
the character of the planet’s spectrum, including the pres-
ence of biomarkers and evidence for life.
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solar atlases. We are exceedingly grateful to John Krist for
his assistance in producing the simulated coronagraphic
images and to Mark Clampin and Rick White for insightful
discussion of the techniques described.
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