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ABSTRACT

We evaluate the direct detection of extrasolar giant planets with a two-aperture nulling infrared interferometer,
working at angle® < A\/2B and using a new ‘“ratio-of-two-wavelengths” technique. Simple arguments suggest
that interferometric detection and characterization should be quite possible for planets much closer than the
conventional inner working angle, or angular resolution limit. We show that the peak signal from a nulling
infrared interferometer of baseline40 m will often occur “inside the null” and that the signal variations from
path difference fluctuations will cancel to first order in the ratio of two wavelengths. Using a new interferometer
simulation code, we evaluate the detectability of all the known extrasolar planets as observed using this two-
color method with the proposdeburier-Kelvin Sellar Interferometer (FKS). In its minimum configuratioffKS
uses two 0.5 m apertures on a 12.5 m baseline an®€ field of regard. We predict that7 known extrasolar
planets are directly detectable usiR§S, with low-resolution spectroscopiR¢~ 20 ) being possible in the most
favorable cases. Spaceborne direct detection of extrasolar giant planets is possibid 2vith baselines and
does not require the much longer baselines provided by formation flying.

Subject headings: circumstellar matter — planetary systems — stars: individual (55 Cancri) —
techniques: high angular resolution — techniques: interferometric

1. INTRODUCTION that a significant source of noise for a spaceborne nulling in-

. . terferometer will be photon noise from the leakage of stellar
The number of known extrasolar giant planets is now over \iation around the “edges” of the null fringe, due to the finite

100 (Marcy et al. 2003), almost all of which have been detected g, qy15r radius of the star. If leakage from one stellar radius is
indirectly, using the radial velocity method. Direct detections  gjgnificant noise source, the IR signal from the closest CEGPs,
of extrasolar giant planets are now becoming possible. FOr o4 yang of stellar radii, will also leak through the null fringe.
examp‘I‘e, Cha}rbonneau" et al. (2002) det_ected the atmOSphergecond, we note that ground-based studies of the CEGPs (Rich-
of the “transiting planet” HD 209458b using transit spectros- ardson, Deming, & Seager 2003) are beginning to achieve the
%ensitivity needed to detect the planets in combined light, with
“no spatial resolution whatsoever.

For a given interferometer baseline, at what angular sepa-
ration does the transmitted IR signal from an extrasolar planet
peak? For decreasing angular separation from the star, the fringe
transmission decreases, but the planet’'s thermal equilibrium

' temperature in the stellar radiation field increases, so the signal
transmitted through the null fringe can remain significant. Dis-
tant planets will be observed with fringe transmission of unity,
but they will be colder. Figure 1 shows the product of the Planck
function at a wavelength of bm times the fringe transmission
[sir? (w6B/\)] for baselines of 8, 12, 20, and 40 m. The extra-

not transit, other techniques of direct detection are being de
veloped, such as visible coronagraphic imaging (Kuchner &
Spergel 2003) and nulling infrared (IR) interferometry (Brace-
well 1978; Angel & Woolf 1997). A conventional view is that
the “inner working angle” (IWA) of a nulling interferometer
is the angular distance to the first fringe maximum, i.e.
N 2B, whereB is the interferometer baseline andis wave-
length. In this Letter, we show that when the likely IR intensities
of the extrasolar planets are factored in, nulling IR interfero-
meters havind < 40 m are most sensitive to extrasolar giant
planets (EGPs) well inside the conventional IWA, i.e., “inside
the null.” A substantial number of the known extrasolar planets .
are directly detectable using interferometry with modest base-SOIar system was assumed_ to be at 10 pc d_|stance, and the
lines, e.g., the 12.5 m baseline of the minimum configuration Planét was assumed to emit as a blackbody in thermal equi-

of the Fourier-Kelvin Sellar Interferometer (FKS') (Danchi et librium with a Bond albedo of 0.4. These “interferometer con-
al. 2002, 2003). tribution functions” were normalized to unity for the peak sig-

nal at the 40 m baseline. The asterisks on each curve mark the

nominal IWA at\/2B.
2. INTERFEROMETRIC DETECTION “INSIDE THE NULL"? Figure 1 shows that even for the longest (40 m) baseline,
the peak signal occurs inside the nominal IWANA2B . For
the shorter baselines, the peak occurs quite far inside the IWA.
For example, the 12 m peak signal occurs for planets near 0.1
AU, a factor of 4 belowA/2B . For all baselines, the decrease
in signal at the greatest distances occurs because of the lower

Simple arguments suggest that interferometric detection can
occur for close-in extrasolar giant planets (CEGPSs) not fully
resolved spatially by the interferometer. First, it is well known
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TABLE 1
NOMINAL PARAMETERS FOR FKSI
0.0 Parameter Value
Baseline................... 125 m
—05 Aperture ... % 0.5 m diameter
) : Field of regard............ +20°
c Efficiency.................. 0.05 (electrons gpitotons in)
2 1.0 Spectral resolution....... MON = 20
o Path length stability...... 15 nm rms; 10 s timeonstant
g Wavelength range........ 3um < N < 8pum
= —1.5 Optics temperature....... 63 K
% Detector temperature..... 35K
s 20 Dark current ............... 08 st
Read noise................ &
g
= =25 ]
~30 . . . ] ilar equations for the second wavelength, , itis easy to show
’ that
0.0 0.2 0.4 0.6 0.8
planet distance (AU) NQ\,) ()\ )2
1 2
~\) - (4)

Fic. 1.—Log of the peak planetary signal seem\at 5 um by a nulling N(A,) Ay

interferometer of baseline 40, 20, 12, and 8 uppér to lower curves). The

asterisks mark the nominal inner working angles\alB . The curves were Hance the stellar leakage and path length fluctuations cancel
normalized to unity for the peak signal at the 40 m baseline. The IR intensity out

of the planet was computed from blackbody equilibrium, with Bond albedo . . . . .
0.4 and distance 10 pc. This result is valid for the case when the interferometer is

not rotating about the line of sight or when the residual path
length fluctuations occur at much higher frequencies than the
rotation frequency about the line of sight. The cancellation
Using a simple analytical model of the nulling interferometer occurs in the leakage signal variations that accompany insta-
we demonstrate that the ratio of the intensity at the output of bility in the null fringe (not in the photon noise) and that would
the nuller at two wavelengths is insensitive to the residual path otherwise overwhelm the planetary signal. This technique is
length fluctuations, provided they are small compared to the €xpected to work best when the two wavelengthand), are
wavelength. A nulling interferometer operates like a conven- reasonably close together, avoiding higher order effects.
tional stellar interferometer except that an achromatpghase
shift is applied to the beam coming from one element of the 4. AN INTERFEROMETER SIMULATION CODE
interferometer and that the beams are symmetrically and achro-

matically combined. The equation for the normalized intensity, We have written a simulatipn code to compute the signal
NQA,), i from the known extrasolar giant planets, as observed by a

rotating two-aperture nulling interferometer, following the prin-
1 ciple of Bracewell (1978) and treating the output signal as a
N\, = =[1 — [V(\,)| cosé(\ )], (1) ratio, exploiting the rationale given above.
2 The code uses the interferometer parametersFi68 as

listed in Table 1. The modeled fringe pattern of the interfer-
where), is the first wavelengthy(\,)|  is the modulus of the ometer includes path difference errors, based on the current
visibility of the source, and(\,) = 2woy /N, is the rms phase FKS error budget. Shot noise is computed from the total signal,
error caused by residual path length fluctuations, , in the including the stellar leakage, the extrasolar zodiacal back-
system. For a point source and no path length fluctuations,ground, and the instrument thermal background. Dark current
equation (1) reduces to the usdadl  null of the classical Brace-and read noise from the detection system are also included.
well interferometer. A similar equation holds for the output of The stellar spectrum is assumed to be a blackbody, but wave-
the same nuller at a second wavelengh, . Using theselength-dependent limb darkening is imposed on the disk, based
assumptions, on the solar observations of Pierce et al. (1950). The stellar
temperature and radius are estimated from the spectral type.
72 [ Ogar The planetis modeled as a blackbody spectrum with superposed

IVIN)| = 1 — 16 (m) ; (2) molecular band spectral structure. The planet’s blackbody equi-

! librium temperature is computed assuming a Bond albedo of

0.4; the planetary radius is taken to be 35% greater than that

of Jupiter, based on HD 209458b (Brown et al. 2001). The

planetary spectral structure was included by interpolating in

3. A TWO-COLOR METHOD

where 6, is the angular diameter of the star aBdis the
baseline length, and similarly expanding the term for the phase

fluctuations, the “cloudless” sequence computed by Sudarsky, Burrows, &
) ) Hubeny (2003). The planetary spectrum is currently assumed
cosop(\,) = 1 — ¢(h)” =1— 242 (ﬁ) (3) to be independent of orbital phase and inclination to the line

2 Ay of sight. Orbital motion of the planet is included, using orbital

elements from the Doppler observations and a nominal incli-
Substituting these equations into equation (1) and using sim-nation of 48. The zodiacal background is calculated including
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contributions from both scattered light and thermal radiation.

Since younger stars will have more massive zodiacal disks, we

scaled the mass of the disk as thd.76 power of the stellar . . . .
age (Spangler et al. 2001). Ages for stars hosting extrasolar
planets were taken from Laws et al. (2003). The inclination of :
the zodiacal disk is also included (nominally°46 the plane : 55 Cancri b

o2
aasns;
I

of the sky), since the asymmetry from the inclined disk pro- s F E
duces a significant signal as the interferometer rotates. =

5 3F 3

5. EXAMPLE OF AN FKS DETECTION a ]

We have simulated observationsBi¢S of all known extra- 3 2F E

solar planetary systems using the code. An example is shown :
in Figure 2, which illustrates the detection of 55 Cancri b. 1 :
Figure 22 shows the number of photons detected versus wave-
length, at theFKS spectral resolving powe(6A = 20 ), in

one 300 s integration. The calculated wavelength range in Fig-
ure 2 extends longward of the nominal wavelength limits of 2 4 6 8 10
FKS. The dominant source of photons is stellar leakage, with wavelength (microns)

planetary radiation second. The zodiacal radiation falls below
the planetary intensity for this old and dust-poor system (Jaya-
wardhana et al. 2002). The dominant source of noise depends
on wavelength but is due to stellar leakage shot noise at the
shortest wavelengths, thermal background radiation noise at
the longest wavelength>8 um), and dark current and read
noise at intermediate wavelengths. Since the anticipated total
integration time during an observational “campaign” for a given
planetary system can be many days, planets whose photon
counts fall well below the noise level in a single 300 s inte-
gration will nevertheless be detectable. But for 55 Cancri b,
the planetary signal photon counts are comparable to the noise ©
photons in a single 300 s integration, for wavelengths longer
than 3um. This planet is strongly detectable, and more exten-
sive spectral information could also be extracted.

In the original Bracewell concept, the rotation of the inter- I :
ferometer modulates the planetary signal, and we have included ! o L
this process in the simulation code. Figurte (Power panel) 0 20 40 60
shows a power spectrum from a signal time series of 55 Cancri
b. As per our two-color method, the Fourier-transformed signal
in this case was the. intensity mt.egrate.d C_)VGI’ wavelengths FiG. 2.—Simulated observations of the innermost planet in the 55 Cancri
6 pm>=AN23 pm, ratioed to the intensity integrated over system 4= 0.11 AU,P = 14.65 days) usingKS. The upper panel (Fig.

A <3 um. The denominator in this ratio is dominated by the 2a) shows the number of photons detected at a single interferometer rotation
stellar leakage at the shortest wavelengths and contains minimagngle (where the planet signal is maximum), in a 300 s integration. The stellar

i eakage is the upper solid line, and the detected planetary spectrum is the
planetary S|gnal. The planet peaks at the Ionger Wavelength ower solid line. The dashed line is the zodiacal component, and the dotted

in the nume':ator' The.greater null depth at |0n9 Wavelengthsline is the total noise. The lower panel (Figo))shows the power spectrum
enhances this separation of planet and stellar signals. from a simulated 35 day observing campaign (50 rotations of the interfero-
The interferometer was rotated slowly, about 15 hours per meter). The marks on the frequency axis indic&ie soli§ mark) and

rotation, and the simulated campaign lasted about 35 days (5! ~ 7»| (dashed mark), wherey; is the rotation frequency of the interfer-

rotations). The zodiacal signal appears in the Figlre@ver ometer andy, = 1/P , wher® is the orbital period of the planet.

spectrum at twice the interferometer rotation frequencyj, i.e., at

37 uHz, and the planetary signal also contributes at this fre- 6. DISCUSSION

quency. Because of the planet’s orbital motion, the planetary ) . o

Signa| appears primar"y at a different frequency (See |egend)' Our simulations ShOW that a Slgnlflcant number of known

slightly displaced, andesolved from the zodiacal signal. More- ~ €xtrasolar planets will be detectable usFigS and that spec-

over, because the planet is inside the null, no overtones areral information can be derived in several of the most favorable

caused by transmission through higher order fringes. Note alsocases. These simulated detections are robust in the sense that

that as the signal from the planet goes in and out of phase withthe few most favorable planetary systems are detectable with

the zodiacal signal, the envelope of this modulation is seen inalmost any reasonable instrumental configuration (baseline, ap-

the low-frequency region of the power spectrum as a peak aterture size, etc.) or choice of long-wavelength cutoff. However,

1.6 pHz, twice the orbital frequency of the planet. detections for the fainter systems depend significantly on the
instrumental parameters and wavelength range, as well as on

5M. J. Kuchner 2002, IDL software program ZODIPIC (http:/cfa-www  the .prODerti.es of the detec.tors (dark current, read r]OiS'e)-
.harvard.edwmkuchner). Figure 3 illustrates the distances and orbital semimajor axes

g power

frequency (microHz)
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angle, computed from the nominal resolution of the interfer-
ometer, i.e.A/2B . This resolution estimate is essentially the
same as the Rayleigh criterion for conventional telescopes,
which is the angular separation of two stars of equal intensity
in which one star is placed at the first zero of the Airy pattern
of the second star. The Rayleigh criterion is well known to be
a very conservative estimate of resolution, and sources can be
resolved that are substantially closer than this, using super-
resolution techniques such as the pixon method (Pina & Puetter
1993). Similar considerations hold for interferometers as
CLEAN, MEM, and other methods have provided images with
effective angular resolutions much better than nominally ex-
pected (Cobb & Fix 1987).

For a wavelength of Zum, the resolution of thd-KS is
N 2B = 41 milliarcseconds (mas). But our simulations dem-
onstrate an “effective resolution” of approximately 1 mas. Our
results are consistent with the working resolution of the inter-

semi—major axis (AU)

ferometer being determined by the ratio of the rms path length
0 10 .20 30 40 50 fluctuation to the baseline, /B , which for the parameters in
distance (pc) this paper is 0.2 mas. This is not as surprising as it may seem

Fic. 3.—Distance (pc) and orbital radius (semimajor axes, in AU) of known at first, since the path length stability requirement to achieve
extrlgéolér planets (hgvimj;s 50 pcandd AU Jand withinsalr field a 10 null or better is essentially that of an interferometer with
of regard). The planets nominally detectable FigSl are plotted with filled extremely high phase stability. . . L.
symbols; circles indicate planets withina2@ field of regard, and diamonds The work presented here has important implications for the
indicate additional detectable planets if the field of regard is extendedis. Terrestrial Planet Finder mission (Beichman, Woolf, & Lin-
The lines correspond to the first fringe maximum for nulling interferometers densmith 1999), because angular resolution is often emphasized
of baselines 8, 12, 20, and 40 ftofg to bottom), ath = 5 um. over sensitivity. The desire for a nulling interferometer using
free-flyer telescopes is based on the resolution needed to search
for many of the known planetary systems, with those systemsmore than 150 F, G, and K stars for Earth-like planets in the
detectable by*Kd (using Table 1 parameters) plotted as filled habitable zone (J. I. Lunine et al. 2003, TPF Science Working
symbols. The+ 20° field of regard holds seven detectable plan- Group, unpublished). Given that the actual IWA can be sig-
ets, and an additional six planets are withinal(® field of nificantly smaller than previously thought means that it may
regard. The conventional IWA resolutions for baselines of 40, be possible to achieve the basic goals of TPF with a structurally
20, 12, and 8 m are overplotted. It can be seen that the de-connected interferometer having a modest baseline in the range
tectable planets are essentially the CEGP systems closest tof 20—30 m.
Earth, with essentially no dependence on the angular resolution
limits (IWA lines). We thank R. Allen, D. Benford, D. Gezari, D. Leisawitz,
Our results show that planets can be detected much closetd. Monnier, M. Mumma, L. Mundy, C. Noecker, and W. Traub
to stars than expected based on the concept of the inner workindor their contributions to thé-KS mission concept.
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