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are optical SET programs at Harvard (Howaret al. 2000),

NASA’s space-borne nulling interferometer (the Terrestrial Berkeley (Lampton 2000), Columbus (Kingsley 1996), an
Planet Finder—TPF) will look for the traces of early life in the elsewhere.
infrared spectra of extrasolar planets, beginning in roughly 2010. The merits of optical SETI are well documented in othe
We pOih'f out that_this instrument, as c-ur.rently envisioned, Wi|-| also  articles (Townes 1983, Kingsley 1993, Ross 1965), but we higl
be sensmve_to_ (_Jlellk_Jerate Ia_ser transm|53|_ons froma techr_lologlcally light a few advantages here. Given the high gain of optical tel
advancgd civilization. A kllowatt_-class |_n_frared laser with a 10-m scopes, optical beacons can be narrowly focused on target s
beam d'reCt.or Wm.“d PFOduce asignal visible to TPF ata range of tems. The bandwidth-limiting dispersive broadening observe
15_pc that is distinguishable from astrophysical phenomena and in radio pulses is negligible in the optical regime. The compt
NOISe.  (© 2001 Academic Press X T i X '

Key Words: interstellar communication: SETI: extrasolar planets.  tational power and sophistication required for broadband m
crowave SETI searches is unnecessary in optical SETI. Final
the pace of laser development on this planet has made possi
optical interstellar communicatidnom Earth; shouldn’t we be
looking for such communicatioto Earth?

Slated for construction in roughly a decade, NASA's Terres- TPF W'_"_ be one (_)f al _handfuI”of mstrumer_wts n th(aSolallr SYS
trial Planet Finder (TPF) will be a set of infrared (3—Aen) tem sensitive to optical interstellar communication. Clearly, suc

telescopes whose combined light forms a nulling interferom istruments have to mitigate the background light from star

ter. Although details have yet to be worked it high angular ne approach in optical SETI s to build .instruments capable ¢
resolution (up to a maximum resolution of 0.75 mas an3for de_tectmg pptlcal pulses on a very fast timescale, where_ the !
eived optical pulse manifests itself as many photons arriving

eneral imaging) will allow it to examine extrasolar planetar _ o )
9 ging) P gwe detector in an unresolvedifs) time interval, against a back-

systems while nulling the light from the parent star. TPF wi . . i )
hunt for planets and will examine their structure, formation, a ound patter of single, Poisson-distributed photon arrivals fro
' '__the host star. A simple calculation shows that the signal from

evolution. It will also search for the chemical signatures of life Ot it ble of deliveri d d .
these planets, in the form of GCH,O, CH,, and Q absorption ransmitter capable ot defivering nanosecond speed, megajo

bands. We argue below that the features of this spacecraft a(?glct)'cal puls“eEs athazlo%cl)-lz rerr: etl'luon rate aﬁ?Chetho a KeCSk'CIE
allow it to receive and identify intentional laser transmissions & escope ("Eart techno 0gy), wou foutshine our sun
modest power from extraterrestrial civilizations. afacto_r of more than 1000 in broadband visible light and.coul
Historically, the Cocconi and Morrison (1959) suggestion thg easily 3d0eotectedey anct‘)athelr gggg'glzss telelscope ?g';_;?n
SETI be carried out at the 21-cm line of neutral hydrogen care YUP to pC (Howaret al. ): Severa optica . .
at a time when no other astronomical lines were known in tffi°9rams monitor nearby stars for optical pulses of this type

microwave spectrum. In the following two years, the laser Wégughly the 300600 nm band. Our group is now developing

invented, and Schwartz and Townes (1961) noted that these é)f_elqted wide-field camera to search the Northern sky for su
igh-intensity pulsed signals.

atively low power “optical masers” could be used for interstell . ) . .
y P P AN alternative approach in optical SETI is to reduce the ste

communication. The suggestion has received increasing att back d by high uti ; d/ li
tion as lasers have continued to show an annual Moore’s L ackground by high-resolution Spectroscopy andior nufiin

do(;'!blmg fl1n Fiowerhover the.past 4? Yealrs (du.rlngTWSICh t;1|Tu:"2“0ptical” SETI is to be interpreted in the broad electromagnetic sense-
radio technology has remained relatively StatIC). oday, t qrﬁluding the near IR and UV—and is characterized by photon counting,

contrasted with the heterodyne techniques of microwave SETI.
3 Note that extinction limits optical SETI to a range-ef kpc in the visible
part of the spectrum and10 kpc in the infrared. These distances correspont
1Both 5-AU and 1-AU orbits have been considered, but the 1-AU orbit seerttsroughly the thickness and radius of the galactic disk and volumes enclosi
to be the present scientific consensus. ~10" and~10% sunlike stars, respectively.

1. INTRODUCTION
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interferometry. In such a strategy, one looks for unexplained linkser power necessary for interstellar communication is reduc
in the spectra of stars and their planetary disks. Such lines wobldthe following factors:
be produced from either continuous-wave (CW) lasers (possibly . . . . .
Directionality. Even at the maximum range of 15 pc envi-
modulated) or pulsed lasers. These would be detectable at can- : : . .
S|Ioned for TPF observations, a beam director of just 10 m i
; . diameter produces a 3-AU-wide beam (which allows for sma
interferometry and spectroscopy, as we will demonstrate below; . . : :
. o . ; aifning errors or incorrect proper motion compensation whe
TPF is the first interferometer with the angular resolution ca- : 6 :
. . . aimed at our Sun), witl, ~ 1/D =1 x 10°° radian beam
pable of separating starlight from planetlight and has a modest ) 22 102
spectral resolution. Thus it can probe the entire zodiacal disk'y th ata =10 um (and an antenna gain gf = D ./)‘ o
' 3, or 130 dB—a factor of 1Dgreater than the gain of the

anearby star for planets and life. 05-m Arecibo dish at =21 cm). Civilizations targeting our

The purpose of this paper is not to suggest changes to c?lar System from a closer range would presumably use

design of TPF, but rather to point out that, as currently envi- . . : : .

: ) - e . smaller mirror (or illuminate a smaller portion of the larger mir-
sioned, it has a serendipitous sensitivity to extraterrestrial lasers, .. . . :

. ! - ; . . 100). Itis interesting to note that such a scheme requires constz

In addition to other desirable characteristics of mid-IR S|gnaI|r}

(Townes 1983), one might expect a SETI signal in the IR ban%msmltter poweimdependent of the range to the target solar

precisely because TPF, and instruments like it, are sensitivetlo temfor a given delivered photon flux.

the atmospheric signs of basic life there. It seems reasonabl&pectral resolution. The spectrometer onboard TPF will sort
to posit that extraterrestrials may place a beacon at frequenctes incoming radiation into frequency “bins” (of widthv)
where they expect scientifically curious emergent civilizatiorthereby reducing the background in any given bin by approx
to look. This is closely analogous to the microwave argumentatelyAv/v = 1/R (assuming a flat spectrum). Because laser
that since young civilizations survey the sky at 21 cm, it is are spectrally narrow, all of their photons will fall into one bin.
good transmission beacon choice. The spectral resolutioR of TPF varies widely, fronR = 3-20
The discovery of extraterrestrial communication from #or “planet detection and spectroscopy,”’Re= 3—300 for “con-
nearby planetary system using TPF might proceed along tiveuum and spectral line imaging,” and extendingRe~ 10°
following lines. A planet candidate is discovered after severfdr “specific lines” (Beichmaret al. 1999). Let us assume that
hours of observation at minimal spectral resolutiGhdf or- extraterrestrial lasers would be discovered in TPF's “planet de
der unity). Follow-up observations at modest spectral resolutitettion mode,” and tak®& = 20 for this calculation.
(R ~ 20) reveal a rich absorption spectrum with a large spec-

tral peak in a particular wavelength Wit he spectral purity is \Peotes only with thefluctuationsin the background, and not

then probed at TPF's highest resolution, revealing an unresol e background signal itself. Pixel-to-pixel fluctuations in the
narrow emission liné.Ground-based telescopes then look fo 9 9 i P

modulation in the signal, down to the scale of nanosecon&@atlal 'mage will inhibit TPF's planet de.tec_t|on POWer. T_hese
glude physical processes such as emission from the incol

. )
EZ?rye;ﬁ; teexlzgnclgggg_e full range of wavelengths accessmleptletely nulled §tar apd QUgt, as well as iqstrumental gffepts sul

as telescope jitter, intrinsic detector noise, and emission fro
the cooled telescope. Diffractive intensity scintillations shoulc
be insignificant at TPF’'s high frequency (compared to radio

Extraterrestrial lasers would have to compete with at least fo@ifd ong integration times (Cordes and Lazio 1991). Spectr
backgrounds in potential TPF searches: (1) incompletely nulidgctuations will limit the spacecraft's ability to identify atmo-
stellar photons, (2) reflected photons from the extrasolar plangNeric gas absorption bands and extraterrestrial laser emiss
(3) photons from the extrasolar planet’s blackbody spectrum, a'Hb?S- Noise sources of this type mcluc_je spectrometer noise a
(4) light scattered by zodiacal dust in both the target solar syst&@§Se in the reflected and blackbody light from the planet. Not
and in ours. We will examine these backgrounds in greater def&it Since TPF’s planned spectrometer is Fourier-based, and
below, but first note that they are all isotropic (roughly) an€lispersive, the photon noise of all frequencies appears in ea

spectrally broad. Therefore, as Marcy (1997) pointed out, tﬁgectral bin. On Iarge spectral or spatial s.cales,.these fluct
ations are characterized by a signal-to-noise ratio; Append

A of Beichmanet al. (1999) finds SNRx 7 during a typical
4The time requirements to detect microscopicintelligent life on an ex- un of TPF® However, for the purpose of detecting extraterres

trasolar planet are lengthy. NASA estimates that planet detection will requiéal lasers—which deposit all of their light into one spectral
observations with 2.0-hour integration times (with=3, S/N =5). Detec-
tion of atmospheric gases such as CGidd HO would require integrations of
2.3days R=20,S/N = 10), and for detection of life-indicating4®r CH, the 6 This calculation is for either 2-m mirrors at 5 AU or 3.5-m mirrors at 1 AU
corresponding figure is 14.7 dayR £ 20, S/N = 25). imaging a planet at 10 pc and integrating foP E)(roughly a day) at 1m

5 Deep nulling and high-resolution spectroscopy are incompatible measunéth R= 20. It includes (i) the effects of zodiacal and exo-zodiacal emission
ments since each require precise pathlength adjustment. At best, TPF rfigghe galactic cirrus, (iii) leakage signal and jitter from the target star, (iv) the
achieveR ~ 100 with nulling, andR ~ 10° without nulling. telescope properties, (v) and detector noise.

Fluctuations. We must not forget that the laser signal com:-

2. LASER POWER REQUIRED
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bin—the figure of merit is the bin-to-bin variation in the specN =105, we get a nulled stellar luminosity of
trum, that is, the deviation from a smooth spectrum. Note that

fluctuations of this type include not only the above noise sources, Ly =N-Lg
butalso spectrdéaturegsuch as absorptions lines) whose width L
is comparable to the bin size. For the purpose of the calculations =4 x 10°' W. (2)

inthe paper, let us assume that the “signal-to-fluctuation ratio” is
the same as the signal-to-noise ratio; in practice they may diffdote that y is only important for spatial imaging near the paren

by perhaps a factor of two. star (assuming thdty does not saturate TPF's spectrometer)
Taking account of these factors, the laser power sufficient fburing spectroscopic integrations on a planet separated frc
detection by TPF is its parent star by many pixels on the TPF imabg, is un-
important.
22 Av 5 :
P> Lt=a-LT, (@) Reflected photons.Light reflected off of the extrasolar plan-

~ 72D v SNR et will be a background for discovering a planetary atmosphe

where Ly is the total isotropic radiated power of backgroun&”d detecting extraterrestrial Iasers.Assgming an glbedo ofun
sources seen in a spatial TPF pixel, and where we have assufi§dPoWer reflected from a planet of radieis at a distances,
that a 5e signal is required for detection. from its sun is approximately

To get a sense of the order of magnitudexpfet us assume
that the transmitting device is simply a @@ser ¢ =10 um) L= 7 Ré L
coupled to a Keck-class telescof2 £ 10 m). Combining this Amr2 ©
with the above results, we find = 4 x 1075, This means, for
example, that a laser ef10'* W average power would be visi-
ble over the background of its G2V host staithout the use of =5x10"°. Ly. (3)
interferometry. In other words, the high transmitting aperture

gain at IR wavelengths, combined with only modest wavelengthThis estimate may be high by perhaps an order of magnitu
specificity, already reduces the required transmitting power (rglnce the hot star’s blackbody peak is in the visible part of th
ative to solar luminosity) by some 14 orders ofmag.nitud.e. Morgpectrum, rather than at TPF's infrared wavelength. We ha
over, as we shall now demonstrate, TPF's exquisite interfergso not taken account of the variations in apparent planeta

metric nulling capability greatly reduces this figure, bringing iyightness as the result of orbital phase as seen from Earth.
within the range even of modest contemporary lasers.

The planet’'s blackbody spectrumAlthough cooler and
3. BACKGROUNDS smaller than its parent star, the planet emits a blackbody spe
trum of its own, which peaks in the infrared. This will be spatially
As discussed above, the background for extraterrestrial lasegsolved from the parent star, as well as from other planetsin t
can be broken down into several distinct sources. Incomplet&lystem, and will be seen as a bump on the zodiacal backgroul
nulled stellar photons, as well as inhomogeneities in the zodla-total power, the planet emits far less than its nulled parei
cal and exo-zodiacal dust, are important during spatial imagirgar,
while reflected and blackbody photons from the planet are im-
portant during spectroscopic integrations. In the discussion that (Taa )4 ( Re )2 L
. Lo

follows, we calculate these backgrounds using Earth/Sun val- To Ro
ues for the physical parameters of planets and stars in units of 10
broadband visible equivalent isotropic radiated power (EIRP). =4x107"- Lo

Incompletely nulled stellar photons.The most technically =4x107° Ly. (4)
challenging aspect of TPF is nulling light from the parent star.
Although a nascent field today, astronomical nulling is beinigowever, in the infrared, where TPF is sensitive, the nulle
developed at various observatories on Earth and will soon $t€llar and planetary blackbody power per unit frequency a
developed on the Space Interferometry Mission in orbit. Afténore nearly comparable. For exampledat 10 um (v = 3 x
this decade of research, TPF is projected to achieve a null deil;ﬂ’13 Hz),
of N=10"5-10"%. Taking the more conservative estimate of

3
EZN.47TR2.2h_:.+

7 We assume that the transmitting civilization would arrange unity duty cycle Av ¢ e/ —1
transmission by, for example, using a single transmitter in a planet-trailing orbit —8x 10°WHz?! (star)
or afleet of such transmitters orbiting the host planet with one transmitter always
aimed at the Earth. =1 x 10° W Hz ! (planet) (5)
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where we take the null depth to ¢ = 107 for the star and TABLE |

N = 1forthe planet. These signals should be within the dynamic Alternative Planetary Systems
range of the spectrometer on board TPF. Such results should ot
surprise us, given that TPF is being designed to resolve apgl .
identify extrasolar planets.

Minimum
PL (kW) Lr/Lo Le/Lo r''e R/Re T/Tg

. . . Mercury 4x 10710 4x1010  0.39 038 161
Zodiacal and exo-zodiacal dustDust in the Solar System . . 8x10°° 7x10-0 072 095 117

1
2
will create a diffuse infrared glow that will cloud, but not block g4th 1 5x10-10 4x 1010 1 1 1
TPF’s view? Exo-zodiacal dust also presents a significant chakars 0.2 6x 100 5x 10 15 053 081
lenge. A“1 Zodi” cloud of Solar-System-like dustis only 0.3 AUupiter 6 2x 1“30 2x 1050 52 11 0.44
in diameter, yet it emits and scatters roughly the same amogGaAt'™ 1 4107 4x 100 95 94 032
. . L . . Uranus 0.1 2 10~ 1x 10 19 4.0 0.21
of mfrared_ and optical radiation as Fhe Earth. Thls dustis War(l e 01 &10-22 1x10-1 30 39 0.20
(275 K with temperature decreasing with distancer a%%), puto 01 1x10-% 9x10-15 39 018 016
small (~~40 um grains), and smoothly distributed over the eclip-
tic, except for wakes and rings attributed to gravitational effectsNote Here we tabulate the minimum pow®y of a 10.m laser with a 10-m
from planets and bands caused by recent asteroid or comet e’tg‘r_action limited beam director on a Solar System model planet at a range «

.. , . . 15 pc for detection by TPF under the assumptions of Section 2. This power
lisions (Backmaret al. 1998). TPF's high angular resolution -\ - . using Eq. (1) withs = Lg + Lg (L is unimportant when doing

is therefore essential to subtract out this largely uniform eX@sectroscopy on a planet well separated from its sun). Physical data in the th
zodiacal background from the image of extrasolar planets (afightmost columns were taken from Zeilik and Gregory (1998)as taken to
their possible inhabitants’ |aser%)_ be the equilibrium blackbody temperaturek/L o andL g /L o were calculated
With detail on a scale down to roughly 0.1 A@J,the TPE using Egs. (3) and (4), respectively. Note that many of the outer Solar Syste
. . . . lanets—Mars, Uranus, Neptune, and Pluto—might not be detected by TF
Image,WIH be a.cenFraI bright star Surround,ed by a diffuse Z(_)(ﬁi_nce they emit less power than a backgrount>00.1 AU patch (roughly
acal disk. Within this shroud of dust we will see the reflectiofipr's minimum pixel size) ba 1 Zodi cloud. Extraterrestrial lasers on such
and emission from a planet. An extraterrestrial laser affixed fianets would have to exceed the radiated power of the local zodiacal dust (t!
or orbiting the planet will therefore only have to overcome théirected laser power is roughly 100 W).
background from the planet itself. Any techniques used to spa-
tially resolve the planet from the zodiacal disk and the parent . o ]
star will also resolve the extraterrestrial laser. Taking the tof@l Earth—Sun system with TPF. Although it will not dramati-
background to be the sum of the reflected and blackbody ba€Rlly change the above resullts, the bodies of extrasolar syste
grounds,Lt = Lr+Lg =9 x 105. Ly ~ 4 x 107 W, we Studied by TPF will almost certainly differ in size, temperature

estimate that the laser power sufficient for interstellar comm@nd relative separation. For example, suppose that the extrat
nication, isP_ = « - Lt &~ 1 KW.! In just 40 years of develop- restrial civilization lives on the moon of a Jupiter-like planet in
ment on Earth, we have managed already to produegavatt an Earth-like orbit, where its lasers would have to compete wit
infrared CW lasers (Slusher 1999). Taking “Earth 2000” tecl&arger planetary background. SubstitutRg — R;, we find
nology as alower bound on extraterrestrial technological soph{gat the required laser powe#, ~ 100 kW, is still well within
tication, we conclude that infrared CW lasers are an altogettft Present capability. Table | shows tiiatis at most a few kW

reasonable way to achieve interstellar contact. for Solar System planets in their natural orbits as viewed by TP
from 15 pc (its specified maximum range for planet detection
4. ALTERNATIVE PLANETARY SYSTEMS Moreover, as our arbitrary choice of “Earth 2000” technology fo

the transmitting device suggests, this discussion was intend

In this rather simple treatment, we have calculated varionst as a blueprint for Earthly transmission, but rather as a sani
guantities for detecting laser transmissions from the vicinity aheck for optical SETI with TPF.

We also note that the extraterrestrial laser could be on a sat

lite in a wide (say 5-AU) orbit and therefore spatially uncorre-

8 This is the primary motivation to reduce TPF’s mirror size and place it inkated with planets in the system. In this case, the signal woul

5-AU orbit. be a narrow spectral peak on the exo-zodiacal background. St

9 Note that the above quantities were calculated assuming that the ecli ipnals might be missed if pIanetary systems are first scanned
plane of the imaged planetary system is perpendicular to TPF’s line of sight.

this angle varies to an edge-on view, the background from exo-zodiacal dust W spectral reSOluupn and only fOI!Owed up with higher reso.
increase by a factor whose maximum value is roughly the ratio of the diametefion spectroscopy if planets are discovered.
the thickness of the exo-zodiacal disk. In a beautiful measurement using COBE,
Reachet al. (1995) found this factor to be 3 in the Solar System. 5. CONCLUSIONS
10The angular resolution in the nulling mode is bounded by a need to extend

the null to the limb of the star; i.e., the null must not be narrower than the star's . . . .
disk Although not designed for optical SETI, TPF is uniquely sen

11Eyen if the transmitting device is reduced in sia@tm sothat itiradiates  Sitive to infrared extraterrestrial signals originating from ex:
a 5-AU orbit with the same photon flux, the power requirementis erdlg kw.  trasolar planets. This sensitivity in an unexplored corner ¢
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frequency/location space is particularly important in the logic Intelligence (SETI) in the Optical Spectrum, Jan 21-22, 1998c. SPIE
of SETI where we have na priori knowledge of the signal. 1867 75-113.

TPF scientists should be aware of the possibility that their elkingsley, S. 1996. Prototype optical SETI observatory. Proceedings of the Seal
periments may serendipitously extend the reach of humanity fafor Extraterrestrial Intelligence (SETI) in the Optical Spectrum I, Jan 31-

Feb 1, 1996Proc. SPIE2704 102-116.
beyond the Solar System. ] i )
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