
magnitude larger than in star-forming galaxies. This all suggests a
heating source other than stars and the AGN is the obvious
alternative. Differential magni®cation of AGN-heated gas therefore
seems to be responsible for the high luminosity of the CO�9 ! 8�
line.

Although highly excited regions with CO emission ampli®ed by
gravitational lensing are good markers of the presence of molecular
gas at high redshifts, they may give a poor representation of its
average physical conditions, particularly of its total mass and
distribution. At z . 3, this excitation bias becomes more serious
since millimetre-wave interferometers, the instruments usually used
for such searches, can detect only CO J � 1 ! J; J . 2 whose
excitation requirements are n�H2� > 104 cm 2 3 and T > 50 K.
These values, being typical of the average conditions in star-forming
clouds, mark a gradual excitation turnover.

Observations of the CO�1 ! 0� and CO�2 ! 1� transitions, with
their minimal excitation requirements, may reveal much larger
molecular gas reservoirs at high redshifts. The VLA is currently
the only instrument capable of sensitive, sub-arcsecond observa-
tions of these lines and will thus be an important tool for unbiased
surveys of metal-enriched H2 gas around objects in the distant
Universe21. M

Methods
Our observations took place during 23±24 April 2000 using the VLA in its C
con®guration. After all overheads, 20 hours were spent integrating on APM08279+5255.
19 of the 27 antennas were equipped with 43-GHz receivers (Tsys � 45±100 K); all were
equipped with 22-GHz receivers, including eleven new receivers with Tsys,40 K (com-
pared with 100±150 K for the remainder).

We used the new fast-switching technique22,23, recording data every 3.3 s, with 30 s on
the calibrator and 170 s on the source (210 s in the 22-GHz band); the typical slewing
overhead to the compact phase calibrator, 0824+558, 3.38 away was 7 s. The pointing
accuracy was checked every hour.

This technique yields diffraction-limited images at the highest VLA operating
frequencies over long baselines. Conventional phase referencing would not have been able
to track tropospheric phase variations and self-calibration techniques could not be
employed because of the low signal-to-noise ratio per baseline.

We used the continuum mode, placing emphasis on sensitivity rather than line pro®le
information. A dual-polarization 50-MHz band was placed as close to the expected line
centre as could be allowed by correlator limitations: 23.4649 GHz for CO J � 1 ! 0
(+91 km s-1 from the line centre3). Bandpass roll-off limited the effective bandwidth per
intermediate frequency (IF) to ,45 MHz which, at z � 3:9, corresponds to Dv,575 km s 2 1

at 23 GHz. The remaining IF pair was tuned to simultaneously observe the continuum at
23.3649 GHz (+1,280 km s-1).

We obtained matching velocity coverage at 43 GHz (CO J � 2 ! 1) by placing two
contiguous 50-MHz dual-polarization bands at 46.9399 GHz (-20 km s-1 from the line
centre). The continuum was observed on a separate occasion with both IF pairs tuned to
43.3 GHz. The ¯ux-density scale was ®xed using 3C286; the uncertainty is ,15% at
23 GHz and ,20% at 46 GHz. Calibration and reduction of the data was standard in most
respects and the r.m.s. noise in all the maps is similar to the expected theoretical limit.

We cannot completely rule out the possibility that phase errorsÐcaused by
atmospheric ¯uctuations too fast to be tracked even by our fast-switching schemeÐare
the cause of the extended CO emission, but we consider it to be remote. This is borne out
by an extensive series of tests: inspection of the raw visibilities; separate imaging of left-
and right-hand polarization maps; imaging of the most phase-stable subset of the data;
and imaging of the calibrator source. The agreement between the nuclear CO J � 2 ! 1
emission and its associated 3.5-cm continuum is also strong testimony to the coherence of
the CO J � 2 ! 1 map; the point-like 23.4-GHz continuum emission, observed
simultaneously with the neighbouring line emission, provides similar supporting evidence
for the resolved CO J � 1 ! 0 emission.
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Circumstellar accretion disks transfer matter from molecular
clouds to young stars and to the sites of planet formation. The
disks observed around pre-main-sequence stars have properties
consistent with those expected for the pre-solar nebula from
which our own Solar System formed 4.5 Gyr ago1. But the
`debris' disks that encircle more than 15% of nearby main-
sequence stars2±5 appear to have very small amounts of gas,
based on observations of the tracer molecule carbon monoxide6±8:
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these observations have yielded gas/dust ratios much less than 0.1,
whereas the interstellar value is about 100 (ref. 9). Here we report
observations of the lowest rotational transitions of molecular
hydrogen (H2) that reveal large quantities of gas in the debris disks
around the stars b Pictoris, 49 Ceti and HD135344. The gas
masses calculated from the data are several hundreds to a
thousand times greater than those estimated from the CO obser-
vations, and yield gas/dust ratios of the same order as the
interstellar value.

We used the Short Wavelength Spectrometer10 (SWS) aboard the
Infrared Space Observatory11 (ISO), which provided the ®rst
opportunity to conduct measurements of the H2 J � 2 ! 0 S(0)
28 mm and J � 3 ! 1 S(1) 17 mm pure rotational transitions above
the Earth's atmosphere. These lines are the lowest energy transitions
of the H2 molecule, but are dif®cult (17 mm) to impossible (28 mm)
to observe from the ground because of telluric absorption. A
number of classical T Tauri stars, Herbig Ae stars, and young
(pre-)main-sequence stars with con®rmed circumstellar disks
were observed. The results of the searches toward T Tauri and
Herbig Ae stars may be found elsewhere12,13. Here we focus on three
sources previously classi®ed as `Vega type' objects; that is, low-mass
disks with a dust population that is assumed to be dominated by
second-generation grains3.

High-sensitivity mid-infrared observations of H2 such as those
made possible by ISO have a number of advantages over more
commonly used indirect tracers for assessing the molecular gas
content of debris disks. For a gas of solar composition, molecular
hydrogen is the overwhelmingly most abundant gaseous species (by
four orders of magnitude), obviating the uncertainties associated
with the conversion factors needed for other molecules.

The homonuclear nature of H2 makes the intrinsic pure rota-
tional transition strengths suf®ciently small that the optical depths
of the mid-infrared lines are low, greatly simplifying the radiative
transfer analysis. Because the lines appear in emission and are
optically thin, any disk orientation can be studied. Substantially
higher temperatures are required for excitation of the H2 vibration-
rotation manifold near 2 mm, and special geometries are needed to
conduct either near-infrared or vacuum ultraviolet (electronic)
absorption-line measurements. Thus, observations of the H2 mid-
infrared lines are the most direct way of probing the bulk of the
warm molecular gas in the inner ,100 AU of disks.

The observed intensities of the H2 lines are close to the ISO
sensitivity limit, as Fig. 1 shows, and so required the development of
special software to supplement the standard SWS Interactive
Analysis Package. A detailed description of the software used to
improve the SWS dynamic range can be found elsewhere12,14 (see
Fig. 1 legend for details of the observing procedure). Table 1 presents
the integrated line ¯uxes observed toward b Pictoris, 49 Ceti, and
HD135344. The S(1)/S(0) ratios yield a direct measure of the
excitation temperature provided the gas densities are large
enough that collisional rates exceed ultraviolet pumping and
spontaneous emission from the J � 2 and 3 levels (ncr*
104 cm 2 3). For both the debris disks reported here and the disks
surrounding T Tauri and Herbig Ae stars12, temperatures near 100 K
are foundÐvalues comparable to the dust temperatures derived
from ®ts of debris disk spectral energy distributions15. The non-
detection of the J � 4 ! 2 S(2) and J � 5 ! 3 S(3) lines at 12.278
and 9.662 mm limits the gas temperature to less than 250 K.

The total gas mass is very sensitive to temperature because the
transition upper states lie at 510 and 1,015 K above ground,
respectively, but, as outlined in Table 1, is straightforward to
derive if thermal equilibrium is assumed and the distance to the
source is known. Values range from a minimum of 0.17MJ (Jupiter
mass) for b Pictoris to just over 6.6MJ for HD135344. Only an upper
limit to the S(1) ¯ux is available for 49 Ceti, which constrains the
temperature at less than 100 K, corresponding to gas masses of at
least 0.35MJ. The uncertainties in the inferred masses are estimated
to be a factor of three, and stem mainly from the weakness of the
lines and the unknown molecular hydrogen ortho/para ratio in such
disks.

The line shapes are unresolved at the velocity resolution available
to ISO, and 49 Ceti and HD135344 are too far away for their disks to
be resolved with the large beams sampled by the SWS. Although b
Pictoris is extended in the ISO±SWS beam, only observations
centred on the star have been performed. As a result, no spatial
information is available for the gas, and the ¯uxes obtained thus
yield only lower limits for the gas mass.

Table 1 also lists the minimum dust masses derived from ISO
measurements of the 60±240 mm continuum ¯uxes by assuming the
emitting particles are small compared to the observing wavelength15

along with the gas mass estimated by CO observations. As can
be seen, the gas mass exceeds that inferred for dust grains by
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Figure 1 Spectra of the lowest pure rotational molecular hydrogen transitions toward the

b Pictoris, 49 Ceti, and HD135344 debris disks taken with the Infrared Space

Observatory. The SWS mode 2 was used10, with an aperture of 200 3 270 at the S(0) line

and 140 3 270 at the S(1) transition, corresponding to 400 AU ´ 540 AU and 280 AU ´
540 AU, respectively, at the distance of b Pictoris (1 AU = Sun±Earth

distance � 1:5 3 1013 cm). The dashed vertical line depicts the rest wavelengths of the

H2 transitions, and the solid curve illustrates the range of potential wavelength shifts

induced by grating repositioning errors or pointing offsets of the spacecraft. All line shapes

are consistent with the instrumental spectral resolution of l=Dl < 2;000=2;400 at

28.218/17.035 mm. Typical integration times were 600±1,000 s per line, in which the

12 SWS detectors were scanned several times over the 28.05±28.40 and 16.96±

17.11 mm intervals around the H2 lines. Individual scans are examined for cosmic ray

glitches, dark current drifts, and readout non-linearities before being summed to produce

a ®nal spectrum12,14. Off-source integrations toward 49 Ceti and HD135344 reveal no H2

S(1) emission to a limiting ¯ux of 8 3 102 15 ergs s 2 1 cm2 2 root mean square.
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approximately the interstellar gas-to-dust ratio9 of 100, but the total
mass is below that of the so-called minimum mass solar nebula
required to generate our own planetary system, ,10MJ. The H2 gas
provides a reservoir from which gaseous giant planets may form,
but, except for HD135344, the gas masses are insuf®cient to form
any new Jupiter-mass planets in these optically thin disks. Indeed,
provided the ages of these systems can be well constrained, such
molecular hydrogen observations provide direct upper bounds for
the formation timescales of jovian planets.

The presence of H2 but absence of CO can be understood from
models of the photodestruction of these molecules in disks16. The
ultraviolet radiation from the star and from the ambient interstellar
radiation ®eld can destroy CO in tenuous disks and in the outer
layers of more massive disks, whereas freeze-out of the molecule
onto the surfaces of grains17 occurs in the cold inner part of massive
disks. In contrast, H2 is not signi®cantly removed by photolysis until
the disk mass falls below 10-3MJ, and it does not freeze out onto
grains. Millimetre-wave studies of both 49 Ceti and HD135344 have
detected weak CO rotational line emission7,12 consistent with gas
gravitationally bound to the star, but the inferred molecular gas
abundances are factors of 100±1,000 lower than found here. This
has led to the perception that these and other6 `debris' disks are
largely free of gas, but our H2 observations indicate that this is not
the case. The mechanisms through which the original massive disks
were dissipated remain uncertain. Presumably, this involves a
combination of accretion of matter inward onto the star and
removal through interaction with a stellar wind and photo-
evaporation, if the ultraviolet radiation from the star is suf®ciently
powerful18.

It has been postulated that various transitory optical features
observed toward b Pictoris result from the evaporation of infalling
planetesimals19,20, induced by dynamically important companions.
It is dif®cult, however, to envision the required H2 mass being
generated by secondary processes after disk dissipation. Further-
more, the high gas/dust ratios can signi®cantly alter the dust
transport dynamics. For disks with a negative radial pressure
gradient, gas surface densities some 100±1,000 times lower than
those originally present enlarge the grain size for which rapid
outward drift occurs to diameters of &100 mm, owing to the non-
Keplerian velocity ®eld of the gas and the co-rotation of the gas and
dust21. Larger particles drift inward. If the gas mass is suf®ciently
large, dust generation by collisional cascade can be shut off
completely even in optically thin disks22.

For b Pictoris, the low gas mass enhances the need for the in situ
generation of 1±100 mm dust grains23, because such particles can be
ef®ciently ejected from the system; the gas/dust ratio of ,100 found
for b Pictoris could thus be coincidental in that substantial amounts
of dust and gas may be hidden in large bodies. The gas masses
derived for HD135344 and, perhaps, 49 Ceti may be large enough to
prevent a collisional cascade of dust generation, yet increase the
importance of radiative dust ejection, provided the disks are

optically thin. As such, they may be better interpreted as tenuous
remnants of substantially more massive accretion disks. If so,
HD135344 and 49 Ceti could be extremely interesting transition
objects in which jovian planet formation may no longer be possible
but for which the residual gas allows us to image gravitational
perturbations in the disks owing to existing planets formed at earlier
stages.

Central to this argument are the likely ages of the star/disk
systems. For early-type ®eld stars, the isochrones that are used to
estimate ages based on stellar properties such as luminosity and
effective temperature are consistent with two solutions. Vega, for
example, can be interpreted either as a pre-main-sequence object a
few Myr old or a main-sequence star whose age is *300 Myr. In
most debris-disk studies, it is this older age that has been assumed4,5.
The older ages lead to the natural conclusion that the dust must be
regenerated in situ, because radiation pressure and Poynting±
Robertson drag forces provoke the loss of less than micrometre-
sized grains within only 0.1±1 Myr in gas-free disks, and also that
dust disks are the most observable features of planetary systems like
our own.

The age of b Pictoris has recently been estimated to be
20 6 10 Myr using nearby M dwarfs argued to be part of the same
loose cluster on the basis of proper motion studies and Hipparcos
distances24. Ages for 49 Ceti and HD135344 derived by recent pre-
main-sequence stellar evolution models25 are 8 and 17 Myrs, respec-
tively, as shown in Table 1. In addition, HD135344 possesses certain
features reminiscent of young Herbig Ae stars26. Thus, these objects
may in fact be the descendants of circumstellar disks formed in a
recent episode of local star formation.

Older stellar ages are consistent with the prevailing view that the
probability of stars with ages of less than 10±30 Myr lying within a
few tens of parsecs to the Sun is unlikely. The discovery of four
nearby (d , 50±60 pc) young associations suggests, however, that
local star formation happened as recently as 10±50 Myr ago, and
that the Sun now lies within this stream of young stars27. For
example, the G2 star/disk system HD207129 lies at a similar
distance, as does b Pictoris, and has alternatively been assumed to
be either 4.7 Gyr old28 or only a few tens of millions of years in age27.
Indeed, the sensitivity limitations of the IRAS all-sky survey that is
the basis for most debris-disk searches and the ISO instruments
used for follow-up ensured that only nearby or fairly massive disks
have been located until now3,29. Searches for H2 such as that
performed here can help to establish the gas/dust mass and evolu-
tionary state of the sources, but only a small number of objects have
been surveyed so far with adequate sensitivity. Our current under-
standing of remnant and debris disks may therefore be biased by the
local star formation history and instrumental sensitivity. The
present results suggest that jovian planet formation can occur on
timescales of up to 20 Myr, but we stress the limited nature of the
present sample. More massive disks easily capable of jovian planet
formation are seen around several T Tauri and Herbig Ae stars of

Table 1 Infrared Space Observatory H2 observations of debris disks

Source d (pc) Age (Myr) H2 S(0) H2 S(1) Tex (K) H2 mass (MJ) Dust mass (10-2 MJ) MH2
via CO (MJ)

...................................................................................................................................................................................................................................................................................................................................................................

b Pictoris 19.3 20 6 10 7.0 7.7 109 0.17 0.3 ,6 ´ 10-5

49 Ceti 61 8 6 4 6.6 ,3 ,100 .0.35 0.63 0.006
HD135344 80 17 6 3 9.0 5.5 97 6.6 8.5 0.005
...................................................................................................................................................................................................................................................................................................................................................................

The integrated molecular hydrogen rotational line intensities, gas masses and dust masses toward the b Pictoris, 49 Ceti, and HD135344 debris disks. The integrated intensities of the H2 J � 2 ! 0 [S(0)]
and J � 3 ! 1 [S(1)] lines at 28.218 and 17.035 mm are presented in units of 10-14 ergs s-1 cm-2. Masses (in MJ) are derived using local thermodynamic equilibrium (LTE) from the expression

MH2
� 1:76 102 17 Fuld

2

�hc=4pl�Aul xu

where d is the distance in parsec, Ful is the ¯ux of either the S(0) or S(1) H2 transition, h is Planck's constant, c is the speed of light, l the observing wavelength, and Aul is the Einstein spontaneous emission
coef®cient. The upper state population xu for the line in question is very sensitive to the excitation temperature, which is ®tted from the S(1)/S(0) ratio assuming that the ortho/para ratio is in LTE at the
excitation temperature Tex (ortho=para � 1:6 for Tex � 100 K). Numerically, Tex � 505:24=ln�112:51S�0�=S�1��, in K. As upper limits only are available for the S(1) ¯ux from 49 Ceti, the H2 mass is calculated
for the upper temperature limit of 100 K, resulting in a lower bound for the mass. Dust masses are from the ISO measurements of ref. 15. The H2 mass for b Pictoris refers to the inner 400 AU, which contains at
least 80% of the disk mass16. The age estimates for 49 Ceti and HD135344 are derived using the pre-main-sequence stellar evolution tracks of ref. 25, and that for b Pictoris is taken from ref. 24. The main-
sequence upper limit to the age of b Pictoris is approximately 100 Myr; the limits for 49 Ceti and HD135344 are even younger.
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only slightly younger ages, for example, and illustrate the pressing
need for better statistics12.

The Space Infrared Telescope Facility (SIRTF) to be launched by
NASA in 2002 will go much deeper than IRAS and ISO, and will
provide hundreds of new targets for further study. Improved mol-
ecular-line observations will also become possible with the high-
resolution mid-infrared spectrometers nearing completion for use
on large ground-based telescopes (for the 17-mm S(1) line) and the
Stratospheric Observatory for Infrared Astronomy (SOFIA) (for all
H2 lines including the 28-mm S(0) transition).These diffraction-
limited spectrometers will possess both the spatial and spectral
resolution required to examine whether the gas and dust are co-
spatial in the disks, and can establish whether the gas persists to
within a few AU of the central star without the use of coronographic
techniques. In the longer term, a mid-infrared spectrometer on the
Next Generation Space Telescope (NGST) would make possible the
detection of Earth-masses of H2 gas at temperatures down to 50 K.
By combining continuum and line studies of disks around stars up
to several tens of Myr in age, it will be possible to determine both
gas/dust dissipation and jovian planet formation timescales; and to
examine the role of collisional, radiative and gaseous processes in
shaping the evolution and survival of dust clouds in planetary
systems. M
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The possibility of creating and manipulating entangled states of
systems of many particles is of signi®cant interest for quantum
information processing; such a capability could lead to new
applications that rely on the basic principles of quantum
mechanics1. So far, up to four atoms have been entangled in a
controlled way2,3. A crucial requirement for the production of
entangled states is that they can be considered pure at the
single-particle level. Bose±Einstein condensates4±6 ful®l this
requirement; hence it is natural to investigate whether they
can also be used in some applications of quantum information.
Here we propose a method to achieve substantial entanglement
of a large number of atoms in a Bose±Einstein condensate. A
single resonant laser pulse is applied to all the atoms in the
condensate, which is then allowed to evolve freely; in this
latter stage, collisional interactions produce entanglement
between the atoms. The technique should be realizable with
present technology.

Consider a set of N two-level atoms con®ned by some external
trap. In order to describe the internal properties of these atoms, it
is convenient to let the internal states jain and jbin of the nth
atom represent the two states of a ®ctitious spin-1/2 particle with
angular momentum operators j �n�z � 1=2�jai hajn 2 jbi hbjn�; j �n�x �

1=2�jbi hajn� jai hbjn�, and j �n�y � i=2�jbi hajn 2 jai hbjn�. We consider
collective effects of the atoms that are described by total angular
momentum operators, J � SN

n�1j�n�. The entanglement properties of
the atoms can be expressed in terms of the variances and expectation
values of these operators. In the Methods section we show that if

y2 [
N�DJn1

�2

h Jn2
i2
� h Jn3

i2 , 1 �1�

where Jn [ n X J and the ns are mutually orthogonal unit vectors,
then the state of the atoms is non-separable (that is, entangled). The
parameter y2 thus characterizes the atomic entanglement, and states
with y2 , 1 are often referred to as `̀ spin squeezed states''7. Here
we show how to reduce y2 by several orders of magnitude using
the collisional interactions between atoms in a Bose±Einstein
condensate.
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