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point, we assume an interlayer mecha-
nism: For any mechanism involving cou-
pling pairs within the planes, the entire
condensation energy does not depend cru-
cially on ¢. The current is 2e times the
derivative of this energy with phase;
hence, the superconducting binding ener-
gy is given by
#i]

Fana = €05 @ (5)

(accounting for interactions with two neigh-
boring layers). The “Josephson” plasma fre-
quency (7), which in this case is the plasma
frequency itself, is given by
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(e is ~20, and d is the c-axis lattice con-
stant). From the value 50 cm™' for o,
hJ J/ 2e = 4/3 K. This is then equated to the
value of F__, per unit cell. In any reason-
able theory, and in fact in that of Chakra-
varty and Anderson (8)

1
Fcond = -2_ N(O)AZ (7)

simply by energy-entropy balance. With
a density of states at o = 0 of N(0) = 1/,
=~ (1 eV) ! (where t is the in-plane ele-
ment of the kinetic energy matrix t), this
gives

A=100K (8)

which is correct to within a factor 2. That
is, the Josephson and condensation energies
are the same, at least within the factor 2
accuracy of these estimates.

The anisotropy of the penetration depth
will, in these materials, be greater than
expected according to band theory and will
give too large a value of the band mass
relative to band calculations. The constant
corresponding to n/m in the expression

1 4mmne?

AN omc?
which is proportional to t lz/t” in conven-
tional theory (¢, is the out-of-plane ele-
ment), will be more like t¢4/t||3~ Here [ have
observed that both the coherence length &
and the penetration depth A, the two pa-
rameters of Ginsberg-Landau theory, are
uniquely determined in the ¢ direction by
the assumption of interlayer coupling as the
mechanism for T, if the material has only
one type of layer. The coherence length
(from the assumption in Eq. 5) is simply d
(actually d/V2 or ~4 A), and the penetra-
tion depth c/ooJ is determined from Eq. 6
[~2 X 1072 cm, in (LaSr),CuO,]. The
coherence length is in fair agreement with
direct experiments (9).

[ can see no alternative explanation of
these very striking experimental data.

)

Other single-layer materials, especially the
Tl and Hg compounds, should be studied
in the same way. Multilayers such as
YBCO (yttrium barium copper oxide) will
have much more complex infrared spectra,
which nonetheless would be of interest to
probe carefully. In these cases, there
should be two Josephson-type frequencies,
corresponding to the two different inter-
layer matrix elements ¢, . and t, _, with
the smaller one corresponding to the pen-
etration depth and coherence length (be-
cause phase stiffness adds by inverses) and
the larger one to T_ or A, because T adds
directly [evidence of such a second fre-
quency is suggested in some experiments
(2)). By this reasoning, the coherence
length should satisfy

d t4_<z

(st
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where t, _2 and t, _* are, respectively, the
larger and the smaller of the interlayer
tunneling coupling constants. This result
is in accord with the existing observations.
Multilayers will have a corresponding
increase in \_ (penetration depth for cur-
rent parallel to the ¢ direction) as well.
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Water on the Sun

Lloyd Wallace, Peter Bernath,” William Livingston,
Kenneth Hinkle, Jennifer Busler, Bujin Guo, Keqing Zhang

High-resolution infrared spectra of sunspot umbrae have been recorded with the 1-meter
Fourier transform spectrometer on Kitt Peak. The spectra contain a very large number of
water absorption features originating on the sun. These lines have been assigned to the
pure rotation and the vibration-rotation transitions of hot water by comparison with
high-temperature laboratory emission spectra.

The hot water molecule is the most impor-
tant source of infrared opacity in the spectra
of oxygen-rich late-type stars (1). Water is
particularly prominent in the spectra of
variable red giant stars (Mira variables) (2)
and in other cool M-type stars (3). For very
cool stars (“brown dwarfs”), water is pre-
dicted to be the most abundant molecule
after hydrogen (I, 4).
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The water molecule was discovered in
molecular clouds in 1969 on the basis of the
maser transition from 6,4 to 5,5 at 22 GHz
(5). In spite of the large rotational con-
stants, which place most transitions in the
submillimeter region, many masing transi-
tions are known for numerous objects (6).
The water masers are thought to be colli-
sionally pumped, and they are often associ-
ated with star-forming regions (6).

Because water is a strong absorber in
Earth’s atmosphere, there is a severe prob-
lem in detecting cool extraterrestrial water
from the ground. Fortunately, the pure rota-
tion and the vibration-rotation lines of hot
water can pass through Earth’s atmosphere
because the large rotational constants of
water (A, = 27.877 cm™ !, By = 14.512
em™!, and Cy = 9.289 cm™!) shift the
highly excited transitions well away from
the telluric absorptions of cooler water.
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At 5785 K (7), the photosphere of our
sun is too hot to permit water to exist,
although the hydroxyl (OH) free radical is
well known (8, 9). It has been calculated
that at a temperature of about 3900 K the
concentrations of water and OH are equal;
below this temperature, water is the domi-
nant oxygen-containing molecule (4) as
well as the dominant opacity source.

Sunspots appear dark against the solar
disk because they are cooler than its pho-
tosphere (Fig. 1) (7). We have recorded and
reduced the infrared (IR) spectra of two
sunspot umbrae; one spectrum covers the
region from 1.16 to 5.1 wm (1970 to 8640
cm™!) and the other the region from 8.1 to
21 pm (470 to 1233 cm™'). The first spec-
trum includes the 1.25-, 2.2-, 3.4-, and
5-wm atmospheric windows (called the J, K,
L, and M bands, respectively) and the sec-
ond covers the 10-um (N band) window
through Earth’s atmosphere. These spectra
contain numerous atomic and molecular
absorption features arising from CO, OH,
HCI, HF, CN, SiO, and H,0O. All of these
molecules have been reported before except
water (8). W. S. Benedict made some iden-
tifications of H,O in the near-IR (1.1 to 2.5
pm) in Hall’s 1970 sunspot atlas (10), but
the work was never completed and is un-
published. We report here on the identifi-
cation of numerous water lines in sunspots.

The spectra in the region from 1970 to
8640 cm ™! were obtained on the morning
of 26 July 1991 with the 1-m Fourier trans-
form spectrometer (FTS) at the McMath-
Pierce telescope of the National Solar Ob-
servatory on Kitt Peak (11). A 7-arc sec

Fig. 1. A portion of the 26 July 1991 solar disk
photographed in white light, which shows the
6000 K granulation field and a mature, much cold-
er sunspot. In this reproduction, the sunspot um-
bra appears uniformly dark but has, in reality,
brightness structure. The 7-arc sec white dot,
representing the input aperture to the Fourier
transform spectrometer, has been positioned in
the darkest, coolest, umbral *‘void’’ (26) where the
temperature falls to about 3500 K and the water
molecule can form and exist.
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FTS entrance aperture was positioned on
the darkest part of the mature sunspot um-
bra (diameter, 29 arc sec) (Fig. 1). The
lower wave number limit was set by the
InSb detector and the upper limit by a
silicon filter. Spectra were recorded at air
masses of 1.5 and 2.3 with a resolution of
0.015 em™!. By definition, when the tele-
scope points at the zenith, the radiation
from an object passes through 1 air mass.

We used the two spectra at different air
masses to correct for atmospheric absorp-
tion by extrapolating to zero air mass. This
point-by-point extrapolation is possible
with high signal-to-noise spectra but, of
course, fails in the centers of strong absorp-
tion features. The final spectra were
smoothed with a binomial filter of 0.024
cm ! full width at half maximum (FWHM)
from 1970 to 8000 cm™! and 0.037 cm ™!
FWHM for 8000 to 8640 cm ™ 1.

A magnetic field strength of 0.336 T
(3360 G) was determined from the Zeeman
splitting of a Ti atomic line at 4481 cm™ L.
The Zeeman effect typically broadens or
splits atomic lines to 0.7 cm ™! (FWHM) for
a magnetic field of 3000 G at 4100 cm ™! for
a Landé g value of 2.5. Molecular lines have
smaller widths of 0.07 cm™! (near 4100
cm ™ !) determined by mass motion (thermal
and turbulent Doppler broadening). The
effective temperature of the sunspot is
about 3300 K as determined by the strength
of the 2-0 CO vibrational band head at
4360 cm ™! (12). The effective spectral class
of the umbra of the sunspot is M2 to M5 on
this basis.

A typical page from the spectral atlas

produced for this sunspot (11) is shown in
Fig. 2. There is a broad Si I line at 2704.10
cm™!, a quartet of strong OH vibration-
rotation lines at 2702 to 2706 cm ™! (9), the
P(8) line of the 1-0 vibration-rotation band
of H¥*Cl at 2703.01 cm™! (13, 14), and a
few scattered H,O lines that can be identi-
fied (for example, 2710.19 cm™! is the
2250 to 21}, 4 rotational line of the 001 to
010 vibrational band) with the currently
available H,O energy levels (15). Ultimate-
ly, lines from 10 vibration-rotation bands
were identified (11).

Although H,O has been studied exten-
sively both experimentally (15-17) and
theoretically (18), the reported energy lev-
els are inadequate to identify all of the lines
in the umbral spectra. There are numerous
additional strong and weak lines (Fig. 2)
that undoubtedly belong to water but can-
not yet be assigned.

The 10-pm spectrum (470 to 1233
cm 1) of a different umbra (19) shows an
even denser set of absorption lines (Fig.
3B). This spectrum was recorded for other
purposes on 4 March 1982 by R. Noyes, ]J.
Brault, R. Hubbard, and J. Wagner. A KCl
beam splitter was used, and the spectrome-
ter resolution was 0.005 cm™!. The “seeing”
was very good, and the sunspot showed deep
and dense molecular absorption. A refer-
ence spectrum of the penumbra of the spot
was also recorded, and we used it to correct
for telluric absorption by dividing the um-
bral spectrum by the scaled reference spec-
trum. Figure 3A presents the reference spec-
trum (top trace) and the umbral spectrum
(lower trace), whereas in Fig. 3B there are
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Fig. 2. A portion of the sunspot spectrum in the 3.7-pm region (7 7). The lower trace in both panels is the
observed spectrum recorded at an air mass of 2.3, and the upper trace is the spectrum corrected for
atmospheric absorption by extrapolation to zero air mass. The two panels form a continuous spectrum.
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two corrected umbral spectra. The upper
trace in Fig. 3B is a somewhat warmer um-
bral spectrum recorded on 7 April 1981 and
presented only for comparison purposes.

The identity of the dense molecular
absorption was not obvious. Pure rotation-
al lines of OH (9) and HF (14) can be

found as well as the strong Av = 1 vibra-
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Fig. 3. A portion of the sunspot spectrum in the 12-pm region. (A) The lower trace is the spectrum of the
sunspot umbra and the upper trace is the spectrum of the penumbra, which serves as a reference
spectrum to correct for atmospheric absorption. (B) The spectra of two different sunspots, corrected for
atmospheric absorption [(*) indicates a peak due to H,O]. The lower trace is the sunspot spectrum
recorded on 4 March 1982, and the upper trace is the spectrum of another sunspot recorded on 7 April
1981. The umbral spectrum of 4 March 1982 has particularly strong molecular lines.
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Fig. 4. A comparison between the laboratory emission spectrum (top trace) of hot water, the spectrum
of a sunspot penumbra (middle trace), and a sunspot umbra (lower trace) [water peaks are indicated by
(]. The water features at 537 cm~" and 539.6 cm ™" show self-absorption in the laboratory emission
spectrum and correspond to telluric water features in the lower two traces.
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tional bands of SiO (20, 2I), but the
remaining lines form no regular pattern
and can have a density approaching 50
lines per reciprocal centimeter. It seemed
likely that these lines are due to water, but
the reported energy levels (15-18) were
completely inadequate to confirm this.
Therefore, new laboratory emission spec-
tra of hot water were recorded at the
University of Waterloo.

These new spectra were recorded at a
resolution of 0.01 cm™! in the regions from
350 to 1000 em ™! and 800 to 2900 cm™ 1. A
flow of water vapor at a pressure of 15 torr
was maintained in a mullite (3A1,0;-2Si0,)
tube furnace at 1550°C. A KBr beam splitter
and a Si:B detector with a cold filter were
used for the region from 350 to 1000 cm™},
and a HgCdTe detector and an uncooled
filter were used for the region from 800 to
2900 cm™!. The observed line density in the
region from 700 to 900 cm™! is about 14
lines per reciprocal centimeter. This line
density is still less than that observed in the
umbra because the water in the laboratory is
cooler.

A temperature of 3200 K for the umbra
was derived from the Av = 1 SiO vibration-
rotation lines. For a sunspot, this is a rela-
tively low temperature (7) and is the reason
why the molecular lines are so deep and
prominent (Fig. 3). A temperature of 3700
K (20) was derived from the Av = 1 SiO
lines by Glenar et al. (20) for the umbra that
they observed.

In spite of the difference in temperature
between the water in the laboratory spec-
trum (1820 K) and the water in the umbral
spectrum (3200 K), most of the strong lines
in the latter have corresponding laboratory
features (Fig. 4). We conclude that the
remarkably dense lines in the sunspot spec-
trum are due mainly to water. Moreover,
most of the weaker unmarked lines in this
spectrum are probably also due to water.

The column densities of water in the
sunspot umbrae are difficult to estimate
because the transition strengths of the
highly excited rotational transitions are
not reliably predicted. However, our pre-
liminary estimate for the umbral spectrum
of 26 July 1991, based on calculations (2)
for a few clean lines near 4000 cm ™! and
5700 cm™!, is 2 X 10" molecules per
square centimeter.

The water lines in the 10-pm sunspot
spectrum (Fig. 3) represent pure rotational
transitions in the ground vibrational level
and in various excited vibrational levels. No
more than 20% of the lines in the new
laboratory spectra can be assigned quantum
numbers on the basis of the currently known
energy levels. Water is a very asymmetric top
with such large rotational constants that the
Watson Hamiltonian normally used to rep-
resent the energy levels is divergent (22).
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This means that the necessary extrapolation
of the known lower rotational J transitions to
the unknown higher ] transitions will fail
with the traditional perturbation Hamiltoni-
an. Some progress can be made if the diver-
gent series is resumed with the use of Padé
approximants (22) and other more sophisti-
cated schemes (23). The assignment of the
hot water vapor spectrum is therefore a dif-
ficult task (24). The water spectrum is of
fundamental importance and presents such a
theoretical challenge that new techniques
(18, 25) for the calculation of spectra are
often tested with it.
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The “Wake-Sleep’’ Algorithm for
Unsupervised Neural Networks

Geoffrey E. Hinton,* Peter Dayan, Brendan J. Frey,
Radford M. Neal

An unsupervised learning algorithm for a multilayer network of stochastic neurons is
described. Bottom-up ‘“‘recognition’” connections convert the input into representations
in successive hidden layers, and top-down ‘‘generative’”’ connections reconstruct the
representation in one layer from the representation in the layer above. In the ‘“wake”
phase, neurons are driven by recognition connections, and generative connections are
adapted to increase the probability that they would reconstruct the correct activity vector
in the layer below. In the “‘sleep” phase, neurons are driven by generative connections,
and recognition connections are adapted to increase the probability that they would
produce the correct activity vector in the layer above.

Supervised learning algorithms for multi-
layer neural networks face two problems:
They require a teacher to specify the desired
output of the network, and they require
some method of communicating error infor-
mation to all of the connections. The wake-
sleep algorithm avoids both of these prob-
lems. When there is no external teaching
signal to be matched, some other goal is
required to force the hidden units to extract
underlying structure. In the wake-sleep al-
gorithm, the goal is to learn representations
that are economical to describe but allow
the input to be reconstructed accurately.
We can quantify this goal by imagining a
communication game in which each vector
of raw sensory inputs is communicated to a
receiver by first sending its hidden repre-
sentation and then sending the difference
between the input vector and its top-down
reconstruction from the hidden representa-
tion. The aim of learning is to minimize the
“description: length,” which is the total
number of bits that would be required to
communicate the input vectors in this way
(I). No communication actually takes
place, but minimizing the description
length that would be required forces the
network to learn economical representa-
tions that capture the underlying regulari-
ties in the data (2).

The neural network has two quite differ-
ent sets of connections. The bottom-up
“recognition” connections are used to con-
vert the input vector into a representation
in one or more layers of hidden units. The

Department of Computer Science, University of Toron-
to, 6 King’s College Road, Toronto, M5S 1A4, Ontario,
Canada.
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top-down “generative” connections are
then used to reconstruct an approximation
of the input vector from its underlying rep-
resentation. The training algorithm for
these two sets of connections can be used
with many different types of stochastic neu-
rons, but for simplicity, we use only stochas-
tic binary units that have states of 1 or 0.
The state of unit v is s, and the probability
that it is on is

Prob(s, = 1)

1
1+ exp(_bv - 2 SuWayy

SV
where b, is the bias of the unit and w,, is
the weight on a connection from unit u.
Sometimes the units are driven by the
generative weights, and at other times
they are driven by the recognition
weights, but the same equation is used in
both cases (Fig. 1).

In the “wake” phase, the units are driven
bottom-up with the recognition weights; this
produces a representation of the input vector
in the first hidden layer, a representation of
this representation in the second hidden lay-
er, and so on. All of these layers of represen-
tation combined are called the “total repre-
sentation” of the input, and the binary state
of each hidden unit j in the total represen-
tation « is s7%. This total representation could
be used to communicate the input vector d
to a receiver. According to Shannon’s cod-
ing theorem, it requires —log r bits to com-
municate an event that has probability r
under a distribution agreed upon by the
sender and receiver. We assume that the
receiver knows the top-down generative
weights (3), so that these can be used to
create the agreed probability distributions
required for communication. First, the activ-




