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still accrete from the circumbinary disk, via gas streams that move
across the tidal gap. Under these circumstances, accretion will occur
preferentially into the lower mass component of the system, driving
the mass ratio towards unity, as observed in L1551 IRS5.

In the case of the visible T Tauri stars, which are sources more
evolved than L1551 IRS5, there is evidence7,8 that the stars
constituting a close binary (that is, a pair with separation of
less than 100 AU) have less millimetre emission than single stars
or wide binaries. This result has been taken to indicate that the
gravitational interactions between the members of the binary
result in less massive disks. In the case of extremely young stars
like L1551 IRS5, there are no data available yet to search for similar
tendencies. M
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Table 1 Integrated flux densities for the two components of L1551 IRS5

Wavelength A (North) B (South) Interferometer Reference
.............................................................................................................................................................................

18 cm 0:70 6 0:20 0:60 6 0:20 MERLIN *
3.6 cm 0:78 6 0:02 0:70 6 0:02 VLA This work
2.0 cm 1:2 6 0:1 0:9 6 0:1 VLA 20
1.3 cm 2:0 6 0:2 1:5 6 0:2 VLA †
7.0mm 7:4 6 0:5 4:8 6 0:5 VLA This work
2.7mm 45 6 6 23 6 6 BIMA 26
.............................................................................................................................................................................
Flux densities are in mJy.
* S. Curiel et al., manuscript in preparation.
† D. W. Koerner and A. I. Sargent, manuscript in preparation.
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Seismology provides a powerful tool for probing planetary
interiors1,2, but it has been considered inapplicable to tectonically
inactive planets where earthquakes are absent. Here, however, we
show that the atmospheres of solid planets are capable of exerting
dynamic pressure on their surfaces, thereby exciting free oscilla-
tions with amplitudes large enough to be detected by modern
broad-band seismographs. Order-of-magnitude estimates of
these forces give similar amplitudes of a few nanogals for the
Earth, Venus and Mars despite widely varying atmospheric and
ambient conditions. The amplitudes are also predicted to have a
weak frequency dependence. Our analysis of seismograms,
recorded continuously from 1992 to 1993 at 13 globally distrib-
uted stations, shows strong evidence for continuously excited
fundamental-mode free oscillations on the Earth. This result,
together with other recent studies3–5, is consistent with our
estimate of atmospheric forcing and we therefore propose that
it may be possible to detect atmospheric excitation of free
oscillations on Venus and Mars as well.

The Sun pulsates owing to acoustic waves generated by intensive
turbulent gaseous motion on the top of the convective layer6.
Similar processes should occur on solid planets having atmospheres,
and should excite seismic waves that propagate throughout the solid
interior, thereby inducing free oscillations. Such planetary atmos-
pheric disturbances should occur even on tectonically inactive solid
planets such as Mars and Venus.

We now estimate the order of magnitude of the seismic free
oscillations excited by atmospheric disturbances. Some atmospheric
gases such as water vapour and carbon dioxide cause a so-called
greenhouse effect7. Atmospheres are relatively transparent to visible
light but have strong absorption at infrared wavelengths8. Visible
light absorbed at and near the surface is converted and re-radiated at
infrared wavelengths. The infrared rays are absorbed into the
atmosphere and warm the air near the surface. The resultant
buoyant force induces atmospheric convective motions. In a
steady state, the heat flux transported by the atmosphere must be
balanced by the net solar influx:

v2

H
¼ gaDT ð1Þ

Sð1 2 AÞ=4 ¼ ratCpDTv ð2Þ

Symbols used are defined in Table 1. From the above equations, the
amplitude of the velocity fluctuation is:

v ¼ ðgaSð1 2 AÞH=4ratCpÞ
1=3 ð3Þ

† Present address: Earthquake Research Institute, University of Tokyo, Tokyo, Japan.
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The associated dynamic pressure fluctuation is scaled by p0 ¼ ratv
2,

and pressure disturbances with timescale 1/f (where f is frequency)
are:

dp ¼ p0

f 0

f
ð4Þ

where 1=f 0 ¼ H=v is the timescale of convective motion. This
frequency dependence is obtained from dimensional considera-
tions. To construct the dimension of pressure in terms of S, H and
time 1/f, we require S/Hf, to which the right-hand side of equation
(4) is proportional. Although equation (4) was constructed by
dimensional analysis, it is consistent with observations of atmos-
pheric pressure. Here we consider only temporal variations of
convective cellular motions whose scale is about H. Smaller-scale
turbulence may be important for generation of acoustic waves in the
atmosphere, but is less effective in generating elastic waves in the
solid portion of the planet.

Fluctuations of pressure loading on the surface of the solid
portion will preferentially excite fundamental spheroidal modes,
because their elastic energy is confined to shallower depths than
overtone modes. Here we use a simplified form of the comprehen-
sive theory of excitation of free oscillations9 to assess the excited
amplitudes of fundamental spheroidal modes. We consider a steady
state in which a balance is achieved between energy input from
atmosphere to a mode (energy input rate G) and dissipation of its
elastic energy E (the dissipation rate ΓE) in the same manner as is
done in helioseismology10:

G ¼ ΓE ¼
q

Q
E ð5Þ

Here E < q2Med
2=2, where d is displacement, q is angular frequency

and Me is effective elastic mass (solid density 3 surface area 3
penetration depth of the elastic energy). The input power is
G ¼ qdF, where the force exerted on a mode is F ¼ 4pR2dp=L.
The cut-off angular order is L ¼ 2pR=H. We assume that the
horizontal correlation length of the random atmospheric distur-
bance is approximately equal to H, and the spatial power of the
disturbance is equipartitioned into L2 modes. From the above
equations, we obtain the amplitude of the excited acceleration:

a ¼ q2d ¼
QHp0f 0

pRrsollf
¼

QHp0f 0

pRrsolc
ð6Þ

where we use the horizontal wavelength l ¼ c=f as the penetration
depth. The frequency dependence of this amplitude is weak, as the
quality factor Q and the surface-wave phase velocity c are not
strongly dependent on frequency in the millihertz band. Using
typical values for various parameters, we obtain amplitudes of
the order of nanogals (10−11 m s−2) for the Earth, Venus and Mars
(Table 1) in spite of greatly differing solar energy input rates,
planetary masses and atmospheric densities. Such amplitudes are
detectable by standard broad-band seismographs11,12.

We have analysed continuous records from 13 stations of the
Incorporated Research Institutions for Seismology (IRIS) network13

for 1992–93 to search for continuously excited free oscillations of
the Earth. The instruments are STS-111 very broad-band seis-
mometers. We selected the 13 stations which have the lowest
ground noise level (slightly less than 10−18 m2 s−4 Hz−1 in the
millihertz band) in the IRIS station catalogue. For each station,
we produced a spectrogram (a contour plot of power spectral
density in the frequency–time plane) after removing glitches,
nonlinear responses due to large earthquakes, and tidal compo-
nents: we divided the data into segments of about a half day
long with overlaps of about a quarter of a day. We then
calculated power spectral densities for each segment using
Weltch tapering, and lined up the spectrograms with respect
to time. These spectrograms show intervals with large oscilla-
tions excited by earthquakes of various magnitudes.

To exclude signals due to earthquakes with seismic moment
M0 . 1017 N m, we calculated the power A5(t0) of segments in the
band from 2.5 to 7.5 mHz (based on the Harvard Centroid-Moment
Tensor (CMT) catalogue14) and discarded segments from the origin
time until the time when A5ðt0Þexp½ 2 f ðt 2 t0Þ=Qÿ (f ¼ 5 mHz and
Q ¼ 200) becomes less than 5:0 3 10 2 22 m2 s 2 4 (about a tenth of
the noise level). We also discarded segments in which the power
A10(t) in the band from 7.5 to 12.5 mHz is larger than
5:0 3 10 2 21 m2 s 2 4 to exclude the effects of local smaller earth-
quakes and other transient phenomena. Further details will be
presented elsewhere (K.N. and N.K., manuscript in preparation).
The criteria for identifying continuous signals that we interpret as
atmospherically excited free oscillations are as follows: (1) funda-
mental spheroidal modes are selectively excited with nanogal accel-
eration in a broad frequency range, (2) weak frequency dependence
of the amplitudes.

Figure 1a shows selected data at SUR, which is one of the quietest
stations. Weak but definite vertical stripes at the frequencies of
fundamental spheroidal modes are identified. An ensemble average
of the power spectral density is shown in Fig. 1b. From 3 to 7 mHz,
distinct peaks are observed at the frequencies of the fundamental
spheroidal modes. The power spectral densities are about
1 3 10 2 18 m2 s 2 4 Hz 2 1and do not show marked dependence on
the frequency. To estimate the acceleration, we multiplied these peak
values by the full width at half the peak value and took the square
root. The obtained values are slightly less than 1 3 10 2 11 m s 2 2, that
is, 1 nGal. This is consistent with our order-of-magnitude estimate
(above) for the amplitude of free oscillations due to continuous
atmospheric excitation. We obtained similar results from other
stations (Fig. 2).

Continuously excited signals with frequency-independent ampli-
tudes at the nanogal level have also been observed in other
studies3–5. These results, taken together, suggest the existence of
continuously excited free oscillations in a broad frequency range
from 0.3 to 7 mHz. Nawa et al.3 reported seasonal variations in
amplitude (higher amplitudes in the period from May to Septem-
ber), but we have not yet confirmed seasonal variations in our data.
It is necessary to use a longer time series to clearly verify the
existence of seasonal variations, because variations of only ,10%
are expected.

Table 1 Physical parameters and excited amplitudes

S
(Wm−2)

A rat*
(kgm−3)

T
(K)

R
(106 m)

g
|(ms−2)

H
(104 m)

Cp

(J K−1kg−1)
v

(ms−1)
p0

(Pa)
t0

(103 s)
a†

(nGal)
...................................................................................................................................................................................................................................................................................................................................................................

Venus 2,620 0.78 65.3 750 6.03 8.9 1.58 657 0.9 48 18 2.2
Earth 1,370 0.30 1.16 290 6.38 9.8 0.87 1,030 3.8 17 2.2 3.4‡
Mars 590 0.16 1:33 3 102 2 240 3.40 3.7 1.21 657 13 2.6 0.88 3.3
...................................................................................................................................................................................................................................................................................................................................................................
Here S is solar energy flux, A albedo, rat density of atmosphere at surface, Tsurface temperature, R radius of planet, g surface gravity, H pressure scale height, Cp specific heat at constant
pressure, v and p0 are scales of velocity and pressure fluctuations, respectively, and t0 ¼ 1=f0 is timescale of convective motions in the atmosphere.
* We treat atmospheres as diatomic ideal gases. Molecular weights are 44, 28 and 44 for Venus, Earth and Mars, respectively.
† We used solid density rsol ¼ 4 3 103 ðkgm2 3Þ, surface wave velocity c ¼ 5 3 103 ðms2 1Þ and quality factor Q ¼ 200 to evaluate the resultant amplitudes. These values are typical for
fundamental spheroidal modes in the millihertz band. We also used these values for Venus and Mars.
‡ On the Earth, energy is carried by not only sensible heat but also by latent heat of water vapour. If we take the latent heat in our estimate, the excitation amplitude has the somewhat smaller
value of ,0.8 nGal.
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Although we attempted to exclude the influence of earthquakes
in our analysis, we consider further whether the observed
continuously excited oscillations might have been driven by earth-
quakes. Small earthquakes (with seismic moment M0 , 1017 N m
and not listed in the CMT catalogue) might induce incessant low-
amplitude free oscillations. To evaluate the amplitudes of steady-
state free oscillations excited by small earthquakes, we calculated
the mean seismic moment release rate 〈Ṁ0〉 using the well
known (Gutenberg–Richter) magnitude–frequency relation15 in
the seismic moment range from 0 to 1017 N m, and obtained
〈Ṁ0〉 ¼ 2 3 1012 N m s 2 1. Then the amplitudes are written as;

a ¼
2〈Ṁ0〉
ΓlMe

¼
〈Ṁ0〉Qf

ð2pcRÞ2rsol

; ð7Þ

where a is roughly proportional to f and a < 1 3 10 2 3 nGal at
3 mHz. Thus we conclude that the observed continuously excited
free oscillations were not excited by earthquakes. Another candidate
for the origin of the observed signals is slow earthquakes, which
could selectively excite low-frequency modes16. To examine this

possibility, we carefully searched for abrupt and coherent excitation
of low-frequency modes in our spectrograms, but no instance of
such signals was found. We also considered the possibility of oceanic
excitation but, for the following reasons, this mechanism is less
effective than atmospheric excitation. First, convective motions in
the ocean are weak mainly because the input energy (mean heat
flow from the ocean bottom is ,7:8 3 10 2 2 W m 2 2; ref. 17) is
lower than the input solar radiation to the atmosphere. Second,
microseisms15 (seismic waves excited by ocean waves induced by
winds) have their maximum power near 100 mHz, far from the free-
oscillation band.

We conclude that the Earth’s atmosphere can continuously excite
detectable free oscillations. The amplitudes and frequency depen-
dence of the observed signals are consistent with our theory. Mars
and Venus should also have observable continuously excited funda-
mental spheroidal mode free oscillations excited by their atmos-
pheres; it should be possible to use such signals to probe the internal
structure of these planets, at least the upper-mantle structure. We
consider that seismological observations by broad-band seism-
ometers on Mars and Venus are likely to be a promising method
of probing their interiors. M
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One leading candidate theory of high-temperature superconduc-
tivity in the copper oxide systems is the interlayer tunnelling (ILT)
mechanism1. In this model, superconductivity is created by
tunnelling of electron pairs between the copper oxide planes—
contrasting with other models in which superconductivity first
arises by electron pairing within each plane. The ILT model
predicts that the superconducting condensation energy is
approximately equal to the gain in kinetic energy of the electron
pairs due to tunnelling. Both these energies can be determined
independently2–4, providing a quantitative test of the model. The
gain in kinetic energy of the electron pairs is related to the
interlayer plasma frequency, qJ, of electron pair oscillations,
which can be measured using infrared spectroscopy. Direct
imaging of magnetic flux vortices also provides a test5, which is
performed here on the same samples. In the high-temperature
superconductor Tl2Ba2CuO6, both the sample-averaging optical
probe and the local vortex imaging give a consistent value of
qJ < 28 cm 2 1 which, when combined with the condensation

energy, produces a discrepancy of at least an order of magnitude
with deductions based on the ILT model.

In the ILT model, the normal state is different in nature from the
traditional Landau Fermi liquid. As a result, coherent transport of
single charge carriers between the planes is strongly inhibited in the
normal state. In the superconducting phase, tunnelling of pairs is
possible, and the superconducting condensation energy (Econd) in
the ILT model is the gain in kinetic energy (EJ) due to the tunnelling
of those pairs: Econd ¼ hEJ. The number h is of the order of 1 when
ILT is the only active pairing mechanism3. With conventional
mechanisms, although usually h p 1, there is no prediction for h
that is free from materials parameters. A crucial point in this
discussion is that both Econd and EJ are experimentally accessible
quantities, thus allowing the experimental verification of the ILT
hypothesis. Econd can be measured from the specific heat6; EJ can
be determined by measuring the interlayer (Josephson) plasma
frequency7.

For this work, we used two kinds of samples: single crystals and
epitaxial thin films of Tl2Ba2CuO6. The crystals have a supercon-
ducting transition temperature (Tc) of 82 K and transition width
(10%–90%) of 13 K, as determined by bulk susceptibility measure-
ments using a superconducting quantum interference device
(SQUID). Using 4-circle X-ray diffraction, we verified that the
material belongs to the tetragonal I4/mmm space group, with (for
the crystals) lattice parameters a ¼ b ¼ 3:867 Å, and c ¼ 23:223 Å.
The films have Tc ¼ 80 K as determined by d.c. resistivity, and
c ¼ 23:14 Å. Both types of samples have relatively large physical
dimensions perpendicular to the c-axis, corresponding to the
conducting copper oxide planes (50 mm2 for the thin films, and
1 mm2 for the crystals). They have small dimensions along the c-axis
(,1 mm for the thin films, and ,50 mm for the crystals).

To determine the plasma resonance, we measure the reflection
coefficient of infrared radiation incident on the a–b-plane at a large
angle (808) with the surface normal8. A sketch of our experiments is
shown in Fig. 1. In the case of the single crystals, the intensity of the
reflected light drops below our detection limit if the wavelength
exceeds 0.2 mm (that is, for q=2pc , 50 cm 2 1, where q is an angular
frequency and c is the speed of light) due to diffraction. Using thin
films we were able to extend this range to 20 cm−1. The electric field
vector of the radiation is chosen to be parallel to the plane of
incidence, resulting in a large component perpendicular to the
CuO2 planes. This geometry allows absorption of the light by lattice
vibrations and plasma-oscillations polarized perpendicular to the
planes.

In Fig. 2a we show the single-crystal and thin-film reflectivity for
q/2pc above and below 150 cm−1, respectively. All prominent
absorption lines for frequencies above 50 cm−1 correspond to
infrared-active lattice vibrations, which show no strong tempera-
ture dependence. In the 4 K spectrum we observe a clear absorption

Figure 1 Diagram of the experimental set-up. A, Grazing-incidence reflectivity.

The p-polarized light incident at a grazing angle sets up a periodic electric field

pattern, which is polarized perpendicular to the sample surface, and decays

exponentially inside the solid. B, Scanning SQUID microscopy. The octagonal

pick-up loop detects the magnetic flux perpendicular to the a–c face.


