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Test of the principle of equivalence by a null gravitational red-shift experiment
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A test of the Einstein equivalence principle (EEP) was performed by carrying out a "null"

gravitational red-shift experiment. The experiment compared the rates of a pair of hydro-

gen maser clocks with those of a set of three superconducting-cavity stabilized oscillator
clocks as a function of the solar gravitational potential. If EEP were not valid, the relative

rates could vary with potential. During the experiment, the solar potential in the laboratory

varied approximately linearly at 3 parts in 10' per day because of the Earth's orbital

motion, and diurnally with an amplitude of 3 parts in 10"because of the Earth's rotation.
An upper limit on the relative frequency variation of 1.7 parts in 10 of the external poten-

tial was set. The accuracy was limited by the frequency stability of the clocks and by un-

modeled environmental effects. The result is consistent with the EEP at the two percent

level. The experiment can also be viewed as setting a limit on a possible spatial variation of
the fine-structure constant.

I. INTRODUCTION

One of the key tests of Einstein's principle of
equivalence is the gravitational red-shift experi-
ment. ' Since 1960, when precision red-shift mea-
surements first became feasible, several tests of the
principle have been performed, including measure-
ments of the shifts of solar spectra lines, the
Pound-Rebka-Snider experiments using Fe nuclear
gamma-ray transitions, and comparisons of
aircraft-, rocket-, and satellite-borne atomic clocks
with ground clocks.

A common feature of these experiments is that
they measure the difference in rate between two
identical frequency standards located at different
points in an external gravitational field. The fre-
quencies are compared either by connecting the two
clocks by electromagnetic signals, or by transporting
the clocks around closed paths. Every experiment
performed to date has confirmed the equivalence
principle, the most accurate being the rocket-borne
Gravity-Probe A red-shift experiment, which veri-
fied the predicted frequency shift between a hydro-
gen maser on Earth and one in a Scout D rocket at a

peak altitude of 10000 km to a precision of 70 parts

per million.
A close examination of the content of the princi-

ple of equivalence reveals that a valid test would

also be provided by a "null gravitational red-shift
experiment" in which the rates of two nonidentical

clocks at the same location are compared as they
move together in a gravitational field. To see this it
is useful to state Einstein's equivalence principle
(EEP) in its purest form ': (1) The trajectories of
neutral freely falling test bodies are independent of
their structure and composition; (2) in local, freely

falling frames, the outcome of any nongravitational

test experiment is independent of the velocity of the
frame; and (3) in local, freely falling frames the out-

come of any nongravitational test experiment is in-

dependent of where and when in the universe it is

performed. (For detailed discussion and definitions
see Ref. 4.)

The first part of EEP is called the weak

equivalence principle (WEP) and has been verified to
high accuracy by Eotvos-type experiments. The
second part is known as local Lorentz invariance

(LLI) and has been tested by the Hughes-Drever ex-

1705 1983 The American Physical Society



TURNEAURE, WILL, FARRELL, MATTISON, AND VESSOT 27

periment, among others. ' The third part is called
local position invariance (LPI), and is the founda-
tion for discussion of red-shift experiments.

A consequence of the validity of EEP is the valid-
ity of the postulates of metric theories of gravity: (i)
spacetime is endowed with a metric g; (ii) test bodies
move on geodesics of g; and (iii) in local freely fal-
ling frames, the nongravitational laws of physics
take their special-relativistic forms. An important
feature of these postulates is "universality": all the
nongravitational interactions, electric, magnetic,
weak, and strong, must couple to gravitation in a
universal way, as embodied in the "comma goes to
semicolon rule. " Under this rule the equations of
the nongravitational interactions are expressed in
Lorentz-invariant form in the local freely falling
frame and then are taken over into any frame by re-
placing the Minkowski metric by the metric g and
ordinary derivatives by covariant derivatives. (See
Ref. 7 for further discussion. }

Let us now consider the consequences of EEP for
experiments. If EEP is valid, then it is straightfor-
ward to show that comparing the rates of two iden-
tical clocks at different locations in spacetime in-
volves simply comparing the motions of certain lo-
cal freely falling frames that momentarily comove
with the clocks. Since the clock rates measured in
those momentarily comoving frames must be in-

dependent of the velocities (LLI) and locations (LPI)
of the frames, and since the motion of the frames is
universal (WEP), the result is a gravitational "red-
shift" that is universal, independent of the nature of
the clocks beings studied, and that, for weak gravita-
tional fields, is given by

where f is the nominal clock frequency, U is the
Newtonian gravitational potential, and c is the speed
of light.

If, on the other hand, LPI were violated, how
would that violation manifest itself? One way might
be for clock rates measured in local freely falling
frames to depend on location. However, if every
type of clock varied in the same manner, there
would be no observable violation of LPI, since clock
rates are always defined relative to a standard clock.
Thus a violation of LPI in clock rates is observable
only if at least one kind of clock depends differently
on location than the others. Assuming that this
violation of LPI is due to nonuniversal coupling to
an external gravitational field, then for weak-field
situations one would expect the locally measured
frequency fz of a clock of type A to vary relative to
that of a chosen standard clock (of a different type)
at the same location according to

f~ =(f~ }o[1—a~ U/c'+0((U/c')')], (2)

Z =(1+a&}SU/c (4)

We have performed such a null gravitational red-
shift experiment by comparing the frequencies of
two hydrogen masers with those of three
superconducting-cavity stabilized oscillators
(SCSO's) as a function of the solar gravitational po-
tential. The experiment was performed at Stanford
University between April 1 and 11, 1978. During
this period the solar gravitational potential at the
laboratory varied sinusoidally in time with a 24-h
period because of the rotation of the Earth and the
consequent motion of the laboratory, and also varied
approximately linearly with time due to the Earth' s
eccentric orbital motion. (During the experiment
the Earth was approximately 90 degrees from per-
ihelion. ) The variation in the solar gravitational po-
tential at the laboratory is given by

u —= U/c'= —3.2X10 "cos[2ir(t —to)]

+2.8 X 10-"(t t, ), —

where u is the dimensionless reduced solar gravita-
tional potential, t is time measured in solar days,
and to =April 4.5. Making use of the great frequen-
cy stabilities of both kinds of clocks (parts in 10'4
for averaging intervals of roughly 100 seconds) we
examined the difference frequencies between the six
pairs of unlike clocks for variations having the
above signature. In terms of the LPI-violation
parameter a~:—a~ —a, for hydrogen masers and
SCSO's, we obtained the upper limit

~

a
~

(1.7X10 (6)

The result is consistent with LPI and the Einstein
equivalence principle at the two-percent level.

It might be argued that, because the frequencies

where (fz)o is the frequency of A relative to the
standard at some fiducial spacetime location from
which U is measured, and az is a dimensionless
parameter that measures the extent of LPI violation
for clock A. If LPI is valid, az ——0 for any clock
type. For a comparison of two clocks of type A and
8, the relative frequencies would vary, to first order
in U/c, according to

f~ /fB (fA /fB)o[1 (aA —aB)U/c'] .

Such a comparison —a "null" gravitational red-shift
experiment —is therefore a powerful test of LPI and
of the equivalence principle.

It is useful to note that, under these cir-
cumstances, the usual gravitational red-shift for two
identical clocks of type A would be given by'
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of both hydrogen maser clocks and SCSO clocks de-

pend primarily on electromagnetic interactions, one
would not expect them to vary differently. Howev-
er, a simple example shows that this need not be the
case, and provides an alternative interpretation of
the experiment.

Suppose that a violation of LPI manifested itself
only in a location dependence of the locally mea-
sured electromagnetic fine-structure constant a, so
that it depended upon the external gravitational po-
tential. Suppose further that other constants (speed
of light, particle masses, strong and weak interaction
constants, etc.) were unaffected. Now the nominal
frequency of a hydrogen maser is determined by the
hyperfine transition in hydrogen, while the frequen-
cy of an SCSO is determined by the size of its mi-
crowave cavity, and hence by the interatomic spac-
ing in the cavity material. We show in Appendix A
that the ratio of the maser and SCSO frequencies is
then a function of the atomic fine-structure con-
stant:

f /f. -l«U)1' (7)

From this viewpoint one can conclude that the ex-
periment sets a limit on the spatial variation of the
logarithm of the fine-structure constant of 0.007 of
the variation of the local gravitational potential.
(Some authors have set tighter, though less direct,
limits on such a variation by combining the results
of Eotvos experiments with an assumption of energy
conservation. ) Clock intercomparisons of this kind
have previously been performed in attempts to
search for a time variation in the fine-structure con-
stant, with the result

~

(I/a)da/dt
~

&4X10 ' yr (8)

II. OSCILLATOR CHARACTERISTICS
AND EXPERIMENTAL METHOD

The high-stability oscillators used in this experi-
ment were two hydrogen masers built at the Smith-
sonian Astrophysical Observatory and three

From the point of view of local position invariance,
we see that these two kinds of measurements are
complementary tests of LPI.

In Sec. II below we describe the apparatus and the
experimental method, and in Sec. III give the results
of the data analysis and discuss possible sources of
systematic effects. Section IV discusses the results.
Appendix A derives Eq. (7) while Appendix 8 de-
scribes a specific mathematical model for a violation
of EEP in electrodynamics, called the THep formal-
ism, and derives explicitly the effects of LPI viola-
tion on hydrogen maser and SCSO clocks.

superconducting-cavity stabilized oscillators built at
Stanford University. The following discussion of
their characteristics is given to help in understand-
ing some of the spurious systematic effects in the
data.

The output frequency of the hydrogen maser is
based upon the hyperfine splitting of ground-state
atomic hydrogen. ' Hydrogen atoms in the upper
hyperfine level (F=1, mF 0) ——enter a Teflon-lined
quartz sphere located in an evacuated microwave
cavity resonant at the hyperfine transition frequency
(1.42 GHz) and are stimulated to radiate to the
lower hyperfine level (F=O, m~=0) by the mi-
crowave field in the cavity. The maser's output fre-
quency is shifted from the unperturbed hyperfine
frequency by the atoms*s interactions with the
Tefion wall surface, with an imposed axial magnetic
field, and with each other. The output frequency is
also affected by variations in the cavity resonance
frequency that can be caused by changes in ambient
temperature, barometric pressure, mechanical stress,
and other sources.

The SCSO (Ref. 11) consists of an electronic self-
oscillator whose frequency-determining element is a
high-Q superconducting cavity maintained at the
temperature of liquid helium. The cavity's dimen-
sions, and thus its resonance frequency (approxi-
mately 8 GHz), can be affected by changes in tem-
perature and in mechanical stress, including stress
changes due to variations in the strength of local
gravity and in the cavity's angle of tilt relative to the
vertical.

The experiment was performed at Stanford
University, Palo Alto, California. The three SCSO's
were housed in a liquid-helium Dewar in a
temperature-controlled, isolated room. The Dewar
was equipped with a servo-controlled leveling device
to reduce the effect of floor tilt and of change in
direction of' the local gravitational acceleration on
the frequencies of the SCSO's. Two model VLG-10
masers were placed in an adjacent laboratory. Be-
cause the temperature of the laboratory was strongly
affected by outside weather conditions, a window air
conditioner with an on/off control was installed. To
moderate the temperature variations caused by the
cycling of the air conditioner, the masers were
placed in enclosures with temperature-controlled ex-
haust fans. The frequencies of the oscillators were
compared in a multiply-and-mix system that used
one of the SCSO's as a reference oscillator. (The
SCSO's are referred to as S1, S2, and S3, and the
masers as M5 and M6. Subscripts indicating fre-
quency differences use numerals only: 1,2,3 for
SCSO's and 5,6 for masers. ) A 5-MHz voltage-
controlled crystal oscillator (VCXO) was phase
locked to the output of S1, and its multiplied output
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was mixed with the signals from the four other os-
cillators to produce beat signals of 1 to 5 Hz. The
beat periods were averaged by counters and the aver-

age beat period was recorded with the time (epoch)
at the end of each measurement.

Thirteen experimental parameters were measured
and recorded at 40-min intervals. These included
maser temperatures, helium vapor pressure in the
SCSO Dewar, Dewar angle of tilt, and other condi-
tions. Local barometric pressure and the variation
of the local gravitational acceleration during the
period of the experiment were also obtained.

III. DATA ANALYSIS

A. Data preparation

The primary data were four series of averaged
beat periods between Sl (arbitrarily chosen as the
reference oscillator) and S2, S3, M5, and M6, mea-
sured asynchronously at intervals of approximately
250 seconds. These four data sets were transformed
into fractional frequency variations f&2, f&3 f]5,
and f~6 (all frequency differences are expressed as
fractions of the nominal oscillator frequencies) and
spurious points were removed. SCSO S1 was bi-
stable in operation, occasionally switching spontane-
ously for short times to a higher frequency. The
magnitude of this frequency shift is

hf/f =3.5X10 ".
All data points lying more than two standard devia-
tions from the local average frequency, including
these shifted points, were replaced by values interpo-
lated from adjacent points, the total number of such
points representing approximately five percent of
the original data. The frequencies were then aver-
aged over synchronous 20-min intervals using a 40-
min Hanning filter. The four resulting time series
were suitably added together to yield the ten
frequency-difference functions that are possible with
five oscillators. Representative series are shown in
Fig. 1.

The experimental parameter data were interpolat-
ed to produce time series in temporal registration
with the frequency data. To approximate the
response of maser frequency to ambient temperature
change, the maser-frame temperatures were
smoothed with an exponential filter having a 0.5-day
time constant. Of the 13 series of ambient-condition
data only three, the vapor pressure of the helium gas
in the SCSO Dewar and the temperatures of each of
the maser cabinets, had variations that resembled
those of the frequency differences. During the first
two days of the experiment the helium vapor pres-
sure fell rapidly, with the SCSO frequencies, partic-

ularly that of S2, showing corresponding rapid
shifts. During the eleventh day of the experiment
the liquid-helium level fell below a critical level,
causing a change of helium pressure and an abrupt
change in the SCSO frequencies. To eliminate data
that were obviously strongly affected by the vapor
pressure we disregarded the data from the beginning
and end of the experiment, keeping 8 days of data
between days 2.8 and 10.8. (Time is measured in so-
lar days beginning at one minute after midnight on
the morning of April 1.)

As shown in Eq. (5), the solar potential u consists
primarily of two terms: a diurnal variation with
daily peak-to-peak change of approximately
6&(10 ', and a linear variation of approximately
3)&10 ' per day. Because these terms have dif-
ferent signatures and are masked by separate sys-
tematic effects, we used two different regression
techniques to search for the presence of the solar po-
tential in the frequency data. Linear regression of u

on the frequency differences, which is sensitive
mainly to the linearly varying component of u, is ex-
amined in Sec. III B. A search for the diurnal com-
ponent is discussed in Sec. III C.

0.00 4.00 6.00
TIME (days)

IO.OO

FIG. 1. Selected frequency differences as functions of
time. Subscripts 1, 2, and 3 refer to the SCSO clocks,
while subscripts 5 and 6 refer to hydrogen-maser clocks.
Absolute values of the frequency differences are arbitrary;
the vertical scale measures their variation with time.
Curve labeled p shows variations in the ambient
barometric pressure. Time is measured in solar days from
12:01 a.m. April 1, 1978.

B. Linearly varying component
of solar gravitational potential

Because the major component of the solar poten-
tial is a linear time variation, u is expected to corre-
late primarily with linear frequency drifts of the os-
cillators. Such drifts can also be caused by sys-
tematic ambient effects acting on the oscillators or
by unidentified internal "aging" drifts. The effects
of the helium vapor pressure and of the maser frame
temperatures were removed by performing a multi-
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TABLE I. Regression coefficients of u on frequency
differences f~~.

Oscillator
pair

5-1
5-2
5-3
6-1
6-2
6-3
6-5
2-1
3-2
3-1

Regression
coefficient

b,)
1.45 X 10
1.25X10 '
0.57X 10-'
1.50X 10-'
1.39X 10-'
0.67 X 10
0.30X 10-'
0.36X10 '
0.58 X 10-'
0.93X10 2

Standard error
of b()

3.4X 10-4
2.4X 10
3.1X10 '
7.3X10-4
5.9X10 4

4.5X 10-4
1.7X10 '
2.6X 10
3.2X 10
3.6X10 4

pie function linear regression on each frequency-
difference time series. The independent functions
used in the regression were the reduced solar gravi-
tational potential u and the ambient effects ap-
propriate to the particular frequency difference; for
example, fi& was regressed with the helium vapor
pressure, M5's frame temperature, and u. Of the ten
frequency functions, six (written fk„) are frequency
differences between dissimilar oscillators (maser-
SCSO), and four (written f„)are differences between
similar oscillators (maser-maser and SCSO-SCSO).
The regression coefficient bk„of u on each of the

fk„ is proportional to any component of fk„ that
varies with the gravitational potential u, and thus
gives a value for a, . (Similar oscillators can have
no mutual frequency difference induced by u, so th'e
regression coefficients of u on the f„measure the
presence of unidentified systematic effects„or of
ambient effects containing linear or diurnal com-
ponents that were not completely removed by the re-
gression. ) The regression coefficients are given in
Table I.

The standard errors of the regression coefficients,
which are the errors due to scatter of the data about
the regression lines, are at most seven percent of the
values of the coefficients, while the variations
among the coefficients are on the order of magni-
tude of the coefficients; hence, the errors in deter-
minin'g the individual coefficients (the standard er-
rors} do not significantly affect the variations
among coefficients and will be ignored.

Table I shows that the regression coefficients, and
thus the relative drift rates, for masers versus
SCSO's are all positive (that is, both masers increase
in frequency faster than any of the SCSO's), and
that the drift rates between dissimilar oscillators are
for the most part greater than those between pairs of
similar oscillators, indicating that the two groups of

the oscillators are changing frequency at significant-
ly different rates.

The measurements of frequency differences be-
tween dissimilar oscillators constitute a group of ex-
periments, each experimental leading to a value for
a~, from which we wish to determine the mean
value a and its confidence interval. We cannot,
however, use the six regression coefficients bk„be-
tween dissimilar oscillators to estimate a „because
these measurements are not independent. Since the
frequency data are related by linear superposition,
only four of the six coefficients for dissimilar oscil-
lators are statistically independent. For example, the
frequency differences f&i, f&i, fsi, and fs3 produce
the differences fs3 and fsi,' therefore the regression
coefficients b53 and bs2 are related to bsi, b~2, b6i,
and b&z by linear superposition. Of the fifteen sets
of four coefficients that can be chosen from the six
bk„, three sets are not complete in that they do not
generate the remaining two coefficients; these sets
are (bsi bs2 bsi, b62) and (bs2, bs3 bs2, bss), and
(b53 bsi bs3 b6i ). The remaining 12 sets of coeffi-
cients represent different ways of measuring a „
that is, they can be regarded as 12 possible sets of 4
independent experiments. As we have seen, howev-
er, the sets are not independent of one another, and
we must choose the average regression coefficient b
of one set to estimate a

Of the 12 values of b, the largest is 1.25&&10
and the smallest is 0.99)&10 2. The span between
these is less than the typical standard error of ap-
proximately 0.4)&10, indicating that our con-
clusion is not sensitive to the choice of data set. The
largest standard deviation for b for any set is
0.48 y 10-'.

To estimate an upper bound for a we use the
largest value for b and the largest standard devia-
tion. The t distribution with three degrees of free-
dom gives the upper bound of the 95-percent confi-
dence interval for a (linear) as

~
a~, (linear}

~

&2.0X 10

We label this quantity "linear" because its value is
sensitive primarily to the linear component of u.

C. Diurnal component of solar gravitational potential

Because the diurnal component of u is an order of
magnitude smaller than the linearly varying corn-
ponent, the regression calculation described in Sec.
IIIB is relatively insensitive to the diurnal com-
ponent. This was verified by a regression calcula-
tion on the frequency data in which the diurnal term
was treated separately from the linear term; this
yielded no significant diurnal component at the 95-
percent confidence level. In order to search for a



1710 TURNEAURE, WILL, FARRELL, MATTISON, AND VESSOT 27

T

dg -3 ClTl SeC

dt J dQy

T

P=mn inch Hg dayt

-l3 -I—~d = IxC dOy
dt

f

IO.OO0.00 2.00 4.00 6.00 8.00
TIME (days)

FIG. 2. Time derivatives of frequency-difference

series, ambient parametric pressure, and local gravitation-

al acceleration.

gravitational effect without being obscured by long-
term drifts we used several time-series analysis tech-
niques to examine the data for the presence of a
diurnal variation in phase with the solar gravitation-
al potential. This approach also enabled us to take
into account two systematic effects, atmospheric
pressure and gravity tides, that have diurnal and
semidiurnal variations.

The frequency difference series show substantial
long-period fluctuations with durations from frac-
tions of days to several days. This nonstationary
behavior is characteristic of noise produced by a
first-order autoregressive process, that is, one with
the ability to integrate past effects. The noise has a
distinctly low-frequency character. In order to
detect shorter-period (diurnal) variations, we re-
moved the low-frequency noise by transforming the
frequency functions with the time derivative, which
is the inverse of the autoregressive process. Figure 2
shows the time derivatives of typical frequency
series; short-term variations with periods of approxi-
mately one-half day are clearly visible. (We
henceforth refer to these time derivatives of the fre-
quency series as derivatives series or frequency
derivatives. ) The autocorrelation functions of the
frequency derivatives, as well as Fourier transforms
of the frequency data, show that the dominant
periodicity of several of the frequency series is ap-
proximately 0.51 days. We confirmed these period
estimates with greater precision by means of non-
linear least-squares regression in which a tri-
gonometric function is fitted to the data by adjust-
ing the amplitude, period, and phase of the function.
The period of the semidiurnal perturbation deter-
mined by this method is 0.507+0.002 solar days.
This is significantly longer than half a solar day and
suggests the effect of the lunar gravitational tide.

TABLE II. Regression coefficients of u on frequency
derivatives fj.

Oscillator
pair

5-1
5-2
5-3
6-1
6-2
6-3
6-5
2-1
3-2
3-1

Regression
coefficient

—0.51' 10-'
—0.16' 10-'
—0.34' 10-'
—0.93X10 '
—0.56' 10-'
—0.51' 10-'
—0.28' 10-'
—0.58y10 '

0.34' 10-'
0.28)& 10

Standard error
of ag,

0.17' 10-'
0.12)& 10
0.12)& 10
0.29 X 10-'
0.26)& 10
0.26)& 10
0.12)& 10
0.12y10-'
0.12y1P-'
0.14y10 '

Possible mechanisms of 1unar perturbations are
changes in the local gravitational acceleration g (the
effect that causes the ocean tides) and variations in
the atmospheric pressure p, which is affected by the
variation in g. To verify the source of the perturba-
tion we cross correlated the derivatives of the fre-
quency differences with the time derivative g of the
calculated value of local g and with the derivative p
of the barometric pressure measured at Palo Alto
during the experiment. Both correlations were sig-
nificant, the closer being between the frequency der-
viative and the barometric pressure derivative. The
correlations of the derivative series in Fig. 2 with p
and g are striking.

To search for the presence of a solar diurnal com-
ponent in the frequency derivatives we regressed u,
p, g, and the appropriate experimental parameters
(helium vapor pressure and maser temperature
derivatives) on the fj. The regression coefficients

a;1 for u are given in Table II. Because the func-
tions in the regression were adjusted to zero mean,
the a,z can contain contributions only from the diur-
nal component of ti.

For oscillator pairs involving maser M6 the re-
gression coefficients, which measure the sensitivity
of the oscillators' frequencies to changes in
barometric pressure, are substantially larger than for

'most other oscillator pairs. The source of this
difference, and its possible effect on the results of
the experiment, are discussed in Sec. IV B.

As discussed in Sec. III B, only quartets of the six
coefficients ak„between dissimilar oscillators can be
regarded as independent estimates of a~. The larg-
est mean regression coefficient a for any such set is
1.00)& 10 and the largest standard deviation for a
is 0.41&(10 . From these values the greatest upper
bound of the 95-percent confidence interval for a~,
(diurnal) is
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TABLE III. Regression coefficients of p and g on fre-

quency derivatives fi.

Oscillator
pair

5-1
5-2
5-3

6-1
6-2
6-3
6-5
2-1
3-2
3-1

Regression
coefficient

of p

—9.9
—0.8

5.5
—31
—21
—16
—21
—10
—6.4

—16

Regression
coefficient

of g

—0.60X 10-4
—0.59X10 4

—0.43 X 10-'
—0.80X 10
—0.79X 10
—0.62X10 4

—0.22 X 10
—0.01X10-'
—0.16X 10
—0.17X10-'

~

a (diurnal)
~

&1.65X10

IV. DISCUSSION OF RESULTS

A. Linear drift of frequency

We have seen that the maser frequencies increased
relative to the SCSO's at rates of several parts in
10' per day. Frequency standards are often subject
to long-term systematic drifts; in particular, it has
recently been found that some hydrogen masers have
slow upward drifts in frequency at a rate of up to 1

to 2 parts in 10' per day over time spans of many
months. ' This is believed to be due to settling of
the ground joints of their resonant cavities. Over
the year prior to this experiment, M6's resonant cav-
ity decreased in length at a rate corresponding to a
change in output frequency of 1.6X10' per day.
Data on maser M5's long-term cavity frequency
drift are fragmentary; however. Table I shows that
the 5-6 regression coefficient, and hence the drift
rate between masers M5 and M6, is small compared
with those of other oscillator pairs, leading to the
conclusion that M5's frequency had a long-term
behavior similar to that of M6. It appears, then,
that the frequencies of both M5 and M6 drifted up-
ward at rates of approximately (1 to 2)X10 ' per
day during the experiment due to resonant cavity de-
formation. A spontaneous frequency drift of
1.6X 10 ' per day (equal to M6's drift rate) due to
the masers contributes to u, approximately
0.54X 10,which is 40 percent of the value of a~,
obtained in Eq. (9). Correcting a, (linear) for this
cavity-induced drift rate gives an upper bound for
the 95-percent confidence interval of

B. Diurnal frequency variations

As shown by the regression coefficients of Table
III, changes in barometric pressure affect all the fre-

quency differences, particularly those involving

SCSO S1 or maser M6. This is caused by the physi-
cal construction of the oscillators. The barometric
sensitivities of the SCSO's may arise from the fact
that they are suspended by wave guides from a plate
covering their Dewar; changes in barometric pres-
sure deflect the plate, which tilts the SCSO cavities,
causing changes in cavity dimensions that alter the
cavity resonance frequencies. Alternatively, the sen-

sitivity may result from dispersion in the microwave
electrons caused by changes in barometric pressure.

The masers barometric sensitivities were mea-
sured following the experiment. ' M6's sensitivity
was found to be approximately 3X10 ' per inch

Hg, which is consistent with the results shown in
Table III and is more than an order of magnitude
greater than the sensitivities of other masers. When
M6 was subsequently disassembled, the anomalous
barometric sensitivity was found to have been due to
a mechanical interference within the maser, which
was then corrected. In contrast, M5 had no detect-
able barometric sensitivity; measurement uncertainty
places an upper bound of approximately 8X10
per inch Hg on M5's sensitivity.

The oscillators' barometric and gravitational sen-
sitivities can affect the estimation of the diurnal
solar effect in the following way. The local varia-
tion of g, and thus of the atmospheric tide, has a
diurnal component in addition to the dominant sem-
idiurnal term. ' Because the regression analysis does
not yield a perfect fit of p or g to the frequency
derivatives, some of the diurnal variation in the fz
that is due to p and g correlates with u and thus con-
tributes to the a,j. This is suggested by Table II:
the regression coefficients ak6 (k=1,2,3) for M6-
SCSO pairs are approximately twice as large as the
respective values of the aks.

C. Conclusion

The results of this experiment are consistent with
the predictions of metric theories. of gravitation,
with the upper limit of a, being given by a,
(diurnal) as

~

a,
~

&1.7X10

The limit given by a~, (linear), which is estimated
from the frequency data uncorrected for long-term
frequency drifts, is

i a, (linear)
~

&1.5X 10 la ~ ~

&20XIO '
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After correction for cavity-induced maser frequency
drift, this measure gives

~
a, (linear)

~
& 1.5X10

The latter two limits are more likely to be affected
by unidentified systematic effects than is the former.
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APPENDIX 8: ATOMIC CLOCKS
IN THE THE@ FORMALISM

It is useful to study the response of atomic clocks
to gravitational fields within a more specific
mathematical model that incorporates nonuniversal
coupling explicitly. One such model is the THep
formalism, developed by Lightman and Lee. ' ' It
deals with the motions and electromagnetic interac-
tions of charged structureless test particles in an
external, static, spherically symmetric gravitational
field. Since the experiment described in this paper
dealt with the behavior of atomic clocks in the solar
field, this is an adequate model for the principal ef-
fects. The model assumes that the laws of electro-
dynamics can be derived from the classical action

APPENDIX A: VARIATION
OF THE FINE-STRUCTURE CONSTANT

One simple and heuristic model for violations of
LPI is to assume that the locally measured elec-
tromagnetic fine-structure constant a is a function
of an external gravitational potential, while other
constants (speed of light, particle masses, strong and
weak interaction constants, etc.) are true constants.
The frequency of the hyperfine transition in hydro-

gen and hence that of a hydrogen maser clock is

given by

hfHM=EE&t= , (e /2au—)g~(m, /m~)a, (Al)

where gz is the proton g factor, m, /mz is the
electron-proton mass ratio, and ao is the Bohr ra-
dius, given by

+ ge, fA&(x, )u,"dt

+(8~) ~ f (eE~ p'+2)d4—x (Bl)

E—= VAO —Ao 8-=VXA,
and where scalar products between three-vectors are
taken with respect to the Cartesian metric 5'J. The
functions T, H, e, and p are assumed to be arbitrary
functions of an external gravitational potential U.

The metric postulates of Sec. I are satisfied if and
only if the functions T, H, e, and p obey

We use units in which x and t have units of length.
Here mu„e„and xf (t} are the rest mass, charge,
and world line of particle a, x:t, u,":dx,"—/dt, —

au ——fi /m, e (A2) e=p=(H/T)'i (B2)
Equations (A 1) and (A2) can be combined to yield

4
hfHM ———, (m, gp )(m, /mq )c2a4 cc c2a4 . (A3)

On the other hand, the frequency of an SCSO
clock is determined by the size of the microwave
cavity, which depends on the interatomic spacing in
the material surrounding the cavity. This in turn
depends on the Bohr radius. That is,

for all U. If this is true, then all three pieces of the
action I are universally coupled to the spacetime
metric, whose components are given in this case by

too= —» glJ 8IJ t guJ (B3)

We shall first show how violations of LLI and
LPI can occur in this model. (For violations of
WEP, see Ref. 15.) We make a coordinate transfor-
mation to a frame that falls with the same accelera-
tion g as a neutral test particle, namely,

hfscso ——hc /}(, cc hc /ao ~ m, c2a ~ c2a . (A4)

fHM/fscso 0-a (U) . (A5)

Thus the ratio of the frequencies of the two kinds

of clocks is given by

g =——,H 'T'V U, (B4)

where T'=dT/dU. After appropriately rescaling
the time and space coordinates, we put the action
into the form
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I= —gmo, f (1 u—, )'~ dt+ ge, f Aqu"dt+(Sm) 'eT'r H '~ f [E (—T 'He IJ, ')B ]d x,

where the functions T, H, e, and p, are to be evaluat-
ed at the origin of the frame. We have ignored
terms in the electromagnetic action of order g x,
which lead to violations of WEP for electromagneti-
cally interacting systems, and have ignored tidal
terms O((x ) ) throughout the action. ~

The first two terms have the usual special-
relativistic forms, but the third does not, unless Eq.
(82) is satisfied. If we now rescale the vector poten-
tial A&, we can cast the action into the form

I=—gmo, f (1 u,—)'~ dt
a

+ g eg fA~u~dt

H, =To' m, ,
1/2

2 2

s TO Hp 6p
1/2 —1 I —1 e

2m~

4

H) ———Tp Hp1/2 —2 I
8m

(811)

(812)

(85)
I

nate system. In the semirelativistic lilDit, the
quantum-mechanical Hamiltonian obtained from
Eq. (81) has the form

H =H„+Hg+Hy+Hht+O((p /m, ) ), (810)

where the four terms in H are the usual rest mass,
Schrodinger, fine-structure, and hyperfine-structure
contributions, given by

+(8ir} i f (E2 c'"2+i)—d4x, (86)
Ho 'eo—'(e A/4m, r )o'L, (813)

where e, is a "rescaled charge, "given by

e.*'=e 'e '(H/T)-'"

and c~ is a "speed of light" given by

c' =(H/T)(ep)

(87)

(88)

Notice that in this coordinate system, the limiting
speed of neutral test particles, as determined from Io
in Eq. (86), has been chosen to be unity. Although
the Io and I;„,parts of the action are Lorentz invari-
ant, the electromagnetic action is not, unless c*:—1

for all U. In this way local Lorentz invariance may
be violated. Even if c*=1, the renormalized charge
e may depend upon location unless

'(H/T)'r =const .

In this way, local position invariance may be violat-
ed. If c~=—1, we see that the theory described by
Eq. (86) is equivalent to the varying-fine-structure-
constant model discussed in Appendix A. In any
case, Eqs. (87) and (88) show that the "rescaled"
fine-structure constant a~ is related to T, H, e, and

p by

E,=( m, e'/24n'}(To —'"Hoeo ') (817)

where n is an integer. The Bohr radius is given by

Hht=To' Ho '(equi/2m, )a"B, (814)

where L=x)(p is the angular momentum of the
electron, 0 are Pauli spin matrices, and 8 is the
magnetic field of the proton, given by

8=——,poI [Mr —3n( n.M~ )]r

—(8m/3)Mr5 (x) I (815)

where n=x/r. We have ignored the Darwin term
in H. By analogy with the expression for the mag-
netic moment of the electron in the hyperfine term
Eq. (814), we identify the magnetic moment of the
proton as

Mp To'r Ho '(gq——eh/2m' )a~p, (816)

where gz is the gyromagnetic ratio of the proton, as-
sumed to be independent of position.

It is then straightforward to show that the princi-
pal (Schrodinger) energy levels of hydrogen are
given by

a ~ =a(p/e)' (89}

Within the THep formalism, the behavior of
atomic clocks may be determined in detail by quan-
tizing the dynamics embodied in Eq. (81).' For our
purpose it suffices to consider a hydrogen atom con-
sisting of a proton of mass mz, charge e, and mag-
netic moment Mz, and an electron of mass m, and
charge —e. The atom is at rest in the THep coordi-

ao ——(A' /m, e )(To Ho ieo) . (818)

X(To Hoeo po) . (819)

Similarly, from H~~, the energy of the lowest hyper-
fine transition of hydrogen is given by

bEht= , m, (e /I ) gr(m—,/mz)
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From the canonical Hamiltonian for the elec-
tromagnetic field obtained from Eq. (81) we find
that the energy of an electromagnetic mode in a mi-
crowave cavity is given by

E, =(N + , )fix—o, (820)

where N is the number of quanta and cp is the
resonant frequency of the cavity, related to the wave
number k by the dispersion relation

E(P)( Z
—1/2~ —3/2 —1/2)

0 0&0 IM0 (822)

where E' ' depends only on atomic constants and in-
tegers. To determine the predicted position depen-
dence of the ratio of hydrogen maser and SCSO fre-
quencies, we take the ratio of Eqs. (819) and (822)
to obtain

~

k
~

' —eppptp'=0 . (821) (823)

For a stationary mode,
~

k
~

ccL ', where L is the
length of the cavity, itself proportional to the Bohr
radius ao. Thus

Thus, with this formalism the null gravitational
red-shift limits the spatial variation of (pp«p) / . If
EEP is satisfied, pp/'Ep= 1—
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