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We describe a simple realization of Fizeau’s “aether-drag” experiment. Using an inexpensive setup, we
measure the phase shift induced by moving water in a laser interferometer and find good agreement with the
relativistic prediction or, in the terms of 19" century physics, with Fresnel’s partial-drag theory. This appealing
experiment, particularly suited for an undergraduate laboratory project, not only allows a quantitative measure-
ment of a relativistic effect on a macroscopic system, but also constitutes a practical application of important
concepts of optics, data acquisition and processing, and fluid mechanics.

PACS numbers: 03.75.Kk,03.75.Lm

I. INTRODUCTION

In introductory courses and textbooks dealing with spe-
cial relativity, Fizeau’s “aether-drag” experiment often ap-
pears simply as an application of the law of composition of
velocities, sometimes in the form of an exercise.! However,
Albert Einstein himself declared that Fizeau’s measurement
of the speed of light in moving water was, together with stellar
aberration, one of the experimental results that had influenced
him most in the development of relativity.” In introductory
expositions of Fizeau’s experiment, a discussion of the his-
torical development of ideas that lead to it, as well as details
about the experimental setup itself, are often lacking. More-
over, many textbooks actually show incorrect experimental ar-
rangements that would not allow in practice for the observa-
tion of the effect. Here we show that one can actually perform
Fizeau’s experiment with rather modest equipment, and that
such a project illustrates in an appealing way not only rela-
tivistic kinematics, but also interesting aspects of wave optics,
data acquisition and processing, and even fluid mechanics.

This article is organized as follows. We first review briefly
the historical background of Fizeau’s experiment, a “test” of
special relativity carried out more than half a century before
relativity was born! Then, for completeness, we recall in
Section III the derivation of the expected fringe shift in both
the relativistic and non-relativistic frameworks, following the
usual textbook treatment of the problem. We then turn to the
main point of the paper, namely how to reproduce the exper-
iment in an undergraduate laboratory. Section IV is devoted
to the description of our apparatus, starting with an emphasis
on the experimental trade-offs one needs to address in the de-
sign phase. Finally, we discuss in Sec. V the results obtained,
first with water as a moving medium, and then with air, in
order to discriminate between relativistic and non-relativistic
predictions. The use of a white-light source instead of a laser
is presented in appendix A, with a discussion of the possible
advantages and drawbacks. Appendix B establishes a useful
fluid mechanics formula using dimensional analysis.

II. HISTORICAL BACKGROUND

Since Fizeau’s aether drag experiment is a landmark among
the various experimental and theoretical developments lead-
ing to special relativity, it is worthwhile to recall briefly the
history of these developments. An extensive historical study
of the subject is beyond the scope of this paper: in what
follows we merely recall the main steps that led to Fizeau’s
aether drag experiment, as well as the major subsequent
developments.?

We begin our reminder in the 17*" century, at a time when
the nature of light was a matter of harsh debate, as evidenced
by the famous controversy between Christiaan Huygens and
Isaac Newton. The measurement of the speed of light in a
material medium of refractive index n was considered a cru-
cial test since Huygens’ wave theory implies that the speed of
light in the medium is ¢/n, while Newton’s corpuscular theory
predicts it to be nc, where c is the speed of light in a vacuum,
known to be finite since the work of Ole Rémer in 1676.*
Newton’s views prevailed until the beginning of the 19" cen-
tury, when interference experiments by Thomas Young and
polarization experiments by Etienne Malus firmly established
the wave theory.

An important step was the measurement by Francois Arago
of the deviation of light from a distant star by a prism in 1810.
The idea of Arago is that if the speed of the light coming
from distant stars is decreased or increased by the Earth ve-
locity, Newton’s theory predicts that the deviation by a prism
is different from what would be observed if the source were
terrestrial. He therefore tried to detect this difference, with a
negative result. It seems to be the first experiment in a long se-
ries, which showed the impossibility of detecting the relative
motion of light with respect to the Earth.°

Arago soon became friend with Augustin Fresnel, who had
a mathematically sound theory of light waves, and asked him
if the wave theory could explain the null result he had found.
Fresnel’s answer came a few years later.” His demonstration
is based on the hypothesis of an absolute aether as a support
of light waves, associated to a partial drag by transparent me-
dia. That is, if the medium of index n moves with speed v,
the aether inside the medium moves only at speed (1 —n"2)v.
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FIG. 1: (Color online) Sketch of the interferometer used by Fizeau.
Figure adapted from.” For the sake of clarity, the two counter-
propagating beams are drawn in different colors. S: source; O: ob-
server; M: mirror; W;: windows; L;: lenses; B.S: beam splitter;
DS: double slit.

The value of Fresnel’s drag coefficient 1 —n~2 precisely gives
a null result for the Arago experiment. His demonstration, us-
ing some supposed elastic properties of the aether, is however
not so convincing by modern standards.®

The first Earth-based direct measurement of the speed of
light was realized in 1849, yet by Hippolyte Fizeau, by means
of a rotating cogwheel. This kind of time-of-flight technique
was soon improved by Léon Foucault who, using a rotating
mirror, succeeded in showing that the speed of light is lower in
water than in air.® Nevertheless, such absolute measurements
were far from accurate enough to measure the small change of
the speed of light in moving media.

This is where Fizeau’s aether-drag experiment enters the
scene. As we shall see, it is based on a much more sen-
sitive differential measurement using the interferometric ar-
rangement shown in Fig. 1. It was performed in 1851 and
almost immediately reported to the French academy of sci-
ence, then translated in English.lo He measured an effect in
agreement with Fresnel’s theory to within a few percent. This
unambiguously ruled out concurrent theories postulating total
aether drag.

Many experiments of increasing precision were then under-
taken to try to evidence the influence of Earth motion on light
propagation, but all gave negative results. It soon became ap-
parent that Fresnel’s partial drag prevented to measure any ab-
solute motion of Earth to first order in v/c: in what would now
be called a review paper,'! Eleuthére Mascart concludes in
1874 (our translation): “the general conclusion of this mem-
oir would be [...] that the translation motion of the Earth is of
no appreciable consequence on optical phenomena produced
with terrestrial sources or solar light, that those phenomena do
not allow to appreciate the absolute motion of a body and that
only relative motions can be attained.”

Then, in 1881 Albert Michelson designed a new interfer-
ometer, which, according to existing theories, could evidence
Earth displacement respective to aether because the expected
effect was proportional to (v/c)?. His first measurement was
at most half of the expected fringe shift. He then improved
the apparatus with Edward Morley. The two physicists grad-
ually became convinced of a negative result. In 1886 they
decided to redo Fizeau’s experiment, which was the only one
with a positive result, and had not been reproduced. With a
careful design of the hydraulics part, and an improved design
for the interferometer,'2 they were lead to confirm Fizeau’s

result, and Fresnel’s aether drag, with a much higher preci-
sion. However, in their celebrated experiment of 188713 the
measured shift was at most 0.01 fringe instead of an expected
0.4. The two experiments were thus incompatible according
to existing theories, Fizeau’s one needing a partial drag and
Michelson-Morley’s one a total drag of aether.

History then accelerated. In the late 1880’s, George Fitzger-
ald proposed the length contraction. In 1895, Hendrick
Lorentz published his theory of electromagnetic media, in
which he derived Fresnel’s formula from first principles. At
the beginning of the 20'" century, it became evident that
time dilation was also necessary to account for all electro-
magnetic phenomena. After Albert Einstein published the
theory of special relativity in 1905, Max Laue, in 1907, de-
rived Fresnel drag coefficient from the relativistic addition of
velocities.'* All experiments, being either of first (Fizeau) or
second (Michelson-Morley) order in v /¢, were then explained
by a single theory with no need for an aether with such special
properties.

In the relativistic framework, one can also account for the
effects of dispersion, already predicted by Lorentz in 1895.
Pieter Zeeman, in his 1914-27 experiments, tried to mea-
sure this effect.'> The supplementary term makes only a few
percent correction, but Zeeman succeeded in measuring it.'®
More recently, the experiment was done in liquids, solids and
gases using ring lasers!” and confirmed the value of the dis-
persion term to within 15%.'® Fizeau’s experiment has also
been successfully transposed to neutron matter waves. '

As we have seen, Fizeau’s aether drag experiment was a
crucial turning point between old and modern conceptions of
light and space-time. This therefore makes its replication par-
ticulary valuable from a pedagogical point of view.

III. THEORETICAL BACKGROUND

In this section we recall the derivation of the phase differ-
ence Ay induced by the motion, at velocity v, of the medium
of refractive index n in the interferometric arrangement shown
in Fig. 2, which is essentially the one used by Michelson and
Morley in 1886.'2 Let us consider first the case where water
and monochromatic light, with vacuum wavelength )\, propa-
gate in the same direction (shown in green on the figure). In
the frame where water is at rest, the phase velocity of light is
¢/n. In the laboratory frame, using the relativistic composi-
tion of velocities, the phase velocity of light is

c/n+v

o c/n+v
T I+ (vee/n)/e?

- 1+wv/(ne)’ M

The phase accumulated by light over the propagation distance
of 2/ is thus

_ 2me 2

P+ = 2

A ’U+.

Where light and water propagate in opposite directions (red
path on the figure), the corresponding phase ¢ _ is obtained by
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FIG. 2: (Color online) Sketch of the experimental setup (see text for
details). M;: mirror; W;: windows; BS: beam splitter. The two
counter-propagating beams are drawn in different colors for clarity.

replacing v by —wv in the above result. The phase difference
between the two arms of the interferometer thus reads:

Ap = o —py 3
_ o 2l (1—v/(nc) 1+v/(nc)
= A ( c/n—v e/n+wv ) @

Expanding the above result to first order in v/c, we find:

v 4
Apre, =2m — — (n” —1). 5)

It is not difficult to do the same calculation using the non-
relativistic addition of velocities v+ = ¢/n £ v. One then
finds:

Anon—ra, = 27 2 22, (6)

c A

i.e. the same functional form except for a coefficient n?
stead of n2 — 1. In Fresnel’s language, this would correspond
to a complete aehter-drag. The ratio of the predictions (6) to
(5) is about 2.3 for water (n = 1.33), and becomes very large
(~ 1700) for air (n — 1 = 3 x 10~*%), whence the interest
of performing the experiment also with air (see section VE
below).

As said before, the above derivation is first due to Laue in
1907, and is the one found in most textbooks. It has been
pointed out'® that such an approach is not rigorous since the
relativistic composition of velocities applies to point-like par-
ticles, and not to the phase velocity of waves. However a rig-
orous derivation, based on the Lorentz transformation of the
four-vector k* = (w/c, k) associated to light, gives the same
result provided the light and the medium propagate along the
same axis.!®

Up to now, we have neglected dispersion, i.e. the variation
of the refractive index of the moving medium with the light
frequency w. However the frequency of the light in a moving
frame is shifted by the Doppler effect. The shifts are oppo-
site for the counterpropagating beams in the interferometer,

depicted in red and green in Figs. 1 and 2. They are then sub-
jected to slightly different refraction indices due to dispersion.
Then, in Eq. (5) the factor n? — 1 has to be replaced by:?

n?—1+ nwd—n (7
dw
Using the wavelength-dependent refractive index of water
found in tables,?! a simple calculation shows that for water
at A = 532 nm, the fringe shift is actually 3.8% greater than
what Eq. (5) predicts.

IV. EXPERIMENTAL SETUP: FIZEAU’S EXPERIMENT
MADE EASY

A. Requirements

Fizeau’s experiment was a real tour de force made possible
by the very clever design of the experiment (Fig. 1). The im-
provement by Michelson and Morley essentially transforms
the original wavefront-division setup into a much brighter
amplitude-division one. In both arrangements, that we would
call now Sagnac interferometers,?? the two interfering beams
follow almost exactly the same path (see Fig. 2). This not only
doubles the interaction length with the moving medium, but,
more importantly, rejects common-mode phase fluctuations
(due e.g. to turbulence). This arrangement also ensures that
the optical path length difference between the two interfering
arms is zero when the interferometer is perfectly aligned (see
section V D below).

Equation (5) shows that the expected fringe shift is en-
hanced by using a short wavelength A, and a large product ¢v.
Let us get an estimate of the requirements on the velocity. We
first set £ ~ 2 m to make the size of the apparatus reasonable.
Second we choose A\ = 532 nm that corresponds to cheap
diode-pumped solid state lasers. Then one sees that achiev-
ing a phase shift on the order of 1 rad with water (n ~ 1.33)
requires velocities on the order of 4 m/s. The experimental
setup is thus required to allow for the detection of a shift of
a fraction of a fringe, and to produce a water flow of several
meters per second.

The key in the success of the experiment is the care taken
in doing the plumbing. We thus describe successively in more
details the various components of our experimental setup and
refer the reader to the pictures shown in Fig. 3.

B. Hydraulics

For simplicity and low cost, we have built our system from
standard piping material available in any hardware store, and
in such a way that it can be fed from a regular tap. Ideally
a large diameter d of the pipes is desirable. It simplifies the
alignment of the interferometer beams and improves the ve-
locity profile flatness over the beam section. However, the
volumetric flow rate reads Q = 7wd?v/4 and increases rapidly
with d. The typical maximal flow rates available at the water
outlets of a laboratory are on the order of ten to twenty liters



FIG. 3: (Color online) (a) General view of the experimental setup.
WLS: white-light source; FM: flipping mirror. (b) Close-up of one
end of the interferometer. (c) The various parts for connecting a win-
dow (from left to right: drilled brass BSP blank, BK7 25-mm di-
ameter window, gasket, BSP reducer, BSP adapter). (d) Close-up of
the interferometer end shown in (b), with one window disconnected.
(e) The other end of the interferometer, showing the water connec-
tions and the optical breadboard (OB) supporting mirrors M3 and
My. AP: Aluminum profiles.

per minute. To achieve a velocity of v ~ 5 m/s, this requires
d < 10 mm. One could think, on the contrary, of using small
diameters; however, besides being impractical for the aligne-
ment of the laser beams, this choice yields increased head loss.
The flow rate is then limited by the pressure available from the
water distribution system. The use of a pump to increase the
inlet pressure is of little help: in the turbulent regime which is
relevant here, the flow rate increases only as the square root of
the pressure (see Fig. 4 below and Appendix B). In practice,
we used 8 mm inner diameter copper tubing, allowing us to
reach v ~ 6 m/s.
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FIG. 4: (Color online) Flow rate ) through the apparatus as a func-
tion of the head loss AP. The solid line is a fit by the function
@ = aV AP with a as an adjustable parameter; the best fit gives
a ~ 0.18 L/s/v/bar. Inset: calibration curve of the flowmeter al-
lowing one to infer the water speed vmeas from the frequency f of
the signal it delivers. The solid line is the result of a linear fit.

The water pressure AP is varied by opening more or less
the tap valve, and measured by a pressure gauge connected to
the inlet port (see Fig. 2). We get a continuous measurement
of the flow rate () with a paddlewheel flowmeter.?* It delivers
a square electric signal whose frequency depends linearly on
the flow rate. Its calibration, reported in the inset of Fig. 4,
was realized by measuring the volumetric flow rate () of water
through the system using a graduated bucket and a stopwatch.
We estimate the accuracy of our crude flow rate calibration to
be on the order of 5%. With moderate effort, a calibration at
the percent level or better could certainly be achieved. Note
that the velocity Vmeas = 4Q/(7d?) measured in this way
is the mean velocity, averaged over the radial velocity profile
inside the pipes (see Eq. (9) below) It is not the velocity v
appearing in (5) which is the one at the position of the beam.
We will discuss this point in more details in section V C.

C. Mechanics

The two 2-m long copper pipes are relatively flexible and
soft. Their straightness and parallelism is ensured by fasten-
ing them on a slotted, 30 x 60 mm? cross-section aluminum
profile by means of cable ties [see Fig. 3(b)]. The T-shaped
connections at their ends [see Fig. 3(d)-(e)] are simply made
with low melting point tin solder and a heat gun. On the four
ends where the windows need to be installed, male 3/8” BSP
adapters are soldered.

The windows themselves are 3.3-mm thick, 25 mm-
diameter uncoated borosilicate glass substrates.?* They are at-
tached to the pipes via the system shown in Fig. 3(c-d): the
window is pressed against a brass female 3/4” BSP cap at
the center of which a 6-mm diameter hole is drilled. The in-
ner threads were slightly altered with a lathe to fit the window



outer diameter. The cap and window are then tightened with
a fiber gasket onto a male-male BSP 3/4” to 3/8" adapter
which is itself connected to the male BSP adapter soldered to
the pipe via a female-female 3/8"” BSP adapter.

The one end with hoses connected to the water inlet and
outlet in the laboratory sink is extending over the side of
the table (see Fig. 3(e)). Two L-shaped aluminum profiles
screwed on the table support a small piece of optical bread-
board on which we mount the two mirrors M3 and M,. In
a preliminary set of experiments we tried a configuration in
which the water pipes were supported independently from
the optical table (and thus from the interferometer) in or-
der to avoid possible detrimental vibrations. However, this
was somehow cumbersome, and the much simpler solution of
clamping tightly the pipes to the optical table (by means of
four regularly spaced post-holders) does not yield any degra-
dation of the measurements.

D. Optics and alignement

As a light source, we use a cheap diode-pumped, solid state
(DPSS) laser delivering a quasi-collimated beam with several
milliwatts of light at A = 532 nm.?> The metallic mirrors My
to My and the dielectric beamsplitter are all mounted on kine-
matic optical mounts. We found it convenient to draw directly
the light path on the optical table (see Fig. 3(b)) before pre-
cisely mounting the mirrors and the beamsplitter on the op-
tical table. This considerably simplifies the alignment of the
interferometer, which is done in the following way.

First, four small diaphragms (diameter ~ 2 mm) are po-
sitioned just in front of the centers of the windows Wjp_4.
The tubing system is then removed, and one walks the beam
using the controls of M;, BS and Ms in order to have the
beams W1 W, and W5W3 passing through the diaphragms.
Then, using M3 and/or M,, one aligns the returning beams
onto the ingoing ones. In this way, one obtains (possibly after
some iterations) a quasi-perfect superposition of the beams,
and observes an almost flat intensity profile in the interfer-
ence field. When tilting slightly one of the mirrors (e.g., M3),
nice straight parallel fringes appear.

Now the pipes can be positioned back and clamped onto
the table. Water is set to flow, and one makes sure that no air
bubble is trapped inside the pipes, especially close to the win-
dows where the diameter is larger. If so, they can be removed
by unfastening a little bit the cap while water is flowing.

Instead of the expected fringe pattern, one usually observes
caustics and diffuse reflections on the inner sides of the pipes.
Indeed, due to the soldering, the parallelism of the windows
cannot be ensured. When a beam strikes the window at a small
angle from the normal, it is slightly deviated. This deviation
is here only partially compensated at the inner glass/water in-
terface. The interferometer has thus to be realigned. After a
few iterations, fringes are back (see Fig. 5).
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FIG. 5: (Color online) Sample images of the fringe pattern obtained
on the camera for (a) v = —5.7 m/s, (b) v = 0.8 m/s, and (c)
v = 5.7 m/s. The white dashed line shows the position zq of the
central fringe for v = 0. (d) Processing of the image shown in (c):
the dots are the vertically integrated intensity, and the (red) solid line
the best fit to (8).

V. EXPERIMENTAL RESULTS
A. Data acquisition

For quantitative measurements of the fringe shift, we use
an inexpensive webcam?® whose objective lens and IR filter
have been removed, in order to expose directly the CMOS de-
tector chip to the fringe pattern. Using the micrometer screws
of mirror M, for instance the fringes are set parallel to one
of the axes of the camera chip. From the webcam software
the gamma correction is set to zero to get a linear response
of the detector.”’ The integration time and light intensity are
adjusted to use the full dynamic range of the webcam, taking
care not to saturate any pixel.

An important point for later data processing is that, prior to
acquiring a series of images, one needs to locate the position
of the central fringe on the camera. For this, it is convenient
to wobble mirror M, for example. The fringe spacing varies,
and the fringes move symmetrically away from the central one
which is dark and does not move. Once the position zg of
the central fringe has been located, the webcam is roughly
centered on it, to limit systematic errors due to changes in the
fringe spacing (see section V D). The fringe spacing is then
adjusted to get about ten fringes on the detector chip. Too few
fringes would not allow for an accurate measurement of the
fringe position offset and period. On the other hand, if the
fringes are too narrow, the resolution of the camera will limit
accuracy.
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FIG. 6: (Color online) Experimental results for water as a moving
medium. Circles: data; thin solid line: linear fit, giving a slope of
0.274 £ 0.003 rad s/m; thick solid line: relativistic theoretical ex-
pression (5); dashed line: non-relativistic theoretical expression (6).

B. Data processing

We process the images in the following way. We sum up
the values of all pixels in a column, and thus obtain a one-
dimensional intensity distribution I(z), where x (in pixels)
denotes the position along an axis perpendicular to the fringes
(Figure 5). We then fit the data I(z) by the following func-
tional form

I(z) = Io + I sin (M+A4p>. (8)

A

Here, Iy, I1, A and Ay are adjustable parameters, and xg is
the (fixed) position of the central fringe, determined as ex-
plained above.

C. Experimental results with water

Acquisition and processing is repeated for various water ve-
locities. Figure 6 shows the experimentally measured phase
difference Ay as a function of the water velocity v. The
origin of phases has been chosen to vanish at zero velocity.
As can be seen on the figure, we take five measurements for
each velocity in order to increase statistics and get an esti-
mate of the dispersion of the results. Negative velocities were
obtained simply by exchanging the inlet and outlet ports of
the tubing system. No points could be recorded for veloci-
ties below 1 m/s. Indeed, when the velocity is low, turbu-
lence in the pipes is not fully developed which leads to low
spatial and temporal frequency fluctuations and very unstable
pictures. We could not measure the point at zero velocity ei-
ther, as for this measurement the inlet or outlet valve has to
be closed. This produces too few or too much effort on the
tubing system which is not stiff enough and light does not get
out properly any more. That is why the alignement procedure
has to be done, once and for all, but with water flowing in the

pipes.
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FIG. 7: (Color online) Dashed line: Poiseuille’s velocity profile
for laminar flow: v(r) = vmax(1 — r>/R?). Solid line: veloc-
ity profile for turbulent flow, modeled here by the empirical form
V(1) = Umax (1 — 72/ R?)/5,

We observe a clear linear dependence of Ay on vpyeqs.
A linear fit (shown as the thin solid line) gives a slope of
0.274+0.003 rad s/m. The dashed line is the non-relativistic
prediction (6), with slope 0.563 rad s/m which does not
match at all the experimental results. The relativistic predic-
tion (5), shown as the thick solid line (slope 0.248 rad s/m),
is in much better agreement with the experimental data. How-
ever, we observe that the experimental points almost system-
atically lie above the predicted value. This comes from the
fact that, as said earlier, we measure the mean velocity vy eas
averaged over the velocity profile inside the pipes, whereas
we need the velocity v appearing in (5) which is the one at the
position of the beam, i.e. on the pipes’ axis.

Let v(r) denote the radial dependence of the velocity in the
pipes of radius R and vy,.x = v(0). As, by construction, the
beam is well centered on the pipe one can safely assume v =
Umax- We must therefore multiply the theoretical prediction
by the following correction factor

v R
I — rR%0max / 2rrv(r) dr . 9)
Umeas 0

A theoretical model for the radial dependence v(r) is thus re-
quired. In the laminar regime (Poiseuille flow), v(r) would
have the parabolic shape shown as a dashed line in Fig. 7, and
the correction factor (9) would be equal to 2. But one can
check that, for v 2 1 m/s, the Reynolds number Re = vd/v
is already on the order of Re > 10* and the flow is turbu-
lent. In the above expression v ~ 1075 m?/s denotes the
kinematic viscosity of water. Under these conditions, there is
no simple rigorous analytical expression for the velocity pro-
file. However, for the range of Reynolds numbers used here,
experimentally measured flow profiles are well reproduced by
the empirical law (1) = Vyax (1 — r2/R?)/6,12 correspond-
ing to a much flatter velocity profile (see Fig. 7). Equation (9)
then gives a correction factor of 1.16. The relativistic pre-
diction (5) multiplied by this correction factor, and including



also the 3.8% correction due to dispersion, yields a slope of
0.299 rad s/m (not shown on Fig. 6). The agreement be-
tween the experimental and theoretical values is thus at the
level of 8%.

D. Discussion

First of all, we conclude that the non-relativistic prediction
is clearly ruled out by our measurements. However, the rather
good agreement with the relativistic prediction must not be
over interpreted. Indeed it is difficult to put a very accurate
error bar on the result, as several systematic effects should be
studied carefully for such a purpose. First, as stated above, the
systematic errors are dominated by our flowrate measurement.
A more careful calibration should thus be performed in order
to improve the accuracy. Then, the factor of about 1.16 due
to the shape of the velocity profile should be measured for
our system. A final source of uncertainty is the determination
of the actual length ¢ appearing in (5). In practice, the flow
makes a right-angle turn at each end of the pipes. The velocity
distribution is affected up and downstream on length scales
presumably on the order of the pipe diameter d. This implies
a correction of order d// (i.e., on the percent level) but, again,
an accurate estimation is difficult.

In the end, due to slight distortion of the the tubing when
the velocity, and thus the pressure, is varied, the fringe spacing
changes a little bit. As said above, an important feature of
the Sagnac-like interferometric arrangement used here is that,
by construction, it operates at low interference order p. This
is crucial in order to be sure that when the water is flowing
inside the pipes, the observed shift of the fringes does arise
from the aether drag effect and not from a slight change in
the fringe spacing. As an example, let us assume that using
a different interferometric setup, one observes an interference
pattern with 10 fringes, corresponding to interference orders,
say p; = 10 to po = p1 + 10. If, as is very likely, the fringe
spacing changes by a quantity as small as 10~ in relative
value when the water velocity varies, one would observe that
our ten fringes would shift, almost as a whole, by as much as
one full fringe! We have measured that, for the data presented
in the paper, the fringe period A does not vary by more than
5% over the full range of velocities, yielding negligible errors
due to the low interference orders used here.

E. Experimental results with air

In his original paper,'® Fizeau states that he performed the
experiment with air as a moving medium and that (our trans-
lation) “the motion of the air does not produce any sensible
displacement of the fringes”, in agreement with the partial
drag prediction (5). On the contrary, the non-relativistic equa-
tion (6) predicts a measurable shift.

It is thus interesting to perform the experiment also with air.
We do so by using a standard compressed air outlet, as avail-
able in most laboratories. One actually needs very moderate
pressures in order to achieve relatively high velocities for the
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FIG. 8: (Color online) Experimental results for air as a moving
medium. Circles: data; solid line: relativistic prediction (5); dashed
line: non-relativistic prediction (6).

air flow in the d = 8 mm pipes: only 0.2 bar typically yields
Umeas = 3D m/s. Measuring the air velocity is not as straight-
forward as with water; we found it convenient to use a hot-
wire anemometer’® placed in a D = 18 mm inner diameter
pipe at the outlet of the d = 8 mm pipes. The velocity vpeas
in the interaction region of the interferometer is then deduced
from the measured velocity vanem at the anemometer position
via volumetric flow conservation vieas = Vanem (D/d)?. This
assumes incompressible flow, which is valid since the air ve-
locity is much smaller here than the speed of sound.?

Figure 8 shows the measured phase shifts (circles) along
with the predictions of equation (5) and (6). We could not
clearly identify the reason(s) behind the seemingly oscillating
behavior of the measured fringe shift with velocity. In any
case, the non-relativistic prediction is clearly ruled out by the
measurements, which are, on the contrary, compatible with
the relativistic calculation.

VI. CONCLUSION AND OUTLOOK

Using rather modest equipment, we have shown that
Fizeau’s “aether-drag” experiment can be reproduced in the
undergraduate laboratory at a quantitative level. It not only
makes a nice practical introduction to the sometimes abstract
concepts of special relativity, but also constitutes an interest-
ing application of several branches of experimental physics.

Immediate improvements of the setup described in this pa-
per would consist in (i) calibrating the flowrate more carefully,
and (ii) increasing the stiffness of the tubing system. A nat-
ural extension of this work, suitable for a long-term student
project, would consist in trying to study in details systematic
effects, for instance the determination of the effective length
£. A possible way to measure this systematic effect could be
to start from the full pipe length and then repeat the experi-
ment for shorter and shorter pipe lengths. The effect can then
be evaluated measuring the dependence of the slope Ay/v on
the pipe length.
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FIG. 9: (Color online) (a) A sample white-light fringe pattern. (b)
Composite image of 22 fringe patterns obtained for different water
velocities v. One clearly observes the linear shift of the central fringe
position as a function of v.

A more ambitious extension, suitable for advanced under-
graduates, would illustrate more modern optical techniques.
For instance, one may use a ring cavity of moderately high fi-
nesse (say F ~ 100 to 1000) and measure the variation of the
resonance frequencies of the two counterpropagating modes
when the velocity of the medium is varied. A gain in sensi-
tivity by a factor F is then expected. Such techniques, with
ultra-high finesse cavities, are currently used to measure e.g.
non-reciprocity effects in the propagation of light with amaz-
ing sensitivities.>"
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Appendix A: Using a white-light source instead of a laser

We have also performed the experiment using a white-light
source instead of a laser. The source is a 1-mm diameter iris
illuminated by a 55 W halogen lamp (of the type used for
car headlights) and a condenser lens. The resulting diverging
beam is collimated by a 100-mm focal length lens, and super-
imposed onto the path of the laser beam using two mirrors.
The second one, located between M, and My, is a flipping
one so that one can switch easily between the laser and the
white light source (see Fig. 3(a)). Once the interferometer
has been aligned with the laser, white-light fringes are read-
ily observed. Naturally, if the iris is opened the luminosity is
increased at the expense of spatial coherence. The contrast of
picture is lost. The fringes are then localized in the vicinity
of mirror M3. A colorful image as Fig. 9(a) is then recovered

with a converging lens that conjugates M3 and the detector
plane.

The advantages of using a white source is that (i) the po-
sition of the dark central fringe can be found without ambi-
guity as the contrast of the colored fringes vanishes rapidly
away from the zero path-length difference, and (ii) as com-
pared to using a laser is that unwanted interference fringes,
due to scattering on dust particles for instance, as well as
speckle, are suppressed. There are however a certain num-
ber of drawbacks. Besides the reduced luminosity, making
quantitative comparisons with theory is obviously much more
difficult than in the monochromatic case. Indeed, one would
need to measure the light spectrum, as well as the wavelength-
dependent reflectivity (including phaseshifts) introduced by
the beamsplitter in order to model quantitatively the fringe
pattern. For instance, we have observed indeed that using a
metallic beamsplitter instead of a the dielectric one alters sig-
nificantly the colors and the contrast of fringe pattern obtained
in white light.

We made a composite of 22 images taken for various water
velocities v. The result, shown on Fig. 9(b)), clearly shows
that the fringe position shift linearly with velocity. However,
as explained above, a quantitative analysis of such an image
is not easy, and the motivation behind this figure is more of an
esthetic character.

Appendix B: Turbulent head loss in a circular pipe: dimensional
analysis approach

In the standard introductory physics curriculum, the com-
putation of the head loss in a circular pipe is done using
Poiseuille’s equation, valid for laminar flow. It is much less
frequent to present te case of turbulent flow to undergradu-
ate students. Reference to the Moody diagram giving the so-
called friction factor as a function of the Reynolds number
(and pipe roughness) can be found in engineering-oriented
textbooks, but may appear as quite involved to beginning
physics students. In this small appendix, we show how simple
dimensional analysis can be used to infer a plausible expres-
sion for the turbulent head loss, at least its dependence on flow
rate and pipe diameter, two parameters that are crucial for the
design of our experimental setup.

We consider the head loss AP for the flow of a fluid of
density p and kinematic viscosity v across a circular pipe of
diameter d and length [, flowing with a volumetric flow rate
Q. Let us make two assumptions. First, for an infinitely long
pipe, only the pressure gradient AP/ is physically relevant.
Moreover, the limit of a very large Reynolds number corre-
sponds formally to the limit ¥ — 0. Then, in that case, the
viscosity v should not appear explicitly in the expression for
the head loss. Under these conditions, we expect the following
functional form for the head loss to hold:

AP

— =Ap"Q"D7, (BI)
where A is a dimensionless constant and («, 3, y) exponents
to be determined. Equating the dimensions of both sides of



the above equation yields three equations for the exponents,
giving in the end:

AP pQ?

;i (B2)

This expression agrees well with empirical formulae used in
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an engineering context if one chooses A ~ 3 x 1072, This
is typically what one would find using the friction factor ob-
tained in Moody diagram?®'*? for our typical Reynolds num-
bers. The value of the coefficient a obtained in fitting the
Q(AP) data of Fig. 4 yields A ~ 2.5 x 1072, in good agree-
ment with the previous estimate.
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