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One of the most striking predictions of Ein-
stein’s special theory of relativity is also per-
haps the best known formula in all of science:
E�mc2. If this equation were found to be even
slightly incorrect, the impact would be enor-
mous — given the degree to which special 
relativity is woven into the theoretical fabric of
modern physics and into everyday applica-
tions such as global positioning systems. Here
we test this mass–energy relationship directly
by combining very accurate measurements of
atomic-mass difference, �m, and of �-ray
wavelengths to determine E, the nuclear bind-
ing energy, for isotopes of silicon and sulphur.
Einstein’s relationship is separately confirmed

in two tests, which yield a combined result of
1��mc2/E�(�1.4�4.4)�10�7, indicating
that it holds to a level of at least 0.00004%. To
our knowledge, this is the most precise direct
test of the famous equation yet described.

Our direct test is based on the prediction
that when a nucleus captures a neutron and
emits a �-ray, the mass difference �m between
the initial (including unbound neutron) and
final nuclear states, multiplied by c2 (where c is
the speed of light), should equal the energy of
the emitted �-ray(s), as determined from
Planck’s relation E�hf (where h is Planck’s
constant and f is frequency).

The total energy of the �-rays emitted as 
the daughter nucleus
decays to the ground-
state was determined
by summing the indi-
vidual �-ray energies.
These were obtained
by wavelength mea-
surement using crystal
Bragg spectroscopy.
The mass difference
�m is measured by
simultaneous compar-
isons of the cyclotron
frequencies (inversely
proportional to the
mass) of ions of the
initial and final iso-
topes confined over a
period of weeks in a
Penning trap. 

For an atom X with
a mass number of A
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A direct test of E�mc2

the pattern of activity in reindeer. However,
the daily pattern was modified when there was
a distinct light/dark cycle, and reindeer in
northern Norway, in particular, displayed a
significant rhythm of exactly 24 hours
throughout autumn, winter and spring (see
supplementary information). 

Free-living reindeer do not therefore show
evidence of the classical prerequisite for 
circadian organization— persistence under
constant conditions. Seasonal absence of
rhythmicity in the circadian range has been
recorded in the daily activity of the Svalbard
ptarmigan (Lagopus mutus hyperboreus)5, and
in circulating levels of the hormone melatonin
in ptarmigan6 and in reindeer7, indicating that
the expression of an internal clock is reduced
in both Arctic species under constant light
conditions. We therefore suggest that seasonal

absence of circadian rhythmicity is a ubiqui-
tous trait among resident polar vertebrates. 

Reduced circadian organization may
enhance animals’ responsiveness and speed
of phase adaptation to the light/dark cycle, as
proposed for migrating birds8 and mammals
emerging from hibernation9. And for herbi-
vores in polar regions, there can be little
selective advantage in maintaining strong
internal clocks in an effectively non-rhythmic
environment. 
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undergoing this nuclear reaction, the com-
parison is expressed in terms of measured
quantities as

�Mc2��M[AX]�M[A	1X]	M[D]�M[H])c2

�103NAh(fA	1�fD) mol AMU kg�1 (1)

where the Avogadro constant NA relates the
measured mass M[X] in unified atomic mass
units (AMU) to its mass in kilograms m[X]. 
We made comparisons for A	1X�29Si and
A	1X�33S. The mass of the neutron M[n] is
determined from the masses1 of hydrogen M[H]
and deuterium M[D] combined with fD, the
frequency of the �-ray corresponding to the
deuteron binding energy2. The molar Planck
constant is NAh�3.990312716(27)�10�10 J s
mol�1; numbers in parentheses indicate uncer-
tainty on the last digits. This figure has been
independently confirmed at about the 5�10�8

level by a range of experiments through its rela-
tionship with the fine-structure constant1.

The �-ray frequencies on the righthand side
of equation (1) have been measured using the
GAMS4 crystal-diffraction facility at the
Laue–Langevin Institute in Grenoble3. The 
�-rays emitted from sources located near the
high-flux reactor core are diffracted by two
nearly perfect, flat crystals whose lattice spac-
ing, d, has been determined in metres4. The
diffraction angles, 
, are measured with angle
interferometers calibrated using a precision
optical polygon (Fig. 1a). Wavelengths are
determined from the Bragg equation
��2dsin
 and were measured for the 3.5-
MeV and 4.9-MeV transitions in 29Si, for the
0.8-MeV, 2.4-MeV and 5.4-MeV transitions in
33S, and for the 2.2-MeV transition in deu-
terium 2H (see supplementary information). 

Because the diffraction angle for a 5-MeV
�-ray by a low-order silicon reflection is less
than 0.1�, our binding-energy determinations
were limited by our ability to measure the dif-
fraction angles of the highest-energy �-rays
with fractional accuracy better than about
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Albert Einstein: father
of the famous formula.
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masses, we report two independent tests of
E�mc2. The two comparisons find a mea-
sured fractional difference between E and
�mc2 of 2.1(5.2)�10�7 and –9.7(8.0)�10�7

with sulphur and silicon isotopes, respectively,
and a combined value of –1.4(4.4)�10�7. The
error on this comparison is currently domi-
nated by the uncertainty on the �-ray mea-
surements. This result is 55 times more
accurate than the previous best direct test of
E�mc2, which was performed by comparing
the electron and positron masses to the energy
released in their annihilation10. 
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10�7. A slightly revised value of fD from that
given in ref. 2 is also reported here (c is exact):
fSi�c/(0.146318275(86)�10�12 m)
fS�c/(0.143472991(54)�10�12 m)
fD�c/(0.557341007(98)�10�12 m)
These values of fSi and fS are, respectively, 25
and 50 times more precise than earlier values4. 

The mass difference was determined by
direct comparison of the cyclotron frequencies
of two different ions simultaneously confined
in a Penning trap5. This two-ion technique
achieves mass comparisons with fractional
accuracies below 10�11 by virtually eliminating
the effect of many sources of noise such as
magnetic field fluctuations. During measure-
ments, the two ions are placed on a common
circular orbit (magnetron mode), on opposite
sides of the centre of the trap and separated 
by a distance of about 1 mm. Figure 1b shows
that the measured cyclotron frequency ratio 
is almost completely independent of ion–
ion separation, tightly constraining the size 
of the largest possible systematic errors5. The
ion mass ratios reported here, namely
M[33S	]/M[32SH	]�0.9997441643450(89) and
M[29Si	]/M[28SiH	]�0.9997151241812(65),
are respectively more than 700 and 100 times
more precise than previously known6. 

The total uncertainties include the uncorre-
lated uncertainties of 4�10�12 each from
ion–ion interactions, trap field imperfections,
and statistics. The ratios also include correc-
tions of 45(5)�10�12 and 7.3(2)�10�12 to
account for polarization-induced shifts of the
cyclotron frequencies7 (see methods in sup-
plementary information). After accounting for
the mass of the missing electron and the chem-
ical binding energies8,9, the ion mass ratios give
the neutral mass differences: M[32S]	M[H]
�M[33S]�0.00843729682(30) AMU, and
M[28Si]	M[H]�M[29Si]�0.00825690198(24)
AMU. And by the addition of M[D]�2M[H]�
�0.00154828629(40) AMU (refs 1,6) to each
one, we obtain the desired mass differences of
equation (1), with a fractional accuracy of
about 7�10�8 for both. 

Comparing the measured energies and

when the ratio alters. This precise control of
communication by molecular chirality offers
insight into societal interactions in elephants,
and may be useful in implementing new con-
servation protocols4. 

Frontalin (1,5-dimethyl-6,8-dioxabicyclo
[3.2.1]octane)1,2,5,6 is discharged during musth
in male Asian elephants (Elephas maximus)
from the temporal gland on the face. We
analysed more than 100 secretion samples
from six males and found that this pheromone
was first detectable in the late teens, the quan-

tity secreted rising about 15-fold over a 25-year
age span (Fig. 1a). Both enantiomeric forms
(designated plus and minus; Fig. 1b, inset) were
present and each was quantified (for methods,
see supplementary information). 

In young males, significantly more (	)
than (�) frontalin was secreted, but concen-
trations of these became almost equal (1:1, a
racemic mixture) as the elephant matured
(Fig. 1b). Serial samples collected throughout
the musth episodes of two young and two old
males confirmed that this change in ratio was
significantly associated with the elephants’ age
groups (results not shown). 

Musth periods get longer as males age. The
enantiomeric composition of the frontalin
secreted becomes significantly more varied in
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Figure 1 | Typical data for testing E��mc2. a, 33S
wavelength data and fitted curves. The energy of
the emitted 5,421-keV �-rays is measured from
the angular separation of the second-order Bragg
peaks resulting from diffraction from a silicon
crystal. b, Measured mass ratio M[33S	]/M[32SH	]
(which largely determines the mass change, �m)
as a function of the distance between the ions, �s,
in the Penning trap. The lack of variation strongly
suggests that the predicted uncertainties from
ion–ion interactions and field inhomogeneities
(turquoise and blue-hatched bands, respectively)
are too conservative. The final mass ratio (solid
line) is determined with fractional accuracy of 
7 parts in 1012 (dashed lines). All error bars are
one standard deviation. 
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Chirality in elephant pheromones 
Musth in male elephants is an annual period of
heightened sexual activity and aggression1–3

that is linked to physical, sexual and social
maturation. It is mediated by the release of
chemical signals such as the pheromone
frontalin, which exists in two chiral forms
(molecular mirror images, or enantiomers).
Here we show that enantiomers of frontalin
are released by Asian elephants in a specific
ratio that depends on the animal’s age and
stage of musth, and that different responses 
are elicited in male and female conspecifics
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