
signatures of two admixture (interbreeding) 
events between the Krestovka and woolly 
mammoth lineages. The second of these seems 
to have occurred after woolly mammoths 
entered North America about 100,000 years 
ago6. In this event, about 12% of the Columbian 
mammoth genome was replaced by DNA from 
Late Pleistocene woolly mammoths.

The remainder of the Columbian mammoth 
genome showed equal contributions from the 
Krestovka and woolly mammoth lineages, 
indicative of an earlier admixture event. A 
50:50 split of this type might be considered 
surprising, given that the contributions of two 
ancestral populations could be in any propor-
tions — 70:30, for instance, or 10:90. The split 
could be coincidence, but van der Valk and 
colleagues suggest the possibility of hybrid 
speciation, in which the offspring of crosses 
between the two lineages do not themselves 
breed with either parental lineage7.

The authors propose that the initial hybrid-
ization occurred around 420,000 years ago, 
because at this time there seems to have been 
a transfer of mitogenomes from a woolly mam-
moth lineage to the Columbian mammoth2,8. 
However, the ancestors of Columbian mam-
moths entered North America long before this 
date, and woolly mammoths long after3,6, mak-
ing it difficult to harmonize the date with the 
fossil record. Mitogenomes transfer readily 
between species in the elephant family8,9, so 
perhaps the phylogeny of Late Pleistocene 
mammoths reflects more events than just a 
single interspecies transfer. Alternatively, the 
hybridization evident in the nuclear genome 
might not have occurred at the time estimated 
using mitogenomes. If DNA could be obtained 
from Early or Middle Pleistocene mammoth 
specimens in the permafrost of North Amer-
ica, this might shed further light on the origins 
of Columbian mammoths.

Many present-day animal species arose  
during or after the Early Pleistocene. The 
ability to retrieve DNA from Early Pleisto-
cene specimens means that genomic changes 
in some lineages can now be tracked across 
deep time, providing insights into the evolu-
tion of modern species. Modern genomes are 
often used to infer the demographic history of 
populations across hundreds of thousands of 
years; these inferences should now be tested 
for accuracy by examining specimens across 
real time. 

Tracking mitochondrial and nuclear genetic 
changes across deep time could also reveal 
the role (if any) of mitochondrial–nuclear 
interactions in mammoth evolution. When 
mitochondria are switched between cells 
from different species in vitro, interactions 
between the proteins encoded by mitochon-
drial and nuclear genes can be disrupted10. 
It is conceivable that such disruption could 
drive the evolution or disappearance of mito
genome lineages9. This avenue of investigation 

is especially pertinent, given that van der Valk 
and colleagues relied on the transfer of mito
genomes to date the hybridization that gave 
rise to Columbian mammoths. 

Finally, biostratigraphy focuses on the dis-
tribution and morphology of small species 
such as lemmings, pikas and voles. It should 
now be possible to add a DNA component to 
biostratigraphy, through genomic analyses 
of small mammals across sites. Genomics has 
been pushed into deep time by the giants of the 
Ice Age — the wee mammals that surrounded 
them might soon also have their day.
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Physics 

Ultra-weak gravitational 
field detected
Christian Rothleitner

An experiment shows that Newton’s law of gravity holds even 
for two masses as small as about 90 milligrams. The findings 
take us a step nearer to measuring gravitational fields that are 
so weak that they could enter the quantum regime. See p.225

Four fundamental forces are known in 
physics: the weak and strong interactions, 
and the electromagnetic and gravitational 
forces. The gravitational force is the weakest 
of these four. For this reason, and because 
experiments cannot be shielded from Earth’s 
gravity, measurements of the gravitational 
field of a test object are difficult to do in 
the laboratory — even for objects that have 
multi-kilogram masses. But on page  225, 
Westphal et al.1 report the detection of the 
gravitational coupling between two masses 
of only about 90 milligrams.

The weak, strong and electromagnetic 
interactions have been unified in the standard 
model of physics, but the gravitational force 
cannot be integrated into that model. The best 
model currently available to describe gravity 
is the general theory of relativity. This theory 
has not failed any test so far, but something is 
odd about it, because it cannot be explained 
in terms of quantum mechanics. 

For most scientific purposes, however, 
we do not need to use the general theory of 
relativity to explain gravity — Isaac Newton’s 
law of universal gravitation2 works perfectly. 
Published in 1687, Newton’s law states that the 
gravitational attraction between two bodies 
is proportional to their masses and inversely 
proportional to the square of the distance 
between them. This has proved to be correct 

not only for describing most astronomical 
observations, but also in laboratory experi-
ments. For example, the trajectory of a freely 
falling object (such as an apple falling from a 
tree) can be measured with a precision of less 
than ten parts in one billion3, and the results 
are in good agreement with what would be 
expected from Newton’s law. 

During the twentieth century, however, 
doubts emerged about the general correct-
ness of this law: an anomalous velocity distri-
bution of stars in galaxies was observed4 in 
the early 1930s, and could not be explained 
using Newton’s law alone5. Even the general 
theory of relativity cannot account for this 
phenomenon. One explanation is to postulate 
the existence of dark matter6 — an invisible, 
but gravity-generating, component of the Uni-
verse. However, nobody really knows what this 
dark matter is made of. 

Another explanation, which is controver-
sial but easier to integrate into models than is 
dark matter, is that Newton’s gravitational law 
needs a correction. One theory that attempts 
such a correction was proposed in the 1980s, 
and is called modified Newtonian dynamics7. 
The basis of this theory is that gravitational 
field strength (the acceleration due to gravity) 
does not follow Newton’s inverse-square law 
over large distances.

A further mystery is that the gravitational 
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force is about 36 orders of magnitude 
weaker than the electromagnetic force. This 
is called the hierarchy problem8. 

A framework known as string theory, 
which was developed in part to provide a 
quantum-theoretical description of gravity, 
addresses this problem by proposing that there 
are more spatial dimensions than the three 
that we can observe. Gravity — unlike the three 
other fundamental forces — is assumed to per-
meate these extra dimensions. If true, then this 
could explain why the gravitational force is so 
much weaker than the electromagnetic force9. 
Another consequence would be that, over a cer-
tain spatial range, the gravitational force cannot 
be described by Newton’s inverse-square law.  

A further peculiar thing about gravity is that 
independent measurements of Newton’s grav-
itational constant (G, a fundamental constant 
used in calculations of gravitational effects) 
have varied broadly10. Experimental deter-
minations of other fundamental constants, 
such as the Boltzmann constant11 or the speed 
of light12, have converged as the number and 
precision of the measurements has increased. 
This has not happened for G.

Westphal and colleagues’ experiments might 
take us a step closer to understanding the mys-
teries of gravity. They have investigated the 
gravitational force using a miniature version 
of a torsion balance — a device that was first 
used by Henry Cavendish in 1798 to measure 
Earth’s density13 (an experiment that is equiv-
alent to measuring G), and which is still the 
gold-standard device for determining G (ref. 14). 

A torsion balance consists of a horizontal 
bar suspended at the middle from a vertically 

hanging wire, and with test masses attached to 
the ends. Earth’s gravitational attraction acts in 
the vertical direction, along which the wire has 
a large stiffness. But in the horizontal direction, 
the wire is easily twisted and has a tiny spring 
constant — very weak forces applied at right 
angles to the bar cause large rotations of the 
bar. The balance therefore generates an almost 
gravity-free environment (more accurately 
described as a microgravity) in the horizontal 
plane. This is perfect for detecting small forces, 
such as the gravitational pull exerted on the bar 
by a nearby object (the source mass).

In typical determinations of G, the source 
masses were heavy (several kilograms), to com-
pensate for the weakness of the gravitational 
force. By contrast, Westphal and co-workers 
used gold spheres only 92 milligrams in mass 
(Fig. 1), about the mass of 4 houseflies. This is 
the lowest source mass ever used in such an 
experiment.

A calculation using Newton’s law of grav-
itation shows that the force acting between 
two spherical masses of 90 mg with a 
centre-of-mass separation of 2.5 millimetres 
(approximately the parameters of Westphal 
and colleagues’ experiment) is only about 
9 × 10–14 newtons. This is roughly the same 
force that acts on a mass of 9 picograms (1 pg 
is 10–12 g) in Earth’s gravity field; to put that into 
perspective, 9 pg is about one-third the mass 
of a human red-blood cell15. The big challenge 
was therefore to extract this extremely small 
gravitational signal from background ‘noise’ in 
the experiment, and from the effects of other 
forces (such as electromagnetic interactions) 
that become stronger than gravitational forces 

when the source and test masses are separated 
by small distances.

Westphal et al. therefore modulated the 
signal by periodically varying the position of 
the source mass with respect to the test mass 
in the torsion balance. As a consequence of 
the time-dependent gravitational interaction, 
the balance oscillated in the horizontal plane 
at the frequency of the signal modulation 
(12.7 millihertz). Because the gravitational 
field of a spherical mass is nonlinear (a con-
sequence of Newton’s inverse-square law), the 
balance is also stimulated to oscillate at higher 
frequencies that are multiples of the modula-
tion frequency (known as higher harmonics). 
This effect could be clearly identified in the 
experiment, thus providing a signature of the 
gravitational coupling between the masses.

The detection of such a minuscule gravita-
tional signal is itself an exciting result, but the 
authors went even further by determining a 
value for G from their experiment. Their esti-
mate deviates from the internationally agreed 
value (see go.nature.com/2bwkrqz) by about 
9% — a small amount, given that the experi-
mental uncertainties of their system have not 
yet not been optimized for precise measure-
ments of G. The experiment is therefore the 
first to show that Newton’s law of gravity holds 
even for source masses as small as these.

The next step is to push on to even smaller 
masses — Westphal et al. suggest that gravita-
tional fields of masses of the order of 10–8 kg 
could eventually be measured. However, much 
work will need to be done to achieve this goal. 
The first task will be to substantially reduce 
damping of the oscillations of the torsion bal-
ance, which won’t be easy. But if it can be done, 
then perhaps quantum gravitational effects 
will finally be observed.

Christian Rothleitner is in the 
Division of Mechanics and Acoustics, 
Physikalisch-Technische Bundesanstalt, 
38116 Braunschweig, Germany.
e-mail: christian.rothleitner@ptb.de 

1.	 Westphal, T., Hepach, H., Pfaff, J. & Aspelmeyer, M. Nature 
591, 225–228 (2021).

2. 	 Newton, I. Philosophiae Naturalis Principia Mathematica 
(sumptibus Societatis, 1687).

3. 	 Niebauer, T. M., Sasagawa, G. S., Faller, J. E., Hilt, R. & 
Klopping, F. Metrologia 32, 159–180 (1995).

4.	 Oort, J. H. Bull. Astron. Inst. Neth. 6, 249–287 (1932).
5.	 Rees, M. J. Phil. Trans. R. Soc. Lond. A 361, 2427–2434 (2003).
6. 	 De Swart, J. G., Bertone, G. & van Dongen, J. 

Nature Astron. 1, 0059 (2017).
7. 	 Milgrom, M. Astrophys. J. 270, 365–370 (1983).
8. 	 Dvali, G. in Proc. 2011 CERN–Latin-American School of 

High-Energy Physics (eds Grojean, C., Mulders, M. & 
Spiropulu, M.) 145–156 (CERN, 2013).

9. 	 Arkani-Hamed, N., Dimopoulos, S. & Dvali, G. Phys. Lett. B 
429, 263–272 (1998).

10. 	Rothleitner, C. & Schlamminger, S. Rev. Sci. Instrum. 88, 
111101 (2017).

11. 	 Wood, B. M. Phil. Trans. R. Soc. Lond. A 372, 20140029 
(2014).

12. 	Klein, J. R. & Roodman, A. Annu. Rev. Nucl. Part. Sci. 55, 
141–163 (2005).

13. Cavendish, H. Phil. Trans. R. Soc. Lond. 88, 469–526 (1798).
14.	 Li, Q. et al. Nature 560, 582–588 (2018).
15.	 Philips, K. G., Jacques, S. L. & McCarty, O. J. T. Phys. Rev. 

Lett. 109, 118105 (2012).

Wire

Laser

Faraday
shield Mirror

Detector

Source
mass

Test
mass

3 mm

Figure 1 | How to detect a weak gravitational field. Westphal et al.1 suspended a horizontal bar from a wire, 
with two masses of about 90 milligrams on each end. They then brought another mass of approximately 
90 mg (the source mass) within a couple of millimetres of one of the masses on the bar (the test mass), 
and periodically altered its position, thereby modulating the ultra-weak gravitational field of the source 
mass that acts on the test mass. The modulated gravitational field caused the suspended bar to undergo 
tiny rotational oscillations. A Faraday shield (a gold-plated aluminium screen) was used to suppress 
electromagnetic interactions between the masses. The motion of the test mass was measured from the 
displacements of a laser beam reflected from a mirror on the bar, and the distance between the test and 
source masses was measured with a camera (not shown). These measurements were used to determine the 
value of G, the fundamental constant used in calculations of gravitational effects.
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