14. Testing modified gravity

INCE ITS FORMULATION AND experimental confirma-
tion in the early years of the 20th century, Einstein’s
theory of general relativity has been widely accepted
as providing the best known description of gravity, on
all spatial scales. However, various observations, start-
ing with the flat rotation curves observed in most spiral
galaxies, but now embracing the existence of large-scale
structure in the Universe, demand an additional non-
visible ‘dark matter’ component to fit the data.

At the present time, and despite much experimental
effort, there has been no decisive detection of dark mat-
ter. This leaves open the possibility that some modified
theory of gravity might explain these perplexing obser-
vations without this hypothetical dark matter.

ODIFIED NEWTONIAN DYNAMICS (MOND) is a the-
M ory originally proposed by Milgrom (1983) which
attempts to account for these long-range gravitational
effects without invoking dark matter.

Subsequent years have seen several developments
on the theoretical side, notably the incorporation of
MOND into more generalised theories of relativity.
Meanwhile, the most straightforward versions of the
theory have been ruled out by more rigorous obser-
vations, notably using precise timing effects in the
neutron-star merger GW 170817 (Boran et al., 2018).

A convincing detection of dark matter would settle
the question. But in the absence of such a dark mat-
ter detection, new tests which can discriminate between
dark matter, and modified gravity, are highly desirable.
One such family of tests probes the observational effects
of gravity under conditions of very low accelerations.

REVIOUS WORK on tests of MOND-like gravity over
the past decade has hinted at deviations of the form
expected from a MOND-like gravity. But the observa-
tions available to date have been of insufficient quality
to conclude one way or another.
Gaia was expected to provide much improved
prospects for such a test, based on the orbital behaviour
of a number of very wide-separation binary stars.

Gaia DR2

For separations larger than about 5000 times the
Sun-Earth distance (i.e. 5000 astronomical units), the
stars in such a system have sufficiently small orbital ac-
celerations — below about 10719 m s 2 — to provide a di-
rect probe of MOND-like theories. This minuscule ac-
celeration can be compared to that experienced by a
body at the Earth’s surface, of about 9.8 ms™2.

Several studies have already made use of the Gaia
DRI and DR2 data to make a start on the problem
(amongst them El-Badry, 2019; Hernandez et al., 2019;
and Pittordis & Sutherland, 2019 ).

INARY, AND occasionally triple or even higher mul-
tiplicity star systems, form — over a range of sepa-
rations — in the swirling gas clouds of dense regions of
the interstellar medium. These can be density enhance-
ments triggered by the passage of our Galaxy’s rotating
spiral density waves. If a binary forms with a small sep-
aration, their orbits can slowly spiral inwards until they
eventually coalesce. Wider separation binaries can be
slowly torn apart by external gravitational forces.

Systems with extremely short orbital periods, of days
or even hours, are well known and widely studied. And
there are various ideas of how very wide binaries can
form. But there is no clear picture of how far apart bina-
ries can survive as a gravitationally bound pair, i.e. while
still maintaining a stable orbit around each other.

In our solar neighbourhood, Alpha Centauri A and B
orbit each other every 80 years. They are separated by
about 11 times the distance between the Sun and Earth
(i.e. 11 astronomical units) at their closest approach.
Many binary star systems are known with a much wider
separation, yet still remaining gravitationally bound.

ACK IN 1937, Armenian astronomer Victor Ambart-
B sumian calculated that a very wide binary, with its
very weak gravitational bond, rarely breaks apart due to
asingle close encounter with another star, but rather as a
result of numerous distant passages that each gently pull
on the binary until it slowly evolves from being bound to
being unbound.
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Thus, an ultra-wide binary with a separation of 0.5 par-
sec (1.6 light-years, or 100000 astronomical units) is
likely to break up within about 100 million years. A bi-
nary with a separation of 0.1 pc (0.3 light-years) might
survive for more than a billion years. At these enormous
separations, two stars will be widely separated on the
sky, with very long orbital periods, but sharing an almost
identical space motion over millennia.

How then can two stars be recognised as a physical
binary? Close binaries will generally be unusually close
together on the sky, much closer than the average star
density on the sky would imply. Careful monitoring of
the their space motions or radial velocities over years
or decades can hope to reveal their orbital motion, thus
confirming their gravitational coupling.

But how can a widely separated binary be distin-
guished from two completed unrelated stars? Any or-
bital motion of a slowly orbiting wide-separation bi-
nary would require extremely accurate measurements to
recognise. In other words, the wider a binary is, the more
difficult it is to identify — and this has been a major bar-
rier to discovering wide binaries in the past.

AIA IS IN THE PROCESS of identifying many thou-
G sands of very wide and ultra-wide binaries from
their highly accurate space motions. Their properties
will help to determine the most likely mechanism re-
sponsible for their formation, and their proper classifi-
cation will allow for the sorts of tests necessary to con-
firm, or discard, MOND-like theories of gravity.

ETURNING, THEN, TO the tests of gravity, it turns out

that the original MOND-like models result in rela-

tive orbital velocities which are significantly different to

those predicted by Newtonian models, specifically they

can allow bound binaries with relative velocities well
above the Newtonian ‘ceiling’.

But MOND models including what is called an ‘ex-
ternal field effect’ (which are also preferred in present
theories) give predicted relative velocities much closer
to Newtonian, but do still show subtle but well-defined
deviations in both their true space velocities, as well as
in their projected velocities on the plane of the sky, as
measured via the Gaia proper motions.
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A high-velocity tail, well above the Newtonian pre-
diction, could provide evidence favouring such a modi-
fied theory of gravity. And various studies suggested that
there is also an optimal window of projected separation,
between about 5-20 000 au, for the practical application
of such a test.

Using the Gaia DR2 catalogue, Pittordis & Suther-
land (2019) selected stars within 200 pc of the Sun, and
bright enough (G < 16 mag) to give a good accuracy on
the astrometry. They then selected pairs of stars with
(projected) separations up to 40 000 astronomical units,
using both the parallax and proper motion measure-
ments to sift out nearly 25 000 plausible physical pairs.

They then calculated their likely orbits according to
the various models (Newtonian, and MOND with and
without an ‘external field effect’), characterising them
through some appropriate velocity ratio metric.

Separations: 10,000 - 14,000 au
Newtonian model

MOND (external field)
Gaia DR2 data

Pittordis & Sutherland 2019

velocity ratio

Gaia wide binaries compared with theoretical models

The figure shown here is just part of their findings, cov-
ering only the subset of binaries with projected separa-
tions between 10000-14 000 au. From the main peak
of the observed histogram (in red), they found that
the original MOND model (green) provides a very poor
match to the observed data, while the inclusion of the
‘external field effect’ (purple) works much better.

The biggest surprise was a very long tail in the vel-
ocity ratio, across all of the separations observed. This
long tail makes it impossible to decide between a New-
tonian model, or a MOND model with an external field.

Pittordis & Sutherland (2019) found that this tail can
be explained by pairs of stars which were born in the
same open cluster, but which are currently undergoing
a chance close ‘flyby’. Clarke (2020) suggested that it can
be attributed to a population of hidden triple systems.

In a similar study using Gaia DR2 data on 81 wide
binaries, Hernandez et al. (2019) also found results con-
sistent with Newtonian predictions below 7000 au, but
inconsistent with it at larger separations.

HILE THE PRINCIPLES of this sort of test have been

demonstrated, the Gaia DR2 data are insufficient

to rule on the reality or otherwise of a modified MOND-

type gravitational field. The Gaia DR3 data will allow fur-

ther advances. Meanwhile, it is clear that the Gaia data

will have much to say about the formation - and even-
tual demise — of very wide-separation binary stars.

Gaia DR2


https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.4740P
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.4740P
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.4740P
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491L..72C
https://ui.adsabs.harvard.edu/abs/2019IJMPD..2850101H

	1. The measurement of angles
	2. Why measure star positions?
	3. A history of astrometry
	4. Hipparcos: the push to space
	5. An input catalogue, or…
	6. Galactic tracers, by design
	7. On-board detection
	-3pt8. Why radial velocities?
	9. Gaia and GDP
	10. Catalogue data releases
	11. Astrometric microlensing
	12. Multiple-planet mandalas
	13. The distance to the Pleiades
	14. Testing modified gravity
	15. The Enceladus stream
	-3pt16. Quasars, as seen by Gaia
	17. Solar siblings
	18. The origin of OB associations
	19. How many exoplanets?
	20. The Hyades star cluster
	21. Measuring exoplanet radii
	22. Hypervelocity stars
	23. The Maunder Minimum
	24. Occultations of Europa and Titan
	25. The origin of Oumuamua
	26. Polar motion
	27. The Celestial Reference Frame
	28. Solar activity – and dark matter?
	29. White dwarf surveys
	30. The motion of globular clusters
	31. The motion of dwarf spheroidals
	32. Aberration and Galactic rotation
	33. Nearby stars
	34. Perspective acceleration
	35. Stellar flybys
	36. Science alerts
	37. Ultra-wide binaries
	38. The Magellanic Clouds
	39. The Galactic anticentre
	40. The distance of Omega Centauri
	41. The age of our Milky Way Galaxy
	42. Surprises in the HR diagram
	43. Cepheid variables
	44. The Hubble constant from Cepheids
	45. RR Lyrae variables
	46. The iterative solution: formulation
	47. The iterative solution: execution
	48. The risk of asteroid impacts
	49. The rotation of our Galaxy
	50. The German DIVA project
	51. Asteroseismology – and star distances
	52. Interplanetary navigation
	53. The scientific case for Gaia in 2000
	54. Animations, stereos and fly-throughs
	55. Wow! 
	56. Gaia: interferometer or monolith?
	57. Technology preparation for Gaia

