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GUEST EDITORIAL

One hundred years of general relativity: summary, status and

prospects

The general theory of relativity, published by Einstein in
1915, has received innumerable accolades, of which my
personal favourite is the sentence which occurs in volume
II of the Course of Theoretical Physics by Landau and
Liftshitz: It... represents probably the most beautiful of
all existing physical theories. What is remarkable is not
the quote but the fact that the authors — well known for
the terse style in which not a single word is wasted in
empty ceremonies — were forced to pause and make this
comment!

General relativity (GR) interprets the gravitational
effects as arising due to the curvature of spacetime. Like
all profound ideas, this one — viz. gravity is the curvature
of spacetime — is obvious with hindsight! Start from the
elementary fact that two bodies of different masses,
dropped near the earth’s surface, will fall downwards
with the same acceleration g and hit the ground simulta-
neously. Consider now the same bodies, released gently
inside an elevator which is moving upwards with the
acceleration g in interstellar space. The bodies will stay at
the locations where they were released, because there is
no force acting on them. But the floor of the elevator will
come up and hit them simultaneously, making an
observer in the elevator believe that the two masses were
moving downwards with the same acceleration g. So the
observer cannot distinguish (locally) between a gravita-
tional field and an accelerated elevator by this experi-
ment. Einstein generalized this idea as a Principle of
Equivalence and postulated that no physical phenomenon
can distinguish between the two situations.

Next, recall a result from special relativity, viz. that
when a clock moves a distance dx = vd¢ in a time interval
dt (measured by your clock), it will register a lapse of
time dz, where ¢*d7 = ¢’d* — dx’. So if we attach a clock
to the floor of an accelerated elevator, its resulting
motion will slow it down. The principle of equivalence
demands the clock should also slow down in an equiva-
lent gravitational field, in order to prevent us from
distinguishing an accelerated elevator from a gravita-
tional field using clocks. So the rate of flow of time in a
gravitational field must be affected by the gravitational
potential.
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One can show that this requires modifying the
Pythagorean addition rule ¢’d7* = c¢*d#* —dx* to a more
complicated quadratic expression, which reduces to
Ad? =[1+ Q¢/H]d? —dx* in a weak gravitational
potential ¢. Such an addition of intervals is mathemati-
cally equivalent to assuming that the spacetime is curved.
The presence of a gravitational field is equivalent to the
curvature of spacetime. It is a long way from here to
obtain the full theory of GR, but the rest, as they say in
chess, is essentially a matter of precise technique. The
genius part is over.

GR makes several concrete predictions, the verification
of which has bolstered our confidence in the theory over
decades. Amongst many effects, I will describe three, of
which two are of historical importance. The first effect
deals with the orbits of planets around the Sun, which is
most pronounced in the planet closest to the Sun, viz.
Mercury. In Newtonian theory, the orbit of Mercury
would have been a closed ellipse with the Sun at one of
the foci, if we treat it as an idealized central force pro-
blem. Astronomical observations have, however, shown
that this is not the case and the direction of the major axis
of the ellipse precesses by about 575 seconds of arc per
century. This, by itself, is no big deal because the pertur-
bation due to other planets — notably Jupiter and Saturn —
does cause this effect, but when computed it leads to
about 532 seconds of arc per century, leading to a dis-
crepancy of about 43 seconds of arc per century. Based
on the historical precedence — which had actually led to
the discoveries of Uranus and Neptune — astronomers
looked in vain for a planet Vulcan close to the Sun caus-
ing this discrepancy. The effects of GR precisely
predicted an extra precession of 43 seconds of arc per
century, thereby settling the issue. (And this should have
also taught theoretical physicists not to keep trying the
same idea just because it worked previously; but I don’t
think it did.)

The second effect, which is probably more important
both historically and astronomically, is the fact that gra-
vity bends the paths of light rays. This bending due to the
Sun will make the apparent position of a star deviate from
its actual position by an angle which is of the order of

1215



GUEST EDITORIAL

arcseconds. The effect will be maximum for a light ray
coming with a grazing incidence on the solar rim, and is
about 1.75 arcseconds, which is precisely twice the pre-
diction from Newtonian gravity if we consider light as
being made of particles moving with speed c. Obviously,
such a deviation can be measured only during the total
solar eclipse, when the stars around the Sun can be pho-
tographed. Eddington led a pioneering expedition to
make this measurement on 29 May 1919, which dramati-
cally verified Einstein’s theory (See, for example, Will,
C. M., arXiv: 1409.7812). This made headlines around
the world and made Einstein famous overnight, which
remains somewhat puzzling to social scientists till today!

In the early days of relativity, this was considered a
rather small deflection. We have come a long way since
then, and the bending of the cosmic light rays by gravita-
tional bodies, even the Sun, is a huge effect in today’s
astronomy in which stellar positions are known to a few
milli-arcseconds accuracy, and radio astronomers often
talk about even micro-arcsecond measurements. What is
more, the bending of light from cosmic sources leads to
the phenomenon of gravitational lensing, one of the most
elegant and powerful diagnostic tools in astronomy today
to measure the gravitational potential in the universe.

Incidentally, this is not the only case where an effect of
GR which was considered to be ‘very small’ in the early
days, turns out to be of great practical significance.
The good quality GPS which you use routinely today,
will become useless in a short span of time if it does not
incorporate the effect of the gravitational field on the
flow of time; it is routinely done in order for you not to
lose your way while driving —I can’t think of a more
practical use for a theory which was once considered
rather abstract!

The third is the prediction of the existence of gravita-
tional waves (the emission of) which have been detected
by R. A. Hulse and J. Taylor in a beautiful series of
observations spanning 30 years (See, for example, Man-
chester, R. N., arXiv: 1502.05474). Since, in GR, gravita-
tional effects propagate with the speed as light, it also
contains gravitational wave solutions, just as Maxwell’s
equations possess electromagnetic wave solutions. Cos-
mic sources, especially binary neutron stars orbiting each
other, will emit such gravitational waves. This, in turn,
will make the binary system lose its energy, etc. causing
the orbits of the stars to change in a clearly predictable
manner. By monitoring the orbital parameters of such a
system, we can verify that gravitational waves exist and
are emitted by such systems. This was done successfully
by Hulse and Taylor, using the binary pulsar PSR
B1913 + 16. The agreement with GR is so remarkable
that there is no room for doubt about the existence of
gravitational waves and their emission by this system. It
would be fun to detect the gravitational waves directly in
the lab as well, but the experiments done over decades
have failed due to technological limitations. Many are
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still underway, but contrary to what is sometimes por-
trayed, these experiments are not necessary to verify the
prediction of gravitational waves in Einstein’s theory.
This has already been done with exquisite detail, leading
to Hulse and Taylor getting the Nobel Prize in 1993.

GR has also contributed brilliantly to the way we
understand several cosmic phenomena and let me
describe a couple of them.

The first is the recognition of the astrophysical signifi-
cance of black holes. Originally, black holes arose as
rather esoteric solutions of Einstein’s equations and — in
the initial years — many leading physicists had difficulty
in understanding and accepting such solutions as ‘real
physics’. Over decades, observational evidence has
mounted for stellar mass black holes forming at the end
stage of stellar collapse as well as for supermassive black
holes — which are ubiquitous and exist in the centres of
most galaxies. (Our own Milky Way harbours such a
massive black hole.) The accepted explanation for a class
of objects — called active galactic nuclei (AGN) — uses
the concept of a black hole with an accretion disc around
it. These AGN can be as small as a star and emit the
energy equivalent to a galaxy made of a hundred billion
stars. Such super-luminous compact objects, when first
discovered, were a source of mystery; but today, they are
routinely studied based on the paradigm of a black hole
accreting matter from a surrounding disc. One could say
that the entire branch of study based on AGN is propelled
by the notion of black holes, which in turn is a child
of GR.

The most significant feature of GR, however, is that
Einstein’s equations are capable of predicting the expan-
sion of the universe. It would have been a great moment
for human civilization if someone wrote down a couple of
equations on a paper, solved them and predicted that the
universe is expanding. But alas, this opportunity was
missed because Einstein got cold feet and tinkered with
his equations to make the universe static (by adding a
term called the cosmological constant, which we will
come across again). So, the expansion of the universe had
to come from actual —and fairly imprecise — measure-
ments of distant galaxies and only later had to be recon-
ciled with the theory (See, for example, Peacock, J. A.,
arXiv: 1301.7286; MacCallum, M. A. H., arXiv:
1504.03606). Of course, the blame rests with good old
Albie and not with GR. (As usual in physics, the correct
equations are much wiser than their creators and if the
creators do not second-guess the equations, everything
will be fine!) Since then, we have come a long way in
cosmology. Starting out as speculative and philosophical
with inaccurate observations and theoretical prejudices, it
has evolved in the last 25 years or so to a precision
science, mostly thanks to developments in technology.
Today, observations lead the theory in cosmology and we
theoreticians are trying hard to make sense of what the
observations tell us.
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Given all these feathers in its cap, can we consider GR
to be the ultimate description of gravity, an epitome of
perfect theory? Fortunately, no! There is a lot of scope
for improving on it, in spite of the gorgeous elegance it
possesses. There are at least three theoretical aspects of
GR which cry out for an extension or modification of the
theory, in order for it to be considered satisfactory. Let
me describe these open issues briefly.

The first and foremost problem — which I consider to
be the problem in GR — has to do with its lack of predict-
ability in certain well-defined situations. Consider, for
example, a massive star which is collapsing to form a
black hole. Prompted by scientific curiosity, one of your
colleagues is willing to sit on the surface of the star and
collapse with it, knowing fully well that she will not be
able to communicate with you anything she finds. But she
would like to know, before she starts on the trip, what
fate awaits her. So she asks you — the leading general
relativist of the world — to tell her what she could expect
to see when the clock she carries with her shows different
readings, 10 minutes, 10.1 minutes, .... etc. Your embar-
rassment is acute. Today, no theoretician in the world can
answer her question. They all have to say something like
this: “Well, when your clock shows a lapse of about
11.8 minutes, you will feel an extraordinarily strong
gravitational field, and when it shows a lapse of
11.9343 minutes, a number I can compute to arbitrary
precision, the gravitational field will become infinitely
large. I regret I cannot predict what happens at this
moment or thereafter.’

The primary requirement of physical theories is to pre-
dict the future evolution of a given dynamical system for
an arbitrarily large lapse of time, as measured by the
clock carried by any observer; and GR categorically
flunks this test. Mathematically, the matter in such a col-
lapsing body hits a singularity (of infinite curvature and
density, and zero size) within a finite time, as shown by
the clocks moving with the collapsing matter — which is
unacceptable in any sensible physical theory. Physically,
one expects quantum gravitational effects to kick in when
the sizes are of the order of the so-called Planck length
Lp = (Gh/c*)"* = 107" cm, built from the fundamental
constants. But we do not know how to compute these
quantum gravitational effects. All models of quantum
gravity to date — including those which their proponents
want us to take seriously — are silent regarding this ques-
tion, and have no rigorous, satisfactory, solution to offer.
This makes it the number one problem with GR.

The second theoretical conundrum about GR is related
to what is usually called the cosmological constant pro-
blem — except that it actually arises from a serious struc-
tural defect of Einstein’s theory and is a problem with
gravity. To appreciate this issue in its proper context, let
us recall that, in all of non-gravitational physics, the ‘zero
level’ of energy does not matter. What physical systems
care about is the difference in the energy between two
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configurations, rather than their absolute values. Mathe-
matically, this arises from the fact that the dynamical
equations describing a system do not change if you add a
constant to the Hamiltonian, H, of the system; that is, the
transformation H — H + C, where C is a constant, is a
symmetry of the dynamical equations which describe all
(experimentally verified) physical theories, except GR. It
turns out that Einstein’s equations describing gravity
break this symmetry! You would have thought that
elegant and beautiful theories should introduce a higher
level of symmetry rather than go around breaking
previously known exact symmetries; but this is precisely
what happens. Any constant you add to your Hamiltonian
will change the zero level of the energy, and in GR,
gravity couples to this zero level. This leads to two diffi-
culties.

First, we have reasons to believe that the zero level of
the energy of the matter fields — which act as the source
of gravity — has changed during the evolution of the uni-
verse by fairly large amounts. Nevertheless, the cosmic
gravitational field does not seem to have been affected by
such changes. This requires either an extreme fine-tuning
of completely different sectors of physical theories —
which appears to be unnatural and unmotivated — or the
theory, as formulated, must be wrong. It should be possi-
ble to reformulate Einstein’s theory in such a way that it
respects the symmetry H — H + C and still leads to all
the standard results. (I will say more about this later on.)

The second issue concerns the actual numerical value
of the zero level of the energy, which can be measured
through its gravitational effects felt at very large cosmic
scales. This contribution is expressed in terms of a para-
meter called the cosmological constant (and denoted by
the symbol A) and has the effect of accelerating the
expansion of the universe. (This cosmological constant is
more popularly known as dark energy in the literature.
But all observational evidence is consistent with dark
energy being the cosmological constant, and hence I will
call a spade a spade.) In standard units, A has the dimen-
sions of the inverse square of length, and classical grav-
ity will be described by the dimensionfull constants G, ¢
and A. It is silly to worry about the numerical value of a
dimensionfull constant like A and you cannot build a
dimensionless number just from G, ¢ and A. The situation
changes drastically when you accept that nature is quan-
tum mechanical and we also have the Planck constant 7 at
our disposal. It is now possible to construct a dimen-
sionless number out of these four, viz. A(Gh/c’) = AL}.
Observations tell us that this number has an incredibly
tiny value of about 10>, Our universe today has about
70% of the energy density contributing to its expansion
coming from the zero level of energy (viz. A), which
leads to this tiny but non-zero dimensionless number.
Explaining this numerical value is the greatest challenge
faced by theoretical physics today, and the conventional
formulation of GR offers us no clue.
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The third theoretical issue with GR is probably the
most tantalizing. It turns out that there is a peculiar rela-
tionship between gravity and thermodynamics which is
universal in a manner which I will now explain. Recall
that, because nothing can travel faster than light, the
paths of light rays in a spacetime determine which re-
gions of spacetime can send and receive signals from
which other regions. In the presence of gravity, the light
rays get bent and hence gravity now determines which
regions of spacetime can communicate with which other
regions. Further, the principle of equivalence — which lo-
cally equates gravity to an accelerated frame — demands
that we treat all observers, inertial or accelerated, in a
democratic way. It turns out that in any spacetime (even
in flat spacetime) you can find observers who will not be
able to receive signals from certain regions of spacetime;
that is, these observers perceive a horizon in the space-
time beyond which they cannot see. (The black hole is
the well-known illustration of this phenomenon with
respect to the observers who stay outside it, but this is
just a specific example of a general feature.)

When you develop the quantum theory of other fields
in such a spacetime, you are led to what I consider to be
the most beautiful result we have in this subject: Any
observer who perceives a horizon will attribute to it a
temperature 7= (/i/kgc)(k/27) o Kk, where « is the accel-
eration of the observer (Davies, P. C. W., J. Phys. A,
1975, 8, 609; Unruh, W. G., Phys. Rev. D, 1976, 14,
870). This result makes the notion of temperature, and,
along with it, all of thermodynamics, an observer-
dependent phenomenon. Consider, for example, the vacuum
state of a field to which an inertial observer attributes
zero temperature. An accelerating observer will see the
same quantum state as a thermal state with the tempera-
ture proportional to her acceleration! You can no longer
say ‘this glass of water is at a temperature 7= 312 K’
without specifying the observer who is measuring it.
When an inertial observer attributes the temperature of
312 K to a glass of water, an accelerated observer will
attribute to it a higher temperature. In fact, the notion of a
particle itself becomes observer-dependent when we have
to take into account non-inertial observers.

So horizons lead to the (observer-dependent) heating
up of spacetime. Further, since horizons block informa-
tion — and lack of information is intimately related to
entropy — it is probably less surprising that observers will
also attribute some amount of entropy to the horizons
they perceive. It turns out that these thermodynamic fea-
tures arise in a wide class of theories of gravity, much
more general than Einstein’s theory. All of them attribute
the same temperature to the horizon but different entro-
pies. In Einstein’s theory, the horizon entropy is propor-
tional to the area of the blocking surface, or, in other
words, the entropy per unit area is a numerical constant.
In other theories, the same spacetime horizon will be
attributed a different entropy. This is again similar to the
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fact that, while you can heat a metal rod and a glass of
water to the same temperature, the entropies they will
have at that temperature will depend on their dynamical
characteristics. You can keep two spacetime horizons at
the same temperature, but the entropies they will have
will depend on the dynamical equations which determine
the spacetime structure.

All this is very puzzling, as you would readily agree.
Why should gravity have anything to do with thermo-
dynamics and why should these relationships be so uni-
versal and transcend Einstein’s theory? Of the three
theoretical issues I have mentioned, this last one is the
most fundamental, and possibly the most promising one
to tackle.

What does the future hold for GR, especially vis-a-vis
the open issues like the ones mentioned above? You
might have noticed that all the three issues involve the
Planck constant %, and hence tackling them will require
combining the principles of GR and quantum theory in a
consistent manner. The most straightforward approach for
constructing a quantum field theory — which has been so
successful in producing quantum electrodynamics and the
electro-weak unification, leading to what is called the
standard model in particle physics — relies on using a sys-
tematic perturbative approach to construct and interpret
the theory. Roughly speaking, this approach produces
verifiable predictions from the theory by treating the in-
teractions in a perturbative expansion in some small para-
meter in the theory. Further, it uses a specific technique
(called perturbative renormalization) in order to give sen-
sible meanings to divergent quantities which arise in the
theory. While the proper interpretation of quantum field
theory — known as the Wilsonian approach — demystifies
all these at a conceptual level, we still do not know how
to deal with any realistic quantum field theory if it is not
perturbatively renormalizable.

The trouble with gravity is that it is not perturbatively
renormalizable for a large class of reasonable interac-
tions. What is more, every interesting question to which
we want an answer from quantum gravity, is likely to be
non-perturbative in character. Since we do not know
how to handle even quantum electrodynamics non-
perturbatively with any level of generality, there is little
hope that similar techniques will bear fruit in quantizing
gravity. This fact gained reluctant acceptance rather
slowly (circa the latter half of the 80s) among the high-
energy physicists. The last three decades witnessed signi-
ficantly different and more imaginative approaches
towards quantum gravity, but unfortunately — often after
a considerable amount of hope and hype — none of them
has led us to anywhere near answering the really impor-
tant issues of quantum gravity. (Nevertheless, given the
emotional investment of a generation of talented physi-
cists, the hope and the hype will continue!)

Given this backdrop, one might suspect that we might
have travelled a long way in the wrong direction as
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regards the interpretation of gravity and we need yet
another paradigm shift. One such approach — which I am
personally hopeful about —is known as the emergent
gravity paradigm (For a review, see, Padmanabhan, T.,
arXiv: 1410.6285). This approach takes the cue from
Boltzmann who told us: ‘If you can heat it, it must have
microstructure’. This allowed Boltzmann to interpret
thermal phenomena in terms of the (statistical) mechanics
of the underlying discrete structures in matter, viz. the
atoms and molecules. The smooth continuity of fluids and
iron rods is an illusion valid at large scales when we
average over the underlying discrete structures, but the
latter manifests itself as the thermal energy of fluids and
iron rods at the macroscopic scales. Since we now know
that spacetime can also be hot and possess entropy, it
appears reasonable to study the dynamics of spacetime
exactly the way physicists studied matter before they
knew what it was made of.

This approach has been remarkably successful in sev-
eral ways. To begin with, it allows one to obtain the dy-
namical equations of gravity from a thermodynamic
extremum principle. The resulting equations restore to
gravity the symmetry under the shifting of the zero level
of energy. What is more, the cosmological constant arises
as an integration constant to the solutions of the field
equations, and its value can be fixed using an additional
conservation law which the emergent paradigm attributes
to our universe. This approach actually predicts the tiny
numerical value of the cosmological constant in terms of
other standard parameters in physics! (Padmanabhan, T.
and Padmanabhan, H., arXiv: 1404.2284). This prediction
has verifiable consequences, making the theory observa-
tionally disprovable — which is more than what one can
say about many other approaches.

Further, it allows us to reinterpret much of classical
gravity in a thermodynamic language, thereby demystify-
ing the connection between thermodynamics and gravity.
In fact, in this approach gravity is the thermodynamics of
the atoms of spacetime! It also explains why a large class
of theories share such a feature: The reason is same as
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why thermodynamics is applicable to a wide variety of
physical systems, whether it is an iron rod or ionized
plasma. Finally, the approach identifies the correct set of
variables to describe gravity — which happens to be quite
different from what we use in the standard Einstein
theory. So, by and large, this approach is successful in
tackling two out of the three issues I have mentioned
above. The issue of the singularity still needs to be
addressed properly.

The main task ahead is to develop a fully microscopic
theory of the ‘atoms of spacetime’ and obtain the emer-
gent gravity paradigm as its limiting case. It could very
well be that such a microscopic theory is closely related
to some of the existing candidate models for quantum
gravity, possibly after some reformulation. For example,
the ‘top-down’ approach of the emergent gravity para-
digm — which is analogous to discovering the molecules
from the thermal phenomena of matter — leads to a holo-
graphic correspondence between (suitably defined) degrees
of freedom living (i) in the surface and (ii) in the bulk
region of spacetime. This is reminiscent of the notions of
holographic correspondence that arises in string theories,
which are of course ‘bottom-up’ models — analogous to
obtaining the thermodynamics from statistical mechanics.
A marriage of the concepts in these two approaches could
illuminate further the physical structure of both.

Any such successful union will have deep implications
about the very early stages of the universe, allowing us to
eventually answer precisely the question which has
always intrigued humanity: How did it all begin? What-
ever the answer is, it would be appropriate to consider it
as a legacy of Einstein’s genius.
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