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Does time exist  
in quantum gravity?

Claus Kiefer
Institute for Theoretical Physics, University of Cologne

Abstract
Time is absolute in standard quantum theory and dynamical in gen-
eral relativity. The combination of both theories into a theory of 
quantum gravity leads therefore to a “problem of time”. In my es-
say, I investigate those consequences for the concept of time that 
may be drawn without a detailed knowledge of quantum gravity. 
The only assumptions are the experimentally supported universal-
ity of the linear structure of quantum theory and the recovery of 
general relativity in the classical limit. Among the consequences 
are the fundamental timelessness of quantum gravity, the approxi-
mate nature of a semiclassical time, and the correlation of entropy 
with the size of the Universe.
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1. Time in Physics

On December 14, 1922, Albert Einstein delivered a speech 
to students and faculty members of Kyoto University  in 

which he summarized how he created his theories of relativity 
(Einstein, 1982). As for the key idea in finding special relativity 
in 1905, he emphasized: “An analysis of the concept of time was 
my solution.” He was then able to complete his theory within 
five weeks.

An analysis of the concept of time may also be the key for 
the construction of a quantum theory of gravity. Such a hope is 
supported by the fact that a change of the fundamental equa-
tions in physics is often accompanied by a change in the notion 
of time. Let me briefly review the history of time in physics.

Before Newton, and thus before the advent of modern sci-
ence, time was associated with periodic motion, notably the mo-
tion of the ‘Heavens’; time was largely considered ‘the meas-
ure of change’. It was Newton’s great achievement to invent the 
notion of an absolute and continuous time. Such a concept was 
needed for the formulation of his laws of mechanics and univer-
sal gravitation. Although Newton’s concepts of absolute space 
and absolute time were heavily criticized by some contempo-
raries as being unobservable, alternative relational formulations 
were only constructed after the advent of general relativity in the 
20th century (Barbour, 1986).
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In  Einstein’s  theory  of  special  relativity,  time  was  uni-
fied  with  space  to  form  a  four-dimensional  spacetime.  But 
this “Minkowski spacetime” still constitutes an absolute back-
ground in the sense that there is no reaction of fields and matter 
– Minkowski spacetime provides only the rigid stage for their 
dynamics. Einstein considered this lack of back reaction as very 
unnatural.

Minkowski spacetime provides the background for relativ-
istic quantum field theory and the Standard Model of particle 
physics. In the non-relativistic limit, it yields quantum mechan-
ics with its absolute Newtonian time t. This is clearly seen in the 
Schrödinger equation,

            (1)

It must also be noted that the presence of t occurs on the 
left-hand side of this equation together with the imaginary unit, 
i; this fact will become important below. In relativistic quantum 
field theory, (1) is replaced by its functional version.

The Schrödinger equation (1) is, with respect to t, determin-
istic and time-reversal invariant. As was already emphasized by 
Wolfgang Pauli, the presence of both t and i are crucial for the 
probability interpretation of quantum mechanics, in particular 
for the conservation of probability in time.

But the story is not yet complete. It was Einstein’s great in-
sight to see that gravity is a manifestation of the geometry of spa-
cetime; in fact, gravity is geometry. This led him to his general 

time was largely considered ‘the measure of change’. It was Newton’s great
achievement to invent the notion of an absolute and continuous time. Such a
concept was needed for the formulation of his laws of mechanics and univer-
sal gravitation. Although Newton’s concepts of absolute space and absolute
time were heavily criticized by some contemporaries as being unobservable,
alternative relational formulations were only constructed after the advent of
general relativity in the 20th century [2].

In Einstein’s theory of special relativity, time was unified with space to
form a four-dimensional spacetime. But this “Minkowski spacetime” still
constitutes an absolute background in the sense that there is no reactio of
fields and matter – Minkowski spacetime provides only the rigid stage for
their dynamics. Einstein considered this lack of back reaction as very unnat-
ural.

Minkowski spacetime provides the background for relativistic quantum
field theory and the Standard Model of particle physics. In the non-relativistic
limit, it yields quantum mechanics with its absolute Newtonian time t. This
is clearly seen in the Schrödinger equation,

i�
∂ψ

∂t
= Ĥψ. (1)

It must also be noted that the presence of t occurs on the left-hand side
of this equation together with the imaginary unit, i; this fact will become
important below. In relativistic quantum field theory, (1) is replaced by its
functional version.

The Schrödinger equation (1) is, with respect to t, deterministic and
time-reversal invariant. As was already emphasized by Wolfgang Pauli, the
presence of both t and i are crucial for the probability interpretation of quan-
tum mechanics, in particular for the conservation of probability in time.

But the story is not yet complete. It was Einstein’s great insight to see
that gravity is a manifestation of the geometry of spacetime; in fact, gravity is
geometry. This led him to his general theory of relativity, which he completed
in 1915. Because of this identification, spacetime is no longer absolute, but
dynamical. There is now a reactio of all matter and fields onto spacetime
and even an interaction of spacetime with itself (as is e.g. the case in the
dynamics of gravitational waves).

So, time is absolute in quantum theory, but dynamical in general relativ-
ity. What, then, happens if one seeks a unification of gravity with quantum
theory or, more precisely, seeks an accommodation of gravity into the quan-
tum framework? Obviously, time cannot be both absolute and relational;
this dilemma is usually referred to as the “problem of time” [3, 4, 5, 6].

2
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theory of relativity, which he completed in 1915. Because of this 
identification, spacetime is no longer absolute, but dynamical. 
There is now a reaction of all matter and fields onto spacetime 
and even an interaction of spacetime with itself (as is e.g. the 
case in the dynamics of gravitational waves).

So, time is absolute in quantum theory, but dynamical in 
general relativity. What, then, happens if one seeks a unifica-
tion of gravity with quantum theory or, more precisely, seeks an 
accommodation of gravity into the quantum framework? Obvi-
ously, time cannot be both absolute and relational; this dilemma 
is usually referred to as the “problem of time” (Isham, 1993; 
Kiefer, 2012; Kuchař, 1993; Anderson, 2012).

But does one really have to unify gravity with quantum the-
ory into a theory of quantum gravity? In the next section, I shall 
give a concise summary of the main reasons for doing so. I shall 
then argue that one can draw important conclusions about the 
nature of time in quantum gravity without detailed knowledge 
of the full theory; in fact, all that is needed is the semiclassi-
cal limit – general relativity. I shall then describe the approxi-
mate nature of any time parameter and clarify the relevance of 
these limitations for the interpretation of quantum theory itself. 
I shall finally show how the direction of time can be understood 
in a theory which is fundamentally timeless.
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2. The Disappearance of Time

The main  arguments  in  favour of  quantizing gravity have  to 
do with  the universality of both quantum theory and gravity. 
The universality of quantum theory is encoded in the apparent 
universality of  the  superposition principle, which has passed 
all experimental tests so far (Joos, et al., 2003; Schlosshauer, 
2007). There is, of course, no guarantee that this principle will 
not eventually break down. However, I shall make the conse-
rvative assumption, in accordance with all existing experiments, 
that the superposition principle does hold universally. Arbitrary 
linear combinations of physical quantum state do again lead to 
a physical quantum state; in general, the resulting quantum sta-
tes describe highly entangled quantum systems. If the superpo-
sition principle holds universally, it holds in particular for the 
gravitational field.

The universality of the gravitational field is a consequence 
of its geometric nature: it couples equally to all forms of energy. 
It thus interacts with all quantum states of matter, suggesting 
that it is itself described by a quantum state. This is not a logi-
cal argument, though, but an argument of naturalness (Albers, 
et al., 2008).

A further argument for the quantization of gravity is the 
incompleteness of general relativity. Under very general as-
sumptions, one can prove singularity  theorems that force us 
to conclude that time must come to an end in regions such as 
the big bang and the interior of black holes. This is, of course, 
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only possible because time in general relativity is dynamical. 
The hope, then, is that quantum gravity will be able to deal with 
these situations.

It  is  generally  argued  that  quantum-gravity  effects  can 
only be seen at a remote scale – the Planck scale, which origi-
nates from the combination of the three fundamental constants 
c (speed of light), G (gravitational constant), and ħ (quantum of 
action). The Planck length, for example, is given by

      (2)

and is thus much smaller than any length scale that can be pro-
bed by the Large Hadron Collider (LHC).

This argument is, however, misleading. One may certainly 
expect that quantum effects of gravity are always important at the 
Planck scale. But they are not restricted to this scale a priori. The 
superposition principle allows the formation of non-trivial grav-
itational quantum states at any scale. Why, then, is such a state 
not observed? The situation is analogous to quantum mechan-
ics and the non-observability of states such as a Schrödinger-cat 
state. And the reason why such states are not found is the same: 
decoherence (Joos, et al., 2003; Schlosshauer, 2007). The in-
teraction of a quantum system with its ubiquitous environment 
(that is, with unaccessible degrees of freedom) will usually lead 
to its classical appearance, except for micro- or mesoscopic sit-
uations. The process of decoherence is founded on the standard 

But does one really have to unify gravity with quantum theory into a
theory of quantum gravity? In the next section, I shall give a concise sum-
mary of the main reasons for doing so. I shall then argue that one can draw
important conclusions about the nature of time in quantum gravity without

detailed knowledge of the full theory; in fact, all that is needed is the semiclas-
sical limit – general relativity. I shall then describe the approximate nature
of any time parameter and clarify the relevance of these limitations for the
interpretation of quantum theory itself. I shall finally show how the direction
of time can be understood in a theory which is fundamentally timeless.

2 The Disappearance of Time

The main arguments in favour of quantizing gravity have to do with the uni-
versality of both quantum theory and gravity. The universality of quantum
theory is encoded in the apparent universality of the superposition principle,
which has passed all experimental tests so far [7, 8]. There is, of course,
no guarantee that this principle will not eventually break down. However, I
shall make the conservative assumption, in accordance with all existing ex-
periments, that the superposition principle does hold universally. Arbitrary
linear combinations of physical quantum state do again lead to a physical
quantum state; in general, the resulting quantum states describe highly en-
tangled quantum systems. If the superposition principle holds universally, it
holds in particular for the gravitational field.

The universality of the gravitational field is a consequence of its geometric
nature: it couples equally to all forms of energy. It thus interacts with all
quantum states of matter, suggesting that it is itself described by a quantum
state. This is not a logical argument, though, but an argument of naturalness
[9].

A further argument for the quantization of gravity is the incompleteness of
general relativity. Under very general assumptions, one can prove singularity
theorems that force us to conclude that time must come to an end in regions
such as the big bang and the interior of black holes. This is, of course, only
possible because time in general relativity is dynamical. The hope, then, is
that quantum gravity will be able to deal with these situations.

It is generally argued that quantum-gravity effects can only be seen at a
remote scale – the Planck scale, which originates from the combination of the
three fundamental constants c (speed of light), G (gravitational constant),
and � (quantum of action). The Planck length, for example, is given by

lP =

√

�G

c3
≈ 1.62× 10−35m, (2)

3
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quantum formalism, and it has been tested in many experiments 
(Schlosshauer, 2007).

The emergence of classical behaviour through decoherence 
also holds for most states of the gravitational field. But there 
may be situations where the quantum nature of gravity is visi-
ble – even far away from the Planck scale. We shall encounter 
such a situation in quantum cosmology. It is directly related to 
the concept of time in quantum gravity. 

Due to the absence of a background structure, the construc-
tion of a quantum theory of gravity is difficult and has not yet 
been accomplished. Approaches are usually divided  into  two 
classes. The more conservative class is the direct quantization 
of general relativity; path-integral quantization and canonical 
quantum gravity belong to it. The second class starts from the 
assumption that a consistent theory of quantum gravity can only 
be achieved within a unified quantum theory of all interactions; 
superstring theory is the prominent (and probably unique) ex-
ample for this class.

In this essay, I want to put forward the view that the con-
cept of time in quantum gravity can be discussed without hav-
ing the final theory at one’s disposal; the experimentally tested 
part of physics  together with  the above universality assump-
tions suffice.

The arguments are similar in spirit to the ones that led Er-
win Schrödinger in 1926 to his famous equation (1). Motivated 
by Louis de Broglie’s suggestion of the wave nature of matter, 
Schrödinger tried to find a wave equation which yields the equa-
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tions of classical mechanics in an appropriate limit, in analogy 
to the recovery of geometric optics as a limit to the fundamental 
wave optics. To achieve this, Schrödinger put classical mechan-
ics into the Hamilton–Jacobi form, from which the desired wave 
equation could be easily guessed (Schrödinger, 1926).

The same steps can be followed for gravity. One starts by 
casting Einstein’s field equations into Hamilton–Jacobi form. 
This was already done by Asher Peres (1962). The wave equa-
tion behind the gravitational Hamilton–Jacobi equation is then 
nothing but the Wheeler–DeWitt equation, which was derived 
by John Wheeler (1968) and Bryce DeWitt (1967) from the ca-
nonical formalism. It is of the form

            (3)

where here Ĥtot denotes the full Hamilton operator for gravity 
plus matter. The wave functional Ψ depends on the three-dimen-
sional metric plus all nongravitational fields.1

The Wheeler–DeWitt equation (3) may or may not hold at 
the fundamental Planck scale (2). But as long as quantum the-
ory is universally valid, it will hold at least as an approximate 
equation for scales much bigger than lP. In this sense, it is the 
most reliable equation of quantum gravity, even if it is not the 
most fundamental one.

1  There  also  exist  the  so-called  diffeomorphism  constraints,  which 
state  that Ψ  is  independent of  the choice of  spatial coordinates,  see 
e.g. (Kiefer, 2012) for details.

by Asher Peres in 1962 [11]. The wave equation behind the gravitational
Hamilton–Jacobi equation is then nothing but the Wheeler–DeWitt equa-
tion, which was derived by John Wheeler [12] and Bryce DeWitt [13] in 1967
from the canonical formalism. It is of the form

ĤtotΨ = 0, (3)

where here Ĥtot denotes the full Hamilton operator for gravity plus matter.
The wave functional Ψ depends on the three-dimensional metric plus all non-
gravitational fields.1

The Wheeler–DeWitt equation (3) may or may not hold at the funda-
mental Planck scale (2). But as long as quantum theory is universally valid,
it will hold at least as an approximate equation for scales much bigger than
lP. In this sense, it is the most reliable equation of quantum gravity, even if
it is not the most fundamental one.

The wave function Ψ in the Wheeler–DeWitt equation (3) does not con-
tain any time parameter t. Although at first glance surprising, this is a
straightforward consequence of the quantum formalism. In classical me-
chanics, the trajectory of a particle consists of positions q in time, q(t). In
quantum mechanics, only probability amplitudes for those positions remain.
Because time t is external, the wave function in (1) depends on both q and
t, but not on any q(t). In gravity, three-dimensional space is analogous to q,
and the classical spacetime corresponds to q(t). Therefore, upon quantiza-
tion, spacetime vanishes in the same manner as the trajectory q(t) vanishes.
But as there is no absolute time in general relativity, only space remains, and
one is left with (3).

We can thus draw the conclusion that quantum gravity is timeless sole-
ly from the validity of the Einstein equations at large scales and the as-
sumed universality of quantum theory. Our conclusion is independent of
additional modifications at the Planck scale, such as the discrete features
that are predicted from loop quantum gravity and string theory. The latter
two approaches do, however, lead to additional modifications in the concept
of space [4]. The AdS/CFT correspondence in string theory, for example,
suggests that laws including gravity in three spatial dimensions is equivalent
to laws excluding gravity in two spatial dimensions. It has even been claimed
that gravity thus is an illusion [14].

1There also exist the so-called diffeomorphism constraints, which state that Ψ is inde-
pendent of the choice of spatial coordinates, see e.g. [4] for details.

5
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The  wave  function  Ψ  in  the  Wheeler–DeWitt  equa-
tion (3) does not contain any time parameter t. Although at first 
glance surprising, this is a straightforward consequence of the 
quantum  formalism.  In  classical mechanics,  the  trajectory of 
a particle consists of positions q in time, q(t). In quantum me-
chanics, only probability amplitudes for those positions remain. 
Because time t is external, the wave function in (1) depends on 
both q and t, but not on any q(t). In gravity, three-dimensional 
space is analogous to q, and the classical spacetime corresponds 
to q(t). Therefore, upon quantization, spacetime vanishes in the 
same manner as the trajectory q(t) vanishes. But as there is no 
absolute time in general relativity, only space remains, and one 
is left with (3).

We can thus draw the conclusion that quantum gravity is 
timeless  solely  from  the validity of  the Einstein equations at 
large scales and the assumed universality of quantum theory. 
Our conclusion  is  independent of  additional modifications at 
the Planck scale, such as the discrete features that are predicted 
from loop quantum gravity and string theory. The latter two ap-
proaches do, however, lead to additional modifications in the 
concept of space (Kiefer, 2012). The AdS/CFT correspondence 
in string theory, for example, suggests that laws including grav-
ity in three spatial dimensions is equivalent to laws excluding 
gravity in two spatial dimensions. It has even been claimed that 
gravity thus is an illusion (Maldacena, 2005).
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3. Time Regained

In August 1931, Neville Mott submitted a remarkable paper to 
the Cambridge Philosophical Society (Mott, 1931). He discus-
sed the collision of an alpha-particle with an atom. The remarka-
ble thing is that he considered the time independent Schrödinger 
equation of the total system and used the state of the alpha-par-
ticle to define  time and to derive a time-dependent Schrödin-
ger equation for the atom alone. The total quantum state is of 
the form

            (4)

where r and R refer to the atom and the alpha-particle, respecti-
vely. The time t is then defined from the exponential in (4) thro-
ugh a directional derivative,

            (5)

This  leads  to  the  time-dependent  Schrödinger  equa-
tion for the atom. Such a viewpoint of time as a concept de-
rived from a fundamental timeless equation is rarely adopted 
in quantum mechanics. It is, however, the key step to under-
standing the emergence of  time from the timeless Wheeler–
DeWitt equation (3). While the alpha-particle in Mott’s exam-
ple corresponds to the gravitational part, the atom corresponds 
to the non-gravitational degrees of freedom. The time t of the 

3 Time Regained

In August 1931, Neville Mott submitted a remarkable paper to the Cam-
bridge Philosophical Society [15]. He discussed the collision of an alpha-
particle with an atom. The remarkable thing is that he considered the time-
independent Schrödinger equation of the total system and used the state of
the alpha-particle to define time and to derive a time-dependent Schrödinger
equation for the atom alone. The total quantum state is of the form

Ψ(r,R) = ψ(r,R)eikR, (4)

where r and R refer to the atom and the alpha-particle, respectively. The
time t is then defined from the exponential in (4) through a directional deriva-
tive,

i�
∂

∂t
∝ ik · ∇R. (5)

This leads to the time-dependent Schrödinger equation for the atom. Such
a viewpoint of time as a concept derived from a fundamental timeless equa-
tion is rarely adopted in quantum mechanics. It is, however, the key step
to understanding the emergence of time from the timeless Wheeler–DeWitt
equation (3). While the alpha-particle in Mott’s example corresponds to the
gravitational part, the atom corresponds to the non-gravitational degrees of
freedom. The time t of the Schrödinger equation (1) is then defined by a
directional derivative similar to (5). Various derivations of such a “semi-
classical time” have been given in the literature (reviewed e.g. in [4]), but
the general idea is always the same. Time emerges from the separation
into two different subsystems: one subsystem (here: the gravitational part)
defines the time with respect to which the other subsystem (here: the non-
gravitational part) evolves.2 Time is thus only an approximate concept. A
closer investigation of this approximation scheme then reveals the presence of
quantum-gravitational correction terms [16]. Such terms can in principle be
observed in the anisotropy spectrum of the Cosmic Microwave Background
radiation [17].

I have remarked above that the Hilbert-space structure of quantum the-
ory is related to the probability interpretation, and that the latter seems to
be tied to the presence of t. In the light of the fundamental absence of t, one
may speculate that the Hilbert-space structure, too, is an approximate struc-
ture and that different mathematical structures are needed for full quantum
gravity.

2More precisely, some of the gravitational degrees of freedom can also remain quantum,
while some of the non-gravitational variables can be macroscopic and enter the definition
of time.
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Ψ(r,R) = ψ(r,R)eikR, (4)

where r and R refer to the atom and the alpha-particle, respectively. The
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equation (3). While the alpha-particle in Mott’s example corresponds to the
gravitational part, the atom corresponds to the non-gravitational degrees of
freedom. The time t of the Schrödinger equation (1) is then defined by a
directional derivative similar to (5). Various derivations of such a “semi-
classical time” have been given in the literature (reviewed e.g. in [4]), but
the general idea is always the same. Time emerges from the separation
into two different subsystems: one subsystem (here: the gravitational part)
defines the time with respect to which the other subsystem (here: the non-
gravitational part) evolves.2 Time is thus only an approximate concept. A
closer investigation of this approximation scheme then reveals the presence of
quantum-gravitational correction terms [16]. Such terms can in principle be
observed in the anisotropy spectrum of the Cosmic Microwave Background
radiation [17].

I have remarked above that the Hilbert-space structure of quantum the-
ory is related to the probability interpretation, and that the latter seems to
be tied to the presence of t. In the light of the fundamental absence of t, one
may speculate that the Hilbert-space structure, too, is an approximate struc-
ture and that different mathematical structures are needed for full quantum
gravity.

2More precisely, some of the gravitational degrees of freedom can also remain quantum,
while some of the non-gravitational variables can be macroscopic and enter the definition
of time.
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Schrödinger equation (1) is then defined by a directional de-
rivative similar to (5). Various derivations of such a “semiclas-
sical time” have been given in the literature (reviewed e.g. in 
(Kiefer, 2012)), but the general idea is always the same. Time 
emerges  from  the  separation  into  two different  subsystems: 
one subsystem (here:  the gravitational part) defines the time 
with respect to which the other subsystem (here: the nongravi-
tational part) evolves.2 Time is thus only an approximate con-
cept. A closer investigation of this approximation scheme then 
reveals the presence of quantum-gravitational correction terms 
(Kiefer and Singh, 1991). Such terms can in principle be ob-
served in the anisotropy spectrum of the Cosmic Microwave 
Background radiation (Kiefer and Krämer, 2012).

I have remarked above that the Hilbert-space structure of 
quantum theory is related to the probability interpretation, and 
that the latter seems to be tied to the presence of t. In the light 
of the fundamental absence of t, one may speculate that the Hil-
bert-space structure, too, is an approximate structure and that 
different mathematical structures are needed for full quantum 
gravity.

I have also remarked above that the time t in the Schrödinger 
equation (1) occurs together with the imaginary unit i. The quan-
tum-mechanical wave functions are thus complex, which is an 
essential  feature  for  the  probability  interpretation.  Since  the 

2  More precisely,  some of  the gravitational degrees of  freedom can 
also remain quantum, while some of  the non-gravitational variables 
can be macroscopic and enter the definition of time.
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Wheeler–DeWitt equation is real, the complex numbers emerge 
together with the time t (Barbour, 1993; Kiefer, 1993). Has this 
not been put in by hand through the i in the form (4)? Not really. 
One can start with superpositions of complex wave functions 
of the form (4), which together give a real quantum state. But 
now, again, decoherence comes into play. Irrelevant degrees of 
freedom distinguish the complex components from each other, 
making them dynamically independent (Joos, et al., 2003). In 
a sense, time is “measured” by such irrelevant degrees of free-
dom (gravitational waves, tiny density fluctuations). Some time 
ago, I estimated the magnitude of this effect for a simple cos-
mological model (Kiefer, 1992) and found that the interference 
terms between the complex components can be as small as

            (6)

where H0 is the Hubble constant and m the mass of a scalar field, 
and some standard values for the parameters have been chosen. 
This gives further support for the recovery of time as a viable 
semiclassical concept. 

There are, of course, situations where the recovery of semi-
classical time breaks down. They can be found through a study 
of the full Wheeler–DeWitt equation (3). One can, for exam-
ple, study the behaviour of wave packets. Semiclassical  time 
is only a viable approximation if the packets follow the classi-
cal trajectory without significant spreading. One may certainly 
expect that a breakdown of the semiclassical limit occurs at the 

I have also remarked above that the time t in the Schrödinger equation (1)
occurs together with the imaginary unit i. The quantum-mechanical wave
functions are thus complex, which is an essential feature for the probabil-
ity interpretation. Since the Wheeler–DeWitt equation is real, the complex
numbers emerge together with the time t [18, 19]. Has this not been put
in by hand through the i in the ansatz (4)? Not really. One can start with
superpositions of complex wave functions of the form (4), which together give
a real quantum state. But now, again, decoherence comes into play. Irrele-
vant degrees of freedom distinguish the complex components from each other,
making them dynamically independent [7]. In a sense, time is “measured” by
such irrelevant degrees of freedom (gravitational waves, tiny density fluctua-
tions). Some time ago, I estimated the magnitude of this effect for a simple
cosmological model [20] and found that the interference terms between the
complex components can be as small as

exp

(

−
πmc2

128�H0

)

∼ exp
(

−1043
)

, (6)

where H0 is the Hubble constant and m the mass of a scalar field, and some
standard values for the parameters have been chosen. This gives further
support for the recovery of time as a viable semiclassical concept.

There are, of course, situations where the recovery of semiclassical time
breaks down. They can be found through a study of the full Wheeler–DeWitt
equation (3). One can, for example, study the behaviour of wave packets.
Semiclassical time is only a viable approximation if the packets follow the
classical trajectory without significant spreading. One may certainly expect
that a breakdown of the semiclassical limit occurs at the Planck scale (2).
But there are other situations, too. One occurs for a classically recollapsing
universe and is described in the next section. Other cases follow from models
with fancy singularities at large scales. The “big brake”, for example, corre-
sponds to a universe which classically comes to an abrupt halt with infinite
deceleration, leading to a singularity at large scale factor. The corresponding
quantum model is discussed in [21]. If the wave packet approaches the classi-
cal singularity, the wave function will necessarily go to zero there. The time
t then loses its meaning, and all classical evolution comes to an end before
the singularity is reached. One might even speculate that not only time, but
also space disappears [22].

The ideas presented here are also relevant to the interpretation of quan-
tum theory itself. They strongly suggest, for example, that the Copenhagen
interpretation is not applicable in this domain. The reason is the absence of a
classical spacetime at the most fundamental level, which in the Copenhagen
interpretation is assumed to exist from the outset. In quantum gravity, the
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Planck scale (2). But there are other situations, too. One occurs 
for a classically recollapsing universe and is described in the 
next section. Other cases follow from models with fancy sin-
gularities at large scales. The “big brake”, for example, corre-
sponds to a universe which classically comes to an abrupt halt 
with infinite deceleration, leading to a singularity at large scale 
factor. The corresponding quantum model is discussed in (Ka-
menshchik, Kiefer and Sandhöfer, 2007). If the wave packet ap-
proaches the classical singularity, the wave function will neces-
sarily go to zero there. The time t then loses its meaning, and 
all classical evolution comes to an end before the singularity is 
reached. One might even speculate that not only time, but also 
space disappears (Damour and Nicolai, 2008).

The ideas presented here are also relevant to the interpreta-
tion of quantum theory itself. They strongly suggest, for exam-
ple, that the Copenhagen interpretation is not applicable in this 
domain. The reason is the absence of a classical spacetime at 
the most fundamental level, which in the Copenhagen interpre-
tation is assumed to exist from the outset. In quantum gravity, 
the world is fundamentally timeless and does not contain clas-
sical parts. Classical appearance only emerges for subsystems 
through the process of decoherence – with limitations dictated 
by the solution of the full quantum equations.
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4. The Direction of Time

A fundamental open problem in physics is the origin of irrevers-
ibility in the Universe, the recovery of the arrow of time (Zeh, 
2007). It is sometimes speculated that this can only be achieved 
from  a  theory  of  quantum gravity. But  can  statements  about 
the direction of  time be made  if  the  theory  is  fundamentally  
timeless?

The answer is yes. The clue is, again, the semiclassical na-
ture of the time parameter t. As we have seen in the last section, 
t is defined via fundamental gravitational degrees of freedom. 
The important point is that the Wheeler–DeWitt equation (3) is 
asymmetric with respect to the scale factor that describes the 
size of the Universe in a given state. It assumes a simple form 
for a small universe, but a complicated form for a large universe. 
For small scale factor, there is only a minor interaction between 
most of the degrees of freedom. The equation then allows the 
formulation of a simple initial condition (Zeh, 2007): the ab-
sence of quantum entanglement between global degrees of free-
dom (such as the scale factor) and local ones (such as gravita-
tional waves or density perturbations). The local variables serve 
as an irrelevant environment in the sense of decoherence.

Absence of entanglement means that the full quantum state 
is a product state. Tracing out the environment then has no ef-
fect; the state of the global variables remains pure. There is then 
a vanishing entropy (as defined by the reduced density matrix) 
connected with them; all information is contained in the system 
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itself. The situation changes with  increasing scale  factor;  the 
entanglement grows and the entropy for the global variables in-
creases, too. As soon as the semiclassical approximation is valid, 
this growth also holds with respect to t; it is inherited from the 
full equation. The direction of time is thus defined by the direc-
tion of increasing entanglement. In this sense, the expansion of 
the Universe is a tautology.

There are interesting consequences for a classically recol-
lapsing universe (Kiefer, Zeh, 1995). In order  to produce the 
correct classical limit, the wave function of the quantum uni-
verse must go to zero for large scale factors. Since the quantum 
theory cannot distinguish between the different ends of a clas-
sical trajectory (such ends would be the big bang and the big 
crunch), the wave function must consist of many quasi-classi-
cal components with entropies that increase in the direction of 
a larger universe; one could then never observe a recollapsing 
universe. In the region of the classical turning point, all compo-
nents have to interfere destructively in order to fulfill the final 
boundary condition of the wave function going to zero. This is 
a drastic example of the relevance of the superposition princi-
ple far away from the Planck scale – with possible dramatic con-
sequences for the fate of our Universe: the classical evolution 
would come to an end in the future. Such a quantum end could 
occur also in dark-energy models that do not recollapse (Kamen-
shchik, Kiefer and Sandhöfer, 2007).

Let me finally emphasize again that all the consequences 
presented in this essay result from a very conservative starting 
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point: the assumed universality of quantum theory and its super-
position principle. Unless this assumption breaks down, these 
consequences should hold in every consistent quantum theory 
of gravity. We are able to understand from the fundamental pic-
ture of a timeless world both the emergence and the limit of our 
usual concept of time, at least in principle.
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