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Introduction Prelude Clocks & Time Events & Time Problem of Time Morals

The Road Ahead
1. A Pre-History of the Problem of Time

• Heisenberg’s Uncertainty Principle
• Frozen Time
• Schödinger’s Rescue

2. Clocks lead to Event Times
• Relational Clocks
• Conditional Probabilities
• Event Times

3. Events and Histories
• QM is About Events
• Histories are About Events
• Isham’s HPO Formalism

4. The Problem of Time
• Canonical Quantization
• Auxiliary Histories
• Relational Quantum Time
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A Pre-History of Time in Quantum Mechanics

Confined to 1927, there were three acts:

Act I: Quantum Jumps Heisenberg and Jordan
interpret the time-energy uncertainty relation in
terms of the time of a ‘quantum jump.’

Act II: Frozen Time Heisenberg and Born confront
the Problem of Time at the universal level.

Act III: Parameter Time Schrödinger unfreezes the
formalism by allowing energy superpositions.
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The Path to Quantum Jumps

• In the Bohr hydrogen atom, the system has a definite
energy at all times and jumps from state to state.

• Matrix mechanics was interpreted in the same terms.

• Heisenberg (1926) analyzes the exchange of energy
between two subsystems in terms of quantum jumps.

• Leads to Dirac’s Transformation Theory.

• Transformation Theory given physical interpretation by
Heisenberg (1927).



Introduction Prelude Clocks & Time Events & Time Problem of Time Morals

The Path to Quantum Jumps

• In the Bohr hydrogen atom, the system has a definite
energy at all times and jumps from state to state.

• Matrix mechanics was interpreted in the same terms.

• Heisenberg (1926) analyzes the exchange of energy
between two subsystems in terms of quantum jumps.

• Leads to Dirac’s Transformation Theory.

• Transformation Theory given physical interpretation by
Heisenberg (1927).



Introduction Prelude Clocks & Time Events & Time Problem of Time Morals

The Path to Quantum Jumps

• In the Bohr hydrogen atom, the system has a definite
energy at all times and jumps from state to state.

• Matrix mechanics was interpreted in the same terms.

• Heisenberg (1926) analyzes the exchange of energy
between two subsystems in terms of quantum jumps.

• Leads to Dirac’s Transformation Theory.

• Transformation Theory given physical interpretation by
Heisenberg (1927).



Introduction Prelude Clocks & Time Events & Time Problem of Time Morals

The Path to Quantum Jumps

• In the Bohr hydrogen atom, the system has a definite
energy at all times and jumps from state to state.

• Matrix mechanics was interpreted in the same terms.

• Heisenberg (1926) analyzes the exchange of energy
between two subsystems in terms of quantum jumps.

• Leads to Dirac’s Transformation Theory.

• Transformation Theory given physical interpretation by
Heisenberg (1927).



Introduction Prelude Clocks & Time Events & Time Problem of Time Morals

The Path to Quantum Jumps

• In the Bohr hydrogen atom, the system has a definite
energy at all times and jumps from state to state.

• Matrix mechanics was interpreted in the same terms.

• Heisenberg (1926) analyzes the exchange of energy
between two subsystems in terms of quantum jumps.

• Leads to Dirac’s Transformation Theory.

• Transformation Theory given physical interpretation by
Heisenberg (1927).



Introduction Prelude Clocks & Time Events & Time Problem of Time Morals

Heisenberg’s Time-Energy Uncertainty Principle

According to the physical interpretation of quantum
theory aimed at here, the times of transitions or “quan-
tum jumps” must be as concrete and determinable
by measurement as, say, energies in stationary states.
The spread within which such an instant is specifiable
is [. . . ] h/∆E, if ∆E designates the change in energy in
a quantum jump.
(Heisenberg, 1927)
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Jordan on the Time of a Quantum Jump

What predictions can our theory make on this point?
The most obvious answer is that the theory only gives
averages, and can tell us, on the average, how many
quantum jumps will occur in any interval of time. Thus,
we must conclude, the theory gives the probability that
a jump will occur at a given moment; and thus, so we
might be led to conclude, the exact moment is indeter-
minate, and all we have is a probability for the jump.
(Jordan, 1927)
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Heisenberg and Born Against Times

At Solvay 1927, this idea was abandoned:

If one asks the question when a quantum jump oc-
curs, the theory provides no answer. At first it seemed
that there was a gap here that might be filled with fur-
ther probing. But soon it became apparent that this
is not so, rather, that it is a failure of principle, which
is deeply anchored in the nature of the possibility of
physical knowledge. One sees that quantum mechan-
ics yields mean values correctly, but cannot predict the
occurrence of an individual event.
(Heisenberg and Born, 1927)
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Heisenberg and Born Against Time

Following Campbell (1926):

matrix mechanics deals only with closed periodic sys-
tems, and in these there are no changes. In order to
have true processes . . . one must restrict one’s attention
to a part of the system.
(Heisenberg and Born, 1927)

Limiting our attention to an isolated system, we would
not perceive the passage of time in it any more than
we can notice its possible progress in space. [In a sub-
system w]hat we would notice would be merely a se-
quence of discontinuous transitions, so to speak a cin-
ematic image, but without the possibility of compar-
ing the time intervals between transitions.
(Schrödinger, 1927)
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Solving the Problem of Time

In the quantum jump interpretation of matrix mechanics, an
isolated system is in an energy eigenstate

H|ψn〉 = En|ψn〉

This is a stationary state:

HUt |ψn〉 =−iħ d

dt
e−iEnt |ψn〉 = Ene−iEnt |ψn〉

Schrödinger removes the restriction to energy eigenstates:

H|ψ〉 =∑
n

En〈ψn|ψ〉|ψn〉

HUt |ψ〉 =−iħ d

dt
Ut |ψ〉 =−iħ∑

n

d

dt
e−iEntEn〈ψn|ψ〉|ψn〉
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Solving Quantum Gravity’s Problem of Time

Some options:

Parameter Time Following Schrödinger, we need to find a
parameter with respect to which the universal state varies.

Relational Clocks The universe is frozen, but we can find
relational clock variables to define change.

Relational Time Time is nothing but an order on events.

This talk:

Consideration of Relational Clocks leads to Relational Time.
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Quantum Clocks

• A quantum clock is an observable whose expectation
value varies with time.

• Gambini, Pullin and Porto (2004) (GPP) suggest a
conditional probability interpretation of a relational
quantum clock.

• ‘Given that the clock observable T takes a value ∆τ, what
is the value of X?’

Difficulties:

• How does an observable take a value except by
measurement?

• What event is being assigned probability one?

• How do we assign probabilities to further events?
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Conditional Probabilities

• Conditional probabilities are given by Lüders’ Rule:

Pr(A|B)ρ = tr [PAPBρPB]

tr [PBρ]

• GPP’s rule does not return Lüders’ Rule because no event
is assigned probability one.

• Adapting their proposal to Lüders’ Rule gives event time
observables (Pashby, 2014).

• ‘Given that an event occurs at some time, when will it
occur?’

• (e.g.) Decay time of a radioactive atom: atom decays only
once so the outcomes ‘decay at time t’ are exclusive.
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What is QM About?

• On the orthodox interpretation, probabilities concern
results of measurement.

• Propositions are instantaneous projections.
• Measurement asks a yes/no question.

• By making the time of an outcome the subject of
probabilities can remove the observer from the picture.

• This provides a resolution of Schrödinger’s cat paradox
(Pashby, 2015).

• Key ideas:

• Propositions are about events, not measurements.
• Probabilities concern (exclusive) histories.
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Histories, Abstractly

• A history is a collection of propositions about a possible
world: a way the world could be.

• Histories correspond to models of temporal logic, not
modal logic.

• 〈T ,<〉 is a collection of times with an ‘earlier-than’
relation defined on them.

• A history tells us what is true at each time.

• (e.g.) ϕ(t) is true iff the atom decays at t

• If ϕ(t) is true then the atom has decayed at later times.

• NB ‘<’ need not even be a partial order on the set of times
(can fail to be transitive).
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Becoming (with a small ’b’)

Philosophers defend the reality of temporal passage with:

Becoming The coming into being of successive events.

Becoming requires that events that did not exist (because
they were future) come to exist (now they are present).

Savitt (2002), Dorato (2002), Dieks (2005) support a
deflationary sense of becoming:

becoming The occurrence of events at successive times.

This notion of becoming places no constraints on the
successor relation and can be represented by a history.

A history contains a series of propositions about the world.
They are true just in case the events they describe happen.
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Joint Probabilities and Decoherence

• In ordinary QM, a history is a time-ordered string of
projections.

• Joint probabilities given by the trace:

Pr
(
ϕ1(t1) thenϕ2(t2) thenϕ3(t3)

∣∣ρt0

)
= tr

[
Pϕ3 (t2)Pϕ2 (t2)Pϕ1 (t1)ρt0 Pϕ1 (t1)Pϕ2 (t2)Pϕ3 (t3)

]
• Define two histories:

Cα := Pϕ1 (t1)Pϕ2 (t2)Pϕ3 (t3); Cβ := Pϕ′
1
(t1)Pϕ′

2
(t2)Pϕ′

3
(t3)

• Gell-Mann and Hartle (1989) consider the decoherence
functional

d(α,β)ρt0
:= tr

[
C†
αρt0 Cβ

]
.

• A family of histories α,β ∈ F where d(α,β) = 0 for any
ϕk 6=ϕ′

k is a consistent set.
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Isham’s HPO Formalism

• Isham (1993) proposes that the state space of QM is a
space of histories (also Isham and Linden, 1994).

• A history is an ordered set of temporal propositions
(about a series of events) represented by a projection.

• The probabilities concern which history is actual.

• Inspired by decoherent/consistent histories, but more
general.

• Orthogonality is guaranteed so no need for decoherence
as dynamical process.

• No need for a time parameter: the ordering of temporal
propositions is fundamental (see also Wootters, 1994)
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Decoherent Histories, Abstractly

• On the HPO theory, d(α,β) is just an assignment of a
complex number to a pair of histories.

• The temporal support of a history is the set of times at
which a proposition is true: Sup (α) = {t1}∪ {t2}∪ {t3}.

• We can compose two histories when one follows another,
i.e. if Sup (α) < Sup (β).

• A quasi-temporal structure requires composition on the
set of supports to form a (partial) semi-group.

• This abstract notion of temporal ordering doesn’t require
(nor imply) the existence of a time parameter.

• Abstractly, time is defined as an order on (partial)
histories.
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Canonical Quantization and Time

Canonical Quantization:

• Classically, a constrained Hamiltonian system is confined
to a pre-symplectic manifold.

• To quantize, first construct an auxiliary Hilbert space
from the underlying symplectic manifold.

• The physical states are annihilated by the quantum
constraints.

• Build a physical Hilbert space by defining an inner
product and completing.

• No time because ‘time is gauge.’

The alternative is to remain in the ‘auxiliary’ Hilbert space.
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The Extended Schrödinger Equation

As Dirac (1926) wrote it:

(H −W )ψ(x, t) = Hψ(x, t)− iħ ∂

∂t
ψ(x, t) = 0

• The operator −W is conjugate to a self-adjoint time
observable T .

• Since they are conjugates, −W generates shifts in the
spectrum of T and vice versa.
(Pauli’s Theorem does not apply as there is no restriction
on sp(−W ).)

This takes place in the so-called auxiliary Hilbert space H +.
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The Weight

Rather than escape H + for the “physical” Hilbert space,
Brunetti, Fredenhagen and Hoge (2010) define a weight on
the ‘algebra of events’ L ⊂B(H +).

An algebraic state A 7→ω(A) is a normed positive linear
functional, i.e. an expectation value functional. Here
A ∈B(H ).

(A normal state admits a representation as a density operator,
as in Ordinary QM.)

A weight B 7→ w(B) is an unbounded positive linear functional,
i.e. w(B) ∈R+∪ {∞}.
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The Schrödinger Weight

The procedure is (roughly) as follows:

1. Linear functional 〈(H −W )ψ(x, t)|·〉+ defined on domain
D ⊂H +.

2. Defines a weight wψ(B) on ψ ∈D for (B > 0) ∈B(H +).

3. Extend wψ to the subalgebra L = L∗
ψLψ, where

B ∈L ⇔ 0 < 〈Ψ|BΨ〉+ <∞, for allΨ ∈H +.

The weight provides an assignment of expectation values
under the condition that the event does in fact occur.

ωψ(A|B) := wψ

[
B1/2AB1/2

]
wψ [B]

.
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Histories for the Auxiliary Space

• In the auxiliary space, propositions about time (or radius)
correspond to spectral projections.

• One can form a history of propositions for (e.g.) location
in successive space-time regions.

• Isham and Linden (1994) use the direct product to form a
HPO histories space, in which histories are projections.

• The continuous direct product space is suitable for the
extended Schrödinger equation.

• But (quasi-)temporal ordering can be given in terms of
composition of histories, i.e. successive events.

• Conditional probabilities concern successive (partial)
histories.
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Relational Time

Relationism about time originates with Leibniz:

times, considered without the things or events, are
nothing at all, and . . . they consist only in the
successive order of things and events

• Russell’s (1936) relational theory of time sought to
recover temporal instants as ordered classes of events.

• In a quasi-temporal structure it is the (partial) histories
that are ordered.

• Isham and Linden (1994) suggest we think of this as a
causal theory of time, and so succession as causal
influence.

• Might hope to recover relativistic spacetime as partial
order on (highly probable) events.
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Relational Time and QM

• On a relational theory of time, the time parameter
depends on the occurrence of events, not vice versa.

• As Leibniz (and Campbell) said: there is no time between
successive events.

• In of itself, the (Heisenberg) state |ψ〉 contains no
temporal information.

• The Hamiltonian determines how expectation values
vary with time through Ut , the time translation group.

• But the occurrence of an event requires updating the
state, i.e. ‘collapse.’

• If time is the successive occurrence of events then it is
histories that we should be concerned with.

• The time translation group for histories is not Ut !
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Morals for the Problem of Time

• Faced with a frozen formalism, it is tempting to think we
must follow Schrödinger’s lead and find a time parameter.

• On the relational view of time, this is not necessary:
better off trying to follow Heisenberg and Campbell.

• Defining relational clocks in QM led to event times;
consideration of joint probability leads to histories.

• The HPO formalism can make sense of successive events
in the ‘auxiliary’ Hilbert space.

• The Schrödinger weight of Brunetti, Fredenhagen and
Hoge can be used to form conditional probabilities.

• Conditional probabilities for successive histories may
give a relationist account of time in quantum gravity
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