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In physics?\‘

Time Is what Is measured by a clock
... but, what's a clock?!

... or a “coordinate”

something that “measures”
the distance between events

the two main meanings of
“time” In physics




Other Table 2.1: Times.

meanlngS’)l Time notion Property Example Fnrm

Natural language time MEemory brain 7
Time-with-a-present present biclogy R
Thermodynamical time  direction thermodynamics A
Newtonian time unique newtonian mechanics M
Special relativistic time  external special relativity M3
Cosmological time spatially global cosmological time M
Proper time temporally global world line proper time =
Clock time metric clocks in GR c
Parameter time one dimensional coordinate time Lee
No-time none quantum gravity none

[Rovelli, “quantum gravity”]
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The strangest aspect of time

special relativity

The present “exists”, the i NO!
e past and the future don't —> N

rather: past-present-future have
different degrees of existence
(whatever that means)

“NO"?1? why?
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Relativity of simultaneity

Light cones are invariant:
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Relativity of simultaneity

Light cones are invariant:
can we use them to define past-future-present?

NO!!!

future
// / \ present
D
b past

Now even observers in the same
reference disagree on what is “real”
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Special relativity forces us to give the same degree
of existence to past, present and future

Some people (e.g. Lee Smolin) disagree, but they
usually reject Galileian relativity (one of the first
physical principles!).

unappealing: one must introduce a privileged

reference frame
(not incompatible with observations, but
iIncompatible with textbook relativity).

Technically:
Presentism
VS
Eternalism
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What did Einstein say about this?

“For us convinced physici-
sts the distinction between

persistent.”

past, present, and future Is_

-
-l.-

Albert Einstein, 21 May 1955

In a letter to the widow of his dear
friend Michele Besso: trying to console
her (or himself?) with special relativity.

only an illusion, however s =
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Special relativity forces us to give the same degree
of existence to past, present and future

Consequence: Block universe

= Ve'd like a quantum
description of time
that contains the BU




Special relativity forces us to give the same degree
of existence to past, present and future

Our Intuition fails badly...

Slaughterhouse-

"Story of Your Life" by
Ted Chiang.




Special relativity forces us to give the same degree
of existence to past, present and future

Our Intuition fails badly...

our perception of
time is incompatible

- - . Slaughterhouse-
with relativity: el

* we perceive time locally (only
the present)

* We perceive space globally
(we don't perceive only our
own location)
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Canonical quantization of GR ——

Wheeler-De Witt equation:

H|T) =0

e The universe Is stationary

...but!!!

“Problem of time”:
how to Interpret this?!
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a classical system!
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— Inconsistency in the formulation of QM ———
e (inconsistency in one of its postulates)

/£ — N

a classical parameter I the schroedinger eq.

i (t)) = H|(t))
It Indicates what is shown
on the clock on the lab wall.

/7

a classical system!

B UT classical systems don't exist

In a consistent theory of quantum mechanics
(they're just a limiting situation)
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N define: Time Is
-\ “what Is shown on a clock”

a = |

e.g. a guantum particle on a line

(or any other guantum system)
@

H = [:2( ') eigenbasis {|z) }

)

se a quantum system as
a clock




Time and entanglement
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The PWAK mechanism
Page and Wootters [PRD 27,2885 (1983)] |

This means that for physical states
the system Hamiltonian is the
generator of clock time translations

Pal

J::ﬁfl®]ls+]ltr®ﬁfs,

all phy®Bical states satisfy the constraint:
fy  Wdw

Jjw)) =0 ca
bipartite state on §) .= Hr ® Hs
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The conventional state: from conditioning

{tothetime being &1 [44(¢)) g = 1(¢| 1))
r(t0Qr + HYW)) = 0 < ihZ|v(t)s = Hs|(t))s

“position” representation=Schr eq.

J

*to the energy being w: )

Y(w))s = r{w|¥))

r(wlhQr + HYW)) = 0 & Hgl(w))s = —hw|v(w))s

“momentum” representation=time indep. Schr eq.

- J
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conventional qm arises in this
framework through conditioning.
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conditioning?
All pure Solutions to the WdW eq. j‘\:[/» — ()

are of the form:

Lo 1) = [atire v

which means that the conventional state of the
system at time W(ms — T<t‘qj>>

is a conditioned state: the state given that 1
the time was t




conditioning?

All pure SOlUtiONs to the WdV' eq. '

) =0

are of th. "=

Remember this!
i - Relation QM- Relat|V|ty
which 1 |edr

system at uing | ‘

is a conditioned state: the state given that 1
the time was t
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time quantization

a quantization of time

time is here a quantum degree of freedom
(with Its Hllbert space) and can be entangle

H = /HT X Hg
P)) = / 1t 6(0) |6)7 ® (1))

this does not necessarily imply tﬂat time Is discrete!l!
(it's a continuous quantum degreg of R +00 A
1= / dt t\t}(

freedom with the choice H = ( )

Other choices are possible!! . > )
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Physical interpretation 2

Up to now: the time Hilbert space is the Hilbert
space of the clock that defines time

BUT, a physical interpretation of the
time Hilbert space is un-necessary

alternative:

It can be seen as an abstract
purification space
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Entanglement?

IS entanglement important?
Could we do with classical correlations?

T)) = /dt ) ® [¥(1))s
_ / Ap(w) [w)r ® |(w))s

NO! Without entanglement there S NO

solution (haively one would expect to either time-dep. or time-indep
Sch. eq. but not both, but this not correct: neither solution is possible),

e

.

r(thQr + HYW)) = 0 < ih | (t))s = Hs|v(t))s
r(WliQr + HY ) = 0 & Hely(w))s = —Tw|h(w))s
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Experimental illustration

(collaboration with the INRIM group)
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Our contribution

These ideas were basically abandoned
In the 80s: because of objections
(Kuchar, Unruh, etc.)

We removed these objections

... and also perfected the model
(e.g. role of entanglement, momentum representation)
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The Pauli argument

¢ : : - N
Pauli: “time cannot be quantized, because a
time operator that iIs a generator of energy
translations implies that the energy Is un-
bounded (also from below)” ,
. QX A

.e. [T, Hg| =ih= MHs) € (—o0, +00) =

.. but walt!! In our case we have
T, =ih = AQ) € (—o00, +00)

only the clock energy (momentum) must have infinite spectrum
(obvious if we want it to take all values on a line).

NOT the system Hamiltonian HS 11| canbe
anything
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not enforced dynamically as
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In other words, the Pauli argument fails in our
case because the energy-time connection Is
not enforced dynamically as

T,Hg| =ik

but as a constraint on the phvsical states
through a WdW eq;: J‘\p» — ()

Indeed [T, HS] = O

they act on different Hilbert space
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The Peres argument

Peres argument: “if energy generates time
translations and momentum generates position
translations, then the Hamiltonian and the
momentum operator should commute always”

(not intended as a criticism against quantization of time)

J

*In conventional gm, time Is not a dynamical
variable = no problem.

*In our case, time is a dynamical variable, but
its translations are NOT generated by H S

(but by ()
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The Kuchar argument against PaW

'Kuchar: “measurements of a system at two
times will give the wrong statistics: the first
measurement “collapses” the time d.o.f. and
the system remains stuck”
.

) = / 0t [ty ® [(0))s

l time t

[¥(2))

after a measurement of time, the state collapses
to |1(%)) : successive measurements give wrong
statistics: no more evolution
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The Kuchar argument against PaW

'Kuchar: “measurements of a system at two
times will give the wrong statistics: the first
measurement “collapses” the time d.o.f. and
the system remains stuck”
.

a careful formalization of what a two-time
measurement is solves the problem!

“

The second measurement Is a joint
measurement on the system and on the
d.o.f. that stored the outcome of the first.
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In formulas (using von Neumann's prescription for a measurement):

Measurement of observ';/ble with eigenstates |a) at o

() s|r)m 7 VY sm =Y Pala)s|am

y W(to)) = Z%(toﬂw
) = / dtp(8)) slryY £)7

s memory dof

/ Y alto) D6~ tadsla) )



The Kuchar argument against PaW

In formulas (using von Neumann's prescription for a measurement):

Measurement of observable with eigenstates |q) at to:

) = f A1) slr) Y|t r +

s memory dof

/ dtZ% (to)U(t — to)|a)sla),|t)r

> [p(a\t@ = (@l (o)) = lln{alr(tol 9D
— Wa(t())‘z (Born's rule)
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two time measurements: same idea!!
a) at t, and |b) at ¢; :

\.,_\. - '8 y
L

to 1
W)) :/ dt...+/ dt Zwa(to)U(t—to)‘a>g‘a);7lb|7“);ﬁ/|t)T
to

a

| St - s ol iy

Bayes rule

\ p(ba,tr) _ [[{al (0]t [¥))|

p(b‘a,tl) — p(a,ﬁ) - H(CLWH‘:’))HQ




two time measurements: same ideal!

a) at ¢, and b) at t; : h%g
) :/Odt...+/1dt 3" ulto)U(t — to)|a)sla)N|r) N |ty
t

0

N /t “dt S ulto)U(t — t)[B)s (BTt~ to)la) ) b))

ab

Bayes rule

\ p(ba,tr) _ [[{al (0]t [¥))|

bla — [
Pl t) = =ty = it )2
= |(b|U(t1 — to)|a)|’




two time measurements: same ideal!

a) at ¢, and b) at t; : h%g
) :/Odt...+/1dt 3" ulto)U(t — to)|a)sla)N|r) N |ty
t

0

N /t “dt S ulto)U(t — t)[B)s (BTt~ to)la) ) b))

ab

Bayes rule

= plboat) _ Il )
pila 1) == t) el un)|?

=||(0|U (t1 — to)|a)|’

The expected outcome!! (Born's rule)







this argument can be extended to POVMS,
propagators, etc..
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What are the hypotheses for this argument?

Use von Neumann's quantum mechanics!

(Born's rule and all that)

While we do admit that a unitary description of a

measurement apparatus must exist} we still work In the
conventional qguantum framework.

- N

@ O \\‘
|

Bob's point
of view Alice's lab
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Different “times”:

eQuantum time ]

-_F Can we use our guantum time
o( for the time of arrival?

o
Y E S U (joint work with Krzysztof
o Sacha)

eConscience time
*“Time” (?7?)
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particle's spatial degrees of freedom

Mf rrival 1 '\k
¥ = & [ dtfpsio)

; Hm:]l—/dtﬂt

Outcome t="particle is at position d at time t”", outcome na="not arrived”

-
o v

[Time of arrival quantum observableﬂ Ny

A:/dtt|t)(t|®Pd+]lc®/\/ dr |z)(x]|
x& D

A jOint observable for clock & particle



particle's spatial degrees of freedom

Tme ofprrval
(1)

Projec A property of the CLOCK!!
Vvt (not of the particle, as in
~ mest competing proposals)

Outcome 1 all? o arrived”

[Time of arrival quantlywervableﬂ g

A:/dtt\t)(t\@JPdJr]lC@)\/ dr |z)(x]
x& D

A j()int observable for clock &) particle



particle's spatial degrees of freedom

ng%f rrival 1 '\k
¥ = & [ dtfpsio)

; Hm:]l—/dtﬂt

Outcome t="particle is at position d at time t”", outcome na="not arrived”

plt, x = d) = T W) (| Thf|= 7l (d]t)[",
o win (alt) = (el (t)

)
S dt [ (d]t)]?

Time of arrival prob. distribution

Bayes rule
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Hmd%fgarrival

Summary:

» take the projector for the particle at d and for
the clock at .

* build a joint observable from this

* from the joint probabillity of clock+particle, get

the time of arrival prob through the Bayes |B.ll'e
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Only “time of arrival™? NO!

Extensions to other time measurements:

a generic time measurement Is

“At what time did the\event\E happen?”

event ="something that

t happens to a system”

E " E

Use the same trick: a joint projector on the clock
and on the system (the projector on the system
referring to the event E)

e.g. “at what time is the spin up?” The projector Is H\} <’H



.

All usual manipulations

for observables can be done:

*EXxpectation values
*Probabllity distributions

*Eigenstates, eigenvalues, etc.



Advantages with respect to

previous proposals:

*Describe situations that prev prop\
could not (multiple pass, stationary particle, etc.)

*EXxtension to arbitrary events

*Possibility of describing multiple

clocks

*Testable differences: experiment!




Can we use similar ideas for
relativistic QM?
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What is the problem?

QM ~ guantum systems

Inifinitely extended in time
(finite or infinite in space)

*‘GR - events
ir?ite In space and time

Our two main theories talk &
about different things!!!!

What do
- YOU think?!

> G

Which Is the most\/
fundamental concept?
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Two approaches:

*General relativistic theory of QM

Systems are more fundamental: GR Is made of quantum fields
event=what happens to a quantum system

*Quantum theory of GR
Events are more fundamental:
Quantum systemzsucce#ion of events

Quantum gravity

approaches up to now?

Explore the alternative!!S
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Current QM not able to deal with g events

imalization at all time

L ﬁ\ l\

Trajectories in space are ill defined in QM.
/ - Why should trajectories in time be acceptable?

| 1 L 1 1 1 L 1 1 | 1 L 1 I
_A 0 A iy

event=what happens to a quantum system

Quantum system=succession of events?

Need: Hilbert space for events (and its composition rule!)



Start with
SPECIAL relativity

Let’s deal with GR In the future (much In
the futurel!)
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Textbook QM and QFT

* QM uses time conditioned quantities

‘ 1/) (t) > States (Schroedinger picture)

X (t) Observables (Heis. picture)

.

CANNOT be relativistically
covariant

reference frames”)
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Wait?!? What about QFT?

* QFT uses a couple of tricks to recover
covariance:

1) use observables in the Heisenberg
picture with covariant spacetime

dependence, e.q. il
al e & Py

2) Use a state that Is invariant
for Lorentz transforms, e.g the
vacuum |0>
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GEB QM

Our approach: Geometric Event-Based QM

G E B W " \ I

quantum events — fundamental

guantum systems —derived: a quantum
state for a succession of events Iin g
spacetime
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A quantum event has a position In
spacetime, but also an energy-momentum

(without energy nothing can happen, without momentum,
nothing can be localized)

|

basic observables:

X = (X° X', X2 X3) P .= (P°, P!, P?, P?)
canonical commutations:

[ X#, P’] = —in*” and [X*, XY]=[P* P"] =0

Why?!? \ [ﬂ,{pvjpp] — —-i(-r;“pPV _nyppﬁ,):
Poincare’ a|gebra: MR, M) = i(n"P MET — e M

—nHT MPY 4 57 MPH)



Now we can do GEB of easy systems
(scalar KG and Dirac). Can we extend to

more complex fields?

Can we extend to GR?
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A universe with a single event

w4 \ Y

Fi B -.‘\'\.. - _.-'\.-
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Not all GEB states are physical

‘?) Is not (it describes a detection event of a particle that
exists only at one spt location)

It cannot describe a quantum system (i.e. a succession of
events), but it can describe a measurement apparatus.



Auniverse with a single event

T .\ Ay

i -.‘\'\.. - _.-'\.-
. i,

3 = [ diz o) I7) = [ d'p 2p) )

Not all GEB states are physical

‘?) Is not (it describes a detection event of a particle that
exists only at one spt location)

It cannot describe a quantum system (i.e. a succession of
events), but it can describe a measurement apparatus.

Physical states are the ones that satisfy
some constraints (e.g. PW WdW).
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A universe with a single event ~ —

G "\ N

3 = [ diz o) I7) = [ d'p 2p) )
Amplitudes (wavefunctions)

B(F) = (7|9), B(p) = plo) = [ L2 B()

Bom rule: (/) = |B(x)|* = |(z/P)




A universe with a single event = S

T .\ Ay

) — / Tz &(7) |7) — / d'p &(p) |p)
Amplitudes (wavefunctions)

B(z) = (TD), b(p) = (50) = | LaeT2 a(x)
Born rule: P(Z|®) = |®(T)|° = |(T|P)|
UNCONDITIONED probanility

that the event is in spacetime position I
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Born rule in QM Is COND_'T'ONED

p(lé,t) = [(Zsls(E)]? = [{Zn(E)[¥rm)]°
Probability that the particle is at position *
gIven that the time is t!! OM
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(XH, PY] = —in"” and [X*, X¥] =[P P"] =0

NOW
now new

NOW now

U NOow NOW
NOW NOW
ow NOW
NOW

AXFAP 2 1/2, p=0,1.2,3 UR!;.

In GEB AXYAP° > h/2 is a Heisenberg-
Robertson inequality, in QM it is completely
meaningless (e.g. Peres, Aharonov-Bohm)

Cannot localize an event in time unless
It has an energy spread
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LORENTZ TRANSFORMS
IN GEB

Just a unitary transformation on the
GEB state (Wigner’s prescription on how
to describe symmetries of a theory)
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o) = [ @'z 00) ) = [ dp o)

Re I at I VI Stl C
== block universe picture!! = == the
.__1uon on how

‘ @ > e |'; I|'I. :III. | U I:rt[]J >
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LORENTZ TRANSFORMS
IN QFT

Nightmare! Need to quantize
from the start in the new
reference frame: rerun the
guantization procedure

(equal time commutation
relations, etc.).

... Or you can take a shortcut through GEB



LORENTZ TRANSFORMS
IN QF1

Nightmare

from the

reference e e
quantizati | ]
(equ a| t|m Tou( <o Sl e - | WL e X 0
relations, | =0 A N

Easier than requantizing everything:

a good first motivation for GEB
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Multiple events: tensor products!

(if fixed number of events n)

‘{I)[ﬂb — Z / d'flwl " 'dﬁlmn (I}[ﬂ] (11_:1: Ty ;fn: Uﬂ)
AANELEE

g1

RuIE Efnagn>

Fock space (otherwise)

1
| . 4{_ . '—1',.. (['ﬂ]ﬁ '..."'_f . _ LI _
f—n' E fd L1 d Loy, D ("Llrgls 1*LTHJH-) U-'.._-E.I T GIH;UH
Tl Op

Creation operators: create an
event at position X




Multiple events: tensor products!

(if fixed number of events n)

Z / d'zy - dlx,
AANELEE

‘ i) [n] > —

g1

Fock space (otherwise)

Joint probabillity for the n events to happen
INn Spt positions Xi...Xn




Multiple events: tensor products!

(if fixed number of events n)

‘(I)['”']> = Z /{[1:1:1 codlx,

RuIE Efnagn>

EACH EVENT WITH ITS
OWN TIME!M

(cfr Dirac’s multiparticle-multitime)

P (E'I:G'IQ e ;Eﬂ:gﬂ-) —

Joint probabillity for the n events to happen
INn Spt positions Xi...Xn
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Fock space

I f
Z /diil Lr; (I) ](v{'lrgl;"' ;ETL:JH) UJI"| T T '{Lf” ﬂ'”

0),

Commutators:

Bose: [aflg,ai, | =dy000

Fermi:{az .. aL =4 S )( -7), {ugo bz 5} =0

(1)(? — f’)? [ﬂ-ftm H-'T"Jf] ~ Oﬂ

Bosonic events » Bosons

Fermionic events » Fermions



Fock space

1 | , | _ _ I f
: \/ﬁ Z /dixl " 'diiﬂ'rr, (I)[ﬂ] (:’Cl: L2 PRI 7 J'n.-) {LE‘I T o alfﬂ Ty ‘0>4
B Tly U | J

/
4D vacuum




Fock space

]_ . ; : | F— e -I- ver -|-
ﬁg Zg /d4xl---d4:s..r,, o (F 00 1T, 00) 0351 T a’i,.“cr«, ‘0>4
4D vacuum

Different state from the 3D vacuum of QFT
(|0)3=no particles at time t=0 in the Helis pic)
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Fock space

I f
Z /diil L I’ ](v{»lrgl;"' ;fn:‘jn) {LE1 '-J-I a’f” T, ‘0>4

/
4D vacuum

Different state from the 3D vacuum of QFT
(|0)3=no particles at time t=0 in the Helis pic)

0)5 =foliate(a’ 110)4

Event state of zero 4-momentum: ground
state of the field
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Relativistic QM FROM GEB

Use constraints (as in the quantum time
P&W, WdW, etc.)!

1) Start from a single-particle wavefunction:

\I/QM (f, J\t) * (prob amplitude of finding particle in x
given that the time Is t)

2) Construct a GEB state from it:
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Relativistic QM FROM GEB

Use constraints (as in the quantum time
P&W, WdW, etc.)!

1) Start from a single-particle wavefunction:

\I/QM (f, J\t) * (prob amplitude of finding particle in x
given that the time Is t)

2) Construct a GEB state from it:

Uom(T, o) == Uon(Z, olt) [Tam) = > ] d*z You(7,0) [T,0)
er

(GEB state describing the whole dynamics of the particle as
a state of a sequence of events)

3) Write It as an eigenstate
of a constraint op.

W

%K|\IJQM> — ()
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QFT FROM GEB

Use constraints

Same procedure works for more complex
QFT systems e.qg.

Klein-Gordon eg. constraint in Fock sp:

ock _ 2
Ko = / d'p [0°) p-p—m’]" ala

Similarly for the Dirac eq. constraint.
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No claim that QFT Is incorrect.

GEB Is an alternative In the
sense “a different way to obtain
the same results”

WHY?

To get a better ontology?
To go further than QFT can go?




s

= T
= n-..-.t‘r" !
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What did | say?!?

* Philosophical considerations about time
*Time as a quantum degree of freedom
* The conventional formulation: conditioning

* Pauli objections and others..

* Quantum time measureme

 GEB a relativistically covarié



- Aquantization of time4~ ¥
= based on conditional =- ‘f

] guantum time:

PRD 92, 045033

Geometric Event-Based QM:

NJP 25, 023027

time observable:
PRL 124, 110402

Lorenzo Maccone
maccone@unipv.it
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