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M o t i v a t i o n

quid est ergo tempus? si nemo ex me quaerat, scio; si quaerenti
explicare velim, nescio:

What is time then? If nobody asks me, 1 know: but if I were desirous to
explain it to one that should ask me, plainly I know not.

— Augustine of Hippo

[St 01, Liber IX, cap. XIV]? I didn’t start it! [Mor+14] did! I must not be outdone in pretentiousness!
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Exordium: Prerequisites and
Conventions
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Warning! ’ t i s t h e S e a ſ o n

Physics is magic without magic.1 The time is ripe for an appropriate presentation.

I consider humour = ∫dlearning

I like big words and I cannot lie

Life-changing info: Δ𝑡questions received > Δ𝑡awkward silence

Things I consider good exercises are in green

I’m not an expert on (most of) this.

1Here’s a book lacking in my occult library.
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Exordium: Prerequisites and
Conventions:

Technicalities
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R e q u i r e d B a c k g r o u n d

Main part:
Quantum mechanics

Special relativity

Fourier transformations
Only nice-to-have:

Having heard of measure theory

A bit of complex analysis
For the last exciting bit:

Having heard of the 3+1 decomposition of GR
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Q u a n t u m T h e o r y ’ s P r o b l e m ( s ) i n a N u t ſh e l l

The Party Line: The ‘Copenhagen interpretation’

The highlights:
Postulate Ⅱ: Measurements of state |Ψ⟩ with an operator ̂𝐴 yield an eigenvalue 𝑎 of
eigenstate |𝑎⟩ of ̂𝐴 according to the Born rule with a probability

d𝑃(𝑎) = |⟨Ψ|𝑎⟩|2 d𝑎.

After the measurement, the system is now in state |𝑎⟩.
Postulate Ⅲ: A (closed) system evolves unitarily according to the Schrödinger equation:

|Ψ(𝑡)⟩ = 𝑈(𝑡; 𝑡0) |Ψ(𝑡0)⟩ .

Extended to mixed states:
̂𝜌(𝑡) = 𝑈(𝑡; 𝑡0) ̂𝜌(𝑡0)𝑈†(𝑡; 𝑡0).

This either is a fully contradictory statement about Ψ’s time evolution, or one needs a
‘Heisenberg cut’ clearly separating ‘classical’ measurements from ‘quantum’ evolution.
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Repetitio: Of Times Classical
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D e t o u r : S o m e R e ſ u l t s a b o u t F o u r i e r T r a n ſ f o r m a t i o n s

Theorem (Plancherel): On the set of Schwartz functions3 𝒮, the Fourier transform ℱ is an
isometry.

As 𝒮 is dense in 𝐿1(R) and 𝐿2(R), this extends the Fourier transform to
𝑓 ∈ 𝐿1(R) ∩ 𝐿2(R).

For discrete Fourier transforms, this is Parseval's Theorem.

More importantly: There’s physics here.

3𝒮(R𝑛) ∶= {𝜙 ∈ 𝐶∞(R𝑛) ∣ ∀𝛼,𝛽 ∈ N𝑛
0 ∶ sup𝑥∈R𝑛 ∣𝑥𝛼𝐷𝛽𝜙(𝑥)∣ < ∞}
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U n c e r t a i n t y P r i n c i p l e s o f C l a ſſi c a l P h y ſi c s
4

Roughly speaking:
Canonically conjugate variables ⟹ Fourier transform

Uncertainty + boundedness/asymtpotic conditions ⟹ Uncertainty ‘principles’

What sounds heretical is common sense to electric engineers:
Küpfmüller's uncertainty principle holds in (classical) signal analysis

Homework/Quiz for the musicians.

4See [FS97] and [Ben90]
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Roughly speaking:
Canonically conjugate variables ⟹ Fourier transform

Uncertainty + boundedness/asymtpotic conditions ⟹ Uncertainty ‘principles’
What sounds heretical is common sense to electric engineers:
Küpfmüller's uncertainty principle holds in (classical) signal analysis

Homework/Quiz for the musicians.

4See [FS97] and [Ben90]; Image source: Jared Smith (Archspire)
https://www.youtube.com/watch?v=isznXyN1O4Q
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Ljber Non Ex Tempore—Time(?) in
Quantum Mechanics

S e b a s t i a n S c h u s t e r ( U K U T F ) S u m m o n i n g Q u a n t u m T i m e L i b e r : T i m e i n Q u a n t u m M e c h a n i c s 7 / 3 0



R e d u x : T i m e i n Q u a n t u m M e c h a n i c s — P a r t Ⅰ, U n c e r t a i n t y P r i n c i p l e s

So far: Schrödinger equation Measurement process

For the canonically conjugated ̂𝑥 and ̂𝑝 we have Heisenberg’s uncertainty relations:

𝜎𝑥𝜎𝑝 ≥ ℏ
2

(1)

More generally, defining for any Hermitian �̂� the standard deviation as

𝜎𝑀 ∶= √⟨�̂�2⟩ − ⟨�̂�⟩2,

we have for any two operators ̂𝐴, �̂�:

𝜎𝐴𝜎𝐵 ≥ 1
2
∣⟨[ ̂𝐴, �̂�]⟩∣

There are subtleties regarding boundary conditions…
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𝜎𝑀 ∶= √⟨�̂�2⟩ − ⟨�̂�⟩2,

we have for any two operators ̂𝐴, �̂�:

𝜎𝐴𝜎𝐵 ≥ 1
2
∣⟨[ ̂𝐴, �̂�]⟩∣

There are subtleties regarding boundary conditions…
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R e d u x : T i m e i n Q u a n t u m M e c h a n i c s — P a r t Ⅱ, T i m e – E n e r g y U n c e r t a i n t y

We also have (things like) [MT45]:5

Δ𝜏Δ𝐸 ≥ 𝜋2ℏ
2

Used very liberally for anything particle creation. Successfully.

More general versions read

𝜎𝐻𝜎𝐵/ ∣
d⟨�̂�⟩
d𝑡

∣ ≥ ℏ
2

Deriving it (or more general versions) always relies more or less on …

But why?

5I have the feeling that this should be ℏ
2 . Didn’t have the time to read and double-check [MT45], though…
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Ljber Non Ex Tempore—Time(?) in
Quantum Mechanics:

Time and The Clash—
‘Should I stay or ſhould I go?’
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B a c k - o f - t h e - e n v e l o p e … p r o b l e m s ? S R + Q M

Assume an (elemental) clock of mass 𝑚, a light signal of temporal width Δ𝜏 and arrival
time 𝑡.

Use (1) to get:
Frequency uncertainty 1/(4𝜋Δ𝜏)
Recoil uncertainty ℏ/(2𝑐Δ𝜏)
Uncertain velocity, implicitly as

𝑚𝑐𝛽
√1 − 𝛽2

= ℏ
2𝑐Δ𝜏

gives to Δ𝜏 in addition Δ𝑡 = (1 −√1 − 𝛽2)𝑡
Similar calculations give uncertainties for position 𝑥 through uncertainty in 𝛽
Problem: Horrible numbers for elementary particles as ‘rulers’ or ‘clocks’.
Bigger Problem: Assuming SR and QM even work simultaneously.
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T h e T h e o r e m — À l a S c h r ö d i n g e r
6

We don’t need SR to suffer. We’re theorists.

Assume a Hermitian time operator ̂𝑇; its eigenvalues would be a clock measurement
Assume a general wave function

Ψ(𝑥, 𝑡) = 1√
2𝜋

∫
+∞

−∞
𝑒−𝑖𝜔𝑡𝑐(𝑥, 𝜔) d𝜔 (2)

Then we would have that
∀𝑡 ∶ ̂𝑇Ψ − 𝑡Ψ = 0.

Let’s combine this with (2), though with finite integral boundaries:

∫
𝜔1

𝜔0

[𝑒−𝑖𝜔𝑡 ̂𝑇 𝑐(𝑥, 𝜔) − 𝑡𝑒−𝑖𝜔𝑡𝑐(𝑥, 𝜔)] d𝜔 = 0

6[Sch31]
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T h e T h e o r e m — À l a S c h r ö d i n g e r
7
( c o n t i n u e d )

One partial integration later:

∫
𝜔1

𝜔0

[𝑒−𝑖𝜔𝑡 ̂𝑇 𝑐(𝑥, 𝜔) + 𝑖( 𝜕
𝜕𝜔

𝑒−𝑖𝜔𝑡) 𝑐(𝑥, 𝜔)] d𝜔 = 𝑖 [𝑒−𝑖𝜔1𝑡𝑐(𝑥, 𝜔1) − 𝑒−𝑖𝜔0𝑡𝑐(𝑥, 𝜔0)] (3)

For 𝜔0,1 sufficiently large, (2) guarantees RHS of (3) → 0, so:

̂𝑇 𝑐(𝑥, 𝜔) − 𝑖 𝜕
𝜕𝜔

𝑐(𝑥, 𝜔) = 0 ⟺ ̂𝑇 †𝑐∗(𝑥, 𝜔) + 𝑖 𝜕
𝜕𝜔

𝑐∗(𝑥, 𝜔) = 0

Whence
𝜕
𝜕𝜔

|𝑐(𝑥, 𝜔)|2 = 𝑖 (𝑐 ̂𝑇 †𝑐∗ − 𝑐∗ ̂𝑇 𝑐)
Hermiticity

= 0

Drum roll, please!
⟹ Ψ’s energy is either unbounded or Ψ = 0.
We cannot have such a time operator ̂𝑇.

7[Sch31]
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For 𝜔0,1 sufficiently large, (2) guarantees RHS of (3) → 0, so:

̂𝑇 𝑐(𝑥, 𝜔) − 𝑖 𝜕
𝜕𝜔

𝑐(𝑥, 𝜔) = 0 ⟺ ̂𝑇 †𝑐∗(𝑥, 𝜔) + 𝑖 𝜕
𝜕𝜔

𝑐∗(𝑥, 𝜔) = 0

Whence
𝜕
𝜕𝜔

|𝑐(𝑥, 𝜔)|2 = 𝑖 (𝑐 ̂𝑇 †𝑐∗ − 𝑐∗ ̂𝑇 𝑐)
Hermiticity

= 0

Drum roll, please!

⟹ Ψ’s energy is either unbounded or Ψ = 0.
We cannot have such a time operator ̂𝑇.
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T h e T h e o r e m — À l a U n r u h & W a l d : T h e S t a t e m e n t

Require ∃ a sequence {|𝑡𝑖⟩} s.t.
1 Each |𝑡𝑛⟩ is an eigenstate s.t. 𝑡0 < 𝑡1 < …

2 ∀𝑛 ∶ ∃𝑡,𝑚 > 𝑛 ∶ |⟨𝑡𝑚|𝑈(𝑡, 𝑡𝑚)|𝑡𝑛⟩| > 0—Time has to progress

3 ∀𝑛, 𝑡,𝑚 < 𝑛 ∶ |⟨𝑡𝑚|𝑈(𝑡, 𝑡𝑚)|𝑡𝑛⟩| = 0—Time does not run backwards

A N o - G o T h e o r e m

For �̂� bounded from below, there are no ̂𝑇 satisfying (1)—(3).

What they want: A time operator ̂𝑇 that for (at least) some initial state |𝑡0⟩ evolves
monotonically to the future8

8‘Uorwärts immer, rückwärts nimmer!’
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T h e T h e o r e m — À l a U n r u h & W a l d : T h e P r o o f

Proof:
Pick 𝑚 > 𝑛, define for 𝑡 ∈ C (!)

𝑓(𝑡) ∶= ⟨𝑡𝑛| exp (−𝑖�̂�𝑡) |𝑡𝑚⟩

�̂� bounded from below ⟹ 𝑓 holomorphic in the lower half-plane
⟹ 𝑓(𝑡) vanishes on open intervals ⊆ R ⟶ ∀𝑡 with Im(𝑡) ≤ 0, 𝑓(𝑡) = 0
From (3): 𝑓 has to vanish for 𝑡 > 0; ⟹ ∀𝑡 ∈ R ∶ 𝑓(𝑡) = 0
But ∀𝑡 > 0

⟨𝑡𝑚| exp (−𝑖�̂�𝑡) |𝑡𝑛⟩ = ⟨𝑡𝑛| exp (+𝑖�̂�𝑡) |𝑡𝑚⟩
∗
= 𝑓∗(−𝑡) = 0

Contradiction to (3). 2
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A r c h æ o l o g y : I t b e l o n g s i n a … d i g i t a l r e p o ſi t o r y !

The joys of being conversant in languages of darkness:
[PW83; UW89] and more cite [Pau80] for the ‘Pauli theorem’

But both [Pau80] and the original German [Pau90] actually mention this theorem in a
footnote, citing [Sch31]

But [Sch31] is not only in German, it is not yet digitized!

So, one talks to keepers of forbidden knowledge, and ends up with …
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footnote, citing [Sch31]

But [Sch31] is not only in German, it is not yet digitized!

So, one talks to keepers of forbidden knowledge, and ends up with …
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Ljber Non Ex Tempore—Time(?) in
Quantum Mechanics:

The Forbidden Fruits—POVMs
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B e a u t y N e e d s I m p e r f e c t i o n s : R e t h i n k i n g M e a ſ u r e m e n t

Back to physics: How to protect time from the abyss of ‘just’ being a classical parameter?

Maybe the issue is the Born rule.

The Born rule gives precise results; measurements are anything but precise

We still need to get a sense of probability and wave functions/density matrices

The key insight: Think more probabilistic about the Born rule
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T h e Α a n d Ω o f P o ſi t i v e O p e r a t o r - V a l u e d M e a ſ u r e s

Put measurement outcomes first.

In probability lingo this means: The totality Ω of our measurements form a Borel
𝜎-algebra 𝑀

A POVM 𝐴 is a map of outcomes to operators such that:
(1) ‘Positive:’ ∀𝜑 ∈ ℋ, ∶ ⟨𝜑|𝐴(𝑋)|𝜑⟩ ≥ 0 ∶⇔ ∀𝑋 ∈ 𝑀 ∶ 𝐴(𝑋) ≥ 0.

(2) 𝐴(Ω) = 1ℋ

(3) For disjoint 𝑋𝑖 ∈ 𝑀, 𝐴(∪𝑖𝑋𝑖) = ∑𝑖 𝐴(𝑋𝑖)
The Born rule becomes

𝑃(𝐴|𝜌) = Tr (𝐴 ̂𝜌)

Let’s make this a bit more familiar…
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P O V M s a n d H e r m i t i a n O p e r a t o r s

The properties primarily ensure that ⟨𝐴(𝑋)Ψ|Ψ⟩ is a probability density

However, this is not the same as a Hermitian operator, because only

𝐴(𝑋)2 ≤ 𝐴(𝑋).

That means, applying the same measurement 𝐴 twice may yield yet another state
Meanwhile, POVMs are Hermitian operators 𝑂 if and only if

𝑂(𝑋)2 = 𝑂(𝑋).

That’s part of Postulate Ⅱ—and why these are called projection-valued measures (PVM)
Neumark's Theorem: There is always some larger Hilbert space in which every POVM
appears as a PVM.9

9Not necessarily physically useful.
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U n t i m e l y C o n ſ e q u e n c e s

Warning! Different sub-communities often use very different terminology

The eigenvectors of POVMs are overcomplete sets; property (2) overcounts a lot.

If they are not overcomplete, they are PVMs (i.e., Hermitian)

Some things that now become possible
Phase operators

Coherent states10

Open quantum systems

Imprecise measurement (+coarse graining [Šaf+21])

Measurement problem in Quantum Field Theory [FV20]

10They have been around before—but POVM methods fit nicely.
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T i m e l y C o n ſ e q u e n c e s

Earlier attempts for time operators—like ‘time of flight’

̂𝑡t.o.f. ∶= −𝑚
2
( ̂𝑝−1 ̂𝑥 + ̂𝑥 ̂𝑝−1)

work.[BFH10]
But they are not self-adjoint!

We can get many different times ‘canonically conjugate’ to a given Hamiltonian
Similarly, polar decomposition of ladder operator ̂𝑎 with non-unitary �̂�:

̂𝑎 = �̂� |̂𝑎|, with |̂𝑎| ∶= �̂�1/2

having improper eigenstates |𝜃⟩

�̂� |𝜃⟩ = 𝑒𝑖𝜃 |𝜃⟩ , with |𝜃⟩ = ∑
𝑛≥0

𝑒𝑖𝑛𝜃 |𝑛⟩ .
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A n E x a m p l e : T h e H a r m o n i c O ſ c i l l a t o r

The Hamiltonian:
�̂�h.o. = �̂�C + 1

2
1.

One possible POVM:

𝐵0(𝑓) ∶=
1
2𝜋

∫
2𝜋

0
d𝜃 𝑓(𝜃) |𝜃⟩ ⟨𝜃| = ∑

𝑛,𝑚≥0

1
2𝜋

∫
2𝜋

0
𝑒𝑖(𝑛−𝑚)𝜃𝑓(𝜃)d𝜃 |𝑛⟩ ⟨𝑚| .

Get one of many possible time operators for 𝑓(𝜃) = 𝜃 as ‘first moment’ of 𝐵0:

̂𝑇0 = 𝐵0(𝜃) = ∑
𝑛≠𝑚≥0

1
𝑖(𝑛 −𝑚)
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Concluſıo: Modern Times—From
Clocks to Quantum Gravity

S e b a s t i a n S c h u s t e r ( U K U T F ) S u m m o n i n g Q u a n t u m T i m e C o n c l u s i o : M o d e r n T i m e s 2 1 / 3 0



Concluſıo: Modern Times—From
Clocks to Quantum Gravity:

Quantum Clocks and Gauge Theory

S e b a s t i a n S c h u s t e r ( U K U T F ) S u m m o n i n g Q u a n t u m T i m e C o n c l u s i o : M o d e r n T i m e s 2 1 / 3 0



T h e P a g e – W o o t t e r s F o r m a l i ſ m :

So—what’s the point of so many, different times?

Counterquestion: Why so many different clocks in classical physics?
Let’s work with clocks �̂�C, not with time!
Separate a given Hilbert space as ℋ = ℋC ⊗ℋR
Specify some chosen, ‘initial’ clock state 𝜓𝐶
Define time through evolution of this state with �̂�C on ℋC
Measure time evolution of an operator ̂𝐴, stationary w.r.t. �̂�C, as

𝐸(𝐴|𝜏) = tr ( ̂𝐴 ̂𝑃𝜏 ̂𝜌) / tr ( ̂𝑃𝜏 ̂𝜌) ,

where
̂𝑃𝜏 = |𝜓𝐶(𝜏)⟩ ⟨𝜓𝐶(𝜏)| ⊗ 1R, and ̂𝜌 ∈ ℒ(ℋ)
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T h e P a g e – W o o t t e r s F o r m a l i ſ m : P r e - C u r s o r s

A f o o t n o t e i n [ S c h 3 1 ] a n t i c i p a t e s t h i s :

“An interesting application of this is the following: if one knows of a system, composed
of several, coupled subsystems, only the total energy, then it is impossible to know
more about the distribution of energy across the subsystems than the statistical, time-
independent data, which already follows from the knowledge of the total energy. Except
for the case that individual subsystems are in truth fully decoupled, energetically isolated
from the others.”

Also, [DeW67] thinks along these lines. More on this later.
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D e fi n i t e l y N o t a S i m p l e S o l u t i o n : G a u g e T h e o r y
11

This is all rather ahistorical; Unruh & Wald wanted to point out that Page–Wootters
non-monotonic & bad.

This changed drastically recently with [HSL21b] using Dirac’s formalism for constraints
[Dir01; Mat96]
‘Kinematical’ Hilbert space has superfluous, ‘gauge’ info
The ‘physical Hilbert space’ becomes ‘clock-neutral’
Choosing a clock ⟺ Choosing a gauge condition
Monotonicity for POVM 𝐴C, not its time operators

𝐴C(𝑋 + 𝑡) = 𝑈C(𝑡)𝐴C(𝑋)𝑈†
C(𝑡)

11I’m skipping some precursors like [GLM15; MV17].
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A d d i t i o n a l C o u n t e r a r g u m e n t s

Kuchař had more complaints [Kuc11]:
1 Wrong localization for relativistic particles

2 Constraint violation

3 Predict wrong propagators
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A d d i t i o n a l C o u n t e r a r g u m e n t s — a n d C o u n t e r
2
a r g u m e n t s f o r t h e E x p e r t s

Kuchař had more complaints [Kuc11]:
1 Wrong localization for relativistic particles

→ Covariant POVM allow approximate Newton–Wigner localization [HSL21a]

2 Constraint violation

3 Predict wrong propagators
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a r g u m e n t s f o r t h e E x p e r t s

Kuchař had more complaints [Kuc11]:
1 Wrong localization for relativistic particles

→ Covariant POVM allow approximate Newton–Wigner localization [HSL21a]

2 Constraint violation
→ PW’s conditional probabilities as gauge-fixed expressions of a gauge-invariant
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→ PW’s conditional probabilities as gauge-fixed expressions of a gauge-invariant
(‘clock-neutral’) quantity [HSL21a]
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Concluſıo: Modern Times—From
Clocks to Quantum Gravity:

Applications to the Phyſıcist's Stone
and More
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T i m e f o r N i t p i c k e r s : G r a v i t y , C o n st r a i n t s , a n d t h e “ P r o b l e m o f T i m e ” ™

GR’s Hamiltonian 𝐻 is odd12—it’s constrained to 0

Classically, this is a problem, as

d𝑓
d𝑡

= {𝑓,𝐻} + 𝜕𝑓
𝜕𝑡

Classically, resolved by [PSS10]
carefully distinguishing different roles of 𝐻,
carefully distinguishing phase space and reduced phase space
Quantum-…???
This was what [PW83] wanted to solve—but still all just for toy models
Also [HSL21b] doesn’t touch the full theory.

12More generally, this happens in all diffeomorphism-invariant theories.
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P r o p o ſi n g R e ſ e a r c h S h o r t c u t s

Pick your demon!

For demonstration purposes:

Portfolios: File encodings, Unicode,

diacritics, internet

Important!

Salt circle

Invocation of gravity

Summoning of quantum phyſics

Call demon and cast spell!
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G r e a t e r A r c a n a : Q u a n t u m G r a v i t y̷͔ ̣͎ ͉ ̪ ̺̠̹ ͎ ̱

̈ ́̚ ̷̧̧̯͙͍ ̤ ̭

̈ ́̈
́̔
̽ ̅ ͋
̐ ͑
̇

͘͝ ̸̨̯̹̰̜ ̪ ̪ ̗ ̤ ̱ ̘

̐ ̎
͝
 ̶̢̛̠̰̮̳ ̘ ̫͖ ̮ ̟

̆ ́́
̉ ͝
 ̷̰̰͕͉̬ ̤
̇̊ ̉
̋ ͊
͘ ̶̡̨̗̗
͘ ̴̡̙̖̺̞ ̙ ͓

͛ ̒
͊ ̇ ́
́ ̀

͘͠

Finally, a bit of my own research…
For safety reasons, still not in full quantum gravity ̷̘̆̑̇

̄̓̽
̀͐ ̀
̅

 ̵͖͋
̓
ͅ ̵̱̗͆ ͑
̓̓
 ̸̨̘̳ ̝
͊ ̓
̎ ̅ ͗
͐

̕͝ ̸̭̹̳̼̹
̍ ̴̖̇̋ ́͒
͐̄ ̉
̎ ̎ ͊
͝ ͝

 ̴̥̘̠̈ ̴̳͔̭̘ ̣̙ ̝ ̫

͘ ̸͉̫͇̄ ̵̢̏ ̳ ͔̳ ̥ ̞ ̰ ̲ ͕͈ ̘ ̗

̂ ́̈
̂ ̒
̏̂ ̆
̆

 ̷̝͈̯͎ ̮ ̙ ̪ ̗ ̳ ̠

̅ͅ ̵̢ ͎̮̞ ͉ ̮
̓ ̃̋
͑
 ̵̨̧̢ ̼ ̼ ̜ ̟ ͇ ̝

͌ ̏
͛ ̌
̚͘͜͝

If only emergent notions of time exist (like clocks/PW formalism)—what about time
travel?
Can we make sense of Novikov self-consistency for a state of the universe |ꙮ⟩ fulfilling
the Wheeler–DeWitt equation ̸̯̟͑ͅ ̶̹̑͛

́̊
͠
 ̸̙͋̌
̄
̕ ̸̹̬̯̺̯
́͒
̒
 ̸͈̐ ̷̧̞̯̅̎ ̵̬̠̹̃ ̲

͗ ́͋͜ ̷̗͕̝̋ ̵̼̺͗
́́̑
͝
ͅ ̵̭͙̌ ̷̘̉͐
̔ ̏ ̀
 ̸͍̄ ̴̇̏͜ ̷̙̳̃ ̴̡͎̫ ̔
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C a r p e t s a r e f o r H i d i n g T h i n g s

Things I have not talked about (and often couldn’t if I wanted/needed to) with limited
starting points:

Quantum information applications: Processes, circuits, …[Bau+22]
Quantum foundations and very ad hoc methods [Hen+20]
Using gauge-theoretic rulers and clocks (classically or quantumolly) to regain familiar
transformations [KHM21; GHK22]
More on time-of-flight, screens, and other derived notions of times as POVMs [Wer87;
BFH10]
Various philosophical details [And17; Adl23]
The arrow of time [Zeh07; BF23]
Experimental physics & metrology [No.]
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S u m m a r y

As an external parameter in quantum theories, time is weird ̵̱̆̅̑
̎
͂ ̵̖̏͒  ̴̼̟͊ ̶̡̏͝ ̀
̓

As such, it has many abysmally deep, fundamental questions

As such it invokes many diabolic subtleties and arcane skills from
Physics

Mathematics

Philosophy
Recent years have seen mesmerizing progress
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