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Causal order is under quantum examination

A problem with time

Quantum time

Measuring in space time local and non local operators
Different states for the same event

Quantum time again



U is complete

¥ is not complete
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H — HA ® HB

measurements —s projectors

any experiment takes place in spacetime and therefore has a causal order



Giulia Rubino et al. SciAdv 2017;3:e1602589

S decomposes in terms of operations made in the laboratory piin) ®]\/I‘2_x ®1\/Ig_y®D
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A process with indefinite causal order

by almost 7 SDs

| WswitcH) = %(\WA_’BMWCHWB_}AMUC)

WSWITCH = TrH(ml) ( ‘ WSWITCH> <WSW1TCH I)
Tr(SWP™P) < 0

(out)
d

the causal map COH s intrinsically quantum in both
the common-cause and cause-effect pathways and
it exhibits a quantum Berkson effect.



Causal order:

1. If A happens before B on the same machine, then A<B

2. If A the sending of a message and B the reception of the same message, A < B
3.IfA<Band B<Cthen A<C

4. Foral A,ALA .. (oruse<)

A B C

Quantum Mechanics has problems with this

ta tg tc
Can there be ¢ >, lp >¢, [ in H ?

¥ > € P(ty,tg) > P(ty,tg)|¥V>=|W> UplW> €eP(ty+T,tg+T)



Ur = e with o(H) bounded, define f(t) =< U, ¥, PU, ¥ >

Analiticity: eitherf(t) # 0on a dense open set,or f(t)=0Vt € R
Hegerfeldt, Phys. Rev. Lett. 72, 596 (1994)

%k kokokokok

f@t) =<UWY,P(a,b)U,¥ >=<Y¥,Pla+t,b+t)¥ > teR

Consider ||¥ > € P(a,b) and t > |b —a

f(t) =<P(a,b)¥,Pla+t,b+t)¥Y>=0= f(t)=0, Vt €R

Then, 0=f(0) =<Y,P(a,h))¥Y>=<VY,¥ > =>||lIJ>=o

Halvorson https://www.princeton.edu/~hhalvors/papers/
Kkkkokkk

Way outs
i. P(a+t b+ t)not orthogonal to P(a,b) PVM to POVMs

ii. o(H) unbounded



Unleashing time

lock tem :
cloc syste the state of the system given that the clockshows t

[7,.0]=i [0P]=in
time is whatis shownin a clock \ J|¥)) =0

/

‘7-[=‘7-[T®}[S’ H=hQ®HS+I[T®HSI O-(Q,T,]])=IR

+

)= | i) = | dolow)

— 00 — 00

@Il = 0 = (—ih 2+ Hy) () = 0, (@[JI¥)) = 0 = (he + H)[(w)) = 0

Pauli problem: as J|W)) = 0 on physical states = ((®|[T,]]|¥)) = 0



Pauli problem J|¥)) = 0 on physical states= ((®|[T,]J]|¥)) = 0

(@[T, J1|¥))= ((@|A[T, Q] +[T, H]|¥))
[T,Q] =i = (@[T, H]|¥)) = —ih,
o(H) = o(T) =R on physical states!

NO, JI¥))=0=#TJ¥) =0

Weyl sequence |‘Pn)) = ( )1/4fdt etz/n|t)|1/)(t))

2
n

lim |(J — /1)|‘Pn))|2 — 0 for A = 0 (essential eigenvalue)
n—->0o

BN = ] — 0, DI = 5= (w173 19,0) =2

Then <<Lpn |[Ti]]]|an>> — and [T, Q] =i = ((CD|[T, H]|‘P))=O

No Pauli problem



Beware of promoting T to an operator in Hj

Simplest mishap: time of arrival operator

m ~ mQ
t ~ 761 — T ~ TQ (with appropriate ordering)

Measurement of time of arrival in QM

a) Prepare a particle state and detect its arrival ( results in At ~1/Ey)

Or

b) Measure T for the set up ... results of b) do not correspond to those of a)...ETC

Aharonov, Oppenheim, Popescu, Reznik, Unruh PRD (1998)



Measurement and reduction in QFT

covariant state reduction

Hellwig, Krauss PRD 1970

System in H density p trp =1
Measurement of A at t,, (4) = trpA

Quantum Mechanics time |
p— ppr =PpP+(1—P)p(l—P) ot f
p — pp'' = PpP/trpP p space
time }
pp' OF pp'’ @
Hellwig, Krauss: in QFT  } c
state reduction in V., NV’ | p

/ \a- space



P and Q selective measurements on W

P: W—o W,, in3,4
W —W inl, 2
aw —W inl
WP// — Wpu in3
W —W,, in 2
__ QWpnQ — QPWPQ .
WP” T tr (QWPII) - tr(QPW) n

P Q spatially separated, R in the future

QWprQ — QPWPQ _ PQWQP —(W )
tr (QWpr)  tr(@Pw) tr(Pew) N Q" py

R measure on state W) o =

Independent of tp < t, ortp = t,

Proposal grounded on strict locality in QFT



Measurement and reduction in QFT

Warning : Histories may be frame dependent

Prepare a particle in state

la) = |x )+ |x5) +[x3), t<t;
Measureatt = t; ...particlennotinx,

1B) = x2) + |x3), £ <t <t
Measureatt = t; ...particlennot inx;

|%3) t, <t
In frame K’ where (x',,t’,) precedes (x';,t';)

la’) t<t,

V) =Ix"))+|x'3), t<t <ty
|x'3) t, <t

Frame dependent states

Aharonov, Albert PRD 1984
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Observer K’ ly') t<t' <t
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A non local system evolves undisturbed from t = —ocotot = —oo

Att = —oo prepare a particle in|6) = |x;)+ |x;), D|§) = 6 |§) const. of motion

Check that particle is in |§) ataninstant tusing H = H, + H,, H; = gi(t)qiaz(xi

If prepared in |§) the procedure gives § and leaves the state as it was

Now, suppose a local detector at x; = 0 founds the particleatx,; =0 att =0

From then on t € (0, ), the particle remains in the box
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measurements att = 0andt = —o©

do not commute:

measure ment of x gives
Measurent of D gives

X
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} ! M_D —~D=68 (t=—o)
|
i
- o ‘ )
: I M, History 1. collapse att = —oo, lateratx; =0
| LISY
[ | History 2. att =0 |§) — |xq)
; 1 -3 frame independent butt = 0,t" # 0
X X2
M_
1 i reduction not along V. (not Hellwig-Kraus)
: light cone of (O,x) l
t=0 }
t=0- /A/ / Instantaneous reduction

r-—_—b
XAL-——

- X

x
N



A and B using instantaneous reduction
Ix > in their frames
]

\xonﬂicting accounts
t=0 |

not a single history in space-time

s Rt T

x
N

a monitors state history in K —> reduction att =0

...... K’ —> reduction att' = 0

a: |6) W(P) = .
| Y

Bilxy) $(P)=0

Y(x,t) is not enough

Needed a functional on spacelike hypersurfaces



most basic level: spacelike hypersurfaces characterized by their relative velocities
Clocks evolve with their proper times characterized by their relative velocities
The Hamiltonian constraint serve to fix a time on the physical subspace of H @ H

Consider a set of clocks @, Hy —— Hrp ,] —— J, For each a a physical subspace with

states given by ]]al‘{’a»

clock system Is something like this what we are looking for?
I7,0]=i [0, P]=in




Thanks for your attention



U is complete ¥ is not complete
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Figure 1. The different possible roles of the wave function W. A model that uses a variable A to dc
either W-ontic or W-epistemic, depending on whether or not the wave function W is uniquely det
denoted by \). Conversely, the relevant parts of A may be determined by W, in which case W is cc
respect to an appropriate causal order), [ 17] rules out the right column, [16] rules out the botton
well as[ 14], based on different assumptions) rules out the bottom row.



