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Motivation

Why bother? Is frequency a bottleneck in the state of the art?
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Source: The MosaicSim Simulator, O Matthews, IEEE International Symposium on Performance Analysis of Systems and Software (2020)
Disentangling Hype from Practicality: On Realistically Achieving Quantum Advantage, T. Hoefler, T. Haner, M. Troyer, Commun. ACM
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Motivation

Why bother? Is frequency a bottleneck in the state of the art? —YES!

Overclocking world
record in 2022
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Quantum computers:
orders of magnitude
slower:

|):

1) Microsoft Quantum
[Hoefler et al,
Comm. ACM (2023)]

2) Google Quantum

[R. Babbush et al, PRX
Quantum 2, 010103 (2021)]
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Motivation
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Why bother? Is power consumption an issue? —YES!

Overclocking world
record in 2022

2020

2024

Quantum computers:
orders of magnitude
slower: .o

1) Microsoft Quantum

[Hoefler et al,
Comm. ACM (2023)]

2) Google Quantum

[R. Babbush et al, PRX
Quantum 2, 010103 (2021)]

— computations consumes 3% global power production. Set to balloon with Al.

[IEA.org/energy]



1) What are the fundamental relationships between energy,
power, & gate frequency?

2) What (if any) are the quantum advantages if the control is
guantum rather than classical?

Previous full-computer/themo modeling:

» The computer as a physical system, (Benioff) Journal of Statistical Physics., 1980

* Quantum mechanical Hamiltonian models of Turing machines, (Benioff) Journal of Statistical Physics, 1982

» Tight binding Hamiltonians and Quantum Turing Machines", (Benioff) Phys. Rev. Lett., 1997

* Feynman lectures on computation (Feynman) 1996

» Autonomous quantum machines and the finite sized Quasi-ldeal clock, (Woods et. al.) Annales Henri Poincaré, 2019
» Autonomous Quantum Devices (Woods et. al.) Phys. Rev. X (2023)

» Autonomous Quantum Processing Unit (Meier et. al.), ArXiv:2402.00111
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Resu |ts ArXiv: 2403.02389

- 1st part: Hamiltonian dynamics

- Upper bounds on computational speed
- Lower matching bounds
- Only classical bus required

- 2nd part: Open quantum system model

- Power & dissipation required for optimal speed in
steady-state model

Previous full-computer/themo modeling:

» The computer as a physical system, (Benioff) Journal of Statistical Physics., 1980

* Quantum mechanical Hamiltonian models of Turing machines, (Benioff) Journal of Statistical Physics, 1982
» Tight binding Hamiltonians and Quantum Turing Machines", (Benioff) Phys. Rev. Lett., 1997

* Feynman lectures on computation (Feynman) 1996

» Autonomous quantum machines and the finite sized Quasi-ldeal clock, (Woods et. al.) Annales Henri Poincaré, 2019

» Autonomous Quantum Devices (Woods et. al.) Phys. Rev. X (2023)
» Autonomous Quantum Processing Unit (Meier et. al.), ArXiv:2402.00111
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Upper bounds for classical and quantum

computation
""" A 0
[ < ChE

Quantum Speed limits:
Mandelstam—Tamm & Margolus, Levitin

Speed limits for semi-classical systems?

< WE

If control not squeezed

Proof uses tools
from quantum
metrology

V. Giovannetti, S. Lloyd, L. Maccone, doi:
10.1103/PhysRevLett.108.260405 (12)

L. Maccone, A. Riccardi
doi: 10.22331/g-2020-07-09-292 (20)
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Upper bounds for classical and quantum
computation

_-'III-. 1w i
8 nl"."-\:llr.
“Heisenberg Limit”
_____ 1,/0/1,/1
=< ChE Quantum Speed limits: N
Mandelstam—Tamm & Margolus, Levitin

Speed limits for semi-classical systems?

/ “Standard Quantum Limit”
f= t:'“-.-"E If control not squeezed

Proof uses tools é% V. Giovannetti, S. Lloyd, L. Maccone, doi:
10.1103/PhysRevLett.108.260405 (12)
from quantum

metrology / 5 o L. Maccone, A. Riccardi
Q doi: 10.22331/g-2020-07-09-292 (20)
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Existence of Optimal classical and Quantum limits
- Model:
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Existence of Optimal classical and Quantum limits
- Model:

Control space C | ‘

Logical space S | ‘

Memory M, mq Mo ms . ... [mNg
Ny
l 1
° HM()SC = Hc + ZI&[)OIS ®[((3)
=1

’/:J = jt; [t3)g = U(my)U(m;—1) ... U(m) [0)

* Want o~ 1t Hgsce |O)Mo |0>s |O)c =t |0>M0 Iti)s Iti) e

e Whatismax f:=1/t; ?
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Existence of Optimal classical and Quantum limits
- Model:

Control space C | ‘

Logical space S | ‘

Memory M, mp | mo ms ce . .. my,
Ng
l 1
° HM()SC = Hc + ZI&[)OIS ®[((3)
=1
ty = jt; t)s = U(m)U(mj-1) ... U(m) [0)s

Y

* Want o~ 1t Hgsce |O)Mo |0>s |O)c =t |0>M0 Iti)s Iti) e

e Whatismax f:=1/t; ?

* Answer: (theorem)

If {|£;)}i semi-classical (not squeezed):

—_—

1 i
J"=T [TI-.IE:lLIE as | — oo ‘
i
— Badbits:  Hu,sc = Ho + Y Ly ¢ ® 18
Otherwise: =1

f=E a4 E—
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Optimal guantum limit only requires a classical
internal bus
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Optimal guantum limit only requires a classical
internal bus

bus

v
Hwysce, := Huvysce + Huc, Total number of interaction terms Jllll-ﬁ.. (double)

Control space C | |

Control space C, | |

Logical space S | |

Switch space
W off off off e s off
Mo—>| 0 0 0 T T 0 .\
Mmj 1| Mmy2| M3 e P [m]_’Ng \
I‘" bus
Memory M2,1| M2 2| M2 3 M2, N, !
M - |
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Optimal guantum limit only requires a classical
internal bus

bus

v
Hwysce, := Huvysce + Huc, Total number of interaction terms Jllll-ﬁ.. (double)

Control space C | |

Control space C, | |

Logical space S | |

Switch space
W off | off | off s <o+ | off
M= 010 0] e 0 * (Theorem)
Mmj 1| Mmy2| M3 e P [m]_’Ng .\«.‘
Memory M2,1| M2 2| M2 3 m2, N, ! bus _f = FE as E = oo
M - ‘J."
’ and #ly not squeezed

my.1 |mL,2 my, 3 [mL:Ng

- N * Number of gates LW but only 2N, interaction terms

* But still unstable to perturbations!
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Nonequilibrium steady-state dynamics, power
consumption and heat dissipation

Oscillators in Theorem 2
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Nonequilibrium steady-state dynamics, power
consumption and heat dissipation

A () A )
B
initial state initial state
pe P
1 / > /

o

Oscillators in Theorem 2

A self-Oscillator (e.g. from clock in an actual
computer), see review:

[A. Jenkins, Physics Reports, (2013)]
[Batchtold et. Al, Rev. Mod. Phys. (2022)]

- self-oscillation: a form of error correction

- Well-studied for classical oscillators S @
o=

- Relatively unknown in the quantum case .y

- Even if it works, will require power to run. ' ‘

Maneki Neko Cristal oscillator



Nonequilibrium steady-state dynamics, power
consumption and heat dissipation

Lateswe(r) = _i[HMOSV\fca ] + De ()

De = Dg:‘ + ‘D%O re D& (pe) g Vpc
A5

Non isentropic regime

VAR

- Power consumption

Landauer Erasure/Charles Bennett (IBM) in W
- .F _
my | mg | g Energy flow per cycle Ta
(two contributions)
my | my | mh Work T - Pd_ = —P
olo o
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Nonequilibrium steady-state dynamics, power
consumption and heat dissipation

- Upper bounds:

(Theorem)

During isentropic regime:

f < opTaP™

[ = eav' = if oscillator on #C semi-classical (not squeezed)

- Lower bounds:

(Theorem)

f=TP"™ as Pi® 4
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Re-scaling Hamiltonian

E~Ey/Ty (.8 w=2x/Ty )

Standard computer
F_ v By
J s T

Q. frequential computer

frE=

T

> Increasing 1/Ty
 Linearlyincreases f =~ 1/Tg C‘\/

* Requires linear increase in interaction strength l)(|

 Linear scaling with & implies more heat dissipation lK'
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Re-scaling Hamiltonian

E~EyTy (68 w=2x/Th )

Standard computer » Increasing 1Ty
p E JE * Linearly increases f =~ 1/Tq '\/l
“VYm o m D
! ! * Requires linear increase in interaction strength K

-  Linear scaling with & implies more heat dissipation lK'
Q. frequential computer

Often limiting factor!

e B =
f Ty
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Re-scaling Hamiltonian

E ~ Ep /Ty

Standard computer

I

E  w/Ey
Ts

Q. frequential computer

frE=

T

(e.8. w=2x/Tn )

> Increasing 1/Ty
* Linearly increases f =~ 1/Tq '\/l
* Requires linear increase in interaction strength l)(|

 Linear scaling with & implies more heat dissipation lK'

Often limiting factor!

» Quantum frequential computer

* No need to increase interaction strength! l\/|

e Quadratic increase in frequency! l\/|

41



ConCI USion ArXiv: 2403.02389 (Update coming soon!)

* Conventional computers have classical/semi-classical gate control

* Using squeezed states in control can result in a quadratic runtime advantage
without increasing thermal dissipation or energy consumption
* Inherently less noisy gates

Next steps

* Experimental proposals to realize proof-of-principle qguantum

frequential computers (superconducting circuits, take inspiration from
Heisenberg laser?)
* Prove control-qubit interactions need to be non-linear

» Current/soon joining: Marek Winczewski
(PostDoc), Pablo Alhambra (PhD)

» More Postdocs + PhDs available

[T. Baker et. al, Nat. Phys. (2021)]



[Bonus] Optimal quantum limit only requires a
classical internal bus

Theorem 2. For all gate sets Ug, initial memory states |0)y, € Cy and initial logical states |0)g € P(Hg), there
Yoo |0) ., Havyse parametrised by the energy I > 0, such that for all j =1,2,3,...,. Nyg; 1 =0,1,2,..., L, the
large-E scaling 1s as follows

T(eitj,;fiwscc? 00t 10}, 100w 10} 100 s 1t5.0) 1, [ty i) [Esides )

S “SupPoly( E)

exists |0)

as FE — o0

where |0X0| ¢, , trM[|tj,g)(tj,;|Mcz] € Cc, and

1 1

= — (THF E .
TO( oE) + SupPoly(FE) a5 £ e

f

= Number of gates LN, butonly2 N, interaction terms

- Initial energy independent of total number of gates

- But still unstable to perturbations!



[bonus] Existence of Optimal classical and
Quantum limits

Theorem 1. For all gale sels g, mmatial memory stales l(J}VU € Cy, and initial logical states |0)g € P(Hg), there

2,y N, the large-E
scaling is as follows

i, 1
T(e tjHuygsc |O)Mo |O>S ’U)C, |0>Mo |tj>S ’tJ)C) < Hhﬁpﬂ{y[ E:| as ) — oo

for the following two cases:
Case 1):

1 1/2 |

= T F as F— o
d T (ThE) SupPoly E)

and |t;)q € Cc, 7 =0,1,2,..., Ny.
Case 2):

[=E :

SupPoly| E) as K/ — oo



[Bonus] Optimal quantum limit only requires a
classical internal bus

Proof outline:

Lemma C.1 (Quantum-control-and-bus error decoupling). For j =1,2,3,..., N, andl =0,1,2,...,L we have

|‘e_it”HI\/IWSCC2 10) |O)W |O>s |O>c |0)(32 - |tj,l)M(32 |tj,t)w |tj,l>s |tj,z)c H2 (C.7)
l ] : (k"m’r' k)
= Z Z (H [t dw, [thr)s [ter) o = e Hwso lte—thw, [te—1.0)s [tr-10)c |l (C.8)
r=0k=1
. ted, — e, |¢ t C.9
+ H |tk’T)MO,kCZ | k,T)Wk e 2 | k— lv")M0 +Ca | k— 1r W, H2 ( . )
rr(k —iz {k
+ ¢, max max ”H\(NS%) e—ieHws [ R R R bl | (C.10)
IEOtl {m EQU{O}}
B
+h o] I ( MW ®I((32)) e i Lr)me, [ty Hz) (C.11)
Y
where
Hygge! = mo | Hpowscl®y, |, = He + I8™ @ 18 + g™ @ 1E (C.12)
(k‘ my, ) Pp— (ka )
Hyge ™ = Hyger My — M i (C.13)
NQ'
k k: b y
AED — (i (HMOWSC _ Hﬁaﬁwsc) Z ( 070 g [0 flamd) g fg>) | (C.14)
;
where m = (mq,mz,...,my,), |ﬁ‘)Mg# =M Mg, ™20, ---|[mNg)MO,Ng with m; € G U {0} and recall Iéq’m") is
defined in eq. (B.100) for m; € G. For m; = 0 we define I(k 9= (with O the zero operator) and I(k 0, I&i and

I\(A];]’cm'“) =0 for allm; € G.




[Bonus] Nonequilibrium steady-state dynamics,

power consumption and heat dissipation
- Upper bounds:

Theorem 5 (Upper bounds on frequency in the nonequilibrium steady-state regime). For all states in the [th isen-
tropic regime, pac(t + m|1) € Si""\"" the gate frequency f., is upper bounded for all =5 € 10, 1 .2| as .f.f)fffr'ifi'n_'

/Plin + E:IO—I

. clas., |
o< (A+1e ¥ pac(nin) € Cac™ (VL1)
o in 0
;Jl()\—ii[){, otherwise.
0 K

Here A > 0,5 > 0,c9 > 0 are numerical constants, £ > 0 is a small (or zero) quantity related to the quality of the
self-oscillator and defined in appendiz E 1.

- Lower bounds:
Theorem 3 (Nonequilibrium steady-state optimal quantum frequential computers exist). For all gate sets Ug, initial
gate sequences (m ), with elements in G, and initial logical states |0)g € P(Hsg), there exists states and Ly swe
parametrised by the power P™ > 0, such that for all j =1,2,3,...,N,; | € N>, the following large-P™ scaling holds
simultaneously i -

1) The lth renewal event is well localised in time:

T1+To 1
dt P(t,+1 =1-¢,, 0<e,. < :
[rz-l—To—h ( ‘Tl) S:.rj-:lF'uTy [PI=:|

2) The deviations in the state between renewals are small: For j =1,2,..., Ny,
7 (puosc(ts1m), [slmduswa lltsmde ) < GumPoigipey
3) The gale frequency has the asymptomatically optimal scaling in terms of power:

as P™ — oo.

f — TOPin

* SupPoly(P™)



Summary of results

1) Classical & semi-classical

ArXiv: 2403.02389
M. Woods

2)

3)

gate control:

All classical &
conventional quantum
computers satisfy

f< p1/2 ~ (112

Optimal guantum control:
When control is fully
quantum and optimal

Fop~C O

Quantum frequential
computers only need a
classical bus:

f~p~C, &

fbusN\/ﬁN\/@

4+

Quantum Frequential
Computers have a
quadratic runtime
advantage

No bandwidth issues

f — frequency
D — power
C,= cooling rate



Proof of principle implementation: waveguides
& quantum circuits?

5 '
...........................

- Lasers are self-oscillators

Q1: Can conventional lasers achieve f ~ /p with control-qubit

conventional coupling ?

- conventional laser = Schawlow-Townes limited: € ~ u?
- conventional coupling= a' ® o + h.c.

Q2: Can non-conventional lasers achieve f ~ p with control-qubits
non-conventional coupling?

- non-conventional laser = Heisenberg limited: ¢ ~ 4 ,[\Téfapkfyr;t(‘zglém [ 28 J

- non-conventional coupling: el ® o + h.c.
Benjamin Huard

! &

Jr Mazyar Mirrahimi
Non-linearin a, a (Inria)







Bonus slide: Re-scaling time

- Consider Hamiltonians H(w) = wH, w € RT e.g. H(w) = wala

- Increasing w leads to “trivial” squeezing. E.g.

(Af) — b (Ap)* =

mhw
s e2¢
2mw

2

- Consider two states :

Case 1: |not sqz. w.r.t. w=1), f<CiWV/Ew=1)
Case 2: [sqz. w.r.t. W= 1), f<CyE(w=1)

- Now apply “trivial” squeezing (i.e. evolution under H(w), w > 1)

Casel: [ fwCiVEWw=1)

Energyis F(w) =wFE(w=1)
Case2: [ SwCr E(w =1)

{ 1. Increasing w requires stronger interaction terms ‘X’
- Note:

2. For fixed w, increasing E(w) doesn’t require stronger
interaction terms. @




Todo

- 1. backup for non constant Ham term

- 2. Have future slides: show connection to
laser: self-oscillator. Embedding? Special
coupling required?

- ---Draw area under slide. Intuition about
why squeezed states help.
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Wigner’s Friend

) | o) + 1) | o)

Takeaway:

Confusing? --- Yes!

| got outcome up k

ey

Logical contradiction? --- No!




FR Experiment

Renato Renner & Daniela Frauchiger
Nat. Comms volume 9, Article number: 3711 (2018)

In a Nutshell:

Can we get a logical contradiction

under reasonable assumptions?

Their claim --- yes!



https://www.nature.com/ncomms
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FR Experiment: as viewed from the super observers

Lab A = ‘
‘0>A 04 System R

ie

Lab B w 3
‘0>B System S

8) s = Att=l
%(IO(»RS +[10)gs + [11)gs)




FR Experiment: as viewed from the super observers

! | got outcome 0/1 |
ﬁ ‘q System R

=
! | got outcome 0/1 |
Lab B -
‘0>B System S

8)rs = Att=2
%(IO(»RS +[10)gs + [11)gs)

Lab A
0)4




FR Experiment: as viewed from the super observers

| got outcome ok/fail ]
! | got outcome 0/1 | %

Lab A
10)a 04 ystem & Ursula
L)\ | got outcome ok/fail |
! | got out'come 0/1 | N }
Lab B VY % s:"b |
‘0>B System S
Wigner
85 = Att=3 :
: 00 10 11 Ursula - |Ok>AS ~ (‘OO>AS - |11>AS>/\/§
75 (0)ns + [10)ns +[11)s) [l g 2= (100} s+ [11)15)/ V2

 [ok)pg = -

fail)gr == ...

Wigner -




FR Experiment: as viewed from the super observers

Lab A
0)4

Lab B
0y

@ @) rs =

1

! | got outcome 0/1 |
ﬁ ‘ System R

&

—

| got outcome 0/1
N

i
System S

At t=3

\/§(|00>RS +[10)gg + [11)gs)

Repeat many times until ...

Ursula -

Wigner -

| got outcome ok/fail ]

Ursula

wcome ok/fail |

— [0k) ps = (|00) o5 — |11>AS>/\/§
i fail) g = (|00) yg + |11>AS)/\/§

 [ok)pg = -

fail)gr == ...




FR Experiment: as viewed from the super observers

| got outcome ok |
! | got outcome 0/1 | %

Lab A
0)a 04 System R Ursula
US. wutcome ok |
! | got outcome 0/1 | 2%
Lab B VY % s:"b |
‘())B System S
Wigner
:)rs = Att=3 :
1 00 10 ” Ursula - [ok) o5 := (|00) 55 — |11>AS>/\/§
%ﬂ Jrs T [10)rs + [11)gs) | fail) yg == (100) ug +[11) 55)/ V2

[ lok)gg = ...

fail)gr == ...
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FR Experiment: as viewed from the super observers

| got outcome ok |
! | got outcome 0/1 | ’\%

Lab A
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‘())B System S
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%U Jrs T [10)rs + [11)gs) | fail) yg == (100) ug +[11) 55)/ V2
. [ lok)gg = ...
Wigner - iy

[ ] L J
> All parties @ w W i know this protocol.

What can they deduce about each other’s outcomes?




FR Experiment: as viewed from super observers
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FR Experiment: as viewed from super observers
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FR Experiment: as viewed from super observers
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measurement
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FR Experiment: as viewed from super observers

Alice’s
measurement
of R
===
A ! !
| I Ursula’s :ﬁk @
: uf : measurement - . ;k
5 s : -
_(|00>RS +[10)gs + [11)gs) .
V3 . | :
I |
| | Wigner’s !
N € {oksfail}
} : measurement . -
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Bob’s
measurement
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7(|oooo> +[1100) + |1111))RasE




FR Reasoning assumptions

Q: Born rule:

Any agent A: | know |
can apply the quantum

mechanical Born rule
U: Unitarity

Any agent A: | can
model other Agent's
labs unitarily

S: Consistency

C: Knowledge inheritance

KAi KAj (S) = KAz‘ (S)

D: Distributive Axiom
KAi (81 A\ (81 = 82))

— KAi (82)

Any agent A: | know that a
measurement outcome
cannot take two distinct

values




FR Experiment: Reasoning
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w il
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FR Experiment: Reasoning

Alice’s

measurement
of R
0) LT
| 1
A | T : Ursula’s
: i measurement
W= | oeed
1
—=(l00)gs + [10)gs +[11)gg) |  ____,
3 ]
s
Wigner’s

R

B AL/

,,,,,,

Bob’s
measurement

P(u=w = ok[p'=?) = of §
| (ok| (k] [¥"=*) [ = 1/12
. Ky (u =w = ok)

(00[gp (ok|g 5 |¢t:2>RASB =0
— Ky(u=ok=0b=1)
. Ky(b=1)

What Bob must think if b=1:

(00[ga (11lgg %" )rass =0

\ J
I

Prob. Alice sees a=1 given b=1
KyKglb=1=a=1)
o EKyb=1=a=1)
" Ky(a=1)

measurement

ue =

u=ok




FR Experiment: Reasoning

Alice’s
measurement
of R

777777
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! ; Ursula’s P~ '
: i measurement
1 : u = ok
|

¥ rs= | oo '

Jiguo%s o+ |

1
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| 1
l Wigner’s .
: , 8 — w il
: i measurement
|0) ‘

= .\U' w = ok
Bob’s
P(u — = Ok’¢t:2) _ meab(l)lfrgment
| {ok| (ok] ["=%) |* = 1/12
o'o K - - k . . . .
o(u = w = ok What Bob thinks Alice must think if a=1:
(00]g (Ok|gp [ ™) gasp =0 (ok|gp (11]gA ‘wt:2>RASB =0
— Ky(u=ok=5b=1) \ Y J
. KU(b _ 1) Prob. w=0k given a=1
What Bob must think if b=1: KyKpKa(a =1= w = fail)
(00]g 5 (11|gp [#" =) gass = 0 «« Ky(a=1= w=fail)
\ Y / o'o KU(’LU:fall)

Prob. Alice sees a=1 given b=1
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o EKyb=1=a=1)
" Ky(a=1)




FR Experiment: Reasoning

Alice’s
measurement
of R

777777

A ! ! -,
1
! ; Ursula’s P~ '
: i measurement
1 : u = ok
|

¥ rs= | oo '

Jigaomas o+ |

| 1
I 1
| 4 ¥a ,
| I Wigner’s .
: , — w il
0) : | measurement
0 :

= : \J./ ; w = Ok
Bob’s
_ measurement
P(u=w = ok[p'=?) = of §

| (ok[ (ok[ [9"=%) | = 1/12

e What Bob thinks Alice must think if a=1:

(00]gg (ok|gp ["™*)gags =0 <Ok‘SB <11|RA Wt:2>RASB =0
— Ky(u=ok=5b=1) \ Y J
. KU(b _ 1) Prob. w=0k given a=1
What Bob must think if b=1: KyKpKa(a=1= w = fail)
(00]g 5 (11|gp [#" =) gass = 0 «« Ky(a=1= w=fail)
\ J v
' (] (]
Prob. Alice sees a=1 given b=1 @ RN ( 76 ]
KUKB<b: l=a= 1)
CoKpb=1=a=1) D. Frauchiger & R. Renner:

.. Ku(a=1) Thm:Q, U, C, D & S cannot simultaneously hold!




Our Resolution

Alice’s
measurement
of R

777777

A ] | Ursula’
! . .
| [ rsula's L,y ¢ {ok, fail}
! ! measurement
.

|
¥ ns = e

Jigaomas + [10)gs + [11)gs) .

I 1
] 1
! Wigner’s ;
| | & ——— w e {ok, fail }§
| 1 measurement
B RNPA
| B
Bob’s
measurement

of S

[0)

V. Vilasini & M Woods:

Thm: Q, U, C, D & S canret simultaneously hold!




Our Resolution

Alice’s
measurement
of R

777777

0 - L5k
b B e

9" = e

1
_3(|00>RS +[10)gs + [11)gs)

______

1
I 1
| ! Wige: I
. A | BNers L, 4y e {ok, fail )i
| | measurement

[0)

Bob’s
measurement
of S

V. Vilasini & M Woods:

Thm: Q, U, C, D & S canret simultaneously hold!

Be more precise in how they are
applied: keep track of who is applying
Q to which system

[72)




Our Resolution: LWFS general model
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Our Resolution: LWFS general model
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Our Resolution: LWFS general model

Sl Sl Sl Sl Sl Sl Sl
psln‘“asm )
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M1 M1 M1 M1 M1 Ml Ml
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e MAN EN
Ms M, M, Mo M,
M M M
|0)M3 3 3 3
M M
|0)MN N N

> time

* Agents Aj will want to make predictions. Need augmented circuit.

1)




Our Resolution: LWFS general model
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Predictions: P(aj,,aj,,...,a;,,%) = P(aj,,aj,,...,a;,|T)P(Z), ¥ = (x1,9,... 733N) 32 ]

P(ajl,ah,...,ajp ‘all,...,alq,x]




Our Resolution: LWFS general model
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Sample space: {!={ai,%1,a2,%2,...,4N, TN f{a;z;}, |DefinedviaQ
Set of all events: power set of (2 (Born rule)

Predictions: P(aj,,aj,,...,a;,,%) = P(aj,,aj,,...,a;,|T)P(Z), ¥ = (21,9, ... 733N) 33 ]

P(ajl,ah,...,ajp ‘all,...,alq,x]




Our Resolution: LWFS general model

MAN
=" TTTTTTT T oo v an €{L,0,1,...}
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Other settings free to choose



Our Resolution: LWFS general model

M
****************** 1 ay €{1,0,1,...
zn €{0,1} : ; N e }
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In our model:

v | Thm: Q, U, C, D and S are all self-consistent.

v' Temporally consistency

e Difference with FR experiment:

P(ajl,ah,...,ajp‘all,...alq,x)

CEjlzij:...:.Cij:ZCll:...

Other settings-free-te-choose

chosen, but not stated

(5]



Our Resolution: LWFS general model

M
Ry ey 1 ay €{L,0,1,...}
! 1
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In our model:

v | Thm: Q, U, C, D and S are all self-consistent.

v' Temporally consistency

e Difference with FR experiment:

P(ajl,ah,...,ajp‘all,...alq,x)

:Ujlzszz...:xjp:xh:. leqzl
Other settingsfree-tochoose
» Formalize this difference: chosen, but not stated

Assumption I: if P(aj,.a5,,...,0;, |a,,...a,,F) is T independent, it is

said to be setting independent
» Thm: assumption | is necessary for at least one prediction in order to recover

the FR paradox




Our Resolution: augmented circuit

Alice’s
measurement £ € {05 1} ac {J-s 0, 1}
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(b=1lw=u=0k, (z1,29) = (1,1)) =1/3 - (3 aay=—"(rTT
Pla=1,b=1w=u= ok, (1,22) = (1,1)) = 1/3




Our Resolution: augmented circuit

Alice’s

measurement 21 € {0;1} a€{L,0,1}
of R \ /
0)4 e y |
N L |l o
[¥)rs 1
E L i n? m;g;isil:riZnt w ¢ {ok, fail}
0)g " ?
Bob's SN
measurement z, ¢ {0, 1) be{1,0,1}
original formulation our explicit formulation
u=o0k=b=1 (z1,22) = (0,1)Au=0k=>b=1
b=1=>a=1 ($1,$2)=(1,1)/\b=1=>a.=]_
a=1=w=fail |(z1,22)=(1,0)Aa=1= w="fail

", u=ok = w=fail ., u=o0k = w=fail
P(b =u =0k (z1,12) = (0,1)) =[ (11|, (11]sp [¥""*)pasp | =1
P(b =u=0k, (z,2) = (L1)) =1/3 . (23 asy="TT

Pla=1,b=1w=u= ok, (1,22) = (1,1)) = 1/3

1w
1w




Renato’s challenge:

> The set of rules must be unambiguous. Using them should thus correspond to executing an algorithm,
which could in principle be run on a machine.

> The set of rules should Not lead to contradictions, e.g., when they are applied to the FR thought experiment.

> The rules should be applicable to any experiment that is realistic in principle (whereby building a
universal quantum computer is considered realistic in principle), including multi-agent setups where one agent

may acquire information from another agent. For such experiments, the predictions of standard

guantum theory (without any additions such as hidden variables or a collapse mechanism) are unambiguous and should
agree with those of the proposed set of rules.

> The set of rules should be compatible with basic physical principles (such as non-signalling to the
past).

Our work: resolves the challenge!

Wigner’s original mystery: 1) [re) + [t ) [ <= =1 =0

> Still wide open Pir) +Pl) <= a1=1

» But doesn’t lead to a logical contradiction
» Need solution to the measurement “problem” to solve Wigner’s mystery
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Wigner’s original mystery: m= 71 =0
1) still wide open
2) Impossible to make it a logical contradiction [o1)




