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Time-warp
Merriam- noun | \ 'tim 'wérp \

Webster

Definition of TIME-WARP

1. an anomaly, discontinuity, or suspension held to
occur in the progress of time
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Time warp for two hours



What should we find in the box if we are to claim a time warp experience?
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Time warp: operational definition
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Time warp: operational definition

Time warp protocol for t € [0, 7]



I

/

(0)

Time warp: operational definition

Time warp
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F, =150 N » Resolve each force into rectangular
components.

F,=100 N

« Determine the componehts of the
Fi=110 N resultant by adding the corresponding
force components.

Four forces act on bolt A as shown. » Calculate the magnitude and direction
Determine the resultant of the force of the resultant.
on the bolt.
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Warping time physically
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Time warp in special relativity

Time warp
fort € [0, T]

Ht

(!
Y(')
0<t' <7t



Godel spacetime
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K. Godel, Rev. Mod. Phys. 21 447 (1949).

M. Buser, E. Kajari and W. P. Schleich, New J. Phys. 15 01306
(2013).




Time travel
with
wormholes

K. Thorne, Black Holes and Time Warps: Einstein's
Outrageous Legacy, Commonwealth Fund Book Program
(1994).
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Time warp with time machines

Time warp
fort € [0, 7]
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The time translator
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Evolution after time T

e~ Ty (0))

Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).
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Evolution after time T
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Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).



The time translator
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Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).
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The time translator
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Evolution after time T
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Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).



The time translator

Measurement ZlR)
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Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).



The time translator
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Evolution after time T

> g eHoTaT[y(0))
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Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).



The time translator
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Evolution aftertime T <« 1

> cpemHoTRT[yp(0)) ~ e~ Mo [yy(0))

R
Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).



The time translator

a>1
S ‘ Interesting cases

a<0

Evolution aftertime T <« 1

> g e HoTRT[yp(0)) ~ eI [y (0))

R
Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).
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Time warp with the time translator

Time warp
fort € [0, T]
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The time translator

Measurement Z|R)

R
9) = caIR)

R

R

Y. Aharonov, J. Anandan, S. Popescu and L. Vaidman Phys. Rev. Lett. 64, 2965 (1990).




“The time translator has the
same chances of succeeding
as | have of delocalizing and
relocalizing somewhere else”

L. Vaidman



Time warp, the lame way
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Time warp, the lame way
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Time warp, the lame way

(0.3,0.2,0.9),
(0.4,0.7,0.1),
(0.5,0.6,0.3),
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Time warp, the lame way
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These proposals do not require control or knowledge of the physical system that we influence
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All interesting proposals to achieve time warp

rely on special or general relativity
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Uncontrolled system

Main result

Non-relativistic
guantum physics
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Uncontrolled system

Main result

Non-relativistic
guantum physics
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Uncontrolled system

Main result

reasonable probability of success

Non-relativistic
guantum physics
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Scenario



Goal
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[Y(T)) = e™HT|1(0))

t=T2>0 t=T+A



Obvious solution
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Even if we knew Hj, we
wouldn’t know how to
implement e ~tHoT on S,
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Resetting
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[Y(T)) = e 0T |1h(0))

t=T t=T+A

MN, arXiv:1710.02470



Resetting

¥ (0))

[Y(T)) = e 0T |1h(0))

t=T t=T+A
Exact past state

MN, arXiv:1710.02470



Resetting

¥ (0))

[Y(T)) = e~ y(0))

t=T t=T+A

We ignore how S evolves (unitarily) by itself and with other quantum systems

We know dg = dim(Hj)

MN, arXiv:1710.02470



Resetting

¥ (0))

[Y(T)) = e~ y(0))

t=T t=T+A

We ignore how S evolves (unitarily) by itself and with other quantum systems
We know dg = dim(H;

Imposible if we drop any
of the two assumptions

MN, arXiv:1710.02470



Sketch of a quantum resetting protocol



Initial conditions

LAB [W(T)) = e HoT|(0))




(a) Probe interaction
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(a) Probe interaction

LAB

t=T+6




(b) Rest

LAB

t e (T +6,2T + 6)




(a) Probe interaction

LAB

t € (2T + 6,2 T + 26)




(a) Probe interaction

@, t =2(T +6)




(b) Rest

LAB

t € (2T + 26, 3T + 26)







(a) Probe interaction
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(c) Probe processing

LAB ¥ (0))
9

0.: ::) t = n(T + 6)

Heralding measurement



In the language of process diagrams



Initial conditions

LAB [W(T)) = e~ HoT|y(0))




(a) Probe interaction

t € (T, T +06)

Unitary interaction




(b) Rest

LAB
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(a) Probe interaction




(c) Probe processing
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Quantum resetting
protocol




Quantum resetting
protocol

Desideratum: P(X = 0|U) #+ 0, forall U







U = VS®VP Resetting protocol will fail with probability 1



Quantum resetting
protocol n <

Desideratum: P(X = 0|U) rallU
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P(x = 0|U) # 0, except for a subset of unitaries of zero measure



Do quantum resetting protocols exist?



Scenario
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LAB

4 returned
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Scenario

t = 4(T + 6)
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Singlet state preparation
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Projection onto the space
spanned by
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Why does this work?



Projection onto the space
spanned by
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|¢(tf)> =5 [Uo,0, Uo11% 19 (0))

Uij = (Is®{i|p)U(Is®|j)p)

2x2 complex matrices




A, B,2 X 2 matrices




A, B,2 X 2 matrices

[4,B] = Z C;0;

1=0,1,2,3

o;, Pauli matrices




A, B,2 X 2 matrices

[A, B] = Z Ci0; TF([A, B]) =0 » Co
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A, B,2 X 2 matrices

[4,B]? = ( > cm-)z

1=1,2,3

o;, Pauli matrices
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Central polynomial for dimension 2

A, B,2 X 2 matrices

2
\‘ [A,B]* = Ci0;
(2.)

o;, Pauli matrices

2
Ci I
i=1,2,3




1
|¢(tf)> =3 [Uo,0, Uo11% 19 (0))




1
|¢(tf)> =3 [Uo,0, Up,11°11(0)) o< [1p(0))




Y ()

T (im N

T 171

LU ]

[P (tr)) o [1h(0))
| U
|m1> — ‘070707 0>7

]
J

Similarly,

L/

(11,0,1,0) +10,1,0,1) +[1,0,0,1) +10,1,1,0)),
ma) = —5(10,0,1,1) +[1,1,0,0),

ms) = 2(|11,1,1,0) +0,1,1,1) +[1,0,1,1) + |1,1,0, 1)), [

ime) =11,1,1,1)

img) =

ma) = $(1.0.0,0) +[0.1,0,0) + [0.0.1,0) + 0.0.0.1). | [J
1
2

]

S
% (0)) ™)

~
—




[ U ] P(x =0|U) € [0,1]




? A A

e
Eg U= V5®Vp

|

s

N/




10y @0y

V2

0,Q0,+

P(x = 0|U) € [0, 1j\
Eg.:U =

1\ ? A A

|

™)



Average probability of success for completey unknown U

JdU P(x = 0|U) ~ 0.2170



Generalization



MN, arXiv:1710.02470

For all dg n = 0(d3) <
[0(d§ logds)]
LU ]
T3 S
dp = 2

P(x = 0|U) # 0, except for a subset of unitaries of zero measure

| U




MN, arXiv:1710.02470

Characterization of all quantum resetting protocols (practical for n=4)

max tr(M, X(p))

s.t. supp(M, ) € HE, My, M; > 0
My + My = Tgour @ T™,
trr, T*) =T, @ Tk,



MN, arXiv:1710.02470

Heuristics to identify optimal strategies for high numbers of probes

Wg, W, n=28ds=2
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What if the protocol fails?



A

S »



A




Suppose that the
last measurement
iS a non-

demolition one \A
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|w)sa = ) fi(U) [P)s|i)a

L /
f;(U), non-central matrix polynomials
of degree 4 on the variables

Uij = (Is®({i|p)U(IsR|j)p)




B(tr))s = ) i UfU) [P(0))s

g:(U), matrix polynomials of degree
2, such that };; g;(U)f;(U) is a central
polynomial




Average probability of success for completey unknown U
Undoing six possible failures

de P(x = 0|U) ~ 0.6585
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Experimental implementation: Prototype Il



Experimental implementation: Prototype Il

Implementation with single-qubit gates and CNOTS?
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Experimental implementation: Prototype Il
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x=0 Experimental implementation: Prototype Il
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=0 Experimental implementation: Prototype Il

[Tmﬁﬂ\

R(-26

R(—6




x=0 Experimental implementation: Prototype Il
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Largest circuit depth allowed!

IBM QX4: Raven
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Theoretical simulation

IBM QX4: Raven
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Theoretical simulation

Successful post-selection codes

IBM QX4: Raven
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Theoretical simulation
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Measurement results
on target qubit

IBM QX4: Raven



Crude reality
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Experimental implementation: Prototype Il
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Theoretical simulation

Successful post-selection codes

IBM QX2: Sparrow
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Theoretical simulation
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Measurement results
on target qubit
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Crude reality
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Conclusion



Do there exist protocols with average probability of success (with
prior dU) arbitrarily close to 1?



Can we shorten resetting protocols?
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Can we shorten resetting protocols?
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Can we fast-forward?

[Y(T)) = e™HT|1(0))




Can we shorten resetting protocols?/Can we fast-forward?

LAB

Hint: use which-path superpositions.



Simple experimental implementation?







Refocusing
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[Y(T)) = e~ y(0))

t=T t=T+A

We ignore H,, but any operation on S is allowed

|. S. B. Sardharwalla, T. S. Cubitt, A, W. Harrow, N. Linden, arXiv:1602.07963




unitaries

|. S. B. Sardharwalla, T. S. Cubitt, A, W. Harrow, N. Linden, arXiv:1602.07963




Refocusing (obvious solution)

[Y(T)) = e~ T |1 (0)) |1 (0))
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t=T t=T+A

|. S. B. Sardharwalla, T. S. Cubitt, A, W. Harrow, N. Linden, arXiv:1602.07963
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Refocusing (obvious solution)

Channel tomography

[Y(T)) = e~ T |1 (0)) |1 (0))

t=T t=T+A

. S. B. arwalla, T. S. Cubitt, A, W. Harrow, N. Linden, arXiv:1602.07963




Refocusing (obvious solution)

Channel tomography

[Y(T)) = e~ T |1 (0)) |1 (0))

t=T t=T+A

|. S. B. Sardharwalla, T. S. Cubitt, A, W. Harrow, N. Linden, arXiv:1602.07963




[Y(T)) = e~ T |1 (0))

|. S. B. Sardharwalla, T. S. Cubitt, A, W. Harrow, N. Linden, arXiv:1602.07963

Refocusing (obvious solution)

Channel tomography
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t=T+A
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