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Abstract: Many results have been recently obtained regarding the power of hypothetical closed time-like curves (CTC&rsquo;s) in quantum
computation. Most of them have been derived using Deutsch&rsquo;s influential model for quantum CTCs [D. Deutsch, Phys. Rev. D 44, 3197
(1991)]. Deutsché&rsguo;s model demands self-consistency for the time-travelling system, but in the absence of (hypothetical) physical CTCs, it
cannot be tested experimentally. In this paper we show how the one-way model of measurement-based quantum computation (MBQC) can be used
to test Deutsch& rsquo;s model for CTCs. Using the stabilizer formalism, we identify predictions that MBQC makes about a specific class of CTCs
involving travel in time of quantum systems. Using a simple example we show that Deutsché& rsquo;s formalism leads to predictions conflicting with
those of the one-way model. There exists an aternative, little-discussed model for quantum time-travel due to Bennett and Schumacher (in
unpublished work, see http://bit.ly/cjWUT2), which was rediscovered recently by Svetlichny [arXiv:0902.4898v1]. This model uses quantum
teleportation to simulate (probabilistically) what would happen if one sends quantum states back in time. We show how the Bennett/ Schumacher/
Svetlichny (BSS) model for CTCs fits in naturally within the formalism of MBQC. We identify a class of CTC&rsquo;s in this model that can be
simulated deterministically using techniques associated with the stabilizer formalism. We also identify the fundamental limitation of Deutsch's
model that accounts for its conflict with the predictions of MBQC and the BSS model. This work was done in collaboration with Raphael Dias da
Silvaand Elham Kashefi, and has appeared in preprint format (see website). Website: http://arxiv.org/abs/1003.4971
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Time travel

* TJo the future’
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Time travel

* To the future? Easy, use relativity.
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Time travel

* To the future? Easy, use relativity.

* To the past? More involved:

- Relativity predicts solutions with closed timelike curves (CTCs)= travel to
the past

- It's not known whether CTCs are physically possible, perhaps with clever
black-hole engineering.

- To avoid paradoxes, self-consistency conditions on time-travellers must
apply — more on that later.
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Time travel - CTCs

* Time travel scenario:

P

Trip back in time = CTC

Entrance V = interaction region
\ V between you (past) and you
Exit (future)

tume

Pirsa: 10070029 Page 9/65



Time travel - CTCs

* Time travel scenario:

-

Trip back in time = CTC

Entrance V = interaction region
: U between you (past) and you
\ (future)

So—

ume

Pirsa: 10070029 Page 10/65



Time travel - CTCs

* Time travel scenario:

-

Trip back in time = CTC

Entrance V = interaction region
\ V between you (past) and you
Exi (future)

ume

Pirsa: 10070029 Page 11/65



Time travel - CTCs

* Time travel scenario:

-

Trip back in time = CTC

Entrance V = interaction region
: U between you (past) and you
\ (future)
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Time travel - CTCs

* Time travel scenario:

-

Trip back in time = CTC

Entrance V = interaction region
\ i U between you (past) and you
Excit (future)

: : ume
* Equivalent alternative:

C D,

U U = interaction region
PirsEﬂ)mc‘E N Exrt Page 13/65
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Deutsch’s model for CTCs

Deutsch, Phys. Rev. D 44,3197 (1991)

* U = 2-qubit unitary C pCTC
- | qubit travels back in time —--:

- | qubit doesn’t AT e
pin %ut

* Initial state: Pere @ P,
e AfterU: U(ppr ®p, U

. Self-corlsiStEﬂC)f condition: pCTC e TrB [U(pCTC ® pm )U+]
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Deutsch’s model for CTCs

Deutsch, Phys. Rev. D 44, 3197 (1991)

* U = 2-qubit unitary C pC_TC
- | qubit travels back in time —---:

- | qubit doesn’t S S
P in |%m

* |nital state: p["f[' ® pm

e AfterU: U(p4- ®p, )U"

* Self-consistency condition: O .. = TrB [U ( - ® 0. ) U+]

* Deutsch showed that:

- there’s always at least | self-consistent solution;
- there can be multiple such solutions;

- each solution corresponds to an input-output map, in general non-linear.
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Deutsch’s model for CTCs

* Some characteristics:

- avoids paradoxes;
- Under-determination of multiple

solutions/maps: maxent? wormhole
initial conditions? ...

Pirsa: 10070029

Deutsch, Phys. Rev. D 44,3197 (1991)
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Deutsch’s model for CTCs

Deutsch. Phys. Rev. D 44,3197 (1991)
* Some characteristics:

C ? 5
- avoids paradoxes;

- Under-determination of multiple U
solutions/maps: maxent? wormhole Pin— Pnut
initial conditions? . ..

* Computational power of Deutsch’s CTGCs :
Non-orthogonal state discrimination? Solution to NP-complete problems?

- Bacon arXiv:quant-ph/0309189v3 (solves NP-complete problems)

- Brunetal arXiv:0811.1209v2 (non-orthogonal state discrimination)

- Aaronson,Watrous: arXiv:0808.266%v| (CTCs -> PSPACE)

- Bennett et al. ar Xiv:0908.3023v2 (criticism to results above)

- Cavalcanti, Menicucci arXiv:1004.12|9v2 (criticism of the criticism...)
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Deutsch - example
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Deutsch’s model for CTCs

Deutsch. Phys. Rev. D 44,3197 (1991)

®* Some characteristics: 0
( ) CTC
- avoids paradoxes;
- Under-determination of multiple U
solutions/maps: maxent? wormhole Pin— %ut

inital conditions? ...

* Computational power of Deutsch’s CTGCs :
Non-orthogonal state discrimination? Solution to NP-complete problems?

- Bacon arXiv:iquant-ph/0309189v3 (solves NP-complete problems)

- Brunetal. arXiv:0811.1209v2 (non-orthogonal state discrimination)

- Aaronson, Watrous: arXiv:0808.266%9v| (CTCs -> PSPACE)

- Bennett et al. ar Xiv:0908.3023v2 (criticism to results above)

- Cavalcanti, Menicucci arXiv:1004.1219v2 (criticism of the criticism...)
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Deutsch - example

-
------------ 5 . (1 0 0 0)
JH ] o I & 0 1 {1 &
: TR Z o e ~ 0
; 0 01 0 V2l -e
.............. 3 o o 0 0 -1)
W 1 (=5 l !
-O) Perc =;{i+m-cﬂ p”_,,,=;{l+f - O)
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Deutsch - example

____________ D C1c (1 0 0 0)
J HEPRTY

g I O @ | J
0 01 0 v2\l —-e

pinU .............. . L o o o -2
l — I T ! :
p,,_,-—-;(l+n-a} pu-(.=;1l+m-a} P.. =;{l+r-di

* Self-consistency: e T
m, = ms(n,sinf —n,cosd),

= m_(n; cosd +n,sind).

?
I
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Deutsch - example

A
Py I 0 & O
A l - i
& 1o e , l ¢
=CTR-Z = o =7 »
0010 v2\l -
%ui o 0 0 -1
l 1 e 1
Pu=71+n-0)  Pogc=-(1+m-0) Pos == (1+F-5)
. e —
* Self-consistency: ‘ o _
m, = m,(n;sinf@ —n, cosd),
m, = m;(n;cosf +n,sind).

Jpﬂc :m =(n_0.0)
1[)”m r = (FI_.:.O-.O) <: Non-linear map!

=(10)+€”1)) :Pere = P : M =(0.0.m)

Page 22/65

* Solution for generic input:

* Alternative solution for y_)=
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Testing Deutsch’s model

e oY s

n ot
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Testing Deutsch’s model

L — 3
[_[n i‘-."I'L.l'[
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Testing Deutsch’s model

e

T e—— )
Lin i-n.‘l'i..l.I

* Discussion of computational power of CTCs uses Deutsch’s model. In the
absence of experiments, how to check if the model is sound?
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Testing Deutsch’s model

p

* Discussion of computational power of CTCs uses Deutsch’s model. In the
absence of experiments, how to check if the model is sound?

*  We'll see that measurement-based quantum computation offers
an answer.
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The one-way model of quantum computing

* Proposed by Raussendorf/Briegel : }{Z I f t>
[PRL 86, 5188 (2001)] '3 KX +>
‘ 2 !‘}

ii;*m‘#f"l‘. L J\.TF'{-J’""""IF -

* Consists in: Credit Robert Raussendorf

- Preparation of standard entangled states via Heisenberg interactions —
cluster states;

- Adaptive sequence of |-qubit measurements.

* Computational resource = quantum correlations of initial state

* Algorithm = choice of adaptive sequence of measurements

Pirsa: 10070029 Page 27/65




Example: | gate

1+ )

E u' Wl

(a)

Y., j = {I‘U'- - ﬁ‘lj

M® = Meas. on basis -

- _'}- =]/ '\;"2( 0)+ !:})
[ {]:‘_:- o l <> outcome sl =0 l

l 0)—e"|1) <> outcome sl =1 [

* Simple calculation shows that lwm,,> =J -0 ‘ wm>

Pirsa: 10070029
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Example: | gate

)

I+ )

8 L

(a)

MO

., ) =cl0)+ Bl1) +)=1/~42(|0)+ (1))

= ~110)+€” I} < outcome sl =0 l
M~ = Meas. on basis e
0)—e"|1) == outcome sl =1 [

* Simple calculation shows that |wm,,> =J -0 {Uﬁn)

® Circuit can be represented as command sequence:

Pirsa: 10070029

X; M/CTR,|G),

G) =), ®|+),
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Example: | gate

Y :Ii .)=al0)+Bl1)  |+)=1/+2(j0)+[1))
I ' 0)+e”1) == outcome sl =0
- | X —..)| M® = Meas. on basis { f }

(a) 0)—e"|1) <> outcome sl =1

* Simple calculation shows that |'.Um.;> -t -6 ‘Wm)

® Circuit can be represented as command sequence:
sl )
X;'M;CTR,|G). G)=ly,) ®|+),
* Equivalent circuit — measure Z, implement CTR-X (CNOT) coherently:

¥..) T J—B l @
l+) ..

Pirsa: 10070029 (b) Page 30/65




| gate in MBQC = CTC

) TMG | X, M |G).
I+) X _\lﬁ,...;'i @ 'G> = CTRZ‘wm >[ ® |+>2

(a)

(Z, ® X,)" =Z, ® X, =1 (identity)

* Stabilizers of state ‘G> - { |
(Z,®X,) =Z ® X,



| gate in MBQC = CTC

;q.{” ,':I

I+)

B

@=

X

(a)

b ‘ q;- LT "

* Saabilizers of state |G> -

X;'M;|G),
|G> = CTRz‘le>[ ® |+>:

[(z, ® X,)" =2 ® X7 =1 (identity)
lz®x,)=-2®x!

: sl =l. .ge .
Thatis, Z, & X is stabilizer independently of the outcome s, of the
measurement on qubit |:

Pirsa: 10070029

Z!' ® X3'|G) =|G)
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| gate in MBQC = CTC

. T@= X;'M]|G).
I+) X Hv..) el |G> = CTRzi'w:‘n >1 ® ‘+>:

(a)
[(z, ® x,)" =z} ® X! =1 (identity)
lzex,)-zex!

; sl =l. i~ :
Thatis, Z, & X, is stabilizer independently of the outcome s, of the
measurement on qubit |:

* Saabilizers of state |G> :

z' ® x2|G) - |G)

®* We can then perform stabilizer manipulation:
XM |G)=X;'M; (Z;'X;
i X;l+_fl M;‘)Zlﬂ G> = M;‘) Zl_\'l

G))
G)

irsa: 10070029 Page 33/65



| gate in MBQC = CTC

v.) T@: XiM{|G),

) ) 7 |G)=CTR, |y, ). ®|+),

X Fly..)

(a)

* Stabilizers of state |G> . [‘Zl ® X,) =Z, ® X, =1 (identity)

(Z®X,) =Z'® X!
That is, Z]'d ® X ;l is stabilizer independently of the outcome s, of the
measurement on qubit |:

z! ® x3|G)-|G)

* We can then perform stabilizer manipulation:
X3MY|G) = X3 MY (2 X3|G))
= X;"'M; Z}'|G) =

Time-travel situation: we need to apply Z depending on outcome of

Pirsa: 10070029 Page 34/65
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| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

6 sl
M’ Z

6 <> MipiEEHes

+
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| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

MizG) <> L

+, ‘ W s
= ""EHTZ o L.
+) !lll)mu

(a)

irsa: 10070029 Page 36/65



| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

e 51
M’ Z

G> < Y..) T ZHJ M :

+

irsa: 10070029 Page 37/65



J gate in MBQC = CTC

® Putting this CTC in Deutsch format:

mizlG)y <> o plaHiH

+ ‘t;{,_,” _j
@ N":zn
+) lwz}m

(a)

irsa: 10070029 Page 38/65



| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

& sl
M’ Z

o) e W

irsa: 10070029 Page 39/65



| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

e e ol i o

+) Iw%m

(a)

irsa: 10070029 l I Page 40/65



| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

%) sl
M’ Z

G) c— ”’*_"?'}:I"Z J o\ M2

( ----------------------- + \ Ferc Deutsch consistency conditions:
: Jo L

<> 5 ¥ s
p | X I- E e P, :n=(n_n n)

i : - 2
I+ ‘;-I B pum- - JIg = (n: ‘0‘0)
irsa: 10070029 U p”“f - pcv]r-(_- : r — ( n: ‘0 s@ﬁ/ﬁs




Comparing the one-way model with Deutsch:

P, -n=(n_n .n_)

/’:_.:j --------------------- - ) p- I'C
' : JB : DEUtSCE ] p..'m : '"-, = {”l: *U'U}

X I ‘:[ %]c p.am e pt'?t‘ : ": - ('”."U"U)

- l+n n_—in_

i p--m e

{ 1 n
1 )

I | =

n_+in s

Page 42/65
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Comparing the one-way model with Deutsch:

s Dp“ # (p. hi=(n_n_n_)
= : x I‘ le f Deutsch: ) P =1 = ”.—: 0.0)
p,__n jl _;l'_ %I Lp.:m == p['i"f_' : ?: — {'"."'U"U)
. E . |
S R vy 1( l+n. n_-—in, 1Y =
P ™2 n_+in, l—n_ P =3 . — 1

One-way model:

.. M©
| —g® v,.) = alo)+ A1)

(a) Yo .',f:: lﬂm) = j—H wiu) = a‘+> + ﬁe—fﬂ

=

irsa: 10070029 Page 43/65



Comparing the one-way model with Deutsch:

PP g DF{:L (p, :in=(n_n_n)
- X I—-La Deutsch: P 212 =(n2,0,0)
pm l : - Pow = Pcrc - ro= {".-*U*U)
H) e valuirbi, T o 1{ 1+n. n_-—in 1({1 n
U Pin = 2 n +in, l—-n_ Powe = 2 = 1
“Fm} MO One-way model:
I ) x _ w.in>=a|0>+ﬁ|l>
+ —iw il —16
(a) wuuf> = - le > = a‘+> ® ﬁe ->
Deutsch’s prediction is different from the one based on the
e one-way model. What’s wrong with Deutsch? i =




CTGCs: model by Bennett/Schumacher/Svetlichny (BSS)

* Bennett and Schumacher, unpublished (2002) — see seminar http://bitly/crs8Lb
* Rediscovered independently by Svetlichny (2009) - arXiv:0902.4898v |
- Related work on black holes by Horowitz/Maldacena (2004), Preskill/ Gottesman (2004)
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CTGCs: model by Bennett/Schumacher/Svetlichny (BSS)

Bennett and Schumacher; unpublished (2002) — see seminar http://bitly/crs8Lb
Rediscovered independently by Svetlichny (2009) - arXiv:0902.4898v |
- Related work on black holes by Horowitz/Maldacena (2004), Preskill/Gottesman (2004)

Vv

—BD |B@< _
1C C

CIT

Pirsa: 10070029
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@ ﬁ*“‘}EJ_E(lm:H 11))

C

Simulation using teleportation and post-selection: B'=C
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CTGCs: model by Bennett/Schumacher/Svetlichny (BSS)

Bennett and Schumacher, unpublished (2002) — see seminar htep://bitly/crs8Lb
Rediscovered independently by Svetlichny (2009) - arXiv:0902 4898v |
- Related work on black holes by Horowitz/Maldacena (2004), Preskill/Gottesman (2004)

L] L] l .i'

C € e

Simulation using teleportation and post-selection: B'=C

B
V

CTC

We post-select projections onto |3, )
Postselection successful: state B’ is teleported back in time (state C = state B')
Simulation works only when post-selection happens -> finite probability of

success.

: 10070029



CTGCs: model by Bennett/Schumacher/Svetlichny (BSS)

* Bennett and Schumacher; unpublished (2002) — see seminar http://bitly/crs8Lb
* Rediscovered independently by Svetlichny (2009) - arXiv:0902 4898v |
- Related work on black holes by Horowitz/Maldacena (2004), Preskill/Gottesman (2004)

o ¥

=) o

CTC

* We post-select projections onto | f3,, )

\%

I]l

) Bu) = 5(00)+ 1)

C'

Simulation using teleportation and post-selection: B'=C

- Postselection successful: state B’ is teleported back in time (state C = state B')
- Simulation works only when post-selection happens -> finite probability of

success.

Pirsa: 10070029
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How BSS deals with the grandfather paradox

®* From Bennett’s talk slides: htep:/bitly/crs8Lb

1‘\-\.
\ T Success

) ®,?  probability
.-"r -

/ : 5
F i ]
1) [
ok | . N
. <5 Undefined

Post selection Qutput

((010) H111)) N2
(1010) +101)) A2

* Paradoxical combinations of input and unitary result in post-selection with
success probability p=0.
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BSS x MBQC

\ancilla,

Yo )

CTC we studied lts BSS simulation circuit
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How BSS deals with the grandfather paradox

®* From Bennett’s talk slides: htep://bitly/crs8Lb

™
b

\, " Success

) ®,? probability

~S%T 4 s
D, / T o
N Undefined

Post selection OQutput

(O10) «111)) /"2
(J010)+[101)) A2

* Paradoxical combinations of input and unitary result in post-selection with
success probability p=0.
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BSS x MBQC

\ancilla E

Y )

CTC we studied Its BSS simulation circuit
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BSS x MBQC

I+) :
I+)
1))

3 : : . :
————— \ancilla_
mn
4 \
I+) I Yo )

CTC we studied lts BSS simulation circuit

- -

I'-Ill’:n
l+)

®* Simple calculation shows that BSS circuit implements (probabilistically) the map

‘ win > ‘ wﬁ'“f > -6 ‘ I)Um >

.. recovering exactly MBQCs prediction!

- BSS is the right model to explain CTCs in MBQC, and not Deutsch’s. ..
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Deutsch/BSS comparison

* CTGs in both models can be trivially put in the same format

Rerc
By
P m U = I;3:-1::
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Deutsch/BSS comparison

* CTGs in both models can be trivially put in the same format

- Deutsch demands self-consistency: that is necessary

- but there appear artificial mixed solutions for CTC qubit, yielding muitiple self-consistent
solutions.

- Deutsch sends mixed state to past — the correlations of CTC qubit with other systems are lost!

- BSS preserves entanglement and correlations of CTC qubit, due to the teleportation step.

- Deutsch solutions with pure-state CTC qubit coincide with the BSS solution.
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MBQC as deterministic simulations of CTCs

* Suabilizer techniques enable us to simplify BSS
Circuits
- Z deletion;
- Local complementation.

ancilla__

W o
* Some BSS circuits reduce to MBQC patterns
that deterministically simulate a unitary.
- flow, gflow theorems.
V) T@:
* For example, the BSS circuit above is
equivalent to: |+> X _‘U’ _

(a)

v..) 1 e—{V..)

*  Or more simply:
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MBQC as deterministic simulations of CTCs

* Suabilizer techniques enable us to simplify BSS
circuits
- Z deletion;
- Local complementation.

ancilla_

- i

W ou
* Some BSS circuits reduce to MBQC patterns
that deterministically simulate a unitary.
- flow, gflow theorem:s.
Vi) T@:
* For example, the BSS circuit above is
equivalent to: |+) X _‘W ;.I:':

\ \
| lpm ,f’ J‘H | w- it f’

*  Or more simply:
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Conclusions

* CTGCs show up in MBQC; these can be analyzed using different CTC
models.

* BSS model predictions agree with MBQC.

* Deutsch’s model predictions are in conflict with MBQC — Deutsch’'s CTC
qubit is sent to past stripped of its entanglement.

* We characterized a class of C1Cs that admit deterministic simulation
circuits using the BSS model.

* More work is needed to better understand implications of the BSS model:

- MQ + Deutsch’s CTCs = PSPACE (Aaronson/Watrous 2008)
- BSS is associated with complexity class PostBQP=PP (Aaronson 2004)
- See recent work (and experiment) by Lloyd et al.: arXiv:1005.22 | 9v |
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PP versus PSPACE

From http://qwiki.stanford.edu/wiki/Complexity Zoo

PP
Like BPF, PP is a class defined in an attempt to find out
what randomness allows us to do algorithmically.
Formally, PP is the class of problems solvable by an NP
machine such that, given a "yes" instance, strictly more
than |/2 of the computation paths accept, while given
a "no” instance, strictly less than 1/2 of the
computation paths accept

PSPACE

Whereas P is a class of problems that can be solved
in a polynomially-bounded amount of time, PSPACE is
the class of problems that can be solved by a
deterministic Turing machine that uses only a
polynomially-bounded amount of space, regardless of
how long the computation takes.

Pirsa: 10070029

P/poly szx

ALL
EXP
PSPACE
PIP
PH T pp
_AM
8QP
MA L
NP =3 " cONP
-
P
NC
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MBQC as deterministic simulations of CTCs

* Suabilizer techniques enable us to simplify BSS
circuits
- Z deletion;
- Local complementation.

ancilla___,

W o

* Some BSS circuits reduce to MBQC patterns
that deterministically simulate a unitary.
- flow, gflow theorems.

* For example, the BSS circuit above is

equivalent to: |+) X _‘IP.-"; :::

|¥I 1I.|, J |w Iil'\
# _8 f
®*  Or more simply: in / s
Page 60/65
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CTGCs: model by Bennett/Schumacher/Svetlichny (BSS)

* Bennett and Schumacher; unpublished (2002) — see seminar http://bitly/crs8Lb
* Rediscovered independently by Svetlichny (2009) - arXiv:0902.4898v |
- Related work on black holes by Horowitz/Maldacena (2004), Preskill/ Gottesman (2004)
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| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

Mzie) <> WTErREES

= ""2,, S
+) lwgm

(a)

p

a I g
I+) : L pﬂlﬂ

irsa: 10070029 l I Page 62/65




| gate in MBQC = CTC

v.) T@: X; M} |G)

|+) X _\l}’..w— : @ |G> = CTRzi'anr >] ® ‘+>2

(a)

* Stabilizers of state ‘G) . {‘Zr ® X,) =Z, ® X, =1 (identity)

(Z,®X,) =Z'® X!
Thatis, Z,' ® X' is stabilizer independently of the outcome s, of the
measurement on qubit |:

Z' ® X;'|G)=|G)

®* We can then perform stabilizer manipulation:
X3 MY|G) = X3 MY (2 X3|G))
= X;""'M; Z}'|G) =My Z°|G)

Time-travel situation: we need to apply Z depending on outcome of
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measurement not yet made.




| gate in MBQC = CTC

® Putting this CTC in Deutsch format:

mizG)y <> o plaHiHw
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| gate in MBQC = CTC

® Putting this CTC in Deutsch format:
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