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Motivation

« Shielding systems in QI from their environment
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Motivation

« Open systems dynamics
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Motivation

« Weak quantum noise is often to good approximation Markovian

4 )

« Dynamical map1; = et My — My
gives rise to semi-group, L-GKS- theorems give

L(p) =ilp, H] + ) _ (L;Ljp +pLiL; — 2LjﬂL}L-)
j

o Natural: £ -local quantum noise:

£=ZLJ-
J

e Lindblad, Commun Math Phys 48, 119 (1976)

e Gorini, Kossakowski, Sudarshan, J Math Phys 17, 821 (1976)
e Cubitt, Eisert, Wolf, Commun Math Phys 310, 383 (2012)

e Wolf, Eisert, Cubitt, Cirac, Phys Rev Lett 101, 150402 (2008)
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« Matrix form A
L=Y (2Lj®L;'f —L;FLJ-®1+1®L}Lj)
J
« Gap A : smallest non-zero real part of eigenvalues )

e Lindblad, Commun Math Phys 48, 119 (1976)

e Gorini, Kossakowski, Sudarshan, J Math Phys 17, 821 (1976)
e Cubitt, Eisert, Wolf, Commun Math Phys 310, 383 (2012)

e Wolf, Eisert, Cubitt, Cirac, Phys Rev Lett 101, 150402 (2008)
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Dissipation-driven quantum information processing
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« Make noise an ally: Dissipation-driven quantum information processing

- J

. Steady-state psscan be pure (dark state), unique, reachable in poly time

"Engineer" noise in quantum optical systems: To extraordinary extent Markovian

n

Monday, March 18, 13



‘Dlﬁ]})ﬂ[[uit(ﬁﬂxui» quantum intormation processing

r

« Make noise an ally: Dissipation-driven quantum information processing

\_

. Steady-state psscan be pure (dark state), unique, reachable in poly time

o Dissipative state preparation, driven
criticality, topology by dissipation I
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e Diehl et al, Nat Phys 4, 878 (2008)

e Kraus et al, Phys Rev A 78, 042307 (2008)

e Verstraete, Wolf, Cirac, Nat Phys 5, 633 (2009)
e Eisert and Prosen, arXiv:1012.5013

e Diehl, Rico, Baranov, Zoller, arXiv:1105.5947

e — —_— ——
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Dissipation-driven quantum information processing
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« Make noise an ally: Dissipation-driven quantum information processing

. Steady-state psscan be pure (dark state), unique, reachable in poly time

o Dissipative state preparation, driven
criticality, topology by dissipation
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e Diehl et al, Nat Phys 4, 878 (2008)

e Kraus et al, Phys Rev A 78, 042307 (2008)

e Verstraete, Wolf, Cirac, Nat Phys 5, 633 (2009)
e Eisert and Prosen, arXiv:1012.5013

e Diehl, Rico, Baranov, Zoller, arXiv:1105.5947
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e Dissipative quantum computing
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e Verstraete, Wolf, Cirac, Nat Phys 5, 633 (2009)
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« Make noise an ally: Dissipation-driven quantum information processing
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. Steady-state psscan be pure (dark state), unique, reachable in poly time

e Dissipative quantum computing
o Dissipative state preparation, driven
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e Cooling by heating and dissipation I

o e Verstraete, Wolf, Cirac, Nat Phys 5, 633 (2009)
a
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e Mari, Eisert, Phys Rev Lett 108 (2012)
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e Verstraete, Wolf, Cirac, Nat Phys 5, 633 (2009)
e Eisert and Prosen, arXiv:1012.5013
e Diehl, Rico, Baranov, Zoller, arXiv:1105.5947
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« Make noise an ally: Dissipation-driven quantum information processing
J
. Steady-state psscan be pure (dark state), unique, reachable in poly time
e Dissipative quantum computing
o Dissipative state preparation, driven l

criticality, topology by dissipation
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e Cooling by heating and dissipation
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e Mari, Eisert, Phys Rev Lett 108 (2012)

T ——e
e Verstraete, Wolf, Cirac, Nat Phys 5, 633 (2009)
e Eisert and Prosen, arXiv:1012.5013
e Diehl, Rico, Baranov, Zoller, arXiv:1105.5947
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« Experiments with entanglement-
generation by dissipation

o Sge @884
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D‘P(P(P(\H; Experimental setup:
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e Barreiro et al, Nature 470, 486 (2011)
e Krauter et al, Phys Rev Lett 107, 080503 (2011)
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« Make noise an ally: Dissipation-driven quantum information processing

\. J

« Cannot so easily measure, interact, do things sequentially, condition on
outcomes, do quantum error correction, think of quantum memories?

« Easier proof techniques?
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The cutoft phenomenor

The cutoff phenomenon
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The cutoft phenomenon

« How long does the process run before reaching equilibrium?

-

 Convergence theorem:
Let T} : Mg — Mg be a Markovian quantum channel whose Liouvillian
has a gap A. Then for any v < Aand for any pg € S, there exists a real
constant R such that for all ¢ > 0

| T2 (po) — psslls L ReF™

« For rapid convergence, we need forlogd ~ n

v~ < poly(n)

R < epOIY(n)

o Pre-asymptotic behavior can be highly non-trivial!
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The cutoff phenomenon

o Cutoff-phenomenon for classical Markov chains

 Deck of n cards: « Well mixed after 3/2logn shuffles

(Gilbert Shannon model)

e Diaconis, Proc Natl Acad Sci USA 93, 1659 (1996)
e Williams, Magician Monthly 8, 67 (1912)
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The cutoff phenomenon

o Cutoff-phenomenon for classical Markov chains

 Deck of n cards: « Well mixed after 3/2logn shuffles
o Very poorly mixed before 3/21ogn shuffles

(Gilbert Shannon model)

o At basis of magic trick "Premo"”

k k
”Px — Pss H l
1 2 3 4 5 6 ) 8 9 10
1.000 1.000 1.000 1.000 0.924 0.624 0.312 0.161 0.083 0.041
e e Q

e Diaconis, Proc Natl Acad Sci USA 93, 1659 (1996)
e Williams, Magician Monthly 8, 67 (1912)
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The cutoff phenomenon

o Cutoff-phenomenon for classical Markov chains

 Deck of n cards: « Well mixed after 3/2logn shuffles

o Very poorly mixed before 3/21ogn shuffles

(Gilbert Shannon model)

o At basis of magic trick "Premo"”

”Pa]f _pssH :

- —

1 2 3 - S 6 7 8 9 10
1.000 1.000 1.000 1.000 0.924 0.624 0.312 0.161 0.083 0.041

— - . —
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« Some information about the initial state is preserved until a critical
number of shuffles (7)

« Shortly afterwards, essentially no information can be recovered

e Diaconis, Proc Natl Acad Sci USA 93, 1659 (1996)
e Williams, Magician Monthly 8, 67 (1912)
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The cutoff phenomenon

1

 Convergence measure: n(1T) = = sup [|T(p) — pss||1 (unique ss)

2 PESJ

-

o Cutoff phenomenon:

Let Tt(n)be a sequence, indexed by the system size n, of Markovian quantum
channels. We say that Tt(n)exhibits a cutoff at times i, if for any ¢ > 0

c< 1= lim n(Ty)) =1

¢c>1= lim n(T)) =0

n—oo

e Kastoryano, Reeb, Wolf, arXiv:1111.2123
e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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The cutoff phenomenon

o Idea: Use in quantum version, construct timing gadgets from it!

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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Initialization gadget
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« Central qubitc should be prepared in|0).

« Amplitude damping channel does the job, but will not stop preparing!

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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Initialization gadget

o Central qubitc should be prepared in|0). in star graph
o Apply Liouvillian with Lindblads L2 = 1/w|0)4 (1| to outer qubits

» Couple with Liouvillian with Lindblads L;” = /7]0)k(1]x ® |1)x (1]«

o Intuition: Stops preparing after time ¢, ~ log M /w

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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Initialization gadget

-

\_

o Lemma (Initialization):

Let p be an arbitrary input state. If there exist §,c¢ > 0 and a subset S C {1,...

, M}

with |S| = ¢M such that (1,|p;]|1,;) > dforallj € S.Then for any € > 0 there ex a
= O(log(M)) such that for allt > 7

where p;is the reduced state of subsystem 5 and pe(t) = trauxe

(Lelpe(t)|1e) < Me ™M 4 ¢

tﬁini (

p) is the

partial trace over the auxiliary qubits, and p is some constant depending on{c, 6, w, '}

J

« Can prove: All (except exp small subset) initial states : :
yield state exponentially close to

= 10)c(0] ®0)(0[®™

L,ll

, M

Cad
Q
‘ Ca.d

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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Initialization gadget

« Rigorous error bounds, for all initial states exponentially small in M

o Gives initialization gadget

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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Timer gadget

Timer gadget
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o Take now linear chain of N qubits

o Initialize (as above)

« Couple with local Liouvillian with Lindblads L5 = /7]0);(0[; ® [0)j41 (1|41

@066
0] 1)) ) |1 1)

— — — e— D —

cut
L;

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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Timer gadget

4 )
« Lemma (Timing)

Let Vbe the number of timer qubits, then for
(O [trn -1 (™ E (60))|0) = @(x) + 21/ VN)

1 * 2
where ®(z) = T / e~t"/2dt is the cumulative normal distribution function
T J—oc0

A Aty
1
I 08
o Gives a cutoff

0.6
° - L scut X /
lim (On|try_1[e®Y O£ (po)]l0N) =0, forc< 1, |04
N —o00 0.2
. " ; cut k 0

\}I—Igcm‘\’ trv—1[e”V O (po)]|On) =1, for ¢ > 1,

at time ty = N/~, and even stronger statement, as away from Aty = v.N
cutoff window, tails are expressed in terms of ®

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
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Timed dissipation-driven quantumiinformation/processing
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Timed dissipation-driven quantum information processing
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Timed dissipation-driven quantum information proces

A

« Measurement-based quantum computing without measurements

o Classical "wires" propagating classical information

Classical S
wires ‘g‘m‘.ﬁ‘.ﬁ‘.ﬁ‘.ﬁ‘.ﬁ‘m‘m-‘"
Quantum

e B O 0 6 6 6 6 6 6

cassical ([ N N S N ,
SIS R
Classical NN N S N N N ,
RN RN RSO SR SR RN RRC R R

& 60 6.6 .6 .6 .66

e Raussendorf, Briegel, Phys Rev Lett 86, 5188 (2003)
e Raussendorf, Briegel, Quant Inf Comp 6, 433 (2002)
e Hein, Eisert, Briegel, Phys Rev A 69, 062311 (2004)
e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)

Quantum
wires
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Timed quantum intormation‘'processing

» Timer and initialization gadgets can be concatenated, can trigger at integer
multiples of ¢V, ¢ const, at exponentially small accumulated error in N, M

« Example:

« Any graph state can be prepared in triggered fashion in O(log N )time

L= Xellym=14;
2

A | A A I8 | A A A a | S
—~——————

 Combine preparation gadget with Lindblads Ly, = /7 Z

d

b d A
/

e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)
e Verstraete, Wolf, Cirac, Nat Phys 5, 633 (2009)
e Hein, Eisert, Briegel, Phys Rev A 69, 062311 (2004)
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Timed dissipation-driven'quantum information’processing

« Can emulate any sequence of

s
‘ ‘ '

measurements classical processing conditioned instances of unitary
dynamics cooling gates

can be done in dissipative fashion, with error bounds and runtime estimates

« Nice fair computational model, as one cannot hide any of resources

e Nagaj, Wocjan, Phys Rev A 78, 032311 (2006)
e Vollbrecht, Cirac, Phys Rev A 73, 012324 (2008)
e Kastoryano, Wolf, Eisert, PRL 110, 110501 (2013)

Monday, March 18, 13



Summary

Markovian quantum channels
and dissipative quantum
information processing
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Summary

Need for error correction

’
“‘
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. Cutoff phenomenon for
Markovian quantum channels Markovian quantum channels
and dissipative quantum

information processing
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Summary

Need for error correction
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Cutoff phenomenon for

Markovian quantum channels Markovian quantum channels

and dissipative quantum
information processing

Liouvillian gadgets to construct new
schemes, new proof tool

-
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' Summary

Need for error correction

I

Cutoff phenomenon for

Markovian quantum channels Markovian quantum channels

and dissipative quantum
information processing

0) ) 1)) [11)] | [1) 1)

*cut
LS

Liouvillian gadgets to construct new Passive topologically protected quantum
schemes, new proof tool memories in 3D¢
) ¢

Alexander von Humboldt
Stiftung/Foundation
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Need for error correction

!
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Cutoff phenomenon for

Markovian quantum channels Markovian quantum channels
and dissipative quantum

information processing

& 6 6 6 6
I I
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C‘ C‘ C‘ C‘ “
Liouvillian gadgets to construct new Passive topologically protected quantum
schemes, new proof tool memories in 3D¢

Thanks for your attention! Alexander von Humbol
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