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Abstract: Estimation of quantum Hamiltonian systems is a pivotal challenge to modern quantum physics and especially plays a key role in quantum
control. In the last decade, several methods have been developed for complete characterization of a \'superopertor\', which contains al information
about a quantum dynamical process. However, it is not fully understood how the estimated elements of the superoperator could lead to a systematic
reconstruction of many-body Hamiltonians parameters generating such dynamics. Moreover, it is often desirable to utilize the relevant information
obtained from quantum process estimation experiments for optimal control of a quantum device. In this work, we introduce a general approach for
monitoring and controlling evolution of open quantum systems. In contrast to the master equations describing time evolution of density operators,
here, we develop a dynamical equation for the evolution of the superoperator acting on the system. This equation does not presume any Markovian
or perturbative assumptions, hence it provides a broad framework for analysis of arbitrary quantum dynamics. As a result, we demonstrate that one
can efficiently estimate certain classes of Hamiltonians via application of particular quantum process tomography schemes. We aso show that, by
appropriate modification in the data analysis techniques, the parameter estimation procedures can be implemented with calibrated faulty state
generators and measurement devices. Furthermore, we propose an optimal control theoretic approach for manipulating quantum dynamics of
Hamiltonian systems, specifically for the task of decoherence suppression.
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» The tasks of characterizing and controlling quantum Hanultoman systems are
fundamentally complementary

(1) @ Efficient characterization of the relevant properties of the system
How to control certam dynamical parameters of the system
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» The tasks of characterizing and controlling quantum Hamultoman systems are
fundamentally complementary

(1) @ Efficient charactenization of the relevant properties of the system
How to control certam dynanucal parameters of the system

(2) |characterization observables, controllable observables| 0

Control
B Characterization
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» The tasks of characterizing and controlling quantum Hanultoman systems are
fundamentally complementary

(1) @ Efficient characterization of the relevant properties of the system
How to control certam dynanucal parameters of the system

(2) [characterization observables, controllable observables| 0

D Control
B Characterization

» Quantum process tomography 1s the general strategy to estimate the parameters
of a “superoperator” or “process matrx”, which contamns all mformation about the
dvnamics.

» How the relevant information obtained from process estunation experiments can
be utilized for optimal confrol of a quantum device?
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P B3y to estimate Hamiltomans parameters via quanfum process tomography?



Equation of motion for open quantum systems

= N

State Dynamics

[}, p L, X
Closed systems dv) /dt = H|W) wdU jdt = HU
Open systems | idp/dt = [H, p| + L(p)
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Equation of motion for open quantum systems

l SFEUE Dyriam e Heisenberg picture
(1)) U, x for open quantum
ek ) A ¥ - systems!
Closed systems idv) /dt = H|w) wdU jdt = HU /j:/b
Open systems | idp/dt = [H, p| + L(p) idx/dE =7

Is there a dynamical equation for the process matrix?

beesdolead us to new ways for momtoring and/or controllng open quantum systemess s



Part 1

» Equation of motion for quantum processes

» Using quantum process tomography for Hamiltonian identification
» Efficient estimation of sparse Hamiltonians in short-time behavior

» Dynamical control of quantum Hamiltonian systems: decoherence suppression

Part I
» Direct characterization of process matrix
» Efficient estimation of error probabilities

» Process estimation with faulty preparations and measurements
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s(p)=2 4pl -
Fa — &(p)= 2, IMEEFE;
o Z EimEm e
=4

J 1s positive-Hermitian matrix and 77y <1

For a single qubit: E,={l.0,,0,.0,}

Coherence

Superoperator, / , has P

aE—

o 4xX4 =16 elements == y
| Pue Pa prr:ru o o1 L
== * - \,“.“" T E(\ p }
\Por P \ £ o1 pu;
S Population
P e,
: KooALon Koo JHos |
Quantum *{F}l?mlcal S e 5 Quantum dvnamical
probabilities Ao -le “dn M coherence
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Standard Quantum Process Tomography

l.L. Chuang and M.A. Nielsen. J. Mod. Opt. (97): J. F. Poyatos. J. I. Cirac, and P. Zoller, PRL (97)

Ancilla-assisted Process Tomography

D'Ariano, G. M. & Lo Presti, P. PRL.(01); D. W. Leung. PhD thesis (Stanford University, 2000) and J. Math. Phys. (03).
Direct Characterization of Quantum Dynamics
M. Mohseni and D. A. Lidar, PRL. (06).
Svmmetrized Characterization of Noisy Quantum Processes
J. Emerson, et. Al., Science (07)
Selective and Efficient Quantum Process Tomography

A. Bendersky, F. Patawski, and J. P. Paz. PRL (08).
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What can we do with them?
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idU /dt — HU BE—)Y, o E,
i) — Em an () E,. Xmn(l) = am(t)a. (1)
H(t) — ), (D) E; [ — . o™ Bkl

M. M and A T. Rezakham. arXav:0805.3188.



idU /dt — HU ExEy =), o E,
Uil = zm .. (1) E, . Xmn(t) = am(t)@- (1)
H(t) = 3, hi(t)Ex [Hme = 3, o™ ke (t)

idy, [dt="Y huy, (O, Oh
- N
idx/dt =Hx — xH"

— A generalized commmuitator notation:
idy/di=[H,yT [4,B]' =AB—B'A

The dynamical equation for process matrix
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idU /dt — HU BE—) o E,
U(t) =2, am(t)En Xmn(t) = am (t)@n(?)
H(t) =Y, hr(t)Ex [Hmn = o™ he(t)

jd;z’mﬁ' ! dt =Z;’m51m (t)_ZmI (t)z i
£ e
wdx/dt = Hx — xH'

— A generalized commutator notation:
idy/di=[H,yT [4,B]' =AB—B'A

The dynamical equation for process matrix

Hamiltonian Identification

knowing x(t) & x(t+ 6t)viatomography — H (t)(Hamiltonian identification) l

(ensemble measurement)
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hort time limic (t3)
X =

Ep Loy

........................................... = .‘.Z.f e B o ey i o e B e
— o w0 O7 Eily i I
) : !
T . R r |
: 3 . —th.h, I

—aEh . a*l h-h:
7 2 i o S 8 I
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hort time limic O (27)

X —
-5t Ezj;’:ﬂ( ’F’ "“:‘fo h h:{) o ‘Hl_i T";‘r;&a “ry hihg & = f’czz = Eig#o'?dz_lﬁ fs
. —afﬁl—lrg_‘zj;aﬁl iy ‘_.“'———-—---——-——-—-——-----——---I
2 I
| Ik
? — | = b :
— : 23
i_athdz—l_frz E:ﬁr;‘_—ﬂ "Ldz If‘z.h I I

if 2 (%) is sparse, the number of the nonzero elements of the red block is polylog(d)

Generic N-body and L-/ocal quantum systems (e.g. N-qubits, 2-local
controllable Hamiltonian systems for quantum information processing):

H(t) =Y hoo — #HN, L) =31 4 (3)3 ~ O(NE) ~ polylos(d)
E. g, exchange mteraction:

H_—\_':“:;l ]4 ) x(2) w{hH)4_,];5}}-{:}1—{&1}+_I§1ZE}ZE+1}

= any direct or selective process tomography schemes can efficiently identify H (f)

(Caveat: we should know which h,,, coefficients are nonzero) SQPT X
DCQD /
Pirsa: 08080040 SEQE[S/SS



H(t) = Hs(t) + Hp(t) + Hsp(t)

Hsp(t) =) ;. \e(t)Ex @ By

\ (system-bath coupling)
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H(t) = Hs(t)+ Hg(t) + Hsp(t)
Hsg(t) =D ;. A\:(t)Erx @ By,

In the interaction picture: \ (system-bath coupling)
Enown from the svstem free A property of
Hamultonian of system operator l;aals

\ /

[H]:zmj pg Ap€ap@™, B (b; |Bm|bz B
K], —ua The evolution does not
e s 2 = e
dy/di —HK — K'H' sif:emﬂna eo

idy!dt=[HKT

Dynamical equation for open quantum systems,
apphcable to non-Markovian and strong-coupling regimes

Identification of system-bath
Pt

QPT
e 17/83




main idea of OCT for states:
w;) ~= |¢g) + theequation of motion : control field? (e.g. ashaped laser pulse &(7) )

(| U7(0,T; €)wy)|* )
optimization by variational calculus (Y [e] = Y[0,7. €] + J“OT C(v,e)dt — % =
solve by Krotov/Rabitz/. .. methods (o )

control field maximizinglminimizing a yieldlcost function (eg, ¥ =
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main idea of OCT for states:
L'” ~—s |1g;.* f + the equation of motion : control field? (e.g. ashaped laser pulse (%) )

control field maximizinglminimizing a yieldlcost function (eg, ¥ = |(w:|UT(0,T; €)|w)|* )
optimization by variational calculus (Y lel =Y[0.T,€] + IOT Clu,e)dt — oY _ 0)

de
solve by Krotov/Rabitz/. .. methods (constraint)

———> generalization to unitary dynamics [Palac & Kosloff. PRL (02)]
H(t) = Hyg — ne — 1dU(t)/dt = H(t)U(t)

(free) (control)

Goal: find optimal €(%) such that a given unitary dynamics U " is achieved in time
U(T)=U" Y —Re(Tx[U*U(T)])

——

Y —Re (}* ~ fﬂr Tr[(dU(t) /dt +iH (1) U(t) )B(t)]dt) — 17 fﬂr le(t)|? /s(t)dt
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Ideally, we wish to have no decoherence: 7 =0 .3 iﬂ —g o — it )

Natural svstem-bath Hanultonian
/ External confrol field

Effective decoherence
e

H(t)=Ho— un(r)
The yield finction is the fidelity ¥ = Re[T+] 7 T(T)E, ]]
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Ideally, we wish to have no decoherence: ﬁ =0, Zin — Jmﬂﬁﬂﬂ = [Em} ]WI

Natural svstem-bath Hamiltoman
/ External confrol field

Effective decoherence
-——___________-hl S

H(t)=Ho— un(r)
The yield finction is the fidelity: y = Re[T+] 7 T(T)E,, ]

[he control strategy 1s to find the optimal #(f)such that the constramed fidelity become mmimal

¥ =RelY — | diTridy’ / di+i[H . KODAMDN 7| dijx@f /5@

_——

We set Y = 0 and vary Lagrange multipliers to get:

quantum process tomography

J@®

7(t) = 2n

= m[Tr([p KO AD]]

K ﬂ] =V A HoimK, —A HoyK g
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Direct Characterization of the
Process Matrix
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Input state ‘ s Output
(o)o)+[)1yy/~v2 | ZzZ XX N/A TasTu-Tu-Tx

a[0)|0)+ B[1)|1) ¥ XY Loz- K2
al+) |+), + B-).1-), XX 27 Zor> X3
alt) [+, + B, 1), 4 4 ZZ Aoz X3

o] == 0:1micr” )

irsa: 08080040
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Measurement ' Output

Input state eis |
(o)oy+ Dt/ ~v2 | zz xx NNA | Zoo> 211> X s X
al0)o)+ A1) T
ali) ), + 811, XY ZZ Aorn- X
alt) |+), + B1-), 1), 44 ZZ | Ln-Li
|£z| i I‘B l = 0:Im(a” ) Four independent real parameters
NN . of superoperator are defermmed

m each measurement



Quantum Error Detection

The information is encoded in a larger Hilbert space (with some redundancy) such
that any arbitrary error that may occur on the data can be unambiguously detected.

Stabilizer code:

It is a subspace of the Hilbert space of n qubits. I::, , that has eigenvalue +1
under the action of a given Abelian subgroup of the n-qubit Pauli group.

>:|W6> ; ‘WC)EI;‘ > o eS8y

Error detection:

=|lwey s (S, E}=0
Sr(£‘¥’c>): __(E‘Wc>}

Ee e I -
- sl -

L ]
P -
D. Gottesman, quant-ph/9705052

Non-degenerate codes:




Characterization of Quantum Dynamical Population

1- Prepare the Input state: !t{43> = (‘ Ou 0)_+ ‘1>A[1>3)/\/§
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |-)=(/0},|0)_+|1) 1) )/ J2

2- Apply the unknown quantum dynamics to qubit A: &(p) = Zlmﬁ"ﬁpﬂf
AT
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |@-)=(0) |0)_+ ‘1>A|1>3)/~J§
2- Apply the unknown quantum dynamics to qubit A: e(p) = Zlmoﬁ Pof
s
3- Perform the Bell-state measurement P e {£,, B, P, , P, }as:
&p) — Ps(pP)F,

P =lv v
P,=|¢ )¢

P'D:

¢ )9
B=|y )y
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |@-)=(0) |0)_+|1) 1) )/ 55

2- Apply the unknown quantum dynamics to qubit A: &(p) = Zlmﬁoﬁfmf
PP 1

3- Perform the Bell-state measurement P, € {£,, P, P, , B, }as:

L S

LIl o]
F &
B-le)e| Blw e S
e = _——’—/——_L’_*
el E(ID= wwie

viw -
"R

ﬁ:

3
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Characterization of Quantum Dynamical Population

1- Prepare the Input state: ~ |@-)=(0) |0)_+|1) 1) )/ V2

2- Apply the unknown quantum dynamics to qubit A: &(p) = szﬁaimf
P AT

3- Perform the Bell-state measurement P € {P,,P,P, , P, }as:

T

=p) — F.e(p)F,
B =|w }w

R - |

4-Calculate the probabilities of these outcomes :

£
P=

& )4
vy

et o et = =
Outputs: . % % . Za
n ey N SR Y o
. N 5 I N.TrES 3
4 2 "

We obtain four independent parameters of superoperator in a
Single measurement Page 30/83
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state: IWG> — a‘ (})A‘O>B 3 ﬁ11>ﬂ‘1}5 al=|p|=0

Sole stabilizer generator: O-AO-B
= =

Wc> = ‘Wc )+ Degenerate stabilizer code

(I".07)(0].0,)

irsa: 08080040 Page 31/83



Characterization of Quantum Dynamical Population

1- Prepare the Input state: ~ |@-)=(0),|0)_+|1) 1) )/ JZ

2- Apply the unknown quantum dynamics to qubit A: &(p) = Zlmo'iﬁmf
P31

3- Perform the Bell-state measurement P e {£,, P, P, , B, }as:

Al ger J
N _—
R=ly | B=|o o]
4-Calculate the probabilities of these outcomes : \Q-

Ir|Fe(p)l=xu for £=0]123 3

Qutputs:

We obtain four independent parameters of superoperator in a
Single measurement Page 32/83
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state: "Kr:> = a" 0>£‘0>B + ﬂlul}ﬁ ‘a| = ‘ﬁ‘ #0

Saole stabilizer generator: O-AO-B
= i

\ -
Wc> = ‘Wc / +— Degenerafe stabilizer code

(I".07)(0).0,)
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state:  |y.)=a|0) |0}, + A1) [1), al=|p|=0

Saole stabilizer generator: O-AO-B
= il

I.Il‘l . -
*l/c> = ‘Wc /= Degenerate stabilizer code

(IAEOS);(Gf,%A)
2- Apply the unknown dynamics to qubit A: e(p) = Z x o po-A

L
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state: |y =ai0) [0), + AL)J1),  |al=|A1=0

Saole stabilizer generator: O—;‘*O-j l ';Vc> = ‘Wc> +—— Degeneratfe stabilizer code

A ,
(I",67).(07.0;)
2- Apply the unknown dynamics to qubit A: E( ) b Zl A
3- Measure stabilizer generator 0,0,

—
8_)
e e g
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state: |y =ai0) [0), + A1) J1),  |af=|81=0

Sole stabilizer generator: ngj ‘ ';Vc> = ‘Wc> +—— Degenerafe stabilizer code

(I",00) (0] .0,)

2- Apply the unknown dynamics to qubit A: E( ) Z
= XmCnPO,
3- Measure stabilizer generator 0,0

4-Calculate the probability of these outcomes:

TP e(p)]= oo+ Xz + 2Re(J,3)Tr(0.p)
Pirsa: 08080040 Tr[f’_g(p)] h Z[I _|_ ZZZ _|_ 2 I [ IE)T"(G-ZP) Page 36/83




5- Calculate the expectation values of a normalizer A/ (e,g_TGf Gf ):

Tr|NF.e(p)| > Im( 7,;)
TrINP &(p)] > Re(y;,)

Pirsa: 08080040 Page 37/83
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5- Calculate the expectation values of a normalizer A/ (e_g_TGf Of ):

Tr|NF.e(p)| > Im( 7,;)
TrINP &(p)] > Re(x;,)

The combined stabilizer and normalizer measurement is equivalent to
measuring Hermitian operators:

P =g )¢ e .
Stabilizer { i ‘¢ ><¢ +‘¢ ><¢ ‘ Nommhzer{

2 =" Yo |+je )} |

didn i

2 dn g

irsa: 08080040

M Mand D. A Lidar, Phvs Rev. Lett. 97, 170501 (2006).
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5- Calculate the expectation values of a normalizer A/ (e-g-ﬁf Gf ) 2
TriNF.e(p)] > Im(7,.)
TriNP &(p)] > Re(;,)

The combined stabilizer and normalizer measurement is equivalent to
measuring Hermitian operators:

Stabilizer {}1 Ldid

2 =|o" Yo | +le )} |

HeNE { ) [l )|
i du 'l

D ver
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Direct Characterization of Process Matrix for a Single Qubit

Bell-State
Measurement

Measurement
S—— Stabilizer Normalizer Output
(Jodo)+ D)/ v2 | zZz. xx N/A Zoo>Xu-Xn-Xs
a|0){0)+ B|1)|1) 7 XX y AR AT

=0

=18

Pirsa: 08080040
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Direct Characterization of Process Matrix for a Single Qubit

Bell-State

Measurement

Input state Siﬁﬁ?suremﬁgaaﬁm Qutput
(ojo)+[Dity/ vz | zz xx N/A oo An-X2- X
a|0)/0)+ B|1)]1) LZ XX Koz X1z
al+) [+) + 8|, |-), XX ZZ Aor> X
al+) |+), +B1-), 1), ¥Y Zz Koz> X3
le| =8| =0
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Physical Realization

Required physical resources are:
Bell-state generation. Single-qubit rotations, Bell-state measurement

E.g., Liqumd-state NMR, Trapped 1ons: expermmentally demonstrated

Linear optics:
Unknown quantum Measurement
S0%-efficient scheme: dynamics \ /

[I Maniinesr Crystal

QEEES ) orier Waveplates
HE— o wavepates

= 50/s50 Heam Splitter

Folarizing Beam
Spliiers
Cetectors

Preparation —

aagns hlirrors

Z. Wang et al., PRA (07), R. Adamson. A Stemberg (07), W. T. Liu e a/., PRA (08)

98%-efficient scheme:
Kwiat-Wemnfurter method for hyperentangled Bell-state analysis.

Pirsa: 08080040 Page 42/83
P Ewiat and H Weinfurter, PRA 58, R2623 (1998); I. Barreiro, M. K. Langford, N. A Peters, and P. Kwiat, PRL 95, 260501 (2005)



Direct Characterization of Process Matrix for a Single Qubit

Bell-State

Measurement

Input state Si’;ﬁ?suremﬁu'}aa i Qutput
(Jodfoy+ Dty /~2 | zZz. xx N/A p O S O Y
al0)[0)+ B[1)1) £L XX Aoz>- X1z
al+) |+), + 8., XX ZZ Aor> X
al) |+ + 8- Yy L Aoz-X13
|u:\ =|B1=0
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Physical Realization

Required physical resources are:
Bell-state generation. Single-qubit rotations, Bell-state measurement

E.g., Liqud-state NMR, Trapped 1ons: expermmentally demonstrated

Linear optics:
Unknown quantum Measurement
S0%-efficient scheme: dynamics \ /

I] Moniinear Crystal

QENES O orier Waveplates
HE— o wavepiates

NN 50/50 Heam Splitter
Palarizing Heam
Splifers
P oo

Preparation —

aans hlirrors

Z Wang etal ,PRA (07); R Adamson. A Stemberg (07). W. T. Lm er al , PRA (08)

98% -efficient scheme:

Kwiat-Wemnfurter method for hyperentangled Bell-state analysis.
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Unitary operator basis:

d*1
zzemxﬁ;
=0
E,c\E,.E,. .E, {. THE'E,) =d5,

BN i . A i2Zxld
Generalized Pauli operators:

Z,|6) = of|k): X |k)=|k+1)

) A 5
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Physical Realization

Required physical resources are:
Bell-state generation. Single-qubit rotations, Bell-state measurement

E.g., Liqmd-state NMR, Trapped 1ons: expermmentally demonstrated

Linear optics:
Unknown quantum Measurement
S0%-efficient scheme: dynamics \ /

[I Maniinear Crystal

QEEES O orier Waveplaes

HE— o aepiates

NN 50y50 Beam Splitter
F'EI|EH'11TJ"I‘Q Beam

Splitters
Detectors

Preparation —

aaans hlirrors

Z Wang etal , PRA (07), R. Adamson. A Stemberg (07). W. T. Lm er al , PRA (08)

98% -efficient scheme:

Kwiat-Wemnfurter method for hyperentangled Bell-state analysis.
Pirsa: 08080040 Page 46/83
P Kwiat and . Weinfurter, PRA 58, R2623 (1998); I Barreiro, N K. Langford, N. A Peters, and P K'wiat, PRL 95, 260501 (2005).



Unitary operator basis:
d*1

AI :ZEHHE;
i=0
L e {E '-’El"”’Edz—l}; THEE,)=ds,

R i2mld
Generalized Pauli operators:

Z,|6) = of|k): X |k)=|k+1)

EF. X,

irsa: 08080040 Page 47/83



(a) Characterization of Quantum Dynamical Population (diagonal elements ]
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(a) Characterization of Quantum Dynamical Population (diagonal elements )

1. Prepare a pure state: |@ )=|0), ®|0),
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(a) Characterization of Quantum Dynamical Population (diagonal elements 5 )

1. Prepare a pure state: |@ )=|0), ®|0),

2. Transform to a maximally entangled state:

@)= UNDYL [k),JK),
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(a) Characterization of Quantum Dynamical Population (diagonal elements )

1. Prepare a pure state: |@ )=|0), ®|0),

2. Transform to a maximally entangled state:

o) = UYL k) |6,

Stabilizer generators:

S 'yt - ZA(ZB)J—I
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(a) Characterization of Quantum Dynamical Population (diagonal elements 7 )

1. Prepare a pure state: |@ )=|0}, &[0},
2. Transform to a maximally entangled state:
?.)=WNDY k) [F),
Stabilizer generators:
L5 = ol ZA(ZE)d—l
.. Apply the quantum dynamical map £( 2)

I. Perform a projective measurement P, P,e(p)P.P,, where B, =Q1/d) :i&f%‘
and B =Q/Jd )Zj: @ ° 5, and calculate the joint probability distributions of the outcomes k

and k”
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(a) Characterization of Quantum Dynamical Population (diagonal elements )

(1 2 3) (4]
r v - v

1. Prepare a pure state: |@ )=|0), &[0},
2. Transform to a maximally entangled state:
o) =aNDY k) B,
Stabilizer generators:
S_¥x_ 7@y’
. Apply the quantum dynamical map £(0)

{. Perform a projective measurement PP, ()P P, where P. = Qi) ":m‘*’fﬂs‘
and B =(Q/y4)Y . & "5’ and calculate the joint probability distributions of the outcomes k

and k-
PIIFPII
i) — = :
\ :

> 2
Pci—IPd—l

Page 53/83
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(a) Characterization of Quantum Dynamical Population (diagonal elements 5 o )

(1) (2 (3] (4]
v r v v

1. Prepare a pure state: |@ )=|0), ®|0),

2. Transform to a maximally entangled state:

—QINDYJR)[E),

Stabilizer generators:
S’ :X&X’B , S|= Z&(Zﬂ)cf—l
. Apply the quantum dynamical map £{ 2)

L. Perform a projective measurement PP, £(0)P.P,. where P.=(QiVd)Y _a"§
and B =Q/Jd 12#] @' ° 5, and calculate the joint pmbabl lity dlsmbuhons of the outcomes k

and k'

rr,_. (o
»

Pci—IPd—I
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/

(1] =y (3) (4] (3)
-
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/ 117

(13 (2] (3 4] (3]
y v v - v

1) Prepare a pure state: |@, )=|0), @0},
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/

(Mm@ (3) @) (5)
= & v v \

1) Prepare a pure state: |@, )=|0), (0},

2) Transform to a non-maximally entangled state:

@)=L ali) i),

Sole stabilizer operator: § =E“(E"*)"™
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/ ;;;

(1] =y (3] (4] ()

1) Prepare a pure state: |@, )=|0) , &0},

2) Transform to a non-maximally entangled state:

@)= Tl )i,

Sole stabilizer operator: § = E“(E*)"™
3) Apply the quantum dynamical map, £(0)
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b) Characterization of Quantum Dynamical Coherence {off-diagonal elements/

(1 @ (3) (4] (3]

1) Prepare a pure state: |@, )=|0}, ®[0}_
2) Transform to a non-maximally entangled state:

o= Sl ali)l,

Sole stabilizer operator: § = E“(E*)"™
3) Apply the quantum dynamical map, £(0)

4} Measure stabilizer operator:

_ and calculate. Tr{R.s(p)
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/

(1) (2] {3 4] {3}
1) Prepare a pure state: (@, )=|0), ®(0)_ . : M.

2) Transform to a non-maximally entangled state:

® )= Ll )i,

Sole stabilizer operator: § =E“(E")"™
3) Apply the quantum dynamical map, £(p)

4} Measure stabilizer operator:

3) Measure the expectation value of d-1 independent normalizers that simultaneously commute
vith the stabilizer operator.
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/ ,;;;

(13 (2] ] (4] (3]
1) Prepare a pure state: |@, )=|0), |0}, S . :

2) Transform to a non-maximally entangled state:

®)=z X wli] J0),

Sole stabilizer operator: S = Ef (E;ﬁ )ff—i
3) Apply the quantum dynamical map, £(0)

4} Measure stabilizer operator:

3) Measure the expectation value of d-1 independent normalizers that simultaneously commute

vith the stabilizer operator. [-
[V, Feom, |
3
B d?2

- Outcomes
Tr [Nd = - Page 61/83

1r
1r
=
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Zoi @L, O I pl QL ---Q I, Inlor @L -0l )plo, L, Q---Q1,)

{

The number of possible k-qubit errors or less:

f N"\
2 k |3 ~O(N*) ~ ploylog(d)
E o\ }
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Let us consider a non-sparse Hamiltoman m a gaven basis {E . }

g
H = E h E
If = nom

E,=EE!. k=0,---.d—Land1=0,--- .\Jd + polylog(d)

The estimation 1s possible with a smgle expennmental configuration and a large number of copies
Required stabilizer state: __ pAps
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Let us consider a non-sparse Hamiltoman m a gaven basis {E ; }
H=) hE
If - ; & i
E,=E'E!. k=0.---.d—Land1=0,--- .\Jd + polylog(d)

The estimation 1s possible with a smgle expennmental configuration and a large number of copies
Required stabilizer state: A B

Selective and =tficient identification gf such class of Hamltonians 1s
possible for polynomial subset of & ’

Pirsa: 08080040 Page 64/83



(@—ay)exp
s \ Quantwm \
Jo. :| 5 8 ‘ — | homegenization |~ = E(J@):
’ -M_b* l-a process
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(owes| L f &
‘a Quantwm TI y - \ r?l J
'0i:|f, 3y ‘—* homogenization — &)= o e
\ —a process b*-:}_ O o - i | =
.\ ‘p{ T, o J‘f-“;ﬂt L J+ aﬂ,
Preparation
=|we) we)=10),10), + 1)1,
L o Wm{2urP _s(p)]+ 2r[P _s(p)] -1} Both T1 and T2 can
i i be measwred via a
¢ single bell state
—=—In{tr[P, (p)]-r[P, (o)1} meastement
2
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M M A T Rezakham A Aspuru-Guzk. Phys Rev. A 77, (423

320 (2008).

f

Page 66/83




3 = - !j‘,{

correlated mput state correlated measmwrement
(e.o . faulty BSP) (e.g . fanlty BSM)
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S S
PUK) = 3 st M (05 )Txl Pl PI3' 037 X
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£ (i) gif_)

A E ; -
: ,){T!‘Z

correlated mput state correlated measmrement
(e.g.. faulty BSP) (e.g.. faulty BSM)

— |By) - (@, %, .87
pi(k) = Te[PEE@ (p*)]

— —— - . il . : |
Faulty preparation Sy e P* = |By) By, p* = | @) (@]

. Sy~ (S)
:i'['}(p} F Z.‘n:t }gm?lﬂ-:ln PmnOn
= bk’ ki’

Pmn = Zﬂ;!;:-‘ "\mn(p}P
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[collaboration with Paul Kwiat group @UIUC]
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PUE) =3 iz NI () I[P ol P 03 X
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pf(k} = 7‘ \"”I (Pk ):TI'[PH{TEHS}ijU'LS}]?’(mn

Lamnjj' T mn

(TP, (p)]) (Y
i, II'P[P;,-“-'r ()l Aot
Xr)=Ax) TP, (p)] %
: TH P —Er(Pi)] K
Al _ P 7= 16x1
(Z 7 ={p:}) Tp{f}l:'f(pl)] ‘ > Ao >
kT’[PW—Er 8] J N
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PE) =Y e ML (05 ) I[P 0" PP 6 [ X

(TP, & (o)) (2 )
iy Zl‘r[f-:ﬂr_:‘-‘r (o)l Aot
xr)=Alx) TP, (p)] %
: TP £ (p)] y 5
Al _ =) 1 " 7= 16x1
(Z e :{pr}) Tp[Png(;?z)] ‘ > Lo >
kT’[PW—Er (2.l J Nl

x2)=N"x". 27 )| )
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Maximize |det Al

‘Wg} = COS 8}++}Aﬂ +ef*”si116‘|——>&5

Optimal mput values: &=(2k+1)

o
3
T

= (2k"+1)

2

cos 26

=

26sm @
sin 26 c¢os @

sin

o
e

J,
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0

—iy

0
E
a

o
= B @
1}

T

e

= == W 0

—3x 0

a

0

0 8 —ip

o
—

g & 8 g

g

A8 @)
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. S i’ (S
1K) = X i M (0F) I[P 0 P33 657 X g

i

(TP, & (p)]) (2 ))
i 'j"r[f-;r_:‘-'r (2 )l Aot
Xr)=AlX) TP (p)] %
: Tf‘[P—Er(Pl)] Y45
Al _ P 7= 16x1
(Z B :{p: }) Tp{j}gf(pl)] ‘ > Ao >
kT’{PW—Er (2.l J AT

|2 =G 2 )
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=
At
2
m
-

RV ION o A L o 1 A L =

-
z

s
8
T
2

@e=2k'+1)

‘Wtf,v) —COS (9}—1—_5_>AE +€f¢5i11£9|——>&5

Optimal mput values: &=(2k+1)

x=cos 26

26sm @
sin 26 ¢os @

sin

Vv
Fd
-
[
-

Page 75/83

s

x

i

0
T
a

1]
= E B
1}

—&

=

= = W B

—3x 0

a

a

1} 8 —ap

i)
i

g & a o

g

AlE, @)
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Maximize |det Al

sud
3
T

= (2k'+1)

‘wc)zcosé}++>ﬁ +e"'*”si116‘|——>35

Optimal mput values: &=(2k+1)

2

x=cos 26

sIn @

26
sin 26 cos @

Sin

V

L —
o
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i
i
1]

f1 @ 8 @

g 0 0 ©
@ 0 0 0

0

—iy

ix

=

e

= = W 0

—3x 0

a

@ —ip @

i}

a

0
o

0 &
o 0

x

q
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"\

Maximize |dt‘:t LXI

_  ~
A0 TAY SN o e B R Ii

2
&

z

‘Wg> —COSs (9}—1—_5_>AB -I—eﬂasiﬂ£9|——>£

| &
§ 3

2

e
3
T

E+1)

€2

@e=2k'+1)

Optimal mput values: &

x=cos 20

ST Q7

26
sin 26 cos @

Vv = sin

-
[
o
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fi 0 & 0

g 0 @ B
E O & 0

=
T
¥ o

g 0
P x oE W OE

= = B B = = B

W == o

—3x 0

a

0

]

i}

(e @)
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. g b L S =3 (&
PUK) = 3 st M (05 )Tx[ Pl PI 037 | X

“tmn

(TP, (p)]) )
i Zl‘r[f-;r_:‘-'r (o)l Aot
xr)=Alx) TP (p)] %
: T"[P—Er(Pl)] Ko
Al _ |51 " " 2= 16x1
(Z =& :{pr}) Tp[Pfgf(pl)] ‘ > Ao >
RT’[PW—ET (2.l J )

2)=A"2, 2. )| 2
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s
=t
3
m
-

RN i o o A Lk bl =

-
z

-
8
T
2

(Zk+1)
@=Q2k+1)

p.)=cosE|++) _+efsinb|——)

Optimal mput values: &

x=cos 26

26sm @
sin 26 ¢os @

sin

2
[ —

V
-
—
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<

0

a
> 5
a

i
B B
1]

== =

0

= = B

—3x 0

a

a

i}

a

a

]

g

Ale. @)
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Example 1 _
| 1— 3% = 5
Effective mput state: p(” N ~ TR+ 4O p(z}
4
Effective measurement: ' 1-2Y)
e | - PP [ @I+ PV
Modification m data analysis:

fT[E(pm )P(_ﬂ] - A‘*’lmtr[g(p“")PU’]+(l—;r.""j'.‘ﬁ)f4
Example 2: Generalized depolarizing noise

_ 26)
Effective input stafe: p{ﬂ > : j‘ IR7 -I—A(I}UPIJU ]

ﬁ.[g(p(i) )P(f)] =" ﬁ.(ﬂ/‘t’.(ntr[s(UmeT)P(ﬁ]+(1 - }..“’,l(f’)/d

irsa: 08080040 Page 80/83



Example 1: _
| 1—3% g
Effective input state: p{f ¥y ~ TR+ 4D p(r}
4
Effectiv t =
ective measurement: P{f} N [®[+i{f}P{“ﬂ
Modification m data analysis:

5P )PP | 5202 oo P14~ 294D 4

Example 2: Generalized depolarizing noise

() )I_Am

Effective input stafe: Ps, A IRI+AVU fs, oyt

ﬁ'[&'(ﬁ?m )P(f)] Ly ﬂ.(ﬂﬁ{ﬁﬂ'[s(UmeT)P(f)]+(1 b, A(i)l(f})/‘q_
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» Dynamical open-loop/learning control of quantum Hamiltonian Systems.
»> Utillizing weak measurements for real time quantum dynamical control.

»> Efficient verification of certain correlated errors for quantum computers and
quantum communication networks.

> Exploring the existence of the symmetries in the system-bath couplings
which would lead to noiseless subspaces and subsystems.

» Studying energy transport in the multichoromophoric complexes in the non-
Markovian and/or strong interaction regimes.
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