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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 Hamultoman systems are
tundamentally complementary

(1) Efficient characterization of the relevant properties of the system
] How to control certain dynamical parameters of the system
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# The tasks of characterizing and controlling quantum Hamiltoman systems are
tundamentally complementary

(1) Efficient charactenization of the relevant properties of the system
+! How to control certamn dynamical parameters of the system

(2) |characterization observables, controllable observables] £ 0

D Control
B Characterization

Pirsa: 08080040 Page 3/83



¥# The tasks of characterizing and controlling quantum Hamiltoman systems are
tundamentally complementary

(1) Efficient charactenization of the relevant properties of the system
I How to control certamn dynamical parameters of the system

(2) |characterization observables, controllable observables| £ 0

D Control
B Characterization

» Quantum process tomography is the general strategy to estumate the parameters
of a “superoperator” or “process matrix”, which contams all mformation about the
dvnamics.

» How the relevant information obtained from process estumation experiments can
be utilized for optimal control of a quantum device?

P ophey to estunate Hamultondans parameters via quantum process tomography”?
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Equation of motion for open quantum systems

i

' State Dynamics
s p U, x
Closed systems idlv) /dt = H|u} wdU fdt = HU
Open systems | idp/dt = [H, p] + L(p)
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Equation of motion for open quantum systems

Closed systems

Open systems

Sﬁﬁte Dynamics Fichbens st
\'t-if} s P U, X for open quantum
| i N ) systems!
idl) /dt = Hw) idUjdt=HU | ="
idp/dt = |H, p| + L(p) idx/dt =2

Is there a dynamical equation for the process matrix?
Beesdolead us to new ways for monitormg and/or controlling open quantum systemnsg ess



Part 1

» Equation of moetion for quantum processes

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

» Dvnamical control of quantum Hamiltonian svstems: decoherence suppression

Part 11
# Direct characterization of process matrix
» Efficient estimation of error probabilities

» Process estimation with faulty preparations and measurements
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s(p)=2 44’

4 & Z EimEm
=0

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

For asingle qubit: E,<{l.0..0,.0,]}

. Coherence
Superoperator, / , has -
/ N 4x4 =16 elements /iy
_| Poe P Rloo & o :
=4 - | > g, s ‘ = Eﬁ\p\}
Por Pu \Pou Ly
= Population
— %é.."";iéi""?&"mf&}?"?
Quantum d{ﬂfﬂﬂjﬂﬂl = i Quantum dvnamical
probabilities = ,{ /11 s f’l 2 13 *— e e
L ¥ :
Koz /{1_. N ,Z 23
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Standard Quantum Process Tomography

.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 Unrversity, 2000) and J. Math. Phys. (03).

Direct Characterization of Quantum Dynamics

M. Mchseni and D. A. Lidar, PRL. (06).
Svmmetrized Characterization of Noisv Quantum Processes
J. Emerson, et. Al., Science (07}

Selective and Efficient Quantum Process Tomography

A. Bendersky, F. Patawski, and J. P. Paz, PRL (08).

Pirsa: 08080040 Page 9/83



What can we do with them?
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idU |dt = HU ExE =3, a"  En
Uty — Erﬂ a (D B Xma(t) = am(t)a.(t)
H(t) =Y, he(t)Ex [Hmn = 325 @ k()

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



idU fa’t — B BB, —Y o . E
Ul = f_.. G (T B Xma(t) = am(t)a@.(t)
H(t) = L;. Ay (t)Ex (B e = % 0™ Falt)

idy /df= thfm{ﬂ gmi(f)kﬁz
adx/’d‘t—Hx xH'

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

The dvnamical equation for process matrix

Pirsa: 08080040 Page 12/83

M. M and A T Rezakham ar™av: (0805 3188



idU [dt = HU E By =3 o E,
E'T{_f) - Em 'ﬂlzn(t)Eﬁ-n, Xmﬂ(t.} — &m (f)ﬁﬂ(f)
H(f) = ZI«, hﬁ;(t)Eﬂ: [HIT:m = E;L._ ﬁk?hh&(t)

idy /dt =Z?Emizm(t}_2'mi{f)§ el
: e e
wdy/dt =Hyx — xH'

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

The dynamical equation for process matrix

Hamiltonian Identification

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

(ensemble measurement)
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hort time limic (tg}
X =2

E‘qu. 3 - Lt -r e = _a_j

..;i,i_h e E“ E ,,5—.

& E',"fi ........ L ———— o o DR L g i i B e

E:H-é'C'
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hort time limic ()

X =
2 zj 2 it et .........-._...._.::.__.....-....-.-‘...-:L..:...-......--.. "“.i-.j‘““
- r 1 E i O R — W W — SRR ———— —
= Pl—ir Ezj?_éacﬂlﬁ h | I
| I
§I
= i 1
= e ] :I IPM ) :
_—E-'-.".'fl > e T &k f: SHE I I

. = S Tis —-z_;r;éEI dz 1 .’3

H(t) is sparse, the number of the nonzero elements of the red block is polylog(d)

Generic N-body and L-focal quantum systems (e.g., N-qubits, 2-local
controllable Hamiltonian systems for quantum information processing):
H() =Y hoo — #HN, L) =3, (713 ~ O(NF) ~ polylos(d)
E. g, exchange mteraction:
H——37 POt iy Oy G g Y ata p6ia)

— any direct or selective process tomography schemes can efficiently identify  H (1)

(Caveat: we should know which h,,, coefficients are nonzero) SQPT X
DCQD /
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H(t) = Hs(t) + Hp(t) + Hsp(t)
Hsp(t) =D ;. Mu(t)Er @ B

\ (system-bath coupling)
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H(t) = Hs(t)+ Hp(t) + Hsp(t)
Hsg(t) =D ;. Mult)Er @ B

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

\ /

[qu imj - pg M€ap@™", Bb; | B b:) 5
—
[KIET?‘EJ e i Oym | 1] e
Nyt dx/dt=HK — K'H'

idy!dt=[HKT

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

The evolution does not
depend on state of the
system

Identification of system-bath A

Hamyligpan

SN




main idea of OCT for states:
Wi} ~=|wg) + theequation of motion : control field? (eg, ashaped laser pulse e(?) )

control field maximizinglminimizing a yieldlcost function (eg, Y = |(w:|UT(0,T; €)|w;)|?
optimization by variational calculus (Y [e] = Y[0, 7. €] + fg C(v,e)dt — g —§)
solve by Krotov/Rabitz/. .. methods e

T
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main idea of OCT for states:

control field maximizinglmimmizing a yieldlcost function (eg, ¥ =
optimization by variational calculus (?[EI =Y[0,T,€ + de C(v,e)dt — S
solve by Krotov/Rabitz/. .. methods oo )

———> generalization to unitary dynamics [Palac & Kosloff. PRL {02)]
H(t) = Ho — pe — idU(t)/dt = H(t)U(t)

(free} (control)

Goal: find optimal €(t) such that a given unitary dynamics U is achieved in time I
U} =0U0" ¥ —Re(B{I"ULD)

i

¥ —Re (Y — [T Tl(dU () /dt + -alH(f)U(t}}B(t)]:dt) —n [T e(t)]? /s(t)dt
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’{_;-*.i} 0 |U }  + the equation of motion : control field? (e.g. ashaped laser pulse €(7) )
(U (0, T; €)lwre )|
&Y _

p——

0)



Ideally, we wish to have no decoherence: 5 =0, ij —g 0. —it.]

Natural svstem-bath Hamiltoman
/ External confrol field
Effective decoherence

T TH(t)=Ho—un(t)
The yield finction is the fidelity ¥ = Re[T+] 7T (T)E,, ]]
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Ideally, we wish to have no decoherence: é’ )=0 , Zé =0 o —E_]
Natural svstem-bath Hamiltoman

/ External confrol field
Effective decoherence

Hﬁﬂﬁ(f}= Ho — U7 (r)
The yield finction is the fidelity ¥ = Re[T+] 7' T(T)E,, ]

[he control strategy 1s to find the optimal #(#)such that the constramed fidelity become nmimimal
o i : e , F
=Re[¥ - | diTr{dy' /dt+i[H (:)w 7| dt|@)f /s

We set §¥ =0 and vary Lagrange multipliers to get:

quantum process tomography

ey A G)
o

——Im[Tr([x, K(O)] ABD)]]

—I[E ﬂ] ZAInHme Aﬂmigmﬁg‘zﬁm
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Direct Characterization of the
Process Matrix
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Input state N_‘easmemg;fn%ﬁm |  Output
(ojjoy+ /N2 | zZ XX N/A Xoo-An-Xn-Xs
ajo)o)+ gy | zz 20 1 B
alty b + 815 1), XX Zr - Ao~ X
al) o) +81-3 )] 1Y ZZ | Aoz L3
|af|..r' lﬁli O:Im(c” 3)
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Input state

Measurement

MNormalizer

Qoo+ )/ v2 | zz_xx

N/A

Qutput

o> XA X

&,|9>|9>+ BlL)j1) LE XX Loz L1z
alt} ), + 8l 1), XX 2L . Lo £
al+} |+), + B, HFI ¥y LL Loz- A3

|a|..r' lﬁli 0:Im( ™ 3)

Pirsa: 08080040

Four mdependent real parameters
of superoperator are defgymed
m each measurement



Quantum Error Detection

The information is encaded 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.

Sleg>:IWG> ; [W&-}EIE el & = i § 2

Error detection:

=|wey 3 (S E}=0
Sr(El_Wc» =—HS r|¥"s‘:>’: —(Ehﬁfc}}
Non-degenerate codes: Degenerate codes: -
P
-r-.-_..._____,.-—!*

-.

-/-

D. Gottesman, quant-ph/9705052 -

Pi

IIIII : 08080040



Characterization of Quantum Dynamical Population

1- Prepare the Input state: ~ |.)=(0} |0)_+|1) 1} )/ V2
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |.)=((0},|0)_+|1) 1} )/ 42

2- Apply the unknown quantum dynamics to qubit A: &(p) = szﬁimﬁ
AT
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |y7.)=((0} |0)_+ ‘1)14[1)3)/\[3
2- Apply the unknown quantum dynamics to qubit A: (p) = Zlmo'i Mf
72T
3- Perform the Bell-state measurement P e {£,, B, P, , P, }as:
S(p) = i P,%S{F))P;;
B =lo v
g

B =|¢ e
Pl iy
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |@)=(0) |0)_+|1) [1} )/ 5

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

3- Perform the Bell-state measurement P e {£,, B, P, , P, }as:
E{p} = P;gg(p)*p;;

E=lv )|

B :’é_>{é‘ l g(

30

P
B=ly v
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |y-)=(0},|0)_+|1) 1} )/ 2

2- Apply the unknown guantum dynamics to qubit A: &(p) = szaimﬁ |
FE AT

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

|« S

&p) — Pe(P)F,

P =y Wy
2 ’¥’_><:F_‘ g( sp
P =|¢"){g| ik

4-Calculate the probabilities of these outcomes :

I Be(p)|= X for £=01.23

Outputs: % % 7. _ 7.
] i I g

- BT il . - B B (TR R TR ‘-1'.- il

A7 ALLAZITAIZS

PE‘I:

¢+_> < &

B=ly iy

We obtain four independent parameters of superoperator in a
Sing'e measurement Page 30/83
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state: ';;;gj> - af‘ ﬂ>ﬂ‘0>5 ¢ ﬁ'lhh}g !g| E ‘ﬁ' +0

St : . 4 B l"'-.
Sole stabilizer generator: O—; G vfc> = ‘W::: } +—— Degenerate stabilizer code

(I".67)(0).0))
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Characterization of Quantum Dynamical Population
1- Prepare the Input state: ~ |.)=(0) |0)_+|1) 1) )/ JZ

2- Apply the unknown guantum dynamics to qubit A: &(p) = szﬁa'iM% |
AT

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

© e o

3(;0} e P;;g(p)P;;

Pl o e
releiel &)

4-Calculate the probabilities of these outcomes :

IrlBe(p)l=xu for £=0123

OQutputs: 7

PE’I:

é+'> < &

E=ly )y

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: |y} =a|0) |0} + A1) 1), al= |20

Sole stabilizer generator: C)'AC)_B
B =

3 -
Wc> = ‘W{: /= Degenerate stabilizer code

(I".6)(0].0,)
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state: FW5> = {r‘ ﬂ>ﬂ‘ﬁ>5 e ﬂ1>ﬂ‘1}5 |a:| & ‘ﬁ‘ +0

Sole stabilizer generator: O-AO-B
e P

5
I,D'C,> = ‘Wc /  +— Degenerafe stabilizer code

(Iﬂaq;l};(qj’gjl)
2- Apply the unknown dynamics to qubit A g(p) = Z x o po'A

LA

irsa: 08080040 Page 34/83



Characterization of Quantum Dynamical Coherence
1- Prepare the Inputstate: [.) =al0),[0), + AL)J1),  lai =60

Sole stabilizer generator: gjgj [ Wg> - ] YW-; <« Degenerate stabilizer code

(!ﬂzsat;);(a.f? ij)
2- Apply the unknown dynamics to qubit A: e(p) = Z X..0.pc"

3- Measure stabilizer generator 0,0 .
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Characterization of Quantum Dynamical Coherence
1- Prepare the Input state: |y} =a|0) |0} + A1) |1}, al=|f|=0

Sole stabilizer generator: gjgjl Wc> — I Wg} +—— Degenerafe stabilizer code

(F.a Yo .c’)
2- Apply the unknown dynamics to qubit A: e(p) = Z X..0.pc

3- Measure stabilizer generator OO0,

em@

4-Calculate the probability of these outcomes:

TP e(p)|= XYoo+ Xs:+ 2Re(,5)Tr(0.p)
= TP e(p)l= 2.+ Xo + 2Im( 1, )TT(0.p)




5- Calculate the expectation values of a normalizer A/ (e.g.ﬁf Gf ):

Tr|NF.e(p)| > Im( 7,;)
TrINP £(p)] > Re(y,,)
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5- Calculate the expectation values of a normalizer A/ (e.g.ﬁf O‘f 2

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

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

LA {fi =|¢)(o7|+|# )| Nmm{

E i Jor' |+l Yo |

didn 2
‘\
/

| Y

irsa: 08080040
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5- Calculate the expectation values of a normalizer A/ (e-g-ﬁf Gf i

TrINP.2(p)] > Im(7,;)
TrINPe(p)] > Re(x:,)

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

Jidn 'd

HeE )|

Stabilizer {E :]¢+>(’_¢+ Nﬂmaﬁzex{
P =lo Yo [+l o | s g

irsa: 08080040 Page 39/83

M Mand D. A Lidar, Phvs Rev. Lett 97, 170501 (2006).



Direct Characterization of Process Matrix for a Single Qubit

Bell-State

_ Measurement

l Input state - l';f_te?suremﬁur}[tmﬁzer Qutput
oyoy+ By /~2 | zZz xx N/A T Tu-To-Ts
a|0)0)+ Bl1)1) ZZ XX Xoz> X1z

o == 0
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Direct Characterization of Process Matrix for a Single Qubit

Bell-State

Input state bweﬁsuremﬁghaﬁm Qutput
oo+ |/ ~2 | zZz. XX N/A Zori i Koo Lo
@|0)/0)+ B1)j1) ZZ XX Kos> Xz
al+) [+), +8|-).|-), XX ZZ Kor- X
| =), 1+), + 81, 1), Yy ZZ Koz> X3
o= |pl=0

Page 41/83

Pirsa: 08080040



Physical Realization

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

E.g., Ligmd-state NMR, Trapped 1ons: experunentally demonsirated

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

n maoniinesr Crystal

QEEES o orter Waveplates
HE— o zepiates
S 50y50 Beam Splitter

Bolarizing Beaim
Spliftets
Ceteciors

Preparation —

aagan, tirrors

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

98%o-efficient scheme:
Kwnat-Wemnfturter method for hyperentangled Bell-state analysis.
Pirsa: 08080040 Page 42/83

P. Kwiat and H Weinfurter, PRA 58, RZ623 (1998). I. Barreiro, M. K. Langford, M. A Peters, and P Kwiat, PEL 95, 260501 (2005).



Direct Characterization of Process Matrix for a Single Qubit

Bell-State

 Measurement

Input state I\iﬁe?suremﬁ;ﬁmze, Qutput
ejoy+ /N2 | zz XX N/A Zoo>Xu>Xn-Xn
| alo)jo)+ s} zz XX Xos: X
alt) |+), + 8.1, XX ZZ Aor> X
al+} |+), + B, 1, ¥y ZZ Koz> 13
}“l: O1=0

Page 43/83
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Physical Realization

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

E.g., Ligmd-state NMR, Trapped 1ons: experimentally demonstrated

Linear optics:
_ Unknown quantum Measurement
S0%4-efficient scheme: dynamics \ /

n Moniinear Crystal
QEEES O orter Waveplates
HE— o zepiates
NN 5050 Beam Splitter

Bolarizing Beaim
Slitters
Cefeciors

Preparation —

aans, lirrors

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

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

Pirsa: 08080040 Page 44/83
P. Ewiat and H Weinfurter, PRA 58, R2623 (1998); T Barreiro, M. K. Langford, M. A Peters, and P. Kwaat, PRL 95, 260501 (2005)



Unitary operator basis:
d*—1

4 :Zemef
=
E e -ﬁjEIj_,.,Edz_l}; Tr(E[E,)=ds,

E;. —m° X:;?ZQ . = e;‘l;ﬂr,-"d

Generalized Pauli operators:

= P-4}

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

- =ty -
X T, =X,
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Physical Realization

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

E.g., Ligmd-state NMR, Trapped ions: expernmentally demonsirated

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

n Moniinear Crystal
QEEES O orter Waveplates
HE— o sepiates
SN 5050 Beam Spliter

Bolarizing Beam
Slitters
Ceteciors

Preparation —

aas, rlirrors

ZWang et al., PRA (07), R Adamson, A Stemberg (07). W. T. Lm er al., PRA (08)

98%-efficient scheme:
Kwnat-Wemfturter method for hyperentangled Bell-state analysis.

Pirsa: 08080040 Page 46/83
P. Ewiat and H Weinfurter, PRA 58, R2623 (1998); T Barreiro, M. . Langford, N A Peters, and P Kwaat, PRL 95, 260501 (2005)



Unitary operator basis:

d*11
‘_11 Z i
E e\, E,. . Edz_l}; Tr(E;E,)=ds,
M & 7 iy L S iZwld
E;'Z{pnq’} =0 Al @=€"

Generalized Pauli operators:
Z, )= of|k): X |k)=|k+1)

p g R 5
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(a) Characterization of Quantum Dynamical Population (diagonal elements r )

(1] (2] (3] (4]
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(a) Characterization of Quantum Dynamical Population (diagonal elements T )

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

1. Prepare a pure state: |@ )‘Z‘ﬂ}ﬁ ®|G>E

2. Transtform to a maximally entangled state:

@)= QDY) ),

Pirsa: 08080040 Page 50/83



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

| {1] (2} (3] (4]
1. Prepare a pure state: \ﬁ. >'= \ 5>& ®|9>-E * 3 v -

2. Transform to a maximally entangled state:

@)= QNDT | JR),

Stabilizer generators:

- YT o Z—AQZB)CI—I

Pirsa: 08080040 Page 51/83



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

@ (3) @
v

1. Prepare a pure state: |@ =0} &[0}

2. Transform to a maximally entangled state:

@)= NDE ) JR),

Stabilizer generators:
S‘ — X-&X'E , S[= ZA(Z"E)CZ—I
.. Apply the quantum dynamical map £{ 2)

. Perform a projective measurement P.P.£(0)P.P, where B =QiN)Y oS
and B =Q/Jd ;E “ @5’ and calculate the joint pmbabt lity dtsmbuhons of the outcomes k&
and k'

Pirsa: 08080040 Page 52/83



(a) Characterization of Quantum Dynamical Population (diagonal elements |}

m @ (3) (@)
r ¥ \ _+

I Prepare a pure state: |@)|0), @0},
2. Transform to a maximally entangled state:
o)=Y k)[R,
Stabihizer generators:
S—x¥x" 72"y’
. Apply the quantum dynamical map £( 0)

t. Perform a projective measurement P, P, e(2)P. P, where P, =1/ Jd) ety
and B =@/Jd yﬁﬂ @' ° 5, and calculate the joint probability distnbuhuns e:}f the outcomes k

and k'

-

Pirsa: 08080040
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(a) Characterization of Quantum Dynamical Population (diagonal elements ]

(3] (4]

L Prepare a pure state: g, )= [0), ®]0),
2. Transform to a maximally entangled state:
#.)=UNDY[F) B,
Stabihizer generators:
S=X"X"; §=Z%Z")y"
. Apply the quantum dynamical map £( )

t. Perform a projective measurement P, P, ()P, P, where P, =Q/Jd) N 3
and B =(@/Jd }Ej “@'*s" and calculate the joint probability dlsmbuhuns th the outcomes k

and k’
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Number of ensemble measurements for (a): 1




b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/

M (3 @ (5)
R ; E
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/

(1 & 3] G ()
L .

1) Prepare a pure state: (@, )=|0} , @[0}_ 3 ¢
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/

M @ (3 ) (5)
v - v

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

2) Transform to a non-maximally entangled state:

®)= T ali] J0),

Sole stabilizer operator: § =E“(E"Y
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/( P17

M @ (3 ) (5)
y ¥ v v

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

2) Transform to a non-maximally entangled state:

#)=z Sl i)l

Sole stabilizer operator: § =E“(E")"

3} Apply the quantum dynamical map, £(p)
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements/

(1 @ (3) “ (5)
v + v = &

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

v)= Ll i,

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

4} Measure stabilizer operator:
' and calculate ' ":'.:;f -.
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b) Characterization of Quantum Dynamical Coherence (off-diagonal elements,( P

(57 B (3] G (3}
- v \d

1) Prepare a pure state: (@, =0}, @[0}_ ¢ ¥

2) Transform to a non-maximally entangled state:

#)= Tl ali) ],

Sole stabilizer operator. § = E;‘-‘f ('Y
3) Apply the quantum dynamical map, £(p)
4} Measure stabilizer operator:

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

M @ (2 “ (5}
y 4 v v

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

2) Transform to a non-maximally entangled state:

o)== Tloali, i),

Sole stabilizer operator: S = E;-A (gﬁ ¥
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.

Tr[ @R |
T[N, BeoR |
. d2
Outcomes

]
Tr Wd_l - Page 61/83

c*
>

Pirsa: 08080040



%2, QL ORI pl. 8 Q-8 L, o @I, @---@Iﬁ,)p(ﬂ?f®fz &---S 1)

<

The number of possible k-qubit errors or less:

f f,v.-*\
Z‘ i ‘3;[ ~ OQ(N*) ~ ploylog(d)
E NP



Let us consider a non-sparse Hamiltoman m a given basis {E . }

;
H=YhFE,
H: . =

: & 7 - < ,
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
S =E*FE’
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Let us consider a non-sparse Hamltoman m a given basis {E - }
BE=YRE,
If - I
e b I <
E,=E'E. k=0.---.d—Landl=0,---.\ld + polylog(d)

The estimation 1s possible with a smgle expennmental configuration and a large number of copies
Required stabilizer state: A pd
S =E*E!

Selective and =tficient identification gf such class of Hamultonians 1s
possible for polynomial subset of £ :
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M M A T Rezakham A Aspum-Guzk Phys Rev. A 77, (42320 (2008).



i 4 i 3 3
| (a-ayep - |+q bep| —— |
" a B oy 5 f; J \ TI/’
A= b l-a ﬁl | I—* 'l - ) B i
process b ‘ﬂp\-\\_i; ({Iﬁ_mw‘:\_i_;%l_%.;
Preparation
o =lwelwels  |we)=10),10), +1), 1),
L e m@2elP ()] + 2P _s(p)]-1} Both T1 and T2 can
1‘: o i be measured via a
¢ single bell state
—==In{tr(P, £(p)]-r{P, =(p)]} measurement
2

M M A T Rezakham, A Aspuru-Guzk. Phvs Rev. A 77, (42320 (2008).




g{_f)

= g
- _
B I‘Zz -j‘;{

correlated j_‘{lpﬂt state correlated measurement
(e.g, faulty BSP) (e.g.. faulty BSM)
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pl(k) = Zmn;J ‘&J} {p )T [P“Jm }P‘}} 5{5}]3‘{1@-!1
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g{_:') 8(]‘) |
A E ) |
! - ! - 7

correlated measwrement

correlated mput state .
(e.z., faulty BSP) (e.g., faulty BSM)

By (B, T, 0, 57)
pi(k) = Te[PUE® (p*)]

, ' - - ¢ et - A
Faulty preparation fauity BSA P =By} Byl.p® = |‘i’a+ ‘i’ﬁ

i . (F) ~ {5)
{Hir}(p) a E-mn XmnOm PnnOn

o kE* kk*
;ﬂmﬂ = Zﬁ:.ﬁrf '}“'mn (p}P
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[collaboration with Paul Kwiat group @UIUC]




% bl T S‘ Y 5.*
pi(k) = Z-mﬂjﬁ hg-n: (_pﬁ")TI’[P“JLE }P‘}‘} "3"51 }]X-m-n
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~ i3 (EYT 5 exiic o 05)
PUlEY =¥ i ML (PP VP 00" PIT 0

el

(TP, (o) (2 )
| £ (a)]
B A| . ) Tr P, Ao
Zr) £ THE.& (o) =
. TP £ (p)] . X
A (i) . (f) _ )= W = 16x1
(Z 4 7{pz }) TP, £ ()] ‘ > Ao >
RTF{PW-ET (2] s 1/
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! . =i For o {S) T (P
pﬂk} = Zm-njjf ’\%{-n:(p& _}TI‘[PHCFm P On ']X-m-n

(TP (p)]) P
| Sl TP‘[%—ET 1§23 o
| Ar > A| 4 ) M2 . (o)) Zeo
| | TP, & (p)] %
A ) ) Yy [z )= 4 xi= Kl
(Z - /{ ?{pr. }) TP{PJEZ-(?I)] ‘ > Ao >
AP, = ()], ™

wig. - })\ Zr)
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in 26sin @
sin 28 cos @

V =S

x=co5 20

—
—

Lid
b
X [ |
— R, -
| §
N Y
il _ B T TR B PO W W e L S _|_|._|.“ = M\
g 8 § 8§ Y
=) S = =
m - I
= — R
(= I~ G |
2 o= =

s
3
T
2
B
0
I

(2kE+1)
@=(2k'+1)

1
o
i
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Optimal mput values: &

Pirsa: 08080040

A@ g



! . =i o ey S) L =
E‘i}j(k) = Z-mnjj’ A J (PFL jTE[PHG_EH P ETL }]Xm--n

(TP (p)]) [ 7 })

| ZI‘) e A| I) TP £ (p)] T

Tr(P 5 £ (p)] Koo

i _| TR £ (p)] . T
A(X( )}Z(f}?{pi}) |2 )= s z)= K > 16x1

THE, = (0] 129
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Maxumize I‘det AI

0.E5 |_¢-_'_ ==

it | P A

o

=

=]

A

|w€>:c056}++>£ +ef‘“'sin§|——->&5

slpaiule ) .’__\

§ 4

=z
8
T
2

(2k +1)
o= 2k'+1)

Optimal mput values: &

x=cos 26

sin @

V =Sl

-

26
sin 26 cos @

[ —
o
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26sm @
sin 26 cos @

&
X =cCcos 26
V=S
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\ o ik ki {Lg} v {Sﬁ'}
pi{k) = Z-mrlj v AT (p&)TF[PH‘:Fm P gy ']X-ﬂm

“YEn

(TP, (o)) et
| 12 t T P ¢-f='r (el Kot
X )=Alx) TP, (p)] %
; TH P __Erﬁpt)l A%
AfyS AFY § o0 z)=| T 2)= 16x1
(Z v A {p i }) TP = (p.)] ‘ > Ao >
TP £ ()] 2 )
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Example 1 _
| i— ;{;} _ |
Effective mput state: p{"} 3 ~ _ F@&I+ 3™ p(”
4
Effectiv e un J—AY '
Modification m data analysis:

ﬁ.[g(pﬁi) }P(ﬁ] g lml{ﬁﬁ'[s(p&} )P(ﬁ] I ﬁ;(ﬂltﬁ)!’ 4
Example 2: Generalized depelarizing noise

_ 26)
Effective input stafe: p&} }1 f IR7 +£,&'}Up@-}U i

tr[e( p(ﬁ} ) P(f}] 3 38 A{ﬂzr[g({f piﬁ}UTlPU}] (- 1@ ‘a(f}) /4
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Example 1:

Effective mput state: pf‘i} N -4 QI+ 19 p(z)
4
: 7()
Effective measurement: (F) | =
Py =

Modification m data analysis:
trle(p)PP]
Example 2: Generalized depelarizing noise

1— 28
4

Effective mput state: pﬁ} >

IR+ 29U p¥'U!

(PP 5 29290 pPUNHYPD 1+ - 2929/ 4

irsa: 08080040 Page 81/83



» Dynamical open-loop/learning control of quantum Hamiltonian Systems.
» Utilizing 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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