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Introduction: Open quantum system

System 4 Environment )
- Microscopic - Usually macroscopic
- Coherent/entangled etc. - Usually stable, act as heat bath etc.
e.g.) Superconducting qubits AN e.g.) Room temperature obj.

e.g.) Cold atom, Trapped ions e.g.) Measurement backaction
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Introduction: Open quantum system

System 4 Environment )

- Microscopic - Usually masgoscopic

- Coherent/entangled etc. When environment is traced out,

system with dissipation is left.

e.g.) Superconducting qubits
e.g.) Cold atom, Trapped ions

interact

e.g.) Mgasurement backaction

- | linear ion trap

lens

ion qubits

CCD
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Taken from Garcia-Ripoll et al., J. Phys B ('05) 3



Time evolution and eigenstates in isolated/open systems %Wunqsys

Time evolution

System : Eigenstates Remarks
equation
5 Pure - Application of NISQ to
- d|Y) A oA - Quantum chemistry
solated = h— = =H|v)  H[Y) =E|Y)  Finance

Hamiltonian | Ground/excited states
= - Numerous investigations done

Mixed ,C/O =0 - Important to understand
n Steady state - transports in quantum systems
dp(t) - -

- non-equilibrium topo. phase

Open e Lo(t) Target today
Liouvillian Lp= A\p - Few algorithms,
T Decaying modes - No demonstration in NISQ

Quantum master equation assumes
1. time-homogeneous, Markovian process
2. CPTP (completely-Positive and Trace-Preserving)
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Our proposal: dissipative-system VQE (dVQE) algorithm

1. Encode mixed state in quantum circuit 2. Define cost function
= [V (0,) @ V*(0, At A
po) = | (N) (6)] -  (p| LT L)
_ arg min
n=1

Execute optimization 3. Measure observables
o }? T Y @) |q1) lan) — 7aN
8 102 \- - q?/> q?> 2 V e
. q3) |a3) |g3) — 7N
10—4_; 0‘0 SPSA | N A L A V_‘_AV
R B N i ki > (A) =) Aq(dq] q)
# of shots (x10°) MomentumSGD
Mod-BFGS q
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1. Encoding mixed state into variational quantum circuit

Physical requirements for density matrices (general mixed state)

(D IOT — P (Hermiticity) | —a— Encoded in ansatz
(1) (blplp) > 0,7 [¢h) € H  (Positivity)
(IH) Tr[p] — 1 (Unit trace) —eas— Assured in actual measurement
(Step 3)
Requirements (1),(1l) in matrix/vector representation
Matrix rep. Vector rep.

p=>_ pijli){Jj| —> |P>:Z%‘i>7’®|j>«4
i i

C: normalization

(1), (I1) is equivalent to rewriting . Choi . States are mapped as const
isomorphism '

p=VDVT p)=[VeV*|D)
D = diag ({A\q}) D) = DI|0) = Zq: %Iqh» @ |d)a

where A > 0
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1. Encoding mixed state into variational quantum circuit

Physical requirements for density matrices (general mixed state)

(I) IOJf — P (Hermiticity) | —ag=— Encoded in ansatz
(1) (blplp) > 0,7 [¢h) € H  (Positivity)
(ITI) Tr[p] =1 (Unit trace) —ea— Assured in actual measurement
(Step 3)
Requirements (l),(I1) in matrix/vector representation Our ansatz
Generate Entangle as Basis rot
Vec;or rep. {/lq} ‘q> ® |q> y
YRR - 0) — ®
o)=Y Lliye ®1i)a o
ij 0)p<10) - D ’ V
Choi isomorphism maps states to 0) — * | >
p)=VeV*]|D) 0) & Y
~ A & X
D)=Dl0) =Y Hlap@laa VA0 ° 4
— 0 >

) is chosen to produce positive wavefunciton (see next page) 7
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Examples of variational quantum circuits

Circuit for eigenvalues {1 } : D Our ansatz
(a) XDl (b) E-----------r--101>- --------------------- -. -------- -E-_ o
/ i N 0 0 N ° ._ -
R, T R, : 0)» < |0) D V
: 0) *— -
R,— R R, : : :
: - r : (10) & - -
h R — By - 5
\ () Y y, Y ‘O>A< O) __ V>|< .
where angle B of each Ry=exp(-i0Y/2)) satisfies 0 < 0 <« \ 0) 3 L

so as to /1q20

Circuit for basis transformation: V D)
e.g. hardware-efficient ansatz ‘,0> __ [V R V*] |D>
XDQ

- o - ~ A

g N\ DY=Dl0) =) =4
R,HE, I R, H .} D) = D|0) Z = la)p @ ()4
LR I Ry 2, >0
R, i ) 1




2. Define cost function — variatil earch of steady states &Wunasys

Markovian master equation in Lindblad form

Llpt) = | ~i(H@1-1@ ")+ 3 %D | 1)

Unitary evol. Non-unitary evol.
where

N A A 1 A R R | PN
DIT;] :P@Pj—irjrim—l@ffrj

(e.9.I'; = o, for spontaneous emission, Ty effect)

Stationary state as kernel Cuietal. PRL("15) ‘ Spectrum of LTL

Llp) =0 = £T£|p> =0 Real, non-negative

. . _ Steady
This allows us to obtain steady state via state

spectrum

Re(A)
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3. Measure Observables — efficient way

Naive way: Our proposal:
Vector Representation using 2N qubit Matrix Representation using N qubit
(A) = Tr[pA] (A) = Tr[pA] = Z Aq(tal Altrg)

1

— (Z<Z§ X <ZA) A® i|p>, = Z Mg ( Q|VTAV‘q>

- Post-select "diagonal terms” - Determine {Aq} from sampling
- Exponentially inefficient - Measure with initial bit q with weight A,
10) ’
0 0) ®
)7 ; D V a1) — Sampling
) 0)p o l2) — V = (q|VIAV|q) x\
0) & \ g5) —
0).4 4 |0) |V
10)

10
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Demonstration of our proposal iantum Ising model

Model
Hamiltonian: ZZ coupling and traverse-field 4 = ZU 0741 +QZU§G

(/

D|SS|pat|on: Local damplng & dephasmg (1) O' C,,(;2) — 0'7';2 with amplitudes Y1 =1, Y2 = 0.5

A

N—1
| o~ A (a P | PR PO
Lp) = (Z(H@)]l 10 HT) +3 ) 7Dl >]) ) DIIY] :Fi®rj—§rjri®1—1®§rfr;

¥

Calculating magnetization curve and density matrix fidelity by dVQE

Quantum simulation on real NISQ device

(Aspen-4, Rigetti, 2N=2 qubits) Numerical simulation, 2N=4 qubits
-4, 2N=
- 100 :_100
| | |
circles: data of mag. 0.2- - 02 S __ 0 o _
| ! | R S ik el T S —,—, 9. __
dashed lines: exact mag. S 00 SN R S — ¢——— @ ————————mm e 10-1 Q 0.0 B P
o ___ ¢f — P -
. ® | | - i ) ~— — == —1 =h
triangles: ~T-02{ X 0/,—0—”‘: ‘ = 7 —0.2 ° gf; < 1074 &
. . . P . /”’ (L /\_ /,/ (_L.
infidelity btw. exact state S~ —0.4- : <3Z/> e E P~ —0.4 ° (z) | % Z
~—0.6 - \Z) /0/ 5-10_2 ?—0.6- /Q'
i</—0 8 A ® /// I ~ —-0.8- /// ~
| e | - 11072
_1.0_ —’,/ pany | _1.0_ |—” T T T T 1 T T T |
00 05 1.0 1.5 2.0 25 3.0 3.5 4.0 00 05 1.0 15 20 25 3.0 35 4.0 1 1
g 9
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Summary

- VQE-based algorithm for steady states in Markovian open quantum system (dVQE)

- Numerical/Experimental demonstration in dissipative quantum Ising model

o transport properties in nano devices/molecular systems
- Applicationsto o are expected
dissipative phase exploration in condensed matter systems

[10) ° - 10°
~ i
~ 0.2 j
0)p < |0) ) ’ |V4 o] At e e
N o---®-""® =
L10) o ~ 021" e (X) —_.e==="9 10-1 2
o~ (V) -9 _ o
( 10y 2 04T e (z) T ® - F
?—0.6- y |
* /// i
04{ % el N TN e
_1.014 = :
\ 0} 00 05 1.0 1.5 2.0 25 3.0 35 4.0

g

Yoshioka, Nakagawa, Mitarai, and Fujii, arXiv: 1908.09836
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SUPPLEMENTARY MATERIALS



Encoding mixed states into pure states

Choi isomorphism

IO_ZP’L]‘ — |p) = Z )P @ 7).

II)H'P

Map N qubit mixed state = 2N qubit pure state

(E QundSys
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Details of optimization — sequential minimal optimization (%‘Wumsys

Nakanishi-Todo-Fujii method Nakanishi, Fuji,&Todo, arXiv:1903.12166

- Use periodicity of cost function w.r.t. angles 6

v

R,
Ry— R,
R,
R R

- Sine-curve-like structure with periods: 0)
- 27 for ordinary rotation gates 0) — R,
|
- 2M*1 7 for CM)-Rotation
-2n/M it O appears M times 0)
0)
Cost function landscape in 2N=4 qubits

(a) 271 period, Ry (b) 47 period, CRy (c)

40 40
i . o
=301 711N :i 5 30.-
g + + + | | + 25 1
& 20 | 0 50
§10 + \ + > a

+ e Samples 0- 10-
—— Fitted 5 -

10 e Exact

V>l<

& 2 period, Ry x 2
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Gate error mitigation

Quantum simulation with redundancy Heya et al., arXiv:1904.08566

1. Encode redundancy in the circuit using equation
Cost function (2N=2, real NISQ device)

E
Rx(::ﬂ'/Q) — RZ (7‘(’) (Rx(::ﬂ'/Q)) RZ (7‘(’) L
CZ=CZzE 10
S 15
forodd€& € {1,3,5,...} ¢
2 1.0
2. Sample cost function I
U o5- £=1
3. Mitigate by linear extrapolation w.r.t € £=3
—— £ =
0 2 4 6 8 10 —— Mmitigated
Angle —— Exact
Numerical simulation: depolarizing (a circuit parameter)

1. Applying depolarizing channel for each k-qubit gates as
4% — 1
pr=p' =1 =pr)p+ ——pil
rate

2. Sample cost function

3. Mitigate by linear extrapolation w.r.t. py

(E QundSys

16


https://arxiv.org/abs/1904.08566

