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quantum technology and quantum networks

photo- quantum quantum
chemistry engineering computing
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scalable systems = quantum networks
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the software toolbox

Michael Goerz

Modeling

QNET # python

Design and analysis of photonic
circuit models

* QHDL model

+ SLH formalism

» symbolic quantum algebra
« circuit component library

« visualization

yields Master equation of quantum
network

Q https://github.com/mabuchilab/gnet

Python
Ecosystem

a jupyter
@ sympy o
[ matplotlib

Simulation & Optimization

QDYN Fortran

high performance quantum
simulation and optimal control

« Spectral methods

+ Chebychev/Newton propagator
* Krotov's method

+ Grape/LBFGS

Solves equation of motion and
control problems

Q https://github.com/goerz/qdynpylib
http://bitly.com/agkoch-kassel

QSD G+
Quantum Trajectories solver
O https://github.com/mabuchilab/gsd-mpi

clusterjob @ python
Drive HPC compute jobs
() https://github.com/goerz/clusterjob

& QuTip
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numerical optimal control

optimization functional
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numerical optimal control

optimization functional
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iterative scheme: ¢((t) — ¢((t)

propagation
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numerical optimal control

optimization functional

JT—1—— & (T

— 0

iterative scheme: ¢((t) — ¢((t)

propagation Applications:

m state preparation
m quantum gates, entanglement creation

m robustness to qu. and classical noise
iteration m performance bounds (QSL,
\_/‘ parameter exp/oration)
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mapping the design parameter landscape of cQED

g T
L
s -

ety
(=Y
[Blais et al, PRA 75, 032329 (2007)]

transmon qubits:
optimal system
parameters?

m qubit
frequency,
anharmonicity

E qubit-cavity
coupling,
detuning
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mapping the design parameter landscape of cQED

T=50ns

field-free

[Blais et al, PRA 75, 032329 (2007)]

tl’a nsmon qubItS v minimization
optimal system
parameters?

m qubit
frequency,
anharmonicity

m qubit-cavity - Aclg aclg aclo
coupling, identify new parameter regime!
detuning arXiv:1606.08825 (2016)
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quantum networks
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a two-node network

cavity 1 édetector cavity 2
)1 )2
)/ \g /N
—-o0— —e— —— —o—
el doh 06—y = o) le)2 )

[Cirac et al, PRL 78, 3221 (1997)]
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a two-node network

detector N
cavny 1 cavny 2
m ’ Faou:
\ QQ t/ g
°>/ l9) K \
1
an agu)t =)

[Cirac et al, PRL 78, 3221 (1997)]

m each node j (after adiabatic elimination):

m H; = —oala; — igi(t)(6,a; — 6_a))
m Lindblad operator v2x4;
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a two-node network

detector N
cavity 1 cavny 2

Ao

(1)

agut(t = 7)

[Cirac et al, PRL 78, 3221 (1997)]
m each node j (after adiabatic elimination):
m H; = —oala; — igi(t)(6,a; — 6_a))
m Lindblad operator v/2r4;
m input-output theory (SLH framework): (cougn, sames]
= A=A, + A, +in(ala, —aah)
m Lindblad operator v/2x(a1 + &)
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a two-node network

detector N
cavny 1 cavny 2

Al

1 (1)
agut(t = 7)

[Cirac et al, PRL 78, 3221 (1997)]
m each node j (after adiabatic elimination):
m H; = —oala; — igi(t)(6,a; — 6_a))
m Lindblad operator v/2r4;
m input-output theory (SLH framework): (cougn, sames]
= A=A, + A, +in(ala, —aah)
m Lindblad operator v/2r(a; + &7)
challenges:
m large combined Hilbert spaces (for larger networks)
m inherently dissipative (at the same scale as interactions!)
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a two-node network

o0 e Default
def [fode_hamiltonian():
H = —6%0p_n + (ger2/A)+0p_n+0p_gg \
-I % (g/{2%A)) * 0 * (Op_eg+Op_a - Op_gex0p_a_dag)
return H
@® O ® / = Mabuchi PRL78.3221 def setup_anet_sys():
— Syml, Opl = gnet_node_system{'1', n_cavity,
C | @ localhost:47962r zero_phi=zero_phi, keep_delta=keep_delta)
— H1 = node_hamiltonian(Sym1, Op1,
File Edit View Insert Cell Kernel stark_shift=stark_shift, zero_phi=zero_phi,
keep_delta=keep_delta)
e Sym2, Op2 = gnet_node_system('2', n_cavity,
4 zero_phi=zero_phi, keep_delta=keep_delta)
In [8]: from two_node_slh import gni H2 = node_hamiltonian(Sym2, 0p2,
= | stark_shift=stark_shift, zero_phi=zero_phi,
= keep_delta=keep_delta)
. e | S = identity_matrix(1)
In [9]: n_cavity = 2 L1 = sympy.sqrt{2#x) * Opl['a’]
= L2 = sympy.sqrt{2#x) % Op2['a']
- | SLH1 = SLH(S, [L1,], H1)
| SLH2 = SLH(S, [L2,], H2)
In [10]: SYS = |setup_gnet sys(n_cavi components = [SLHL, SLH2]
= connections = [ ((@,0), (1,8)), ]
return connect{components, connections), Syml, Opl, Sym2, Op2
n ) NORMAL  slh.p 36% 9 14/3 python utf-8[unix] master
[11]: S¥S.H 4 =
Neomake: pyflakes completed with exit code 1
-
n : T . 51 0 e} i
O B el e, + ik, Geay = 5 Bl Bemy = IKeay, By — 0Ly ey, + 0
gy + i :
+ o™ A, + 1 ™ G, Gesy
In [12]: SYS.L
091121t (/24 R, + V2 R, |
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quantum trajectories

Quantum trajectory: specific realization of an evolution in
Hilbert space, and (bath) measurement record
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quantum trajectories

Quantum trajectory: specific realization of an evolution in
Hilbert space, and (bath) measurement record

m homodyne/heterodyne measurement
= 1t6 Calculus, QSDE

m photon counting = quantum jumps
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quantum trajectories

Quantum trajectory: specific realization of an evolution in
Hilbert space, and (bath) measurement record

m homodyne/heterodyne measurement
= 1t6 Calculus, QSDE

m photon counting = quantum jumps

...or a numerical tool for the ensemble dynamics!
(in lieu of master equation)
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quantum trajectories

Quantum trajectory: specific realization of an evolution in
Hilbert space, and (bath) measurement record

m homodyne/heterodyne measurement
= 1t6 Calculus, QSDE

m photon counting = quantum jumps

...or a numerical tool for the ensemble dynamics!
(in lieu of master equation)

ensemble dynamics

N—oo

PO =5 3 [Va(e)) (Va(t)

N—oo

<O(t)> = tr [pTO(t)] = % > <C)(t)>n

n=1
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the quantum jump (MCWF) method

for each trajectory |W,):

[Dum et al. PRA 4879 (1992); Mglmer et al. JOSAB 10, 524 (1993)]

effective Hamiltonian Hee = H — 2 5. L
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the quantum jump (MCWF) method

for each trajectory |W,):

[Dum et al. PRA 4879 (1992); Mglmer et al. JOSAB 10, 524 (1993)]
. . A e
effective Hamiltonian Heye = H — 5 . L;L;

random number r € [0, 1), propagate until
V() W(g)) =r.
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the quantum jump (MCWF) method

for each trajectory |W,):
[Dum et al. PRA 4879 (1992); Mglmer et al. JOSAB 10, 524 (1993)]
effective Hamiltonian H. = H — %‘ > I:,TI:;
random number r € [0, 1), propagate until
V() W(g)) =r.
Apply an instantaneous quantum jump
\W(t;)) — L, |W(t;)) use L, with relative probability
(W(t)IL,La V(1))
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the quantum jump (MCWF) method

for each trajectory |W,):
[Dum et al. PRA 4879 (1992); Mglmer et al. JOSAB 10, 524 (1993)]
effective Hamiltonian H. = H — %‘ > I:,TI:;
random number r € [0, 1), propagate until
V() (L)) =r.
Apply an instantaneous quantum jump
\W(t;)) — L, |W(t;)) use L, with relative probability
AT A
(V(t)IL,LaW(1;)).
@A After the jump, normalize |V(t;)), draw a new random
number r € [0,1) and continue the propagation.
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the quantum jump (MCWF) method

for each trajectory |W,):

[Dum et al. PRA 4879 (1992); Mglmer et al. JOSAB 10, 524 (1993)]

effective Hamiltonian H. = H — %‘ > I:,TI:;

random number r € [0,1), propagate until
V() (L)) =r.

Apply an instantaneous quantum jump
\W(t;)) — L, |W(t;)) use L, with relative probability

AT A

(V(t)IL,LaW(1;)).

@A After the jump, normalize |V(t;)), draw a new random
number r € [0,1) and continue the propagation.

Can we optimize over individual trajectories |W,)?
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optimal control of
quantum trajectories
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methods of optimal control — gradient-free

gradient-free: relies only on evaluation of functional

m use e.g. Nelder-Mead simplex
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methods of optimal control — gradient-free

gradient-free: relies only on evaluation of functional
m use e.g. Nelder-Mead simplex
m CRAB: truncate the search space

[Doria et al, PRL 106, 190501 (2011)]
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methods of optimal control — gradient-free

gradient-free: relies only on evaluation of functional
m use e.g. Nelder-Mead simplex
m CRAB: truncate the search space

[Doria et al, PRL 106, 190501 (2011)]

Works great when there are only a
handful of control parameters.

Good for obtaining guess pulses!
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methods of optimal control — gradient-based

typical functional: Jr({74}), >
K = <ktgt ‘ O(T, 0) ’ k> 0)e—__F—— 810
)
)

m Grape/LBFGS: use gradient ‘)JT ro : T

[Khaneja et al, JMR 172, 296 (2005); de Fouquiéres et aI JMR 212, 412 (2011)]

8’7k
—_ tgt k) = t;
oe; = <k > <Xk( 1)

. . 90; . .
Unt—l---Uj+1 a—ejjuj,l...ul

a0,
Tﬁj ¢k(tj)> ,
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methods of optimal control — gradient-based

typical functional: Jr({74}), >
K = <ktgt ‘ O(T, 0) ’ k> 0)e—__F—— 810
)
)

m Grape/LBFGS: use gradient ‘)JT ro : T

[Khaneja et al, JMR 172, 296 (2005); de Fouquiéres et aI JMR 212, 412 (2011)]

0T
— ( ktet k t
7, < > <Xk( 1)

m Krotov's method: constructive pulse update
(time-continuous)

oA
Oe
€

[Zhu et al, JCP 108, 1953 (1998); Palao, Kosloff, PRA 68 062308 (2003);
Reich et al, JCP 136, 104103 (2012)]

_ 80;

Unt—l UJ+1 aEJ Uj 1- U1

a0,
d e ¢k(tj)> )

3 e

i i aJ
¢£*”(t)>; )y =- T

0 (Pl o

(T
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gradient-based trajectory optimization

Grape/LBFGS: %—?_f — ...
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gradient-based trajectory optimization

Grape/LBFGS: J a”f 7
Krot OJr OK
rotov: 206l |07y
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gradient-based trajectory optimization

Grape/LBFGS: J BUJ 7
Krot OJr OK
rotov: 96| 07y

Krotov optimization procedure

Each trajectory contributes to pulse update Ae(t) — average
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gradient-based trajectory optimization

Grape/LBFGS: J a”f 7
Krot OJr OK
rotov: 206l |07y

Krotov optimization procedure

Each trajectory contributes to pulse update Ae(t) — average

cf. “ensemble optimization” for robustness
[Goerz et al., PRA 90, 032329 (2014)]
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gradient-based trajectory optimization

Grape/LBFGS: J a”f 7
Krot OJr OK
rotov: 206l |07y

Krotov optimization procedure

Each trajectory contributes to pulse update Ae(t) — average

cf. “ensemble optimization” for robustness
[Goerz et al., PRA 90, 032329 (2014)]

2 N
1 0JT.sm 1
Iram =35 227 = = G o = <2ZT/> K,
N* 1% 0 {dxl #(T) N* =
1 07 e 1
J7-7,e:—9%e Tk — — ’ = |k
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example: directional state transfer

N detector N
cavity 1 cavity 2

Ir)l m aou! 7‘)2
[ﬂl(t)/\g §| KQQ ®) /\g
-0— —e—
le)1 lgh J(t—1) = a®t €)2

[Clrac et al, PRL 78, 3221 (1997

H=H, +H,+ixala, —aa), [=v2kE +4a)
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example: directional state transfer

detector

cavity 1 cavity 2
|r)1 in Qout 7)2
fult)\g d_k@[ K t/\g
—-0— —o—
leds  |gh ot = ) = a2 (2)

[Clrac et al, PRL 78, 3221 (1997
H=H, +H,+ixala, —aa), [=v2kE +4a)

Time-symmetric solution to |10) — |01)
with dark state condition L |[W(t)) =0

1.0 T 025 T 1 " T 1 100
_osl 4 o020} I\ — (n) = 80
o 0 I
S0.6] = 00 1 o) ( < z>>_ < 0
=2 — (] ~ 40
204 01 1 o1} 8
g [ —10 I\ 3 20
02} 11 4 005} | \ - 0
0.0 [ | S R | 0.00 T N A . S | ~20 I I N N | | |
-4 -3 -2-10 1 2 3 4 -4 -3 -2-10 1 2 3 4 -4 -3 -2 -1 0 1 3 4
time (microsec) time (microsec) time (m|crosec)
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optimal control solution for state transfer

density matrix optimization: |10) (10| — |01) (01|  tv. ontsui

1.0 025 1 T T 1T T 1
020} —_— ()
g - () | =
506 015 1 =
g —Wl g
20.4 0.10} 4 ¢
3 >
0.2 0.05 - 4 2
0.0 0.00 L [l W 20 I I N N NN |
-4 -3 -2-10 1 2 3 4 -4 -3 -2-10 1 2 3 4 -4 -3 -2-10 1 2 3 4
time (microsec) time (microsec) time (microsec)
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optimal control solution for state transfer

density matrix optimization: |10) (10| — |01) (01|  tv. ontsui

1.0 0.25 I I I I I I I
020} —_— ()
g - () | =
506 015 <"'2> 1 =
= — (], ~
3204 0.10} 4 9
3 =}
0.2 0.05 |- 4 ©
0.0 0.00 ! L1l -20 IR N N TR N N
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
time (microsec) time (microsec) time (microsec)
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optimal control solution for state transfer

density matrix optimization: |10) (10| — |01) (01|  tv. ontsui

1.0 I I 0.25 I I I I I I I
020} —_— ()

5°T il | B
50.6[- = 00 H o015 e =
= — (], -~
304 — 01 4 o0} 4 8
o — 10 >
=3 | ] a

0.2 1 41 oo0s

0.0 1 L L 1 0.00 | 1 1 1 | -20 | 1 | 1 | 1 |

-4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
time (microsec) time (microsec) time (microsec)
MCWEF optimization: |10) — |01)

1.0 025 1 T T T T 1

08 0.20} — )] _

§ - | Z

%o.s 01s5|- =

= — (], ~

30.4 0.10} 2 4 9

g =}

0.2 0.05 4 ©

0.0 0.00 [ I ~20 I I TR N N N
-4 -3 -2 -1 4 -4 -3 -2 -1 1 3 4

2 0 2
time (microsec)

time (microsec

2
)
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optimal control solution for state transfer

density matrix optimization: |10) (10| — |01) (01|  tv. ontsui

1.0 I I 0.25 I I I I I I I
020} —_— ()

5°T il | B
50.6[- = 00 H o015 e =
= — (], -~
304 — 01 4 o0} 4 8
o — 10 >
=3 | ] a

0.2 1 41 oo0s

0.0 1 L L 1 0.00 | 1 1 1 | -20 | 1 | 1 | 1 |

-4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
time (microsec) time (microsec) time (microsec)
MCWEF optimization: |10) — |01)

1.0 025 1 T T T T 1

08 0.20} — )] _

§ - | Z

%o.s 01s5|- =

= — (], ~

30.4 0.10} 2 4 9

g =}

0.2 0.05 4 ©

0.0 0.00 [ I ~20 I I TR N N N
-4 -3 -2 -1 4 -4 -3 -2 -1 1 3 4

2 0 2
time (microsec)

time (microsec

2
)
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outlook

m “Hybrid optimization” (combine gradient-free and
gradient-based methods); pulse smoothing

101 ]
N — U (direct)

8
5

102 ...

100 b

104 b

10°
10° 10! 102 10*
OCT iteration

[Goerz et al, EPJ Quantum Tech. 2, 21 (2015)]

m Optimize with non-Hermitian Hamiltonian
A i
eff = Z L;

for weak dissipation and unitary target
m Optimize dark state condition <IA_TIA.> =0

[Palao et al, PRA 77, 063412 (2008)]

= Second order Krotov, inhomogeneous bw-propagation
[Reich et al, JCP 136, 104103 (2012)]
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summary & conclusion

m Quantum trajectories are highly scalable approach to
simulating open quantum systems (MPI!)

m Toolbox: QNET (Stanford) and QDYN (Kassel)

m Krotov's method allows for trajectory optimization

m Grape/LBFGS: open question
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summary & conclusion

m Quantum trajectories are highly scalable approach to
simulating open quantum systems (MPI!)

m Toolbox: QNET (Stanford) and QDYN (Kassel)

m Krotov's method allows for trajectory optimization

m Grape/LBFGS: open question

Thank you!
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