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network model

single node:

Fl(l) _ I:Iél)

+ (1) <&eg ®al + c.c.)

E(l) =V 2%51

cf. Cirac et al, PRL 78, 3221 (1997)
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network model

Node 1 Node 2 ... Node N
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SLH formalism (Gough, James):

{(I:l(i), {f(i)})} of nodes — (H, {L}) of network
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network model

Node 1 Node 2 ... Node N
= = P
S

/&JL...%

SLH formalism (Gough, James):

{(I:l(i), {f(i)})} of nodes — (H, {L}) of network

N QNET: computer (quantum) algebra software

n https://github.com/mabuchilab/QNET

Michael Goerz e Stanford/ARL e Efficient numerical optimization via quantum trajectories

3/13


https://github.com/mabuchilab/QNET

network model

Node 1 Node?2 ... Node N

== P P

1 i#j i=1
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network model

Node 1 Node?2 ... Node N
= = P

el il

N ) N
ZI:I +Zmaaj+cc fz@Zé,
i=1 i=1

i#j

m Hilbert space dimension exponential with N
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network model

Node 1 Node?2 ... Node N
= = P
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N ) N
ZI:I +Zmaaj+cc fz@Zé,
i=1 i=1

i#j

m Hilbert space dimension exponential with N

m node-node interaction and decay both o x
= dark state <\U‘I:TI:|W> =0
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quantum jump method (MCWF)

see Dum et al. PRA 4879 (1992); Mglmer et al. JOSAB 10, 524 (1993)
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non-Hermitian effective Hamiltonian I:Ieff =H+ > I:jIA_,
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propagate until [W,(t)]* = r.
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quantum jump method (MCWF)

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

non-Hermitian effective Hamiltonian I:Ieff =H+ > I:jIA_,
random number r € [0,1);
propagate until [W,(t)]* = r.
choose L; with relative probability (Ejl:,)wk;
instantaneous jump |W,(t)) — L; |W,(t)) (normalized)
@A new random number r € [0, 1) and continue the
propagation.
H normalize any resulting [V, (t))

trajectory averaging:
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generating entangled Dicke state

Node 1 Node?2 ... Node N
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el il
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generating entangled Dicke state

Node 1 Node?2 ... Node N

== P P

el il

Dicke state: distribute a fixed excitation number over all nodes

Michael Goerz e Stanford/ARL e Efficient numerical optimization via quantum trajectories 5/13



generating entangled Dicke state

Node 1 Node?2 ... Node N

== P P

el il

Dicke state: distribute a fixed excitation number over all nodes

for single excitation:

110...0) = ——(]10...0) 4 [01...0) + - - - + [00... 1))

=
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generating entangled Dicke state

Node 1 Node?2 ... Node N

== P P

el il

optimal control problem

find control fields uy(t) ... un(t)
that drive |W(0)) — |W(T)) = |V)

tgt
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generating entangled Dicke state

Node 1 Node?2 ... Node N

== P P

el il

optimal control problem

find control fields uy(t) ... un(t)
that drive |W(0)) — |W(T)) = |V)

tgt

minimize  Jr =1 — {(p( T)||Stgt>>
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gradient optimization

minimize  Jr =1 — {(p( T)|Istgt>>
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gradient optimization

minimize  Jr =1 — {(p( T)|Istgt>>

GRAPE/LBFGS Khaneja et al, JMR 172, 296 (2005)

on time grid: uj; = u;(t;); & = E(tj, tji—1)
oJr ~ (0) 85_, ~(0)
Auj; ) . . ’
Ujj u; << (tj)‘au,-j P (tj-1)
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gradient optimization

minimize  Jr =1 — {(p( T)|Istgt>>
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on time grid: uj; = u;(t;); & = E(tj, tji—1)
9T 809 S0
Aujj By = <<P (tj)‘au’_j P (ti—1) ),

Krotov's method Reich et al, JCP 136, 104103 (2012)

aux. functional J = Jr + >, S,-)Eit) fOT[u(I)(t) — ufo)(t)]2 dt

1

Au(t) = S'A(it) <<'3(0)(t)' aift)

p() )
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gradient optimization

minimize Jr=1—{p( T)||stgt>>

GRAPE/LBFGS Khaneja et al, JMR 172, 296 (2005)

on time grid: uj = u;(t;); &r = Ellig, i)
aJT A( ) 351 A(O) )
By o ST = ~((890)| 52 65 ).

Krotov's method Reich et al, JCP 136, 104103 (2012)

aux. functional J = J1 + >, s,-A("t) fOT[u(I)(t) — ufo)(t)]2 dt
o Si(t) /] 500 oc |.
Bufe) = (8 0) 2 pee) )

optimize using quantum trajectories?
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optimal control of trajectories

=1 (BDP)  p= im0 W
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optimal control of trajectories

1
Jr=1— lim MZH\Uk(THtht) |2

M—o0
k=1

=Tk
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optimal control of trajectories

M—oco M

Jr=1— lim —Z‘ (W(T ‘tht>|
\—,—/

Tk

GRAPE/LBFGS

M *
3JT : 1 0Tk 0Ty
— — &
ujj Mlnoo M kz_:l [6u,-j7k i Tk<8u,-j> :|
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optimal control of trajectories

M—oco M

Jr=1— lim —Z‘ (W(T ‘tht>|
\—,—/

Tk

GRAPE/LBFGS

0Tk o0
— <W§gz(1) u W(O(J 1)>

ujj ujj
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optimal control of trajectories

M—oco M

Jr=1— lim —Z‘ (W(T ‘tht>|
\—,—/

Tk

GRAPE/LBFGS

0Tk o0
— <W§gz(1) u W(O(J 1)>

ujj ujj

Krotov's method Palao, Kosloff, PRA 68, 062308 (2003).

with X (T) aJT T,EO) |Wigt)
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optimal control of trajectories

M—oco M

Jr=1— lim —Z‘ (W(T ‘tht>|
\—,—/

Tk

GRAPE/LBFGS

0Ty o0
Al <w§22<1> e w(°<J1>>

ujj ujj

Krotov's method Palao, Kosloff, PRA 68, 062308 (2003).
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quantum speed limit for Dicke state generation

100
i 92
: . o-e:
b How does tlmfa required oo
E to generate Dicke state o5
: . o-05
scale with network size? oo’
102
s
]
103 E
1074 E
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quantum speed limit for Dicke state generation

100

i 92

: . o-e:

b How does tlmfa required oo

E to generate Dicke state o5

: . o-05

scale with network size? oo’
102 3
.

]

103 E
1074 E

00 05 10 15 20 25 3.0 35 40 45 50 55 60 65 7.0 75 80
time (h/g)

= single trajectory allows to determine speed limit
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caveats

Krotov's method Palao, Kosloff, PRA 68, 062308 (2003).
~ 0 1
Aui(t) = ZJ (0 | | v ).

k=1

EAU,’k(t)
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caveats

Krotov's method Palao, Kosloff, PRA 68, 062308 (2003).

M
Si(t) N~ ms /O |y | @
Aui(t) = Wn: kz_:l:fm <Xk (1) ‘ Hi |V (t)>/,
EAU,’k(t)
m noisy pulses
__ 200}
c
% 0 /JVVA\'\/\.\
—200 - ] ] I I ] ] ]
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
time (h/g)

= smooth pulses every few iterations
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caveats

Krotov's method Palao, Kosloff, PRA 68, 062308 (2003).
M
Sit) S~ m /0O @ @
Aui(t) = %y kzzlgm <Xk (1) ‘ Hi |V (t)>/,
EAU,’k(t)
m noisy pulses
__ 200}
3
&
5 0 /JVVA\\/V‘\
—200 - | | ] ] | | ]
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Michael Goerz

time (h/g)
= smooth pulses every few iterations

no monotonic convergence
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cross-trajectory optimization

Krotov's method (in Liouville space)
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cross-trajectory optimization

Krotov's method (in Liouville space)

Aui(t) = /f/lgi\), i jm[<§l((°)(t)‘l3l,-‘w(kl)(t)>

x <tif‘k%)(t) |670)]

with P Z 1€k) (€l
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cross-trajectory optimization

Krotov's method (in Liouville space)

M

Aut) = ,fﬂ(’;) > am| (00| Ay | vR(e)

k'=1

x (V0 | €00)]

with B ( Z|§k (k|

cross-trajectory terms!
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parallelization approaches

EEN
MPI ——a mE OpenMP
HEEN
[ —
HENR
——H H N
HENR
[ —]
EEN
——H H N
HENR
[ —
HENR
scalable compute nodes, NN limited cores,

HENR shared data (cheap)

expensive data exchange =
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hybrid parallelization of trajectory optimization

(o) - fgﬁ?, i m[< o] o)
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hybrid parallelization of trajectory optimization

)= 0 3 an[ (8210 [ w210

" kk'=1
SUACIERON

m sending update Au;(t) is cheap
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hybrid parallelization of trajectory optimization

)= 0 3 an[ (8210 [ w210

" kk'=1
SUACIERON

m sending update Au;(t) is cheap

m sending states |,), W) is expensive
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hybrid parallelization of trajectory optimization

)= 0 3 an[ (8210 [ w210

" kk'=1
<(1) )5(0) >]

m sending update Au;(t) is cheap

m sending states &), ) is expensive

= proposal:
only cross-reference trajectories k, k' that are local
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