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two coupled transmon qubits

m each qubit:
anharmonic ladder

m coupled to cavity
(harmonic)

Blais et al. PRA 75, 032329 (2007)
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two coupled transmon qubits

m each qubit:

/7@\/§ anharmonic ladder
R m coupled to cavity

S (harmonic)

Blais et al. PRA 75, 032329 (2007)
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two coupled transmon qubits

m each qubit:
anharmonic ladder

m coupled to cavity
(harmonic)

Blais et al. PRA 75, 032329 (2007)

Full Hamiltonian

+ g&(ﬁiﬁ + BléT) + gz(Blﬁ + BQQT) +€e*(t)a+ e(t)é\lJr

Logical basis: eigenstates of H (“dressed states”)
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how should we choose system parameters?

W1, Wo, We, 01, 02, 81, & — o0 many parameters to map out
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how should we choose system parameters?

W1, Wo, We, 01, 02, 81, & — o0 many parameters to map out

physically relevant:
m effective interaction in the dispersive limit
H~ > (&qﬁq + e(t)gefF(Bq + BL)) + ggeff(ﬁiﬁz + 6162)
q
ff &

& =
Wq We
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m exploiting resonances
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B W] —wr R~ 20 [MAP: Chow et al, NJP 15, 115012]
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how should we choose system parameters?

W1, Wo, We, 01, 02, 81, & — o0 many parameters to map out

physically relevant:

m effective interaction in the dispersive limit
H~ > (&qﬁq + e(t)gefF(Bq + BL)) + ggeff(ﬁiﬁz + 6162)
q

off _ g
8 — ,
Wg — We
m exploiting resonances
B W] — Wy R O] [BR: Poletto et al, PRL 109, 240505]
B W] —wr R~ 20 [MAP: Chow et al, NJP 15, 115012]

= w1 = 6 GHz, a3 = —290 MHz, o, = —310 MHz, g = 70 MHz
vary: 45 < w. < 11.0 GHz; 5.0 < wy, < 7.5 GHz
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how should we choose system parameters?

W1, Wo, We, 01, 02, 81, & — o0 many parameters to map out

physically relevant:

m effective interaction in the dispersive limit
H~ > (&qﬁq + e(t)gefF(Bq + BL)) + ggeff(ﬁiﬁz + 6162)
q

off _ g
8 — ,
Wg — We
m exploiting resonances
B W] — Wy R O] [BR: Poletto et al, PRL 109, 240505]
B W] —wr R~ 20 [MAP: Chow et al, NJP 15, 115012]

= w1 = 6 GHz, a3 = —290 MHz, o, = —310 MHz, g = 70 MHz
vary: 45 < w. < 11.0 GHz; 5.0 < wy, < 7.5 GHz
Dissipation: 7. = 3.2 us, 74 = 13.3 us
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the parameter landscape

field-free entanglement

T =50 ns
11.0 1.0
10.5 0.9
10.0
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9.5
9.0 0.7
—~ 8.5 9] N
~ 85 ] = X
I 8.0 3
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o 75 [v]
c
3 7.0 S 0.4
6.5 0.3
6.0 02
5.5
5.0 0.1
4.5 0.0
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the parameter landscape

field-free entanglement

T =50ns
11.0 1.0
10.5 0.9
10.0 s m entangling gates:
9.5 choose €(t) so that
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the parameter landscape

field-free entanglement

T =50ns
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9.5 choose €(t) so that
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the parameter landscape

field-free entanglement

T =50ns
11.0 1.0
10.5 0.9
10.0 0.8
9.5
9.0 0.7
—~ 85 § 0.6
il;, 8.0 °§) 05
o 75 9
3 7.0 S 0.4
6.5 0.3
6.0 0.2
5.5
5.0 0.1
4.5 0.0

m entangling gates:
choose €(t) so that
C—1

m local gates:
choose €(t) so that
C—0

m what is the speed
limit?
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What is numerical
optimal control
all about?
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numerical optimal control

m solve equation of motion numerically

O(dt) = e ™M¥ = expand in Chebychev Polynomials

E(dt) = e7'*¥ = expand in Newton Polynomials

propagation

/OCT\
Ac iteration ¢

N
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m iteratively improve control €(t)



gradient-free optimization

Take into account only evaluation of figure of merit.

[Co(®) A

Doria et al. PRL 106, 190501 (2011)

e.g. Nelder-Mead (simplex), genetic algorithms. ..
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gradient-free optimization

Take into account only evaluation of figure of merit.

[Co(®) A

Doria et al. PRL 106, 190501 (2011)

e.g. Nelder-Mead (simplex), genetic algorithms. ..

advantages: disadvantages:
m any figure of merit m only for low-dimensional
m easy to use in experiment search space
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gradient-based optimization

Take into account derivative of figure of merit

m gradient descent/LBFGS: Ae ~ %JGT
concurrent scheme :
' 1l)e— s+ —e
needs aJT | ‘ Ol

] Krotov s method:

sequential scheme,

needs aJT| 00)e—— 0|00

Reich et al. JCP 136, 104103 (2012)
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gradient-based optimization

Take into account derivative of figure of merit

m gradient descent/LBFGS: Ae ~ %JGT
concurrent scheme :
' 1l)e— s+ —e
needs aJT | ‘ Ol

] Krotov s method:

sequential scheme,

needs aJT| 00)e—— 0|00

Reich et al. JCP 136, 104103 (2012)

advantages: .
g disadvantages:

m fast convergence : : .
& m fig. of merit not arbitrary

m high-dimensional search

m numerically expensive
space
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hybrid optimization schemes

Start with analytical formula, optimize free parameter
with simplex

A Use simplex-optimized control as starting point for
gradient-based method
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hybrid optimization schemes

Start with analytical formula, optimize free parameter
with simplex

A Use simplex-optimized control as starting point for
gradient-based method

S 10
] i ol (direct)
-2
S 10 3 —_ Jsm (direct)
2 3
8 10 == Jhe! (pre-opt.)
g 104 TN, e JF (pre-opt.)
a
° 10_5' — il il
10° 10! 10° 10°®

OCT iteration

Goerz et al. EPJ Quantum Tech. 2, 21 (2015)
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Optimizing quantum gates
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functionals for quantum gates

Hilbert space

2
;1) € {100),101),[10), [11)}
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functionals for quantum gates

Hilbert space

a 2
1 Jatel - )
Jr=1-= ;Mo u\,> i) € {|00Y, |01}, |10), |11)}
Liouville space = Goerz et al. NJP 16, 055012 (2014)

3
Jr=1- Z [AZ]%e{tr[tgtA(T)]}

8 0 0 O 1 1 1 1 1 0 0 O
~ 110 6 0 O 11 1 1 1 ~ _1f0o 1 0 0
PP=% 10 0o 4 o]"”7%[1 1 1 11"PT%|0 0 1 o0
0 0 0 2 1 1 1 1 0 0 0 1
populations phases subspace
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functionals for quantum gates

Hilbert space

4 2
1 data . .
Jr=1-= Z;Mo u\,> i) € {|00Y, |01}, |10), |11)}
1=
Liouville space = Goerz et al. NJP 16, 055012 (2014)
3
Jr=1-— Z [Az]i)‘ie {tr[ DD (T)]}
8 0 0 0 11 1 1 1 0 0 0
. _1fo 6 0o o] ., 1|1 1 1 1| ., 1o 1 0 o
PP=% 10 0o 4 o]"”7%[1 1 1 11"PT%|0 0 1 o0
0 0 0 2 1 1 1 1 0 0 0 1
populations phases subspace

= more advanced functionals
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quantum gates in the Weyl chamber

Az

4
€1/796 o8 0.1

Cartan Decomposition

~ A

0 = k; exp E (1646« + 06,6, + c3aza—z)] ko
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optimizing for an arbitrary perfect entangler

500 iters
—® PE
—0 ISWAP
e—e VSWAP
*—0 SWAP

optimization error

50 100 150 200 250 300 350 400

gate duration duration (ns)

= Watts et al. PRA 91, 062306 (2015)
Goerz et al. PRA 91, 062307 (2015)
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Charting the transmon
parameter landscape
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procedure

At each point (wc, wy), for control €(t) = EqB(t) cos(w, t):
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procedure

At each point (wc, wy), for control €(t) = EqB(t) cos(w, t):

random search

R =1—C(1l—emry, JP =1—(1-C)(1—emn)

pop pop
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procedure

At each point (wc, wy), for control €(t) = EqB(t) cos(w, t):

random search

R =1—C(1l—emry, JP =1—(1-C)(1—emn)

pop pop

H gradient-free optimization (simplex)
pulse parameters Ey, w;
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procedure

At each point (wc, wy), for control €(t) = EqB(t) cos(w, t):
random search

R =1—C(1l—emry, JP =1—(1-C)(1—emn)

pop pop
H gradient-free optimization (simplex)
pulse parameters Ey, w;

gradient-based optimization (Krotov's method)

optimize in Weyl chamber for (a) arbitrary PE, and (b)
local gate
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procedure

At each point (wc, wy), for control €(t) = EqB(t) cos(w, t):
random search

R =1—C(1l—emry, JP =1—(1-C)(1—emn)

pop pop

H gradient-free optimization (simplex)
pulse parameters Ey, w;

gradient-based optimization (Krotov's method)
optimize in Weyl chamber for (a) arbitrary PE, and (b)
local gate

Evaluate success via F,yg = f <\|l ‘ (e)TIfJ ’ \U> dv.
“Quality”: Q =1 (Favg((): PE) + Favg(f):SQ)>
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how well can we do local /entangling gates?

T =200 ns
1.0 11.0
0.9 10.5
10.0
0.8
9.5
0.7 9.0
g 8.5
806 m
[
tHos T8O
3 ~
%} . 7.5
c QO
SE°4 370
0.3 6.5
0.2 6.0
5.5
0.1 5.0
0.0 4.5

5.0 5.5 6.0

6.5 7.0 7.5
w2 (GHz
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how well can we do local /entangling gates?

T =100 ns

11.0 1.0 11.0
10.5 0.9 10.5
10.0 0.8 10.0
9.5 ’ 9.5
9.0 0.7 9.0
~ 8.5 § 0.6 ~ 8.5
I 8.0 [ T 8.0
2 El - R
S 7.5 g 775
370 SE°4 370
6.5 0.3 6.5
6.0 0.2 6.0
5.5 ' 5.5
5.0 0.1 5.0
4.5 0.0 4.5
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how well can we do local /entangling gates?

T =50 ns

11.0 1.0 11.0
10. 0.9 10.5
10.0 0.8 10.0
9 ’ 9.5
9 0.7 9.0
<8 gHoe6 385
T ] T
5 8 Hos S 8.0
o7 2 775
3 7 SH o4 3 7.0
6 0.3 6.5
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5. 5.5
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how well can we do local /entangling gates?

T =20 ns

(]
11.0 1.0 11.0 10
10.5 0.9 10.5
10.0 0.8 10.0
9.5 ’ 9.5
9.0 0.7 9.0
107!
= 8.5 g 0.6 ~ 8.5
[
\5_/ 8.0 Elo s if”, 8.0
7 7.5 2 775
370 SE°4 370
6.5 0.3 6.5 10-2
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5.0 0.1 5.0
4.5 0.0 4.5
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how well can we do local/entangling gates?

T =10 ns

1.0 11.0 10°
0.9 10.5
10.0
0.8
9.5
0.7 9.0 107!
YlHo.6 ,N\S-S
c
o I
tHos © 8.0
g L, 7.5
co0.4 3
O 7.0 102
0.3 6.5
0.2 6.0
0.1 5.0
1072
0.0 4.5
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quantum speed limit for all-microwave control

101

102

103

10! 10°

gate time (ns)
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population dynamics for a perfect entangler

w1 = wy = 6.0 GHz, w. = 6.3 GHz

c lue=0)=(00) |¥(2=0)) =[01) |%(t=0)) =|10) |9 (t=0)) =|11)

S - - - -

Eu o5k cawty_ o5k caV|ty_ o5k caV|ty_ o5k cawty_ _ <”>

G UII

500 e 0,0 et o.om 0.0 ey

gl.o— right qu it} 1.0k right qu lt_ 1.0k right qu It} 1.OLrlg\Qle_ _ <1>

© 0.5} 405 0.5 0.5F c o;

2 0.0 ﬂ 0.0 II ft gb't’ 0.0 =I ft Ib‘t’ 0-0F ;I ft Ib‘t"

10} eft qubity |t eft qubity . e qU'_1.O;Q: — )

S SE E 0;

3 e - - - total

_5 — 00

e 01

2 — 10

S i ‘ _ 11

0246 810 pulse

time (ns) time (ns) time (ns) time (ns)

Eo =215.7 MHz, w; =5.964 GHz = ¢,,, =13 X 103
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obtained gates

T =200 ns T =100 ns
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summary & conclusion

Conclusions

m Optimal control can be tool for systematic parameter
exploration

m For transmon qubits with all microwave control, fastest
gates in non-dispersive regime

m Universal quantum computing < 10 ns is possible
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gates in non-dispersive regime

m Universal quantum computing < 10 ns is possible
ei} Birgitta Whaley a Felix Motzoi
%.' Christiane Koch
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summary & conclusion

Conclusions

m Optimal control can be tool for systematic parameter
exploration

m For transmon qubits with all microwave control, fastest
gates in non-dispersive regime

m Universal quantum computing < 10 ns is possible
ei} Birgitta Whaley a Felix Motzoi
%.' Christiane Koch

Thank you!
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