
Christian Arenz 
School of Electrical, Computer, and Energy Engineering

Arizona State University  

UCMS Workshop Edinburgh 2023
Mathematical physics in quantum technology:

From Finite to Infinite dimensions

Speeding up quantum dynamics
From finite to infinite dimensional systems and back



Christian Arenz ICMS Workshop 2023 May 25th 2023

Can we do the opposite of dynamical decoupling?
We recall that dynamical decoupling 
aims to suppress interactions    by the 
rapid application of controls:

For rapid unitary kicks (bang-bang):

Trapped Ions
R. Blatt and D. Wineland,
Nature 453, 1008 (2008).

<latexit sha1_base64="p9fESvr9aAy1KXEhxUxgnRQ330M="></latexit>
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For finite dimensional systems, there always exist a 
decoupling set V such that (1) holds for all traceless       . 

(1)

Does there exist a control strategy, a set V of unitary transformations, that achieves 
the opposite of (1)?

What about infinite dimensional systems described by unbounded operators?
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M : H0 ! 0
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Hamiltonian Amplification (HA)
C. Arenz et al., Quantum 4, 271 (2020)
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M : H0 ! �H0, � > 1

Since for any unitarily invariant norm we have                                ,
HA is impossible (with unitary kicks) for finite dimensional systems.      
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kM(H0)k  kH0k

L. Viola et al., PRL 82, 2417 (1999); C. Arenz et al., JPhys A 50, 135303 (2017) 
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Outline of the talk

• General control theoretic setting

• Hamiltonian Amplification in infinite dimensions

• Experimental demonstration of Hamiltonian Amplification 

in an ion trap system

• Speeding up photonic quantum computations

• Conclusions and open questions
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Control theoretic setting

In the frame rotating with the controller the dynamics is given by 

where           is given by the Magnus expansion, which allows for defining 
HA more generally in a time continuous framework:

Possibly unknown Hamiltonian 
describing the system

Time dependent controller, e.g., 
shaped electric and magnetic fields

D. A. Lidar and T. A. Brun, Quantum Error Correction (2013).

For any unitarily invariant norm we then again have

There does not exist a controller that achieves HA in finite dimensions

Proof: There always exist a set of unitary transformation             that allows to 
express           as:
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H̄(t)
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H̄(t) = �H0, � > 1, for all t
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H(t) = H0 +Hc(t)

Consider a system described by a time dependent Hamiltonian of the form

D. A. Lidar et al., Phys. Rev. A 78, 12308 (2008).
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Hamiltonian Amplification in infinite dimensions
Displacements, interactions and quadratic Hamiltonians 

• Linear combinations:                                                          

• Quadratic Hamiltonians of the form: 

Parametric controls ``squeeze’’ the position and momentum operator             
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S(±)†xS(±) = xe⌥r, S(±)†pS(±) = pe±r, r 2 R
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S(±)

Phase insensitive amplification and enhancement 
of boson mediated interactions described by

Consider HA described by the rapid application of unitary kicks, so that in the 
Trotter limit the dynamics is given by
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Speed up of potentially unknown quantum dynamics
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H0 = cxx+ cpp,
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VHA = {S(±)}, MHA(H0) = cosh(r)H0
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D(↵) = exp(↵⇤a+ ↵a†),
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Error bounds
Hamiltonian Amplification in infinite dimensions
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Error bounds can be obtained by using the symplectic 
representation of quadratic Hamiltonians:

<latexit sha1_base64="h31vFliPQ1MVht6HgyA4J3d3K7g="></latexit>

S = e�A0⌦t 2 Sp(2N,R), A0 = AT
0 2 R2N⇥2N

Contains frequencies and couplings of N 
harmonic oscillator system

The Trotter error given the Hilbert-Schmidt distance,

can be upper bounded by 

<latexit sha1_base64="IRw6eYoThqvAQJWIWJlWzh7EiBQ="></latexit>

✏ =
���e� cosh(2r)A0⌦t �

⇣
e�

t
2mA(+)⌦e�

t
2mA(�)⌦

⌘m��� ,

<latexit sha1_base64="aQsiLNRyQkyxp2hdU8y53RTR/rM="></latexit>

✏  t�t!2
maxN

2

2
| sinh(4r)| exp

 
t!maxN

r
cosh(4r)

2

!
, �t =

t

2m

State dependent Trotter bounds are expected to be tighter
D. Burgarth et al., PRA 107, L040201 (2023) See talk by Alexander Hahn 

M Suzuki, J. Math. Phys. 26, 601-612 (1985)
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Being faster than decoherence
Hamiltonian Amplification in infinite dimensions

While quadratic system (S) interactions are amplified through HA, unwanted 
interactions with the environment (E) that lead to decoherence are amplified too. 
If we assume that the interaction with E is described by a quadratic Hamiltonian 
of the form

the total Hamiltonian  

transforms under HA according to : 

<latexit sha1_base64="G47ZpOo2CwoLrBPGMXwr0qXimqA="></latexit>

HSE =
X

i2S,j2E

(↵i,jxixj + �i,jpipj)

<latexit sha1_base64="tDu4e6NKn0YmXct2dTIIqjwcB6Y=">AAACFnicbVDLSsNAFJ3UV62vqEs3wSIIYklEVAShIEKXldoHtCFMppN26OTBzI1YQr7Cjb/ixoUibsWdf+O0DVJbD8xwzrn3MnOPG3EmwTS/tdzC4tLySn61sLa+sbmlb+80ZBgLQusk5KFouVhSzgJaBwactiJBse9y2nQH16N6854KycLgDoYRtX3cC5jHCAZlOfpxxUnM9ErdHaAPkNTS9OhX3EyLmlKOXjRL5hjGPLEyUkQZqo7+1emGJPZpAIRjKduWGYGdYAGMcJoWOrGkESYD3KNtRQPsU2kn47VS40A5XcMLhToBGGN3eiLBvpRD31WdPoa+nK2NzP9q7Ri8CzthQRQDDcjkIS/mBoTGKCOjywQlwIeKYCKY+qtB+lhgAirJggrBml15njROStZZybo9LZYvszjyaA/to0NkoXNURhVURXVE0CN6Rq/oTXvSXrR37WPSmtOymV30B9rnD2avoCU=</latexit>

H0 = HS +HE +HSE

<latexit sha1_base64="dKH8kLTljwxMnU/56krlKqh80a8="></latexit>

MHA(H0) = cosh(2r)HS +HE + cosh(r)HSE

S
E

<latexit sha1_base64="YIA4k698C7UthX4R/aETF8QXutg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUY8OIxgnlIsoTZyWwyZB7LzKwQQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSjgz1ve/vdzG5tb2Tn63sLd/cHhUPD5pGZVqQptEcaU7ETaUM0mblllOO4mmWESctqPx7dxvP1FtmJIPdpLQUOChZDEj2DrpsUeUGZWr+rJfLPkVfwG0ToKMlCBDo1/86g0USQWVlnBsTDfwExtOsbaMcDor9FJDE0zGeEi7jkosqAmni4Nn6MIpAxQr7UpatFB/T0yxMGYiItcpsB2ZVW8u/ud1UxvfhFMmk9RSSZaL4pQjq9D8ezRgmhLLJ45gopm7FZER1phYl1HBhRCsvrxOWtVKcFUJ7mulei2LIw9ncA5lCOAa6nAHDWgCAQHP8ApvnvZevHfvY9ma87KZU/gD7/MH7BKPyg==</latexit>

cosh(2r)

<latexit sha1_base64="ll3/KizmyJy1DLhv+ic+MN0FiUU=">AAAB73icbVBNSwMxEJ34WetX1aOXYBHqpexKUY8FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmGnuLu3f3BYOjpuGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukTo8qM6roi36p7FW9OfAq8XNShhyNfumrN1A0jZm0VBBjur6X2CAj2nIq2LTYSw1LCB2TIes6KknMTJDN753ic6cMcKS0K2nxXP09kZHYmEkcus6Y2JFZ9mbif143tdFNkHGZpJZJulgUpQJbhWfP4wHXjFoxcYRQzd2tmI6IJtS6iIouBH/55VXSuqz6V1X/vlau1/I4CnAKZ1ABH66hDnfQgCZQEPAMr/CGHtELekcfi9Y1lM+cwB+gzx94w4+O</latexit>

cosh(r)

Selectively enhancing desired interactions while suppressing 
unwanted interactions at arbitrary times?

At times                          decoherence is exponentially              suppressed 
<latexit sha1_base64="2I8wh8HDTz8KFJbQDYUu5A+9xl8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSLUTUmKqAhCwY3LCvYBTSiT6aQdOpkJMzdCDcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSdMONPgut/W0vLK6tp6YaO4ubW9s2vv7Te1TBWhDSK5VO0Qa8qZoA1gwGk7URTHIaetcHgz8VsPVGkmxT2MEhrEuC9YxAgGI3XtQx8Y79EMxtfgE6kH5ao67dolt+JO4SwSLycllKPetb/8niRpTAUQjrXueG4CQYYVMMLpuOinmiaYDHGfdgwVOKY6yKbXj50To/ScSCpTApyp+nsiw7HWozg0nTGGgZ73JuJ/XieF6DLImEhSoILMFkUpd0A6kyicHlOUAB8Zgoli5laHDLDCBExgRROCN//yImlWK955xbs7K9Wu8jgK6AgdozLy0AWqoVtURw1E0CN6Rq/ozXqyXqx362PWumTlMwfoD6zPHx/3lPo=</latexit>

t̃ = t cosh(2r)
<latexit sha1_base64="UnFvA4JhvYVu7Oi3ihpEugSsRgg=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBHcWGZEVFwV3LisYB/QF5k004ZmkpBk1DL0P9y4UMSt/+LOvzFtZ6GtBy4czrmXe+8JFWfG+v63t7S8srq2ntvIb25t7+wW9vZrRiaa0CqRXOpGiA3lTNCqZZbThtIUxyGn9XB4M/HrD1QbJsW9HSnajnFfsIgRbJ3UaWGltHxCtJOe6nG3UPRL/hRokQQZKUKGSrfw1epJksRUWMKxMc3AV7adYm0Z4XScbyWGKkyGuE+bjgocU9NOp1eP0bFTeiiS2pWwaKr+nkhxbMwoDl1njO3AzHsT8T+vmdjoqp0yoRJLBZktihKOrESTCFCPaUosHzmCiWbuVkQGWGNiXVB5F0Iw//IiqZ2VgotScHdeLF9nceTgEI7gBAK4hDLcQgWqQEDDM7zCm/fovXjv3sesdcnLZg7gD7zPH3IHknQ=</latexit>

⇡ e�r
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Dynamical decoupling and Hamiltonian Amplification
Hamiltonian Amplification in infinite dimensions

Dynamical decoupling of quadratic interactions can be achieved through rapidly 
rotating the system oscillators describer by,

Amplification bang-bang sequence

Amplification and decoupling bang-bang sequence(a)

(b)

<latexit sha1_base64="7bAnp94rsUFY0Ijzy91fPYWqdks="></latexit>

R(�) =
Y

i2S

e�i�a†
iai

The decoupling set                                      achieves decoupling
<latexit sha1_base64="pPeESaLXU1hYfUBr2yAyUu1mhs0=">AAACGHicbVDLSgMxFM3UV62vqks3wSK0IHVGREUQCnXhsop9QGcomTStoZkHyR2xDPMZbvwVNy4Ucdudf2Om7aK2HgicnHMv997jhoIrMM0fI7O0vLK6ll3PbWxube/kd/caKogkZXUaiEC2XKKY4D6rAwfBWqFkxHMFa7qDauo3n5hUPPAfYBgyxyN9n/c4JaClTv6k0YltYM8Q31ST5NqObY/AIyUC3xfN0vHMzw55yU46+YJZNsfAi8SakgKaotbJj+xuQCOP+UAFUaptmSE4MZHAqWBJzo4UCwkdkD5ra+oTjyknHh+W4COtdHEvkPr5gMfqbEdMPKWGnqsr00XVvJeK/3ntCHqXTsz9MALm08mgXiQwBDhNCXe5ZBTEUBNCJde7YvpIJKGgs8zpEKz5kxdJ47RsnZetu7NC5WoaRxYdoENURBa6QBV0i2qojih6QW/oA30ar8a78WV8T0ozxrRnH/2BMfoFR3qfPA==</latexit>

VDC = {R(0),R(⇡)}
<latexit sha1_base64="0tF8yvgtEep+o20+6w9o7jFmTSU=">AAACF3icbVDLSgMxFM34rPU16tLNYBEqQpkRURGEQhW6ESraB7RlyKRpG5p5kNwRy5C/cOOvuHGhiFvd+TemD0VbD1w4Oedecu/xIs4k2PanMTM7N7+wmFpKL6+srq2bG5sVGcaC0DIJeShqHpaUs4CWgQGntUhQ7HucVr1eYeBXb6mQLAxuoB/Rpo87AWszgkFLrpm7dJMG0DtIzgtKZYtuYqu9s+K3eK3U/s/jQinXzNg5ewhrmjhjkkFjlFzzo9EKSezTAAjHUtYdO4JmggUwwqlKN2JJI0x6uEPrmgbYp7KZDO9S1q5WWlY7FLoCsIbq74kE+1L2fU93+hi6ctIbiP959RjaJ82EBVEMNCCjj9oxtyC0BiFZLSYoAd7XBBPB9K4W6WKBCego0zoEZ/LkaVI5yDlHOefqMJM/HceRQttoB2WRg45RHhVRCZURQffoET2jF+PBeDJejbdR64wxntlCf2C8fwG+maBJ</latexit>

MDC(H0) = HS +HE

Combining dynamical decoupling and HA,
<latexit sha1_base64="28qq+DLJPnxtrLMMCwUIjC84QPg="></latexit>

MHA(MDC(H0)) = cosh(2r)HS +HE,

allows for selectively amplifying desired 
interactions while detrimental interactions 
are suppressed at all times

The set of operations simultaneously 
achieving HA and dynamical decoupling 
reads 

<latexit sha1_base64="lqPWXKCre3MLd24N2USqK8lzhwc=">AAACTnicdVHLSgMxFM3UV62vUZdugkVoUcuMiIqrghuX9dEHdGrJpBkbmskMSUYow3yhG3HnZ7hxoYhm2kG0rRcCJ+fcw705cUNGpbKsFyM3N7+wuJRfLqysrq1vmJtbDRlEApM6DlggWi6ShFFO6ooqRlqhIMh3GWm6g4tUbz4QIWnAb9UwJB0f3XPqUYyUpromcWLHR6qPEYPXJSek5Z/rzV1c2i8nB/8TMwyHkwZNOEnXLFoVa1RwGtgZKIKsal3z2ekFOPIJV5ghKdu2FapOjISimJGk4ESShAgP0D1pa8iRT2QnHsWRwD3N9KAXCH24giP2tyNGvpRD39Wd6aZyUkvJWVo7Ut5ZJ6Y8jBTheDzIixhUAUyzhT0qCFZsqAHCgupdIe4jgbDSP1DQIdiTT54GjaOKfVKxr46L1fMsjjzYAbugBGxwCqrgEtRAHWDwCF7BO/gwnow349P4GrfmjMyzDf5ULv8NYXeyHA==</latexit>

{R(⇡)S(+),S(+),R(⇡)S(�),S(�)}

D. Vitali and P. Tombesi, PRA 59, 4178 (1999)
C. Arenz et al., JPhys A 50, 135303 (2017) 
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Experimental demonstration of HA
Speeding up Rabi oscillations
Goal: amplify interaction between a quantum 
harmonic oscillator and a single qubit 
described by the Jaynes-Cummings interaction:

Ion trap setting setting

Unitary squeezing

d

Ions

x

y

z

Parametric 
drive

S. C. Burd, et al., arXiv:2304.05529 (2023) 

S. C. Burd et al., Science 364, 6446 (2019) 

• Harmonic oscillator: radial motional 
mode

• Squeezing through oscillating potential 
at twice the motional frequency

• Qubit: two states of the         electronic 
ground state hyperfine manifold

• Jaynes-Cummings interaction: coupling 
between qubit and harmonic motion  

<latexit sha1_base64="cSJy7HHIFYaSCoACQBJ6FWPzBJ4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqe4WUfFU8OKxov2A7VqyadqGZpMlmRXKsj/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC2PBDbjut1NYWV1b3yhulra2d3b3yvsHLaMSTVmTKqF0JySGCS5ZEzgI1ok1I1EoWDsc30z99hPThiv5AJOYBREZSj7glICV/Me0lt33Uu+slvXKFbfqzoCXiZeTCsrR6JW/un1Fk4hJoIIY43tuDEFKNHAqWFbqJobFhI7JkPmWShIxE6SzkzN8YpU+HihtSwKeqb8nUhIZM4lC2xkRGJlFbyr+5/kJDK6ClMs4ASbpfNEgERgUnv6P+1wzCmJiCaGa21sxHRFNKNiUSjYEb/HlZdKqVb2Lqnd3Xqlf53EU0RE6RqfIQ5eojm5RAzURRQo9o1f05oDz4rw7H/PWgpPPHKI/cD5/AGp6kKo=</latexit>

2S1/2

              Trotter steps

Interaction enhancement of about 3/2

<latexit sha1_base64="zAQ1ujSxhLUCioHPDeujXgPXCDc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CwIvHiOYByRJmJ7PJkHksM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nb2d++4lqw5R8tJOEhgIPJYsZwdZJD+Km1i9X/Ko/B1olQU4qkKPRL3/1BoqkgkpLODamG/iJDTOsLSOcTku91NAEkzEe0q6jEgtqwmx+6hSdOWWAYqVdSYvm6u+JDAtjJiJynQLbkVn2ZuJ/Xje18XWYMZmklkqyWBSnHFmFZn+jAdOUWD5xBBPN3K2IjLDGxLp0Si6EYPnlVdK6qAa1anB/Walf5nEU4QRO4RwCuII63EEDmkBgCM/wCm8e9168d+9j0Vrw8plj+APv8wfMi41w</latexit>

m = 6

Rabi oscillations

<latexit sha1_base64="bbcEbSmjf90q0+g53UIEwxzLyBA=">AAACIHicbVDLSsNAFJ34rPVVdelmsAhCsSQiVgSh4KbLCvYBTQw3k2k6dPJgZiKUkE9x46+4caGI7vRrnD4W2nrgwuGce7n3Hi/hTCrT/DKWlldW19YLG8XNre2d3dLeflvGqSC0RWIei64HknIW0ZZiitNuIiiEHqcdb3gz9jsPVEgWR3dqlFAnhCBifUZAackt1RpuZubXcJ/ZPgQBFbkdKxZSiW3JghDc7DSvwLxWyd1S2ayaE+BFYs1IGc3QdEufth+TNKSRIhyk7FlmopwMhGKE07xop5ImQIYQ0J6mEeh9TjZ5MMfHWvFxPxa6IoUn6u+JDEIpR6GnO0NQAznvjcX/vF6q+pdOxqIkVTQi00X9lGMV43Fa2GeCEsVHmgARTN+KyQAEEKUzLeoQrPmXF0n7rGpdVK3b83L9ahZHAR2iI3SCLFRDddRATdRCBD2iZ/SK3own48V4Nz6mrUvGbOYA/YHx/QOkraPe</latexit>

H0 = a
† ⌦ �� + a⌦ �+
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Speeding up photonic quantum computations
Universal quantum computing based on continuous 
variables requires (higher) non-linear processes.

Universal gate sets in photonic quantum computing can 
be formed by Gaussian operations, such as beam 
splitters and phase shifters, and Cross-Kerr interactions:

<latexit sha1_base64="+BVWkItVB4iSFtAIXcx5uVPbcaU=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh1YUlEVASh4KbLCvYBTS03k2k6dJIJMxOhhH6FG3/FjQtF3Io7/8bpA9TWAxcO59zLvff4CWdKO86XtbC4tLyymlvLr29sbm3bO7t1JVJJaI0ILmTTB0U5i2lNM81pM5EUIp/Tht+/HvmNeyoVE/GtHiS0HUEYsy4joI3UsY8rncwZXnmkx3AR7jIvgDCkcgie0CyiCvs/mn/UsQtOyRkDzxN3SgpoimrH/vQCQdKIxppwUKrlOoluZyA1I5wO816qaAKkDyFtGRqDWdnOxm8N8aFRAtwV0lSs8Vj9PZFBpNQg8k1nBLqnZr2R+J/XSnX3op2xOEk1jclkUTflWAs8yggHTFKi+cAQIJKZWzHpgQSiTZJ5E4I7+/I8qZ+U3LOSe3NaKF9O48ihfXSAishF56iMKqiKaoigB/SEXtCr9Wg9W2/W+6R1wZrO7KE/sD6+Af1Nn0M=</latexit>

H0 = �(a†a⌦ b
†
b)

Problem: Cross-Kerr interactions are weak compared to 
the characteristic energy scales of photonic systems.

Use HA to amplify/speed up

Gate error to create a CZ gate:
<latexit sha1_base64="sdE8HHghOr9dVM9wIvTrOGsn1sA="></latexit>

✏ =
���CZ� P

⇣
S(+)†e�iH0�tS(+)S(�)†e�iH0�tS(�)

⌘m

P
���

Since HA allows for amplifying the quadratic Hamiltonians that generate beam 
splitter and phase shifter transformations, 

if we assume squeezing is ``free’’, quantum algorithms can be 
implemented arbitrarily fast in photonic systems

Time

Cross 
KerrS S

Cross 
Kerr S

m-times

Controlled
phase gate

Controlled
phase gate

Cross 
Kerr

Cross 
Kerr

S. Lloyd and S. Braunstein, PRL 82, 1784 (1999)

I.L. Chuang and Y. Yamamoto, 
PRA 52, 3489 (1995)
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Conclusions and open questions

Dynamical Decoupling Hamiltonian Amplification

• Enhancing couplings without knowing system details 
and modifying interactions

• Phase independent amplification of displacement
• Speeding up Rabi oscillations
• Can be combined with dynamical decoupling
• Allows for speeding up photonic quantum computations

Some open questions

The dynamics of infinite dimensional quantum systems can be sped up by 
rapidly implementing squeezing along different directions

What about spin squeezing described by angular momentum operators?
Holstein-Primakoff transformation:

Angular momentum operators become bosonic operators in
the limit of large number  of spins 

<latexit sha1_base64="IqO+g4kMtfesz3QfJ8MoeDenBzM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9ljw4rFF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WDmSToR3QoecgZNVZq3PdLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NWHVz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJVr1TyOApzCGVyABzdQgzuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBrRuM0w==</latexit>

S

Upper bound for the Trotter error depending on the 
number of spins and the number of Trotter steps?

<latexit sha1_base64="qPruAkJsKdhQDPULFIJ4oFzqIt4=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLEkR7bLgRlxVtA9oQphMJ+3QycOZG6WE/IAbf8WNC0Xcunfn3zh9LLT1wIXDOfdy7z1+IrgCy/o2FhaXlldWC2vF9Y3NrW1zZ7ep4lRS1qCxiGXbJ4oJHrEGcBCsnUhGQl+wlj+4GPmteyYVj6NbGCbMDUkv4gGnBLTkmYdOIAnNrrzsJM8zR91JyCo3ee5I3usDkTJ+wMQzS1bZGgPPE3tKSmiKumd+Od2YpiGLgAqiVMe2EnAzIoFTwfKikyqWEDogPdbRNCIhU242/ibHR1rp4iCWuiLAY/X3REZCpYahrztDAn01643E/7xOCkHVzXiUpMAiOlkUpAJDjEfR4C6XjIIYakKo5PpWTPtExwM6wKIOwZ59eZ40K2X7rGxfn5Zq1WkcBbSPDtAxstE5qqFLVEcNRNEjekav6M14Ml6Md+Nj0rpgTGf20B8Ynz+yQ5yO</latexit>

J�p
2S

! a

Time

Cross 
KerrS S

Cross 
Kerr S

m-times

Controlled
phase gate

Controlled
phase gate

Cross 
Kerr

Cross 
Kerr
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