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Lecture Series Overview

Quantum dynamics in the pre fault tolerant era

Lecture 1: From Classical and quantum chaos to thermalization in 
isolated quantum systems

Lecture 2: Analog and digital quantum simulators from unitary 
dynamics to midcircuit measurements.

Lecture 3: Monitored quantum dynamics in random quantum circuits

Lecture 4: Adaptive quantum circuits and control induced phase 
transitions

Lecture 5: Open quantum dynamics software tutorial



Lecture Series, 
learning goals

I. Lecture 1: Classical and Quantum Chaos, from single 
particle to many-body

II. Lecture 2: Quantum platforms

III. Lecture 3: Monitored dynamics, interplay of unitary and 
projective evolution.

IV. Lecture 4: Adaptive dynamics, controlling quantum 
dynamics

V. Lecture 5: Numerical approaches to adaptive quantum 
dynamics



Lecture 2: Learning Goals

What can the available quantum platforms do?

Understand the various quantum platforms

e.g. how they work, what they do, recent important 
experiments

Cold atomic gases
Trapped ions

Superconducting qubits

Neutral atoms

**Nitrogen-vacancy centers in diamond

**Si based qubits

**=will not be covered

**quantum dots

**topological qubits **Circuit QED



Outline

I. Lecture series layout
II. Motivation to study quantum many-body systems
III. Platforms to study and control quantum many-body 

systems
IV. Experiments in unitary many-body dynamics
V. Measuring and manipulating many-body dynamics



To characterize condensed matter systems, want to 
understand the behavior of a large number of 

interacting quantum mechanical particles

described by a Hamiltonian operator

Ĥ
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with dynamics governed by unitary time evolution

| (t)i = e�iHt| 0i
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Quantum Many Body 
Systems

Quantum many-body wave function



Quantum Many Body 
Systems

Interactions of quantum particles in gases and solids 
allow a number of fascinating phases of matter to emerge

lowering T

e.g. superfluids, superconductors, topological phases



Quantum Many Body 
Systems

e.g. superfluids, superconductors, topological phases

Davis et al., PRL (1995)

lowering T
Tc

interacting Bose gas of 87Rb 

Interactions of quantum particles in gases and solids 
allow a number of fascinating phases of matter to emerge



Quantum Many Body 
Systems

e.g. superfluids, superconductors, topological phases

Davis et al., PRL (1995)

lowering T
Tc

high temperature superconductor
levitating above a strong magnet

(Meissner effect)

Bednorz and Muller, (1986)

Interactions of quantum particles in gases and solids 
allow a number of fascinating phases of matter to emerge



Quantum Many Body 
Systems

e.g. superfluids, superconductors, topological phases

Davis et al., PRL (1995)

lowering T
Tc

2D electron gas in a magnetic field
Klitzing, Dorda, Pepper PRL (1980)

Bednorz and Muller, (1986)

Interactions of quantum particles in gases and solids 
allow a number of fascinating phases of matter to emerge

(Quantum Hall effect!)



Quantum Many Body 
Systems

e.g. superfluids, superconductors, topological phases

Davis et al., PRL (1995)

lowering T
Tc

Klitzing, Dorda, Pepper PRL (1980)

Bednorz and Muller, (1986)

Interactions of quantum particles in gases and solids 
allow a number of fascinating phases of matter to emerge

Manipulating these phases of matter hold amazing 
promise for future technologies.



Emulating Quantum 
Many Body Systems

A way to `solve’ for the properties of H 
is to “let nature do it” i.e. to emulate them 



Emulating Quantum 
Many Body Systems

“Nature isn't classical, dammit, and if you want to make a simulation of 
nature, you'd better make it quantum mechanical, and by golly it's a 
wonderful problem, because it doesn't look so easy.”

Richard Feynman 
Keynote talk at the 1st conference on 
Physics and Computation, MIT, 1981

A way to `solve’ for the properties of H 
is to “let nature do it” i.e. to emulate them 



Emulating Quantum 
Many Body Systems

Richard Feynman 
Keynote talk at the 1st conference on 
Physics and Computation, MIT, 1981

e.g. Build a “machine” that realizes H and let it run | (t)i = e�iHt| 0i
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“Nature isn't classical, dammit, and if you want to make a simulation of 
nature, you'd better make it quantum mechanical, and by golly it's a 
wonderful problem, because it doesn't look so easy.”

A way to `solve’ for the properties of H 
is to “let nature do it” i.e. to emulate them 



Available Quantum Many 
Body Systems

Now a number of available experimental platforms that are 
specifically designed to manipulate many body Hamiltonians:

Cold atoms, trapped ions, solid-state spins, 
superconducting qubits, quantum dots

IBM
Maximilian Russ/Guido Burkard
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|0i
These access quantum bits (qubits)

Classical bit
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|1ior
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|qi = ↵|0i+ �|1i



Manipulating Quantum 
Many Body Systems

Now a number of available experimental platforms that are 
specifically designed to emulate many body Hamiltonians:

Cold atoms, trapped ions, solid-state spins, 
superconducting qubits, quantum dots

Lipa et al PRB (2003)

lowering T
Tc

Davis et al., PRL (1995)

4He laser cooled gas of 87Rb

He I
He II

superfluid transitions
the Hubbard model

the Kondo effect

accessible in solid-state



Now a number of available experimental platforms that are 
specifically designed to emulate many body Hamiltonians:

Cold atoms, trapped ions, solid-state spins, 
superconducting qubits, quantum dots

difficult (if not impossible) 
in solid-state

Anderson localization
Many Body localization

Time Crystals

Manipulating Quantum 
Many Body Systems



Now a number of available experimental platforms that are 
specifically designed to emulate many body Hamiltonians:

Cold atoms, trapped ions, solid-state spins, 
superconducting qubits, quantum dots

Anderson localization
Many Body localization

Time Crystals

| 0i =
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| (t)i = e�iHt| 0i

<latexit sha1_base64="ngQXxWaE6/vfYmuDDipcuSR0ltI=">AAACEHicbZBNS8NAEIY39avWr6pHL8Ei1oMlkYJehKKXHivYD2hi2Wyn7dLNJuxOhBL7E7z4V7x4UMSrR2/+G9M2B219YeHlmRlm5/VCwTVa1reRWVpeWV3Lruc2Nre2d/K7ew0dRIpBnQUiUC2PahBcQh05CmiFCqjvCWh6w+tJvXkPSvNA3uIoBNenfcl7nFFMUCd//ODUNC/iiaOo7Au4hLv4lFdxPOUdK8W5Tr5glaypzEVjp6ZAUtU6+S+nG7DIB4lMUK3bthWiG1OFnAkY55xIQ0jZkPahnVhJfdBuPD1obB4lpGv2ApU8ieaU/p6Iqa/1yPeSTp/iQM/XJvC/WjvC3oUbcxlGCJLNFvUiYWJgTtIxu1wBQzFKDGWKJ3812YAqyjDJcBKCPX/yommclexyqXxTLlSu0jiy5IAckiKxyTmpkCqpkTph5JE8k1fyZjwZL8a78TFrzRjpzD75I+PzBwIxnJI=</latexit>

Construct H in the 
many-body localized phase

difficult (if not impossible) 
in solid-state

Manipulating Quantum 
Many Body Systems

Choi et al, Science (2016)



Now a number of available experimental platforms that are 
specifically designed to emulate many body Hamiltonians:

Cold atoms, trapped ions, solid-state spins, 
superconducting qubits, quantum dots

Anderson localization
Many Body localization

Time Crystals
Choi et al, Science (2016)

| 0i =
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Can it thermalize?

difficult (if not impossible) 
in solid-state

Wait long enough

Manipulating Quantum 
Many Body Systems



Now a number of available experimental platforms that are 
specifically designed to emulate many body Hamiltonians:

Cold atoms, trapped ions, solid-state spins, 
superconducting qubits, quantum dots

difficult (if not impossible) in solid-state

| 0i =
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Anderson localization
Many Body localization

Time Crystals

Manipulating Quantum 
Many Body Systems

Choi et al, Science (2016)



Characterizing Quantum 
Many Body Systems

A useful characterization for quantum many-body 
systems beyond correlations 

is the nature of their entanglement structure 
h |O(x, t)O(0, 0)| i
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Characterizing Quantum 
Many Body Systems

A useful characterization for quantum many-body 
systems beyond correlations 

is the nature of their entanglement structure 
h |O(x, t)O(0, 0)| i
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In d=1, critical states acquire a log-correction

“volume law”SE ⇠ Ld
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SE ⇠ Ld�1
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<latexit sha1_base64="7+MnzPiXTg5lSkbt4BV7zgBM4f4=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRIp6LIoggsXFe0DmhAm00k7dB5hZiLU0C9x40IRt36KO//GaZuFth64cDjnXu69J04Z1cbzvp2V1bX1jc3SVnl7Z3ev4u4ftLXMFCYtLJlU3RhpwqggLUMNI91UEcRjRjrx6Grqdx6J0lSKBzNOScjRQNCEYmSsFLmV++gaBppyGDA5gLeRW/Vq3gxwmfgFqYICzcj9CvoSZ5wIgxnSuud7qQlzpAzFjEzKQaZJivAIDUjPUoE40WE+O3wCT6zSh4lUtoSBM/X3RI641mMe206OzFAvelPxP6+XmeQizKlIM0MEni9KMgaNhNMUYJ8qgg0bW4KwovZWiIdIIWxsVmUbgr/48jJpn9X8eq1+V682Los4SuAIHINT4INz0AA3oAlaAIMMPINX8OY8OS/Ou/Mxb11xiplD8AfO5w8/BpIu</latexit>

weakly entangled

highly entangled

Calabrese and Cardy, J. Stat. Mech (2004)

Many-body quantum chaotic states are highly entangled

Recall from lecture 1



using Quantum Many 
Body Systems

Worldwide race to build a quantum computer

This entanglement is a (necessary) resource to perform 
quantum computations



using Quantum Many 
Body Systems

private sector

Applications Schor’s factorization algorithm

Machine learning

Quantum Sensing

Secure communication

(Several more now)

Worldwide race to build a quantum computer

This entanglement is a (necessary) resource to perform 
quantum computations



Outline

I. Lecture series layout
II. Motivation to study quantum many-body systems
III. Platforms to study and control quantum many-body 

systems
IV. Experiments in unitary many-body dynamics
V. Measuring and manipulating many-body dynamics



Quantum Platforms of 
Today

Several analog and digital quantum devices

M. Kozuma group

C. Monroe group J. Martinis group

Cold atomic gases Trapped ions Superconducting qubits

M. Endres group

Neutral atoms

P. Cappellaro group

Nitrogen-vacancy centers in diamond

Maximilian Russ/Guido Burkard

Si qubits



M. Kozuma group

J. Martinis group
M. Endres group

Cold atomic gases

C. Monroe group

Trapped ions

Superconducting qubitsNeutral atoms

We will now consider each of these platforms in turn

Quantum Platforms of 
Today



Ultracold Atoms

M. Kozuma group

M. Endres group

Cold atomic gases

C. Monroe group

Trapped ions

Neutral atoms

We will now consider each of these platforms in turn

J. Martinis group

Superconducting qubits



Ultracold Atoms
Periodic table

Alkalis are easiest to trap as 
the act like one electron atoms

Alkali earths are harder but 
offer distinct capabilities

Atomic Physics, Foot

Atoms are charge neutral



Ultracold Atoms

Alkalis are easiest to trap as 
the act like one electron atoms

Focus on these for the following discussion

Atomic Physics, Foot

Energies: Bohr like but 
with a quantum defect

Na

<latexit sha1_base64="uqI9e0tMnzLKItrECEW5sYnMh7Y=">AAAB+XicbZDLTgIxFIbPeEW8jbp000hMcENmiEE3JkQ3LtHIJYGBdEqBhk5n0nZIyMCbuHGhMW59E3e+jQVmoeCfNPnyn3NyTn8/4kxpx/m21tY3Nre2MzvZ3b39g0P76LimwlgSWiUhD2XDx4pyJmhVM81pI5IUBz6ndX94N6vXR1QqFoonPY6oF+C+YD1GsDZWx7YreXlxI9vFyaOBSbvYsXNOwZkLrYKbQg5SVTr2V6sbkjigQhOOlWq6TqS9BEvNCKfTbCtWNMJkiPu0aVDggCovmV8+RefG6aJeKM0TGs3d3xMJDpQaB77pDLAeqOXazPyv1ox179pLmIhiTQVZLOrFHOkQzWJAXSYp0XxsABPJzK2IDLDERJuwsiYEd/nLq1ArFtxSofRwmSvfpnFk4BTOIA8uXEEZ7qECVSAwgmd4hTcrsV6sd+tj0bpmpTMn8EfW5w9095JF</latexit>

P (r) = r2|R(r)|2

Atoms are charge neutral

Periodic table



Ultracold Atoms
Periodic table

Alkalis are easiest to trap as 
the act like one electron atoms

Focus on these for the following discussion

Atomic Physics, Foot

Wavefunctions: Let the 
atomic number

Z → Z(r)

Na
<latexit sha1_base64="uqI9e0tMnzLKItrECEW5sYnMh7Y=">AAAB+XicbZDLTgIxFIbPeEW8jbp000hMcENmiEE3JkQ3LtHIJYGBdEqBhk5n0nZIyMCbuHGhMW59E3e+jQVmoeCfNPnyn3NyTn8/4kxpx/m21tY3Nre2MzvZ3b39g0P76LimwlgSWiUhD2XDx4pyJmhVM81pI5IUBz6ndX94N6vXR1QqFoonPY6oF+C+YD1GsDZWx7YreXlxI9vFyaOBSbvYsXNOwZkLrYKbQg5SVTr2V6sbkjigQhOOlWq6TqS9BEvNCKfTbCtWNMJkiPu0aVDggCovmV8+RefG6aJeKM0TGs3d3xMJDpQaB77pDLAeqOXazPyv1ox179pLmIhiTQVZLOrFHOkQzWJAXSYp0XxsABPJzK2IDLDERJuwsiYEd/nLq1ArFtxSofRwmSvfpnFk4BTOIA8uXEEZ7qECVSAwgmd4hTcrsV6sd+tj0bpmpTMn8EfW5w9095JF</latexit>

P (r) = r2|R(r)|2

Atoms are charge neutral



Ultracold Atoms

Atomic Physics, Foot

Atomic Physics, Foot
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Atoms come out hot
<latexit sha1_base64="nBdPTpModNAC9hBULxntm5DzVok=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqXoQil4ELxX6Be1Ssmm2jc0mS5IVytL/4MWDIl79P978N6btHrT1wcDjvRlm5gUxZ9q47reTW1ldW9/Ibxa2tnd294r7B00tE0Vog0guVTvAmnImaMMww2k7VhRHAaetYHQ79VtPVGkmRd2MY+pHeCBYyAg2VmrWr69c975XLLlldwa0TLyMlCBDrVf86vYlSSIqDOFY647nxsZPsTKMcDopdBNNY0xGeEA7lgocUe2ns2sn6MQqfRRKZUsYNFN/T6Q40nocBbYzwmaoF72p+J/XSUx46adMxImhgswXhQlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCCDcFbfHmZNM/KXqVceTgvVW+yOPJwBMdwCh5cQBXuoAYNIPAIz/AKb450Xpx352PemnOymUP4A+fzByXHjjY=</latexit>

T = 900K

Most probable velocity is
<latexit sha1_base64="rTQEjwSOlibmLC5RvHwZzo17B3Y=">AAACBnicbVDLSgMxFM34rPU16lKEYBFc1YxIdVl047KCfUA7lEyaaUOTzJBkimXoyo2/4saFIm79Bnf+jZl2Ftp6IHByzr3ce08Qc6YNQt/O0vLK6tp6YaO4ubW9s+vu7Td0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIY3md8cUaVZJO/NOKa+wH3JQkawsVLXPRp1EezgOFbRA/QQsh+BzUCJVJzpSdctoTKaAi4SLyclkKPWdb86vYgkgkpDONa67aHY+ClWhhFOJ8VOommMyRD3adtSiQXVfjo9YwJPrNKDYaTskwZO1d8dKRZaj0VgK7Md9byXif957cSEV37KZJwYKslsUJhwaCKYZQJ7TFFi+NgSTBSzu0IywAoTY5Mr2hC8+ZMXSeO87FXKlbuLUvU6j6MADsExOAUeuARVcAtqoA4IeATP4BW8OU/Oi/PufMxKl5y85wD8gfP5A3Sjl+A=</latexit>

v0 → 1000m/s

To fast to be stopped with lasers, need to first slow the atoms down 

(1)

Atomic Physics, Foot



Ultracold Atoms

Atomic Physics, Foot

Use a tapered solenoid (aka a “Zeeman slower”)

Under constant deceleration <latexit sha1_base64="fMX+pGgUGvojm9yX7rmicFUgwoM=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0JgkzE6XEfoobF4q49Uvc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHsBVhRziLa1kxz2kskxSLgtBtMbnK/+0ClYnF0r6cJ9QUeRSxkBGsjDeyqp5hAyPUE1mMpMjEb2DWn7syBVolbkBoUaA3sL28Yk1TQSBOOleq7TqL9DEvNCKezipcqmmAywSPaNzTCgio/m0efoVOjDFEYS/Mijebq740MC6WmIjCTeUK17OXif14/1eGVn7EoSTWNyOJQmHKkY5T3gIZMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuqNu4ta87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A9RNk8A=</latexit>→ 1mStopping distance

(2)
<latexit sha1_base64="5CVOiey2M4t/uWEC4OOL/TjGdEo=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0Wsm5KIVDdCqSAuK9gHNKFMJtN26GQSZiaFEvIJbvwVNy4UcevSnX/jNM1CWw9cOHPOvcy9x4sYlcqyvo3Cyura+kZxs7S1vbO7Z+4ftGUYC0xaOGSh6HpIEkY5aSmqGOlGgqDAY6TjjW9mfmdChKQhf1DTiLgBGnI6oBgpLfXNU2dCcHKbwmvocOQxVMkEJ4hTB/uhyl6N9Kxvlq2qlQEuEzsnZZCj2Te/HD/EcUC4wgxJ2bOtSLkJEopiRtKSE0sSITxGQ9LTlKOASDfJDkrhiVZ8OAiFLq5gpv6eSFAg5TTwdGeA1EguejPxP68Xq8GVm1AexYpwPP9oEDOoQjhLB/pUEKzYVBOEBdW7QjxCAmGlMyzpEOzFk5dJ+7xq16q1+4tyvZHHUQRH4BhUgA0uQR3cgSZoAQwewTN4BW/Gk/FivBsf89aCkc8cgj8wPn8AejCc5g==</latexit>

ωF = →(ωµ · ωB)



Ultracold Atoms

Atomic Physics, Foot

Use a tapered solenoid (aka a “Zeeman slower”)

Under constant deceleration <latexit sha1_base64="fMX+pGgUGvojm9yX7rmicFUgwoM=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0JgkzE6XEfoobF4q49Uvc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHsBVhRziLa1kxz2kskxSLgtBtMbnK/+0ClYnF0r6cJ9QUeRSxkBGsjDeyqp5hAyPUE1mMpMjEb2DWn7syBVolbkBoUaA3sL28Yk1TQSBOOleq7TqL9DEvNCKezipcqmmAywSPaNzTCgio/m0efoVOjDFEYS/Mijebq740MC6WmIjCTeUK17OXif14/1eGVn7EoSTWNyOJQmHKkY5T3gIZMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuqNu4ta87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A9RNk8A=</latexit>→ 1mStopping distance

As the atoms slow down there energies change 
and come out of resonance choose B to keep it on resonance

<latexit sha1_base64="5CVOiey2M4t/uWEC4OOL/TjGdEo=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0Wsm5KIVDdCqSAuK9gHNKFMJtN26GQSZiaFEvIJbvwVNy4UcevSnX/jNM1CWw9cOHPOvcy9x4sYlcqyvo3Cyura+kZxs7S1vbO7Z+4ftGUYC0xaOGSh6HpIEkY5aSmqGOlGgqDAY6TjjW9mfmdChKQhf1DTiLgBGnI6oBgpLfXNU2dCcHKbwmvocOQxVMkEJ4hTB/uhyl6N9Kxvlq2qlQEuEzsnZZCj2Te/HD/EcUC4wgxJ2bOtSLkJEopiRtKSE0sSITxGQ9LTlKOASDfJDkrhiVZ8OAiFLq5gpv6eSFAg5TTwdGeA1EguejPxP68Xq8GVm1AexYpwPP9oEDOoQjhLB/pUEKzYVBOEBdW7QjxCAmGlMyzpEOzFk5dJ+7xq16q1+4tyvZHHUQRH4BhUgA0uQR3cgSZoAQwewTN4BW/Gk/FivBsf89aCkc8cgj8wPn8AejCc5g==</latexit>

ωF = →(ωµ · ωB)

(2)
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Atomic Physics, Foot

(3)

Atoms are now going slow enough to trap with optical forces

Optical molasses Apply 6 counter 
propagating lasers 



Ultracold Atoms

(3)

Optical molasses

Apply 6 counter 
propagating lasers 

Atomic Physics, Foot



Ultracold Atoms

(3)

Optical molasses

Apply 6 counter 
propagating lasers 

Atomic Physics, Foot

Laser intensity

detuning
<latexit sha1_base64="lqXd1WGN0lRct0IbzLZnYguIQsk=">AAAB/3icbVDLSsNAFJ3UV62vqODGTbAIbiyJSHUjFN24rGAf0IQwmdy0Q2eSMDMRSuzCX3HjQhG3/oY7/8Zpm4W2Hrjcwzn3MndOkDIqlW1/G6Wl5ZXVtfJ6ZWNza3vH3N1ryyQTBFokYYnoBlgCozG0FFUMuqkAzAMGnWB4M/E7DyAkTeJ7NUrB47gf04gSrLTkmwduCEzhKzfh0Mens+bbvlm1a/YU1iJxClJFBZq++eWGCck4xIowLGXPsVPl5VgoShiMK24mIcVkiPvQ0zTGHKSXT+8fW8daCa0oEbpiZU3V3xs55lKOeKAnOVYDOe9NxP+8XqaiSy+ncZopiMnsoShjlkqsSRhWSAUQxUaaYCKovtUiAywwUTqyig7Bmf/yImmf1Zx6rX53Xm1cF3GU0SE6QifIQReogW5RE7UQQY/oGb2iN+PJeDHejY/ZaMkodvbRHxifP2vNlbs=</latexit>

ω = ε → ε0

Spontaneous decay rate
<latexit sha1_base64="2E9R1a1xfsROG4RKEUFrPABqv2w=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUhWVGpLoRii50JRXsA9pa7qRpG5pkhiQjlGE+wI2/4saFIm79AHf+jeljoa0HAodzziX3Hj/kTBvX/XZSC4tLyyvp1cza+sbmVnZ7p6qDSBFaIQEPVN0HTTmTtGKY4bQeKgrC57TmDy5Hfu2BKs0CeWeGIW0J6EnWZQSMldrZXPMKhIB2fAPJuVtwizjfFGD6SsRSJ4f38ZGX2JR1xsDzxJuSHJqi3M5+NTsBiQSVhnDQuuG5oWnFoAwjnCaZZqRpCGQAPdqwVIKguhWPj0nwgVU6uBso+6TBY/X3RAxC66HwbXK0qJ71RuJ/XiMy3bNWzGQYGSrJ5KNuxLEJ8KgZ3GGKEsOHlgBRzO6KSR8UEGP7y9gSvNmT50n1uOAVC8Xbk1zpYlpHGu2hfZRHHjpFJXSNyqiCCHpEz+gVvTlPzovz7nxMoilnOrOL/sD5/AHUsJo9</latexit>

!Na = 0.06(ns)→1
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(3)

Optical molasses

Apply 6 counter 
propagating lasers 

Atomic Physics, Foot

Creates a restoring force!
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(3)

Optical molasses

Apply 6 counter 
propagating lasers 

Atomic Physics, Foot

Can be further controlled 
using an additional 

magnetic field

Magneto Optical 
Trap (MOT)

This increases the density of 
trapped atoms as the MOT can 
trap some of the faster atoms
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(3)

Optical molasses

Apply 6 counter 
propagating lasers 

Atomic Physics, Foot

Doppler cooling limit 

<latexit sha1_base64="9zBnVMP8fE0m9VoAtr5GDxHfD24=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVZJSqhuhqAtBkAp9QRPLZDpph84kYWYilJAPcOOvuHGhiFs/wJ1/46SNoK0HBg7nnMvce9yQUalM88vILS2vrK7l1wsbm1vbO8XdvbYMIoFJCwcsEF0XScKoT1qKKka6oSCIu4x03PFF6nfuiZA08JtqEhKHo6FPPYqR0lK/WGr2L+9imyM1Ejy+QUlyVqma0ObRj3ad6JRZNqeAi8TKSAlkaPSLn/YgwBEnvsIMSdmzzFA5MRKKYkaSgh1JEiI8RkPS09RHnEgnnh6TwCOtDKAXCP18Bafq74kYcSkn3NXJdEM576Xif14vUt6pE1M/jBTx8ewjL2JQBTBtBg6oIFixiSYIC6p3hXiEBMJK91fQJVjzJy+SdqVs1cq122qpfp7VkQcH4BAcAwucgDq4Ag3QAhg8gCfwAl6NR+PZeDPeZ9Gckc3sgz8wPr4Bd7ebRg==</latexit>

TNa
D = 240µK

Theoretical limit

Turns out in reality the cooling mechanism is much more 
efficient (sub Doppler cooling)

<latexit sha1_base64="ubhf3afH+XmUCVFRrXlfsEeYSZA=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxFZJSqhuhqAtBkAp9CG0Mk+mkHTqThJmJUEL+wI2/4saFIm7duvNvnD4EbT1w4XDOvdx7jx8zKpVtfxm5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQicesjSRgNSUNRxchtLAjiPiMtf3A+8lv3REgahXU1jInLUS+kAcVIackzD+teKi+yu7TDkeoLnl6jLDstWWXY4cmPdpV5ZtG27DHgPHGmpAimqHnmZ6cb4YSTUGGGpGw7dqzcFAlFMSNZoZNIEiM8QD3S1jREnEg3Hf+TwQOtdGEQCV2hgmP190SKuJRD7uvO0YVy1huJ/3ntRAUnbkrDOFEkxJNFQcKgiuAoHNilgmDFhpogLKi+FeI+EggrHWFBh+DMvjxPmiXLqViVm3KxejaNIw/2wD44Ag44BlVwCWqgATB4AE/gBbwaj8az8Wa8T1pzxnRmF/yB8fENPNWczQ==</latexit>

TNa
sD = 2.4µK Sisyphus 

cooling
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(3)

Now the atoms are moving slow enough 
to be loaded into a magnetic trap

Atomic Physics, Foot
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(3)

Now the atoms are moving slow enough 
to be loaded into a magnetic trap

Atomic Physics, Foot

Radial confinement
<latexit sha1_base64="nC/b8JG8YfdP7zUBQtoKAb87JEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahgpREpHos9eKxgv2AJpTNdtMu3WzC7kYMoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zM82POlLbtb6uwtr6xuVXcLu3s7u0flA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1J7czv/tIpWKReNBpTL0QjwQLGMHaSG7m+gFqTqtPF+n5oFyxa/YcaJU4OalAjtag/OUOI5KEVGjCsVJ9x461l2GpGeF0WnITRWNMJnhE+4YKHFLlZfObp+jMKEMURNKU0Giu/p7IcKhUGvqmM8R6rJa9mfif1090cONlTMSJpoIsFgUJRzpCswDQkElKNE8NwUQycysiYywx0SamkgnBWX55lXQua069Vr+/qjSaeRxFOIFTqIID19CAO2hBGwjE8Ayv8GYl1ov1bn0sWgtWPnMMf2B9/gDTd5Dp</latexit>

B(x, y)
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(3)

Now the atoms are moving slow enough 
to be loaded into a magnetic trap

Atomic Physics, Foot

Radial confinement
<latexit sha1_base64="nC/b8JG8YfdP7zUBQtoKAb87JEc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahgpREpHos9eKxgv2AJpTNdtMu3WzC7kYMoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zM82POlLbtb6uwtr6xuVXcLu3s7u0flA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1J7czv/tIpWKReNBpTL0QjwQLGMHaSG7m+gFqTqtPF+n5oFyxa/YcaJU4OalAjtag/OUOI5KEVGjCsVJ9x461l2GpGeF0WnITRWNMJnhE+4YKHFLlZfObp+jMKEMURNKU0Giu/p7IcKhUGvqmM8R6rJa9mfif1090cONlTMSJpoIsFgUJRzpCswDQkElKNE8NwUQycysiYywx0SamkgnBWX55lXQua069Vr+/qjSaeRxFOIFTqIID19CAO2hBGwjE8Ayv8GYl1ov1bn0sWgtWPnMMf2B9/gDTd5Dp</latexit>

B(x, y)

Axial confinement

<latexit sha1_base64="WW8EYns1Wl6kVMs32L74gr/PGMk=">AAACHnicbVDLSgMxFM3UV62vUZdugkVoqZSZotWNUHTjRqhgH9AZh0yaaUMzD5KM0A79Ejf+ihsXigiu9G9M21lo64ED5557L8k9bsSokIbxrWWWlldW17LruY3Nre0dfXevKcKYY9LAIQt520WCMBqQhqSSkXbECfJdRlru4GrSbz0QLmgY3MlhRGwf9QLqUYykshz9tFngx6PiRdMxSpbHEU5uxkllXLBCn/SQw+8rULGUliNVKhYdPW+UjSngojBTkQcp6o7+aXVDHPskkJghITqmEUk7QVxSzMg4Z8WCRAgPUI90lAyQT4SdTM8bwyPldKEXcsVAwqn7eyNBvhBD31WTPpJ9Md+bmP/1OrH0zu2EBlEsSYBnD3kxgzKEk6xgl3KCJRsqgTCn6q8Q95EKSapEcyoEc/7kRdGslM1quXp7kq9dpnFkwQE4BAVggjNQA9egDhoAg0fwDF7Bm/akvWjv2sdsNKOlO/vgD7SvHweLoJc=</latexit>

V (r, z) = V0 +
M

2
(ω2

rr
2 + ω2

zz
2)
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With the atoms in the trap, 
they can now be cooled to quantum 

degeneracy using evaporative cooling

Atomic Physics, Foot

Lowering the tops of the trap allows
the most energetic fastest/hottest 
atoms to leave, lowering the overall 
temperature.

Evaporative cooling Has no lower 
limit, has reached below 10nK
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Strong correlations are introduced 
through an optical lattice

Atomic Physics, Foot

In an electric field
each atom acts like an electric dipole
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(3)

Strong correlations are introduced 
through an optical lattice

Atomic Physics, Foot

In an electric field
each atom acts like an electric dipole

Using the electric field of a standing wave
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Atomic Physics, Foot

Time of flight imaging
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Time of flight imaging

Pump-probe experiments 
also accessible
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Now to make measurements

Atomic Physics, Foot

Time of flight imaging

Davis et al., PRL (1995)

lowering T
Tc

Pump-probe experiments 
also accessible

laser cooled gas of 87Rb
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(3)

Now to make measurements

Atomic Physics, Foot

Quantum Gas Microscope: 
Single site imaging

Gross and Bakr, Nature Physics (2021)



Ultracold Atoms
Is well suited for probing the dynamics of 

quantum many body  systems, analog quantum simulator

Can watch simple initial states relax and interfere
control inter particle interactions via the Feshbach resonance



Ultracold Atoms
Is well suited for probing the dynamics of 

quantum many body  systems, analog quantum simulator

Can watch simple initial states relax and interfere

Direct observation of 
Anderson localization

Billy et al, Nature (2008)

control inter particle interactions via the Feshbach resonance



Ultracold Atoms

Ideal for Floquet dynamics as optical pulses can be 
applied periodically.

Apply free particle evolution for time T

Apply a standing wave for time T, then switch it off
<latexit sha1_base64="OoYbi0ctzucitoofSfOBgLT0peo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBah3ZSkSHUjFKXgsoJ9QBPCZDpph04yYWYi1FBw46+4caGIW3/CnX/jtM1CWw9cOJxzL/fe48eMSmVZ30ZuZXVtfSO/Wdja3tndM/cP2pInApMW5oyLro8kYTQiLUUVI91YEBT6jHT80fXU79wTISmP7tQ4Jm6IBhENKEZKS555lDp+ABuTy2rDs6CDuSyN4EM5KKmyZxatijUDXCZ2RoogQ9Mzv5w+x0lIIoUZkrJnW7FyUyQUxYxMCk4iSYzwCA1IT9MIhUS66eyHCTzVSh8GXOiKFJypvydSFEo5Dn3dGSI1lIveVPzP6yUquHBTGsWJIhGeLwoSBhWH00BgnwqCFRtrgrCg+laIh0ggrHRsBR2CvfjyMmlXK3atUrs9K9avsjjy4BicgBKwwTmogxvQBC2AwSN4Bq/gzXgyXox342PemjOymUPwB8bnD9uxlcA=</latexit>

E = 2E0 cos(kz)f(t)
<latexit sha1_base64="iRA6l2E9LdxS029FbQsp1d7kjQI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKe4GiR6DXjxGMA9I1jA7mSSj81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruimDNjff/by62srq1v5DcLW9s7u3vF/YOmUYkmtEEUV7odYUM5k7RhmeW0HWuKRcRpK3q8nvqtJ6oNU/LOjmMaCjyUbMAItk5qxveVs4roFUt+2Z8BLZMgIyXIUO8Vv7p9RRJBpSUcG9MJ/NiGKdaWEU4nhW5iaIzJIx7SjqMSC2rCdHbtBJ04pY8GSruSFs3U3xMpFsaMReQ6BbYjs+hNxf+8TmIHl2HKZJxYKsl80SDhyCo0fR31mabE8rEjmGjmbkVkhDUm1gVUcCEEiy8vk2alHFTL1dvzUu0qiyMPR3AMpxDABdTgBurQAAIP8Ayv8OYp78V79z7mrTkvmzmEP/A+fwCtpo6P</latexit>

p2/2m

Moore et al, Raizen, PRL (1995)

<latexit sha1_base64="BanjIVgZj/WPqkgJV9fDjelqk6k=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMCit40S+V3ao7B1klXk7KkKPRL331BjFLFY+QSWpM13MT9DOqUTDJp8VeanhC2ZgOedfSiCpu/Gx+65ScW2VAwljbipDM1d8TGVXGTFRgOxXFkVn2ZuJ/XjfF8MbPRJSkyCO2WBSmkmBMZo+TgdCcoZxYQpkW9lbCRlRThjaeog3BW355lbQuq16tWnu4Ktdv8zgKcApnUAEPrqEO99CAJjAYwTO8wpujnBfn3flYtK45+cwJ/IHz+QNp3Y3Y</latexit>

f(t)

Direct realization of the quantum kicked rotor:
<latexit sha1_base64="Ph5ad7FbJD7B/q3Msr0XeAYEhkI=">AAACHHicbVA9SwNBEN3z2/gVtbRZDEIsjHdR1EYQbRQblUSFXAx7m0myZO+D3TkhHPdDbPwrNhaK2FgI/hs3lxQafTDweG+GmXleJIVG2/6yxsYnJqemZ2Zzc/MLi0v55ZVrHcaKQ5WHMlS3HtMgRQBVFCjhNlLAfE/Cjdc96fs396C0CIMK9iKo+6wdiJbgDI3UyO9UG8n5VXoId8mWoG6HIY3uyrSyXT5LM63r8lAXM8PFDiDbTBv5gl2yM9C/xBmSAhniopH/cJshj30IkEumdc2xI6wnTKHgEtKcG2uIGO+yNtQMDZgPup5kz6V0wyhN2gqVqQBppv6cSJivdc/3TKfPsKNHvb74n1eLsXVQT0QQxQgBHyxqxZJiSPtJ0aZQwFH2DGFcCXMr5R2mGEeTZ86E4Iy+/Jdcl0vOXmnvcrdwdDyMY4askXVSJA7ZJ0fklFyQKuHkgTyRF/JqPVrP1pv1Pmgds4Yzq+QXrM9vY5igWw==</latexit>

UKR = e→ip̂2T/2Ie→ik cos(ω̂)

Lecture 1

Is well suited for probing the dynamics of 
quantum many body  systems, analog quantum simulator



Ultracold Atoms

Ideal for Floquet dynamics as optical pulses can be 
applied periodically.

Direct realization of the quantum kicked rotor:

Moore et al, Raizen, PRL (1995)

observation of 
dynamical 

localization!

<latexit sha1_base64="Ph5ad7FbJD7B/q3Msr0XeAYEhkI=">AAACHHicbVA9SwNBEN3z2/gVtbRZDEIsjHdR1EYQbRQblUSFXAx7m0myZO+D3TkhHPdDbPwrNhaK2FgI/hs3lxQafTDweG+GmXleJIVG2/6yxsYnJqemZ2Zzc/MLi0v55ZVrHcaKQ5WHMlS3HtMgRQBVFCjhNlLAfE/Cjdc96fs396C0CIMK9iKo+6wdiJbgDI3UyO9UG8n5VXoId8mWoG6HIY3uyrSyXT5LM63r8lAXM8PFDiDbTBv5gl2yM9C/xBmSAhniopH/cJshj30IkEumdc2xI6wnTKHgEtKcG2uIGO+yNtQMDZgPup5kz6V0wyhN2gqVqQBppv6cSJivdc/3TKfPsKNHvb74n1eLsXVQT0QQxQgBHyxqxZJiSPtJ0aZQwFH2DGFcCXMr5R2mGEeTZ86E4Iy+/Jdcl0vOXmnvcrdwdDyMY4askXVSJA7ZJ0fklFyQKuHkgTyRF/JqPVrP1pv1Pmgds4Yzq+QXrM9vY5igWw==</latexit>

UKR = e→ip̂2T/2Ie→ik cos(ω̂)

Gas of ultra cold Na atoms

Is well suited for probing the dynamics of 
quantum many body  systems, analog quantum simulator

Apply free particle evolution for time T

Apply a standing wave for time T, then switch it off
<latexit sha1_base64="OoYbi0ctzucitoofSfOBgLT0peo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBah3ZSkSHUjFKXgsoJ9QBPCZDpph04yYWYi1FBw46+4caGIW3/CnX/jtM1CWw9cOJxzL/fe48eMSmVZ30ZuZXVtfSO/Wdja3tndM/cP2pInApMW5oyLro8kYTQiLUUVI91YEBT6jHT80fXU79wTISmP7tQ4Jm6IBhENKEZKS555lDp+ABuTy2rDs6CDuSyN4EM5KKmyZxatijUDXCZ2RoogQ9Mzv5w+x0lIIoUZkrJnW7FyUyQUxYxMCk4iSYzwCA1IT9MIhUS66eyHCTzVSh8GXOiKFJypvydSFEo5Dn3dGSI1lIveVPzP6yUquHBTGsWJIhGeLwoSBhWH00BgnwqCFRtrgrCg+laIh0ggrHRsBR2CvfjyMmlXK3atUrs9K9avsjjy4BicgBKwwTmogxvQBC2AwSN4Bq/gzXgyXox342PemjOymUPwB8bnD9uxlcA=</latexit>

E = 2E0 cos(kz)f(t)
<latexit sha1_base64="iRA6l2E9LdxS029FbQsp1d7kjQI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKe4GiR6DXjxGMA9I1jA7mSSj81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruimDNjff/by62srq1v5DcLW9s7u3vF/YOmUYkmtEEUV7odYUM5k7RhmeW0HWuKRcRpK3q8nvqtJ6oNU/LOjmMaCjyUbMAItk5qxveVs4roFUt+2Z8BLZMgIyXIUO8Vv7p9RRJBpSUcG9MJ/NiGKdaWEU4nhW5iaIzJIx7SjqMSC2rCdHbtBJ04pY8GSruSFs3U3xMpFsaMReQ6BbYjs+hNxf+8TmIHl2HKZJxYKsl80SDhyCo0fR31mabE8rEjmGjmbkVkhDUm1gVUcCEEiy8vk2alHFTL1dvzUu0qiyMPR3AMpxDABdTgBurQAAIP8Ayv8OYp78V79z7mrTkvmzmEP/A+fwCtpo6P</latexit>

p2/2m
<latexit sha1_base64="BanjIVgZj/WPqkgJV9fDjelqk6k=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMCit40S+V3ao7B1klXk7KkKPRL331BjFLFY+QSWpM13MT9DOqUTDJp8VeanhC2ZgOedfSiCpu/Gx+65ScW2VAwljbipDM1d8TGVXGTFRgOxXFkVn2ZuJ/XjfF8MbPRJSkyCO2WBSmkmBMZo+TgdCcoZxYQpkW9lbCRlRThjaeog3BW355lbQuq16tWnu4Ktdv8zgKcApnUAEPrqEO99CAJjAYwTO8wpujnBfn3flYtK45+cwJ/IHz+QNp3Y3Y</latexit>

f(t)

Lecture 1



Ultracold Atoms

Ideal for Floquet dynamics as optical pulses can be 
applied periodically.

Direct realization of the quantum kicked top
<latexit sha1_base64="csHM20HaQto6NWHaLT4DLEfr4rI="></latexit>

ÛKT = e→iωĴyT e→ikĴ2
z/(2S)

Trapping a single 133Cs atom in the F=3 hyperfine state (has a large magnetic dipole moment)

Then this atom has a magnetic moment 

First apply a short magnetic field pulse to rotate F about the y-axis by 
<latexit sha1_base64="uOVU9rrMkWgKsCtqAGcLDzzdnxQ=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe6KRI9BLx4j5AXJEnons8mQ2dl1ZlYIIT/hxYMiXv0db/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWju5nfemJK81jWzThhfoQDyUNO0Vip3UWRDPGi3iuW3LI7B1klXkZKkKHWK351+zFNIyYNFah1x3MT409QGU4Fmxa6qWYJ0hEOWMdSiRHT/mR+75ScWaVPwljZkobM1d8TE4y0HkeB7YzQDPWyNxP/8zqpCW/8CZdJapiki0VhKoiJyex50ueKUSPGliBV3N5K6BAVUmMjKtgQvOWXV0nzsuxVypWHq1L1NosjDydwCufgwTVU4R5q0AAKAp7hFd6cR+fFeXc+Fq05J5s5hj9wPn8ApH+Pug==</latexit>

ω/T

Now we have to rotate F about the z-axis by an amount kJz/(2S), this can be achieve via the AC stark shift 

<latexit sha1_base64="Vhs3x5b1jyBwFJiqdq+N2eRoorA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdVkURFxVsA9oQplMJ+3QyUyYmSglBNz4K25cKOLWn3Dn3zhNs9DWAxcO59zLvfcEMaNKO863tbC4tLyyWlorr29sbm3bO7stJRKJSRMLJmQnQIowyklTU81IJ5YERQEj7WB0OfHb90QqKvidHsfEj9CA05BipI3Us/dTLwjhTeZJOhhqJKV4gLl0lfXsilN1csB54hakAgo0evaX1xc4iQjXmCGluq4Taz9FUlPMSFb2EkVihEdoQLqGchQR5af5Dxk8MkofhkKa4hrm6u+JFEVKjaPAdEZID9WsNxH/87qJDs/9lPI40YTj6aIwYVALOAkE9qkkWLOxIQhLam6FeIgkwtrEVjYhuLMvz5PWSdWtVWu3p5X6RRFHCRyAQ3AMXHAG6uAaNEATYPAInsEreLOerBfr3fqYti5Yxcwe+APr8weh0JeH</latexit>

J → F

Chaudhury, et al, Nature (2009)

Is well suited for probing the dynamics of 
quantum many body  systems, analog quantum simulator

Lecture 1



Ultracold Atoms

Ideal for Floquet dynamics as optical pulses can be 
applied periodically.

Direct realization of the quantum kicked top
<latexit sha1_base64="csHM20HaQto6NWHaLT4DLEfr4rI="></latexit>

ÛKT = e→iωĴyT e→ikĴ2
z/(2S)

Trapping a single 133Cs atom in the F=3 hyperfine state (has a large magnetic dipole moment)

Then this atom has a magnetic moment 

First apply a short magnetic field pulse to rotate F about the y-axis by 
<latexit sha1_base64="uOVU9rrMkWgKsCtqAGcLDzzdnxQ=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe6KRI9BLx4j5AXJEnons8mQ2dl1ZlYIIT/hxYMiXv0db/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWju5nfemJK81jWzThhfoQDyUNO0Vip3UWRDPGi3iuW3LI7B1klXkZKkKHWK351+zFNIyYNFah1x3MT409QGU4Fmxa6qWYJ0hEOWMdSiRHT/mR+75ScWaVPwljZkobM1d8TE4y0HkeB7YzQDPWyNxP/8zqpCW/8CZdJapiki0VhKoiJyex50ueKUSPGliBV3N5K6BAVUmMjKtgQvOWXV0nzsuxVypWHq1L1NosjDydwCufgwTVU4R5q0AAKAp7hFd6cR+fFeXc+Fq05J5s5hj9wPn8ApH+Pug==</latexit>

ω/T

Now we have to rotate F about the z-axis by an amount kJz/(2S), this can be achieve via the AC stark shift 

<latexit sha1_base64="Vhs3x5b1jyBwFJiqdq+N2eRoorA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdVkURFxVsA9oQplMJ+3QyUyYmSglBNz4K25cKOLWn3Dn3zhNs9DWAxcO59zLvfcEMaNKO863tbC4tLyyWlorr29sbm3bO7stJRKJSRMLJmQnQIowyklTU81IJ5YERQEj7WB0OfHb90QqKvidHsfEj9CA05BipI3Us/dTLwjhTeZJOhhqJKV4gLl0lfXsilN1csB54hakAgo0evaX1xc4iQjXmCGluq4Taz9FUlPMSFb2EkVihEdoQLqGchQR5af5Dxk8MkofhkKa4hrm6u+JFEVKjaPAdEZID9WsNxH/87qJDs/9lPI40YTj6aIwYVALOAkE9qkkWLOxIQhLam6FeIgkwtrEVjYhuLMvz5PWSdWtVWu3p5X6RRFHCRyAQ3AMXHAG6uAaNEATYPAInsEreLOerBfr3fqYti5Yxcwe+APr8weh0JeH</latexit>

J → F

Hussimi distributions

Chaudhury, et al, Nature (2009)

Is well suited for probing the dynamics of 
quantum many body  systems, analog quantum simulator

Lecture 1



Ultracold Atoms

Ideal for Floquet dynamics as optical pulses can be 
applied periodically.

Direct realization of the quantum kicked top
<latexit sha1_base64="csHM20HaQto6NWHaLT4DLEfr4rI="></latexit>

ÛKT = e→iωĴyT e→ikĴ2
z/(2S)

Trapping a single 133Cs atom in the F=3 hyperfine state (has a large magnetic dipole moment)

Then this atom has a magnetic moment 

First apply a short magnetic field pulse to rotate F about the y-axis by 
<latexit sha1_base64="uOVU9rrMkWgKsCtqAGcLDzzdnxQ=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe6KRI9BLx4j5AXJEnons8mQ2dl1ZlYIIT/hxYMiXv0db/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWju5nfemJK81jWzThhfoQDyUNO0Vip3UWRDPGi3iuW3LI7B1klXkZKkKHWK351+zFNIyYNFah1x3MT409QGU4Fmxa6qWYJ0hEOWMdSiRHT/mR+75ScWaVPwljZkobM1d8TE4y0HkeB7YzQDPWyNxP/8zqpCW/8CZdJapiki0VhKoiJyex50ueKUSPGliBV3N5K6BAVUmMjKtgQvOWXV0nzsuxVypWHq1L1NosjDydwCufgwTVU4R5q0AAKAp7hFd6cR+fFeXc+Fq05J5s5hj9wPn8ApH+Pug==</latexit>

ω/T

Now we have to rotate F about the z-axis by an amount kJz/(2S), this can be achieve via the AC stark shift 

<latexit sha1_base64="Vhs3x5b1jyBwFJiqdq+N2eRoorA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdVkURFxVsA9oQplMJ+3QyUyYmSglBNz4K25cKOLWn3Dn3zhNs9DWAxcO59zLvfcEMaNKO863tbC4tLyyWlorr29sbm3bO7stJRKJSRMLJmQnQIowyklTU81IJ5YERQEj7WB0OfHb90QqKvidHsfEj9CA05BipI3Us/dTLwjhTeZJOhhqJKV4gLl0lfXsilN1csB54hakAgo0evaX1xc4iQjXmCGluq4Taz9FUlPMSFb2EkVihEdoQLqGchQR5af5Dxk8MkofhkKa4hrm6u+JFEVKjaPAdEZID9WsNxH/87qJDs/9lPI40YTj6aIwYVALOAkE9qkkWLOxIQhLam6FeIgkwtrEVjYhuLMvz5PWSdWtVWu3p5X6RRFHCRyAQ3AMXHAG6uAaNEATYPAInsEreLOerBfr3fqYti5Yxcwe+APr8weh0JeH</latexit>

J → F

Chaudhury, et al, Nature (2009)

Initial state in 
the localized 

island 

Initial state 
from chaotic 

region

Is well suited for probing the dynamics of 
quantum many body  systems, analog quantum simulator

Lecture 1



Trapped Ions

M. Kozuma group

M. Endres group

Cold atomic gases

C. Monroe group

Trapped ions

Neutral atoms

We will now consider each of these platforms in turn

J. Martinis group

Superconducting qubits



Trapped Ions
Charged particles experience much larger forces then neutral atoms

Atomic Physics, Foot

Magnetic forces
on neutrals

<latexit sha1_base64="EpoTOMK7X7p320VGNXPmojG/WR8=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUASPUcwDkhBmJ7PJkNnZZaZXCEv+wIsHRbz6R978GyfJHjSxoKGo6qa7y4+lMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbvnUcCkUr6NAyVux5jT0JW/6o5up33zi2ohIPeI45t2QDpQIBKNopYfbq16x5JbdGcgy8TJSggy1XvGr049YEnKFTFJj2p4bYzelGgWTfFLoJIbHlI3ogLctVTTkppvOLp2QE6v0SRBpWwrJTP09kdLQmHHo286Q4tAselPxP6+dYHDZTYWKE+SKzRcFiSQYkenbpC80ZyjHllCmhb2VsCHVlKENp2BD8BZfXiaNs7JXKVfuz0vV6yyOPBzBMZyCBxdQhTuoQR0YBPAMr/DmjJwX5935mLfmnGzmEP7A+fwBHiuNGw==</latexit>

E =Electric forces
on ions

Forces on ions are 108 greater then on neutrals!



Trapped Ions
Charged particles experience much larger forces then neutral atoms

Atomic Physics, Foot

Magnetic forces
on neutrals

<latexit sha1_base64="EpoTOMK7X7p320VGNXPmojG/WR8=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUASPUcwDkhBmJ7PJkNnZZaZXCEv+wIsHRbz6R978GyfJHjSxoKGo6qa7y4+lMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbvnUcCkUr6NAyVux5jT0JW/6o5up33zi2ohIPeI45t2QDpQIBKNopYfbq16x5JbdGcgy8TJSggy1XvGr049YEnKFTFJj2p4bYzelGgWTfFLoJIbHlI3ogLctVTTkppvOLp2QE6v0SRBpWwrJTP09kdLQmHHo286Q4tAselPxP6+dYHDZTYWKE+SKzRcFiSQYkenbpC80ZyjHllCmhb2VsCHVlKENp2BD8BZfXiaNs7JXKVfuz0vV6yyOPBzBMZyCBxdQhTuoQR0YBPAMr/DmjJwX5935mLfmnGzmEP7A+fwBHiuNGw==</latexit>

E =Electric forces
on ions

Forces on ions are 108 greater then on neutrals!

The traps are also a lot deeper for ions for
<latexit sha1_base64="tlj70oUcfjXCDbgBXIbl1Q8Xu8s=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRKR6rLoRnBToS9oY5hMJu3QmSTMTIQS8gdu/BU3LhRx69adf+OkjaCtBy4czrmXe+/xYkalsqwvo7S0vLK6Vl6vbGxube+Yu3sdGSUCkzaOWCR6HpKE0ZC0FVWM9GJBEPcY6Xrjq9zv3hMhaRS21CQmDkfDkAYUI6Ul1zxuuemAIzUSPPVJrEZZNpCUQ9u6q8Mf4yZzzapVs6aAi8QuSBUUaLrm58CPcMJJqDBDUvZtK1ZOioSimJGsMkgkiREeoyHpaxoiTqSTTv/J4JFWfBhEQleo4FT9PZEiLuWEe7ozv1DOe7n4n9dPVHDhpDSME0VCPFsUJAyqCObhQJ8KghWbaIKwoPpWiEdIIKx0hBUdgj3/8iLpnNbseq1+e1ZtXBZxlMEBOAQnwAbnoAGuQRO0AQYP4Am8gFfj0Xg23oz3WWvJKGb2wR8YH99H7ZzR</latexit>

Tdepth → 106K

Compared with neutrals
<latexit sha1_base64="DULcvATc99Ls8YISBf5bneCTM5M=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRKR1mXRjeCmQl/QhDCZTNuhM0mYmQgl5A/c+CtuXCji1q07/8ZJG0FbD1w4nHMv997jx4xKZVlfRmlldW19o7xZ2dre2d0z9w+6MkoEJh0csUj0fSQJoyHpKKoY6ceCIO4z0vMn17nfuydC0ihsq2lMXI5GIR1SjJSWPPO07aUOR2oseBqQWI2zzJGUQ6tmNeCPcZt5ZlUrM8BlYhekCgq0PPPTCSKccBIqzJCUA9uKlZsioShmJKs4iSQxwhM0IgNNQ8SJdNPZPxk80UoAh5HQFSo4U39PpIhLOeW+7swvlIteLv7nDRI1vHRTGsaJIiGeLxomDKoI5uHAgAqCFZtqgrCg+laIx0ggrHSEFR2CvfjyMume1+x6rX53UW1eFXGUwRE4BmfABg3QBDegBToAgwfwBF7Aq/FoPBtvxvu8tWQUM4fgD4yPb/zZnKE=</latexit>

Tdepth → 0.07K

This is important to trap ions as they are created by ionizing neutral atoms 



Trapped Ions

Atomic Physics, Foot

We now add an electron beam 
to ionize the atoms, by 

knocking off the outer electron 
on some fraction of the atoms

(1) Ions that can be easily trapped have one valence 
electron outside a closed shell, these include

Yb⁺, Ca⁺, Sr⁺, Ba⁺, Be⁺, Mg⁺, Al⁺, Hg⁺, In⁺

This makes the cooling process easier



Trapped Ions

Atomic Physics, Foot

We now add an electron beam 
to ionize the atoms, by 

knocking off the outer electron 
on some fraction of the atoms

The ions now have a large recoil 
energy due to the ionization process. 
This gives them much larger kinetic 

energy then thermal motion.

The deep trap is sufficient to capture these ions
<latexit sha1_base64="tlj70oUcfjXCDbgBXIbl1Q8Xu8s=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRKR6rLoRnBToS9oY5hMJu3QmSTMTIQS8gdu/BU3LhRx69adf+OkjaCtBy4czrmXe+/xYkalsqwvo7S0vLK6Vl6vbGxube+Yu3sdGSUCkzaOWCR6HpKE0ZC0FVWM9GJBEPcY6Xrjq9zv3hMhaRS21CQmDkfDkAYUI6Ul1zxuuemAIzUSPPVJrEZZNpCUQ9u6q8Mf4yZzzapVs6aAi8QuSBUUaLrm58CPcMJJqDBDUvZtK1ZOioSimJGsMkgkiREeoyHpaxoiTqSTTv/J4JFWfBhEQleo4FT9PZEiLuWEe7ozv1DOe7n4n9dPVHDhpDSME0VCPFsUJAyqCObhQJ8KghWbaIKwoPpWiEdIIKx0hBUdgj3/8iLpnNbseq1+e1ZtXBZxlMEBOAQnwAbnoAGuQRO0AQYP4Am8gFfj0Xg23oz3WWvJKGb2wR8YH99H7ZzR</latexit>

Tdepth → 106K

(1) (2)



Trapped Ions

Atomic Physics, Foot

We now want to cool the ions(3)

Ions that can be easily trapped have one valence 
electron outside a closed shell, these include Yb⁺, Ca⁺, Sr⁺, Ba⁺, Be⁺, Mg⁺, Al⁺, Hg⁺, In⁺

Buffer gas cooling: small density of background 
helium gas can scatter and cool the hottest atoms Then Doppler cooled to



Trapped Ions

Atomic Physics, Foot

Need to trap them in electric field, but we cannot do this with electrostatics

Earnshaw’s theorem: A charged particle acted on by electrostatic 
force cannot come to rest at a stable equilibrium.

First consider a  
mechanical analog 

<latexit sha1_base64="KxSGL+tY4Xs7D0nE++a0q4qTcdY=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxCu7AkRWo3QtGNOyvYCyQxTKaTduhkEmYmQgl9FTe+ihsXinQnvozTy8K2/jDw851zOHP+IGFUKsv6NtbWNza3tnM7+d29/YND8+i4JeNUYNLEMYtFJ0CSMMpJU1HFSCcRBEUBI+1gcDupt5+JkDTmj2qYEC9CPU5DipHSyDdrrWs3FAhnLd8aZZWRUxQujmXRvY9ID0FVKj1VLjSTlC8wzzcLVtmaCq4ae24KYK6Gb47dbozTiHCFGZLSsa1EeRkSimJGRnk3lSRBeIB6xNGWo4hIL5teOILnmnRhGAv9uIJT+nciQ5GUwyjQnRFSfblcm8D/ak6qwpqXUZ6kinA8WxSmDKoYTuKCXSoIVmyoDcKC6r9C3Ec6MKVDzesQ7OWTV02rUrar5erDZaF+M48jB07BGSgCG1yBOrgDDdAEGLyAN/ABPo1X4934Msaz1jVjPnMCFmT8/AIiWaGe</latexit>

V =
V0

2
[(r cos(!t))2 → (r sin(!t))2]

A ball of mass m 
sitting on a rotating 

saddle



Trapped Ions

Atomic Physics, Foot

Need to trap them in electric field, but we cannot do this with electrostatics

Earnshaw’s theorem: A charged particle acted on by electrostatic 
force cannot come to rest at a stable equilibrium.

The Paul trap

First consider a  
mechanical analog 

<latexit sha1_base64="KxSGL+tY4Xs7D0nE++a0q4qTcdY=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxCu7AkRWo3QtGNOyvYCyQxTKaTduhkEmYmQgl9FTe+ihsXinQnvozTy8K2/jDw851zOHP+IGFUKsv6NtbWNza3tnM7+d29/YND8+i4JeNUYNLEMYtFJ0CSMMpJU1HFSCcRBEUBI+1gcDupt5+JkDTmj2qYEC9CPU5DipHSyDdrrWs3FAhnLd8aZZWRUxQujmXRvY9ID0FVKj1VLjSTlC8wzzcLVtmaCq4ae24KYK6Gb47dbozTiHCFGZLSsa1EeRkSimJGRnk3lSRBeIB6xNGWo4hIL5teOILnmnRhGAv9uIJT+nciQ5GUwyjQnRFSfblcm8D/ak6qwpqXUZ6kinA8WxSmDKoYTuKCXSoIVmyoDcKC6r9C3Ec6MKVDzesQ7OWTV02rUrar5erDZaF+M48jB07BGSgCG1yBOrgDDdAEGLyAN/ABPo1X4934Msaz1jVjPnMCFmT8/AIiWaGe</latexit>

V =
V0

2
[(r cos(!t))2 → (r sin(!t))2]

A ball of mass m 
sitting on a rotating 

saddle

SideviewBirds Eye view
<latexit sha1_base64="tv8tvwl4ZF1L1OIvuotDEJO2Ev4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQoZZEpLoRiiK4rGAf0IQymU7aoZNJmJmIIXTvxl9x40IRt/6AO//GaZuFth64cDjnXu69x4sYlcqyvo3c0vLK6lp+vbCxubW9Y+7utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja4mfvueCElDfqeSiLgBGnDqU4yUlnpmMXU8H16Pyw+VpKKOLo4djjyGoBMNaab1zJJVtaaAi8TOSAlkaPTML6cf4jggXGGGpOzaVqTcFAlFMSPjghNLEiE8QgPS1ZSjgEg3nf4yhoda6UM/FLq4glP190SKAimTwNOdAVJDOe9NxP+8bqz8czelPIoV4Xi2yI8ZVCGcBAP7VBCsWKIJwoLqWyEeIoGw0vEVdAj2/MuLpHVStWvV2u1pqX6ZxZEHB6AIysAGZ6AObkADNAEGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/CAeZKA==</latexit>

E(x, y, t) = →↑ω(x, y, t)

ions



Trapped Ions

Atomic Physics, Foot

Need to trap them in electric field, but we cannot do this with electrostatics
The Paul trap

SideviewBirds Eye view
<latexit sha1_base64="tv8tvwl4ZF1L1OIvuotDEJO2Ev4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQoZZEpLoRiiK4rGAf0IQymU7aoZNJmJmIIXTvxl9x40IRt/6AO//GaZuFth64cDjnXu69x4sYlcqyvo3c0vLK6lp+vbCxubW9Y+7utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja4mfvueCElDfqeSiLgBGnDqU4yUlnpmMXU8H16Pyw+VpKKOLo4djjyGoBMNaab1zJJVtaaAi8TOSAlkaPTML6cf4jggXGGGpOzaVqTcFAlFMSPjghNLEiE8QgPS1ZSjgEg3nf4yhoda6UM/FLq4glP190SKAimTwNOdAVJDOe9NxP+8bqz8czelPIoV4Xi2yI8ZVCGcBAP7VBCsWKIJwoLqWyEeIoGw0vEVdAj2/MuLpHVStWvV2u1pqX6ZxZEHB6AIysAGZ6AObkADNAEGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/CAeZKA==</latexit>

E(x, y, t) = →↑ω(x, y, t)

ions



Trapped Ions

Atomic Physics, Foot

Need to trap them in electric field, but we cannot do this with electrostatics
The Paul trap

SideviewBirds Eye view
<latexit sha1_base64="tv8tvwl4ZF1L1OIvuotDEJO2Ev4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQoZZEpLoRiiK4rGAf0IQymU7aoZNJmJmIIXTvxl9x40IRt/6AO//GaZuFth64cDjnXu69x4sYlcqyvo3c0vLK6lp+vbCxubW9Y+7utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja4mfvueCElDfqeSiLgBGnDqU4yUlnpmMXU8H16Pyw+VpKKOLo4djjyGoBMNaab1zJJVtaaAi8TOSAlkaPTML6cf4jggXGGGpOzaVqTcFAlFMSPjghNLEiE8QgPS1ZSjgEg3nf4yhoda6UM/FLq4glP190SKAimTwNOdAVJDOe9NxP+8bqz8czelPIoV4Xi2yI8ZVCGcBAP7VBCsWKIJwoLqWyEeIoGw0vEVdAj2/MuLpHVStWvV2u1pqX6ZxZEHB6AIysAGZ6AObkADNAEGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/CAeZKA==</latexit>

E(x, y, t) = →↑ω(x, y, t)

ions

Equation of motion

Fast oscillation, micromotion

The ions remain 
trapped if

Slower oscillations



Trapped Ions

This gives rise to a chain of trapped ions that are stable for quite a long time, 
e.g. for several days is quite common.

Blatt and Wineland, Nature Physics (2008)

During the cooling process the ions 
emit photons that for some ions

can be seen with naked eye to (e.g. Ba+) 

Atomic Physics, Foot



Trapped Ions
Trapped ion experiments can probe many body physics that results from the 

interactions between the ions.

Atomic Physics, Foot

Schneider, Porras, Schaetz, IOP (2012) Monroe et al, Rev. Mod Phys (2021)

1D and 2D traps are possible

60 atoms!



Trapped Ions
Trapped ion experiments can probe many body physics that results from the 

interactions between the ions.

Atomic Physics, Foot

Schneider, Porras, Schaetz, IOP (2012) Monroe et al, Rev. Mod Phys (2021)

Accessible many-body Hamiltonians

Spin-1 

1D and 2D traps are possible

60 atoms!



Trapped Ions
Trapped ion experiments can probe many body physics that results from the 

interactions between the ions.

Atomic Physics, Foot

Schneider, Porras, Schaetz, IOP (2012) Monroe et al, Rev. Mod Phys (2021)

1D and 2D traps are possible

60 atoms!
Accessible many-body Hamiltonians

Spin-1 

Magnetization after 
a local quench



Trapped Ions

Universal quantum computation is accessible with trapped ions

Optical pulses are used to make one and two qubit gates by directly coupling 
the ions together through forces that depends on the spin state of the ions



Trapped Ions

Atomic Physics, Foot

Universal quantum computation is accessible with trapped ions

One qubit gates

Optical pulses are used to make one and two qubit gates by directly coupling 
the ions together through forces that depends on the spin state of the ions

Hafner, Roos, Blatt IOP (2008)



Trapped Ions

Atomic Physics, FootHafner, Roos, Blatt IOP (2008)

Two qubit gates

Mølmer–Sørensen (MS) gates

<latexit sha1_base64="kyY1YPgqoJSs/CPScRJHwFVKXws=">AAACInicbVDLSgNBEJyN7/iKevQyGIR4MO4GiXoQRC8eFYwGsjHMTjrJmNkHM71iWPZbvPgrXjwo6knwY5w8EI0WDFRXddPT5UVSaLTtDyszMTk1PTM7l51fWFxazq2sXuowVhwqPJShqnpMgxQBVFCghGqkgPmehCuve9L3r25BaREGF9iLoO6zdiBagjM0UiN3UK0WXOwAsq1DuE62BR1WBVeLts8ayZ1I3RCFD/pbuUm3dkppI5e3i/YA9C9xRiRPRjhr5N7cZshjHwLkkmldc+wI6wlTKLiENOvGGiLGu6wNNUMDZnbWk8GJKd00SpO2QmVegHSg/pxImK91z/dMp8+wo8e9vvifV4uxtV9PRBDFCAEfLmrFkmJI+3nRplDAUfYMYVwJ81fKO0wxjibVrAnBGT/5L7ksFZ1ysXy+mz86HsUxS9bJBikQh+yRI3JKzkiFcHJPHskzebEerCfr1Xoftmas0cwa+QXr8wusfaRt</latexit>

XX(ω) = e→iω(εxi↑εxj)/2

<latexit sha1_base64="26NLSlFiHRPKcLukJdkqUIvUE/E=">AAACInicbVDJSgNBEO1xjXGLevTSGIR4MM6IRD0IQS8eI5hEycTQ06kkrT0L3TVCGOZbvPgrXjwo6knwY+wsiNuDhlfvVVFdz4uk0Gjb79bE5NT0zGxmLju/sLi0nFtZrekwVhyqPJShuvCYBikCqKJACReRAuZ7EurezcnAr9+C0iIMzrEfQdNn3UB0BGdopFbu8PKy4GIPkG0dwVWyLeioKrhadH3WSvoidUMUPugv5Trd2tlNW7m8XbSHoH+JMyZ5MkallXt12yGPfQiQS6Z1w7EjbCZMoeAS0qwba4gYv2FdaBgaMLOzmQxPTOmmUdq0EyrzAqRD9ftEwnyt+75nOn2GPf3bG4j/eY0YOwfNRARRjBDw0aJOLCmGdJAXbQsFHGXfEMaVMH+lvMcU42hSzZoQnN8n/yW13aJTKpbO9vLl43EcGbJONkiBOGSflMkpqZAq4eSOPJAn8mzdW4/Wi/U2ap2wxjNr5Aesj0+zGqRx</latexit>

Y Y (ω) = e→iω(εyi↑εyj)/2

<latexit sha1_base64="1C8sgz1DRHFEKlqwCJgWi7PGHEY=">AAACInicbVDJSgNBEO2Je9yiHr00BiE5GGeCRD0IohePCkbFTAw9nUrSpmehu0aIw3yLF3/FiwdFPQl+jJ0FcXvQ8Oq9KqrreZEUGm373cqMjU9MTk3PZGfn5hcWc0vLZzqMFYcqD2WoLjymQYoAqihQwkWkgPmehHOve9j3z29AaREGp9iLoO6zdiBagjM0UiO3e3lZcLEDyIp7cJVsCDqsCq4WbZ81kluRuiEKH/SXcp0WN8tpI5e3S/YA9C9xRiRPRjhu5F7dZshjHwLkkmldc+wI6wlTKLiENOvGGiLGu6wNNUMDZnbWk8GJKV03SpO2QmVegHSgfp9ImK91z/dMp8+wo397ffE/rxZja6eeiCCKEQI+XNSKJcWQ9vOiTaGAo+wZwrgS5q+Ud5hiHE2qWROC8/vkv+SsXHIqpcrJVn7/YBTHNFkla6RAHLJN9skROSZVwskdeSBP5Nm6tx6tF+tt2JqxRjMr5Aesj0+5t6R1</latexit>

ZZ(ω) = e→iω(εzi↑εzj)/2

Universal quantum computation is accessible with trapped ions

Optical pulses are used to make one and two qubit gates by directly coupling 
the ions together through forces that depends on the spin state of the ions



Trapped Ions
Quantum computation with trapped ions (summary)

Atomic Physics, Foot

Coherence times

Fidelity (typical)

Gate speeds
<latexit sha1_base64="hCEl/OO7nFRR/TkS+wMOcRFmOd0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3SPVY9OKxgv3AdinZNNuGJtklyQpl6b/w4kERr/4bb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCye3c7zxRpVkkH8w0pr7AI8lCRrCx0qN3UXNRXyRID8oVt+pmQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP80unqEzqwxRGClb0qBM/T2RYqH1VAS2U2Az1sveXPzP6yUmvPZTJuPEUEkWi8KEIxOh+ftoyBQlhk8twUQxeysiY6wwMTakkg3BW355lbRrVa9erd9fVho3eRxFOIFTOAcPrqABd9CEFhCQ8Ayv8OZo58V5dz4WrQUnnzmGP3A+fwCexo+a</latexit>

1→ 20µs

Single qubit gates Two qubit gates Measurement
\reset

<latexit sha1_base64="v6KCMMZ9tCsaSwQYy0LGr/q0wjY=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBC8GHaDRI9BLx4jmAdkQ5idzCZDZmaXeQhhyW948aCIV3/Gm3/jJNmDJhY0FFXddHdFKWfa+P63t7a+sbm1Xdgp7u7tHxyWjo5bOrGK0CZJeKI6EdaUM0mbhhlOO6miWESctqPx3cxvP1GlWSIfzSSlPYGHksWMYOOkMPAvq76PQmGR7pfKfsWfA62SICdlyNHol77CQUKsoNIQjrXuBn5qehlWhhFOp8XQappiMsZD2nVUYkF1L5vfPEXnThmgOFGupEFz9fdEhoXWExG5ToHNSC97M/E/r2tNfNPLmEytoZIsFsWWI5OgWQBowBQlhk8cwUQxdysiI6wwMS6mogshWH55lbSqlaBWqT1cleu3eRwFOIUzuIAArqEO99CAJhBI4Rle4c2z3ov37n0sWte8fOYE/sD7/AF+NJAO</latexit>

10→ 200µs <latexit sha1_base64="qqGpfM86AaKeq7KxanUCtXWOYds=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBi2E3SPQY9OIxgnlAsoTZyWwyZGZ3mYcQl3yJFw+KePVTvPk3TpI9aGJBQ1HVTXdXmHKmtOd9O2vrG5tb24Wd4u7e/kHJPTxqqcRIQpsk4YnshFhRzmLa1Exz2kklxSLktB2Ob2d++5FKxZL4QU9SGgg8jFnECNZW6rsl3/NQTxik0AWqCtV3y17FmwOtEj8nZcjR6LtfvUFCjKCxJhwr1fW9VAcZlpoRTqfFnlE0xWSMh7RraYwFVUE2P3yKzqwyQFEibcUazdXfExkWSk1EaDsF1iO17M3E/7yu0dF1kLE4NZrGZLEoMhzpBM1SQAMmKdF8YgkmktlbERlhiYm2WRVtCP7yy6ukVa34tUrt/rJcv8njKMAJnMI5+HAFdbiDBjSBgIFneIU358l5cd6dj0XrmpPPHMMfOJ8/3LSRTQ==</latexit>

100µs→ 2ms

IonQ 

Quantinuum

<latexit sha1_base64="/dEqXBjRqPcmj7O7OANDHcibsuY=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwY0lEqsuiG5cV+oJ2KJk004YmmSHJFMrQP3HjQhG3/ok7/8a0nYW2HrhwOOde7r0nTAQ3FqFvr7CxubW9U9wt7e0fHB75xyctE6easiaNRaw7ITFMcMWallvBOolmRIaCtcPxw9xvT5g2PFYNO01YIMlQ8YhTYp3U9/1GH/cMlxCjK4wQNH2/jCpoAbhOcE7KIEe973/1BjFNJVOWCmJMF6PEBhnRllPBZqVealhC6JgMWddRRSQzQba4fAYvnDKAUaxdKQsX6u+JjEhjpjJ0nZLYkVn15uJ/Xje10V2QcZWklim6XBSlAtoYzmOAA64ZtWLqCKGau1shHRFNqHVhlVwIePXlddK6ruBqpfp0U67d53EUwRk4B5cAg1tQA4+gDpqAggl4Bq/gzcu8F+/d+1i2Frx85hT8gff5A5RXkbE=</latexit>

T1 → 10↑ 100s
<latexit sha1_base64="FriN/QAg3q0sORUlxsR2dAlumiY=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hd0g0WPQi8cIeUGyhNnJbDJkHstMrxCWfIYXD4p49Wu8+TdOkj1oYkFDUdVNd1eUCG7B97+9jc2t7Z3dwl5x/+Dw6Lh0ctq2OjWUtagW2nQjYpngirWAg2DdxDAiI8E60eR+7neemLFcqyZMExZKMlI85pSAk3rNQbVvucQBtoNS2a/4C+B1EuSkjHI0BqWv/lDTVDIFVBBre4GfQJgRA5wKNiv2U8sSQidkxHqOKiKZDbPFyTN86ZQhjrVxpQAv1N8TGZHWTmXkOiWBsV315uJ/Xi+F+DbMuEpSYIouF8WpwKDx/H885IZREFNHCDXc3YrpmBhCwaVUdCEEqy+vk3a1EtQqtcfrcv0uj6OAztEFukIBukF19IAaqIUo0ugZvaI3D7wX7937WLZuePnMGfoD7/MH6keQYQ==</latexit>

T2 → 1s
<latexit sha1_base64="1FZheeeJHP94jKCxJILy0CVA+4E=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXosevFYoV+wXUo2zbahSXZJskJZ+jO8eFDEq7/Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgpb2zu7e8X90sHh0fFJ+fSsq+NUEdohMY9VP8SaciZpxzDDaT9RFIuQ0144vV/4vSeqNItl28wSGgg8lixiBBsr+e1hbaCZQHWkh+WKW3WXQJvEy0kFcrSG5a/BKCapoNIQjrX2PTcxQYaVYYTTeWmQappgMsVj6lsqsaA6yJYnz9GVVUYoipUtadBS/T2RYaH1TIS2U2Az0eveQvzP81MT3QYZk0lqqCSrRVHKkYnR4n80YooSw2eWYKKYvRWRCVaYGJtSyYbgrb+8Sbq1qteoNh7rleZdHkcRLuASrsGDG2jCA7SgAwRieIZXeHOM8+K8Ox+r1oKTz5zDHzifP+7ZkGQ=</latexit>

T2 → 4s<latexit sha1_base64="58fVVnIVNPzY6PZvCN30mC7Uax8=">AAAB+3icbVDLSgMxFL3js9bXWJdugkVwVWZEqispunFZoS9oh5JJ0zY0yQxJRixDf8WNC0Xc+iPu/Bsz7Sy09UDgcM693JMTxpxp43nfztr6xubWdmGnuLu3f3DoHpVaOkoUoU0S8Uh1QqwpZ5I2DTOcdmJFsQg5bYeTu8xvP1KlWSQbZhrTQOCRZENGsLFS3y01+v4N8nsCm7ESqWBy1nfLXsWbA60SPydlyFHvu1+9QUQSQaUhHGvd9b3YBClWhhFOZ8VeommMyQSPaNdSiQXVQTrPPkNnVhmgYaTskwbN1d8bKRZaT0VoJ7OMetnLxP+8bmKG10HKZJwYKsni0DDhyEQoKwINmKLE8KklmChmsyIyxgoTY+sq2hL85S+vktZFxa9Wqg+X5dptXkcBTuAUzsGHK6jBPdShCQSe4Ble4c2ZOS/Ou/OxGF1z8p1j+APn8wdKTpP+</latexit>

T1 > 1min

99.96–99.997% 97.7–99.9% 99.5–99.8%

Time to decay from excited state dephasing time



Neutral Atoms

M. Kozuma group

M. Endres group

Cold atomic gases

C. Monroe group

Trapped ions

Neutral atoms

We will now consider each of these platforms in turn

J. Martinis group

Superconducting qubits



Neutral Atoms
Starting from a gas of ultra cold atoms, the application of laser 

tuned close to a Rydberg level will dress the states.

Rydberg atoms, Gallagher

Rydberg atoms: Hydrogen wave functions with large principal 
quantum number n

n~30-150
<latexit sha1_base64="PXWSp9nfeIJVclGcXhW1kGC4DVc=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7JbpHosevFYwX5Auy7ZNNuGJtklyQq19Jd48aCIV3+KN/+NabsHbX0w8Hhvhpl5UcqZNp737aytb2xubRd2irt7+wcl9/CopZNMEdokCU9UJ8KaciZp0zDDaSdVFIuI03Y0upn57UeqNEvkvRmnNBB4IFnMCDZWCt2SCiXqaSYQDj35UA3dslfx5kCrxM9JGXI0Qver109IJqg0hGOtu76XmmCClWGE02mxl2maYjLCA9q1VGJBdTCZHz5FZ1bpozhRtqRBc/X3xAQLrccisp0Cm6Fe9mbif143M/FVMGEyzQyVZLEozjgyCZqlgPpMUWL42BJMFLO3IjLEChNjsyraEPzll1dJq1rxa5Xa3UW5fp3HUYATOIVz8OES6nALDWgCgQye4RXenCfnxXl3Phata04+cwx/4Hz+AIYUkl4=</latexit>

rn → a0n
2Atomic radius

<latexit sha1_base64="o7u3yJYBOUt5N41BV1LPstxqLjE=">AAAB/3icbVA9SwNBEJ2LXzF+RQUbm8UgWIRwp5LYCEEbywgmEXJH2NvsJUt2947dPSHEFP4VGwtFbP0bdv4bNx+FJj4YeLw3w8y8MOFMG9f9djJLyyura9n13Mbm1vZOfnevoeNUEVonMY/VfYg15UzSumGG0/tEUSxCTpth/3rsNx+o0iyWd2aQ0EDgrmQRI9hYqZ0/kJfeWaWI/CJSvmYCeb5IkWjnC27JnQAtEm9GCjBDrZ3/8jsxSQWVhnCsdctzExMMsTKMcDrK+ammCSZ93KUtSyUWVAfDyf0jdGyVDopiZUsaNFF/Twyx0HogQtspsOnpeW8s/ue1UhNdBEMmk9RQSaaLopQjE6NxGKjDFCWGDyzBRDF7KyI9rDAxNrKcDcGbf3mRNE5LXrlUvj0vVK9mcWThEI7gBDyoQBVuoAZ1IPAIz/AKb86T8+K8Ox/T1owzm9mHP3A+fwCxGJP/</latexit>

n = 137, r → 1µm

e.g.

Micron sized atoms!

<latexit sha1_base64="plI5otQ2/0nghFmrLSmV6rDpgN8=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBQwgzLtGLEPTiMYKJgcwQejqdpEl3z9DdI8QQ/BUvHhTx6n9482/sLAdNfFDweK+KqnpRwpk2nvftZBYWl5ZXsqu5tfWNzS13e6em41QRWiUxj1U9wppyJmnVMMNpPVEUi4jT+6h3PfLvH6jSLJZ3pp/QUOCOZG1GsLFS092TlydeAQUFpALNBDrzJBJNN+8VvTHQPPGnJA9TVJruV9CKSSqoNIRjrRu+l5hwgJVhhNNhLkg1TTDp4Q5tWCqxoDocjK8fokOrtFA7VrakQWP198QAC637IrKdApuunvVG4n9eIzXti3DAZJIaKslkUTvlyMRoFAVqMUWJ4X1LMFHM3opIFytMjA0sZ0PwZ1+eJ7Xjol8qlm5P8+WraRxZ2IcDOAIfzqEMN1CBKhB4hGd4hTfnyXlx3p2PSWvGmc7swh84nz8aEZMX</latexit>

n = 30, r → 50nm



Neutral Atoms
Starting from a gas of ultra cold atoms, the application of laser 

tuned close to a Rydberg level will dress the states.

Rydberg atoms, Gallagher

Rydberg atoms: Hydrogen wave functions with large principal 
quantum number n

<latexit sha1_base64="PXWSp9nfeIJVclGcXhW1kGC4DVc=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7JbpHosevFYwX5Auy7ZNNuGJtklyQq19Jd48aCIV3+KN/+NabsHbX0w8Hhvhpl5UcqZNp737aytb2xubRd2irt7+wcl9/CopZNMEdokCU9UJ8KaciZp0zDDaSdVFIuI03Y0upn57UeqNEvkvRmnNBB4IFnMCDZWCt2SCiXqaSYQDj35UA3dslfx5kCrxM9JGXI0Qver109IJqg0hGOtu76XmmCClWGE02mxl2maYjLCA9q1VGJBdTCZHz5FZ1bpozhRtqRBc/X3xAQLrccisp0Cm6Fe9mbif143M/FVMGEyzQyVZLEozjgyCZqlgPpMUWL42BJMFLO3IjLEChNjsyraEPzll1dJq1rxa5Xa3UW5fp3HUYATOIVz8OES6nALDWgCgQye4RXenCfnxXl3Phata04+cwx/4Hz+AIYUkl4=</latexit>

rn → a0n
2Atomic radius

<latexit sha1_base64="o7u3yJYBOUt5N41BV1LPstxqLjE=">AAAB/3icbVA9SwNBEJ2LXzF+RQUbm8UgWIRwp5LYCEEbywgmEXJH2NvsJUt2947dPSHEFP4VGwtFbP0bdv4bNx+FJj4YeLw3w8y8MOFMG9f9djJLyyura9n13Mbm1vZOfnevoeNUEVonMY/VfYg15UzSumGG0/tEUSxCTpth/3rsNx+o0iyWd2aQ0EDgrmQRI9hYqZ0/kJfeWaWI/CJSvmYCeb5IkWjnC27JnQAtEm9GCjBDrZ3/8jsxSQWVhnCsdctzExMMsTKMcDrK+ammCSZ93KUtSyUWVAfDyf0jdGyVDopiZUsaNFF/Twyx0HogQtspsOnpeW8s/ue1UhNdBEMmk9RQSaaLopQjE6NxGKjDFCWGDyzBRDF7KyI9rDAxNrKcDcGbf3mRNE5LXrlUvj0vVK9mcWThEI7gBDyoQBVuoAZ1IPAIz/AKb86T8+K8Ox/T1owzm9mHP3A+fwCxGJP/</latexit>

n = 137, r → 1µm

e.g.

Creates a massive dipole moment in an electric field due to the large r

Micron sized atoms!

<latexit sha1_base64="plI5otQ2/0nghFmrLSmV6rDpgN8=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBQwgzLtGLEPTiMYKJgcwQejqdpEl3z9DdI8QQ/BUvHhTx6n9482/sLAdNfFDweK+KqnpRwpk2nvftZBYWl5ZXsqu5tfWNzS13e6em41QRWiUxj1U9wppyJmnVMMNpPVEUi4jT+6h3PfLvH6jSLJZ3pp/QUOCOZG1GsLFS092TlydeAQUFpALNBDrzJBJNN+8VvTHQPPGnJA9TVJruV9CKSSqoNIRjrRu+l5hwgJVhhNNhLkg1TTDp4Q5tWCqxoDocjK8fokOrtFA7VrakQWP198QAC637IrKdApuunvVG4n9eIzXti3DAZJIaKslkUTvlyMRoFAVqMUWJ4X1LMFHM3opIFytMjA0sZ0PwZ1+eJ7Xjol8qlm5P8+WraRxZ2IcDOAIfzqEMN1CBKhB4hGd4hTfnyXlx3p2PSWvGmc7swh84nz8aEZMX</latexit>

n = 30, r → 50nm

Two nearby Rydberg atoms interact strongly through the van der Walls electric 
dipole-dipole interaction

<latexit sha1_base64="T75dFz+7yDtsxq3UxuGRWvpHAKI=">AAACKHicbVDLSgMxFM3UV62vqks3wSK0C8uMyOhGLHbjsoJ9QFuHTJppYzOZIckIZTqf48ZfcSOiSLd+ielD0LYHAodzzuXmHjdkVCrTHBmpldW19Y30ZmZre2d3L7t/UJNBJDCp4oAFouEiSRjlpKqoYqQRCoJ8l5G62y+P/foTEZIG/F4NQtL2UZdTj2KktORkr2v5YdxyPSgSh57+ssdh4arlCYTjsmPneSGJl4Ye7MTJ5syiOQFcJNaM5MAMFSf73uoEOPIJV5ghKZuWGap2jISimJEk04okCRHuoy5pasqRT2Q7nhyawBOtdKAXCP24ghP170SMfCkHvquTPlI9Oe+NxWVeM1LeZTumPIwU4Xi6yIsYVAEctwY7VBCs2EAThAXVf4W4h3RBSneb0SVY8ycvktpZ0bKL9t15rnQzqyMNjsAxyAMLXIASuAUVUAUYPINX8AE+jRfjzfgyRtNoypjNHIJ/ML5/AHuDpkc=</latexit>

V (|ri → rj |) =
C6(n)

|ri → rj |6
<latexit sha1_base64="O4/uSEND0OVnzwW13rpoRzfo250=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7IrUj0We/FYwX5Auy7ZNG1Dk+ySZIW69Jd48aCIV3+KN/+NabsHbX0w8Hhvhpl5UcKZNp737aytb2xubRd2irt7+wcl9/CopeNUEdokMY9VJ8KaciZp0zDDaSdRFIuI03Y0rs/89iNVmsXy3kwSGgg8lGzACDZWCt1SPayinmYCyYfM96ehW/Yq3hxolfg5KUOORuh+9foxSQWVhnCsddf3EhNkWBlGOJ0We6mmCSZjPKRdSyUWVAfZ/PApOrNKHw1iZUsaNFd/T2RYaD0Rke0U2Iz0sjcT//O6qRlcBxmTSWqoJItFg5QjE6NZCqjPFCWGTyzBRDF7KyIjrDAxNquiDcFffnmVtC4qfrVSvbss127yOApwAqdwDj5cQQ1uoQFNIJDCM7zCm/PkvDjvzseidc3JZ47hD5zPHzodki8=</latexit>

C6 → n11 Large interaction

n~30-150



Neutral Atoms
Starting from a gas of ultra cold atoms placed in a 1D optical lattice, the 
application of laser tuned close to a Rydberg level will dress the states.

Applying a laser with Rabi frequency , couples the atoms ground state 
 to a chosen low lying Rydberg level 

Ω
|g⟩ ≡ | ↓ ⟩ |r⟩ ≡ | ↑ ⟩

Weimer and Buchler, PRL (2010) Lesanovsky and Katsura, PRB(R) (2012)Lukin et al, PRL 2001



Neutral Atoms
Starting from a gas of ultra cold atoms placed in a 1D optical lattice, the 
application of laser tuned close to a Rydberg level will dress the states.

Applying a laser with Rabi frequency , couples the atoms ground state 
 to a chosen low lying Rydberg level 

Ω
|g⟩ ≡ | ↓ ⟩ |r⟩ ≡ | ↑ ⟩

Yields the Hamiltonian (after applying a rotating wave approximation)

<latexit sha1_base64="Bfr0ChA1/OYLIpBlaUKCrHGzg3Q="></latexit>

ωz
k = (| →k↑↓→k |↔ | ↗k↑↓↗k |)

Weimer and Buchler, PRL (2010)

<latexit sha1_base64="4HEGmlJ1rhb6tWOPjWkym95j3KE="></latexit>

ωx
k = (| →k↑↓↔k |+ | ↔k↑↓→k |)

<latexit sha1_base64="3xqqWLjYh+weoJmmSWNpfl5ka+Y=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWpDJQEocCCVNGFsUj0IrUhclynteo4ke0gVWlfgIVXYWEAIVZ2Nt4Gt80ALUey9On/z9Hx+f2YUaks69tYWFxaXlnNreXXNza3ts2d3bqMEoFJDUcsEk0fScIoJzVFFSPNWBAU+ow0/H5l7DceiJA04ndqEBM3RF1OA4qR0pJnHta9dNg/CYejq3YgEE4rnlPkx6fo3hlNDQ2eWbBK1qTgPNgZFEBWVc/8ancinISEK8yQlC3bipWbIqEoZmSUbyeSxAj3UZe0NHIUEummk2tG8EgrHRhEQj+u4ET9PZGiUMpB6OvOEKmenPXG4n9eK1HBpZtSHieKcDxdFCQMqgiOo4EdKghWbKABYUH1XyHuIR2K0gHmdQj27MnzUD8r2U7JuT0vlK+zOHJgHxyAIrDBBSiDG1AFNYDBI3gGr+DNeDJejHfjY9q6YGQze+BPGZ8/hSqbOQ==</latexit>

V|k→m| =
C6(n)/a6

|k →m|6

Lattice spacing

Lesanovsky and Katsura, PRB(R) (2012)Lukin et al, PRL 2001

<latexit sha1_base64="WGIRI2CY5QWxiiIU4UoRSXfUOv0=">AAACI3icbVBNSwMxEM36WevXqkcvwSJUhLIrUkUoFL14rGC10K3LbJq2YbPZJckqte1/8eJf8eJBKV48+F9Ma0GtPhjm8d4Mybwg4Uxpx3m3Zmbn5hcWM0vZ5ZXVtXV7Y/NKxakktEpiHstaAIpyJmhVM81pLZEUooDT6yA8G/nXt1QqFotL3U1oI4K2YC1GQBvJt0+EH+ISzrv7nmLtCPzw5n6v1PfSBKSM7/zQkyDanHp83PC30fftnFNwxsB/iTshOTRBxbeHXjMmaUSFJhyUqrtOohs9kJoRTgdZL1U0ARJCm9YNFRBR1eiNbxzgXaM0cSuWpoTGY/XnRg8ipbpRYCYj0B017Y3E/7x6qlvHjR4TSaqpIF8PtVKOdYxHgeEmk5Ro3jUEiGTmr5h0QALRJtasCcGdPvkvuToouMVC8eIwVz6dxJFB22gH5ZGLjlAZnaMKqiKCHtATekGv1qP1bA2tt6/RGWuys4V+wfr4BFiQpNA=</latexit>

nk = (1 + ωz
k) = | →k↑↓→k |



Neutral Atoms
Applying a laser with Rabi frequency , couples the atoms ground state 

 to a chosen low lying Rydberg level 
Ω

|g⟩ ≡ | ↓ ⟩ |r⟩ ≡ | ↑ ⟩
Yields the Hamiltonian (after applying a rotating wave approximation)

<latexit sha1_base64="Bfr0ChA1/OYLIpBlaUKCrHGzg3Q="></latexit>

ωz
k = (| →k↑↓→k |↔ | ↗k↑↓↗k |)

Weimer and Buchler, PRL (2010)

<latexit sha1_base64="4HEGmlJ1rhb6tWOPjWkym95j3KE="></latexit>

ωx
k = (| →k↑↓↔k |+ | ↔k↑↓→k |)

<latexit sha1_base64="3xqqWLjYh+weoJmmSWNpfl5ka+Y=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWpDJQEocCCVNGFsUj0IrUhclynteo4ke0gVWlfgIVXYWEAIVZ2Nt4Gt80ALUey9On/z9Hx+f2YUaks69tYWFxaXlnNreXXNza3ts2d3bqMEoFJDUcsEk0fScIoJzVFFSPNWBAU+ow0/H5l7DceiJA04ndqEBM3RF1OA4qR0pJnHta9dNg/CYejq3YgEE4rnlPkx6fo3hlNDQ2eWbBK1qTgPNgZFEBWVc/8ancinISEK8yQlC3bipWbIqEoZmSUbyeSxAj3UZe0NHIUEummk2tG8EgrHRhEQj+u4ET9PZGiUMpB6OvOEKmenPXG4n9eK1HBpZtSHieKcDxdFCQMqgiOo4EdKghWbKABYUH1XyHuIR2K0gHmdQj27MnzUD8r2U7JuT0vlK+zOHJgHxyAIrDBBSiDG1AFNYDBI3gGr+DNeDJejHfjY9q6YGQze+BPGZ8/hSqbOQ==</latexit>

V|k→m| =
C6(n)/a6

|k →m|6

Lesanovsky and Katsura, PRB(R) (2012)

<latexit sha1_base64="O4/uSEND0OVnzwW13rpoRzfo250=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7IrUj0We/FYwX5Auy7ZNG1Dk+ySZIW69Jd48aCIV3+KN/+NabsHbX0w8Hhvhpl5UcKZNp737aytb2xubRd2irt7+wcl9/CopeNUEdokMY9VJ8KaciZp0zDDaSdRFIuI03Y0rs/89iNVmsXy3kwSGgg8lGzACDZWCt1SPayinmYCyYfM96ehW/Yq3hxolfg5KUOORuh+9foxSQWVhnCsddf3EhNkWBlGOJ0We6mmCSZjPKRdSyUWVAfZ/PApOrNKHw1iZUsaNFd/T2RYaD0Rke0U2Iz0sjcT//O6qRlcBxmTSWqoJItFg5QjE6NZCqjPFCWGTyzBRDF7KyIjrDAxNquiDcFffnmVtC4qfrVSvbss127yOApwAqdwDj5cQQ1uoQFNIJDCM7zCm/PkvDjvzseidc3JZ47hD5zPHzodki8=</latexit>

C6 → n11

Focus on the regime where |V1 | ≫ |Ω | , |Δ |

Lukin et al, PRL 2001

<latexit sha1_base64="WGIRI2CY5QWxiiIU4UoRSXfUOv0=">AAACI3icbVBNSwMxEM36WevXqkcvwSJUhLIrUkUoFL14rGC10K3LbJq2YbPZJckqte1/8eJf8eJBKV48+F9Ma0GtPhjm8d4Mybwg4Uxpx3m3Zmbn5hcWM0vZ5ZXVtXV7Y/NKxakktEpiHstaAIpyJmhVM81pLZEUooDT6yA8G/nXt1QqFotL3U1oI4K2YC1GQBvJt0+EH+ISzrv7nmLtCPzw5n6v1PfSBKSM7/zQkyDanHp83PC30fftnFNwxsB/iTshOTRBxbeHXjMmaUSFJhyUqrtOohs9kJoRTgdZL1U0ARJCm9YNFRBR1eiNbxzgXaM0cSuWpoTGY/XnRg8ipbpRYCYj0B017Y3E/7x6qlvHjR4TSaqpIF8PtVKOdYxHgeEmk5Ro3jUEiGTmr5h0QALRJtasCcGdPvkvuToouMVC8eIwVz6dxJFB22gH5ZGLjlAZnaMKqiKCHtATekGv1qP1bA2tt6/RGWuys4V+wfr4BFiQpNA=</latexit>

nk = (1 + ωz
k) = | →k↑↓→k |



Neutral Atoms
Applying a laser with Rabi frequency , couples the atoms ground state 

 to a chosen low lying Rydberg level 
Ω

|g⟩ ≡ | ↓ ⟩ |r⟩ ≡ | ↑ ⟩
Yields the Hamiltonian (after applying a rotating wave approximation)

<latexit sha1_base64="Bfr0ChA1/OYLIpBlaUKCrHGzg3Q="></latexit>

ωz
k = (| →k↑↓→k |↔ | ↗k↑↓↗k |)

Weimer and Buchler, PRL (2010)

<latexit sha1_base64="4HEGmlJ1rhb6tWOPjWkym95j3KE="></latexit>

ωx
k = (| →k↑↓↔k |+ | ↔k↑↓→k |)

<latexit sha1_base64="3xqqWLjYh+weoJmmSWNpfl5ka+Y=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWpDJQEocCCVNGFsUj0IrUhclynteo4ke0gVWlfgIVXYWEAIVZ2Nt4Gt80ALUey9On/z9Hx+f2YUaks69tYWFxaXlnNreXXNza3ts2d3bqMEoFJDUcsEk0fScIoJzVFFSPNWBAU+ow0/H5l7DceiJA04ndqEBM3RF1OA4qR0pJnHta9dNg/CYejq3YgEE4rnlPkx6fo3hlNDQ2eWbBK1qTgPNgZFEBWVc/8ancinISEK8yQlC3bipWbIqEoZmSUbyeSxAj3UZe0NHIUEummk2tG8EgrHRhEQj+u4ET9PZGiUMpB6OvOEKmenPXG4n9eK1HBpZtSHieKcDxdFCQMqgiOo4EdKghWbKABYUH1XyHuIR2K0gHmdQj27MnzUD8r2U7JuT0vlK+zOHJgHxyAIrDBBSiDG1AFNYDBI3gGr+DNeDJejHfjY9q6YGQze+BPGZ8/hSqbOQ==</latexit>

V|k→m| =
C6(n)/a6

|k →m|6

Lesanovsky and Katsura, PRB(R) (2012)

<latexit sha1_base64="O4/uSEND0OVnzwW13rpoRzfo250=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7IrUj0We/FYwX5Auy7ZNG1Dk+ySZIW69Jd48aCIV3+KN/+NabsHbX0w8Hhvhpl5UcKZNp737aytb2xubRd2irt7+wcl9/CopeNUEdokMY9VJ8KaciZp0zDDaSdRFIuI03Y0rs/89iNVmsXy3kwSGgg8lGzACDZWCt1SPayinmYCyYfM96ehW/Yq3hxolfg5KUOORuh+9foxSQWVhnCsddf3EhNkWBlGOJ0We6mmCSZjPKRdSyUWVAfZ/PApOrNKHw1iZUsaNFd/T2RYaD0Rke0U2Iz0sjcT//O6qRlcBxmTSWqoJItFg5QjE6NZCqjPFCWGTyzBRDF7KyIjrDAxNquiDcFffnmVtC4qfrVSvbss127yOApwAqdwDj5cQQ1uoQFNIJDCM7zCm/PkvDjvzseidc3JZ47hD5zPHzodki8=</latexit>

C6 → n11

Focus on the regime where |V1 | ≫ |Ω | , |Δ |

Rydberg blockade: due to their large size and strong nearest neighbor 
interaction, its virtually impossible to excite two neighboring Rydberg atoms

Lukin et al, PRL 2001

<latexit sha1_base64="WGIRI2CY5QWxiiIU4UoRSXfUOv0=">AAACI3icbVBNSwMxEM36WevXqkcvwSJUhLIrUkUoFL14rGC10K3LbJq2YbPZJckqte1/8eJf8eJBKV48+F9Ma0GtPhjm8d4Mybwg4Uxpx3m3Zmbn5hcWM0vZ5ZXVtXV7Y/NKxakktEpiHstaAIpyJmhVM81pLZEUooDT6yA8G/nXt1QqFotL3U1oI4K2YC1GQBvJt0+EH+ISzrv7nmLtCPzw5n6v1PfSBKSM7/zQkyDanHp83PC30fftnFNwxsB/iTshOTRBxbeHXjMmaUSFJhyUqrtOohs9kJoRTgdZL1U0ARJCm9YNFRBR1eiNbxzgXaM0cSuWpoTGY/XnRg8ipbpRYCYj0B017Y3E/7x6qlvHjR4TSaqpIF8PtVKOdYxHgeEmk5Ro3jUEiGTmr5h0QALRJtasCcGdPvkvuToouMVC8eIwVz6dxJFB22gH5ZGLjlAZnaMKqiKCHtATekGv1qP1bA2tt6/RGWuys4V+wfr4BFiQpNA=</latexit>

nk = (1 + ωz
k) = | →k↑↓→k |



Neutral Atoms

Weimer and Buchler, PRL (2010) Lesanovsky and Katsura, PRB(R) (2012)

Focus on the regime where |V1 | ≫ |Ω | , |Δ |

Rydberg blockade: due to their large size and strong nearest neighbor 
interaction, its virtually impossible to excite two neighboring Rydberg atoms

Lukin et al, PRL 2001

This constrains the Hilbert space to a much smaller region
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HBlockade

Constraint nknk+1 = 0 The projector onto the ground state at site  is k
Pk = | ↓k ⟩⟨ ↓k | = 1 − | ↑k ⟩⟨ ↑k |

And  flips the spin at site . Can only excite from  if the neighbors 
at  and  are in their ground state

σx
k k | ↓k ⟩

k − 1 k + 1

Under this projection σx
k → Pk−1σx

k Pk+1



Neutral Atoms

Weimer and Buchler, PRL (2010) Lesanovsky and Katsura, PRB(R) (2012)

Focus on the regime where |V1 | ≫ |Ω | , |Δ |

Lukin et al, PRL 2001

Projection onto the constrained Hilbert space
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HBlockade

Under this projection σx
k → Pk−1σx

k Pk+1

The Hamiltonian is projected to

<latexit sha1_base64="T/7UG7xM+sf4FwBIHZudJHznBEw="></latexit>

He! = !
∑

k

Pkω
x
k+1Pk+2 +”

∑

k

nk

This is the PXP model, at resonance
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Neutral Atoms
Analog Quantum Many Body Simulations

Bernien et al Nature (2017)

Observation of scar states in the PXP model (Lecture 1)

Turner et al Nature Physic (2018)

Bluvstein et al Science (2021)

Was then extended to multiple 
dimensions and ~200 atoms
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Optical tweezer arrays: Individual atoms trapped in tunable two-

dimensional arrays of optical microtraps, when coupled with the Rydberg 
level produce strong correlations between the atoms.



Neutral Atoms
Optical tweezer arrays: Individual atoms trapped in tunable two-

dimensional arrays of optical microtraps, when coupled with the Rydberg 
level produce strong correlations between the atoms.

Probability to be 
in the ground state
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nk = (1 + ωz
k)
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ωx
k = (| →k↑↓↔k |+ | ↔k↑↓→k |)

Realizing a transverse 
field Ising model



Neutral Atoms
Optical tweezer arrays: Individual atoms trapped in tunable two-

dimensional arrays of optical microtraps, when coupled with the Rydberg 
level produce strong correlations between the atoms.
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Neutral Atoms

Observation of the (2+1)d Ising quantum phase transition

νtheory = 0.629

Analog Quantum Many Body Simulations of quantum magnetism 



Neutral Atoms
Quantum Computation with neutral (i.e. Rydberg dressed) atoms
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One and two qubit gates are created by applying lasers 
to individually chosen atoms
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Neutral Atoms

The 2-qubit CZ gate is 
naturally accessible

Combined with Hadamard, 
makes an entangling CNOT

Any one qubit 
gate accessible

One and two qubit gates are created by applying lasers 
to individually chosen atoms



Neutral Atoms
Quantum computation with neutral atoms (summary)

Atomic Physics, Foot

~0.1–10 μs

Coherence times

Fidelity (typical)

Gate speeds

Single qubit gates Two qubit gates Measurement
\reset

~0.4–1 μs CZ-gates 5-50 μs

Worked for 2 hrs!

1-10 SecondsT1 ∼
Time to decay from excited state

Hyperfine qubits

Can store atoms a long time

10μsT*2 ∼
Ramsey coherence time

Used to interact two qubits
QuEra Aquila

99.9–99.97% 99.85–99.86% 98–99.8%



Neutral Atoms

M. Kozuma group

M. Endres group

Cold atomic gases

C. Monroe group

Trapped ions

Neutral atoms

We will now consider each of these platforms in turn

J. Martinis group

Superconducting qubits



Superconducting 
(Transmon) Qubits

2025 Nobel prize in Physics given for the discovery of 
superconducting qubits, known as the transmon qubit



Superconducting 
(Transmon) Qubits

We now move away from the “atom is the qubit” 
perspective to using a coherent macroscopic 

quantum state (i.e. a superconductor) as a qubit

Introduction to Many-Body Physics, Coleman
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Superconducting 
(Transmon) Qubits

We now move away from the “atom is the qubit” 
perspective to using a coherent macroscopic 

quantum state (i.e. a superconductor) as a qubit

Conventional wave superconductors made of Als−

Introduction to Many-Body Physics, Coleman

Srivatsan Chakram, Lecture Notes

BCS Hamiltonian

Phonon mediated attractive 
interaction around the Fermi surface Superconducting order parameter



Superconducting 
(Transmon) Qubits

Conventional wave superconductors made of Als−

Introduction to Many-Body Physics, Coleman

The superconducting excitations are gapped

Self consistent equation for 
the superconducting order parameter



Superconducting 
(Transmon) Qubits

Conventional wave superconductors made of Als−

Introduction to Many-Body Physics, Coleman

The superconducting excitations are gapped

Self consistent equation for 
the superconducting order parameter

With the solution at T = 0

And the ground state 
wave function is



Superconducting 
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Introduction to Many-Body Physics, Coleman

The ground state 
wave function is

Ignoring the normalization, we can write this as a coherent state

 Cooper pairsn



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

The ground state 
wave function is

Ignoring the normalization, we can write this as a coherent state

 Cooper pairsn

Applying the 
gauge transformation

<latexit sha1_base64="ewHcRWFejnbJssaojkkj5Sy+Cbw="></latexit>

c†k,ω → eiεc†k,ω
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! → ei2ω!
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|BCS(ω)→ =
∏

k

(1 + ei2ωεkc
†
k,→c

†
↑k,↓)|0→
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Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

The ground state 
wave function is

Ignoring the normalization, we can write this as a coherent state

 Cooper pairsn

Applying the 
gauge transformation

Consider the action of number operator
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c†k,ωck,ω
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c†k,ω → eiεc†k,ω
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|BCS(ω)→ =
∏

k

(1 + ei2ωεkc
†
k,→c

†
↑k,↓)|0→
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Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

The phase of the wavefunction and the particle 
number are canonically conjugate variables
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[ω̂, N̂ ] = i is like position and  is like momentumφ N

Circuit QED, Girvin



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

The phase of the wavefunction and the particle 
number are canonically conjugate variables
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N̂ = →i
d

dω
<latexit sha1_base64="TKLJJiIVmp3cpzkixtyaVXJftew=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJRKoboejGlVSwD0hCmUwnzdDJg5mbQind+CtuXCji1s9w5984abPQ1gMXzpxzL3Pv8VPBFVjWt7G0vLK6tl7aKG9ube/smnv7LZVkkrImTUQiOz5RTPCYNYGDYJ1UMhL5grX9wW3ut4dMKp7EjzBKmReRfswDTgloqWseOm5IwB0SmYb8DOcPfO9d865ZsarWFHiR2AWpoAKNrvnl9hKaRSwGKohSjm2l4I2JBE4Fm5TdTLGU0AHpM0fTmERMeePpARN8opUeDhKpKwY8VX9PjEmk1CjydWdEIFTzXi7+5zkZBFfemMdpBiyms4+CTGBIcJ4G7nHJKIiRJoRKrnfFNCSSUNCZlXUI9vzJi6R1XrVr1drDRaV+U8RRQkfoGJ0iG12iOrpDDdREFE3QM3pFb8aT8WK8Gx+z1iWjmDlAf2B8/gCifJXM</latexit>

[ω̂, N̂ ] = i is like position and  is like momentumφ N

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

Circuit QED, Girvin



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

The phase of the wavefunction and the particle 
number are canonically conjugate variables

<latexit sha1_base64="xd1Y5lYaoewl3Fz80uWsone9tNg=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxpKIVDdC0Y0rqWAf0IQymUyaoZNJmJkUSsjOjb/ixoUibv0Fd/6N0zYLbT1w4XDOvdx7j5cwKpVlfRulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0fWQJIxy0lJUMdJNBEGRx0jHG95M/M6ICElj/qDGCXEjNOA0oBgpLfXNQydECt7BK3hKoRMIhDM/z3xnhEQS0rxvVq2aNQVcJHZBqqBAs29+OX6M04hwhRmSsmdbiXIzJBTFjOQVJ5UkQXiIBqSnKUcRkW42/SOHx1rxYRALXVzBqfp7IkORlOPI050RUqGc9ybif14vVcGlm1GepIpwPFsUpAyqGE5CgT4VBCs21gRhQfWtEIdIh6F0dBUdgj3/8iJpn9Xseq1+f15tXBdxlMEBOAInwAYXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz/Q2piy</latexit>

N̂ = →i
d

dω
<latexit sha1_base64="TKLJJiIVmp3cpzkixtyaVXJftew=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJRKoboejGlVSwD0hCmUwnzdDJg5mbQind+CtuXCji1s9w5984abPQ1gMXzpxzL3Pv8VPBFVjWt7G0vLK6tl7aKG9ube/smnv7LZVkkrImTUQiOz5RTPCYNYGDYJ1UMhL5grX9wW3ut4dMKp7EjzBKmReRfswDTgloqWseOm5IwB0SmYb8DOcPfO9d865ZsarWFHiR2AWpoAKNrvnl9hKaRSwGKohSjm2l4I2JBE4Fm5TdTLGU0AHpM0fTmERMeePpARN8opUeDhKpKwY8VX9PjEmk1CjydWdEIFTzXi7+5zkZBFfemMdpBiyms4+CTGBIcJ4G7nHJKIiRJoRKrnfFNCSSUNCZlXUI9vzJi6R1XrVr1drDRaV+U8RRQkfoGJ0iG12iOrpDDdREFE3QM3pFb8aT8WK8Gx+z1iWjmDlAf2B8/gCifJXM</latexit>

[ω̂, N̂ ] = i is like position and  is like momentumφ N

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

Applying a voltage bias, Cooper pairs 
tunnel from Left to Right

<latexit sha1_base64="yS2npG7W5CSHk9d67PYYp5hS9SE=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLIlIdVl040Kkgn1AE8JkOkmHTiZhZqKU2B9w46+4caGIW/fu/BsnbRbaeuDC4Zx7ufceP2FUKsv6NubmFxaXlksr5dW19Y1Nc2u7JeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cJH77TsiJI35rRomxI1QyGlAMVJa8sz9h2vvyhGIh4w4goZ9hYSI72EuH0WF4ZkVq2qNAWeJXZAKKNDwzC+nF+M0IlxhhqTs2lai3AwJRTEjo7KTSpIgPEAh6WrKUUSkm42/GcEDrfRgEAtdXMGx+nsiQ5GUw8jXnRFSfTnt5eJ/XjdVwZmbUZ6kinA8WRSkDKoY5tHAHhUEKzbUBGFB9a0Q95FAWOkAyzoEe/rlWdI6rtq1au3mpFI/L+IogV2wBw6BDU5BHVyCBmgCDB7BM3gFb8aT8WK8Gx+T1jmjmNkBf2B8/gDZt5wR</latexit>

|NL→ ↑ |NL ↓m→ <latexit sha1_base64="cwgdAs/dKfa0xaNmRuQwfKa0Wcc=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUBKR6rLoxpVUsQ9oQphMJ+nQySTMTJQS+wNu/BU3LhRx696df+OkzUJbD1w4nHMv997jJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLnK/fUeEpDG/VcOEuBEKOQ0oRkpLnrn/cOXdOALxkBFH0LCvkBDxPczlo6gwPLNiVa0x4CyxC1IBBRqe+eX0YpxGhCvMkJRd20qUmyGhKGZkVHZSSRKEBygkXU05ioh0s/E3I3iglR4MYqGLKzhWf09kKJJyGPm6M0KqL6e9XPzP66YqOHMzypNUEY4ni4KUQRXDPBrYo4JgxYaaICyovhXiPhIIKx1gWYdgT788S1rHVbtWrV2fVOrnRRwlsAv2wCGwwSmog0vQAE2AwSN4Bq/gzXgyXox342PSOmcUMzvgD4zPH+nFnBs=</latexit>

|NR→ ↑ |NR +m→

Circuit QED, Girvin



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

Applying a voltage bias, Cooper pairs 
tunnel from Left to Right

<latexit sha1_base64="yS2npG7W5CSHk9d67PYYp5hS9SE=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLIlIdVl040Kkgn1AE8JkOkmHTiZhZqKU2B9w46+4caGIW/fu/BsnbRbaeuDC4Zx7ufceP2FUKsv6NubmFxaXlksr5dW19Y1Nc2u7JeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cJH77TsiJI35rRomxI1QyGlAMVJa8sz9h2vvyhGIh4w4goZ9hYSI72EuH0WF4ZkVq2qNAWeJXZAKKNDwzC+nF+M0IlxhhqTs2lai3AwJRTEjo7KTSpIgPEAh6WrKUUSkm42/GcEDrfRgEAtdXMGx+nsiQ5GUw8jXnRFSfTnt5eJ/XjdVwZmbUZ6kinA8WRSkDKoY5tHAHhUEKzbUBGFB9a0Q95FAWOkAyzoEe/rlWdI6rtq1au3mpFI/L+IogV2wBw6BDU5BHVyCBmgCDB7BM3gFb8aT8WK8Gx+T1jmjmNkBf2B8/gDZt5wR</latexit>

|NL→ ↑ |NL ↓m→ <latexit sha1_base64="cwgdAs/dKfa0xaNmRuQwfKa0Wcc=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUBKR6rLoxpVUsQ9oQphMJ+nQySTMTJQS+wNu/BU3LhRx696df+OkzUJbD1w4nHMv997jJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLnK/fUeEpDG/VcOEuBEKOQ0oRkpLnrn/cOXdOALxkBFH0LCvkBDxPczlo6gwPLNiVa0x4CyxC1IBBRqe+eX0YpxGhCvMkJRd20qUmyGhKGZkVHZSSRKEBygkXU05ioh0s/E3I3iglR4MYqGLKzhWf09kKJJyGPm6M0KqL6e9XPzP66YqOHMzypNUEY4ni4KUQRXDPBrYo4JgxYaaICyovhXiPhIIKx1gWYdgT788S1rHVbtWrV2fVOrnRRwlsAv2wCGwwSmog0vQAE2AwSN4Bq/gzXgyXox342PSOmcUMzvgD4zPH+nFnBs=</latexit>

|NR→ ↑ |NR +m→
<latexit sha1_base64="nRrHcMVmDxPO8hBn+jYfYDQqHsY=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyyCIJaZItVl0Y0LkSr2Ap1SMulpG5rJjEmmUNq+hxtfxY0LRVwJLnwb0xto6w+Bn++cw8n5/YgzpR3n21pYXFpeWU2sJdc3Nre27Z3dogpjSaFAQx7Ksk8UcCagoJnmUI4kkMDnUPLbl8N6qQNSsVDc624E1YA0BWswSrRBNTvTDzxJRJMD9uAhZh3cv6ldn0yhF2oWgDLs7njKanbKSTsj4XnjTkwKTZSv2Z9ePaRxAEJTTpSquE6kqz0iNaMcBkkvVhAR2iZNqBgriNlY7Y1uG+BDQ+q4EUrzhMYj+nuiRwKluoFvOgOiW2q2NoT/1SqxbpxXe0xEsQZBx4saMcc6xMOgcJ1JoJp3jSFUMvNXTFtEEqpNnEkTgjt78rwpZtJuNp29PU3lLiZxJNA+OkBHyEVnKIeuUB4VEEWP6Bm9ojfryXqx3q2PceuCNZnZQ39kff0AylKh5w==</latexit>

|m→ ↑ |NL ↓m→ ↔ |NR +m→

Circuit QED, Girvin



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

Applying a voltage bias, Cooper pairs 
tunnel from Left to Right

<latexit sha1_base64="yS2npG7W5CSHk9d67PYYp5hS9SE=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLIlIdVl040Kkgn1AE8JkOkmHTiZhZqKU2B9w46+4caGIW/fu/BsnbRbaeuDC4Zx7ufceP2FUKsv6NubmFxaXlksr5dW19Y1Nc2u7JeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cJH77TsiJI35rRomxI1QyGlAMVJa8sz9h2vvyhGIh4w4goZ9hYSI72EuH0WF4ZkVq2qNAWeJXZAKKNDwzC+nF+M0IlxhhqTs2lai3AwJRTEjo7KTSpIgPEAh6WrKUUSkm42/GcEDrfRgEAtdXMGx+nsiQ5GUw8jXnRFSfTnt5eJ/XjdVwZmbUZ6kinA8WRSkDKoY5tHAHhUEKzbUBGFB9a0Q95FAWOkAyzoEe/rlWdI6rtq1au3mpFI/L+IogV2wBw6BDU5BHVyCBmgCDB7BM3gFb8aT8WK8Gx+T1jmjmNkBf2B8/gDZt5wR</latexit>

|NL→ ↑ |NL ↓m→ <latexit sha1_base64="cwgdAs/dKfa0xaNmRuQwfKa0Wcc=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUBKR6rLoxpVUsQ9oQphMJ+nQySTMTJQS+wNu/BU3LhRx696df+OkzUJbD1w4nHMv997jJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLnK/fUeEpDG/VcOEuBEKOQ0oRkpLnrn/cOXdOALxkBFH0LCvkBDxPczlo6gwPLNiVa0x4CyxC1IBBRqe+eX0YpxGhCvMkJRd20qUmyGhKGZkVHZSSRKEBygkXU05ioh0s/E3I3iglR4MYqGLKzhWf09kKJJyGPm6M0KqL6e9XPzP66YqOHMzypNUEY4ni4KUQRXDPBrYo4JgxYaaICyovhXiPhIIKx1gWYdgT788S1rHVbtWrV2fVOrnRRwlsAv2wCGwwSmog0vQAE2AwSN4Bq/gzXgyXox342PSOmcUMzvgD4zPH+nFnBs=</latexit>

|NR→ ↑ |NR +m→
<latexit sha1_base64="nRrHcMVmDxPO8hBn+jYfYDQqHsY=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyyCIJaZItVl0Y0LkSr2Ap1SMulpG5rJjEmmUNq+hxtfxY0LRVwJLnwb0xto6w+Bn++cw8n5/YgzpR3n21pYXFpeWU2sJdc3Nre27Z3dogpjSaFAQx7Ksk8UcCagoJnmUI4kkMDnUPLbl8N6qQNSsVDc624E1YA0BWswSrRBNTvTDzxJRJMD9uAhZh3cv6ldn0yhF2oWgDLs7njKanbKSTsj4XnjTkwKTZSv2Z9ePaRxAEJTTpSquE6kqz0iNaMcBkkvVhAR2iZNqBgriNlY7Y1uG+BDQ+q4EUrzhMYj+nuiRwKluoFvOgOiW2q2NoT/1SqxbpxXe0xEsQZBx4saMcc6xMOgcJ1JoJp3jSFUMvNXTFtEEqpNnEkTgjt78rwpZtJuNp29PU3lLiZxJNA+OkBHyEVnKIeuUB4VEEWP6Bm9ojfryXqx3q2PceuCNZnZQ39kff0AylKh5w==</latexit>

|m→ ↑ |NL ↓m→ ↔ |NR +m→

We therefore include a tunneling term

Josephson coupling energy
Normal state 
conductance

Circuit QED, Girvin



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

Applying a voltage bias, Cooper pairs 
tunnel from Left to Right

<latexit sha1_base64="yS2npG7W5CSHk9d67PYYp5hS9SE=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLIlIdVl040Kkgn1AE8JkOkmHTiZhZqKU2B9w46+4caGIW/fu/BsnbRbaeuDC4Zx7ufceP2FUKsv6NubmFxaXlksr5dW19Y1Nc2u7JeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cJH77TsiJI35rRomxI1QyGlAMVJa8sz9h2vvyhGIh4w4goZ9hYSI72EuH0WF4ZkVq2qNAWeJXZAKKNDwzC+nF+M0IlxhhqTs2lai3AwJRTEjo7KTSpIgPEAh6WrKUUSkm42/GcEDrfRgEAtdXMGx+nsiQ5GUw8jXnRFSfTnt5eJ/XjdVwZmbUZ6kinA8WRSkDKoY5tHAHhUEKzbUBGFB9a0Q95FAWOkAyzoEe/rlWdI6rtq1au3mpFI/L+IogV2wBw6BDU5BHVyCBmgCDB7BM3gFb8aT8WK8Gx+T1jmjmNkBf2B8/gDZt5wR</latexit>

|NL→ ↑ |NL ↓m→ <latexit sha1_base64="cwgdAs/dKfa0xaNmRuQwfKa0Wcc=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUBKR6rLoxpVUsQ9oQphMJ+nQySTMTJQS+wNu/BU3LhRx696df+OkzUJbD1w4nHMv997jJ4xKZVnfxtz8wuLScmmlvLq2vrFpbm23ZJwKTJo4ZrHo+EgSRjlpKqoY6SSCoMhnpO0PLnK/fUeEpDG/VcOEuBEKOQ0oRkpLnrn/cOXdOALxkBFH0LCvkBDxPczlo6gwPLNiVa0x4CyxC1IBBRqe+eX0YpxGhCvMkJRd20qUmyGhKGZkVHZSSRKEBygkXU05ioh0s/E3I3iglR4MYqGLKzhWf09kKJJyGPm6M0KqL6e9XPzP66YqOHMzypNUEY4ni4KUQRXDPBrYo4JgxYaaICyovhXiPhIIKx1gWYdgT788S1rHVbtWrV2fVOrnRRwlsAv2wCGwwSmog0vQAE2AwSN4Bq/gzXgyXox342PSOmcUMzvgD4zPH+nFnBs=</latexit>

|NR→ ↑ |NR +m→
<latexit sha1_base64="nRrHcMVmDxPO8hBn+jYfYDQqHsY=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyyCIJaZItVl0Y0LkSr2Ap1SMulpG5rJjEmmUNq+hxtfxY0LRVwJLnwb0xto6w+Bn++cw8n5/YgzpR3n21pYXFpeWU2sJdc3Nre27Z3dogpjSaFAQx7Ksk8UcCagoJnmUI4kkMDnUPLbl8N6qQNSsVDc624E1YA0BWswSrRBNTvTDzxJRJMD9uAhZh3cv6ldn0yhF2oWgDLs7njKanbKSTsj4XnjTkwKTZSv2Z9ePaRxAEJTTpSquE6kqz0iNaMcBkkvVhAR2iZNqBgriNlY7Y1uG+BDQ+q4EUrzhMYj+nuiRwKluoFvOgOiW2q2NoT/1SqxbpxXe0xEsQZBx4saMcc6xMOgcJ1JoJp3jSFUMvNXTFtEEqpNnEkTgjt78rwpZtJuNp29PU3lLiZxJNA+OkBHyEVnKIeuUB4VEEWP6Bm9ojfryXqx3q2PceuCNZnZQ39kff0AylKh5w==</latexit>

|m→ ↑ |NL ↓m→ ↔ |NR +m→

We therefore include a tunneling term

Josephson coupling energy
Normal state 
conductance

 has plane wave solutionsHT

Circuit QED, Girvin



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

<latexit sha1_base64="nRrHcMVmDxPO8hBn+jYfYDQqHsY=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyyCIJaZItVl0Y0LkSr2Ap1SMulpG5rJjEmmUNq+hxtfxY0LRVwJLnwb0xto6w+Bn++cw8n5/YgzpR3n21pYXFpeWU2sJdc3Nre27Z3dogpjSaFAQx7Ksk8UcCagoJnmUI4kkMDnUPLbl8N6qQNSsVDc624E1YA0BWswSrRBNTvTDzxJRJMD9uAhZh3cv6ldn0yhF2oWgDLs7njKanbKSTsj4XnjTkwKTZSv2Z9ePaRxAEJTTpSquE6kqz0iNaMcBkkvVhAR2iZNqBgriNlY7Y1uG+BDQ+q4EUrzhMYj+nuiRwKluoFvOgOiW2q2NoT/1SqxbpxXe0xEsQZBx4saMcc6xMOgcJ1JoJp3jSFUMvNXTFtEEqpNnEkTgjt78rwpZtJuNp29PU3lLiZxJNA+OkBHyEVnKIeuUB4VEEWP6Bm9ojfryXqx3q2PceuCNZnZQ39kff0AylKh5w==</latexit>

|m→ ↑ |NL ↓m→ ↔ |NR +m→

 has plane wave solutionsHT

<latexit sha1_base64="6QE83Da+umJwX8jRrSpfEWGKryU="></latexit>

HT |ω→ =
↑EJ

2

∑

m

e
imω(|m+ 1→+ |m↑ 1→) = ↑EJ cosω|ω→

Circuit QED, Girvin

<latexit sha1_base64="wGAUxXKP34DdbDW2vDiGpPqERBg="></latexit>

HT = →
∫

dω

2ε
EJ cosω|ω↑↓ω| = →EJ cos ω̂



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

<latexit sha1_base64="YpVi77pLP+jRUxJUSEJ7bE+zZuY="></latexit>

HT = →
∫

dω

2ε
EJ cosω|ω↑↓ω|

Circuit QED, Girvin



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

<latexit sha1_base64="YpVi77pLP+jRUxJUSEJ7bE+zZuY="></latexit>

HT = →
∫

dω

2ε
EJ cosω|ω↑↓ω|

The equation of motion for the number of tunneling 
Cooper pairs is then

Circuit QED, Girvin

<latexit sha1_base64="eOdhjkXOgUeMDqnN7n9jFxydwCo="></latexit>

ṄT =
1

i⊋ [NT , HT ] = →1

⊋
dHT

dω
=

EJ

⊋ sinω



Superconducting 
(Transmon) Qubits

Introduction to Many-Body Physics, Coleman

Josephson tunneling: Two identical superconductors 
separated by an insulating barrier

Srivatsan Chakram, Lecture Notes

Superconductor
Superconductor

Insulator

<latexit sha1_base64="YpVi77pLP+jRUxJUSEJ7bE+zZuY="></latexit>

HT = →
∫

dω

2ε
EJ cosω|ω↑↓ω|

The equation of motion for the number of tunneling 
Cooper pairs is then

And we obtain the current
<latexit sha1_base64="1f/oCTRybn6PCK/RsdNXE2dOFKU="></latexit>

I = 2eṄT =
2eEJ

⊋ sinω → Ic sinω

Critical current,
Maximum 

possible while 
remaining a 

superconductor

Circuit QED, Girvin

<latexit sha1_base64="eOdhjkXOgUeMDqnN7n9jFxydwCo="></latexit>

ṄT =
1

i⊋ [NT , HT ] = →1

⊋
dHT

dω
=

EJ

⊋ sinω



Put a Josephson junction in a circuit, Cooper pair box 

Josephson 
junction

Capacitor 

<latexit sha1_base64="f2K3krh8cjSsZW2bJfG0Vn+pHFg=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQklEqheh2EuOFfolbQib7aZdutmE3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZFyScKW3b39ba+sbm1nZhp7i7t39wWDo6bqs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGNdnfueJSsVi0dSThHoRHgoWMoK1kR7dO9evX7p+0y+V7Yo9B1olTk7KkKPhl776g5ikERWacKxUz7ET7WVYakY4nRb7qaIJJmM8pD1DBY6o8rL5wVN0bpQBCmNpSmg0V39PZDhSahIFpjPCeqSWvZn4n9dLdXjrZUwkqaaCLBaFKUc6RrPv0YBJSjSfGIKJZOZWREZYYqJNRkUTgrP88ippX1WcaqX6cF2u3edxFOAUzuACHLiBGrjQgBYQiOAZXuHNktaL9W59LFrXrHzmBP7A+vwBT1SPdA==</latexit>
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N

(
4EC(N → ng)

2|N↑↓N |→ EJ

2
(|N↑↓N + 1|+ |N + 1↑↓N |)

)
In the charge basis

Circuit QED, Girvin

Offset charge
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We can truncate to 
 and |0⟩ |1⟩

Gaps the excitations 
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Focusing on  the spectrum is analytically tractableEJ ≪ EC
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Truncating to  and  yields a qubit Hamiltonian!|0⟩ |1⟩
<latexit sha1_base64="zTWuAQwV7DQ4l4C8BSX/nX/A8h0="></latexit>
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ωx = |0→↑1|+ |1→↑0|

With a spectrum E± = ± 16 E2
C(1/2 − ng)2 + E2

J /4 = ± ωq

Single qubit rotations are performed by driving the gate voltage at ωq

Focusing on  the spectrum is analytically tractableEJ ≪ EC
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H = 4EC(n̂� ng)
2 � EJ cos('̂) (anharmonic oscillator)

Summary: Superconducting 
(Transmon) Qubits

Circuit QED, Girvin



Superconducting Qubits
Lots of different types of superconducting qubits
Charge qubits 

(what we have focused on)

Cooper pair box
Quantronium

Transmon

Inductively Shunted qubits
(Will not cover)

Circuit QED, GirvinSrivatsan Chakram, Lecture Notes

RF SQUID
Flux qubit

Phase qubit
Fluxonium qubit

*Qubit is a superposition
of charge states on an island*

*Qubit is a superposition
of persistent currents in a loop*



Superconducting Qubits
Lots of different types of superconducting qubits
Charge qubits 

(what we have focused on)
Inductively Shunted qubits

(Will not cover)

“Periodic table” of 
superconducting  qubits

Circuit QED, GirvinSrivatsan Chakram, Lecture Notes

Lots of different forms 
of 2 qubit gates
(e.g. bring two 

capacitively coupled 
qubits in resonance)

Krantz et al, Applied Physics Reviews (2019)



Superconducting Qubits
Major efforts to scale up superconducting qubits lead by

IBM and Google
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Quantum computation with superconducting qubits (Summary)

Coherence times

Fidelity (typical)

Gate speeds

Single qubit gates Two qubit gates Measurement
\reset

 ≈50-125μsT1

Time to decay from excited state dephasing time

 ≈70-150μsT2

~10–50 ns ~10–300 ns ~0.5–5 μs

99.9–99.99% 99.0–99.9% 97–99.5%



Superconducting Qubits
Quantum computation with superconducting qubits (Summary)

Coherence times

Fidelity (typical)

Gate speeds

Single qubit gates Two qubit gates Measurement
\reset

 ≈50-125μsT1

Time to decay from excited state dephasing time

 ≈70-150μsT2

~10–50 ns ~10–300 ns ~0.5–5 μs

99.9–99.99% 99.0–99.9% 97–99.5%

In summary: Trapped ions and neutral atoms have long coherence times but 
are controlled via optical pulses and so the gate speeds are slow. 
Superconducting qubits have fast gate times but less coherence.

Who will win the race??
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Experiments Probing Many Body 
Chaos and Integrability

These quantum platforms have opened the door to perform experiments on 
the unitary evolution of quantum many body systems.

The theoretical questions we asked near the end of lecture 1 can now be 
explored experimentally. Tests of ETH

Trapped ions

Localization of the spin excitation

Close to an integrable model, 
slow thermalization



Experiments Probing Many Body 
Chaos and Integrability

These quantum platforms have opened the door to perform experiments on 
the unitary evolution of quantum many body systems.

The theoretical questions we asked near the end of lecture 1 can now be 
explored experimentally Integrable Dynamics

Gas of ultracold 87Rb
Realizing the Tonks-Giradau gas

Time of flight, 
absorption imaging
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Chaos and Integrability

These quantum platforms have opened the door to perform experiments on 
the unitary evolution of quantum many body systems.

The theoretical questions we asked near the end of lecture 1 can now be 
explored experimentally Integrable Dynamics

Superconducting 
qubits

Domain wall dynamics
Consistent with Bethe ansatz 

solution
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Experiments Probing Many Body 
Chaos and Integrability

These quantum platforms have opened the door to perform experiments on 
the unitary evolution of quantum many body systems.

The theoretical questions we asked near the end of lecture 1 can now be 
explored experimentally

Observations of Many-Body Localization
Superconducting qubits
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Measuring Quantum 
Many Body Systems

If we want to learn something about the quantum system or 
correct an error we need to measure it. To do so, we must 

couple the quantum system to the environment (measurement 
apparatus) producing an open quantum system

Local measurements then will be part of the dynamics,
As the system is running it will also be locally measured.

Referred to as *midcircuit measurements*



Open Quantum Many 
Body Systems

Global measurements will collapse the many-body wave 
function, destroying the entangled state 

5th Solvay Conference of Physics, Electrons and Photons 1927

M̂ | i ! | finali =
M̂ | iq

h |M̂†M̂ | i
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Open Quantum Many 
Body Systems

Global measurements will collapse the many-body wave 
function, destroying the entangled state 

But what about a local measurement?
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But what about a local measurement?

Example: 3 spin-1/2s | i =
X

{↵i}

C↵1,↵2,↵3 |↵1,↵2,↵3i
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<latexit sha1_base64="NavVe/JrJbAS/HNNNnU+H2bLg8Y=">AAACCHicbVDLSgMxFM34rPVVdenCYBFcSJmRgm6EohuXFewDOkO5k2ba0EwmJBlLKV268VfcuFDErZ/gzr8xnXahrQcCh3Pu4eaeUHKmjet+O0vLK6tr67mN/ObW9s5uYW+/rpNUEVojCU9UMwRNORO0ZpjhtCkVhTjktBH2byZ+44EqzRJxb4aSBjF0BYsYAWOlduHIBy570Gb4CvupBKWSwRn2O8lAZLxdKLolNwNeJN6MFNEM1Xbhy4ZJGlNhCAetW54rTTACZRjhdJz3U00lkD50actSATHVwSg7ZIxPrNLBUaLsEwZn6u/ECGKth3FoJ2MwPT3vTcT/vFZqostgxIRMDRVkuihKOTYJnrSCO0xRYvjQEiCK2b9i0gMFxNju8rYEb/7kRVI/L3nlUvmuXKxcz+rIoUN0jE6Rhy5QBd2iKqohgh7RM3pFb86T8+K8Ox/T0SVnljlAf+B8/gBHjpmG</latexit>

But what about a local measurement?

Example: 3 spin-1/2s | i =
X

{↵i}

C↵1,↵2,↵3 |↵1,↵2,↵3i

<latexit sha1_base64="Y4a8dhbdxz7CY/oX0rmKG8CbbEg="></latexit>

M̂ | i = C",",#| ", ", #i ! | finali = | ", ", #i

<latexit sha1_base64="cyDM46LTKoEII1mM4KdwdBGmRio="></latexit>

A global measurement yields ", ", #

<latexit sha1_base64="eANHV+kDmOhDn0oMm2u8d9ebvF0=">AAACBXicbZDLSsNAFIZPvNZ6i7rUxWARXEhJpKDLohuXFewF2lAm00k7dDIJMxNLCd248VXcuFDEre/gzrdxmgbU1h8GPv5zDmfO78ecKe04X9bS8srq2npho7i5tb2za+/tN1SUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD6+n9eY9lYpF4k6PY+qFuC9YwAjWxuraR50kxlJGo7Mf6EUjkWHXLjllJxNaBDeHEuSqde1PM0ySkApNOFaq7Tqx9lIsNSOcToqdRNEYkyHu07ZBgUOqvDS7YoJOjNNDQSTNExpl7u+JFIdKjUPfdIZYD9R8bWr+V2snOrj0UibiRFNBZouChCMdoWkkqMckJZqPDWAimfkrIgMsMdEmuKIJwZ0/eREa52W3Uq7cVkrVqzyOAhzCMZyCCxdQhRuoQR0IPMATvMCr9Wg9W2/W+6x1ycpnDuCPrI9vgQeZOQ==</latexit>

M̂ | i ! | finali =
M̂ | iq

h |M̂†M̂ | i

<latexit sha1_base64="77JX243Br/DCk0ZkKRU7eVOJa7A="></latexit>



Open Quantum Many 
Body Systems

Global measurements will collapse the many-body wave 
function, destroying the entangled state 

↵i =", #

<latexit sha1_base64="NavVe/JrJbAS/HNNNnU+H2bLg8Y=">AAACCHicbVDLSgMxFM34rPVVdenCYBFcSJmRgm6EohuXFewDOkO5k2ba0EwmJBlLKV268VfcuFDErZ/gzr8xnXahrQcCh3Pu4eaeUHKmjet+O0vLK6tr67mN/ObW9s5uYW+/rpNUEVojCU9UMwRNORO0ZpjhtCkVhTjktBH2byZ+44EqzRJxb4aSBjF0BYsYAWOlduHIBy570Gb4CvupBKWSwRn2O8lAZLxdKLolNwNeJN6MFNEM1Xbhy4ZJGlNhCAetW54rTTACZRjhdJz3U00lkD50actSATHVwSg7ZIxPrNLBUaLsEwZn6u/ECGKth3FoJ2MwPT3vTcT/vFZqostgxIRMDRVkuihKOTYJnrSCO0xRYvjQEiCK2b9i0gMFxNju8rYEb/7kRVI/L3nlUvmuXKxcz+rIoUN0jE6Rhy5QBd2iKqohgh7RM3pFb86T8+K8Ox/T0SVnljlAf+B8/gBHjpmG</latexit>

But what about a local measurement?

Example: 3 spin-1/2s | i =
X

{↵i}

C↵1,↵2,↵3 |↵1,↵2,↵3i

<latexit sha1_base64="Y4a8dhbdxz7CY/oX0rmKG8CbbEg="></latexit>

A local measurement yields ", ", #

<latexit sha1_base64="eANHV+kDmOhDn0oMm2u8d9ebvF0=">AAACBXicbZDLSsNAFIZPvNZ6i7rUxWARXEhJpKDLohuXFewF2lAm00k7dDIJMxNLCd248VXcuFDEre/gzrdxmgbU1h8GPv5zDmfO78ecKe04X9bS8srq2npho7i5tb2za+/tN1SUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD6+n9eY9lYpF4k6PY+qFuC9YwAjWxuraR50kxlJGo7Mf6EUjkWHXLjllJxNaBDeHEuSqde1PM0ySkApNOFaq7Tqx9lIsNSOcToqdRNEYkyHu07ZBgUOqvDS7YoJOjNNDQSTNExpl7u+JFIdKjUPfdIZYD9R8bWr+V2snOrj0UibiRFNBZouChCMdoWkkqMckJZqPDWAimfkrIgMsMdEmuKIJwZ0/eREa52W3Uq7cVkrVqzyOAhzCMZyCCxdQhRuoQR0IPMATvMCr9Wg9W2/W+6x1ycpnDuCPrI9vgQeZOQ==</latexit>

at site 2

M̂ | i ! | finali =
M̂ | iq

h |M̂†M̂ | i

<latexit sha1_base64="77JX243Br/DCk0ZkKRU7eVOJa7A="></latexit>

| finali =
P

↵1,↵3
C↵1,",↵3 |↵1, ",↵3iqP
↵1,↵3

|C↵1,",↵3 |2

<latexit sha1_base64="Uw/ywBhPkGU7KZZ36Kwqv+SSKxA="></latexit>



Open Quantum Many 
Body Systems

Global measurements will collapse the many-body wave 
function, destroying the entangled state 

↵i =", #

<latexit sha1_base64="NavVe/JrJbAS/HNNNnU+H2bLg8Y=">AAACCHicbVDLSgMxFM34rPVVdenCYBFcSJmRgm6EohuXFewDOkO5k2ba0EwmJBlLKV268VfcuFDErZ/gzr8xnXahrQcCh3Pu4eaeUHKmjet+O0vLK6tr67mN/ObW9s5uYW+/rpNUEVojCU9UMwRNORO0ZpjhtCkVhTjktBH2byZ+44EqzRJxb4aSBjF0BYsYAWOlduHIBy570Gb4CvupBKWSwRn2O8lAZLxdKLolNwNeJN6MFNEM1Xbhy4ZJGlNhCAetW54rTTACZRjhdJz3U00lkD50actSATHVwSg7ZIxPrNLBUaLsEwZn6u/ECGKth3FoJ2MwPT3vTcT/vFZqostgxIRMDRVkuihKOTYJnrSCO0xRYvjQEiCK2b9i0gMFxNju8rYEb/7kRVI/L3nlUvmuXKxcz+rIoUN0jE6Rhy5QBd2iKqohgh7RM3pFb86T8+K8Ox/T0SVnljlAf+B8/gBHjpmG</latexit>

But what about a local measurement?

Example: 3 spin-1/2s | i =
X

{↵i}

C↵1,↵2,↵3 |↵1,↵2,↵3i

<latexit sha1_base64="Y4a8dhbdxz7CY/oX0rmKG8CbbEg="></latexit>

A local measurement yields ", ", #

<latexit sha1_base64="eANHV+kDmOhDn0oMm2u8d9ebvF0=">AAACBXicbZDLSsNAFIZPvNZ6i7rUxWARXEhJpKDLohuXFewF2lAm00k7dDIJMxNLCd248VXcuFDEre/gzrdxmgbU1h8GPv5zDmfO78ecKe04X9bS8srq2npho7i5tb2za+/tN1SUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD6+n9eY9lYpF4k6PY+qFuC9YwAjWxuraR50kxlJGo7Mf6EUjkWHXLjllJxNaBDeHEuSqde1PM0ySkApNOFaq7Tqx9lIsNSOcToqdRNEYkyHu07ZBgUOqvDS7YoJOjNNDQSTNExpl7u+JFIdKjUPfdIZYD9R8bWr+V2snOrj0UibiRFNBZouChCMdoWkkqMckJZqPDWAimfkrIgMsMdEmuKIJwZ0/eREa52W3Uq7cVkrVqzyOAhzCMZyCCxdQhRuoQR0IPMATvMCr9Wg9W2/W+6x1ycpnDuCPrI9vgQeZOQ==</latexit>

at site 2

M̂ | i ! | finali =
M̂ | iq

h |M̂†M̂ | i

<latexit sha1_base64="77JX243Br/DCk0ZkKRU7eVOJa7A="></latexit>

| finali =
P

↵1,↵3
C↵1,",↵3 |↵1, ",↵3iqP
↵1,↵3

|C↵1,",↵3 |2

<latexit sha1_base64="Uw/ywBhPkGU7KZZ36Kwqv+SSKxA="></latexit>

An entangled superposition remains!
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Non-trivial with atoms as a 
measurement leads to the 

atom relaxing and emitting a 
photon disrupting nearby 

atoms. Have to “shelve” the 
qubit you want to measure so 
its far detuned from the rest.
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Measuring Quantum 
Many Body Systems

Several quantum platforms can now perform midcircuit measurements
superconducting qubits, Rydberg arrays, trapped ions

Now experimentally accessible!

4/2025

Non-trivial with atoms as a 
measurement leads to the 

atom relaxing and emitting a 
photon disrupting nearby 

atoms. Have to “shelve” the 
qubit you want to measure so 
its far detuned from the rest.



Measuring Quantum 
Many Body Systems

Measurement based quantum computation and 
measurement based state preparation.

Can be used as a resource!

Use measurements to prepare topological states

Tantivasadakarn, Thorngren, Vishwanath, Verresen arXiv (2023)

Barvyi, Kim, Kliesch, Koenig arXiv (2022)

Briegel, Browne, Dur, Raussendorf, Van den Nest, Nat. Phys. (2009).
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control the dynamics using real time feedback. This allows for 
quantum error correction, quantum state preparation, and the 

control of quantum chaos (Lecture 4). 



Measurement and Feedback in 
Quantum Many Body Systems

Now we want to use the outcome of the measurement to 
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Use mid circuit measurements followed by a 
unitary operation to correct an unwanted error

25 cycles to reach a distance 5 surface code, a 
subextensive number of feedback operations
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Measurement and Feedback in 
Quantum Many Body Systems

Now we want to use the outcome of the measurement to 
control the dynamics using real time feedback. This allows for 
quantum error correction, quantum state preparation, and the 

control of quantum chaos (Lecture 4). 

arXiv:2509.18259



Conclusions

• Ultracold atoms are an ideal analog quantum simulator.

• Trapped ions can offer long range interactions for analog quantum 
simulation and can perform digital quantum gates for computation.

• Neutral (Rydberg) atoms offer an amazing amount of flexibility 
thanks to optical tweezer arrays for analog simulation and offer a 
new route to quantum computing.

• Superconducting qubits offer a macroscopic quantum tunneling 
process as the fundamental qubit. Lots of possibilities exist.

• Midcircuit measurements and feedback offer new routes to 
controlling quantum systems and exploring new forms of dynamcs.


