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Characterisa*on  of  
quantum  systems:  


Characterizing	  a	  quantum	  systems	  means	  capturing	  all	  the	  main	  
features	  that	  can	  fully	  describe	  its	  interac4ons	  and	  its	  dynamics.	  
e.g.	  by	  fully	  learning	  its	  Hamiltonian	  operator	  

Why	  is	  hard?	  



Quantum  Simula*on
Quantum	  systems	  are	  hard	  to	  simulate.	  

If	  we	  study	  a	  system	  comprising	  N	  par4cles	  with	  two	  basis	  states	  and	  we	  
want	  to	  store	  their	  quantum	  state	  on	  a	  classical	  computer	  	  
using	  an	  8	  bits	  (1	  byte)	  resolu4on.	  

2	  p	   6	  bytes	   ↵| ""i+ �| "#i+ �| #"i+ �| ##i
<latexit sha1_base64="sc7k6K+MdVjMWkegSF1USpnmo6E="></latexit><latexit sha1_base64="sc7k6K+MdVjMWkegSF1USpnmo6E="></latexit><latexit sha1_base64="sc7k6K+MdVjMWkegSF1USpnmo6E="></latexit><latexit sha1_base64="sc7k6K+MdVjMWkegSF1USpnmo6E="></latexit>

1	  p	   2	  bytes	   ↵| "i+ �| #i
<latexit sha1_base64="6LaiOOc8P4encv2SuBp+otTQXMM=">AAACHnicbVDLSgNBEJz1GeNr1aOXwSAIQtgNih4DXjxGMA/IhtA76SRDZmeXmVlDiPkSL/6KFw+KCJ70b5w8DiaxoKGo6p7prjARXBvP+3FWVtfWNzYzW9ntnd29fffgsKLjVDEss1jEqhaCRsEllg03AmuJQohCgdWwdzP2qw+oNI/lvRkk2IigI3mbMzBWarqXAYikC/QxSBNQKu7TQIHsCKTnNAjRWIcGrbgv58ymm/Py3gR0mfgzkiMzlJrul32EpRFKwwRoXfe9xDSGoAxnAkfZINWYAOtBB+uWSohQN4aT80b01Cot2o6VLWnoRP07MYRI60EU2s4ITFcvemPxP6+emvZ1Y8hlkhqUbPpROxXUxHScFW1xhcyIgSXAFLe7UtYFBczYRLM2BH/x5GVSKeR9L+/fXeSKhVkcGXJMTsgZ8ckVKZJbUiJlwsgTeSFv5N15dl6dD+dz2rrizGaOyByc718LfaJf</latexit><latexit sha1_base64="6LaiOOc8P4encv2SuBp+otTQXMM=">AAACHnicbVDLSgNBEJz1GeNr1aOXwSAIQtgNih4DXjxGMA/IhtA76SRDZmeXmVlDiPkSL/6KFw+KCJ70b5w8DiaxoKGo6p7prjARXBvP+3FWVtfWNzYzW9ntnd29fffgsKLjVDEss1jEqhaCRsEllg03AmuJQohCgdWwdzP2qw+oNI/lvRkk2IigI3mbMzBWarqXAYikC/QxSBNQKu7TQIHsCKTnNAjRWIcGrbgv58ymm/Py3gR0mfgzkiMzlJrul32EpRFKwwRoXfe9xDSGoAxnAkfZINWYAOtBB+uWSohQN4aT80b01Cot2o6VLWnoRP07MYRI60EU2s4ITFcvemPxP6+emvZ1Y8hlkhqUbPpROxXUxHScFW1xhcyIgSXAFLe7UtYFBczYRLM2BH/x5GVSKeR9L+/fXeSKhVkcGXJMTsgZ8ckVKZJbUiJlwsgTeSFv5N15dl6dD+dz2rrizGaOyByc718LfaJf</latexit><latexit sha1_base64="6LaiOOc8P4encv2SuBp+otTQXMM=">AAACHnicbVDLSgNBEJz1GeNr1aOXwSAIQtgNih4DXjxGMA/IhtA76SRDZmeXmVlDiPkSL/6KFw+KCJ70b5w8DiaxoKGo6p7prjARXBvP+3FWVtfWNzYzW9ntnd29fffgsKLjVDEss1jEqhaCRsEllg03AmuJQohCgdWwdzP2qw+oNI/lvRkk2IigI3mbMzBWarqXAYikC/QxSBNQKu7TQIHsCKTnNAjRWIcGrbgv58ymm/Py3gR0mfgzkiMzlJrul32EpRFKwwRoXfe9xDSGoAxnAkfZINWYAOtBB+uWSohQN4aT80b01Cot2o6VLWnoRP07MYRI60EU2s4ITFcvemPxP6+emvZ1Y8hlkhqUbPpROxXUxHScFW1xhcyIgSXAFLe7UtYFBczYRLM2BH/x5GVSKeR9L+/fXeSKhVkcGXJMTsgZ8ckVKZJbUiJlwsgTeSFv5N15dl6dD+dz2rrizGaOyByc718LfaJf</latexit><latexit sha1_base64="6LaiOOc8P4encv2SuBp+otTQXMM=">AAACHnicbVDLSgNBEJz1GeNr1aOXwSAIQtgNih4DXjxGMA/IhtA76SRDZmeXmVlDiPkSL/6KFw+KCJ70b5w8DiaxoKGo6p7prjARXBvP+3FWVtfWNzYzW9ntnd29fffgsKLjVDEss1jEqhaCRsEllg03AmuJQohCgdWwdzP2qw+oNI/lvRkk2IigI3mbMzBWarqXAYikC/QxSBNQKu7TQIHsCKTnNAjRWIcGrbgv58ymm/Py3gR0mfgzkiMzlJrul32EpRFKwwRoXfe9xDSGoAxnAkfZINWYAOtBB+uWSohQN4aT80b01Cot2o6VLWnoRP07MYRI60EU2s4ITFcvemPxP6+emvZ1Y8hlkhqUbPpROxXUxHScFW1xhcyIgSXAFLe7UtYFBczYRLM2BH/x5GVSKeR9L+/fXeSKhVkcGXJMTsgZ8ckVKZJbUiJlwsgTeSFv5N15dl6dD+dz2rrizGaOyByc718LfaJf</latexit>

3	  p	   14	  bytes	   ↵| """i+ �| ""#i+ �| "#"i+ . . .
<latexit sha1_base64="IO/2cxS1+iBu3WKxeSKN9fW67YA="></latexit><latexit sha1_base64="IO/2cxS1+iBu3WKxeSKN9fW67YA="></latexit><latexit sha1_base64="IO/2cxS1+iBu3WKxeSKN9fW67YA="></latexit><latexit sha1_base64="IO/2cxS1+iBu3WKxeSKN9fW67YA="></latexit>

200	  p	   ~	  3.21	  1060	  bytes	  

The	  total	  amount	  of	  memory	  required	  grows	  exponen4ally	  with	  
the	  value	  of	  N.	  

2N+1 � 2
<latexit sha1_base64="15yqr7z1ZGXy5KbLZSitHfTRki8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeix6MWTVLAf0q4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1P/dYTVZpF8t6MY+oLPJAsZAQbKz1UHtPbM29yXukVS27ZnQEtEy8jJchQ7xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvAEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzFl5dJs1L23LJ3Vy3VrrI48nAEx3AKHlxADW6gDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4ARrCPZQ==</latexit><latexit sha1_base64="15yqr7z1ZGXy5KbLZSitHfTRki8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeix6MWTVLAf0q4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1P/dYTVZpF8t6MY+oLPJAsZAQbKz1UHtPbM29yXukVS27ZnQEtEy8jJchQ7xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvAEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzFl5dJs1L23LJ3Vy3VrrI48nAEx3AKHlxADW6gDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4ARrCPZQ==</latexit><latexit sha1_base64="15yqr7z1ZGXy5KbLZSitHfTRki8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeix6MWTVLAf0q4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1P/dYTVZpF8t6MY+oLPJAsZAQbKz1UHtPbM29yXukVS27ZnQEtEy8jJchQ7xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvAEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzFl5dJs1L23LJ3Vy3VrrI48nAEx3AKHlxADW6gDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4ARrCPZQ==</latexit><latexit sha1_base64="15yqr7z1ZGXy5KbLZSitHfTRki8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeix6MWTVLAf0q4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1P/dYTVZpF8t6MY+oLPJAsZAQbKz1UHtPbM29yXukVS27ZnQEtEy8jJchQ7xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvAEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsJLP2UyTgyVZL4oTDgyEZp+j/pMUWL42BJMFLO3IjLEChNjMyrYELzFl5dJs1L23LJ3Vy3VrrI48nAEx3AKHlxADW6gDg0gIOAZXuHNUc6L8+58zFtzTjZzCH/gfP4ARrCPZQ==</latexit>

M
em

or
y	  

Number	  of	  par4cles	  

Total	  memory	  available	  on	  earth	  today	  is	  ~	  5.21	  1021	  bytes	  
	  
Total	  number	  of	  atoms	  on	  earth	  is	  ~133*1048	  	  



The problem becomes rapidly intractable 
with classical machines.

Quantum simulation is expected to efficiently 
reproduce the dynamics of quantum systems.

An algorithm that, under relatively weak assumptions, can be 
used to efficiently infer the Hamiltonian of a large but 
uncharacterised quantum system using a characterised quantum 
simulator.
(N. Wiebe, et al. - Phys. Rev. Lett. 112, 190501 (2014))

Quantum Hamiltonian Learning



Quantum System Model of the system (H)

with parameters 

Quantum Hamiltonian Learning

Ĥ(~⌦) =
X

i,jG

⌦i,j �̂
i
z�̂

j
z

<latexit sha1_base64="MJuu9kJdhfva3jGz6SczBXwy8J8="></latexit><latexit sha1_base64="MJuu9kJdhfva3jGz6SczBXwy8J8="></latexit><latexit sha1_base64="MJuu9kJdhfva3jGz6SczBXwy8J8="></latexit><latexit sha1_base64="MJuu9kJdhfva3jGz6SczBXwy8J8="></latexit>

Ĥ(~⌦)
<latexit sha1_base64="NzjWfibI/2mLqqDXndUR8PMHr6M=">AAAB/nicbVBNS8NAEN34WetXVDx5WSxCvZREBD0WvPRmBfsBTSib7aRdupuE3U2hhIB/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAsSzpR2nG9rbX1jc2u7tFPe3ds/OLSPjtsqTiWFFo15LLsBUcBZBC3NNIduIoGIgEMnGN/N/M4EpGJx9KinCfiCDCMWMkq0kfr2qTciOmvkVW8CNPPuBQxJftm3K07NmQOvErcgFVSg2be/vEFMUwGRppwo1XOdRPsZkZpRDnnZSxUkhI7JEHqGRkSA8rP5+Tm+MMoAh7E0FWk8V39PZEQoNRWB6RREj9SyNxP/83qpDm/9jEVJqiGii0VhyrGO8SwLPGASqOZTQwiVzNyK6YhIQrVJrGxCcJdfXiXtq5rr1NyH60q9VsRRQmfoHFWRi25QHTVQE7UQRRl6Rq/ozXqyXqx362PRumYVMyfoD6zPH/nXlWo=</latexit><latexit sha1_base64="NzjWfibI/2mLqqDXndUR8PMHr6M=">AAAB/nicbVBNS8NAEN34WetXVDx5WSxCvZREBD0WvPRmBfsBTSib7aRdupuE3U2hhIB/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAsSzpR2nG9rbX1jc2u7tFPe3ds/OLSPjtsqTiWFFo15LLsBUcBZBC3NNIduIoGIgEMnGN/N/M4EpGJx9KinCfiCDCMWMkq0kfr2qTciOmvkVW8CNPPuBQxJftm3K07NmQOvErcgFVSg2be/vEFMUwGRppwo1XOdRPsZkZpRDnnZSxUkhI7JEHqGRkSA8rP5+Tm+MMoAh7E0FWk8V39PZEQoNRWB6RREj9SyNxP/83qpDm/9jEVJqiGii0VhyrGO8SwLPGASqOZTQwiVzNyK6YhIQrVJrGxCcJdfXiXtq5rr1NyH60q9VsRRQmfoHFWRi25QHTVQE7UQRRl6Rq/ozXqyXqx362PRumYVMyfoD6zPH/nXlWo=</latexit><latexit sha1_base64="NzjWfibI/2mLqqDXndUR8PMHr6M=">AAAB/nicbVBNS8NAEN34WetXVDx5WSxCvZREBD0WvPRmBfsBTSib7aRdupuE3U2hhIB/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAsSzpR2nG9rbX1jc2u7tFPe3ds/OLSPjtsqTiWFFo15LLsBUcBZBC3NNIduIoGIgEMnGN/N/M4EpGJx9KinCfiCDCMWMkq0kfr2qTciOmvkVW8CNPPuBQxJftm3K07NmQOvErcgFVSg2be/vEFMUwGRppwo1XOdRPsZkZpRDnnZSxUkhI7JEHqGRkSA8rP5+Tm+MMoAh7E0FWk8V39PZEQoNRWB6RREj9SyNxP/83qpDm/9jEVJqiGii0VhyrGO8SwLPGASqOZTQwiVzNyK6YhIQrVJrGxCcJdfXiXtq5rr1NyH60q9VsRRQmfoHFWRi25QHTVQE7UQRRl6Rq/ozXqyXqx362PRumYVMyfoD6zPH/nXlWo=</latexit><latexit sha1_base64="NzjWfibI/2mLqqDXndUR8PMHr6M=">AAAB/nicbVBNS8NAEN34WetXVDx5WSxCvZREBD0WvPRmBfsBTSib7aRdupuE3U2hhIB/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAsSzpR2nG9rbX1jc2u7tFPe3ds/OLSPjtsqTiWFFo15LLsBUcBZBC3NNIduIoGIgEMnGN/N/M4EpGJx9KinCfiCDCMWMkq0kfr2qTciOmvkVW8CNPPuBQxJftm3K07NmQOvErcgFVSg2be/vEFMUwGRppwo1XOdRPsZkZpRDnnZSxUkhI7JEHqGRkSA8rP5+Tm+MMoAh7E0FWk8V39PZEQoNRWB6RREj9SyNxP/83qpDm/9jEVJqiGii0VhyrGO8SwLPGASqOZTQwiVzNyK6YhIQrVJrGxCcJdfXiXtq5rr1NyH60q9VsRRQmfoHFWRi25QHTVQE7UQRRl6Rq/ozXqyXqx362PRumYVMyfoD6zPH/nXlWo=</latexit>

~⌦
<latexit sha1_base64="o355U63kTxBUSmYJn6ZSc3gsYEo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQi6LHgxZsV7Ac0oWy203bp7ibsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5ccqZNr7/7ZQ2Nre2d8q7lb39g8Oj6vFJSyeZotikCU9UJyYaOZPYNMxw7KQKiYg5tuPx3dxvT1BplsgnM00xEmQo2YBRYqwUhhOkefggcEhmvWrN9/wF3HUSFKQGBRq96lfYT2gmUBrKidbdwE9NlBNlGOU4q4SZxpTQMRli11JJBOooX9w8cy+s0ncHibIljbtQf0/kRGg9FbHtFMSM9Ko3F//zupkZ3EY5k2lmUNLlokHGXZO48wDcPlNIDZ9aQqhi9laXjogi1NiYKjaEYPXlddK68gLfCx6va3WviKMMZ3AOlxDADdThHhrQBAopPMMrvDmZ8+K8Ox/L1pJTzJzCHzifPzFJkbU=</latexit><latexit sha1_base64="o355U63kTxBUSmYJn6ZSc3gsYEo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQi6LHgxZsV7Ac0oWy203bp7ibsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5ccqZNr7/7ZQ2Nre2d8q7lb39g8Oj6vFJSyeZotikCU9UJyYaOZPYNMxw7KQKiYg5tuPx3dxvT1BplsgnM00xEmQo2YBRYqwUhhOkefggcEhmvWrN9/wF3HUSFKQGBRq96lfYT2gmUBrKidbdwE9NlBNlGOU4q4SZxpTQMRli11JJBOooX9w8cy+s0ncHibIljbtQf0/kRGg9FbHtFMSM9Ko3F//zupkZ3EY5k2lmUNLlokHGXZO48wDcPlNIDZ9aQqhi9laXjogi1NiYKjaEYPXlddK68gLfCx6va3WviKMMZ3AOlxDADdThHhrQBAopPMMrvDmZ8+K8Ox/L1pJTzJzCHzifPzFJkbU=</latexit><latexit sha1_base64="o355U63kTxBUSmYJn6ZSc3gsYEo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQi6LHgxZsV7Ac0oWy203bp7ibsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5ccqZNr7/7ZQ2Nre2d8q7lb39g8Oj6vFJSyeZotikCU9UJyYaOZPYNMxw7KQKiYg5tuPx3dxvT1BplsgnM00xEmQo2YBRYqwUhhOkefggcEhmvWrN9/wF3HUSFKQGBRq96lfYT2gmUBrKidbdwE9NlBNlGOU4q4SZxpTQMRli11JJBOooX9w8cy+s0ncHibIljbtQf0/kRGg9FbHtFMSM9Ko3F//zupkZ3EY5k2lmUNLlokHGXZO48wDcPlNIDZ9aQqhi9laXjogi1NiYKjaEYPXlddK68gLfCx6va3WviKMMZ3AOlxDADdThHhrQBAopPMMrvDmZ8+K8Ox/L1pJTzJzCHzifPzFJkbU=</latexit><latexit sha1_base64="o355U63kTxBUSmYJn6ZSc3gsYEo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQi6LHgxZsV7Ac0oWy203bp7ibsbgol9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5ccqZNr7/7ZQ2Nre2d8q7lb39g8Oj6vFJSyeZotikCU9UJyYaOZPYNMxw7KQKiYg5tuPx3dxvT1BplsgnM00xEmQo2YBRYqwUhhOkefggcEhmvWrN9/wF3HUSFKQGBRq96lfYT2gmUBrKidbdwE9NlBNlGOU4q4SZxpTQMRli11JJBOooX9w8cy+s0ncHibIljbtQf0/kRGg9FbHtFMSM9Ko3F//zupkZ3EY5k2lmUNLlokHGXZO48wDcPlNIDZ9aQqhi9laXjogi1NiYKjaEYPXlddK68gLfCx6va3WviKMMZ3AOlxDADdThHhrQBAopPMMrvDmZ8+K8Ox/L1pJTzJzCHzifPzFJkbU=</latexit>

QHL aims to find efficiently the set of 
parameters      which best describe the 
dynamic of the system.

~⌦0
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Wiebe et al. Phys. Rev. Lett. 112, 190501 (2014)



Frequentists vs Bayesian

Probability	  defined	  as	  frequency	   Probability	  defined	  as	  distribu4on	  

Confidence  Intervals  are  not  probability  distribu*ons  

Confidence  Intervals  are  defined  by  probability  distribu*ons  



Quantum Likelihood Estimation

Phys. Rev. Lett. 112, 190501 (2014)
Nature Physics 13, 551-555 (2017)
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 

t, Ĥ(⌦)
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The knowledge of the parameter value is 
encoded in a prior distribution          .           P (⌦)
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 

t, Ĥ(⌦)
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Bayesian Inference

Quantum Likelihood Estimation

Likelihood function: 

P (E|⌦, t) = |hE|U(⌦, t)| i|2
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 

t, Ĥ(⌦)
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The knowledge of the parameter value is 
encoded in a prior distribution          .           P (⌦)



1. From          choose an 
experiment (e.g.                 )

2. Perform experiment on 
System and obtain 
outcome E 

Quantum Likelihood Estimation

Phys. Rev. Lett. 112, 190501 (2014)

3. Calculate likelihoods

 using quantum simulator

The likelihood function describes the probability that the 
observation is obtained from a specific parameter value

4. Update the prior distribution 
using Bayes’ rule:

t = 1/26�

Nature Physics 13, 551-555 (2017)

The knowledge of the parameter value is 
encoded in a prior distribution          .           P (⌦)
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 

t, Ĥ(⌦)
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 

t, Ĥ(⌦)
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1. From          choose an 
experiment (e.g.                 )

2. Perform experiment on 
System and obtain 
outcome E 

Quantum Likelihood Estimation

Phys. Rev. Lett. 112, 190501 (2014)

3. Calculate likelihoods

 using quantum simulator

The likelihood function describes the probability that the 
observation is obtained from a specific parameter value

4. Update the prior distribution 
using Bayes’ rule:

Nature Physics 13, 551-555 (2017)
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 

t, Ĥ(⌦)
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1. From          choose an 
experiment (e.g.                 )

2. Perform experiment on 
System and obtain 
outcome E 

Quantum Likelihood Estimation

Phys. Rev. Lett. 112, 190501 (2014)

3. Calculate likelihoods

 using quantum simulator

4. Update the prior distribution 
using Bayes’ rule:

P (E|⌦; t)

P (E|⌦, t) = |hE|U(⌦, t)| i|2Nature Physics 13, 551-555 (2017)
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 
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1. From          choose an 
experiment (e.g.                 )

2. Perform experiment on 
System and obtain 
outcome E 

Quantum Likelihood Estimation
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3. Calculate likelihoods

 using quantum simulator

The likelihood function describes the probability that the 
observation is obtained from a specific parameter value

4. Update the prior distribution 
using Bayes’ rule:

P 0(⌦) =
P (E|⌦; t)P (⌦)R
P (E|⌦; t)P (⌦)d⌦
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Bayesian approach 
(similar to Bayesian phase estim.)

Ø Choose experiment (i.e. evol. time    ) given           . 

Ø Obtain data                              from the system.

Ø Use the quantum simulator to calculate the 
likelihood functions                    .

Ø Update the prior distribution using Bayes’ rule

The information is encoded in a prior distribution

• Near-optimal choice:                          .

• Simulated Monte-Carlo approximation 
used to make the Bayesian update 
practical. 

t, Ĥ(⌦)
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Quantum Likelihood Estimation



Experimental set-up: Qsim

Nature Physics 13, 551-555 (2017)

Hamiltonian: Where we want to 
estimate the Rabi 
Frequency   

Ĥ(⌦0) =
⌦0

2
�̂z

⌦0



Experimental results

Rabi frequency obtained by fit:Rabi frequency inferred with QLE:

Rescaling

Nature Physics 13, 551-555 (2017)

Mean	  squared	  error	  in	  the	  es4ma4on	  



Experimental results: Variance

Variance:
�2(!) < 4.2 · 10�5

SATURATION = Bad quantum simulator or bad model!

Wang et al. Nature Physics 13, 551-555 (2017)



Model I:

Model II:

From QHL to comparing models 

Bayes Factor:

Updated value (for model II, including 
chirping) of Norm of covariance matrix:

Old Variance with model I:

Ĥ(⌦0) =
⌦0

2
�̂z

ĤNew(⌦,↵) =
⌦+ ↵ t/2

2
�̂z

�2(!) < 4.2 · 10�5

||⌃(!)||2 < 7.5 · 10�6

R =
hP (E|~x)IIi
hP (E|~x)Ii

= 560
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Present and Future work:
Can we improve models?

Model I

Model II
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Testing and improving models

Bayes Factor:

R =
hP (E|~x)IIi
hP (E|~x)Ii

= 560

Proof	  of	  principle!	  



Ramsey Magnetometry

Nano-scale quantum sensors
with high sensitivity



Results



Sensitivity using on average one photon per step 
at room temperature 

When comparing to Quantum
Phase Estimation (QPE):

Averaging over thousands of protocol runs

QPE is 370 times slower
With a worse sensitivity

When we decrease the number of 
photons used our sensitivity improves 
considerably:

RT sensitivity comparable to cryogenic 
set-up

⌘̄ ⇡ 60nT s1/2
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Conclusions
•  Sta4s4cal	  inference	  (QHL)	  for	  parameters	  
in	  H	  

•  Applica4on	  to	  quantum	  sensing	  
•  Exploring	  models	  is	  possible	  with	  this	  
approach	  
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