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Premise
•Using AV6’ phenomenological potential and using exact deuteron wave functions

• Can be seen as a two level system       2
H

<latexit sha1_base64="ephvp2Vea5YmVMmlNwGLu4OQ+Uo="></latexit><latexit sha1_base64="ephvp2Vea5YmVMmlNwGLu4OQ+Uo="></latexit><latexit sha1_base64="ephvp2Vea5YmVMmlNwGLu4OQ+Uo="></latexit><latexit sha1_base64="ephvp2Vea5YmVMmlNwGLu4OQ+Uo="></latexit>
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<latexit sha1_base64="0L/6OtMCtpoUFNrW6ol6CChFJxA="></latexit><latexit sha1_base64="0L/6OtMCtpoUFNrW6ol6CChFJxA="></latexit><latexit sha1_base64="0L/6OtMCtpoUFNrW6ol6CChFJxA="></latexit><latexit sha1_base64="0L/6OtMCtpoUFNrW6ol6CChFJxA="></latexit>
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• Deuteron (GS of the Hamiltonian)  can be mapped to a single qubit

|gsi = Ry(✓)|0i
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• Trivially prepared:

• Step 0 is to make sure that: hGS|HNN |GSi = hHi = Ed
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Number of measurements large ' 107
<latexit sha1_base64="j90RhQ2TPUnOH8g0ohgyjZeB9rY="></latexit><latexit sha1_base64="j90RhQ2TPUnOH8g0ohgyjZeB9rY="></latexit><latexit sha1_base64="j90RhQ2TPUnOH8g0ohgyjZeB9rY="></latexit><latexit sha1_base64="j90RhQ2TPUnOH8g0ohgyjZeB9rY="></latexit>

hHi = ↵0 + ↵xhXi+ ↵zhZi
<latexit sha1_base64="KRkDQdm5mDo9oNSpYlT/XPjc3bM="></latexit><latexit sha1_base64="KRkDQdm5mDo9oNSpYlT/XPjc3bM="></latexit><latexit sha1_base64="KRkDQdm5mDo9oNSpYlT/XPjc3bM="></latexit><latexit sha1_base64="KRkDQdm5mDo9oNSpYlT/XPjc3bM="></latexit>

NX
<latexit sha1_base64="O/eFI4JGgsdvdCylWclNF8QGLI4="></latexit><latexit sha1_base64="O/eFI4JGgsdvdCylWclNF8QGLI4="></latexit><latexit sha1_base64="O/eFI4JGgsdvdCylWclNF8QGLI4="></latexit><latexit sha1_base64="O/eFI4JGgsdvdCylWclNF8QGLI4="></latexit> NZ

<latexit sha1_base64="p2PxleKmzooRqdYIjmvfIOYp6G4="></latexit><latexit sha1_base64="p2PxleKmzooRqdYIjmvfIOYp6G4="></latexit><latexit sha1_base64="p2PxleKmzooRqdYIjmvfIOYp6G4="></latexit><latexit sha1_base64="p2PxleKmzooRqdYIjmvfIOYp6G4="></latexit>

var[hHi]  |↵x|2

NX
+

|↵z|2

NZ
<latexit sha1_base64="sWXfBoS3mXWXWOi25tZxeujLSOw="></latexit><latexit sha1_base64="sWXfBoS3mXWXWOi25tZxeujLSOw="></latexit><latexit sha1_base64="sWXfBoS3mXWXWOi25tZxeujLSOw="></latexit><latexit sha1_base64="sWXfBoS3mXWXWOi25tZxeujLSOw="></latexit>

N  (|↵x|2+|↵y|2)/✏2
<latexit sha1_base64="IFr7haQoINavjSETb0J7l5HWNnc="></latexit><latexit sha1_base64="IFr7haQoINavjSETb0J7l5HWNnc="></latexit><latexit sha1_base64="IFr7haQoINavjSETb0J7l5HWNnc="></latexit><latexit sha1_base64="IFr7haQoINavjSETb0J7l5HWNnc="></latexit>

NX = NZ = N
<latexit sha1_base64="h+nmy9SVpmhpBjAy3/+qzEQh99c="></latexit><latexit sha1_base64="h+nmy9SVpmhpBjAy3/+qzEQh99c="></latexit><latexit sha1_base64="h+nmy9SVpmhpBjAy3/+qzEQh99c="></latexit><latexit sha1_base64="h+nmy9SVpmhpBjAy3/+qzEQh99c="></latexit>
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N  (|↵x|2+|↵y|2)/✏2
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O = ↵0Id + ↵xX + ↵yY + ↵zZ + ↵xyXY + ↵XZXZ + · · ·
<latexit sha1_base64="IwhHetaL+wKvp9rR7elX1CmK36o="></latexit><latexit sha1_base64="IwhHetaL+wKvp9rR7elX1CmK36o="></latexit><latexit sha1_base64="IwhHetaL+wKvp9rR7elX1CmK36o="></latexit><latexit sha1_base64="IwhHetaL+wKvp9rR7elX1CmK36o="></latexit>

N 
�
|↵x|2+|↵y|2+|↵xy|2 + · · ·

�
/✏2

<latexit sha1_base64="yN63yzdQcHn7LXJ0ApkcWreezhY="></latexit><latexit sha1_base64="yN63yzdQcHn7LXJ0ApkcWreezhY="></latexit><latexit sha1_base64="yN63yzdQcHn7LXJ0ApkcWreezhY="></latexit><latexit sha1_base64="yN63yzdQcHn7LXJ0ApkcWreezhY="></latexit>



Circuit

| prep.i

H
<latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit><latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit><latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit><latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit>

H
<latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit><latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit><latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit><latexit sha1_base64="NXfSdqofWjpmnPgYmt4cC0pSCps="></latexit>

S
<latexit sha1_base64="bH0FYhAkZ+sNwkNosEi10q/cEYk="></latexit><latexit sha1_base64="bH0FYhAkZ+sNwkNosEi10q/cEYk="></latexit><latexit sha1_base64="bH0FYhAkZ+sNwkNosEi10q/cEYk="></latexit><latexit sha1_base64="bH0FYhAkZ+sNwkNosEi10q/cEYk="></latexit>

Issues: longer circuit (controlled t ev) ( increases error with gates) 
Optimization of number of measures good extraction of Z 

• A way to circumvent this is the use of an ancillary qubit

hZi(⌧) = �h prep| sin(⌧H)| prepi = �⌧h prep|H| prepi+
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U(⌧) = ei⌧H
<latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit>
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H
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Issues: longer circuit (controlled t ev) ( increases error with gates) 
Optimization of number of measures good extraction of Z 

• A way to circumvent this is the use of an ancillary qubit
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⌧
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<latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit><latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit><latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit><latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit>

• Find optimal time step minimizing the total number of measurements  for fixed precision

U(⌧) = ei⌧H
<latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit>



Circuit

| prep.i

H
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Issues: longer circuit (controlled t ev) ( increases error with gates) 
Optimization of number of measures good extraction of Z 

• A way to circumvent this is the use of an ancillary qubit

hZi(⌧) = �h prep| sin(⌧H)| prepi = �⌧h prep|H| prepi+
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<latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit><latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit><latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit><latexit sha1_base64="f+cIyCR8GE3wTSwHnRKy5Chs9FA="></latexit>

• Find optimal time step minimizing the total number of measurements  for fixed precision

U(⌧) = ei⌧H
<latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit><latexit sha1_base64="9h3C/Gcz5JR/mSEatvC5tt7U+Us="></latexit>

• Using  proper error metric (MSE) is possible to find a relation

Ntot = f(⌧, ✏) �! minimizing �!
<latexit sha1_base64="pVOON5baY0WPzU23psk8xZCl9X8="></latexit><latexit sha1_base64="pVOON5baY0WPzU23psk8xZCl9X8="></latexit><latexit sha1_base64="pVOON5baY0WPzU23psk8xZCl9X8="></latexit><latexit sha1_base64="pVOON5baY0WPzU23psk8xZCl9X8="></latexit>

⌧opt
<latexit sha1_base64="h9RszsZ0JZH0S37C+vRNIIhlUXE="></latexit><latexit sha1_base64="h9RszsZ0JZH0S37C+vRNIIhlUXE="></latexit><latexit sha1_base64="h9RszsZ0JZH0S37C+vRNIIhlUXE="></latexit><latexit sha1_base64="h9RszsZ0JZH0S37C+vRNIIhlUXE="></latexit>

• Linear and cubic implementation reduced significantly the number of measurements



Results (no noise)

20x
<latexit sha1_base64="uzstE2OXplt6PoD7dCOZ83SB2DU="></latexit><latexit sha1_base64="uzstE2OXplt6PoD7dCOZ83SB2DU="></latexit><latexit sha1_base64="uzstE2OXplt6PoD7dCOZ83SB2DU="></latexit><latexit sha1_base64="uzstE2OXplt6PoD7dCOZ83SB2DU="></latexit>

200x
<latexit sha1_base64="mxjHKXNMCNF/IYnNCQrVnicfifA="></latexit><latexit sha1_base64="mxjHKXNMCNF/IYnNCQrVnicfifA="></latexit><latexit sha1_base64="mxjHKXNMCNF/IYnNCQrVnicfifA="></latexit><latexit sha1_base64="mxjHKXNMCNF/IYnNCQrVnicfifA="></latexit>



Results (noise)
• Just blindingly applying OAM and the linear algorithm 

• Major source of error is readout error, how do we correct for it?

Noisy expectation values

Finite sample estimator of readout error rate

Ibmqx4

Kandala et al. Nature (2017)



Results (noise)



THANK YOU!



Exact time evolution

Last rotation can be avoided



Scalings

• Number of measurements

• Circuit depth O(✏µ) , µ � 0
<latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit><latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit><latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit><latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit>

O(1/✏2+⌫) , 0 < ⌫  1
<latexit sha1_base64="5xue1iQaak3KbkhUI5p1YUpopdc="></latexit><latexit sha1_base64="5xue1iQaak3KbkhUI5p1YUpopdc="></latexit><latexit sha1_base64="5xue1iQaak3KbkhUI5p1YUpopdc="></latexit><latexit sha1_base64="5xue1iQaak3KbkhUI5p1YUpopdc="></latexit>

sQPE QPE

O(1/✏)
<latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit><latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit><latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit><latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit>
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<latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit><latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit><latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit><latexit sha1_base64="CpqrVHtWUtFASRXwPIi6qGjOK0k="></latexit>

✏
<latexit sha1_base64="nUauI256XIZrPyJzvT0ETZWeBV0="></latexit><latexit sha1_base64="nUauI256XIZrPyJzvT0ETZWeBV0="></latexit><latexit sha1_base64="nUauI256XIZrPyJzvT0ETZWeBV0="></latexit><latexit sha1_base64="nUauI256XIZrPyJzvT0ETZWeBV0="></latexit> Target accuracy



Circuit depth

O(✏µ) , µ � 0
<latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit><latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit><latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit><latexit sha1_base64="yyPpm/ePx1Y5VGHMWLm/dSyZcL8="></latexit>

kfU⌧ � U⌧k  �⌧
<latexit sha1_base64="Uat7qQeO2daJ8PJyx9j+WeP3xdg="></latexit><latexit sha1_base64="Uat7qQeO2daJ8PJyx9j+WeP3xdg="></latexit><latexit sha1_base64="Uat7qQeO2daJ8PJyx9j+WeP3xdg="></latexit><latexit sha1_base64="Uat7qQeO2daJ8PJyx9j+WeP3xdg="></latexit>
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<latexit sha1_base64="Nq4XiYy86CPvlCCHqGmu8lz/6MY="></latexit><latexit sha1_base64="Nq4XiYy86CPvlCCHqGmu8lz/6MY="></latexit><latexit sha1_base64="Nq4XiYy86CPvlCCHqGmu8lz/6MY="></latexit><latexit sha1_base64="Nq4XiYy86CPvlCCHqGmu8lz/6MY="></latexit>

First order Trotter
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<latexit sha1_base64="wv0j1Yw/jNhKQMaOx/E2bBENHjM="></latexit><latexit sha1_base64="wv0j1Yw/jNhKQMaOx/E2bBENHjM="></latexit><latexit sha1_base64="wv0j1Yw/jNhKQMaOx/E2bBENHjM="></latexit><latexit sha1_base64="wv0j1Yw/jNhKQMaOx/E2bBENHjM="></latexit>

2j-th order Trotter

✏r = ✏/|hHi|
<latexit sha1_base64="5oyOB/p3GfVknnqh95lfDI0Jh/8="></latexit><latexit sha1_base64="5oyOB/p3GfVknnqh95lfDI0Jh/8="></latexit><latexit sha1_base64="5oyOB/p3GfVknnqh95lfDI0Jh/8="></latexit><latexit sha1_base64="5oyOB/p3GfVknnqh95lfDI0Jh/8="></latexit>
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<latexit sha1_base64="wF4xl4TIboMEfpsqAbdjsEW/cTY="></latexit><latexit sha1_base64="wF4xl4TIboMEfpsqAbdjsEW/cTY="></latexit><latexit sha1_base64="wF4xl4TIboMEfpsqAbdjsEW/cTY="></latexit><latexit sha1_base64="wF4xl4TIboMEfpsqAbdjsEW/cTY="></latexit>

Better scaling

When j = K
<latexit sha1_base64="oB8RI1lY9KCHMru+8n44R5L4PkQ="></latexit><latexit sha1_base64="oB8RI1lY9KCHMru+8n44R5L4PkQ="></latexit><latexit sha1_base64="oB8RI1lY9KCHMru+8n44R5L4PkQ="></latexit><latexit sha1_base64="oB8RI1lY9KCHMru+8n44R5L4PkQ="></latexit>

Gate count constant

j = K + 1
<latexit sha1_base64="8oqvVGuksQxWJeSt4bXvE1+6r90="></latexit><latexit sha1_base64="8oqvVGuksQxWJeSt4bXvE1+6r90="></latexit><latexit sha1_base64="8oqvVGuksQxWJeSt4bXvE1+6r90="></latexit><latexit sha1_base64="8oqvVGuksQxWJeSt4bXvE1+6r90="></latexit>

When Gate count decreases as a function of precision! 

Childs et. al (2018)
<latexit sha1_base64="sQiOVWS/ZUY004PurtRcsATjn1A="></latexit><latexit sha1_base64="sQiOVWS/ZUY004PurtRcsATjn1A="></latexit><latexit sha1_base64="sQiOVWS/ZUY004PurtRcsATjn1A="></latexit><latexit sha1_base64="sQiOVWS/ZUY004PurtRcsATjn1A="></latexit>





Cubic algorithm
Optimal design

Choose two time-steps:

Get maximum likelihood estimates for means

Use inverse of Fisher information matrix to get the corresponding variances 

µmle
<latexit sha1_base64="W5XNAkBm6EYGnAVu7ZymbkCG7r8="></latexit><latexit sha1_base64="W5XNAkBm6EYGnAVu7ZymbkCG7r8="></latexit><latexit sha1_base64="W5XNAkBm6EYGnAVu7ZymbkCG7r8="></latexit><latexit sha1_base64="W5XNAkBm6EYGnAVu7ZymbkCG7r8="></latexit>

⌘mle
<latexit sha1_base64="+zGZPJVtqYEY+WDhlTyY92Gnqiw="></latexit><latexit sha1_base64="+zGZPJVtqYEY+WDhlTyY92Gnqiw="></latexit><latexit sha1_base64="+zGZPJVtqYEY+WDhlTyY92Gnqiw="></latexit><latexit sha1_base64="+zGZPJVtqYEY+WDhlTyY92Gnqiw="></latexit>

Bayesian estimators for P..



Define MSE at definite time steps

Choose next two time steps minimizing quantity above

Cubic algorithm

Start with random time-steps

Choose next ones to minimize the upper bound

Choose next time-steps such that

Minimum

Cannot  be calculated exactly

gV ar[µmle] =
4

M

⌧6a ePb

⇣
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⌘
+ ⌧6b
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⇣
1� ePa

⌘

⌧2a⌧
2
b (⌧2a � ⌧2b )

2
<latexit sha1_base64="euI2q5GEXZSqKuFjKTQ+o23Hs4M="></latexit><latexit sha1_base64="euI2q5GEXZSqKuFjKTQ+o23Hs4M="></latexit><latexit sha1_base64="euI2q5GEXZSqKuFjKTQ+o23Hs4M="></latexit><latexit sha1_base64="euI2q5GEXZSqKuFjKTQ+o23Hs4M="></latexit>

Var[µmle]
<latexit sha1_base64="du8A5dgFC9Ota2X1Wao0WWJ3lcw="></latexit><latexit sha1_base64="du8A5dgFC9Ota2X1Wao0WWJ3lcw="></latexit><latexit sha1_base64="du8A5dgFC9Ota2X1Wao0WWJ3lcw="></latexit><latexit sha1_base64="du8A5dgFC9Ota2X1Wao0WWJ3lcw="></latexit>



�i = gV ar[µmle] + (i+ 1)Bu
µ
2(⌧a, ⌧b)

<latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="xMLd+oI39DtCoPcvUqhBji/I+gg="></latexit><latexit sha1_base64="xMLd+oI39DtCoPcvUqhBji/I+gg="></latexit><latexit sha1_base64="4r5OR3qrCAquRZ7Vgxaz9wThZbI="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit><latexit sha1_base64="i2AB1HInQMmWYOoBScWQ5rqr19E="></latexit>
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<latexit sha1_base64="CuXM85uZlaD/lqrE10MEVx9qyJs="></latexit><latexit sha1_base64="CuXM85uZlaD/lqrE10MEVx9qyJs="></latexit><latexit sha1_base64="CuXM85uZlaD/lqrE10MEVx9qyJs="></latexit><latexit sha1_base64="CuXM85uZlaD/lqrE10MEVx9qyJs="></latexit>

Quantity minimized

Cubic algorithm

Works pretty well for the deuteron

How does it go in general for randomly generated matrices?


