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• Brief introduction to Nuclear Lattice EFT 
• “Sign problem” & SU(4) symmetry 

• Perturbation on Lattice:  
• Wave function matching Hamiltonian (Dean’s talk) 

• 1st order perturbation to wave function 

• Rank-One operator method 

• Recent progress I: Neutron matter structure factors 

• Recent progress II: Charge Radii (ongoing) 

• Summary & Outlook
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Introduction

Perturbation on Lattice

NM structure factors

Charge Radii

Quantum Monte Calo on Lattice  Chiral Effective Field Theory +
QCD and Nuclear physics can be linked by Chiral EFT

=

In principle, an exact solution for 
quantum many-body problem 
Polynomial scaling (~A2)
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Review: Dean Lee, Prog. Part. Nucl. Phys. 63, 117 (2009),

Lähde, Meißner, “Nuclear Lattice Effective Field Theory”, Springer (2019)
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In the same framework
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g. s. wave function from Euclidean time projection:
Lattice EFT: Euclidean time projection

g. s. from imaginary time projection:

| g .s.i µ lim
t!•

exp(�tH)| Ai

with | Ai representing A free nucleons.

Expectation value of any operator O:

hOi= lim
t!•

h A|e�tH/2
Oe�tH/2| Ai

h A|e�tH | Ai

t is discretized into time slices:

exp(�tH)'

: exp(� t

Lt
H) :

�Lt

Complex structures like nucleon clustering emerges naturally.

Bing-Nan Lü 7 / 32
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| Aiwith is an A-body trial wave function
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Auxiliary field Quantum Monte Carlo 

Hubbard–Stratonovich transformation

Example: 
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Lattice EFT: Auxiliary field transformation

For a two-body d� function interaction on the lattice

H = Â
nn0

�y†

n
—2
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yn0 +C Â
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: (y†

nyn)
2 :

y†
n(yn) create (annihilate) a partice at mesh point n

Hubbard–Stratonovich transformation:
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Bing-Nan Lü 8 / 32

two-body interaction —> single particle in background fields
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two-body interaction —> single particle in background fields

or Gaussian integral (Exact)
<latexit sha1_base64="yLHtvMHUqPoAwf6BIAj4d/Cl5bY="></latexit>
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two-body interaction —> single particle in background fields

Antisymmetry from the determinant of  
correlation matrix ⟨ΨA |e−τH |ΨA⟩
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<latexit sha1_base64="EbWrplr9qBpyxrX38gzkgW5uW38=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GibVOuOu6MZlBdsK7VAyaaaNzSRDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57opQzbTzvwyksLa+srhXXSxubW9s75d29lpaZIrRJJJfqNsKaciZo0zDD6W2qKE4iTtvR6HLqt++p0kyKGzNOaZjggWAxI9hYqYV7eRVNeuWK5yL/vHYSQEsCD9X8KfG9oBZA5HozVMACjV75vduXJEuoMIRjrTvIS02YY2UY4XRS6maappiM8IB2LBU4oTrMZ9dO4JFV+jCWypYwcKZ+n8hxovU4iWxngs1Q//am4l9eJzNxEOZMpJmhgswXxRmHRsLp67DPFCWGjy3BRDF7KyRDrDAxNqCSDeHrU/g/aVVddOai69NK/WIRRxEcgENwDBDwQR1cgQZoAgLuwAN4As+OdB6dF+d13lpwFjP74Aect0+a948r</latexit>a21

<latexit sha1_base64="VvK5s4cpRHLmkWwi0w+Z7gDA6Tk=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFRK1Ju6KblxWsA9oQ5lMJu3YyUyYmQgl9B/cuFDErf/jzr9x0lZQ0QMXDufcy733hCmjSjvOh1VaWl5ZXSuvVzY2t7Z3qrt7bSUyiUkLCyZkN0SKMMpJS1PNSDeVBCUhI51wfFX4nXsiFRX8Vk9SEiRoyGlMMdJGavdxJLQaVGuO7XoX9VMfGuI7bt0riOf4dR+6tjNDDSzQHFTf+5HAWUK4xgwp1XOdVAc5kppiRqaVfqZIivAYDUnPUI4SooJ8du0UHhklgrGQpriGM/X7RI4SpSZJaDoTpEfqt1eIf3m9TMd+kFOeZppwPF8UZwxqAYvXYUQlwZpNDEFYUnMrxCMkEdYmoIoJ4etT+D9pn9juue3enNUal4s4yuAAHIJj4AIPNMA1aIIWwOAOPIAn8GwJ69F6sV7nrSVrMbMPfsB6+wQp7Y+J</latexit> ··
· <latexit sha1_base64="VvK5s4cpRHLmkWwi0w+Z7gDA6Tk=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFRK1Ju6KblxWsA9oQ5lMJu3YyUyYmQgl9B/cuFDErf/jzr9x0lZQ0QMXDufcy733hCmjSjvOh1VaWl5ZXSuvVzY2t7Z3qrt7bSUyiUkLCyZkN0SKMMpJS1PNSDeVBCUhI51wfFX4nXsiFRX8Vk9SEiRoyGlMMdJGavdxJLQaVGuO7XoX9VMfGuI7bt0riOf4dR+6tjNDDSzQHFTf+5HAWUK4xgwp1XOdVAc5kppiRqaVfqZIivAYDUnPUI4SooJ8du0UHhklgrGQpriGM/X7RI4SpSZJaDoTpEfqt1eIf3m9TMd+kFOeZppwPF8UZwxqAYvXYUQlwZpNDEFYUnMrxCMkEdYmoIoJ4etT+D9pn9juue3enNUal4s4yuAAHIJj4AIPNMA1aIIWwOAOPIAn8GwJ69F6sV7nrSVrMbMPfsB6+wQp7Y+J</latexit>

···
<latexit sha1_base64="osiYKlFk8VqEGCY1LKYryrX1Un8=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFRK1Ju5a3bisYB/QhjKZTtqxk5kwMxFK6D+4caGIW//HnX/jpK2gogcuHM65l3vvCRNGlXacD6uwtLyyulZcL21sbm3vlHf3WkqkEpMmFkzITogUYZSTpqaakU4iCYpDRtrh+Cr32/dEKir4rZ4kJIjRkNOIYqSN1EL9rF6f9ssVx3a9i+qpDw3xHbfq5cRz/KoPXduZoQIWaPTL772BwGlMuMYMKdV1nUQHGZKaYkampV6qSILwGA1J11COYqKCbHbtFB4ZZQAjIU1xDWfq94kMxUpN4tB0xkiP1G8vF//yuqmO/CCjPEk14Xi+KEoZ1ALmr8MBlQRrNjEEYUnNrRCPkERYm4BKJoSvT+H/pHViu+e2e3NWqV0u4iiCA3AIjoELPFAD16ABmgCDO/AAnsCzJaxH68V6nbcWrMXMPvgB6+0TyiGPSg==</latexit>aAA

<latexit sha1_base64="7Ue8RwEvCOklm+G0YMlSHicD9bI="></latexit>

aij = h�i|e�⌧H |�jisingle particle amplitude

or Gaussian integral (Exact)
<latexit sha1_base64="yLHtvMHUqPoAwf6BIAj4d/Cl5bY="></latexit>
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If C is (+) repulsive: complex phase —> cancellation in
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Ds |detMs| exp(i✓[s])



Nuclear Lattice EFT

17 May 2023 6

Introduction

Perturbation on Lattice

NM structure factors

Charge Radii

If C is (-) attractive: real  Good!

<latexit sha1_base64="udwlOt8rkYk8mMK9HohHEFqWjSA="></latexit>

: exp (�atH) :=

Z Y

n

dsn : exp

"
X

n

 
�s

2
n

2
+ at 

†
n

X

n0

r2
nn0

2M
 n0 +

p
�atCsn 

†
n n

!#
:

Sign problem

If C is (+) repulsive: complex phase —> cancellation in
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Sign problem

But, if a Hamiltonian has Wigner’s SU(4) symmetry:

If C is (+) repulsive: complex phase —> cancellation in
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Sign problem

But, if a Hamiltonian has Wigner’s SU(4) symmetry:

If C is (+) repulsive: complex phase —> cancellation in

<latexit sha1_base64="Pnz714gXvHpc3A4k1JRCMbVO1RI="></latexit>

hOi =

R
Ds |detMs(O)| exp(i✓[s])R
Ds |detMs| exp(i✓[s])

SU(4)

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="s/92jOEwGbcIaNPOWiI0GxZq/To=">AAACB3icdVDNS8MwHE39nPOr6lGQ4BA8lXbMrbsNvXic4D5gKyXNsi0sTUuSOmbZzYv/ihcPinj1X/Dmf2O6TVDRB4GX936P5PeCmFGpbPvDWFpeWV1bz23kN7e2d3bNvf2mjBKBSQNHLBLtAEnCKCcNRRUj7VgQFAaMtILRRea3boiQNOLXahITL0QDTvsUI6Ul3zxS/i3sJjESIhrDbhfK7N6Lxnym+GbBtly3Wik5UJNqtVxyM3JWtYsudCx7hgJYoO6b7zqMk5BwhRmSsuPYsfJSJBTFjEzz3USSGOERGpCOphyFRHrpbI8pPNFKD/YjoQ9XcKZ+T6QolHISBnoyRGoof3uZ+JfXSVTf9VLK40QRjucP9RMGVQSzUmCPCoIVm2iCsKD6rxAPkUBY6eryuoSvTeH/pFm0nLLlXJUKtfNFHTlwCI7BKXBABdTAJaiDBsDgDjyAJ/Bs3BuPxovxOh9dMhaZA/ADxtsnjS6Zyg==</latexit>

tz "
sz #

<latexit sha1_base64="s/92jOEwGbcIaNPOWiI0GxZq/To=">AAACB3icdVDNS8MwHE39nPOr6lGQ4BA8lXbMrbsNvXic4D5gKyXNsi0sTUuSOmbZzYv/ihcPinj1X/Dmf2O6TVDRB4GX936P5PeCmFGpbPvDWFpeWV1bz23kN7e2d3bNvf2mjBKBSQNHLBLtAEnCKCcNRRUj7VgQFAaMtILRRea3boiQNOLXahITL0QDTvsUI6Ul3zxS/i3sJjESIhrDbhfK7N6Lxnym+GbBtly3Wik5UJNqtVxyM3JWtYsudCx7hgJYoO6b7zqMk5BwhRmSsuPYsfJSJBTFjEzz3USSGOERGpCOphyFRHrpbI8pPNFKD/YjoQ9XcKZ+T6QolHISBnoyRGoof3uZ+JfXSVTf9VLK40QRjucP9RMGVQSzUmCPCoIVm2iCsKD6rxAPkUBY6eryuoSvTeH/pFm0nLLlXJUKtfNFHTlwCI7BKXBABdTAJaiDBsDgDjyAJ/Bs3BuPxovxOh9dMhaZA/ADxtsnjS6Zyg==</latexit>

tz "
sz #

<latexit sha1_base64="iokimS/90DrwmuScESVnwmcm72I=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDTOlttNd0Y3LCvYB7TBk0rQNzWSGJGOpQ3du/BU3LhRx6y+482/MtBVU9EDg5Jx7b3JPEDMqlW1/GEvLK6tr67mN/ObW9s6uubfflFEiMGngiEWiHSBJGOWkoahipB0LgsKAkVYwusj81g0Rkkb8Wk1i4oVowGmfYqS05JtHyr+F3V405kiIaAy7XSgzJYlnd98s2JbrVislB2pSrZZLbkbOqnbRhY5lz1AAC9R9810Pw0lIuMIMSdlx7Fh5KRKKYkam+W4iSYzwCA1IR1OOQiK9dLbHFJ5opQf7kdCHKzhTv3ekKJRyEga6MkRqKH97mfiX10lU3/VSyuNEEY7nD/UTBlUEs1BgjwqCFZtogrCg+q8QD5FAWOno8jqEr03h/6RZtJyy5VyVCrXzRRw5cAiOwSlwQAXUwCWogwbA4A48gCfwbNwbj8aL8TovXTIWPQfgB4y3T46+mco=</latexit>

tz #
sz "

<latexit sha1_base64="iokimS/90DrwmuScESVnwmcm72I=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDTOlttNd0Y3LCvYB7TBk0rQNzWSGJGOpQ3du/BU3LhRx6y+482/MtBVU9EDg5Jx7b3JPEDMqlW1/GEvLK6tr67mN/ObW9s6uubfflFEiMGngiEWiHSBJGOWkoahipB0LgsKAkVYwusj81g0Rkkb8Wk1i4oVowGmfYqS05JtHyr+F3V405kiIaAy7XSgzJYlnd98s2JbrVislB2pSrZZLbkbOqnbRhY5lz1AAC9R9810Pw0lIuMIMSdlx7Fh5KRKKYkam+W4iSYzwCA1IR1OOQiK9dLbHFJ5opQf7kdCHKzhTv3ekKJRyEga6MkRqKH97mfiX10lU3/VSyuNEEY7nD/UTBlUEs1BgjwqCFZtogrCg+q8QD5FAWOno8jqEr03h/6RZtJyy5VyVCrXzRRw5cAiOwSlwQAXUwCWogwbA4A48gCfwbNwbj8aL8TovXTIWPQfgB4y3T46+mco=</latexit>

tz #
sz "

<latexit sha1_base64="v5AWoql69eI8ynJXu66IpTj1/lE=">AAACCXicdVDLSsNAFJ34rPUVdelmsAiuSlJqm+yKblxWsA9oQ5lMJ+3QySTMTCw1dOvGX3HjQhG3/oE7/8ZJW8GKHhg4nHMPd+7xY0alsqxPY2V1bX1jM7eV397Z3ds3Dw6bMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vJHl5nfuiVC0ojfqElMvBANOA0oRkpLPROq3h3s9qMxR0JEY9jtQrmk9MyCVXQct1q2oSauWyk7GTl3rZID7aI1QwEsUO+ZHzqMk5BwhRmSsmNbsfJSJBTFjEzz3USSGOERGpCOphyFRHrp7JIpPNVKHwaR0I8rOFN/JlIUSjkJfT0ZIjWUv71M/MvrJCpwvJTyOFGE4/miIGFQRTCrBfapIFixiSYIC6r/CvEQCYSVLi+vS/i+FP5PmqWiXSna1+VC7WJRRw4cgxNwBmxQBTVwBeqgATC4B4/gGbwYD8aT8Wq8zUdXjEXmCCzBeP8CMCeasQ==</latexit>

tz #
sz #

<latexit sha1_base64="v5AWoql69eI8ynJXu66IpTj1/lE=">AAACCXicdVDLSsNAFJ34rPUVdelmsAiuSlJqm+yKblxWsA9oQ5lMJ+3QySTMTCw1dOvGX3HjQhG3/oE7/8ZJW8GKHhg4nHMPd+7xY0alsqxPY2V1bX1jM7eV397Z3ds3Dw6bMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vJHl5nfuiVC0ojfqElMvBANOA0oRkpLPROq3h3s9qMxR0JEY9jtQrmk9MyCVXQct1q2oSauWyk7GTl3rZID7aI1QwEsUO+ZHzqMk5BwhRmSsmNbsfJSJBTFjEzz3USSGOERGpCOphyFRHrp7JIpPNVKHwaR0I8rOFN/JlIUSjkJfT0ZIjWUv71M/MvrJCpwvJTyOFGE4/miIGFQRTCrBfapIFixiSYIC6r/CvEQCYSVLi+vS/i+FP5PmqWiXSna1+VC7WJRRw4cgxNwBmxQBTVwBeqgATC4B4/gGbwYD8aT8Wq8zUdXjEXmCCzBeP8CMCeasQ==</latexit>

tz #
sz #

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="/jM5RXM/Ea1h+St07YFiVe07Igs=">AAACEHicbVC7TsMwFHXKq5RXgJHFokKUpUpQBYxVWRiLRB9SEyrHcVOrjhNsB6mK8gks/AoLAwixMrLxN7htBtpypKt7dM69su/xYkalsqwfo7Cyura+UdwsbW3v7O6Z+wdtGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xij64nfeSRC0ojfqXFM3BAFnA4oRkpLffPUadAgSCsZdB4S5MP5NjPPsvta3yxbVWsKuEzsnJRBjmbf/Hb8CCch4QozJGXPtmLlpkgoihnJSk4iSYzwCAWkpylHIZFuOj0ogyda8eEgErq4glP170aKQinHoacnQ6SGctGbiP95vUQNrtyU8jhRhOPZQ4OEQRXBSTrQp4JgxcaaICyo/ivEQyQQVjrDkg7BXjx5mbTPq/ZF1b6tleuNPI4iOALHoAJscAnq4AY0QQtg8ARewBt4N56NV+PD+JyNFox85xDMwfj6BVzTm4k=</latexit> !4

=

Dean Lee, PRL 98, 182501 (2007)



Nuclear Lattice EFT

17 May 2023 6

Introduction

Perturbation on Lattice

NM structure factors

Charge Radii

If C is (-) attractive: real  Good!

<latexit sha1_base64="udwlOt8rkYk8mMK9HohHEFqWjSA="></latexit>

: exp (�atH) :=

Z Y

n

dsn : exp

"
X

n

 
�s

2
n

2
+ at 

†
n

X

n0

r2
nn0

2M
 n0 +

p
�atCsn 

†
n n

!#
:

Sign problem

But, if a Hamiltonian has Wigner’s SU(4) symmetry:
No sign problem !

If C is (+) repulsive: complex phase —> cancellation in

<latexit sha1_base64="Pnz714gXvHpc3A4k1JRCMbVO1RI="></latexit>

hOi =

R
Ds |detMs(O)| exp(i✓[s])R
Ds |detMs| exp(i✓[s])

SU(4)

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="s/92jOEwGbcIaNPOWiI0GxZq/To=">AAACB3icdVDNS8MwHE39nPOr6lGQ4BA8lXbMrbsNvXic4D5gKyXNsi0sTUuSOmbZzYv/ihcPinj1X/Dmf2O6TVDRB4GX936P5PeCmFGpbPvDWFpeWV1bz23kN7e2d3bNvf2mjBKBSQNHLBLtAEnCKCcNRRUj7VgQFAaMtILRRea3boiQNOLXahITL0QDTvsUI6Ul3zxS/i3sJjESIhrDbhfK7N6Lxnym+GbBtly3Wik5UJNqtVxyM3JWtYsudCx7hgJYoO6b7zqMk5BwhRmSsuPYsfJSJBTFjEzz3USSGOERGpCOphyFRHrpbI8pPNFKD/YjoQ9XcKZ+T6QolHISBnoyRGoof3uZ+JfXSVTf9VLK40QRjucP9RMGVQSzUmCPCoIVm2iCsKD6rxAPkUBY6eryuoSvTeH/pFm0nLLlXJUKtfNFHTlwCI7BKXBABdTAJaiDBsDgDjyAJ/Bs3BuPxovxOh9dMhaZA/ADxtsnjS6Zyg==</latexit>

tz "
sz #

<latexit sha1_base64="s/92jOEwGbcIaNPOWiI0GxZq/To=">AAACB3icdVDNS8MwHE39nPOr6lGQ4BA8lXbMrbsNvXic4D5gKyXNsi0sTUuSOmbZzYv/ihcPinj1X/Dmf2O6TVDRB4GX936P5PeCmFGpbPvDWFpeWV1bz23kN7e2d3bNvf2mjBKBSQNHLBLtAEnCKCcNRRUj7VgQFAaMtILRRea3boiQNOLXahITL0QDTvsUI6Ul3zxS/i3sJjESIhrDbhfK7N6Lxnym+GbBtly3Wik5UJNqtVxyM3JWtYsudCx7hgJYoO6b7zqMk5BwhRmSsuPYsfJSJBTFjEzz3USSGOERGpCOphyFRHrpbI8pPNFKD/YjoQ9XcKZ+T6QolHISBnoyRGoof3uZ+JfXSVTf9VLK40QRjucP9RMGVQSzUmCPCoIVm2iCsKD6rxAPkUBY6eryuoSvTeH/pFm0nLLlXJUKtfNFHTlwCI7BKXBABdTAJaiDBsDgDjyAJ/Bs3BuPxovxOh9dMhaZA/ADxtsnjS6Zyg==</latexit>

tz "
sz #

<latexit sha1_base64="iokimS/90DrwmuScESVnwmcm72I=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDTOlttNd0Y3LCvYB7TBk0rQNzWSGJGOpQ3du/BU3LhRx6y+482/MtBVU9EDg5Jx7b3JPEDMqlW1/GEvLK6tr67mN/ObW9s6uubfflFEiMGngiEWiHSBJGOWkoahipB0LgsKAkVYwusj81g0Rkkb8Wk1i4oVowGmfYqS05JtHyr+F3V405kiIaAy7XSgzJYlnd98s2JbrVislB2pSrZZLbkbOqnbRhY5lz1AAC9R9810Pw0lIuMIMSdlx7Fh5KRKKYkam+W4iSYzwCA1IR1OOQiK9dLbHFJ5opQf7kdCHKzhTv3ekKJRyEga6MkRqKH97mfiX10lU3/VSyuNEEY7nD/UTBlUEs1BgjwqCFZtogrCg+q8QD5FAWOno8jqEr03h/6RZtJyy5VyVCrXzRRw5cAiOwSlwQAXUwCWogwbA4A48gCfwbNwbj8aL8TovXTIWPQfgB4y3T46+mco=</latexit>

tz #
sz "

<latexit sha1_base64="iokimS/90DrwmuScESVnwmcm72I=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDTOlttNd0Y3LCvYB7TBk0rQNzWSGJGOpQ3du/BU3LhRx6y+482/MtBVU9EDg5Jx7b3JPEDMqlW1/GEvLK6tr67mN/ObW9s6uubfflFEiMGngiEWiHSBJGOWkoahipB0LgsKAkVYwusj81g0Rkkb8Wk1i4oVowGmfYqS05JtHyr+F3V405kiIaAy7XSgzJYlnd98s2JbrVislB2pSrZZLbkbOqnbRhY5lz1AAC9R9810Pw0lIuMIMSdlx7Fh5KRKKYkam+W4iSYzwCA1IR1OOQiK9dLbHFJ5opQf7kdCHKzhTv3ekKJRyEga6MkRqKH97mfiX10lU3/VSyuNEEY7nD/UTBlUEs1BgjwqCFZtogrCg+q8QD5FAWOno8jqEr03h/6RZtJyy5VyVCrXzRRw5cAiOwSlwQAXUwCWogwbA4A48gCfwbNwbj8aL8TovXTIWPQfgB4y3T46+mco=</latexit>

tz #
sz "

<latexit sha1_base64="v5AWoql69eI8ynJXu66IpTj1/lE=">AAACCXicdVDLSsNAFJ34rPUVdelmsAiuSlJqm+yKblxWsA9oQ5lMJ+3QySTMTCw1dOvGX3HjQhG3/oE7/8ZJW8GKHhg4nHMPd+7xY0alsqxPY2V1bX1jM7eV397Z3ds3Dw6bMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vJHl5nfuiVC0ojfqElMvBANOA0oRkpLPROq3h3s9qMxR0JEY9jtQrmk9MyCVXQct1q2oSauWyk7GTl3rZID7aI1QwEsUO+ZHzqMk5BwhRmSsmNbsfJSJBTFjEzz3USSGOERGpCOphyFRHrp7JIpPNVKHwaR0I8rOFN/JlIUSjkJfT0ZIjWUv71M/MvrJCpwvJTyOFGE4/miIGFQRTCrBfapIFixiSYIC6r/CvEQCYSVLi+vS/i+FP5PmqWiXSna1+VC7WJRRw4cgxNwBmxQBTVwBeqgATC4B4/gGbwYD8aT8Wq8zUdXjEXmCCzBeP8CMCeasQ==</latexit>

tz #
sz #

<latexit sha1_base64="v5AWoql69eI8ynJXu66IpTj1/lE=">AAACCXicdVDLSsNAFJ34rPUVdelmsAiuSlJqm+yKblxWsA9oQ5lMJ+3QySTMTCw1dOvGX3HjQhG3/oE7/8ZJW8GKHhg4nHMPd+7xY0alsqxPY2V1bX1jM7eV397Z3ds3Dw6bMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vJHl5nfuiVC0ojfqElMvBANOA0oRkpLPROq3h3s9qMxR0JEY9jtQrmk9MyCVXQct1q2oSauWyk7GTl3rZID7aI1QwEsUO+ZHzqMk5BwhRmSsmNbsfJSJBTFjEzz3USSGOERGpCOphyFRHrp7JIpPNVKHwaR0I8rOFN/JlIUSjkJfT0ZIjWUv71M/MvrJCpwvJTyOFGE4/miIGFQRTCrBfapIFixiSYIC6r/CvEQCYSVLi+vS/i+FP5PmqWiXSna1+VC7WJRRw4cgxNwBmxQBTVwBeqgATC4B4/gGbwYD8aT8Wq8zUdXjEXmCCzBeP8CMCeasQ==</latexit>

tz #
sz #

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="/jM5RXM/Ea1h+St07YFiVe07Igs=">AAACEHicbVC7TsMwFHXKq5RXgJHFokKUpUpQBYxVWRiLRB9SEyrHcVOrjhNsB6mK8gks/AoLAwixMrLxN7htBtpypKt7dM69su/xYkalsqwfo7Cyura+UdwsbW3v7O6Z+wdtGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xij64nfeSRC0ojfqXFM3BAFnA4oRkpLffPUadAgSCsZdB4S5MP5NjPPsvta3yxbVWsKuEzsnJRBjmbf/Hb8CCch4QozJGXPtmLlpkgoihnJSk4iSYzwCAWkpylHIZFuOj0ogyda8eEgErq4glP170aKQinHoacnQ6SGctGbiP95vUQNrtyU8jhRhOPZQ4OEQRXBSTrQp4JgxcaaICyo/ivEQyQQVjrDkg7BXjx5mbTPq/ZF1b6tleuNPI4iOALHoAJscAnq4AY0QQtg8ARewBt4N56NV+PD+JyNFox85xDMwfj6BVzTm4k=</latexit> !4

=
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Charge Radii

If C is (-) attractive: real  Good!

<latexit sha1_base64="udwlOt8rkYk8mMK9HohHEFqWjSA="></latexit>

: exp (�atH) :=

Z Y

n

dsn : exp

"
X

n

 
�s

2
n

2
+ at 

†
n

X

n0

r2
nn0

2M
 n0 +

p
�atCsn 

†
n n

!#
:

Sign problem

But, if a Hamiltonian has Wigner’s SU(4) symmetry:

Real word is complex!  realistic nuclear potential can cause severe sign problem

No sign problem !

If C is (+) repulsive: complex phase —> cancellation in

<latexit sha1_base64="Pnz714gXvHpc3A4k1JRCMbVO1RI="></latexit>

hOi =

R
Ds |detMs(O)| exp(i✓[s])R
Ds |detMs| exp(i✓[s])

SU(4)

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="s/92jOEwGbcIaNPOWiI0GxZq/To=">AAACB3icdVDNS8MwHE39nPOr6lGQ4BA8lXbMrbsNvXic4D5gKyXNsi0sTUuSOmbZzYv/ihcPinj1X/Dmf2O6TVDRB4GX936P5PeCmFGpbPvDWFpeWV1bz23kN7e2d3bNvf2mjBKBSQNHLBLtAEnCKCcNRRUj7VgQFAaMtILRRea3boiQNOLXahITL0QDTvsUI6Ul3zxS/i3sJjESIhrDbhfK7N6Lxnym+GbBtly3Wik5UJNqtVxyM3JWtYsudCx7hgJYoO6b7zqMk5BwhRmSsuPYsfJSJBTFjEzz3USSGOERGpCOphyFRHrpbI8pPNFKD/YjoQ9XcKZ+T6QolHISBnoyRGoof3uZ+JfXSVTf9VLK40QRjucP9RMGVQSzUmCPCoIVm2iCsKD6rxAPkUBY6eryuoSvTeH/pFm0nLLlXJUKtfNFHTlwCI7BKXBABdTAJaiDBsDgDjyAJ/Bs3BuPxovxOh9dMhaZA/ADxtsnjS6Zyg==</latexit>

tz "
sz #

<latexit sha1_base64="s/92jOEwGbcIaNPOWiI0GxZq/To=">AAACB3icdVDNS8MwHE39nPOr6lGQ4BA8lXbMrbsNvXic4D5gKyXNsi0sTUuSOmbZzYv/ihcPinj1X/Dmf2O6TVDRB4GX936P5PeCmFGpbPvDWFpeWV1bz23kN7e2d3bNvf2mjBKBSQNHLBLtAEnCKCcNRRUj7VgQFAaMtILRRea3boiQNOLXahITL0QDTvsUI6Ul3zxS/i3sJjESIhrDbhfK7N6Lxnym+GbBtly3Wik5UJNqtVxyM3JWtYsudCx7hgJYoO6b7zqMk5BwhRmSsuPYsfJSJBTFjEzz3USSGOERGpCOphyFRHrpbI8pPNFKD/YjoQ9XcKZ+T6QolHISBnoyRGoof3uZ+JfXSVTf9VLK40QRjucP9RMGVQSzUmCPCoIVm2iCsKD6rxAPkUBY6eryuoSvTeH/pFm0nLLlXJUKtfNFHTlwCI7BKXBABdTAJaiDBsDgDjyAJ/Bs3BuPxovxOh9dMhaZA/ADxtsnjS6Zyg==</latexit>

tz "
sz #

<latexit sha1_base64="iokimS/90DrwmuScESVnwmcm72I=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDTOlttNd0Y3LCvYB7TBk0rQNzWSGJGOpQ3du/BU3LhRx6y+482/MtBVU9EDg5Jx7b3JPEDMqlW1/GEvLK6tr67mN/ObW9s6uubfflFEiMGngiEWiHSBJGOWkoahipB0LgsKAkVYwusj81g0Rkkb8Wk1i4oVowGmfYqS05JtHyr+F3V405kiIaAy7XSgzJYlnd98s2JbrVislB2pSrZZLbkbOqnbRhY5lz1AAC9R9810Pw0lIuMIMSdlx7Fh5KRKKYkam+W4iSYzwCA1IR1OOQiK9dLbHFJ5opQf7kdCHKzhTv3ekKJRyEga6MkRqKH97mfiX10lU3/VSyuNEEY7nD/UTBlUEs1BgjwqCFZtogrCg+q8QD5FAWOno8jqEr03h/6RZtJyy5VyVCrXzRRw5cAiOwSlwQAXUwCWogwbA4A48gCfwbNwbj8aL8TovXTIWPQfgB4y3T46+mco=</latexit>

tz #
sz "

<latexit sha1_base64="iokimS/90DrwmuScESVnwmcm72I=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDTOlttNd0Y3LCvYB7TBk0rQNzWSGJGOpQ3du/BU3LhRx6y+482/MtBVU9EDg5Jx7b3JPEDMqlW1/GEvLK6tr67mN/ObW9s6uubfflFEiMGngiEWiHSBJGOWkoahipB0LgsKAkVYwusj81g0Rkkb8Wk1i4oVowGmfYqS05JtHyr+F3V405kiIaAy7XSgzJYlnd98s2JbrVislB2pSrZZLbkbOqnbRhY5lz1AAC9R9810Pw0lIuMIMSdlx7Fh5KRKKYkam+W4iSYzwCA1IR1OOQiK9dLbHFJ5opQf7kdCHKzhTv3ekKJRyEga6MkRqKH97mfiX10lU3/VSyuNEEY7nD/UTBlUEs1BgjwqCFZtogrCg+q8QD5FAWOno8jqEr03h/6RZtJyy5VyVCrXzRRw5cAiOwSlwQAXUwCWogwbA4A48gCfwbNwbj8aL8TovXTIWPQfgB4y3T46+mco=</latexit>

tz #
sz "

<latexit sha1_base64="v5AWoql69eI8ynJXu66IpTj1/lE=">AAACCXicdVDLSsNAFJ34rPUVdelmsAiuSlJqm+yKblxWsA9oQ5lMJ+3QySTMTCw1dOvGX3HjQhG3/oE7/8ZJW8GKHhg4nHMPd+7xY0alsqxPY2V1bX1jM7eV397Z3ds3Dw6bMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vJHl5nfuiVC0ojfqElMvBANOA0oRkpLPROq3h3s9qMxR0JEY9jtQrmk9MyCVXQct1q2oSauWyk7GTl3rZID7aI1QwEsUO+ZHzqMk5BwhRmSsmNbsfJSJBTFjEzz3USSGOERGpCOphyFRHrp7JIpPNVKHwaR0I8rOFN/JlIUSjkJfT0ZIjWUv71M/MvrJCpwvJTyOFGE4/miIGFQRTCrBfapIFixiSYIC6r/CvEQCYSVLi+vS/i+FP5PmqWiXSna1+VC7WJRRw4cgxNwBmxQBTVwBeqgATC4B4/gGbwYD8aT8Wq8zUdXjEXmCCzBeP8CMCeasQ==</latexit>

tz #
sz #

<latexit sha1_base64="v5AWoql69eI8ynJXu66IpTj1/lE=">AAACCXicdVDLSsNAFJ34rPUVdelmsAiuSlJqm+yKblxWsA9oQ5lMJ+3QySTMTCw1dOvGX3HjQhG3/oE7/8ZJW8GKHhg4nHMPd+7xY0alsqxPY2V1bX1jM7eV397Z3ds3Dw6bMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vJHl5nfuiVC0ojfqElMvBANOA0oRkpLPROq3h3s9qMxR0JEY9jtQrmk9MyCVXQct1q2oSauWyk7GTl3rZID7aI1QwEsUO+ZHzqMk5BwhRmSsmNbsfJSJBTFjEzz3USSGOERGpCOphyFRHrp7JIpPNVKHwaR0I8rOFN/JlIUSjkJfT0ZIjWUv71M/MvrJCpwvJTyOFGE4/miIGFQRTCrBfapIFixiSYIC6r/CvEQCYSVLi+vS/i+FP5PmqWiXSna1+VC7WJRRw4cgxNwBmxQBTVwBeqgATC4B4/gGbwYD8aT8Wq8zUdXjEXmCCzBeP8CMCeasQ==</latexit>

tz #
sz #

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="fOOAxleV1t6lOjczXgrtuV5Gc4k=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwVRIR67KtG5cV7AOaECaTSTt08nDmRighn+LGX3HjQhHd6dc4fSxs64FhDufcy733eIngCkzz2yisrW9sbhW3Szu7e/sH5cOjjopTSVmbxiKWPY8oJnjE2sBBsF4iGQk9wbre6Gbidx+ZVDyO7mGcMCckg4gHnBLQkluu2T4DbDf5YJD1c2w/pMTHi9/MdHI3a9jAQ6ZwI8duuWJWzSnwKrHmpILmaLnlL9uPaRqyCKggSvUtMwEnIxI4FSwv2aliCaEjMmB9TSOiBznZ9MAcn2nFx0Es9YsAT9W/HRkJlRqHnq4MCQzVsjcR//P6KQTXTsajJAUW0dmgIBUYYjxJC/tcMgpirAmhkutdMR0SSSjoTEs6BGv55FXSuahaV1Xr7rJSb87jKKITdIrOkYVqqI5uUQu1EUVP6AW9oXfj2Xg1PozPWWnBmPccowUYP78ShaJO</latexit>

det

" #

A⇥A

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="2cnTrF/knOIVEAeWa8PaHG1BwNo=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4CkmpbborunFZwT6gCWEynbRDJw9mJkoN3bjxV9y4UMSt/+DOv3HSVqiiBy6cOede5t7jJ4wKaZqf2tLyyuraemGjuLm1vbOr7+23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfXeR+54ZwQePoWo4T4oZoENGAYiSV5OlH0ruDTpogzuNb6DhQLLw9vWQatl2vVSyoSL1erdg5OaubZRtahjlFCczR9PQPpx/jNCSRxAwJ0bPMRLoZ4pJiRiZFJxUkQXiEBqSnaIRCItxsesUEniilD4OYq4oknKqLExkKhRiHvuoMkRyK314u/uX1UhnYbkajJJUkwrOPgpRBGcM8EtinnGDJxoogzKnaFeIh4ghLFVxRhfB9KfyftMuGVTWsq0qpcT6PowAOwTE4BRaogQa4BE3QAhjcg0fwDF60B+1Je9XeZq1L2nzmAPyA9v4F7XOY4w==</latexit>

tz "
sz "

<latexit sha1_base64="/jM5RXM/Ea1h+St07YFiVe07Igs=">AAACEHicbVC7TsMwFHXKq5RXgJHFokKUpUpQBYxVWRiLRB9SEyrHcVOrjhNsB6mK8gks/AoLAwixMrLxN7htBtpypKt7dM69su/xYkalsqwfo7Cyura+UdwsbW3v7O6Z+wdtGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xij64nfeSRC0ojfqXFM3BAFnA4oRkpLffPUadAgSCsZdB4S5MP5NjPPsvta3yxbVWsKuEzsnJRBjmbf/Hb8CCch4QozJGXPtmLlpkgoihnJSk4iSYzwCAWkpylHIZFuOj0ogyda8eEgErq4glP170aKQinHoacnQ6SGctGbiP95vUQNrtyU8jhRhOPZQ4OEQRXBSTrQp4JgxcaaICyo/ivEQyQQVjrDkg7BXjx5mbTPq/ZF1b6tleuNPI4iOALHoAJscAnq4AY0QQtg8ARewBt4N56NV+PD+JyNFox85xDMwfj6BVzTm4k=</latexit> !4

=

Dean Lee, PRL 98, 182501 (2007)
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arXiv:2210.17488

https://arxiv.org/abs/2210.17488
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Yes!  Wave function Matching (Dean’s Talk)

arXiv:2210.17488

<latexit sha1_base64="/lDn9Bp9geCp00NZF9gW+7nKQN0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lU1GPRSw+iFewHtCFsttt26WYTdifFEvJPvHhQxKv/xJv/xm2bg1YfDDzem2FmXhALrsFxvqzC0vLK6lpxvbSxubW9Y+/uNXWUKMoaNBKRagdEM8ElawAHwdqxYiQMBGsFo+up3xozpXkkH2ASMy8kA8n7nBIwkm/bNT/tAnuE9Pb05i7LsG+XnYozA/5L3JyUUY66b392exFNQiaBCqJ1x3Vi8FKigFPBslI30SwmdEQGrGOoJCHTXjq7PMNHRunhfqRMScAz9edESkKtJ2FgOkMCQ73oTcX/vE4C/Usv5TJOgEk6X9RPBIYIT2PAPa4YBTExhFDFza2YDokiFExYJROCu/jyX9I8qbjnFff+rFy9yuMoogN0iI6Riy5QFdVQHTUQRWP0hF7Qq5Vaz9ab9T5vLVj5zD76BevjGwlak0U=</latexit>

HN3LO

<latexit sha1_base64="sqm+R2FNJ6hCHK8vXYkdAx5th48=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvoqSQq6rHopQfRCvYD2hA22027dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2Fmnh9zpsC2v43C0vLK6lpxvbSxubW9Y+7uNVWUSEIbJOKRbPtYUc4EbQADTtuxpDj0OW35w5uJ3xpRqVgkHmEcUzfEfcECRjBoyTPN2rGXdoE+QXp3dnufZZ5Ztiv2FNYicXJSRjnqnvnV7UUkCakAwrFSHceOwU2xBEY4zUrdRNEYkyHu046mAodUuen08sw60krPCiKpS4A1VX9PpDhUahz6ujPEMFDz3kT8z+skEFy5KRNxAlSQ2aIg4RZE1iQGq8ckJcDHmmAimb7VIgMsMQEdVkmH4My/vEiapxXnouI8nJer13kcRXSADtEJctAlqqIaqqMGImiEntErejNS48V4Nz5mrQUjn9lHf2B8/gAQjJNM</latexit>

H
0
N3LO

Unitary transformation

https://arxiv.org/abs/2210.17488
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Yes!  Wave function Matching (Dean’s Talk)

arXiv:2210.17488

<latexit sha1_base64="/lDn9Bp9geCp00NZF9gW+7nKQN0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lU1GPRSw+iFewHtCFsttt26WYTdifFEvJPvHhQxKv/xJv/xm2bg1YfDDzem2FmXhALrsFxvqzC0vLK6lpxvbSxubW9Y+/uNXWUKMoaNBKRagdEM8ElawAHwdqxYiQMBGsFo+up3xozpXkkH2ASMy8kA8n7nBIwkm/bNT/tAnuE9Pb05i7LsG+XnYozA/5L3JyUUY66b392exFNQiaBCqJ1x3Vi8FKigFPBslI30SwmdEQGrGOoJCHTXjq7PMNHRunhfqRMScAz9edESkKtJ2FgOkMCQ73oTcX/vE4C/Usv5TJOgEk6X9RPBIYIT2PAPa4YBTExhFDFza2YDokiFExYJROCu/jyX9I8qbjnFff+rFy9yuMoogN0iI6Riy5QFdVQHTUQRWP0hF7Qq5Vaz9ab9T5vLVj5zD76BevjGwlak0U=</latexit>

HN3LO

<latexit sha1_base64="sqm+R2FNJ6hCHK8vXYkdAx5th48=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvoqSQq6rHopQfRCvYD2hA22027dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2Fmnh9zpsC2v43C0vLK6lpxvbSxubW9Y+7uNVWUSEIbJOKRbPtYUc4EbQADTtuxpDj0OW35w5uJ3xpRqVgkHmEcUzfEfcECRjBoyTPN2rGXdoE+QXp3dnufZZ5Ztiv2FNYicXJSRjnqnvnV7UUkCakAwrFSHceOwU2xBEY4zUrdRNEYkyHu046mAodUuen08sw60krPCiKpS4A1VX9PpDhUahz6ujPEMFDz3kT8z+skEFy5KRNxAlSQ2aIg4RZE1iQGq8ckJcDHmmAimb7VIgMsMQEdVkmH4My/vEiapxXnouI8nJer13kcRXSADtEJctAlqqIaqqMGImiEntErejNS48V4Nz5mrQUjn9lHf2B8/gAQjJNM</latexit>

H
0
N3LO

Unitary transformation

is small
<latexit sha1_base64="5DyG+pIHXHwl2l4fKfxysb/e1/c=">AAACEnicbVDJSgNBEO1xjXGLevTSGMTkYJjRoF6EoJccRCOaBZIw9HQ6SZOehe4aMQzzDV78FS8eFPHqyZt/Y2cRNPFBweO9KqrqOYHgCkzzy5iZnZtfWEwsJZdXVtfWUxubFeWHkrIy9YUvaw5RTHCPlYGDYLVAMuI6glWd3vnAr94xqbjv3UI/YE2XdDze5pSAluxUtmhb+BQX9+yoAeweosvDi6s4xvu4+KPclDP5bBzbqbSZM4fA08QakzQao2SnPhstn4Yu84AKolTdMgNoRkQCp4LFyUaoWEBoj3RYXVOPuEw1o+FLMd7VSgu3fanLAzxUf09ExFWq7zq60yXQVZPeQPzPq4fQPmlG3AtCYB4dLWqHAoOPB/ngFpeMguhrQqjk+lZMu0QSCjrFpA7Bmnx5mlQOctZRzrrOpwtn4zgSaBvtoAyy0DEqoCIqoTKi6AE9oRf0ajwaz8ab8T5qnTHGM1voD4yPbyZcm+0=</latexit>

H1 = H
0
N3LO

�HSU(4)

https://arxiv.org/abs/2210.17488
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Can we build a EFT Hamiltonian which is close to a SU(4) Hamiltonian?χ

Yes!  Wave function Matching (Dean’s Talk)

arXiv:2210.17488

<latexit sha1_base64="/lDn9Bp9geCp00NZF9gW+7nKQN0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lU1GPRSw+iFewHtCFsttt26WYTdifFEvJPvHhQxKv/xJv/xm2bg1YfDDzem2FmXhALrsFxvqzC0vLK6lpxvbSxubW9Y+/uNXWUKMoaNBKRagdEM8ElawAHwdqxYiQMBGsFo+up3xozpXkkH2ASMy8kA8n7nBIwkm/bNT/tAnuE9Pb05i7LsG+XnYozA/5L3JyUUY66b392exFNQiaBCqJ1x3Vi8FKigFPBslI30SwmdEQGrGOoJCHTXjq7PMNHRunhfqRMScAz9edESkKtJ2FgOkMCQ73oTcX/vE4C/Usv5TJOgEk6X9RPBIYIT2PAPa4YBTExhFDFza2YDokiFExYJROCu/jyX9I8qbjnFff+rFy9yuMoogN0iI6Riy5QFdVQHTUQRWP0hF7Qq5Vaz9ab9T5vLVj5zD76BevjGwlak0U=</latexit>

HN3LO

<latexit sha1_base64="sqm+R2FNJ6hCHK8vXYkdAx5th48=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvoqSQq6rHopQfRCvYD2hA22027dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2Fmnh9zpsC2v43C0vLK6lpxvbSxubW9Y+7uNVWUSEIbJOKRbPtYUc4EbQADTtuxpDj0OW35w5uJ3xpRqVgkHmEcUzfEfcECRjBoyTPN2rGXdoE+QXp3dnufZZ5Ztiv2FNYicXJSRjnqnvnV7UUkCakAwrFSHceOwU2xBEY4zUrdRNEYkyHu046mAodUuen08sw60krPCiKpS4A1VX9PpDhUahz6ujPEMFDz3kT8z+skEFy5KRNxAlSQ2aIg4RZE1iQGq8ckJcDHmmAimb7VIgMsMQEdVkmH4My/vEiapxXnouI8nJer13kcRXSADtEJctAlqqIaqqMGImiEntErejNS48V4Nz5mrQUjn9lHf2B8/gAQjJNM</latexit>

H
0
N3LO

Unitary transformation

is small
<latexit sha1_base64="5DyG+pIHXHwl2l4fKfxysb/e1/c=">AAACEnicbVDJSgNBEO1xjXGLevTSGMTkYJjRoF6EoJccRCOaBZIw9HQ6SZOehe4aMQzzDV78FS8eFPHqyZt/Y2cRNPFBweO9KqrqOYHgCkzzy5iZnZtfWEwsJZdXVtfWUxubFeWHkrIy9YUvaw5RTHCPlYGDYLVAMuI6glWd3vnAr94xqbjv3UI/YE2XdDze5pSAluxUtmhb+BQX9+yoAeweosvDi6s4xvu4+KPclDP5bBzbqbSZM4fA08QakzQao2SnPhstn4Yu84AKolTdMgNoRkQCp4LFyUaoWEBoj3RYXVOPuEw1o+FLMd7VSgu3fanLAzxUf09ExFWq7zq60yXQVZPeQPzPq4fQPmlG3AtCYB4dLWqHAoOPB/ngFpeMguhrQqjk+lZMu0QSCjrFpA7Bmnx5mlQOctZRzrrOpwtn4zgSaBvtoAyy0DEqoCIqoTKi6AE9oRf0ajwaz8ab8T5qnTHGM1voD4yPbyZcm+0=</latexit>

H1 = H
0
N3LO

�HSU(4)

Perturbation Hamiltonian:
<latexit sha1_base64="MPhaqOGH4Wv2ElMIhFnXff8gHL8=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAIVaHMaFGXRTddiFa0F2iHIZOmbWjmQnJGLMO8gxtfxY0LRdy6cefbmF4Qrf4Q+PnOOZyc3w0FV2Can0ZqZnZufiG9mFlaXlldy65v1FQQScqqNBCBbLhEMcF9VgUOgjVCyYjnClZ3+2fDev2WScUD/wYGIbM90vV5h1MCGjnZvbITt4DdQXxxeH6ZJLgFAf5m19V8cVfDfY0sJ5szC+ZI+K+xJiaHJqo42Y9WO6CRx3yggijVtMwQ7JhI4FSwJNOKFAsJ7ZMua2rrE48pOx7dlOAdTdq4E0j9fMAj+nMiJp5SA8/VnR6BnpquDeF/tWYEnRM75n4YAfPpeFEnEljfPQwIt7lkFMRAG0Il13/FtEckoaBjzOgQrOmT/5raQcE6KlhXxVzpdBJHGm2hbZRHFjpGJVRGFVRFFN2jR/SMXowH48l4Nd7GrSljMrOJfsl4/wLN8ZzQ</latexit>

HN3LO ! HSU(4) +H1

<latexit sha1_base64="FY0U/c4m534Bn/HlZ2s7GIPMvl0="></latexit>

E
1st

N3LO
=

h SU(4)|HSU(4) +H1| SU(4)i
h SU(4)| SU(4)i

=

R
D[s] detMSU(4)

s (HSU(4) +H1)
R
D[s] detMSU(4)

s

https://arxiv.org/abs/2210.17488
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How about perturbation corrections to wave functions? 
<latexit sha1_base64="hyapTqnKzTB2zChuXwxjDZ9LlOo="></latexit>

| i = | i(0) + | i(1) + · · ·
<latexit sha1_base64="hyapTqnKzTB2zChuXwxjDZ9LlOo="></latexit>

| i = | i(0) + | i(1) + · · ·
<latexit sha1_base64="o+aavaWSQ7buvBLbcd6QHVZt0l8=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahboZJaWuXRTcuK9gHdMaSSTNtaCYzJBmhDHXjr7hxoYhb/8Kdf2OmraCiBy4czrmXe+/xY86UdpwPa2l5ZXVtPbeR39za3tkt7O23VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntOOPLzK/c0ulYpG41pOYeiEeChYwgrWR+oVD17gauk3FoCuxGHJ6k5bQ6bRfKDp2rVxHqAIdG6FqpVrLSKVar9Yhsp0ZimCBZr/w7g4ikoRUaMKxUj3kxNpLsdSMcDrNu4miMSZjPKQ9QwUOqfLS2QdTeGKUAQwiaUpoOFO/T6Q4VGoS+qYzxHqkfnuZ+JfXS3RQ91Im4kRTQeaLgoRDHcEsDjhgkhLNJ4ZgIpm5FZIRlphoE1rehPD1KfyftMs2qtnoqlJsnC/iyIEjcAxKAIEz0ACXoAlagIA78ACewLN1bz1aL9brvHXJWswcgB+w3j4BzdGWfg==</latexit>

| i(1)
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How about perturbation corrections to wave functions? 
<latexit sha1_base64="hyapTqnKzTB2zChuXwxjDZ9LlOo="></latexit>

| i = | i(0) + | i(1) + · · ·
<latexit sha1_base64="hyapTqnKzTB2zChuXwxjDZ9LlOo="></latexit>

| i = | i(0) + | i(1) + · · ·
<latexit sha1_base64="o+aavaWSQ7buvBLbcd6QHVZt0l8=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahboZJaWuXRTcuK9gHdMaSSTNtaCYzJBmhDHXjr7hxoYhb/8Kdf2OmraCiBy4czrmXe+/xY86UdpwPa2l5ZXVtPbeR39za3tkt7O23VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntOOPLzK/c0ulYpG41pOYeiEeChYwgrWR+oVD17gauk3FoCuxGHJ6k5bQ6bRfKDp2rVxHqAIdG6FqpVrLSKVar9Yhsp0ZimCBZr/w7g4ikoRUaMKxUj3kxNpLsdSMcDrNu4miMSZjPKQ9QwUOqfLS2QdTeGKUAQwiaUpoOFO/T6Q4VGoS+qYzxHqkfnuZ+JfXS3RQ91Im4kRTQeaLgoRDHcEsDjhgkhLNJ4ZgIpm5FZIRlphoE1rehPD1KfyftMs2qtnoqlJsnC/iyIEjcAxKAIEz0ACXoAlagIA78ACewLN1bz1aL9brvHXJWswcgB+w3j4BzdGWfg==</latexit>

| i(1)

On lattice: 
<latexit sha1_base64="vCmi9MQM4mP3qF180tAIxhybwMs="></latexit>

detM = h 0| · · · : e��⌧(H0+H1) : · · · : e��⌧(H0+H1) : · · · | 0i
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How about perturbation corrections to wave functions? 
<latexit sha1_base64="hyapTqnKzTB2zChuXwxjDZ9LlOo="></latexit>

| i = | i(0) + | i(1) + · · ·
<latexit sha1_base64="hyapTqnKzTB2zChuXwxjDZ9LlOo="></latexit>

| i = | i(0) + | i(1) + · · ·
<latexit sha1_base64="o+aavaWSQ7buvBLbcd6QHVZt0l8=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahboZJaWuXRTcuK9gHdMaSSTNtaCYzJBmhDHXjr7hxoYhb/8Kdf2OmraCiBy4czrmXe+/xY86UdpwPa2l5ZXVtPbeR39za3tkt7O23VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntOOPLzK/c0ulYpG41pOYeiEeChYwgrWR+oVD17gauk3FoCuxGHJ6k5bQ6bRfKDp2rVxHqAIdG6FqpVrLSKVar9Yhsp0ZimCBZr/w7g4ikoRUaMKxUj3kxNpLsdSMcDrNu4miMSZjPKQ9QwUOqfLS2QdTeGKUAQwiaUpoOFO/T6Q4VGoS+qYzxHqkfnuZ+JfXS3RQ91Im4kRTQeaLgoRDHcEsDjhgkhLNJ4ZgIpm5FZIRlphoE1rehPD1KfyftMs2qtnoqlJsnC/iyIEjcAxKAIEz0ACXoAlagIA78ACewLN1bz1aL9brvHXJWswcgB+w3j4BzdGWfg==</latexit>

| i(1)

On lattice: 
<latexit sha1_base64="vCmi9MQM4mP3qF180tAIxhybwMs="></latexit>

detM = h 0| · · · : e��⌧(H0+H1) : · · · : e��⌧(H0+H1) : · · · | 0i

Bing-nan, Ning, Serdar, Yuan-zhuo, Dean, Ulf. PRL. 128, 242501 (2022)

At 1st order level:
<latexit sha1_base64="WEJeL97fBBh2Tbl2TtHfF1Awuyg="></latexit>

h 0| : e��⌧H0 : · · · : e��⌧H0 :: ��⌧H1 : | 0i
<latexit sha1_base64="nTCmgG23PicU9fmkogZ370bMbVk="></latexit>

h 0| : e��⌧H0 : · · · : ��⌧H1 :: e��⌧H0 : | 0i

<latexit sha1_base64="z8X3akLTzg2EDJFO0pRgPoJpkok="></latexit>

h 0| : ��⌧H1 :: e��⌧H0 : · · · : e��⌧H0 : | 0i

<latexit sha1_base64="etxfFIAobHk9bAbwnYGzOMhDeno=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa9eKxgP6ANZbPZtGs3u2F3IpTQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFqeAGPe/bWVldW9/YLG2Vt3d29/YrB4ctozJNWZMqoXQnJIYJLlkTOQrWSTUjSShYOxzdTv32E9OGK/mA45QFCRlIHnNK0EqtHo0Umn6l6tW8Gdxl4hekCgUa/cpXL1I0S5hEKogxXd9LMciJRk4Fm5R7mWEpoSMyYF1LJUmYCfLZtRP31CqRGyttS6I7U39P5CQxZpyEtjMhODSL3lT8z+tmGF8HOZdphkzS+aI4Ey4qd/q6G3HNKIqxJYRqbm916ZBoQtEGVLYh+IsvL5PWec2/rPn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNUc6L8+58zFtXnGLmCP7A+fwBsE+PNQ==</latexit> ··
·
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<latexit sha1_base64="rpOKWFAEBVIdWtBYVE65Jzr9WtU="></latexit>

hOi =
h |O| i

h | i
=

h (0) + (1) + · · · |O| (0) + (1) + · · · i

h (0) + (1) + · · · | (0) + (1) + · · · i

Operators with perturbation corrections from wave functions
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<latexit sha1_base64="rpOKWFAEBVIdWtBYVE65Jzr9WtU="></latexit>

hOi =
h |O| i

h | i
=

h (0) + (1) + · · · |O| (0) + (1) + · · · i

h (0) + (1) + · · · | (0) + (1) + · · · i

Operators with perturbation corrections from wave functions

On Lattice:
<latexit sha1_base64="TysPRR4bAZ7JQ8anGJX2FKb1MD0="></latexit>

hOi =
detM(0)

o + detM(1)
o

detM(0) + detM(1)
=

detM(0)
o

detM(0)
+

 
detM(1)

o

detM(0)
�

detM(0)
o detM(1)

detM(0) detM(0)

!
+ · · ·

zeroth 1st order correction
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<latexit sha1_base64="rpOKWFAEBVIdWtBYVE65Jzr9WtU="></latexit>

hOi =
h |O| i

h | i
=

h (0) + (1) + · · · |O| (0) + (1) + · · · i

h (0) + (1) + · · · | (0) + (1) + · · · i

Operators with perturbation corrections from wave functions

On Lattice:
<latexit sha1_base64="TysPRR4bAZ7JQ8anGJX2FKb1MD0="></latexit>

hOi =
detM(0)

o + detM(1)
o

detM(0) + detM(1)
=

detM(0)
o

detM(0)
+

 
detM(1)

o

detM(0)
�

detM(0)
o detM(1)

detM(0) detM(0)

!
+ · · ·

zeroth 1st order correction

<latexit sha1_base64="GUy8uFlMdxqmJ3giEopmlbr4qHY=">AAACFnicbVBNS8NAEN34bf2KevSyWIR6sCQi6kUoevEiVLBaaGLYbKd16WYTdidCCf0VXvwrXjwo4lW8+W/c1h78erDweG9mdubFmRQGPe/DmZicmp6ZnZsvLSwuLa+4q2uXJs01hwZPZaqbMTMghYIGCpTQzDSwJJZwFfdOhv7VLWgjUnWB/QzChHWV6AjO0EqRuxO0AWmQMLzhTBZng+ui4m0P6BENJFNdCTSoGxF5NLBTMHLLXtUbgf4l/piUyRj1yH0P2inPE1DIJTOm5XsZhgXTKLiEQSnIDWSM91gXWpYqloAJi9FZA7pllTbtpNo+hXSkfu8oWGJMP4lt5XB/89sbiv95rRw7h2EhVJYjKP71USeXFFM6zIi2hQaOsm8J41rYXSm/YZpxtEmWbAj+75P/ksvdqr9f9c/3yrXjcRxzZINskgrxyQGpkVNSJw3CyR15IE/k2bl3Hp0X5/WrdMIZ96yTH3DePgFc9p4+</latexit>

detM(0) = h 0|
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0iA:
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="4Z4Dn4a89/hSfJMxF9ZpK6R+bWs="></latexit>

detM(1) = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

C:

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O
<latexit sha1_base64="FXF+R6fv0il32pgx8/UTM1y3+ws=">AAACGHicbVDLSgMxFM34tr6qLt0Ei6CbOiOibgTRjRuhgm2FzjhkMrc1NJMZkjtCGfoZbvwVNy4Ucdudf2P6WPg6EDicc2+Sc6JMCoOu++lMTc/Mzs0vLJaWlldW18rrGw2T5ppDnacy1bcRMyCFgjoKlHCbaWBJJKEZdS+GfvMBtBGpusFeBkHCOkq0BWdopbC878eA1E8Y3nMmi6v+XbHr7vXDlJ5SXzLVkUD9mhGhS317D4blilt1R6B/iTchFTJBLSwP/DjleQIKuWTGtDw3w6BgGgWX0C/5uYGM8S7rQMtSxRIwQTEK1qc7VolpO9X2KKQj9ftGwRJjeklkJ4cJzG9vKP7ntXJsnwSFUFmOoPj4oXYuKaZ02BKNhQaOsmcJ41rYv1J+zzTjaLss2RK835H/ksZB1TuqeteHlbPzSR0LZItsk13ikWNyRi5JjdQJJ4/kmbySN+fJeXHenY/x6JQz2dkkP+AMvgAC+58g</latexit>

detM(0)
o = h 0|

<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0iB:
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="Fp94IOJuGjsh0qnN2bygiMPu5UU="></latexit>

detM(1)
o = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O

D:

Four types of amplitudes:

<latexit sha1_base64="1JmJAgMpuqsxXw/zgeySoXV0n2Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu56bq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdW7qHr355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AypONeg==</latexit>

M0
<latexit sha1_base64="eCsB3x/uDybi2FxuAznhhJqSJf8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu56Xq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdW7qHr355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AzBeNew==</latexit>

M1
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Introduction

Perturbation on Lattice

NM structure factors

Charge Radii

<latexit sha1_base64="rpOKWFAEBVIdWtBYVE65Jzr9WtU="></latexit>

hOi =
h |O| i

h | i
=

h (0) + (1) + · · · |O| (0) + (1) + · · · i

h (0) + (1) + · · · | (0) + (1) + · · · i

Operators with perturbation corrections from wave functions

On Lattice:
<latexit sha1_base64="TysPRR4bAZ7JQ8anGJX2FKb1MD0="></latexit>

hOi =
detM(0)

o + detM(1)
o

detM(0) + detM(1)
=

detM(0)
o

detM(0)
+

 
detM(1)

o

detM(0)
�

detM(0)
o detM(1)

detM(0) detM(0)

!
+ · · ·

zeroth 1st order correction

<latexit sha1_base64="GUy8uFlMdxqmJ3giEopmlbr4qHY=">AAACFnicbVBNS8NAEN34bf2KevSyWIR6sCQi6kUoevEiVLBaaGLYbKd16WYTdidCCf0VXvwrXjwo4lW8+W/c1h78erDweG9mdubFmRQGPe/DmZicmp6ZnZsvLSwuLa+4q2uXJs01hwZPZaqbMTMghYIGCpTQzDSwJJZwFfdOhv7VLWgjUnWB/QzChHWV6AjO0EqRuxO0AWmQMLzhTBZng+ui4m0P6BENJFNdCTSoGxF5NLBTMHLLXtUbgf4l/piUyRj1yH0P2inPE1DIJTOm5XsZhgXTKLiEQSnIDWSM91gXWpYqloAJi9FZA7pllTbtpNo+hXSkfu8oWGJMP4lt5XB/89sbiv95rRw7h2EhVJYjKP71USeXFFM6zIi2hQaOsm8J41rYXSm/YZpxtEmWbAj+75P/ksvdqr9f9c/3yrXjcRxzZINskgrxyQGpkVNSJw3CyR15IE/k2bl3Hp0X5/WrdMIZ96yTH3DePgFc9p4+</latexit>

detM(0) = h 0|
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0iA:
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="4Z4Dn4a89/hSfJMxF9ZpK6R+bWs="></latexit>

detM(1) = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

C:

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O
<latexit sha1_base64="FXF+R6fv0il32pgx8/UTM1y3+ws=">AAACGHicbVDLSgMxFM34tr6qLt0Ei6CbOiOibgTRjRuhgm2FzjhkMrc1NJMZkjtCGfoZbvwVNy4Ucdudf2P6WPg6EDicc2+Sc6JMCoOu++lMTc/Mzs0vLJaWlldW18rrGw2T5ppDnacy1bcRMyCFgjoKlHCbaWBJJKEZdS+GfvMBtBGpusFeBkHCOkq0BWdopbC878eA1E8Y3nMmi6v+XbHr7vXDlJ5SXzLVkUD9mhGhS317D4blilt1R6B/iTchFTJBLSwP/DjleQIKuWTGtDw3w6BgGgWX0C/5uYGM8S7rQMtSxRIwQTEK1qc7VolpO9X2KKQj9ftGwRJjeklkJ4cJzG9vKP7ntXJsnwSFUFmOoPj4oXYuKaZ02BKNhQaOsmcJ41rYv1J+zzTjaLss2RK835H/ksZB1TuqeteHlbPzSR0LZItsk13ikWNyRi5JjdQJJ4/kmbySN+fJeXHenY/x6JQz2dkkP+AMvgAC+58g</latexit>

detM(0)
o = h 0|

<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0iB:
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="Fp94IOJuGjsh0qnN2bygiMPu5UU="></latexit>

detM(1)
o = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O

D:

Four types of amplitudes:

<latexit sha1_base64="1JmJAgMpuqsxXw/zgeySoXV0n2Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu56bq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdW7qHr355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AypONeg==</latexit>

M0
<latexit sha1_base64="eCsB3x/uDybi2FxuAznhhJqSJf8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu56Xq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdW7qHr355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AzBeNew==</latexit>

M1
Jacobi formula
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Introduction

Perturbation on Lattice

NM structure factors

Charge Radii

<latexit sha1_base64="rpOKWFAEBVIdWtBYVE65Jzr9WtU="></latexit>

hOi =
h |O| i

h | i
=

h (0) + (1) + · · · |O| (0) + (1) + · · · i

h (0) + (1) + · · · | (0) + (1) + · · · i

Operators with perturbation corrections from wave functions

On Lattice:
<latexit sha1_base64="TysPRR4bAZ7JQ8anGJX2FKb1MD0="></latexit>

hOi =
detM(0)

o + detM(1)
o

detM(0) + detM(1)
=

detM(0)
o

detM(0)
+

 
detM(1)

o

detM(0)
�

detM(0)
o detM(1)

detM(0) detM(0)

!
+ · · ·

zeroth 1st order correction

<latexit sha1_base64="GUy8uFlMdxqmJ3giEopmlbr4qHY=">AAACFnicbVBNS8NAEN34bf2KevSyWIR6sCQi6kUoevEiVLBaaGLYbKd16WYTdidCCf0VXvwrXjwo4lW8+W/c1h78erDweG9mdubFmRQGPe/DmZicmp6ZnZsvLSwuLa+4q2uXJs01hwZPZaqbMTMghYIGCpTQzDSwJJZwFfdOhv7VLWgjUnWB/QzChHWV6AjO0EqRuxO0AWmQMLzhTBZng+ui4m0P6BENJFNdCTSoGxF5NLBTMHLLXtUbgf4l/piUyRj1yH0P2inPE1DIJTOm5XsZhgXTKLiEQSnIDWSM91gXWpYqloAJi9FZA7pllTbtpNo+hXSkfu8oWGJMP4lt5XB/89sbiv95rRw7h2EhVJYjKP71USeXFFM6zIi2hQaOsm8J41rYXSm/YZpxtEmWbAj+75P/ksvdqr9f9c/3yrXjcRxzZINskgrxyQGpkVNSJw3CyR15IE/k2bl3Hp0X5/WrdMIZ96yTH3DePgFc9p4+</latexit>

detM(0) = h 0|
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0iA:
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="4Z4Dn4a89/hSfJMxF9ZpK6R+bWs="></latexit>

detM(1) = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

C:

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O
<latexit sha1_base64="FXF+R6fv0il32pgx8/UTM1y3+ws=">AAACGHicbVDLSgMxFM34tr6qLt0Ei6CbOiOibgTRjRuhgm2FzjhkMrc1NJMZkjtCGfoZbvwVNy4Ucdudf2P6WPg6EDicc2+Sc6JMCoOu++lMTc/Mzs0vLJaWlldW18rrGw2T5ppDnacy1bcRMyCFgjoKlHCbaWBJJKEZdS+GfvMBtBGpusFeBkHCOkq0BWdopbC878eA1E8Y3nMmi6v+XbHr7vXDlJ5SXzLVkUD9mhGhS317D4blilt1R6B/iTchFTJBLSwP/DjleQIKuWTGtDw3w6BgGgWX0C/5uYGM8S7rQMtSxRIwQTEK1qc7VolpO9X2KKQj9ftGwRJjeklkJ4cJzG9vKP7ntXJsnwSFUFmOoPj4oXYuKaZ02BKNhQaOsmcJ41rYv1J+zzTjaLss2RK835H/ksZB1TuqeteHlbPzSR0LZItsk13ikWNyRi5JjdQJJ4/kmbySN+fJeXHenY/x6JQz2dkkP+AMvgAC+58g</latexit>

detM(0)
o = h 0|

<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0iB:
<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="Fp94IOJuGjsh0qnN2bygiMPu5UU="></latexit>

detM(1)
o = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O

D:

Four types of amplitudes:

<latexit sha1_base64="1JmJAgMpuqsxXw/zgeySoXV0n2Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu56bq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdW7qHr355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AypONeg==</latexit>

M0
<latexit sha1_base64="eCsB3x/uDybi2FxuAznhhJqSJf8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu56Xq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdW7qHr355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AzBeNew==</latexit>

M1
Jacobi formula
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Introduction

Perturbation on Lattice

NM structure factors

Charge Radii

a) When acting on a single particle state, higher rank of  will vanish    F†
ijFij : ecF†

ijFij :=: 1 + cF†
ijFij :

b) Any operator can be decomposed into Rank-One operator    𝒪 = ∑
ij

𝒪I
ij

Rank-one operator:

 with  is isospin and spin, and  ,  𝒪I
ij ≡ F†

ijFij ij F†
ij = ∑⃗

n

a†
ij( ⃗n )f*ij ( ⃗n ) Fij = ∑⃗

n

aij( ⃗n )fij( ⃗n )

can be expanded to many-body operators

c) The determinant of correlation matrix has a linear dependence property

Example: <latexit sha1_base64="YcNnCLZ7Qromjvo9x/doaoHelEo=">AAACSnicbVBNS8MwGE7n1Dm/qh69BMfAi6MVUY9DLx4nuA/YSkmzdAtL05KkjlH6+7x48uaP8OJBES9mXZF9vRDy8Dzv877J40WMSmVZ70Zho7i5tV3aKe/u7R8cmkfHLRnGApMmDlkoOh6ShFFOmooqRjqRICjwGGl7o/up3n4mQtKQP6lJRJwADTj1KUZKU66JYOAmvX445kiIcNyLo+xOq4v0P0rhRebI++aE9XOg45oVq2ZlBVeBnYMKyKvhmm96Do4DwhVmSMqubUXKSZBQFDOSlnuxJBHCIzQgXQ05Coh0kiyKFFY104d+KPThCmbsvCNBgZSTwNOdAVJDuaxNyXVaN1b+rZNQHsWKcDxb5McMqhBOc4V9KghWbKIBwoLqt0I8RAJhpdMv6xDs5S+vgtZlzb6u2Y9XlfpdHkcJnIIzcA5scAPq4AE0QBNg8AI+wBf4Nl6NT+PH+J21FozccwIWqlD8A1WUtzo=</latexit>m#"

<latexit sha1_base64="BM1Yv0hwftf2jpuqwMJO4uoX7ls=">AAACXXicbVFNTwIxEO2uooCoqAcPXhoJiRfJrjHqkejFIybykcCGdEuBxm67aWclZLN/0pte/CuWLxVxkqYv782b6UzDWHADnvfuuFvbuZ3dfKG4V9o/OCwfHbeMSjRlTaqE0p2QGCa4ZE3gIFgn1oxEoWDt8OVhprdfmTZcyWeYxiyIyEjyIacELNUvA0578yppKBKW0axHBwpw1E97SUy0VpPVnVVn5EBN5IL+Rhm+XMv/EdYNqzo46JcrXs2bB94E/hJU0DIa/fKbrUOTiEmgghjT9b0YgpRo4FSwrNhLDIsJfSEj1rVQkoiZIJ3PleGqZQZ4qLQ9EvCc/e1ISWTMNAptZkRgbP5qM/I/rZvA8C5IuYwTYJIuGg0TgUHh2arxgGtGQUwtIFRz+1ZMx0QTCvZDinYJ/t+RN0Hrqubf1Pyn60r9frmOPDpD5+gC+egW1dEjaqAmoujDQU7BKTqfbs4tuQeLVNdZek7QWrinX0ABucc=</latexit>c ·m""
<latexit sha1_base64="yXDE2g8M8X3IxfwukqdYd3hucC4="></latexit>c ·m"#

<latexit sha1_base64="RBBIaSrWyNYmi6dwbwn2y7E+/rk=">AAACS3icdZDNS8MwGMbT6XTOr6pHL8Ex8OJoRdTj0IvHCe4DtlLSLNuCaVKS1DFK/z8vXrz5T3jxoIgH062g2/SFwMPze983yRNEjCrtOC9WYWW1uLZe2ihvbm3v7Np7+y0lYolJEwsmZCdAijDKSVNTzUgnkgSFASPt4P464+0HIhUV/E5PIuKFaMjpgGKkjeXbQegnvb4YcySlGP+otPofgCcwQ3G0COYHcp5Cz7crTs2ZFlwWbi4qIK+Gbz+bPTgOCdeYIaW6rhNpL0FSU8xIWu7FikQI36Mh6RrJUUiUl0yzSGHVOH04ENIcruHU/T2RoFCpSRiYzhDpkVpkmfkX68Z6cOkllEexJhzPLhrEDGoBs2Bhn0qCNZsYgbCk5q0Qj5BEWJv4yyYEd/HLy6J1WnPPa+7tWaV+lcdRAofgCBwDF1yAOrgBDdAEGDyCV/AOPqwn6836tL5mrQUrnzkAc1UofgPOcrf3</latexit>m##

<latexit sha1_base64="RhXTTxaTQJRH4m6fmZcgp8I5IGU="></latexit>

h | : ecF
†
"F" : | i = det

h i
= c[m""m## �m"#m#"]

<latexit sha1_base64="RhXTTxaTQJRH4m6fmZcgp8I5IGU="></latexit>

h | : ecF
†
"F" : | i = det

h i
= c[m""m## �m"#m#"]

<latexit sha1_base64="GagYPLSYaGLYWAjiyZoy8dxljQg=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK4GiZlWrssunFZwT6gHUomzbShmWRIMpZai7/ixoUibv0Pd/6N6UNQ0QOBwzn3cG9OmHCmjed9OEvLK6tr65mN7ObW9s5ubm+/rmWqCK0RyaVqhlhTzgStGWY4bSaK4jjktBEOLqZ+44YqzaS4NqOEBjHuCRYxgo2VOrnDNseixylsd+VQYKXkEN51cnnPLRXKCPnQcxEq+sXSlPjFcrEMkevNkAcLVDu5dxsnaUyFIRxr3UJeYoIxVoYRTifZdqppgskA92jLUoFjqoPx7PoJPLFKF0ZS2ScMnKnfE2Mcaz2KQzsZY9PXv72p+JfXSk1UDsZMJKmhgswXRSmHRsJpFbDLFCWGjyzBRDF7KyR9rDAxtrCsLeHrp/B/Ui+4qOSiKz9fOV/UkQFH4BicAgTOQAVcgiqoAQJuwQN4As/OvfPovDiv89ElZ5E5AD/gvH0C7XmVjg==</latexit>

h# |
<latexit sha1_base64="1k6QZOSz1eLzlzLjG2Ha77bk2QQ=">AAAB+3icdVBNTwIxEO3iF+LXikcvjcTE02ZLADkSvXjERMAENqRbCjR0203bVcnKX/HiQWO8+ke8+W/sAiZq9CWTvLw3k5l5YcyZNr7/4eRWVtfWN/Kbha3tnd09d7/Y1jJRhLaI5FJdh1hTzgRtGWY4vY4VxVHIaSecnGd+54YqzaS4MtOYBhEeCTZkBBsr9d1ij2Mx4hT2khgrJW/hfd8t+V6tXEeoAn0PoWqlWstIpVqv1iHy/DlKYIlm333vDSRJIioM4VjrLvJjE6RYGUY4nRV6iaYxJhM8ol1LBY6oDtL57TN4bJUBHEplSxg4V79PpDjSehqFtjPCZqx/e5n4l9dNzLAepEzEiaGCLBYNEw6NhFkQcMAUJYZPLcFEMXsrJGOsMDE2roIN4etT+D9plz1U89BlpdQ4W8aRB4fgCJwABE5BA1yAJmgBAu7AA3gCz87MeXRenNdFa85ZzhyAH3DePgFU65Sn</latexit>

h" |

<latexit sha1_base64="iSqGA7sv+yD/SXYiz6Wki13+8BE=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiS1pu2u6MZlBfuAJpTJdNIOnUzCzEQtsb/ixoUibv0Rd/6N04egogcuHM65l3vvCRJGpbLtDyO3srq2vpHfLGxt7+zumfvFtoxTgUkLxywW3QBJwignLUUVI91EEBQFjHSC8cXM79wQIWnMr9UkIX6EhpyGFCOlpb5ZvIdemiAh4lvoCcSHjPTNkm3Zdbfq2tC2yqdO2a1pUjur1t0KdCx7jhJYotk3371BjNOIcIUZkrLn2InyMyQUxYxMC14qSYLwGA1JT1OOIiL9bH77FB5rZQDDWOjiCs7V7xMZiqScRIHujJAayd/eTPzL66UqrPkZ5UmqCMeLRWHKoIrhLAg4oIJgxSaaICyovhXiERIIKx1XQYfw9Sn8n7TLluNazlWl1DhfxpEHh+AInAAHVEEDXIImaAEM7sADeALPxtR4NF6M10VrzljOHIAfMN4+AXHFlLs=</latexit>

| "i
<latexit sha1_base64="rlZ4eW5S9HC9vG0HwsEcUP8IgJU=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCq2Gm1mm7K7pxWcE+oB1KJs20oZnMkGQsdSz+ihsXirj1P9z5N6YPQUUPXDicc29y7/FjRqWy7Q8js7S8srqWXc9tbG5t75i7ew0ZJQKTOo5YJFo+koRRTuqKKkZasSAo9Blp+sOLqd+8IULSiF+rcUy8EPU5DShGSktd8+AOdnrRiCMhohHsCMT7jHTNvG3ZFbfk2tC2CqdOwS1rUj4rVdwidCx7hjxYoNY13/UjOAkJV5ghKduOHSsvRUJRzMgk10kkiREeoj5pa8pRSKSXzrafwGOt9GAQCV1cwZn6fSJFoZTj0NedIVID+dubin957UQFZS+lPE4U4Xj+UZAwqCI4jQL2qCBYsbEmCAuqd4V4gATCSgeW0yF8XQr/J42C5biWc1XMV88XcWTBITgCJ8ABJVAFl6AG6gCDW/AAnsCzcW88Gi/G67w1Yyxm9sEPGG+fCq6Vog==</latexit>

| #i

Amplitude with one-body operator:

<latexit sha1_base64="92l/Orrj/gXUWj3P4SdjERvIfs4="></latexit>

detM(O) = lim
c!1

X

i,j=0,1

D
 
���: ec·O

I
ij :

��� 
E
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a) When acting on a single particle state, higher rank of  will vanish    F†
ijFij : ecF†

ijFij :=: 1 + cF†
ijFij :

b) Any operator can be decomposed into Rank-One operator    𝒪 = ∑
ij

𝒪I
ij

Rank-one operator:

 with  is isospin and spin, and  ,  𝒪I
ij ≡ F†

ijFij ij F†
ij = ∑⃗

n

a†
ij( ⃗n )f*ij ( ⃗n ) Fij = ∑⃗

n

aij( ⃗n )fij( ⃗n )

can be expanded to many-body operators

c) The determinant of correlation matrix has a linear dependence property

Example: <latexit sha1_base64="YcNnCLZ7Qromjvo9x/doaoHelEo=">AAACSnicbVBNS8MwGE7n1Dm/qh69BMfAi6MVUY9DLx4nuA/YSkmzdAtL05KkjlH6+7x48uaP8OJBES9mXZF9vRDy8Dzv877J40WMSmVZ70Zho7i5tV3aKe/u7R8cmkfHLRnGApMmDlkoOh6ShFFOmooqRjqRICjwGGl7o/up3n4mQtKQP6lJRJwADTj1KUZKU66JYOAmvX445kiIcNyLo+xOq4v0P0rhRebI++aE9XOg45oVq2ZlBVeBnYMKyKvhmm96Do4DwhVmSMqubUXKSZBQFDOSlnuxJBHCIzQgXQ05Coh0kiyKFFY104d+KPThCmbsvCNBgZSTwNOdAVJDuaxNyXVaN1b+rZNQHsWKcDxb5McMqhBOc4V9KghWbKIBwoLqt0I8RAJhpdMv6xDs5S+vgtZlzb6u2Y9XlfpdHkcJnIIzcA5scAPq4AE0QBNg8AI+wBf4Nl6NT+PH+J21FozccwIWqlD8A1WUtzo=</latexit>m#"

<latexit sha1_base64="BM1Yv0hwftf2jpuqwMJO4uoX7ls=">AAACXXicbVFNTwIxEO2uooCoqAcPXhoJiRfJrjHqkejFIybykcCGdEuBxm67aWclZLN/0pte/CuWLxVxkqYv782b6UzDWHADnvfuuFvbuZ3dfKG4V9o/OCwfHbeMSjRlTaqE0p2QGCa4ZE3gIFgn1oxEoWDt8OVhprdfmTZcyWeYxiyIyEjyIacELNUvA0578yppKBKW0axHBwpw1E97SUy0VpPVnVVn5EBN5IL+Rhm+XMv/EdYNqzo46JcrXs2bB94E/hJU0DIa/fKbrUOTiEmgghjT9b0YgpRo4FSwrNhLDIsJfSEj1rVQkoiZIJ3PleGqZQZ4qLQ9EvCc/e1ISWTMNAptZkRgbP5qM/I/rZvA8C5IuYwTYJIuGg0TgUHh2arxgGtGQUwtIFRz+1ZMx0QTCvZDinYJ/t+RN0Hrqubf1Pyn60r9frmOPDpD5+gC+egW1dEjaqAmoujDQU7BKTqfbs4tuQeLVNdZek7QWrinX0ABucc=</latexit>c ·m""
<latexit sha1_base64="yXDE2g8M8X3IxfwukqdYd3hucC4="></latexit>c ·m"#

<latexit sha1_base64="RBBIaSrWyNYmi6dwbwn2y7E+/rk=">AAACS3icdZDNS8MwGMbT6XTOr6pHL8Ex8OJoRdTj0IvHCe4DtlLSLNuCaVKS1DFK/z8vXrz5T3jxoIgH062g2/SFwMPze983yRNEjCrtOC9WYWW1uLZe2ihvbm3v7Np7+y0lYolJEwsmZCdAijDKSVNTzUgnkgSFASPt4P464+0HIhUV/E5PIuKFaMjpgGKkjeXbQegnvb4YcySlGP+otPofgCcwQ3G0COYHcp5Cz7crTs2ZFlwWbi4qIK+Gbz+bPTgOCdeYIaW6rhNpL0FSU8xIWu7FikQI36Mh6RrJUUiUl0yzSGHVOH04ENIcruHU/T2RoFCpSRiYzhDpkVpkmfkX68Z6cOkllEexJhzPLhrEDGoBs2Bhn0qCNZsYgbCk5q0Qj5BEWJv4yyYEd/HLy6J1WnPPa+7tWaV+lcdRAofgCBwDF1yAOrgBDdAEGDyCV/AOPqwn6836tL5mrQUrnzkAc1UofgPOcrf3</latexit>m##

<latexit sha1_base64="RhXTTxaTQJRH4m6fmZcgp8I5IGU="></latexit>

h | : ecF
†
"F" : | i = det

h i
= c[m""m## �m"#m#"]

<latexit sha1_base64="RhXTTxaTQJRH4m6fmZcgp8I5IGU="></latexit>

h | : ecF
†
"F" : | i = det

h i
= c[m""m## �m"#m#"]

<latexit sha1_base64="GagYPLSYaGLYWAjiyZoy8dxljQg=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK4GiZlWrssunFZwT6gHUomzbShmWRIMpZai7/ixoUibv0Pd/6N6UNQ0QOBwzn3cG9OmHCmjed9OEvLK6tr65mN7ObW9s5ubm+/rmWqCK0RyaVqhlhTzgStGWY4bSaK4jjktBEOLqZ+44YqzaS4NqOEBjHuCRYxgo2VOrnDNseixylsd+VQYKXkEN51cnnPLRXKCPnQcxEq+sXSlPjFcrEMkevNkAcLVDu5dxsnaUyFIRxr3UJeYoIxVoYRTifZdqppgskA92jLUoFjqoPx7PoJPLFKF0ZS2ScMnKnfE2Mcaz2KQzsZY9PXv72p+JfXSk1UDsZMJKmhgswXRSmHRsJpFbDLFCWGjyzBRDF7KyR9rDAxtrCsLeHrp/B/Ui+4qOSiKz9fOV/UkQFH4BicAgTOQAVcgiqoAQJuwQN4As/OvfPovDiv89ElZ5E5AD/gvH0C7XmVjg==</latexit>

h# |
<latexit sha1_base64="1k6QZOSz1eLzlzLjG2Ha77bk2QQ=">AAAB+3icdVBNTwIxEO3iF+LXikcvjcTE02ZLADkSvXjERMAENqRbCjR0203bVcnKX/HiQWO8+ke8+W/sAiZq9CWTvLw3k5l5YcyZNr7/4eRWVtfWN/Kbha3tnd09d7/Y1jJRhLaI5FJdh1hTzgRtGWY4vY4VxVHIaSecnGd+54YqzaS4MtOYBhEeCTZkBBsr9d1ij2Mx4hT2khgrJW/hfd8t+V6tXEeoAn0PoWqlWstIpVqv1iHy/DlKYIlm333vDSRJIioM4VjrLvJjE6RYGUY4nRV6iaYxJhM8ol1LBY6oDtL57TN4bJUBHEplSxg4V79PpDjSehqFtjPCZqx/e5n4l9dNzLAepEzEiaGCLBYNEw6NhFkQcMAUJYZPLcFEMXsrJGOsMDE2roIN4etT+D9plz1U89BlpdQ4W8aRB4fgCJwABE5BA1yAJmgBAu7AA3gCz87MeXRenNdFa85ZzhyAH3DePgFU65Sn</latexit>

h" |

<latexit sha1_base64="iSqGA7sv+yD/SXYiz6Wki13+8BE=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiS1pu2u6MZlBfuAJpTJdNIOnUzCzEQtsb/ixoUibv0Rd/6N04egogcuHM65l3vvCRJGpbLtDyO3srq2vpHfLGxt7+zumfvFtoxTgUkLxywW3QBJwignLUUVI91EEBQFjHSC8cXM79wQIWnMr9UkIX6EhpyGFCOlpb5ZvIdemiAh4lvoCcSHjPTNkm3Zdbfq2tC2yqdO2a1pUjur1t0KdCx7jhJYotk3371BjNOIcIUZkrLn2InyMyQUxYxMC14qSYLwGA1JT1OOIiL9bH77FB5rZQDDWOjiCs7V7xMZiqScRIHujJAayd/eTPzL66UqrPkZ5UmqCMeLRWHKoIrhLAg4oIJgxSaaICyovhXiERIIKx1XQYfw9Sn8n7TLluNazlWl1DhfxpEHh+AInAAHVEEDXIImaAEM7sADeALPxtR4NF6M10VrzljOHIAfMN4+AXHFlLs=</latexit>

| "i
<latexit sha1_base64="rlZ4eW5S9HC9vG0HwsEcUP8IgJU=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCq2Gm1mm7K7pxWcE+oB1KJs20oZnMkGQsdSz+ihsXirj1P9z5N6YPQUUPXDicc29y7/FjRqWy7Q8js7S8srqWXc9tbG5t75i7ew0ZJQKTOo5YJFo+koRRTuqKKkZasSAo9Blp+sOLqd+8IULSiF+rcUy8EPU5DShGSktd8+AOdnrRiCMhohHsCMT7jHTNvG3ZFbfk2tC2CqdOwS1rUj4rVdwidCx7hjxYoNY13/UjOAkJV5ghKduOHSsvRUJRzMgk10kkiREeoj5pa8pRSKSXzrafwGOt9GAQCV1cwZn6fSJFoZTj0NedIVID+dubin957UQFZS+lPE4U4Xj+UZAwqCI4jQL2qCBYsbEmCAuqd4V4gATCSgeW0yF8XQr/J42C5biWc1XMV88XcWTBITgCJ8ABJVAFl6AG6gCDW/AAnsCzcW88Gi/G67w1Yyxm9sEPGG+fCq6Vog==</latexit>

| #i

Amplitude with one-body operator:

<latexit sha1_base64="92l/Orrj/gXUWj3P4SdjERvIfs4="></latexit>

detM(O) = lim
c!1

X

i,j=0,1

D
 
���: ec·O

I
ij :

��� 
E
/c
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Rank-one operator for perturbation:

<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="Fp94IOJuGjsh0qnN2bygiMPu5UU="></latexit>

detM(1)
o = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O

D:

RO transfer matrix Jacobi method

RO transfer matrix
<latexit sha1_base64="gklXvFyZjRwh1M34bZGlUI7PGX8=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCQi6kYoutGFWME+oE3DZDppx04mYWYilJCfcOOvuHGhiFvBnX/jpI2grQcuHM65d+be40WMSmVZX8bM7Nz8wmJhqbi8srq2bm5s1mUYC0xqOGShaHpIEkY5qSmqGGlGgqDAY6ThDc4zv3FPhKQhv1XDiDgB6nHqU4yUllxz/8pNQjehd2nnMoWnsJ09ySHpJBgm1+mPM5Zds2SVrRHgNLFzUgI5qq752e6GOA4IV5ghKVu2FSknQUJRzEhabMeSRAgPUI+0NOUoINJJRlelcFcrXeiHQhdXcKT+nkhQIOUw8HRngFRfTnqZ+J/XipV/4iSUR7EiHI8/8mMGVQiziGCXCoIVG2qCsKB6V4j7SCCsdJBFHYI9efI0qR+U7aOyfXNYqpzlcRTANtgBe8AGx6ACLkAV1AAGD+AJvIBX49F4Nt6M93HrjJHPbIE/MD6+AbTQny4=</latexit>

MoIij
=: ecO

I
ij :
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Rank-one operator for perturbation:

<latexit sha1_base64="p85Yeew5Cd3HcHMmdSWZzj6UufY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJVERD0WvXisYGuhCWWznbZLN5uwuxFqKf4VLx4U8er/8Oa/cdvmoK0PBh7vzTAzL0oF18bzvp3C0vLK6lpxvbSxubW94+7uNXSSKYZ1lohENSOqUXCJdcONwGaqkMaRwPtocD3x7x9QaZ7IOzNMMYxpT/IuZ9RYqe0eBNY1JKhp3vZIoKjsCWy7Za/iTUEWiZ+TMuSotd2voJOwLEZpmKBat3wvNeGIKsOZwHEpyDSmlA1oD1uWShqjDkfT68fk2Cod0k2ULWnIVP09MaKx1sM4sp0xNX09703E/7xWZrqX4YjLNDMo2WxRNxPEJGQSBelwhcyIoSWUKW5vJaxPFWXGBlayIfjzLy+SxmnFP6/4t2fl6lUeRxEO4QhOwIcLqMIN1KAODB7hGV7hzXlyXpx352PWWnDymX34A+fzB7lylMI=</latexit>

| 0i

<latexit sha1_base64="Fp94IOJuGjsh0qnN2bygiMPu5UU="></latexit>

detM(1)
o = 2

Lt/2X

k=0

h 0|
<latexit sha1_base64="ZzhwDP6sOuHl0VFG/sSrGQodbZg=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbe2t6MVjC/YD2lA22027drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1kVrTYbHk2PWLslMpI8euuAbVjNQrVbeGXNtZoAQrNIfF98EoIklIhSYcK9V3nVh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHoHJ0ZZYSCSJoSGi3U7xMpDpWahb7pDLGeqN9eJv7l9RMdXHopE3GiqSDLRUHCkY5Q9jUaMUmJ5jNDMJHM3IrIBEtMtMmmYEL4+hT9Tzpl263abqtSalyt4sjDCZzCObhQgwbcQBPaQIDCAzzBs3VnPVov1uuyNWetZo7hB6y3TzVFjTg=</latexit>

k

<latexit sha1_base64="xeqqFv6wgxUuHbPm7DzPVSyPZBo=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmba0rG7oht3VrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPNvzLQVVPRA4HDOveTcEyaMKu04H1ZhbX1jc6u4XdrZ3ds/KB8edZVIJSYdLJiQ/RApwignHU01I/1EEhSHjPTC6VXu9+6JVFTwOz1LSBCjMacRxUgbyR/ESE8wYtnNfFiuOLZTb3qeBx275jUbTtWQhld1ax50bWeBClihPSy/D0YCpzHhGjOklO86iQ4yJDXFjMxLg1SRBOEpGhPfUI5iooJsEXkOz4wygpGQ5nENF+r3jQzFSs3i0EzmEdVvLxf/8vxURxdBRnmSasLx8qMoZVALmN8PR1QSrNnMEIQlNVkhniCJsDYtlUwJX5fC/0m3arsN272tV1qXqzqK4AScgnPgAg+0wDVogw7AQIAH8ASeLW09Wi/W63K0YK12jsEPWG+fBcqRwg==</latexit>

O

D:

RO transfer matrix Jacobi method

RO transfer matrix
<latexit sha1_base64="gklXvFyZjRwh1M34bZGlUI7PGX8=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCQi6kYoutGFWME+oE3DZDppx04mYWYilJCfcOOvuHGhiFvBnX/jpI2grQcuHM65d+be40WMSmVZX8bM7Nz8wmJhqbi8srq2bm5s1mUYC0xqOGShaHpIEkY5qSmqGGlGgqDAY6ThDc4zv3FPhKQhv1XDiDgB6nHqU4yUllxz/8pNQjehd2nnMoWnsJ09ySHpJBgm1+mPM5Zds2SVrRHgNLFzUgI5qq752e6GOA4IV5ghKVu2FSknQUJRzEhabMeSRAgPUI+0NOUoINJJRlelcFcrXeiHQhdXcKT+nkhQIOUw8HRngFRfTnqZ+J/XipV/4iSUR7EiHI8/8mMGVQiziGCXCoIVG2qCsKB6V4j7SCCsdJBFHYI9efI0qR+U7aOyfXNYqpzlcRTANtgBe8AGx6ACLkAV1AAGD+AJvIBX49F4Nt6M93HrjJHPbIE/MD6+AbTQny4=</latexit>

MoIij
=: ecO

I
ij :

Computational challenge:

• Every perturbation transfer matrix M1 contains all the components of N3LO chiral potential 

• Perturbation: sum of all k in Lt step  

• In RO method: sum {i,j}, every OIij need propagation from O to k

<latexit sha1_base64="oITQJoB0qIre+XrnjVs8ps/rCfc=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCq2FSp7XLohsXXVSwF2hryaRpG5q5kJwRSunOja/ixoUibn0Fd76NmV5ARX8IfPznHE7O70VSaHCcT2tpeWV1bT21kd7c2t7Zzezt13QYK8arLJShanhUcykCXgUBkjcixanvSV73hpdJvX7HlRZhcAOjiLd92g9ETzAKxupkjlogfK5xuQN4ju4CyrdnnUzWsQu5IiEudmxC8m6+kICbL+aLmNjOVFk0V6WT+Wh1Qxb7PAAmqdZN4kTQHlMFgkk+SbdizSPKhrTPmwYDaha1x9M7JvjEOF3cC5V5AeCp+31iTH2tR75nOn0KA/27lph/1Zox9IrtsQiiGHjAZot6scQQ4iQU3BWKM5AjA5QpYf6K2YAqysBElzYhLC7F/0MtZ5OCTa7dbOliHkcKHaJjdIoIOkcldIUqqIoYukeP6Bm9WA/Wk/Vqvc1al6z5zAH6Iev9C329mHI=</latexit>

⇥Lt ⇥ 4⇥ L3

<latexit sha1_base64="5/9wyIAcmuAXmI90zEniAVKvU/U=">AAACCHicdZC7SgNBFIZnvcZ4W7W0cDAIVstOTOKWQRuLFBHMBZIYZieTZMjshZmzQggpbXwVGwtFbH0EO9/GyQ1U9IeBj/+cw5nz+7EUGlz301paXlldW09tpDe3tnd27b39qo4SxXiFRTJSdZ9qLkXIKyBA8nqsOA18yWv+4HJSr91xpUUU3sAw5q2A9kLRFYyCsdr2URNEwDUutQHPkRQWVLo9a9sZ1ylkPUJy2HUIyefyhQnk8l7ew8Rxp8qgucpt+6PZiVgS8BCYpFo3iBtDa0QVCCb5ON1MNI8pG9AebxgMqVnUGk0PGeMT43RwN1LmhYCn7veJEQ20Hga+6Qwo9PXv2sT8q9ZIoOu1RiKME+Ahmy3qJhJDhCep4I5QnIEcGqBMCfNXzPpUUQYmu7QJYXEp/h+qWYcUHHKdyxQv5nGk0CE6RqeIoHNURFeojCqIoXv0iJ7Ri/VgPVmv1tusdcmazxygH7LevwD5I5iv</latexit>

⇥Lt ⇥ 16⇥ L3

for one-body operator

for two-body operator

Compared to 1st order perturbation to Energy, workload 
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1. Monte Carlo sampling for  and  

2. More powerful devices —— GPU 

Lt L3

Tools to resolve computational challenge: 

Hybrid: MPI(c++) & GPU(cuda) 

Amount of CUDA kernels ~ 70, GPU usage ~ 80%

Speedup ratio
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GPU/CPU

A*ntrial/sec

0

2

4

6

L=4 L=6 L=8

CPU GPU

Andes   CPU:           AMD EPYC ~     4 tera Flops

Summit GPU: Nvidia Tesla V100 ~ 125 tera Flops

Frontier GPU:        AMD MI250X ~ 383 tera Flops

One chip comparison
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Structure factors of Neutron matter

“As much as 99% of the gravitational 
binding energy released in core-collapse 
supernovae escapes the star in the form 
of neutrinos. This enormous flux, when 
it interacts with the nuclear matter on its 
way out of the star, is believed to be an 
essential ingredient in the explosion of 
the star.”  PRL 126,132701 (2021)


Supernova explosion, figure from Science News
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Neutrino-neutron cross section in medium 
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E⌫ : neutrino energy
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GF : Fermi coupling constant

Not yet an ab initio calculation
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Neutron matter at finite Temperature
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Structure factor at long-wave limit

Prelim
inary

• First ab initio calculation of this content 

• Overall agreement of the trend 

• At low density agree with Virial expansion 

• Sv of Lattice calculation is smaller  

• N3LO correction to Sa is significant 

• Calibrate RPA for supernova simulations
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Experimental measurements

- Electron-scattering experiments, charge form factor  and Fc(q) ρc(r) =
1

(2π)3 ∫ d3qe−iq⋅rFc(q)
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Experimental measurements

- Electron-scattering experiments, charge form factor  and Fc(q) ρc(r) =
1

(2π)3 ∫ d3qe−iq⋅rFc(q)

Miller, A.J., Minamisono, K. et al. Nat. Phys. 15, 432–436 (2019)

- Laser spectroscopy experiments, hyperfine spectra and isotope shift
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Experimental measurements

- Electron-scattering experiments, charge form factor  and Fc(q) ρc(r) =
1

(2π)3 ∫ d3qe−iq⋅rFc(q)

P. Reinhard, W. Nazarewicz. PRC 103, 054310 (2021)

Theoretical calculation
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Miller, A.J., Minamisono, K. et al. Nat. Phys. 15, 432–436 (2019)

- Laser spectroscopy experiments, hyperfine spectra and isotope shift
<latexit sha1_base64="w9Qf30GcobnTceR4az2Wr7xpSRg="></latexit>

�⌫A,A0
= ⌫A

0
� ⌫A = k

mA0 �mA

mA0mA
+ F �

⌦
r2
↵A,A0



Charge Radii

17 May 2023 17

Introduction

Perturbation on Lattice

NM structure factors

Charge Radii

Experimental measurements

- Electron-scattering experiments, charge form factor  and Fc(q) ρc(r) =
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Miller, A.J., Minamisono, K. et al. Nat. Phys. 15, 432–436 (2019)

- Laser spectroscopy experiments, hyperfine spectra and isotope shift
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- Electron-scattering experiments, charge form factor  and Fc(q) ρc(r) =
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(2π)3 ∫ d3qe−iq⋅rFc(q)

P. Reinhard, W. Nazarewicz. PRC 103, 054310 (2021)

Theoretical calculation
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Miller, A.J., Minamisono, K. et al. Nat. Phys. 15, 432–436 (2019)

- Laser spectroscopy experiments, hyperfine spectra and isotope shift
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Experimental measurements

- Electron-scattering experiments, charge form factor  and Fc(q) ρc(r) =
1

(2π)3 ∫ d3qe−iq⋅rFc(q)

P. Reinhard, W. Nazarewicz. PRC 103, 054310 (2021)
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Miller, A.J., Minamisono, K. et al. Nat. Phys. 15, 432–436 (2019)

- Laser spectroscopy experiments, hyperfine spectra and isotope shift
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Experimental measurements

- Electron-scattering experiments, charge form factor  and Fc(q) ρc(r) =
1

(2π)3 ∫ d3qe−iq⋅rFc(q)

P. Reinhard, W. Nazarewicz. PRC 103, 054310 (2021)

Theoretical calculation
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Miller, A.J., Minamisono, K. et al. Nat. Phys. 15, 432–436 (2019)

- Laser spectroscopy experiments, hyperfine spectra and isotope shift
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P (r12)Charge radii from density correlation function
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Rank-One operator methods for perturbation of charge radii

Test Hamiltonian:
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Perturbation:
<latexit sha1_base64="4Pns03DP0MtVI5Dil1JOVMfAzIk=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4MYEcKMiHoRgl5yjGAWSMLQ06kkTXoWumvEMOToxV/x4kERr36CN//GznLQxAcFj/eqqKrnRVJotO1vK7WwuLS8kl7NrK1vbG5lt3eqOowVhwoPZajqHtMgRQAVFCihHilgvieh5vVvRn7tHpQWYXCHgwhaPusGoiM4QyO52f1MyU2aCA+YRKBwOKRXtOTa9ITmS65zfORmc3bBHoPOE2dKcmSKspv9arZDHvsQIJdM64ZjR9hKmELBJQwzzVhDxHifdaFhaMB80K1k/MiQHhqlTTuhMhUgHau/JxLmaz3wPdPpM+zpWW8k/uc1YuxcthIRRDFCwCeLOrGkGNJRKrQtFHCUA0MYV8LcSnmPKcbRZJcxITizL8+T6mnBOS84t2e54vU0jjTZIwckTxxyQYqkRMqkQjh5JM/klbxZT9aL9W59TFpT1nRml/yB9fkDHYqXcw==</latexit>

Hpert = H0 + (H1)
0

<latexit sha1_base64="Tr9x7NDd71DMZE1yxqDQsVj9Zd8=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahIpZERL0IRS89VugXtCFsttt26WYTdjfFEvpPvHhQxKv/xJv/xm2bg1YfDDzem2FmXhBzprTjfFm5ldW19Y38ZmFre2d3z94/aKookYQ2SMQj2Q6wopwJ2tBMc9qOJcVhwGkrGN3P/NaYSsUiUdeTmHohHgjWZwRrI/m2XfUddIvq6AyV3PPH06ZvF52yMwf6S9yMFCFDzbc/u72IJCEVmnCsVMd1Yu2lWGpGOJ0WuomiMSYjPKAdQwUOqfLS+eVTdGKUHupH0pTQaK7+nEhxqNQkDExniPVQLXsz8T+vk+j+jZcyESeaCrJY1E840hGaxYB6TFKi+cQQTCQztyIyxBITbcIqmBDc5Zf/kuZF2b0quw+XxcpdFkcejuAYSuDCNVSgCjVoAIExPMELvFqp9Wy9We+L1pyVzRzCL1gf31VRkOE=</latexit>
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<latexit sha1_base64="2qgnlN2DiqCLqqr9U1CePWv924E=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6CXHCOYByRJmJ51kyOzsOjMrhiU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zUdUmkfy3oxj9EM6kLzPGTVWalW7HrkmT41useSW3RnIMvEyUoIMtW7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7N4JObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/yk+5jBODks0X9RNBTESmz5MeV8iMGFtCmeL2VsKGVFFmbEQFG4K3+PIyaZyVvYuyd3deqtxkceThCI7hFDy4hApUoQZ1YCDgGV7hzXlwXpx352PemnOymUP4A+fzB3kVjvM=</latexit>

H1 = xV

with

and

T: kinetic    V: two-body contact

Setups: L=6, Lt=80, Vcc= -3.9e-07 MeV^-2
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P (r12)Charge radii from density correlation function
<latexit sha1_base64="EiGdZCtwx1zk9ox7faOnwUqUSl8="></latexit>
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Perturbation:
<latexit sha1_base64="4Pns03DP0MtVI5Dil1JOVMfAzIk=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4MYEcKMiHoRgl5yjGAWSMLQ06kkTXoWumvEMOToxV/x4kERr36CN//GznLQxAcFj/eqqKrnRVJotO1vK7WwuLS8kl7NrK1vbG5lt3eqOowVhwoPZajqHtMgRQAVFCihHilgvieh5vVvRn7tHpQWYXCHgwhaPusGoiM4QyO52f1MyU2aCA+YRKBwOKRXtOTa9ITmS65zfORmc3bBHoPOE2dKcmSKspv9arZDHvsQIJdM64ZjR9hKmELBJQwzzVhDxHifdaFhaMB80K1k/MiQHhqlTTuhMhUgHau/JxLmaz3wPdPpM+zpWW8k/uc1YuxcthIRRDFCwCeLOrGkGNJRKrQtFHCUA0MYV8LcSnmPKcbRZJcxITizL8+T6mnBOS84t2e54vU0jjTZIwckTxxyQYqkRMqkQjh5JM/klbxZT9aL9W59TFpT1nRml/yB9fkDHYqXcw==</latexit>

Hpert = H0 + (H1)
0

<latexit sha1_base64="Tr9x7NDd71DMZE1yxqDQsVj9Zd8=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahIpZERL0IRS89VugXtCFsttt26WYTdjfFEvpPvHhQxKv/xJv/xm2bg1YfDDzem2FmXhBzprTjfFm5ldW19Y38ZmFre2d3z94/aKookYQ2SMQj2Q6wopwJ2tBMc9qOJcVhwGkrGN3P/NaYSsUiUdeTmHohHgjWZwRrI/m2XfUddIvq6AyV3PPH06ZvF52yMwf6S9yMFCFDzbc/u72IJCEVmnCsVMd1Yu2lWGpGOJ0WuomiMSYjPKAdQwUOqfLS+eVTdGKUHupH0pTQaK7+nEhxqNQkDExniPVQLXsz8T+vk+j+jZcyESeaCrJY1E840hGaxYB6TFKi+cQQTCQztyIyxBITbcIqmBDc5Zf/kuZF2b0quw+XxcpdFkcejuAYSuDCNVSgCjVoAIExPMELvFqp9Wy9We+L1pyVzRzCL1gf31VRkOE=</latexit>
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<latexit sha1_base64="2qgnlN2DiqCLqqr9U1CePWv924E=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6CXHCOYByRJmJ51kyOzsOjMrhiU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zUdUmkfy3oxj9EM6kLzPGTVWalW7HrkmT41useSW3RnIMvEyUoIMtW7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7N4JObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/yk+5jBODks0X9RNBTESmz5MeV8iMGFtCmeL2VsKGVFFmbEQFG4K3+PIyaZyVvYuyd3deqtxkceThCI7hFDy4hApUoQZ1YCDgGV7hzXlwXpx352PemnOymUP4A+fzB3kVjvM=</latexit>

H1 = xV

with

and

T: kinetic    V: two-body contact

Setups: L=6, Lt=80, Vcc= -3.9e-07 MeV^-2
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H1 = xV

with

and

T: kinetic    V: two-body contact

Setups: L=6, Lt=80, Vcc= -3.9e-07 MeV^-2

Two-body correlation function
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P (r12)Charge radii from density correlation function
<latexit sha1_base64="EiGdZCtwx1zk9ox7faOnwUqUSl8="></latexit>
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Rank-One operator methods for perturbation of charge radii

Test Hamiltonian:
<latexit sha1_base64="919Ienipmc7bdDY/YOVqXHLZJ44=">AAAB/3icbVDLSsNAFJ3UV42vqODGzWARBKEkIupGKLrpskJf0IYwmU7boZMHMzdiiVn4K25cKOLW33Dn3zhts9DWAxcO59zLvff4seAKbPvbKCwtr6yuFdfNjc2t7R1rd6+pokRS1qCRiGTbJ4oJHrIGcBCsHUtGAl+wlj+6nfiteyYVj8I6jGPmBmQQ8j6nBLTkWQdm1Uu7wB4g7SdCZBm+xvXTpmeV7LI9BV4kTk5KKEfNs766vYgmAQuBCqJUx7FjcFMigVPBMrObKBYTOiID1tE0JAFTbjq9P8PHWunhfiR1hYCn6u+JlARKjQNfdwYEhmrem4j/eZ0E+lduysM4ARbS2SL9JoYIT8LAPS4ZBTHWhFDJ9a2YDokkFHRkpg7BmX95kTTPys5F2bk7L1Vu8jiK6BAdoRPkoEtUQVVUQw1E0SN6Rq/ozXgyXox342PWWjDymX30B8bnD9KYlVQ=</latexit>

Hfull = T + V

Perturbation:
<latexit sha1_base64="4Pns03DP0MtVI5Dil1JOVMfAzIk=">AAACCHicbVDJSgNBEO2JW4xb1KMHG4MYEcKMiHoRgl5yjGAWSMLQ06kkTXoWumvEMOToxV/x4kERr36CN//GznLQxAcFj/eqqKrnRVJotO1vK7WwuLS8kl7NrK1vbG5lt3eqOowVhwoPZajqHtMgRQAVFCihHilgvieh5vVvRn7tHpQWYXCHgwhaPusGoiM4QyO52f1MyU2aCA+YRKBwOKRXtOTa9ITmS65zfORmc3bBHoPOE2dKcmSKspv9arZDHvsQIJdM64ZjR9hKmELBJQwzzVhDxHifdaFhaMB80K1k/MiQHhqlTTuhMhUgHau/JxLmaz3wPdPpM+zpWW8k/uc1YuxcthIRRDFCwCeLOrGkGNJRKrQtFHCUA0MYV8LcSnmPKcbRZJcxITizL8+T6mnBOS84t2e54vU0jjTZIwckTxxyQYqkRMqkQjh5JM/klbxZT9aL9W59TFpT1nRml/yB9fkDHYqXcw==</latexit>

Hpert = H0 + (H1)
0

<latexit sha1_base64="Tr9x7NDd71DMZE1yxqDQsVj9Zd8=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahIpZERL0IRS89VugXtCFsttt26WYTdjfFEvpPvHhQxKv/xJv/xm2bg1YfDDzem2FmXhBzprTjfFm5ldW19Y38ZmFre2d3z94/aKookYQ2SMQj2Q6wopwJ2tBMc9qOJcVhwGkrGN3P/NaYSsUiUdeTmHohHgjWZwRrI/m2XfUddIvq6AyV3PPH06ZvF52yMwf6S9yMFCFDzbc/u72IJCEVmnCsVMd1Yu2lWGpGOJ0WuomiMSYjPKAdQwUOqfLS+eVTdGKUHupH0pTQaK7+nEhxqNQkDExniPVQLXsz8T+vk+j+jZcyESeaCrJY1E840hGaxYB6TFKi+cQQTCQztyIyxBITbcIqmBDc5Zf/kuZF2b0quw+XxcpdFkcejuAYSuDCNVSgCjVoAIExPMELvFqp9Wy9We+L1pyVzRzCL1gf31VRkOE=</latexit>

H0 = T + (1� x)V
<latexit sha1_base64="2qgnlN2DiqCLqqr9U1CePWv924E=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6CXHCOYByRJmJ51kyOzsOjMrhiU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zUdUmkfy3oxj9EM6kLzPGTVWalW7HrkmT41useSW3RnIMvEyUoIMtW7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7N4JObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/yk+5jBODks0X9RNBTESmz5MeV8iMGFtCmeL2VsKGVFFmbEQFG4K3+PIyaZyVvYuyd3deqtxkceThCI7hFDy4hApUoQZ1YCDgGV7hzXlwXpx352PemnOymUP4A+fzB3kVjvM=</latexit>
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<latexit sha1_base64="d3ZBTFBamul0+tyh8VRHvFNvXcY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzZCpTm13RTcuK9iHtEPJpJk2NJMZkoxQhn6FGxeKuPVz3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHn1xlfueeSsUicaunMfVCPBIsYARrI901y3KQOpXZ6aBYQrZbc5Bbh8h2ameojjLiVituBTo2mqMElmgOiu/9YUSSkApNOFaq56BYeymWmhFOZ4V+omiMyQSPaM9QgUOqvHR+8AyeGGUIg0iaEhrO1e8TKQ6Vmoa+6QyxHqvfXib+5fUSHdS8lIk40VSQxaIg4VBHMPseDpmkRPOpIZhIZm6FZIwlJtpkVDAhfH0K/yftiu1UbefmvNS4XMaRB0fgGJSBAy5AA1yDJmgBAkLwAJ7AsyWtR+vFel205qzlzCH4AevtEwnBj+0=</latexit>

P (r12)Charge radii from density correlation function
<latexit sha1_base64="EiGdZCtwx1zk9ox7faOnwUqUSl8="></latexit>
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1
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Z
d3rd3r0h⇢p(~r)(~r � ~r0)2⇢(~r0)i � 1

2A2

Z
d3rd3r0h⇢(~r)(~r � ~r0)2⇢(~r0)i

Perturbation is powerful !



Charge Radii of Silicon isotopes
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Experiments measurement of charge radii difference: < 1%

E (MeV) Exp Latt (N3LO) different

28Si -236.536 -235.06 (92) ~ 0.6%

32Si -271.407 -263.46 (82) ~ 3%

32Si
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Experiments measurement of charge radii difference: < 1%

E (MeV) Exp Latt (N3LO) different

28Si -236.536 -235.06 (92) ~ 0.6%

32Si -271.407 -263.46 (82) ~ 3%

32Si

High precision calculation needs highly efficient methods and huge computational resources

Exp Latt (LO) Latt (N3LO)

28Si 9.749 10.126 (8) 9.258 (228)

32Si - 10.273 (8) 9.553 (521)

Only Lt = 60 
More works need to be done

Prelim
inary⟨r2

ch⟩



Summary & Outlook
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• Chiral EFT and Many-body correlation are treated within the same framework of NLEFT 

• “Sign problem” can be resolved by Wave function matching and Perturbation theory 

• Rank-one operator method pave the way to accurate observable calculations on lattice 

• As applications, neutron matter structure factors and charge radii are discussed

• Efficient methods and large-scale calculation are needed for high precision charge radii 

• More observables:  Electric and Magnetic transitions, , EDM, …  

• Advanced lattice algorithm and efficient code …

0νββ
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