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Overview

✦ Neutron star physics and presence of strong magnetic 
fields (magnetars) => spin polarization could play a role.

✦ We focus on densities typical of the outer core of the 
neutron stars.

✦ Use ab initio calculations to study ground state properties 
and compute magnetic susceptibility.

✦ Implications in the study of supernovae and 
protoneutrons stars.
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Why are we doing this?

• Magnetars ~ 10% of young NS, with high magnetic field 
observed on the surface (~1014/1015 G) => huge inferred 
internal magnetic field.

• Calculate magnetic susceptibility to include in simulation 
of NS mergers and supernovae explosions.
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Why are we doing this? 5



non-relativistic system with effective nucleon-nucleon (NN) 
force and three nucleon interaction (NNN).

Infinite matter <=> N particles in a box with PBC

Approximation: only neutrons.

Nuclear Hamiltonian 6

H = T +
P

i<j vij +
P

i<j<k vijk + · · ·
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Magnetic Susceptibility

where we applied an external magnetic field 
to the system.

Following approximation on S. Fantoni et al., PRL 87, 181101 
(2001).
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H = H0 �
X
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@b2

����
b=0
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Magnetic Susceptibility

Using Pauli expansion in spin polarization:

Minimizing the energy with respect to the spin polarization 
we obtain:

8

E(⇠) = E(0)� b⇠ +
1

2
⇠2E00(0)
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@b

�����
b=0
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� = µ2⇢
1

E00(0)
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Magnetic Susceptibility

How to compute              ?
Using chain rule ( Jz is the spin asymmetry, i.e.                  ): 
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Magnetic Susceptibility

Approximate expressions (exact for infinite system with low 
b and Jz):

Compute energies with AFDMC.
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@⇠

@Jz
⇡ E0 (Jz = Jz0, b = 0)� E0 (Jz = Jz0, b = b0)

Jz0b0
<latexit sha1_base64="b02U8vwzVvZQKo3CNXSkWMJeEr8="></latexit>
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J2
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S. Fantoni et al., PRL 87, 181101 (2001) (PBC)
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Magnetic Susceptibility

This approximation is reasonable under these assumptions:

 

(i)  

(ii)  

(iii) 

for b = 0, E0(Jz, b) is quadratic in Jz
<latexit sha1_base64="e47p+B20yX0bI9AHobSB/OzZk0M="></latexit>

for a fixed Jz, E0(Jz, b) is linear in b
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the polarization is linear in Jz
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Beyond PBC: TABC 13

kx

ky
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Beyond PBC: TABC 13
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<latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit>

k2 = 1
<latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit>

a =
2⇡

L
<latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit><latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit><latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit><latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit>

In collaboration with:
✦ Diego Lonardoni @MSU/LANL
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Beyond PBC: TABC 13

kx

ky

k2 = 0
<latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit>

k2 = 1
<latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit>

k2 = 2
<latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit><latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit><latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit><latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit>

a =
2⇡

L
<latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit><latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit><latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit><latexit sha1_base64="iPOuTa/wiS/fJgYHam4CEfXDGMU=">AAACHXicbVC7SgNBFJ2NrxhfUbGyGUwEq7CbRhshaGNhEcE8IAnh7uQmDpl9MHNXCMt+i9jqd9iJrfgZ/oGbNYVJPNXhnHs5h+OGShqy7S8rt7K6tr6R3yxsbe/s7hX3D5omiLTAhghUoNsuGFTSxwZJUtgONYLnKmy54+up33pEbWTg39MkxJ4HI18OpQBKpX7xqFyGy64YahBxtRvKJL5NyuV+sWRX7Ax8mTgzUmIz1PvF7+4gEJGHPgkFxnQcO6ReDJqkUJgUupHBEMQYRthJqQ8eml6c1U/4aWSAAh6i5lLxTMS/HzF4xkw8N730gB7MojcV//M6EQ0verH0w4jQF9MgkgqzICO0THdBPpAaiWDaHLn0uQANRKglByFSMUqHmgt0NYyRkkK6kbO4yDJpVitOyu+qpdrVbK08O2Yn7Iw57JzV2A2rswYTLGbP7IW9Wk/Wm/Vuffye5qzZzyGbg/X5A5R5oZQ=</latexit>

In collaboration with:
✦ Diego Lonardoni @MSU/LANL
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Beyond PBC: TABC 13

kx

ky

k2 = 0
<latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit><latexit sha1_base64="pz3uWJKMguRebgwowNmjh2eMk28=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cGy7Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+ZL5u3</latexit>

k2 = 1
<latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit><latexit sha1_base64="b2KVF+x2Xm+Y0xMTiyeSdGsfeQA=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5cG27Wyw5ZScDXybujJTYDLVu8bvTi0QSYEhCgTFt14nJG4MmKRROCp3EYAxiCANspzSEAI03zgpP+EligCIeo+ZS8UzEvx9jCIwZBX56GQA9mEVvKv7ntRPqn3tjGcYJYSimQSQVZkFGaJkugbwnNRLBtDlyGXIBGohQSw5CpGKSTjMX6GsYIk0K6Ubu4iLLpFEpuym/qZSql7O18uyIHbNT5rIzVmXXrMbqTLCAPbMX9mo9WW/Wu/Xxe5qzZj+HbA7W5w+a1Ju4</latexit>

k2 = 2
<latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit><latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit><latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit><latexit sha1_base64="pfJ//qDP/rNiYxr9OTacLem+1Us=">AAACD3icbVBLTgJBFOzBH+IPdemmI2Piisyw0Y0J0Y1LTORjYCRvmgd26Pmk+40JIRzCuNVzuDNuPYLH8AYOIwsBa1Wpei9VKT9W0pDjfFm5ldW19Y38ZmFre2d3r7h/0DBRogXWRaQi3fLBoJIh1kmSwlasEQJfYdMfXk395iNqI6PwlkYxegEMQtmXAiiV7mx7eF+5qNh2t1hyyk4GvkzcGSmxGWrd4nenF4kkwJCEAmParhOTNwZNUiicFDqJwRjEEAbYTmkIARpvnBWe8JPEAEU8Rs2l4pmIfz/GEBgzCvz0MgB6MIveVPzPayfUP/fGMowTwlBMg0gqzIKM0DJdAnlPaiSCaXPkMuQCNBChlhyESMUknWYu0NcwRJoU0o3cxUWWSaNSdlN+UylVL2dr5dkRO2anzGVnrMquWY3VmWABe2Yv7NV6st6sd+vj9zRnzX4O2Ryszx+ceZu5</latexit>

a =
2⇡

L
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What can we do with TABC? 15
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We can do better 17
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Two kinds of potential:

• Phenomenological AV8’+UIX.

• Local Chiral Effective Field Theory at N2LO
    [Lynn et al. PRL 116, 062501 (2016)].

Ground State energies computed by means of Auxiliary 
Field Diffusion Monte Carlo (AFDMC).

Nuclear Potentials 19
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Simple model

Assuming an energy-density function of the kind:

And recalling that the magnetic susceptibility can be 
computed as:

21

� = µ2⇢
1

E00(0)
<latexit sha1_base64="SMBHx+cdml6Brg5QVodJA6mb3zw="></latexit>

E(⇢, ⇠) = E0(⇢) + ⇠2 (E1(⇢)� E0(⇢))
<latexit sha1_base64="m4v0V9S6psYxWjIpUUsq8wh3AEM="></latexit>



Simple model

Assuming an energy-density function of the kind:

And recalling that the magnetic susceptibility can be 
computed as:

21

� = µ2⇢
1

E00(0)
<latexit sha1_base64="SMBHx+cdml6Brg5QVodJA6mb3zw="></latexit>

E(⇢, ⇠) = E0(⇢) + ⇠2 (E1(⇢)� E0(⇢))
<latexit sha1_base64="m4v0V9S6psYxWjIpUUsq8wh3AEM="></latexit>

E(⇢, ⇠) = E0(⇢) + ⇠2 (E1(⇢)� E0(⇢))| {z }
SSE(⇢)

<latexit sha1_base64="/v/uVb/DsPVEjvh+uOSG/NEyH+U="></latexit>



Simple model 22

 0

 20

 40

 60

 80

 100

 120

 140

 160

0.05 0.10 0.15 0.20 0.25 0.30 0.35

SPPNM

PNM

SPPNM

PNM

E/
N 

[M
eV

]

ρ [fm-3]

AV8'+UIX
N2LO (VD2+VE1)

AFDMC 66N
AFDMC 33N

FG



Simple model 23

 0

 20

 40

 60

 80

 100

 120

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

S
p
in

 S
y
m

m
 E

n
 [

M
e
V

]

ρ [fm
-3

]

afdmc AV8'+UIX

afdmc EFT N2LO E1 R0=1.0 fm



Simple model 24

1.0x10
-3

1.2x10
-3

1.4x10
-3

1.6x10
-3

1.8x10
-3

2.0x10
-3

2.2x10
-3

2.4x10
-3

2.6x10
-3

0.05 0.10 0.15 0.20 0.25 0.30 0.35

χ
/
μ

2
 [

fm
-
3
x
M

e
V

-
1
]

ρ [fm
-3

]

EFT N2LO E1, R0=1.0 fm

AV8'+UIX

SSE EFT N2LO E1 R0=1.0 fm

SSE AV8'+UIX



Summary

✦ Using TABC to study partially polarized systems reducing 
finite-size effects and arbitrary particle numbers.

✦ Magnetic susceptibility computed ‘correctly’ with ab initio 
methods.

✦ Phenomenological and Chiral interactions give similar 
results, some differences at high densities.
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