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: neutrons/protons 

We use full nuclear T-matrix based on   
chiral Effective field theory (  EFT) potential �
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to compare with previous studies using 
one-pion exchange (OPE) potential
‘effective on-shell’ T-matrix

(Hannestad & Raffelt 1998)

(Bartl et al. 2014)
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pair emission
pair absorption

V

Na,b,c,d
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✦ Introduction:  
   neutrino interactions in hot and dense matter  
✦Calculating the bremsstrahlung rates:  
   nuclear potential/T-matrix, results & discussion          
✦Summary   

Outline



Neutrino interactions in hot/dense matter play important role in SN 
dynamics as well as neutrino signals and nucleosynthesis. 

[sensitive to neutrino production/transport]

Semi-leptonic neutrino processes are highly coupled to nuclear 
many-body physics (nucleon-nucleon correlation/EOS), which is 
very uncertain due to non-perturbative nuclear force and nontrivial 
many-body methods.

We study neutrino pair-absorption/emission from NN bremsstrahlung 
which is important for neutrino production/transport in some conditions, 
especially for the heavy-flavor ones.   
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diagrams considered and amplitudes

direct exchanged

 only axial-vector term contributes in        
      non-relativistic limit 

 ignoring many-body interactions 
 what to take for V ? 

Na +Nb ! Nc +Nd + ⌫↵ + ⌫̄↵
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gpA = �gnA = gA ' 1.27
<latexit sha1_base64="RFZX34PPWlqZNmrgzf19q1gPp1g=">AAACA3icbVC7TsMwFHXKq5RXgLGLRYXEQpRUSIWhUoGFsUiEVmpD5LhOa9Vxgu0gVVEHFn6FhQEQKz/Bxt/gtB2g5Uj2PTrnXtn3BAmjUtn2t1FYWl5ZXSuulzY2t7Z3zN29WxmnAhMXxywW7QBJwignrqKKkXYiCIoCRlrB8DL3Ww9ESBrzGzVKiBehPqchxUhpyTfLff/8Lqkf54XX9d2VNCL30LGqNd+s2JY9AVwkzoxUwAxN3/zq9mKcRoQrzJCUHcdOlJchoShmZFzqppIkCA9Rn3Q05Sgi0ssmS4zhoVZ6MIyFPlzBifp7IkORlKMo0J0RUgM57+Xif14nVeGpl1GepIpwPH0oTBlUMcwTgT0qCFZspAnCguq/QjxAAmGlcyvpEJz5lReJW7XOLPv6pNK4mKVRBGVwAI6AA2qgAa5AE7gAg0fwDF7Bm/FkvBjvxse0tWDMZvbBHxifP4F9lkU=</latexit><latexit sha1_base64="RFZX34PPWlqZNmrgzf19q1gPp1g=">AAACA3icbVC7TsMwFHXKq5RXgLGLRYXEQpRUSIWhUoGFsUiEVmpD5LhOa9Vxgu0gVVEHFn6FhQEQKz/Bxt/gtB2g5Uj2PTrnXtn3BAmjUtn2t1FYWl5ZXSuulzY2t7Z3zN29WxmnAhMXxywW7QBJwignrqKKkXYiCIoCRlrB8DL3Ww9ESBrzGzVKiBehPqchxUhpyTfLff/8Lqkf54XX9d2VNCL30LGqNd+s2JY9AVwkzoxUwAxN3/zq9mKcRoQrzJCUHcdOlJchoShmZFzqppIkCA9Rn3Q05Sgi0ssmS4zhoVZ6MIyFPlzBifp7IkORlKMo0J0RUgM57+Xif14nVeGpl1GepIpwPH0oTBlUMcwTgT0qCFZspAnCguq/QjxAAmGlcyvpEJz5lReJW7XOLPv6pNK4mKVRBGVwAI6AA2qgAa5AE7gAg0fwDF7Bm/FkvBjvxse0tWDMZvbBHxifP4F9lkU=</latexit><latexit sha1_base64="RFZX34PPWlqZNmrgzf19q1gPp1g=">AAACA3icbVC7TsMwFHXKq5RXgLGLRYXEQpRUSIWhUoGFsUiEVmpD5LhOa9Vxgu0gVVEHFn6FhQEQKz/Bxt/gtB2g5Uj2PTrnXtn3BAmjUtn2t1FYWl5ZXSuulzY2t7Z3zN29WxmnAhMXxywW7QBJwignrqKKkXYiCIoCRlrB8DL3Ww9ESBrzGzVKiBehPqchxUhpyTfLff/8Lqkf54XX9d2VNCL30LGqNd+s2JY9AVwkzoxUwAxN3/zq9mKcRoQrzJCUHcdOlJchoShmZFzqppIkCA9Rn3Q05Sgi0ssmS4zhoVZ6MIyFPlzBifp7IkORlKMo0J0RUgM57+Xif14nVeGpl1GepIpwPH0oTBlUMcwTgT0qCFZspAnCguq/QjxAAmGlcyvpEJz5lReJW7XOLPv6pNK4mKVRBGVwAI6AA2qgAa5AE7gAg0fwDF7Bm/FkvBjvxse0tWDMZvbBHxifP4F9lkU=</latexit>

-5-



nucleon-nucleon potentials for

(i) One-Pion Exchange (OPE) potential

(ii) Chiral effective potential

figure from D. R. Entem et al. 2017 

✦ hamiltonian built from spontaneously broken chiral 
symmetry; 

✦ an expansion in terms of         , coefficients fitted 
    to scattering data, reach desired accuracy 

Q/⇤�
<latexit sha1_base64="1v/bwjjXmu7cH4kI30sGrCGJuGo=">AAAB9HicbVA9T8MwFHwpX6V8FRhZLCokppIgJGCrYGFgaCVCKzWhchynteo4ke2Aqqj/g4UBECs/ho1/g9tmgJaTLJ3u7uk9X5ByprRtf1ulpeWV1bXyemVjc2t7p7q7d6+STBLqkoQnshNgRTkT1NVMc9pJJcVxwGk7GF5P/PYjlYol4k6PUurHuC9YxAjWRnponXi3JhzinkcGrFet2XV7CrRInILUoECzV/3ywoRkMRWacKxU17FT7edYakY4HVe8TNEUkyHu066hAsdU+fn06jE6MkqIokSaJzSaqr8nchwrNYoDk4yxHqh5byL+53UzHV34ORNppqkgs0VRxpFO0KQCFDJJieYjQzCRzNyKyABLTLQpqmJKcOa/vEjc0/pl3W6d1RpXRRtlOIBDOAYHzqEBN9AEFwhIeIZXeLOerBfr3fqYRUtWMbMPf2B9/gA/apHl</latexit><latexit sha1_base64="1v/bwjjXmu7cH4kI30sGrCGJuGo=">AAAB9HicbVA9T8MwFHwpX6V8FRhZLCokppIgJGCrYGFgaCVCKzWhchynteo4ke2Aqqj/g4UBECs/ho1/g9tmgJaTLJ3u7uk9X5ByprRtf1ulpeWV1bXyemVjc2t7p7q7d6+STBLqkoQnshNgRTkT1NVMc9pJJcVxwGk7GF5P/PYjlYol4k6PUurHuC9YxAjWRnponXi3JhzinkcGrFet2XV7CrRInILUoECzV/3ywoRkMRWacKxU17FT7edYakY4HVe8TNEUkyHu066hAsdU+fn06jE6MkqIokSaJzSaqr8nchwrNYoDk4yxHqh5byL+53UzHV34ORNppqkgs0VRxpFO0KQCFDJJieYjQzCRzNyKyABLTLQpqmJKcOa/vEjc0/pl3W6d1RpXRRtlOIBDOAYHzqEBN9AEFwhIeIZXeLOerBfr3fqYRUtWMbMPf2B9/gA/apHl</latexit><latexit sha1_base64="1v/bwjjXmu7cH4kI30sGrCGJuGo=">AAAB9HicbVA9T8MwFHwpX6V8FRhZLCokppIgJGCrYGFgaCVCKzWhchynteo4ke2Aqqj/g4UBECs/ho1/g9tmgJaTLJ3u7uk9X5ByprRtf1ulpeWV1bXyemVjc2t7p7q7d6+STBLqkoQnshNgRTkT1NVMc9pJJcVxwGk7GF5P/PYjlYol4k6PUurHuC9YxAjWRnponXi3JhzinkcGrFet2XV7CrRInILUoECzV/3ywoRkMRWacKxU17FT7edYakY4HVe8TNEUkyHu066hAsdU+fn06jE6MkqIokSaJzSaqr8nchwrNYoDk4yxHqh5byL+53UzHV34ORNppqkgs0VRxpFO0KQCFDJJieYjQzCRzNyKyABLTLQpqmJKcOa/vEjc0/pl3W6d1RpXRRtlOIBDOAYHzqEBN9AEFwhIeIZXeLOerBfr3fqYRUtWMbMPf2B9/gA/apHl</latexit>

(Hannestad & Raffelt 1998)

V
<latexit sha1_base64="oSa0fTdNFx8a7UZx0ooqRBusenM=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKWxEiN6CXjwm4CaBZAmzk95kzOzsMjMrhCVf4MWDild/yZt/4+SBaGJBQ1HVTXdXkAiujet+Obm19Y3Nrfx2YWd3b/+geHjU1HGqGHosFrFqB1Sj4BI9w43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGis1mr1iyS27M5AfUlkmJVig3it+dvsxSyOUhgmqdafiJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYEFZeXiXeRfm67DYuS7WbRRp5OIFTOIcKVKEGd1AHDxggPMELvDoPzrPz5rzPW3POYuYY/sD5+AYiVIyu</latexit><latexit sha1_base64="oSa0fTdNFx8a7UZx0ooqRBusenM=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKWxEiN6CXjwm4CaBZAmzk95kzOzsMjMrhCVf4MWDild/yZt/4+SBaGJBQ1HVTXdXkAiujet+Obm19Y3Nrfx2YWd3b/+geHjU1HGqGHosFrFqB1Sj4BI9w43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGis1mr1iyS27M5AfUlkmJVig3it+dvsxSyOUhgmqdafiJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYEFZeXiXeRfm67DYuS7WbRRp5OIFTOIcKVKEGd1AHDxggPMELvDoPzrPz5rzPW3POYuYY/sD5+AYiVIyu</latexit><latexit sha1_base64="oSa0fTdNFx8a7UZx0ooqRBusenM=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKWxEiN6CXjwm4CaBZAmzk95kzOzsMjMrhCVf4MWDild/yZt/4+SBaGJBQ1HVTXdXkAiujet+Obm19Y3Nrfx2YWd3b/+geHjU1HGqGHosFrFqB1Sj4BI9w43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGis1mr1iyS27M5AfUlkmJVig3it+dvsxSyOUhgmqdafiJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYEFZeXiXeRfm67DYuS7WbRRp5OIFTOIcKVKEGd1AHDxggPMELvDoPzrPz5rzPW3POYuYY/sD5+AYiVIyu</latexit>

V could be (at Born level):

VOPE(~p
0, ~p ) = � g2A

4f2
⇡

~⌧1 · ~⌧2
~�1 · ~q ~�2 · ~q
q2 +m2

⇡
<latexit sha1_base64="3v8nb/8oABT8TNBzOTbjWL2rxeE="></latexit><latexit sha1_base64="3v8nb/8oABT8TNBzOTbjWL2rxeE="></latexit><latexit sha1_base64="3v8nb/8oABT8TNBzOTbjWL2rxeE="></latexit>
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T-matrix formalism

T

UGT

scattering amplitude is proportional to the T-matrix

a

b d

c

E = k2/mN = k02/mN
<latexit sha1_base64="Hzoh/FMvorwIWv1SP1P1uLrLe3M=">AAAB+3icbZDNSsNAFIUn/tb6F+3SzWARXdWkCOqiUBTBlVQwttDGMJlO2iEzSZiZCCHUV3HjQsWtL+LOt3HaZqGtBwY+zr2Xe+f4CaNSWda3sbC4tLyyWlorr29sbm2bO7v3Mk4FJg6OWSw6PpKE0Yg4iipGOokgiPuMtP3wclxvPxIhaRzdqSwhLkeDiAYUI6Utz6xcNcKH+jH3bhrh4RSgZ1atmjURnAe7gCoo1PLMr14/xiknkcIMSdm1rUS5ORKKYkZG5V4qSYJwiAakqzFCnEg3nxw/ggfa6cMgFvpFCk7c3xM54lJm3NedHKmhnK2Nzf9q3VQFZ25OoyRVJMLTRUHKoIrhOAnYp4JgxTINCAuqb4V4iATCSudV1iHYs1+eB6deO69ZtyfV5kWRRgnsgX1wBGxwCprgGrSAAzDIwDN4BW/Gk/FivBsf09YFo5ipgD8yPn8ASa6Syg==</latexit><latexit sha1_base64="Hzoh/FMvorwIWv1SP1P1uLrLe3M=">AAAB+3icbZDNSsNAFIUn/tb6F+3SzWARXdWkCOqiUBTBlVQwttDGMJlO2iEzSZiZCCHUV3HjQsWtL+LOt3HaZqGtBwY+zr2Xe+f4CaNSWda3sbC4tLyyWlorr29sbm2bO7v3Mk4FJg6OWSw6PpKE0Yg4iipGOokgiPuMtP3wclxvPxIhaRzdqSwhLkeDiAYUI6Utz6xcNcKH+jH3bhrh4RSgZ1atmjURnAe7gCoo1PLMr14/xiknkcIMSdm1rUS5ORKKYkZG5V4qSYJwiAakqzFCnEg3nxw/ggfa6cMgFvpFCk7c3xM54lJm3NedHKmhnK2Nzf9q3VQFZ25OoyRVJMLTRUHKoIrhOAnYp4JgxTINCAuqb4V4iATCSudV1iHYs1+eB6deO69ZtyfV5kWRRgnsgX1wBGxwCprgGrSAAzDIwDN4BW/Gk/FivBsf09YFo5ipgD8yPn8ASa6Syg==</latexit><latexit sha1_base64="Hzoh/FMvorwIWv1SP1P1uLrLe3M=">AAAB+3icbZDNSsNAFIUn/tb6F+3SzWARXdWkCOqiUBTBlVQwttDGMJlO2iEzSZiZCCHUV3HjQsWtL+LOt3HaZqGtBwY+zr2Xe+f4CaNSWda3sbC4tLyyWlorr29sbm2bO7v3Mk4FJg6OWSw6PpKE0Yg4iipGOokgiPuMtP3wclxvPxIhaRzdqSwhLkeDiAYUI6Utz6xcNcKH+jH3bhrh4RSgZ1atmjURnAe7gCoo1PLMr14/xiknkcIMSdm1rUS5ORKKYkZG5V4qSYJwiAakqzFCnEg3nxw/ggfa6cMgFvpFCk7c3xM54lJm3NedHKmhnK2Nzf9q3VQFZ25OoyRVJMLTRUHKoIrhOAnYp4JgxTINCAuqb4V4iATCSudV1iHYs1+eB6deO69ZtyfV5kWRRgnsgX1wBGxwCprgGrSAAzDIwDN4BW/Gk/FivBsf09YFo5ipgD8yPn8ASa6Syg==</latexit>

nucleon-nucleon scattering nucleon-nucleon bremsstrahlung

on-shelloff-

(Lippmann-Schwinger Equation)
U

T = U + U
1

E �H0 + i✏
T

<latexit sha1_base64="WRLjpdAmXlxyJG30pu8avRdAdFk=">AAACDHicbVDLSsNAFJ34rPUVdelmsApCsSQiqAuhKEKXFRpbaEKYTCft0MkkzEyEEvIDbvwVNy5U3PoB7vwbp20W2nrgwuGce7n3niBhVCrL+jYWFpeWV1ZLa+X1jc2tbXNn917GqcDEwTGLRSdAkjDKiaOoYqSTCIKigJF2MLwZ++0HIiSNeUuNEuJFqM9pSDFSWvLNwxa8gg6s6nJDgXBm59ntScO3qtQliaQs5nnLNytWzZoAzhO7IBVQoOmbX24vxmlEuMIMSdm1rUR5GRKKYkbysptKkiA8RH3S1ZSjiEgvm3yTwyOt9GAYC11cwYn6eyJDkZSjKNCdEVIDOeuNxf+8bqrCCy+jPEkV4Xi6KEwZVDEcRwN7VBCs2EgThAXVt0I8QDoUpQMs6xDs2ZfniXNau6xZd2eV+nWRRgnsgwNwDGxwDuqgAZrAARg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7A+PwBeh+ZjA==</latexit><latexit sha1_base64="WRLjpdAmXlxyJG30pu8avRdAdFk=">AAACDHicbVDLSsNAFJ34rPUVdelmsApCsSQiqAuhKEKXFRpbaEKYTCft0MkkzEyEEvIDbvwVNy5U3PoB7vwbp20W2nrgwuGce7n3niBhVCrL+jYWFpeWV1ZLa+X1jc2tbXNn917GqcDEwTGLRSdAkjDKiaOoYqSTCIKigJF2MLwZ++0HIiSNeUuNEuJFqM9pSDFSWvLNwxa8gg6s6nJDgXBm59ntScO3qtQliaQs5nnLNytWzZoAzhO7IBVQoOmbX24vxmlEuMIMSdm1rUR5GRKKYkbysptKkiA8RH3S1ZSjiEgvm3yTwyOt9GAYC11cwYn6eyJDkZSjKNCdEVIDOeuNxf+8bqrCCy+jPEkV4Xi6KEwZVDEcRwN7VBCs2EgThAXVt0I8QDoUpQMs6xDs2ZfniXNau6xZd2eV+nWRRgnsgwNwDGxwDuqgAZrAARg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7A+PwBeh+ZjA==</latexit><latexit sha1_base64="WRLjpdAmXlxyJG30pu8avRdAdFk=">AAACDHicbVDLSsNAFJ34rPUVdelmsApCsSQiqAuhKEKXFRpbaEKYTCft0MkkzEyEEvIDbvwVNy5U3PoB7vwbp20W2nrgwuGce7n3niBhVCrL+jYWFpeWV1ZLa+X1jc2tbXNn917GqcDEwTGLRSdAkjDKiaOoYqSTCIKigJF2MLwZ++0HIiSNeUuNEuJFqM9pSDFSWvLNwxa8gg6s6nJDgXBm59ntScO3qtQliaQs5nnLNytWzZoAzhO7IBVQoOmbX24vxmlEuMIMSdm1rUR5GRKKYkbysptKkiA8RH3S1ZSjiEgvm3yTwyOt9GAYC11cwYn6eyJDkZSjKNCdEVIDOeuNxf+8bqrCCy+jPEkV4Xi6KEwZVDEcRwN7VBCs2EgThAXVt0I8QDoUpQMs6xDs2ZfniXNau6xZd2eV+nWRRgnsgwNwDGxwDuqgAZrAARg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7A+PwBeh+ZjA==</latexit>

k2

mN
� ! = E =

k02

mN
<latexit sha1_base64="JVOY3V61YwZqLFmniteia4VbubQ=">AAACFXicdZDLSsNAFIYnXmu9RV26GSyim5a0COpCKIrgSioYW2himEwn7dCZJMxMhBLyFG58FTcuVNwK7nwbp20K9XbgwM//ncOZ+f2YUaks69OYmZ2bX1gsLBWXV1bX1s2NzRsZJQITG0csEi0fScJoSGxFFSOtWBDEfUaafv9syJt3REgahddqEBOXo25IA4qR0pZnlp1AIJz2b2tZyr3LrOxEnHQRPIHnunO4N6GeWapWrFFB65eYoBLIq+GZH04nwgknocIMSdmuWrFyUyQUxYxkRSeRJEa4j7qkrWWIOJFuOvpWBne104FBJHSHCo7c6Y0UcSkH3NeTHKme/MmG5l+snajgyE1pGCeKhHh8KEgYVBEcZgQ7VBCs2EALhAXVb4W4h3QUSidZnA7hf2HXKscV6+qgVD/N0yiAbbAD9kEVHII6uAANYAMM7sEjeAYvxoPxZLwab+PRGSPf2QLfynj/AvugnjM=</latexit><latexit sha1_base64="JVOY3V61YwZqLFmniteia4VbubQ=">AAACFXicdZDLSsNAFIYnXmu9RV26GSyim5a0COpCKIrgSioYW2himEwn7dCZJMxMhBLyFG58FTcuVNwK7nwbp20K9XbgwM//ncOZ+f2YUaks69OYmZ2bX1gsLBWXV1bX1s2NzRsZJQITG0csEi0fScJoSGxFFSOtWBDEfUaafv9syJt3REgahddqEBOXo25IA4qR0pZnlp1AIJz2b2tZyr3LrOxEnHQRPIHnunO4N6GeWapWrFFB65eYoBLIq+GZH04nwgknocIMSdmuWrFyUyQUxYxkRSeRJEa4j7qkrWWIOJFuOvpWBne104FBJHSHCo7c6Y0UcSkH3NeTHKme/MmG5l+snajgyE1pGCeKhHh8KEgYVBEcZgQ7VBCs2EALhAXVb4W4h3QUSidZnA7hf2HXKscV6+qgVD/N0yiAbbAD9kEVHII6uAANYAMM7sEjeAYvxoPxZLwab+PRGSPf2QLfynj/AvugnjM=</latexit><latexit sha1_base64="JVOY3V61YwZqLFmniteia4VbubQ=">AAACFXicdZDLSsNAFIYnXmu9RV26GSyim5a0COpCKIrgSioYW2himEwn7dCZJMxMhBLyFG58FTcuVNwK7nwbp20K9XbgwM//ncOZ+f2YUaks69OYmZ2bX1gsLBWXV1bX1s2NzRsZJQITG0csEi0fScJoSGxFFSOtWBDEfUaafv9syJt3REgahddqEBOXo25IA4qR0pZnlp1AIJz2b2tZyr3LrOxEnHQRPIHnunO4N6GeWapWrFFB65eYoBLIq+GZH04nwgknocIMSdmuWrFyUyQUxYxkRSeRJEa4j7qkrWWIOJFuOvpWBne104FBJHSHCo7c6Y0UcSkH3NeTHKme/MmG5l+snajgyE1pGCeKhHh8KEgYVBEcZgQ7VBCs2EALhAXVb4W4h3QUSidZnA7hf2HXKscV6+qgVD/N0yiAbbAD9kEVHII6uAANYAMM7sEjeAYvxoPxZLwab+PRGSPf2QLfynj/AvugnjM=</latexit>

on-shellon-shell

on-shell T-matrix half-off-shell T-matrix

! 6= 0, q ! 0
<latexit sha1_base64="aBYAVO4fK3Ga430xSMNVkJ6g/SQ=">AAAB/XicdVDLSgNBEJyNrxhfq+LJy2AQPEjYiKDegl48RnBNILuE2UlvMmRmdp2ZFcIS8Fe8eFDx6n9482+cPIT4Kmgoqrrp7opSzrTxvA+nMDe/sLhUXC6trK6tb7ibWzc6yRQFnyY8Uc2IaOBMgm+Y4dBMFRARcWhE/YuR37gDpVkir80ghVCQrmQxo8RYqe3uBImALsGBBOwd4lscmAR7bbdcrXhjYO8X+bLKaIp6230POgnNBEhDOdG6VfVSE+ZEGUY5DEtBpiEltE+60LJUEgE6zMfnD/G+VTo4TpQtafBYnZ3IidB6ICLbKYjp6Z/eSPzLa2UmPg1zJtPMgKSTRXHGsX1xlAXuMAXU8IElhCpmb8W0RxShxiZWmg3hf+IfVc4q3tVxuXY+TaOIdtEeOkBVdIJq6BLVkY8oytEDekLPzr3z6Lw4r5PWgjOd2Ubf4Lx9Av4Gk8E=</latexit><latexit sha1_base64="aBYAVO4fK3Ga430xSMNVkJ6g/SQ=">AAAB/XicdVDLSgNBEJyNrxhfq+LJy2AQPEjYiKDegl48RnBNILuE2UlvMmRmdp2ZFcIS8Fe8eFDx6n9482+cPIT4Kmgoqrrp7opSzrTxvA+nMDe/sLhUXC6trK6tb7ibWzc6yRQFnyY8Uc2IaOBMgm+Y4dBMFRARcWhE/YuR37gDpVkir80ghVCQrmQxo8RYqe3uBImALsGBBOwd4lscmAR7bbdcrXhjYO8X+bLKaIp6230POgnNBEhDOdG6VfVSE+ZEGUY5DEtBpiEltE+60LJUEgE6zMfnD/G+VTo4TpQtafBYnZ3IidB6ICLbKYjp6Z/eSPzLa2UmPg1zJtPMgKSTRXHGsX1xlAXuMAXU8IElhCpmb8W0RxShxiZWmg3hf+IfVc4q3tVxuXY+TaOIdtEeOkBVdIJq6BLVkY8oytEDekLPzr3z6Lw4r5PWgjOd2Ubf4Lx9Av4Gk8E=</latexit><latexit sha1_base64="aBYAVO4fK3Ga430xSMNVkJ6g/SQ=">AAAB/XicdVDLSgNBEJyNrxhfq+LJy2AQPEjYiKDegl48RnBNILuE2UlvMmRmdp2ZFcIS8Fe8eFDx6n9482+cPIT4Kmgoqrrp7opSzrTxvA+nMDe/sLhUXC6trK6tb7ibWzc6yRQFnyY8Uc2IaOBMgm+Y4dBMFRARcWhE/YuR37gDpVkir80ghVCQrmQxo8RYqe3uBImALsGBBOwd4lscmAR7bbdcrXhjYO8X+bLKaIp6230POgnNBEhDOdG6VfVSE+ZEGUY5DEtBpiEltE+60LJUEgE6zMfnD/G+VTo4TpQtafBYnZ3IidB6ICLbKYjp6Z/eSPzLa2UmPg1zJtPMgKSTRXHGsX1xlAXuMAXU8IElhCpmb8W0RxShxiZWmg3hf+IfVc4q3tVxuXY+TaOIdtEeOkBVdIJq6BLVkY8oytEDekLPzr3z6Lw4r5PWgjOd2Ubf4Lx9Av4Gk8E=</latexit>

long wavelength limit
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V
<latexit sha1_base64="oSa0fTdNFx8a7UZx0ooqRBusenM=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKWxEiN6CXjwm4CaBZAmzk95kzOzsMjMrhCVf4MWDild/yZt/4+SBaGJBQ1HVTXdXkAiujet+Obm19Y3Nrfx2YWd3b/+geHjU1HGqGHosFrFqB1Sj4BI9w43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGis1mr1iyS27M5AfUlkmJVig3it+dvsxSyOUhgmqdafiJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYEFZeXiXeRfm67DYuS7WbRRp5OIFTOIcKVKEGd1AHDxggPMELvDoPzrPz5rzPW3POYuYY/sD5+AYiVIyu</latexit><latexit sha1_base64="oSa0fTdNFx8a7UZx0ooqRBusenM=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKWxEiN6CXjwm4CaBZAmzk95kzOzsMjMrhCVf4MWDild/yZt/4+SBaGJBQ1HVTXdXkAiujet+Obm19Y3Nrfx2YWd3b/+geHjU1HGqGHosFrFqB1Sj4BI9w43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGis1mr1iyS27M5AfUlkmJVig3it+dvsxSyOUhgmqdafiJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYEFZeXiXeRfm67DYuS7WbRRp5OIFTOIcKVKEGd1AHDxggPMELvDoPzrPz5rzPW3POYuYY/sD5+AYiVIyu</latexit><latexit sha1_base64="oSa0fTdNFx8a7UZx0ooqRBusenM=">AAAB53icbVDLSgNBEOyNrxhfUY9eBoPgKWxEiN6CXjwm4CaBZAmzk95kzOzsMjMrhCVf4MWDild/yZt/4+SBaGJBQ1HVTXdXkAiujet+Obm19Y3Nrfx2YWd3b/+geHjU1HGqGHosFrFqB1Sj4BI9w43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGis1mr1iyS27M5AfUlkmJVig3it+dvsxSyOUhgmqdafiJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYEFZeXiXeRfm67DYuS7WbRRp5OIFTOIcKVKEGd1AHDxggPMELvDoPzrPz5rzPW3POYuYY/sD5+AYiVIyu</latexit>

Take V to be:

(Hannestad & Raffelt 1998)

vacuum/in-medium T-matrix based on chiral effective potential  
(our work)

OPE potential at Born level
and for comparison, 

‘on-shell’ T-matrix extracted from NN scattering data
(Bartl et al. 2014)
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Typical conditions in SN

Ye =
np

nB
=

np

nn + np
< 0.5

<latexit sha1_base64="pA2VgG0Zs6RVu5dmIIH1HdygTQQ=">AAACFXicbVBNS8MwGE7n15xfVY9egkMQxNGKooKDMS8eJ1g32UpJs3QLS9OSpMIo/RVe/CtePKh4Fbz5b8y2HtzmAwlPnud9efM+fsyoVJb1YxQWFpeWV4qrpbX1jc0tc3vnXkaJwMTBEYtEy0eSMMqJo6hipBULgkKfkaY/uB75zUciJI34nRrGxA1Rj9OAYqS05JnHDx6BVdgJBMIp9+JMX/WsOvXmRyNyZVXOPLNsVawx4Dyxc1IGORqe+d3pRjgJCVeYISnbthUrN0VCUcxIVuokksQID1CPtDXlKCTSTcdrZfBAK10YREIfruBY/duRolDKYejryhCpvpz1RuJ/XjtRwYWbUh4ninA8GRQkDKoIjjKCXSoIVmyoCcKC6r9C3Ec6EaWTLOkQ7NmV54lzUrmsWLen5Vo9T6MI9sA+OAQ2OAc1cAMawAEYPIEX8AbejWfj1fgwPielBSPv2QVTML5+AQ7CnuI=</latexit><latexit sha1_base64="pA2VgG0Zs6RVu5dmIIH1HdygTQQ=">AAACFXicbVBNS8MwGE7n15xfVY9egkMQxNGKooKDMS8eJ1g32UpJs3QLS9OSpMIo/RVe/CtePKh4Fbz5b8y2HtzmAwlPnud9efM+fsyoVJb1YxQWFpeWV4qrpbX1jc0tc3vnXkaJwMTBEYtEy0eSMMqJo6hipBULgkKfkaY/uB75zUciJI34nRrGxA1Rj9OAYqS05JnHDx6BVdgJBMIp9+JMX/WsOvXmRyNyZVXOPLNsVawx4Dyxc1IGORqe+d3pRjgJCVeYISnbthUrN0VCUcxIVuokksQID1CPtDXlKCTSTcdrZfBAK10YREIfruBY/duRolDKYejryhCpvpz1RuJ/XjtRwYWbUh4ninA8GRQkDKoIjjKCXSoIVmyoCcKC6r9C3Ec6EaWTLOkQ7NmV54lzUrmsWLen5Vo9T6MI9sA+OAQ2OAc1cAMawAEYPIEX8AbejWfj1fgwPielBSPv2QVTML5+AQ7CnuI=</latexit><latexit sha1_base64="pA2VgG0Zs6RVu5dmIIH1HdygTQQ=">AAACFXicbVBNS8MwGE7n15xfVY9egkMQxNGKooKDMS8eJ1g32UpJs3QLS9OSpMIo/RVe/CtePKh4Fbz5b8y2HtzmAwlPnud9efM+fsyoVJb1YxQWFpeWV4qrpbX1jc0tc3vnXkaJwMTBEYtEy0eSMMqJo6hipBULgkKfkaY/uB75zUciJI34nRrGxA1Rj9OAYqS05JnHDx6BVdgJBMIp9+JMX/WsOvXmRyNyZVXOPLNsVawx4Dyxc1IGORqe+d3pRjgJCVeYISnbthUrN0VCUcxIVuokksQID1CPtDXlKCTSTcdrZfBAK10YREIfruBY/duRolDKYejryhCpvpz1RuJ/XjtRwYWbUh4ninA8GRQkDKoIjjKCXSoIVmyoCcKC6r9C3Ec6EaWTLOkQ7NmV54lzUrmsWLen5Vo9T6MI9sA+OAQ2OAc1cAMawAEYPIEX8AbejWfj1fgwPielBSPv2QVTML5+AQ7CnuI=</latexit>

⇢ : 1.7⇥ 1011�14 g/cm3

nB : 10�4 � 10�1 fm�3
<latexit sha1_base64="9tq5J3TOE/TpUq3aG9mDCuMNe0A="></latexit><latexit sha1_base64="9tq5J3TOE/TpUq3aG9mDCuMNe0A="></latexit><latexit sha1_base64="9tq5J3TOE/TpUq3aG9mDCuMNe0A="></latexit>

Opacity due to pair absorption N +N + ⌫ + ⌫̄ ! N +N
<latexit sha1_base64="X3rWvqqnYFICeqjOpDuHHOftqBc=">AAACCHicdVBNS8NAEJ3Ur1q/oh69LBZBEEoqgnorevEkFYwtNKFstpt26WYTdjdCKb168a948aDi1Z/gzX/jJo1Qiz6Y5fHeDLPzgoQzpR3nyyotLC4tr5RXK2vrG5tb9vbOnYpTSahLYh7LdoAV5UxQVzPNaTuRFEcBp61geJn5rXsqFYvFrR4l1I9wX7CQEayN1LXRNTrKyxNp9gZYZszTceF07Wq95uRAzg+pz5MqFGh27U+vF5M0okITjpXq1J1E+2MsNSOcTipeqmiCyRD3acdQgSOq/HF+yQQdGKWHwliaEhrl6uzEGEdKjaLAdEZYD9S8l4l/eZ1Uh2f+mIkk1VSQ6aIw5cjcmcWCekxSovnIEEwkM39FZIAlJtqEV5kN4X/iHtfOa87NSbVxUaRRhj3Yh0Oowyk04Aqa4AKBB3iCF3i1Hq1n6816n7aWrGJmF37B+vgGDdWWUg==</latexit><latexit sha1_base64="X3rWvqqnYFICeqjOpDuHHOftqBc=">AAACCHicdVBNS8NAEJ3Ur1q/oh69LBZBEEoqgnorevEkFYwtNKFstpt26WYTdjdCKb168a948aDi1Z/gzX/jJo1Qiz6Y5fHeDLPzgoQzpR3nyyotLC4tr5RXK2vrG5tb9vbOnYpTSahLYh7LdoAV5UxQVzPNaTuRFEcBp61geJn5rXsqFYvFrR4l1I9wX7CQEayN1LXRNTrKyxNp9gZYZszTceF07Wq95uRAzg+pz5MqFGh27U+vF5M0okITjpXq1J1E+2MsNSOcTipeqmiCyRD3acdQgSOq/HF+yQQdGKWHwliaEhrl6uzEGEdKjaLAdEZYD9S8l4l/eZ1Uh2f+mIkk1VSQ6aIw5cjcmcWCekxSovnIEEwkM39FZIAlJtqEV5kN4X/iHtfOa87NSbVxUaRRhj3Yh0Oowyk04Aqa4AKBB3iCF3i1Hq1n6816n7aWrGJmF37B+vgGDdWWUg==</latexit><latexit sha1_base64="X3rWvqqnYFICeqjOpDuHHOftqBc=">AAACCHicdVBNS8NAEJ3Ur1q/oh69LBZBEEoqgnorevEkFYwtNKFstpt26WYTdjdCKb168a948aDi1Z/gzX/jJo1Qiz6Y5fHeDLPzgoQzpR3nyyotLC4tr5RXK2vrG5tb9vbOnYpTSahLYh7LdoAV5UxQVzPNaTuRFEcBp61geJn5rXsqFYvFrR4l1I9wX7CQEayN1LXRNTrKyxNp9gZYZszTceF07Wq95uRAzg+pz5MqFGh27U+vF5M0okITjpXq1J1E+2MsNSOcTipeqmiCyRD3acdQgSOq/HF+yQQdGKWHwliaEhrl6uzEGEdKjaLAdEZYD9S8l4l/eZ1Uh2f+mIkk1VSQ6aIw5cjcmcWCekxSovnIEEwkM39FZIAlJtqEV5kN4X/iHtfOa87NSbVxUaRRhj3Yh0Oowyk04Aqa4AKBB3iCF3i1Hq1n6816n7aWrGJmF37B+vgGDdWWUg==</latexit>
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OPE at Born level, vacuum/in-medium T-matrix from chiral potential  

]-3 [fmBn
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Tm
OPE

]-3 [fmBn
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35−10

34−10

 = 0.3eY

]-3 [fmBn
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35−10

34−10

 = 0.5eY

✦ enhanced rates at low density due to resonant nuclear force at low 
energy (Bartl et al. 2014) 

✦ suppressed rates at high density due to repulsive short-range forces & 
non-perturbative effects  

✦ medium effects on T-matrix (in-medium T-matrix) enhance rates by 
~10%

Compared to OPE results, using T-matrix: 

Born level is not enough
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Using effective on-shell T-matrix is not enough

on-shelloff- half-off-shell

hkf |T |kii �! hk̄|T |k̄i, k̄ =

r
1

2
(k2i + k2f )

<latexit sha1_base64="JYar9gtUpenIo2WLoZTNPBuuUAI="></latexit><latexit sha1_base64="JYar9gtUpenIo2WLoZTNPBuuUAI="></latexit><latexit sha1_base64="JYar9gtUpenIo2WLoZTNPBuuUAI="></latexit>

! 6= 0
<latexit sha1_base64="m0hSqiKH42Jf92mX+0wJZX9iBRA=">AAAB+HicdVDJSgNBFOxxjeM26tFLYxA8hYkI6i3oxWMExwSSIfR03iRNehm6ewJhyJ948aDi1U/x5t/YWYS4FTwoqt7jFZVknBkbhh/e0vLK6tp6acPf3Nre2Q329u+NyjWFiCqudDMhBjiTEFlmOTQzDUQkHBrJ4HriN4agDVPyzo4yiAXpSZYySqyTOkHQVgJ6BLcl4NDHGHeCcrUSToHDX+TLKqM56p3gvd1VNBcgLeXEmFY1zGxcEG0Z5TD227mBjNAB6UHLUUkEmLiYJh/jY6d0caq0G2nxVF28KIgwZiQStymI7Zuf3kT8y2vlNr2ICyaz3IKks0dpzrFVeFID7jIN1PKRI4Rq5rJi2ieaUOvK8hdL+J9Ep5XLSnh7Vq5dzdsooUN0hE5QFZ2jGrpBdRQhioboAT2hZ6/wHr0X73W2uuTNbw7QN3hvnx45kY0=</latexit><latexit sha1_base64="m0hSqiKH42Jf92mX+0wJZX9iBRA=">AAAB+HicdVDJSgNBFOxxjeM26tFLYxA8hYkI6i3oxWMExwSSIfR03iRNehm6ewJhyJ948aDi1U/x5t/YWYS4FTwoqt7jFZVknBkbhh/e0vLK6tp6acPf3Nre2Q329u+NyjWFiCqudDMhBjiTEFlmOTQzDUQkHBrJ4HriN4agDVPyzo4yiAXpSZYySqyTOkHQVgJ6BLcl4NDHGHeCcrUSToHDX+TLKqM56p3gvd1VNBcgLeXEmFY1zGxcEG0Z5TD227mBjNAB6UHLUUkEmLiYJh/jY6d0caq0G2nxVF28KIgwZiQStymI7Zuf3kT8y2vlNr2ICyaz3IKks0dpzrFVeFID7jIN1PKRI4Rq5rJi2ieaUOvK8hdL+J9Ep5XLSnh7Vq5dzdsooUN0hE5QFZ2jGrpBdRQhioboAT2hZ6/wHr0X73W2uuTNbw7QN3hvnx45kY0=</latexit><latexit sha1_base64="m0hSqiKH42Jf92mX+0wJZX9iBRA=">AAAB+HicdVDJSgNBFOxxjeM26tFLYxA8hYkI6i3oxWMExwSSIfR03iRNehm6ewJhyJ948aDi1U/x5t/YWYS4FTwoqt7jFZVknBkbhh/e0vLK6tp6acPf3Nre2Q329u+NyjWFiCqudDMhBjiTEFlmOTQzDUQkHBrJ4HriN4agDVPyzo4yiAXpSZYySqyTOkHQVgJ6BLcl4NDHGHeCcrUSToHDX+TLKqM56p3gvd1VNBcgLeXEmFY1zGxcEG0Z5TD227mBjNAB6UHLUUkEmLiYJh/jY6d0caq0G2nxVF28KIgwZiQStymI7Zuf3kT8y2vlNr2ICyaz3IKks0dpzrFVeFID7jIN1PKRI4Rq5rJi2ieaUOvK8hdL+J9Ep5XLSnh7Vq5dzdsooUN0hE5QFZ2jGrpBdRQhioboAT2hZ6/wHr0X73W2uuTNbw7QN3hvnx45kY0=</latexit>
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 = 0.1eY
 = 0.3eY
 = 0.5eY

R =
h��1

A i
on�shell

h��1

A i
half�o↵�shell

<latexit sha1_base64="YqBaAkGrzmJCpHUsUKi9+YZfnM4="></latexit><latexit sha1_base64="YqBaAkGrzmJCpHUsUKi9+YZfnM4="></latexit><latexit sha1_base64="YqBaAkGrzmJCpHUsUKi9+YZfnM4="></latexit>

‘on-shell’  
(can be simply extracted from NN scattering data)

Bartl et al. 2014
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Ignoring the blocking of the final nucleon states

R =
h��1

A i
no blocking

h��1

A i
blocking

<latexit sha1_base64="r2ct40UxMUtd67LWmLmIclmxiMI="></latexit><latexit sha1_base64="r2ct40UxMUtd67LWmLmIclmxiMI="></latexit><latexit sha1_base64="r2ct40UxMUtd67LWmLmIclmxiMI="></latexit>

Na +Nb + ⌫↵ + ⌫̄↵ ! Nc +Nd
<latexit sha1_base64="mbWHbWwBfyTIV1c8hdUY4fNQWyA=">AAACJHicbVBNS8NAEN34WetX1aOXxSIIhZKKoIKHohdPpYKxhaaEyWbbLt1swu5GKKF/xot/xYsHKx68+FvcpgG1dWDhzZt5vJ3nx5wpbduf1tLyyuraemGjuLm1vbNb2tt/UFEiCXVIxCPZ9kFRzgR1NNOctmNJIfQ5bfnDm+m89UilYpG416OYdkPoC9ZjBLShvNJVw4NKw/Mrrkg8F3g8gIrrg/xpsasjnLqZVSppMMYNjxhJgMdeqWxX7azwIqjloIzyanqliRtEJAmp0ISDUp2aHetuClIzwum46CaKxkCG0KcdAwWEVHXTzHqMjw0T4F4kzRMaZ+xvRQqhUqPQN5sh6IGan03J/2adRPcuuikTcaKpIDOjXsKxuXsaGQ6YpETzkQFAJDN/xWQAEog2wRZNCLX5kxeBc1q9rNp3Z+X6dZ5GAR2iI3SCaugc1dEtaiIHEfSEXtAbmljP1qv1bn3MVpesXHOA/pT19Q1BKaS2</latexit><latexit sha1_base64="mbWHbWwBfyTIV1c8hdUY4fNQWyA=">AAACJHicbVBNS8NAEN34WetX1aOXxSIIhZKKoIKHohdPpYKxhaaEyWbbLt1swu5GKKF/xot/xYsHKx68+FvcpgG1dWDhzZt5vJ3nx5wpbduf1tLyyuraemGjuLm1vbNb2tt/UFEiCXVIxCPZ9kFRzgR1NNOctmNJIfQ5bfnDm+m89UilYpG416OYdkPoC9ZjBLShvNJVw4NKw/Mrrkg8F3g8gIrrg/xpsasjnLqZVSppMMYNjxhJgMdeqWxX7azwIqjloIzyanqliRtEJAmp0ISDUp2aHetuClIzwum46CaKxkCG0KcdAwWEVHXTzHqMjw0T4F4kzRMaZ+xvRQqhUqPQN5sh6IGan03J/2adRPcuuikTcaKpIDOjXsKxuXsaGQ6YpETzkQFAJDN/xWQAEog2wRZNCLX5kxeBc1q9rNp3Z+X6dZ5GAR2iI3SCaugc1dEtaiIHEfSEXtAbmljP1qv1bn3MVpesXHOA/pT19Q1BKaS2</latexit><latexit sha1_base64="mbWHbWwBfyTIV1c8hdUY4fNQWyA=">AAACJHicbVBNS8NAEN34WetX1aOXxSIIhZKKoIKHohdPpYKxhaaEyWbbLt1swu5GKKF/xot/xYsHKx68+FvcpgG1dWDhzZt5vJ3nx5wpbduf1tLyyuraemGjuLm1vbNb2tt/UFEiCXVIxCPZ9kFRzgR1NNOctmNJIfQ5bfnDm+m89UilYpG416OYdkPoC9ZjBLShvNJVw4NKw/Mrrkg8F3g8gIrrg/xpsasjnLqZVSppMMYNjxhJgMdeqWxX7azwIqjloIzyanqliRtEJAmp0ISDUp2aHetuClIzwum46CaKxkCG0KcdAwWEVHXTzHqMjw0T4F4kzRMaZ+xvRQqhUqPQN5sh6IGan03J/2adRPcuuikTcaKpIDOjXsKxuXsaGQ6YpETzkQFAJDN/xWQAEog2wRZNCLX5kxeBc1q9rNp3Z+X6dZ5GAR2iI3SCaugc1dEtaiIHEfSEXtAbmljP1qv1bn3MVpesXHOA/pT19Q1BKaS2</latexit>
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RPA correlation

Burrows & Sawyer 1998
Reddy et al., 1998
Burrows et al. 2006

dressed/screened vertex due to particle-hole excitation  
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   Effect of RPA correlation is minor                     
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<latexit sha1_base64="bQqdgZAmWVgPajXNsbf4DiqGWOo=">AAACL3icdVBbS8MwGE3nbc5b1UdfgkOYoKMVQX0QNkX0cQ7nBussaZZuYWlaklQYpT/JF3+Kviio+Oq/MLsIm+iBwOGc8/HlO17EqFSW9WpkZmbn5heyi7ml5ZXVNXN941aGscCkhkMWioaHJGGUk5qiipFGJAgKPEbqXu984NfviZA05DeqH5FWgDqc+hQjpSXXvKyeOr5AOHGYHmojNynvQSdAqiuCpFopp+ldsm+nhQvX4fFuOhGbNlwzbxetIaD1Q+zfJA/GqLjmk9MOcRwQrjBDUjZtK1KtBAlFMSNpzokliRDuoQ5paspRQGQrGR6cwh2ttKEfCv24gkN1ciJBgZT9wNPJwSnytzcQ//KasfKPWwnlUawIx6NFfsygCuGgPdimgmDF+pogLKj+K8RdpPtTuuPcZAn/k9pB8aRoXR/mS2fjNrJgC2yDArDBESiBK1ABNYDBA3gGb+DdeDRejA/jcxTNGOOZTTAF4+sbKfepQw==</latexit><latexit sha1_base64="bQqdgZAmWVgPajXNsbf4DiqGWOo=">AAACL3icdVBbS8MwGE3nbc5b1UdfgkOYoKMVQX0QNkX0cQ7nBussaZZuYWlaklQYpT/JF3+Kviio+Oq/MLsIm+iBwOGc8/HlO17EqFSW9WpkZmbn5heyi7ml5ZXVNXN941aGscCkhkMWioaHJGGUk5qiipFGJAgKPEbqXu984NfviZA05DeqH5FWgDqc+hQjpSXXvKyeOr5AOHGYHmojNynvQSdAqiuCpFopp+ldsm+nhQvX4fFuOhGbNlwzbxetIaD1Q+zfJA/GqLjmk9MOcRwQrjBDUjZtK1KtBAlFMSNpzokliRDuoQ5paspRQGQrGR6cwh2ttKEfCv24gkN1ciJBgZT9wNPJwSnytzcQ//KasfKPWwnlUawIx6NFfsygCuGgPdimgmDF+pogLKj+K8RdpPtTuuPcZAn/k9pB8aRoXR/mS2fjNrJgC2yDArDBESiBK1ABNYDBA3gGb+DdeDRejA/jcxTNGOOZTTAF4+sbKfepQw==</latexit><latexit sha1_base64="bQqdgZAmWVgPajXNsbf4DiqGWOo=">AAACL3icdVBbS8MwGE3nbc5b1UdfgkOYoKMVQX0QNkX0cQ7nBussaZZuYWlaklQYpT/JF3+Kviio+Oq/MLsIm+iBwOGc8/HlO17EqFSW9WpkZmbn5heyi7ml5ZXVNXN941aGscCkhkMWioaHJGGUk5qiipFGJAgKPEbqXu984NfviZA05DeqH5FWgDqc+hQjpSXXvKyeOr5AOHGYHmojNynvQSdAqiuCpFopp+ldsm+nhQvX4fFuOhGbNlwzbxetIaD1Q+zfJA/GqLjmk9MOcRwQrjBDUjZtK1KtBAlFMSNpzokliRDuoQ5paspRQGQrGR6cwh2ttKEfCv24gkN1ciJBgZT9wNPJwSnytzcQ//KasfKPWwnlUawIx6NFfsygCuGgPdimgmDF+pogLKj+K8RdpPtTuuPcZAn/k9pB8aRoXR/mS2fjNrJgC2yDArDBESiBK1ABNYDBA3gGb+DdeDRejA/jcxTNGOOZTTAF4+sbKfepQw==</latexit>
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Extension to neutrino-nucleon scattering 

Long wavelength approx. (           ) is only valid for pair-absorption/
emission from NN bremsstrahlung; 

To describe neutrino-nucleon scattering, we need to keep the 
dependence on q.   

Na +Nb + ⌫ ! Nc +Nd + ⌫
<latexit sha1_base64="CKnZSBHkIhlaZ5xMNn15wcnEGGk=">AAACC3icbVDLSgMxFL1TX7W+qi7dBIsgCGVGBHVXdOOqVHBsoVNKJpNpQzOZIckIZegHuPFX3LhQcesPuPNvTKez0NYDCSfn3MvNPX7CmdK2/W2VlpZXVtfK65WNza3tneru3r2KU0moS2Iey46PFeVMUFczzWknkRRHPqdtf3Q99dsPVCoWizs9TmgvwgPBQkawNlK/Wmv2MTpBzb5vbk+kyNOxeZFcC2aaqbLrdg60SJyC1KBAq1/98oKYpBEVmnCsVNexE93LsNSMcDqpeKmiCSYjPKBdQwWOqOpl+TITdGSUAIWxNEdolKu/OzIcKTWOfFMZYT1U895U/M/rpjq86GVMJKmmgswGhSlHZuFpMihgkhLNx4ZgIpn5KyJDLDHRJr+KCcGZX3mRuKf1y7p9e1ZrXBVplOEADuEYHDiHBtxAC1wg8AjP8Apv1pP1Yr1bH7PSklX07MMfWJ8/oiiXww==</latexit><latexit sha1_base64="CKnZSBHkIhlaZ5xMNn15wcnEGGk=">AAACC3icbVDLSgMxFL1TX7W+qi7dBIsgCGVGBHVXdOOqVHBsoVNKJpNpQzOZIckIZegHuPFX3LhQcesPuPNvTKez0NYDCSfn3MvNPX7CmdK2/W2VlpZXVtfK65WNza3tneru3r2KU0moS2Iey46PFeVMUFczzWknkRRHPqdtf3Q99dsPVCoWizs9TmgvwgPBQkawNlK/Wmv2MTpBzb5vbk+kyNOxeZFcC2aaqbLrdg60SJyC1KBAq1/98oKYpBEVmnCsVNexE93LsNSMcDqpeKmiCSYjPKBdQwWOqOpl+TITdGSUAIWxNEdolKu/OzIcKTWOfFMZYT1U895U/M/rpjq86GVMJKmmgswGhSlHZuFpMihgkhLNx4ZgIpn5KyJDLDHRJr+KCcGZX3mRuKf1y7p9e1ZrXBVplOEADuEYHDiHBtxAC1wg8AjP8Apv1pP1Yr1bH7PSklX07MMfWJ8/oiiXww==</latexit><latexit sha1_base64="CKnZSBHkIhlaZ5xMNn15wcnEGGk=">AAACC3icbVDLSgMxFL1TX7W+qi7dBIsgCGVGBHVXdOOqVHBsoVNKJpNpQzOZIckIZegHuPFX3LhQcesPuPNvTKez0NYDCSfn3MvNPX7CmdK2/W2VlpZXVtfK65WNza3tneru3r2KU0moS2Iey46PFeVMUFczzWknkRRHPqdtf3Q99dsPVCoWizs9TmgvwgPBQkawNlK/Wmv2MTpBzb5vbk+kyNOxeZFcC2aaqbLrdg60SJyC1KBAq1/98oKYpBEVmnCsVNexE93LsNSMcDqpeKmiCSYjPKBdQwWOqOpl+TITdGSUAIWxNEdolKu/OzIcKTWOfFMZYT1U895U/M/rpjq86GVMJKmmgswGhSlHZuFpMihgkhLNx4ZgIpn5KyJDLDHRJr+KCcGZX3mRuKf1y7p9e1ZrXBVplOEADuEYHDiHBtxAC1wg8AjP8Apv1pP1Yr1bH7PSklX07MMfWJ8/oiiXww==</latexit>

q ! 0
<latexit sha1_base64="E5/0PBHAmEwYOrtnEkomKzdWong=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KIoN6KXjxWMFpoQ9lsX9qlm026uxFK6J/w4kHFq7/Hm//GbZuDtg4sDDPvsW8mTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqhVSj4BJ9w43AVqqQxqHAx3B4M/Ufn1Bpnsh7M04xiGlf8ogzaqzUGnVMQtwK6VZrbt2dgSwTryA1KNDsVr86vYRlMUrDBNW67bmpCXKqDGcCJ5VOpjGlbEj72LZU0hh1kM/unZATq/RIlCj7pCEz9fdGTmOtx3FoJ2NqBnrRm4r/ee3MRJdBzmWaGZRs/lGUCWJDTsOTHlfIjBhbQpni9lbCBlRRZmxFFVuCtxh5mfhn9au6e3dea1wXbZThCI7hFDy4gAbcQhN8YCDgGV7hzRk5L8678zEfLTnFziH8gfP5A/D4jsc=</latexit><latexit sha1_base64="E5/0PBHAmEwYOrtnEkomKzdWong=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KIoN6KXjxWMFpoQ9lsX9qlm026uxFK6J/w4kHFq7/Hm//GbZuDtg4sDDPvsW8mTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqhVSj4BJ9w43AVqqQxqHAx3B4M/Ufn1Bpnsh7M04xiGlf8ogzaqzUGnVMQtwK6VZrbt2dgSwTryA1KNDsVr86vYRlMUrDBNW67bmpCXKqDGcCJ5VOpjGlbEj72LZU0hh1kM/unZATq/RIlCj7pCEz9fdGTmOtx3FoJ2NqBnrRm4r/ee3MRJdBzmWaGZRs/lGUCWJDTsOTHlfIjBhbQpni9lbCBlRRZmxFFVuCtxh5mfhn9au6e3dea1wXbZThCI7hFDy4gAbcQhN8YCDgGV7hzRk5L8678zEfLTnFziH8gfP5A/D4jsc=</latexit><latexit sha1_base64="E5/0PBHAmEwYOrtnEkomKzdWong=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KIoN6KXjxWMFpoQ9lsX9qlm026uxFK6J/w4kHFq7/Hm//GbZuDtg4sDDPvsW8mTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqhVSj4BJ9w43AVqqQxqHAx3B4M/Ufn1Bpnsh7M04xiGlf8ogzaqzUGnVMQtwK6VZrbt2dgSwTryA1KNDsVr86vYRlMUrDBNW67bmpCXKqDGcCJ5VOpjGlbEj72LZU0hh1kM/unZATq/RIlCj7pCEz9fdGTmOtx3FoJ2NqBnrRm4r/ee3MRJdBzmWaGZRs/lGUCWJDTsOTHlfIjBhbQpni9lbCBlRRZmxFFVuCtxh5mfhn9au6e3dea1wXbZThCI7hFDy4gAbcQhN8YCDgGV7hzRk5L8678zEfLTnFziH8gfP5A/D4jsc=</latexit>

!
<latexit sha1_base64="xtPawlXH1i1UGIzvbeIEbKewIyg=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXjxGcE0kWcLspDcZMo9lZlYIS77CiwcVr/6ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w8ejMo0hZAqrnQ7JgY4kxBaZjm0Uw1ExBxa8ehm6reeQBum5L0dpxAJMpAsYZRYJz12lYABwRXcq9b8uj8DXiZBQWqoQLNX/er2Fc0ESEs5MaYT+KmNcq ItoxwmlW5mICV0RAbQcVQSASbKZwdP8IlT+jhR2pW0eKb+nsiJMGYsYtcpiB2aRW8q/ud1MptcRjmTaWZB0vmiJOPYKjz9HveZBmr52BFCNXO3YjokmlDrMqq4EILFl5dJeFa/qvt357XGdZFGGR2hY3SKAnSBGugWNVGIKBLoGb2iN097L9679zFvLXnFzCH6A+/zB+J3j1Y=</latexit><latexit sha1_base64="xtPawlXH1i1UGIzvbeIEbKewIyg=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXjxGcE0kWcLspDcZMo9lZlYIS77CiwcVr/6ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w8ejMo0hZAqrnQ7JgY4kxBaZjm0Uw1ExBxa8ehm6reeQBum5L0dpxAJMpAsYZRYJz12lYABwRXcq9b8uj8DXiZBQWqoQLNX/er2Fc0ESEs5MaYT+KmNcq ItoxwmlW5mICV0RAbQcVQSASbKZwdP8IlT+jhR2pW0eKb+nsiJMGYsYtcpiB2aRW8q/ud1MptcRjmTaWZB0vmiJOPYKjz9HveZBmr52BFCNXO3YjokmlDrMqq4EILFl5dJeFa/qvt357XGdZFGGR2hY3SKAnSBGugWNVGIKBLoGb2iN097L9679zFvLXnFzCH6A+/zB+J3j1Y=</latexit><latexit sha1_base64="xtPawlXH1i1UGIzvbeIEbKewIyg=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXjxGcE0kWcLspDcZMo9lZlYIS77CiwcVr/6ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w8ejMo0hZAqrnQ7JgY4kxBaZjm0Uw1ExBxa8ehm6reeQBum5L0dpxAJMpAsYZRYJz12lYABwRXcq9b8uj8DXiZBQWqoQLNX/er2Fc0ESEs5MaYT+KmNcq ItoxwmlW5mICV0RAbQcVQSASbKZwdP8IlT+jhR2pW0eKb+nsiJMGYsYtcpiB2aRW8q/ud1MptcRjmTaWZB0vmiJOPYKjz9HveZBmr52BFCNXO3YjokmlDrMqq4EILFl5dJeFa/qvt357XGdZFGGR2hY3SKAnSBGugWNVGIKBLoGb2iN097L9679zFvLXnFzCH6A+/zB+J3j1Y=</latexit>

and q the energy and momentum transferred to the nuclear medium
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Na +Nb + ⌫ ! Nc +Nd + ⌫0 : |!| = |E⌫ � E0
⌫ | < |q|

Na +Nb + ⌫ + ⌫̄ ! Nc +Nd

Na +Nb ! Nc +Nd + ⌫ + ⌫̄
<latexit sha1_base64="ZnCMvl2OAsI1BBaAWQnSMqPOaso="></latexit><latexit sha1_base64="ZnCMvl2OAsI1BBaAWQnSMqPOaso="></latexit><latexit sha1_base64="ZnCMvl2OAsI1BBaAWQnSMqPOaso="></latexit>

|!| = |E⌫ + E0
⌫ | > |q|

<latexit sha1_base64="J0IEQooaxTKcWh3EVC/BGhhS0vw=">AAACGnicbVDLSgMxFM3UVx1foy7dBIsoCGVaBHWhFEVwWcHaQqeUTCbThmaSMckIZab/4cZfceNCxZ248W9MHwttPZDkcM695N7jx4wq7brfVm5ufmFxKb9sr6yurW84m1t3SiQSkxoWTMiGjxRhlJOappqRRiwJinxG6n7vcujXH4hUVPBb3Y9JK0IdTkOKkTZS2ylnnohIB2Vn2VXb48nh6N7P4DnMPF+wQPUj86T3gwxCz4O2DdtOwS26I8BZUpqQApig2nY+vUDgJCJcY4aUapbcWLdSJDXFjAxsL1EkRriHOqRpKEcRUa10tNsA7hklgKGQ5nANR+rvjhRFajijqYyQ7qppbyj+5zUTHZ60UsrjRBOOxx+FCYNawGFQMKCSYM36hiAsqZkV4i6SCGsTp21CKE2vPEtq5eJp0b05KlQuJmnkwQ7YBQegBI5BBVyDKqgBDB7BM3gFb9aT9WK9Wx/j0pw16dkGf2B9/QBOX5/a</latexit><latexit sha1_base64="J0IEQooaxTKcWh3EVC/BGhhS0vw=">AAACGnicbVDLSgMxFM3UVx1foy7dBIsoCGVaBHWhFEVwWcHaQqeUTCbThmaSMckIZab/4cZfceNCxZ248W9MHwttPZDkcM695N7jx4wq7brfVm5ufmFxKb9sr6yurW84m1t3SiQSkxoWTMiGjxRhlJOappqRRiwJinxG6n7vcujXH4hUVPBb3Y9JK0IdTkOKkTZS2ylnnohIB2Vn2VXb48nh6N7P4DnMPF+wQPUj86T3gwxCz4O2DdtOwS26I8BZUpqQApig2nY+vUDgJCJcY4aUapbcWLdSJDXFjAxsL1EkRriHOqRpKEcRUa10tNsA7hklgKGQ5nANR+rvjhRFajijqYyQ7qppbyj+5zUTHZ60UsrjRBOOxx+FCYNawGFQMKCSYM36hiAsqZkV4i6SCGsTp21CKE2vPEtq5eJp0b05KlQuJmnkwQ7YBQegBI5BBVyDKqgBDB7BM3gFb9aT9WK9Wx/j0pw16dkGf2B9/QBOX5/a</latexit><latexit sha1_base64="J0IEQooaxTKcWh3EVC/BGhhS0vw=">AAACGnicbVDLSgMxFM3UVx1foy7dBIsoCGVaBHWhFEVwWcHaQqeUTCbThmaSMckIZab/4cZfceNCxZ248W9MHwttPZDkcM695N7jx4wq7brfVm5ufmFxKb9sr6yurW84m1t3SiQSkxoWTMiGjxRhlJOappqRRiwJinxG6n7vcujXH4hUVPBb3Y9JK0IdTkOKkTZS2ylnnohIB2Vn2VXb48nh6N7P4DnMPF+wQPUj86T3gwxCz4O2DdtOwS26I8BZUpqQApig2nY+vUDgJCJcY4aUapbcWLdSJDXFjAxsL1EkRriHOqRpKEcRUa10tNsA7hklgKGQ5nANR+rvjhRFajijqYyQ7qppbyj+5zUTHZ60UsrjRBOOxx+FCYNawGFQMKCSYM36hiAsqZkV4i6SCGsTp21CKE2vPEtq5eJp0b05KlQuJmnkwQ7YBQegBI5BBVyDKqgBDB7BM3gFb9aT9WK9Wx/j0pw16dkGf2B9/QBOX5/a</latexit>}
<latexit sha1_base64="9r8eJHqa4XnUd3nUbHdLc3v+b38=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7rpbm3v7O7V9g8edJorhgFLRao6EdUouMTAcCOwkymkSSSwHY1vZn77EZXmqbw3kwzDhA4ljzmjxkpBb+q6pF+rew1vDvKX+CWpQ4lWv/bZG6QsT1AaJqjWXd/LTFhQZTgTOHV7ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzcW0I/vLLf0lw1rhqeHfn9eZ1mUYVjuAYTsGHC2jCLbQgAAYcnuAFXh3pPDtvzvuiteKUM4fwC87HN8w4jYw=</latexit><latexit sha1_base64="9r8eJHqa4XnUd3nUbHdLc3v+b38=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7rpbm3v7O7V9g8edJorhgFLRao6EdUouMTAcCOwkymkSSSwHY1vZn77EZXmqbw3kwzDhA4ljzmjxkpBb+q6pF+rew1vDvKX+CWpQ4lWv/bZG6QsT1AaJqjWXd/LTFhQZTgTOHV7ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzcW0I/vLLf0lw1rhqeHfn9eZ1mUYVjuAYTsGHC2jCLbQgAAYcnuAFXh3pPDtvzvuiteKUM4fwC87HN8w4jYw=</latexit><latexit sha1_base64="9r8eJHqa4XnUd3nUbHdLc3v+b38=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7rpbm3v7O7V9g8edJorhgFLRao6EdUouMTAcCOwkymkSSSwHY1vZn77EZXmqbw3kwzDhA4ljzmjxkpBb+q6pF+rew1vDvKX+CWpQ4lWv/bZG6QsT1AaJqjWXd/LTFhQZTgTOHV7ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzcW0I/vLLf0lw1rhqeHfn9eZ1mUYVjuAYTsGHC2jCLbQgAAYcnuAFXh3pPDtvzvuiteKUM4fwC87HN8w4jYw=</latexit>



Conclusions

RPA correlation plays a negligible role in neutrino bremsstrahlung rates. 

Extension to neutrino-nucleon neutral current scattering in progress 
(collisional broadening with full q-dependences/RPA). 

Pauli blocking suppresses the rates by 20% at                    and by 60% 
at                   ; 

1013 g/cm3
<latexit sha1_base64="qg3GykBwpiGjjyt4F7DmB2Lwfs8=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJS7AInmpiBfVW9OKxgrGFNi2b7aZdupuE3YlYQsS/4sWDilf/hzf/jds2B219MPB4b4aZeX7MmQLb/jYKC4tLyyvF1dLa+sbmlrm9c6eiRBLqkohHsuljRTkLqQsMOG3GkmLhc9rwh1djv3FPpWJReAujmHoC90MWMIJBS11zz7E7qVPNHttAHyDtHxORdapds2xX7AmseeLkpIxy1LvmV7sXkUTQEAjHSrUcOwYvxRIY4TQrtRNFY0yGuE9bmoZYUOWlk/Mz61ArPSuIpK4QrIn6eyLFQqmR8HWnwDBQs95Y/M9rJRCceykL4wRoSKaLgoRbEFnjLKwek5QAH2mCiWT6VosMsMQEdGIlHYIz+/I8cU8qFxX75rRcu8zTKKJ9dICOkIPOUA1dozpyEUEpekav6M14Ml6Md+Nj2low8pld9AfG5w/ZIZT5</latexit><latexit sha1_base64="qg3GykBwpiGjjyt4F7DmB2Lwfs8=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJS7AInmpiBfVW9OKxgrGFNi2b7aZdupuE3YlYQsS/4sWDilf/hzf/jds2B219MPB4b4aZeX7MmQLb/jYKC4tLyyvF1dLa+sbmlrm9c6eiRBLqkohHsuljRTkLqQsMOG3GkmLhc9rwh1djv3FPpWJReAujmHoC90MWMIJBS11zz7E7qVPNHttAHyDtHxORdapds2xX7AmseeLkpIxy1LvmV7sXkUTQEAjHSrUcOwYvxRIY4TQrtRNFY0yGuE9bmoZYUOWlk/Mz61ArPSuIpK4QrIn6eyLFQqmR8HWnwDBQs95Y/M9rJRCceykL4wRoSKaLgoRbEFnjLKwek5QAH2mCiWT6VosMsMQEdGIlHYIz+/I8cU8qFxX75rRcu8zTKKJ9dICOkIPOUA1dozpyEUEpekav6M14Ml6Md+Nj2low8pld9AfG5w/ZIZT5</latexit><latexit sha1_base64="qg3GykBwpiGjjyt4F7DmB2Lwfs8=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJS7AInmpiBfVW9OKxgrGFNi2b7aZdupuE3YlYQsS/4sWDilf/hzf/jds2B219MPB4b4aZeX7MmQLb/jYKC4tLyyvF1dLa+sbmlrm9c6eiRBLqkohHsuljRTkLqQsMOG3GkmLhc9rwh1djv3FPpWJReAujmHoC90MWMIJBS11zz7E7qVPNHttAHyDtHxORdapds2xX7AmseeLkpIxy1LvmV7sXkUTQEAjHSrUcOwYvxRIY4TQrtRNFY0yGuE9bmoZYUOWlk/Mz61ArPSuIpK4QrIn6eyLFQqmR8HWnwDBQs95Y/M9rJRCceykL4wRoSKaLgoRbEFnjLKwek5QAH2mCiWT6VosMsMQEdGIlHYIz+/I8cU8qFxX75rRcu8zTKKJ9dICOkIPOUA1dozpyEUEpekav6M14Ml6Md+Nj2low8pld9AfG5w/ZIZT5</latexit>

1014 g/cm3
<latexit sha1_base64="0zJCvDNlRg3bICx5rEvl8I1nGxA=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJS7AInmqiBfVW9OKxgrGFNi2b7aZdupuE3YlYQsS/4sWDilf/hzf/jds2B219MPB4b4aZeX7MmQLb/jYKC4tLyyvF1dLa+sbmlrm9c6eiRBLqkohHsuljRTkLqQsMOG3GkmLhc9rwh1djv3FPpWJReAujmHoC90MWMIJBS11zz7E7qVPNHttAHyDtHxORdU67Ztmu2BNY88TJSRnlqHfNr3YvIomgIRCOlWo5dgxeiiUwwmlWaieKxpgMcZ+2NA2xoMpLJ+dn1qFWelYQSV0hWBP190SKhVIj4etOgWGgZr2x+J/XSiA491IWxgnQkEwXBQm3ILLGWVg9JikBPtIEE8n0rRYZYIkJ6MRKOgRn9uV54p5ULir2TbVcu8zTKKJ9dICOkIPOUA1dozpyEUEpekav6M14Ml6Md+Nj2low8pld9AfG5w/as5T6</latexit><latexit sha1_base64="0zJCvDNlRg3bICx5rEvl8I1nGxA=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJS7AInmqiBfVW9OKxgrGFNi2b7aZdupuE3YlYQsS/4sWDilf/hzf/jds2B219MPB4b4aZeX7MmQLb/jYKC4tLyyvF1dLa+sbmlrm9c6eiRBLqkohHsuljRTkLqQsMOG3GkmLhc9rwh1djv3FPpWJReAujmHoC90MWMIJBS11zz7E7qVPNHttAHyDtHxORdU67Ztmu2BNY88TJSRnlqHfNr3YvIomgIRCOlWo5dgxeiiUwwmlWaieKxpgMcZ+2NA2xoMpLJ+dn1qFWelYQSV0hWBP190SKhVIj4etOgWGgZr2x+J/XSiA491IWxgnQkEwXBQm3ILLGWVg9JikBPtIEE8n0rRYZYIkJ6MRKOgRn9uV54p5ULir2TbVcu8zTKKJ9dICOkIPOUA1dozpyEUEpekav6M14Ml6Md+Nj2low8pld9AfG5w/as5T6</latexit><latexit sha1_base64="0zJCvDNlRg3bICx5rEvl8I1nGxA=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJS7AInmqiBfVW9OKxgrGFNi2b7aZdupuE3YlYQsS/4sWDilf/hzf/jds2B219MPB4b4aZeX7MmQLb/jYKC4tLyyvF1dLa+sbmlrm9c6eiRBLqkohHsuljRTkLqQsMOG3GkmLhc9rwh1djv3FPpWJReAujmHoC90MWMIJBS11zz7E7qVPNHttAHyDtHxORdU67Ztmu2BNY88TJSRnlqHfNr3YvIomgIRCOlWo5dgxeiiUwwmlWaieKxpgMcZ+2NA2xoMpLJ+dn1qFWelYQSV0hWBP190SKhVIj4etOgWGgZr2x+J/XSiA491IWxgnQkEwXBQm3ILLGWVg9JikBPtIEE8n0rRYZYIkJ6MRKOgRn9uV54p5ULir2TbVcu8zTKKJ9dICOkIPOUA1dozpyEUEpekav6M14Ml6Md+Nj2low8pld9AfG5w/as5T6</latexit>

Compared to OPE, T-matrix gives rise to enhanced rates at low density 
and suppressed rates at high density relevant to SN by a factor of 2-3; 

Compared to on-shell T-matrix, off-shell matrix gives rise to enhanced 
rates at low density by a factor of 2 and suppressed rates at high density 
relevant to SN by 20%; 

Effects of the new bremsstrahlung rates need to be tested in simulation. 
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Consistency between OPE & chiral force at Born level at low density

Bartl et al. 2014



amplitudes for bremsstrahlung in PW basis 



T-matrix elements in partial wave basis

discretization of k, then 

T JST
LL0 (k0, k;E) = UJST

LL0 (k0, k) +
X

L00

Z
k002dk00

(2⇡)3
UJST
LL00 (k0, k00)

1

E � k002

mN
+ i"

T JST
LL00 (k00, k;E),

<latexit sha1_base64="tHlwR7qolJrVK5JkdK+KP0Qt9wU="></latexit><latexit sha1_base64="tHlwR7qolJrVK5JkdK+KP0Qt9wU="></latexit><latexit sha1_base64="tHlwR7qolJrVK5JkdK+KP0Qt9wU="></latexit>

AijTjk = Uik
matrix inversion����������! T = A�1U

<latexit sha1_base64="biOLrMYKi7dHAM9A3a0IZEovE9k="></latexit><latexit sha1_base64="biOLrMYKi7dHAM9A3a0IZEovE9k="></latexit><latexit sha1_base64="biOLrMYKi7dHAM9A3a0IZEovE9k="></latexit>

Taking U to be the chiral potential, 

half-off-shell vacuum/in-medium T-matrix is computed 
(D. R. Entem et al. 2017 )



Rates and structure factor 

Fermi-Golden’s rule giving the rates: Integrating over the phase 
spaces of nucleons and neutrinos with Pauli blocking for the final 
states. (                                                      )Na +Nb ! Nc +Nd + ⌫↵ + ⌫̄↵

<latexit sha1_base64="aHLEBB6Qe60L93FLhNctYUyKauw=">AAACFHicbZDNSsNAFIUn/tb6F3XpJlgEoVJSEdRd0Y2rUsHYQhPCzWTSDp1MwsxEKKEv4cZXceNCxa0Ld76N0zagth4Y+Obce5m5J0gZlcq2v4yFxaXlldXSWnl9Y3Nr29zZvZNJJjBxcMIS0QlAEkY5cRRVjHRSQSAOGGkHg6txvX1PhKQJv1XDlHgx9DiNKAalLd88bvpQbfqBqxKr6WONYdXlme8CS/tQdQMQP1ffrNg1eyJrHuoFVFChlm9+umGCs5hwhRlI2a3bqfJyEIpiRkZlN5MkBTyAHulq5BAT6eWTrUbWoXZCK0qEPlxZE/f3RA6xlMM40J0xqL6crY3N/2rdTEXnXk55minC8fShKGOWjmAckRVSQbBiQw2ABdV/tXAfBGClgyzrEOqzK8+Dc1K7qNk3p5XGZZFGCe2jA3SE6ugMNdA1aiEHYfSAntALejUejWfjzXifti4Yxcwe+iPj4xuRFp4Q</latexit><latexit sha1_base64="aHLEBB6Qe60L93FLhNctYUyKauw=">AAACFHicbZDNSsNAFIUn/tb6F3XpJlgEoVJSEdRd0Y2rUsHYQhPCzWTSDp1MwsxEKKEv4cZXceNCxa0Ld76N0zagth4Y+Obce5m5J0gZlcq2v4yFxaXlldXSWnl9Y3Nr29zZvZNJJjBxcMIS0QlAEkY5cRRVjHRSQSAOGGkHg6txvX1PhKQJv1XDlHgx9DiNKAalLd88bvpQbfqBqxKr6WONYdXlme8CS/tQdQMQP1ffrNg1eyJrHuoFVFChlm9+umGCs5hwhRlI2a3bqfJyEIpiRkZlN5MkBTyAHulq5BAT6eWTrUbWoXZCK0qEPlxZE/f3RA6xlMM40J0xqL6crY3N/2rdTEXnXk55minC8fShKGOWjmAckRVSQbBiQw2ABdV/tXAfBGClgyzrEOqzK8+Dc1K7qNk3p5XGZZFGCe2jA3SE6ugMNdA1aiEHYfSAntALejUejWfjzXifti4Yxcwe+iPj4xuRFp4Q</latexit><latexit sha1_base64="aHLEBB6Qe60L93FLhNctYUyKauw=">AAACFHicbZDNSsNAFIUn/tb6F3XpJlgEoVJSEdRd0Y2rUsHYQhPCzWTSDp1MwsxEKKEv4cZXceNCxa0Ld76N0zagth4Y+Obce5m5J0gZlcq2v4yFxaXlldXSWnl9Y3Nr29zZvZNJJjBxcMIS0QlAEkY5cRRVjHRSQSAOGGkHg6txvX1PhKQJv1XDlHgx9DiNKAalLd88bvpQbfqBqxKr6WONYdXlme8CS/tQdQMQP1ffrNg1eyJrHuoFVFChlm9+umGCs5hwhRlI2a3bqfJyEIpiRkZlN5MkBTyAHulq5BAT6eWTrUbWoXZCK0qEPlxZE/f3RA6xlMM40J0xqL6crY3N/2rdTEXnXk55minC8fShKGOWjmAckRVSQbBiQw2ABdV/tXAfBGClgyzrEOqzK8+Dc1K7qNk3p5XGZZFGCe2jA3SE6ugMNdA1aiEHYfSAntALejUejWfjzXifti4Yxcwe+iPj4xuRFp4Q</latexit>

Separating the hadronic and leptonic parts, one can introduce a 
structure factor for the nuclear medium,  

S�(!) ⌘ S�(!, q ! 0)
<latexit sha1_base64="TpnyFF4q4hscTRaif9tlzxCV9iw=">AAACF3icdVDLSgNBEJyNrxhfqx69DAYhAYkbEdRb0IvHiK4JZJcwO+kkQ2Z2NzOzgRDyGV78FS8eVLzqzb9x8hBi1IKGoqqb7q4g5kxpx/m0UguLS8sr6dXM2vrG5pa9vXOnokRScGnEI1kNiALOQnA10xyqsQQiAg6VoHM58is9kIpF4a3ux+AL0gpZk1GijVS3j27qnmItQXJeJKBF8tiDbsJ6eE4/7Ho6wk6+bmeLBWcM7Pwi31YWTVGu2x9eI6KJgFBTTpSqFZ1Y+wMiNaMchhkvURAT2iEtqBkaEgHKH4wfG+IDozRwM5KmQo3H6uzEgAil+iIwnYLotpr3RuJfXi3RzTN/wMI40RDSyaJmwrH5cZQSbjAJVPO+IYRKZm7FtE0kodpkmZkN4X/iHhfOC871SbZ0MU0jjfbQPsqhIjpFJXSFyshFFN2jR/SMXqwH68l6td4mrSlrOrOLfsB6/wJraZ7x</latexit><latexit sha1_base64="TpnyFF4q4hscTRaif9tlzxCV9iw=">AAACF3icdVDLSgNBEJyNrxhfqx69DAYhAYkbEdRb0IvHiK4JZJcwO+kkQ2Z2NzOzgRDyGV78FS8eVLzqzb9x8hBi1IKGoqqb7q4g5kxpx/m0UguLS8sr6dXM2vrG5pa9vXOnokRScGnEI1kNiALOQnA10xyqsQQiAg6VoHM58is9kIpF4a3ux+AL0gpZk1GijVS3j27qnmItQXJeJKBF8tiDbsJ6eE4/7Ho6wk6+bmeLBWcM7Pwi31YWTVGu2x9eI6KJgFBTTpSqFZ1Y+wMiNaMchhkvURAT2iEtqBkaEgHKH4wfG+IDozRwM5KmQo3H6uzEgAil+iIwnYLotpr3RuJfXi3RzTN/wMI40RDSyaJmwrH5cZQSbjAJVPO+IYRKZm7FtE0kodpkmZkN4X/iHhfOC871SbZ0MU0jjfbQPsqhIjpFJXSFyshFFN2jR/SMXqwH68l6td4mrSlrOrOLfsB6/wJraZ7x</latexit><latexit sha1_base64="TpnyFF4q4hscTRaif9tlzxCV9iw=">AAACF3icdVDLSgNBEJyNrxhfqx69DAYhAYkbEdRb0IvHiK4JZJcwO+kkQ2Z2NzOzgRDyGV78FS8eVLzqzb9x8hBi1IKGoqqb7q4g5kxpx/m0UguLS8sr6dXM2vrG5pa9vXOnokRScGnEI1kNiALOQnA10xyqsQQiAg6VoHM58is9kIpF4a3ux+AL0gpZk1GijVS3j27qnmItQXJeJKBF8tiDbsJ6eE4/7Ho6wk6+bmeLBWcM7Pwi31YWTVGu2x9eI6KJgFBTTpSqFZ1Y+wMiNaMchhkvURAT2iEtqBkaEgHKH4wfG+IDozRwM5KmQo3H6uzEgAil+iIwnYLotpr3RuJfXi3RzTN/wMI40RDSyaJmwrH5cZQSbjAJVPO+IYRKZm7FtE0kodpkmZkN4X/iHhfOC871SbZ0MU0jjfbQPsqhIjpFJXSFyshFFN2jR/SMXqwH68l6td4mrSlrOrOLfsB6/wJraZ7x</latexit>

long wavelength limit

Hannestad & Raffelt 1998
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<latexit sha1_base64="msQ2RYYOxIcmffBBoj9PDpqD1u4="></latexit><latexit sha1_base64="msQ2RYYOxIcmffBBoj9PDpqD1u4="></latexit><latexit sha1_base64="msQ2RYYOxIcmffBBoj9PDpqD1u4="></latexit>

(!, k ! 0)
<latexit sha1_base64="4XenWx6yQA8vak7xn1nObS+aIWI=">AAAB93icdVDLSsNAFL3xWeujUZduBotQQUoqgrorunFZwdhCE8pkOmmHziPMTIQa+iVuXKi49Vfc+TemD6G+Dlw4nHMv93CihDNjPe/DWVhcWl5ZLawV1zc2t0ru9s6tUakm1CeKK92KsKGcSepbZjltJZpiEXHajAaXY795R7VhSt7YYUJDgXuSxYxgm0sdt1QJlKA9fIQGgVXeYcct16reBMj7Rb6sMszQ6LjvQVeRVFBpCcfGtGteYsMMa8sIp6NikBqaYDLAPdrOqcSCmjCbBB+hg1zpoljpfKRFE3X+IsPCmKGI8k2Bbd/89MbiX147tfFZmDGZpJZKMn0UpxxZhcYtoC7TlFg+zAkmmuVZEeljjYnNuyrOl/A/8Y+r51Xv+qRcv5i1UYA92IcK1OAU6nAFDfCBQAoP8ATPzr3z6Lw4r9PVBWd2swvf4Lx9AplykfE=</latexit><latexit sha1_base64="4XenWx6yQA8vak7xn1nObS+aIWI=">AAAB93icdVDLSsNAFL3xWeujUZduBotQQUoqgrorunFZwdhCE8pkOmmHziPMTIQa+iVuXKi49Vfc+TemD6G+Dlw4nHMv93CihDNjPe/DWVhcWl5ZLawV1zc2t0ru9s6tUakm1CeKK92KsKGcSepbZjltJZpiEXHajAaXY795R7VhSt7YYUJDgXuSxYxgm0sdt1QJlKA9fIQGgVXeYcct16reBMj7Rb6sMszQ6LjvQVeRVFBpCcfGtGteYsMMa8sIp6NikBqaYDLAPdrOqcSCmjCbBB+hg1zpoljpfKRFE3X+IsPCmKGI8k2Bbd/89MbiX147tfFZmDGZpJZKMn0UpxxZhcYtoC7TlFg+zAkmmuVZEeljjYnNuyrOl/A/8Y+r51Xv+qRcv5i1UYA92IcK1OAU6nAFDfCBQAoP8ATPzr3z6Lw4r9PVBWd2swvf4Lx9AplykfE=</latexit><latexit sha1_base64="4XenWx6yQA8vak7xn1nObS+aIWI=">AAAB93icdVDLSsNAFL3xWeujUZduBotQQUoqgrorunFZwdhCE8pkOmmHziPMTIQa+iVuXKi49Vfc+TemD6G+Dlw4nHMv93CihDNjPe/DWVhcWl5ZLawV1zc2t0ru9s6tUakm1CeKK92KsKGcSepbZjltJZpiEXHajAaXY795R7VhSt7YYUJDgXuSxYxgm0sdt1QJlKA9fIQGgVXeYcct16reBMj7Rb6sMszQ6LjvQVeRVFBpCcfGtGteYsMMa8sIp6NikBqaYDLAPdrOqcSCmjCbBB+hg1zpoljpfKRFE3X+IsPCmKGI8k2Bbd/89MbiX147tfFZmDGZpJZKMn0UpxxZhcYtoC7TlFg+zAkmmuVZEeljjYnNuyrOl/A/8Y+r51Xv+qRcv5i1UYA92IcK1OAU6nAFDfCBQAoP8ATPzr3z6Lw4r9PVBWd2swvf4Lx9AplykfE=</latexit>



Given the structure factor, integrating over the phase space 
of neutrinos gives the rates of neutrino bremsstrahlung: 

N +N ! N +N + ⌫ + ⌫̄
<latexit sha1_base64="KZlGjtU2+j4C1kHf5a4WLeD1uiw=">AAACB3icbZDNSgMxFIXv+Fvr36hLFwaLIBTKVAR1V3TjqlRwbKEzlEyaaUMzmSHJCGXo0o2v4saFiltfwZ1vY6Ytoq0XEj7OvZfknCDhTGnH+bIWFpeWV1YLa8X1jc2tbXtn907FqSTUJTGPZSvAinImqKuZ5rSVSIqjgNNmMLjK+817KhWLxa0eJtSPcE+wkBGsjdSxD+qojOrI0zGaUBl5Is3vAEtDHbvkVJxxoR+ozkIJptXo2J9eNyZpRIUmHCvVrjqJ9jMsNSOcjopeqmiCyQD3aNugwBFVfjY2MkJHRumiMJbmCI3G6u+NDEdKDaPATEZY99VsLxf/67VTHZ77GRNJqqkgk4fClCNjO08FdZmkRPOhAUwkM39FpI8lJtpkVzQhzFmeB/ekclFxbk5LtctpGgXYh0M4hiqcQQ2uoQEuEHiAJ3iBV+vRerberPfJ6II13dmDP2V9fAOlpZYn</latexit><latexit sha1_base64="KZlGjtU2+j4C1kHf5a4WLeD1uiw=">AAACB3icbZDNSgMxFIXv+Fvr36hLFwaLIBTKVAR1V3TjqlRwbKEzlEyaaUMzmSHJCGXo0o2v4saFiltfwZ1vY6Ytoq0XEj7OvZfknCDhTGnH+bIWFpeWV1YLa8X1jc2tbXtn907FqSTUJTGPZSvAinImqKuZ5rSVSIqjgNNmMLjK+817KhWLxa0eJtSPcE+wkBGsjdSxD+qojOrI0zGaUBl5Is3vAEtDHbvkVJxxoR+ozkIJptXo2J9eNyZpRIUmHCvVrjqJ9jMsNSOcjopeqmiCyQD3aNugwBFVfjY2MkJHRumiMJbmCI3G6u+NDEdKDaPATEZY99VsLxf/67VTHZ77GRNJqqkgk4fClCNjO08FdZmkRPOhAUwkM39FpI8lJtpkVzQhzFmeB/ekclFxbk5LtctpGgXYh0M4hiqcQQ2uoQEuEHiAJ3iBV+vRerberPfJ6II13dmDP2V9fAOlpZYn</latexit><latexit sha1_base64="KZlGjtU2+j4C1kHf5a4WLeD1uiw=">AAACB3icbZDNSgMxFIXv+Fvr36hLFwaLIBTKVAR1V3TjqlRwbKEzlEyaaUMzmSHJCGXo0o2v4saFiltfwZ1vY6Ytoq0XEj7OvZfknCDhTGnH+bIWFpeWV1YLa8X1jc2tbXtn907FqSTUJTGPZSvAinImqKuZ5rSVSIqjgNNmMLjK+817KhWLxa0eJtSPcE+wkBGsjdSxD+qojOrI0zGaUBl5Is3vAEtDHbvkVJxxoR+ozkIJptXo2J9eNyZpRIUmHCvVrjqJ9jMsNSOcjopeqmiCyQD3aNugwBFVfjY2MkJHRumiMJbmCI3G6u+NDEdKDaPATEZY99VsLxf/67VTHZ77GRNJqqkgk4fClCNjO08FdZmkRPOhAUwkM39FpI8lJtpkVzQhzFmeB/ekclFxbk5LtctpGgXYh0M4hiqcQQ2uoQEuEHiAJ3iBV+vRerberPfJ6II13dmDP2V9fAOlpZYn</latexit>

N +N + ⌫ + ⌫̄ ! N +N
<latexit sha1_base64="X3rWvqqnYFICeqjOpDuHHOftqBc=">AAACCHicdVBNS8NAEJ3Ur1q/oh69LBZBEEoqgnorevEkFYwtNKFstpt26WYTdjdCKb168a948aDi1Z/gzX/jJo1Qiz6Y5fHeDLPzgoQzpR3nyyotLC4tr5RXK2vrG5tb9vbOnYpTSahLYh7LdoAV5UxQVzPNaTuRFEcBp61geJn5rXsqFYvFrR4l1I9wX7CQEayN1LXRNTrKyxNp9gZYZszTceF07Wq95uRAzg+pz5MqFGh27U+vF5M0okITjpXq1J1E+2MsNSOcTipeqmiCyRD3acdQgSOq/HF+yQQdGKWHwliaEhrl6uzEGEdKjaLAdEZYD9S8l4l/eZ1Uh2f+mIkk1VSQ6aIw5cjcmcWCekxSovnIEEwkM39FZIAlJtqEV5kN4X/iHtfOa87NSbVxUaRRhj3Yh0Oowyk04Aqa4AKBB3iCF3i1Hq1n6816n7aWrGJmF37B+vgGDdWWUg==</latexit><latexit sha1_base64="X3rWvqqnYFICeqjOpDuHHOftqBc=">AAACCHicdVBNS8NAEJ3Ur1q/oh69LBZBEEoqgnorevEkFYwtNKFstpt26WYTdjdCKb168a948aDi1Z/gzX/jJo1Qiz6Y5fHeDLPzgoQzpR3nyyotLC4tr5RXK2vrG5tb9vbOnYpTSahLYh7LdoAV5UxQVzPNaTuRFEcBp61geJn5rXsqFYvFrR4l1I9wX7CQEayN1LXRNTrKyxNp9gZYZszTceF07Wq95uRAzg+pz5MqFGh27U+vF5M0okITjpXq1J1E+2MsNSOcTipeqmiCyRD3acdQgSOq/HF+yQQdGKWHwliaEhrl6uzEGEdKjaLAdEZYD9S8l4l/eZ1Uh2f+mIkk1VSQ6aIw5cjcmcWCekxSovnIEEwkM39FZIAlJtqEV5kN4X/iHtfOa87NSbVxUaRRhj3Yh0Oowyk04Aqa4AKBB3iCF3i1Hq1n6816n7aWrGJmF37B+vgGDdWWUg==</latexit><latexit sha1_base64="X3rWvqqnYFICeqjOpDuHHOftqBc=">AAACCHicdVBNS8NAEJ3Ur1q/oh69LBZBEEoqgnorevEkFYwtNKFstpt26WYTdjdCKb168a948aDi1Z/gzX/jJo1Qiz6Y5fHeDLPzgoQzpR3nyyotLC4tr5RXK2vrG5tb9vbOnYpTSahLYh7LdoAV5UxQVzPNaTuRFEcBp61geJn5rXsqFYvFrR4l1I9wX7CQEayN1LXRNTrKyxNp9gZYZszTceF07Wq95uRAzg+pz5MqFGh27U+vF5M0okITjpXq1J1E+2MsNSOcTipeqmiCyRD3acdQgSOq/HF+yQQdGKWHwliaEhrl6uzEGEdKjaLAdEZYD9S8l4l/eZ1Uh2f+mIkk1VSQ6aIw5cjcmcWCekxSovnIEEwkM39FZIAlJtqEV5kN4X/iHtfOa87NSbVxUaRRhj3Yh0Oowyk04Aqa4AKBB3iCF3i1Hq1n6816n7aWrGJmF37B+vgGDdWWUg==</latexit>
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detailed balance 

! = �(E⌫ + E0
⌫) < 0

<latexit sha1_base64="6o0SaFMsNYyQhEdGBnZOqfgnAuU=">AAACCHicbVDLSsNAFJ3UV42vqEs3g0WsiCUVQQWFogguKxhbaEKYTCft0MkkzEyEErp146+4caHi1k9w5984TYto64HLPZxzLzP3BAmjUtn2l1GYmZ2bXygumkvLK6tr1vrGnYxTgYmDYxaLZoAkYZQTR1HFSDMRBEUBI42gdzn0G/dESBrzW9VPiBehDqchxUhpybegG0ekg+A5PChf+S5P4X7edvfObNOEEPpWya7YOeAPqU6SEhij7lufbjvGaUS4wgxJ2araifIyJBTFjAxMN5UkQbiHOqSlKUcRkV6WXzKAO1ppwzAWuriCufp7I0ORlP0o0JMRUl056Q3F/7xWqsITL6M8SRXhePRQmDKoYjiMBbapIFixviYIC6r/CnEXCYSVDs/UIUydPE2cw8ppxb45KtUuxmkUwRbYBmVQBcegBq5BHTgAgwfwBF7Aq/FoPBtvxvtotGCMdzbBHxgf3/oFljc=</latexit><latexit sha1_base64="6o0SaFMsNYyQhEdGBnZOqfgnAuU=">AAACCHicbVDLSsNAFJ3UV42vqEs3g0WsiCUVQQWFogguKxhbaEKYTCft0MkkzEyEErp146+4caHi1k9w5984TYto64HLPZxzLzP3BAmjUtn2l1GYmZ2bXygumkvLK6tr1vrGnYxTgYmDYxaLZoAkYZQTR1HFSDMRBEUBI42gdzn0G/dESBrzW9VPiBehDqchxUhpybegG0ekg+A5PChf+S5P4X7edvfObNOEEPpWya7YOeAPqU6SEhij7lufbjvGaUS4wgxJ2araifIyJBTFjAxMN5UkQbiHOqSlKUcRkV6WXzKAO1ppwzAWuriCufp7I0ORlP0o0JMRUl056Q3F/7xWqsITL6M8SRXhePRQmDKoYjiMBbapIFixviYIC6r/CnEXCYSVDs/UIUydPE2cw8ppxb45KtUuxmkUwRbYBmVQBcegBq5BHTgAgwfwBF7Aq/FoPBtvxvtotGCMdzbBHxgf3/oFljc=</latexit><latexit sha1_base64="6o0SaFMsNYyQhEdGBnZOqfgnAuU=">AAACCHicbVDLSsNAFJ3UV42vqEs3g0WsiCUVQQWFogguKxhbaEKYTCft0MkkzEyEErp146+4caHi1k9w5984TYto64HLPZxzLzP3BAmjUtn2l1GYmZ2bXygumkvLK6tr1vrGnYxTgYmDYxaLZoAkYZQTR1HFSDMRBEUBI42gdzn0G/dESBrzW9VPiBehDqchxUhpybegG0ekg+A5PChf+S5P4X7edvfObNOEEPpWya7YOeAPqU6SEhij7lufbjvGaUS4wgxJ2araifIyJBTFjAxMN5UkQbiHOqSlKUcRkV6WXzKAO1ppwzAWuriCufp7I0ORlP0o0JMRUl056Q3F/7xWqsITL6M8SRXhePRQmDKoYjiMBbapIFixviYIC6r/CnEXCYSVDs/UIUydPE2cw8ppxb45KtUuxmkUwRbYBmVQBcegBq5BHTgAgwfwBF7Aq/FoPBtvxvtotGCMdzbBHxgf3/oFljc=</latexit>

! = E⌫ + E0
⌫ > 0

<latexit sha1_base64="CQN3DZfb7VBoFSDAye2pUhoK8tE=">AAACBXicdVDLSsNAFJ3UV42vqEsRBosoCCURQV0oRRFcVjC20IQwmU7aoZNJmJkIJXTlxl9x40LFrf/gzr9xmlaoRQ8MczjnXu69J0wZlcq2v4zSzOzc/EJ50VxaXllds9Y37mSSCUxcnLBENEMkCaOcuIoqRpqpICgOGWmEvcuh37gnQtKE36p+SvwYdTiNKEZKS4G17SUx6SB4Bq8Cj2fwoPj2zm3ThBAGVsWp2gWg/UOcaVIBY9QD69NrJziLCVeYISlbjp0qP0dCUczIwPQySVKEe6hDWppyFBPp58UZA7irlTaMEqEfV7BQJztyFEvZj0NdGSPVldPeUPzLa2UqOvFzytNMEY5Hg6KMQZXAYSawTQXBivU1QVhQvSvEXSQQVjo5czKE/4l7WD2t2jdHldrFOI0y2AI7YB844BjUwDWoAxdg8ACewAt4NR6NZ+PNeB+Vloxxzyb4BePjG7s2lZ4=</latexit><latexit sha1_base64="CQN3DZfb7VBoFSDAye2pUhoK8tE=">AAACBXicdVDLSsNAFJ3UV42vqEsRBosoCCURQV0oRRFcVjC20IQwmU7aoZNJmJkIJXTlxl9x40LFrf/gzr9xmlaoRQ8MczjnXu69J0wZlcq2v4zSzOzc/EJ50VxaXllds9Y37mSSCUxcnLBENEMkCaOcuIoqRpqpICgOGWmEvcuh37gnQtKE36p+SvwYdTiNKEZKS4G17SUx6SB4Bq8Cj2fwoPj2zm3ThBAGVsWp2gWg/UOcaVIBY9QD69NrJziLCVeYISlbjp0qP0dCUczIwPQySVKEe6hDWppyFBPp58UZA7irlTaMEqEfV7BQJztyFEvZj0NdGSPVldPeUPzLa2UqOvFzytNMEY5Hg6KMQZXAYSawTQXBivU1QVhQvSvEXSQQVjo5czKE/4l7WD2t2jdHldrFOI0y2AI7YB844BjUwDWoAxdg8ACewAt4NR6NZ+PNeB+Vloxxzyb4BePjG7s2lZ4=</latexit><latexit sha1_base64="CQN3DZfb7VBoFSDAye2pUhoK8tE=">AAACBXicdVDLSsNAFJ3UV42vqEsRBosoCCURQV0oRRFcVjC20IQwmU7aoZNJmJkIJXTlxl9x40LFrf/gzr9xmlaoRQ8MczjnXu69J0wZlcq2v4zSzOzc/EJ50VxaXllds9Y37mSSCUxcnLBENEMkCaOcuIoqRpqpICgOGWmEvcuh37gnQtKE36p+SvwYdTiNKEZKS4G17SUx6SB4Bq8Cj2fwoPj2zm3ThBAGVsWp2gWg/UOcaVIBY9QD69NrJziLCVeYISlbjp0qP0dCUczIwPQySVKEe6hDWppyFBPp58UZA7irlTaMEqEfV7BQJztyFEvZj0NdGSPVldPeUPzLa2UqOvFzytNMEY5Hg6KMQZXAYSawTQXBivU1QVhQvSvEXSQQVjo5czKE/4l7WD2t2jdHldrFOI0y2AI7YB844BjUwDWoAxdg8ACewAt4NR6NZ+PNeB+Vloxxzyb4BePjG7s2lZ4=</latexit>

Emissivity from NN bremsstrahlung

Opacity due to neutrino-pair absorption



multi-scattering effects and normalized structure factor

M / 1

!
, S(!) / 1

!2
<latexit sha1_base64="pilC8kguCtRWdtLgJNbTRP3LYqM="></latexit><latexit sha1_base64="pilC8kguCtRWdtLgJNbTRP3LYqM="></latexit><latexit sha1_base64="pilC8kguCtRWdtLgJNbTRP3LYqM="></latexit>

expected for bremsstrahlung in vacuum,
but not true in nuclear medium

To determine �
<latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit><latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit><latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit>

[functions of T, n, Ye]

a finite     guarantees a smooth & physical structure factor, 
otherwise             diverges as 

exact for non-interacting system; 
NN collision widen the spreading of   S�(!)

<latexit sha1_base64="Z3u4meLxhq9Tmy+q/AcUR4B6T4s=">AAAB+HicbVDLSsNAFJ3UV62vqEs3g0Wom5KKoO6KblxWNLbQhDCZTtKh8wgzk0IJ/RM3LlTc+inu/BunD0RbD1w4nHMv994TZ4xq43lfTmlldW19o7xZ2dre2d1z9w8etcwVJj6WTKpOjDRhVBDfUMNIJ1ME8ZiRdjy4mfjtIVGaSvFgRhkJOUoFTShGxkqR695HgaYpR7VAcpKi08itenVvCvhDGoukCuZoRe5n0JM450QYzJDW3YaXmbBAylDMyLgS5JpkCA9QSrqWCsSJDovp5WN4YpUeTKSyJQycqr8nCsS1HvHYdnJk+nrRm4j/ed3cJJdhQUWWGyLwbFGSM2gknMQAe1QRbNjIEoQVtbdC3EcKYWPDqtgQll5eJv5Z/aru3Z1Xm9fzNMrgCByDGmiAC9AEt6AFfIDBEDyBF/DqFM6z8+a8z1pLznzmEPyB8/ENQMyS9A==</latexit><latexit sha1_base64="Z3u4meLxhq9Tmy+q/AcUR4B6T4s=">AAAB+HicbVDLSsNAFJ3UV62vqEs3g0Wom5KKoO6KblxWNLbQhDCZTtKh8wgzk0IJ/RM3LlTc+inu/BunD0RbD1w4nHMv994TZ4xq43lfTmlldW19o7xZ2dre2d1z9w8etcwVJj6WTKpOjDRhVBDfUMNIJ1ME8ZiRdjy4mfjtIVGaSvFgRhkJOUoFTShGxkqR695HgaYpR7VAcpKi08itenVvCvhDGoukCuZoRe5n0JM450QYzJDW3YaXmbBAylDMyLgS5JpkCA9QSrqWCsSJDovp5WN4YpUeTKSyJQycqr8nCsS1HvHYdnJk+nrRm4j/ed3cJJdhQUWWGyLwbFGSM2gknMQAe1QRbNjIEoQVtbdC3EcKYWPDqtgQll5eJv5Z/aru3Z1Xm9fzNMrgCByDGmiAC9AEt6AFfIDBEDyBF/DqFM6z8+a8z1pLznzmEPyB8/ENQMyS9A==</latexit><latexit sha1_base64="Z3u4meLxhq9Tmy+q/AcUR4B6T4s=">AAAB+HicbVDLSsNAFJ3UV62vqEs3g0Wom5KKoO6KblxWNLbQhDCZTtKh8wgzk0IJ/RM3LlTc+inu/BunD0RbD1w4nHMv994TZ4xq43lfTmlldW19o7xZ2dre2d1z9w8etcwVJj6WTKpOjDRhVBDfUMNIJ1ME8ZiRdjy4mfjtIVGaSvFgRhkJOUoFTShGxkqR695HgaYpR7VAcpKi08itenVvCvhDGoukCuZoRe5n0JM450QYzJDW3YaXmbBAylDMyLgS5JpkCA9QSrqWCsSJDovp5WN4YpUeTKSyJQycqr8nCsS1HvHYdnJk+nrRm4j/ed3cJJdhQUWWGyLwbFGSM2gknMQAe1QRbNjIEoQVtbdC3EcKYWPDqtgQll5eJv5Z/aru3Z1Xm9fzNMrgCByDGmiAC9AEt6AFfIDBEDyBF/DqFM6z8+a8z1pLznzmEPyB8/ENQMyS9A==</latexit>

�
<latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit><latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit><latexit sha1_base64="fiSQKQlggWWkNr7R/9Qv+Jch4pI=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BD3qM4CaBZAmzk9lkzDyWmVkhLPkHLx5UvPpB3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQgOiuNLtCBvKmaSBZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TGo5qUCORq/81e0rkgoqLeHYmE7NT2yYYW0Z4XRS6qaGJpiM8IB2HJVYUBNms2sn6MQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY0vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVRyIdQWX14mwVn1qurfn1fq13kaRTiCYziFGlxAHe6gAQEQeIRneIU3T3kv3rv3MW8tePnMIfyB9/kDwiSOyA==</latexit>

S�(!)
<latexit sha1_base64="xfb8Yn20AnKyEAe65fjZkAxdcDE=">AAAB/nicbVBNS8NAEN34WeNXVPDiZbEI9VISEdRb0YvHisYWmhA22026dHcTdjdCqT34V7x4UPHq7/Dmv3Hb5qCtDwYe780wMy/OGVXadb+thcWl5ZXVypq9vrG5te3s7N6rrJCY+DhjmWzHSBFGBfE11Yy0c0kQjxlpxf2rsd96IFLRTNzpQU5CjlJBE4qRNlLk7N9GgaIpR7Ug4yRFx9C2IYSRU3Xr7gRwnnglqYISzcj5CroZLjgRGjOkVMdzcx0OkdQUMzKyg0KRHOE+SknHUIE4UeFwcv8IHhmlC5NMmhIaTtTfE0PElRrw2HRypHtq1huL/3mdQifn4ZCKvNBE4OmipGBQZ3AcBuxSSbBmA0MQltTcCnEPSYS1icw2IXizL88T/6R+UXdvTquNyzKNCjgAh6AGPHAGGuAaNIEPMHgEz+AVvFlP1ov1bn1MWxescmYP/IH1+QMiW5PD</latexit><latexit sha1_base64="xfb8Yn20AnKyEAe65fjZkAxdcDE=">AAAB/nicbVBNS8NAEN34WeNXVPDiZbEI9VISEdRb0YvHisYWmhA22026dHcTdjdCqT34V7x4UPHq7/Dmv3Hb5qCtDwYe780wMy/OGVXadb+thcWl5ZXVypq9vrG5te3s7N6rrJCY+DhjmWzHSBFGBfE11Yy0c0kQjxlpxf2rsd96IFLRTNzpQU5CjlJBE4qRNlLk7N9GgaIpR7Ug4yRFx9C2IYSRU3Xr7gRwnnglqYISzcj5CroZLjgRGjOkVMdzcx0OkdQUMzKyg0KRHOE+SknHUIE4UeFwcv8IHhmlC5NMmhIaTtTfE0PElRrw2HRypHtq1huL/3mdQifn4ZCKvNBE4OmipGBQZ3AcBuxSSbBmA0MQltTcCnEPSYS1icw2IXizL88T/6R+UXdvTquNyzKNCjgAh6AGPHAGGuAaNIEPMHgEz+AVvFlP1ov1bn1MWxescmYP/IH1+QMiW5PD</latexit><latexit sha1_base64="xfb8Yn20AnKyEAe65fjZkAxdcDE=">AAAB/nicbVBNS8NAEN34WeNXVPDiZbEI9VISEdRb0YvHisYWmhA22026dHcTdjdCqT34V7x4UPHq7/Dmv3Hb5qCtDwYe780wMy/OGVXadb+thcWl5ZXVypq9vrG5te3s7N6rrJCY+DhjmWzHSBFGBfE11Yy0c0kQjxlpxf2rsd96IFLRTNzpQU5CjlJBE4qRNlLk7N9GgaIpR7Ug4yRFx9C2IYSRU3Xr7gRwnnglqYISzcj5CroZLjgRGjOkVMdzcx0OkdQUMzKyg0KRHOE+SknHUIE4UeFwcv8IHhmlC5NMmhIaTtTfE0PElRrw2HRypHtq1huL/3mdQifn4ZCKvNBE4OmipGBQZ3AcBuxSSbBmA0MQltTcCnEPSYS1icw2IXizL88T/6R+UXdvTquNyzKNCjgAh6AGPHAGGuAaNIEPMHgEz+AVvFlP1ov1bn1MWxescmYP/IH1+QMiW5PD</latexit>

! ! 0
<latexit sha1_base64="aXMbBNQae4UYTP+vn7RGbiORLLc=">AAAB+HicbVBNS8NAEN3Urxq/oh69LBbBU0lFUG9FLx4rGFtoQtlsJ+3S3U3Y3RRK6D/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8OONMG9//dipr6xubW9Vtd2d3b//AOzx60mmuKAQ05anqxEQDZxICwwyHTqaAiJhDOx7dzfz2GJRmqXw0kwwiQQaSJYwSY6We54WpgAEJTYp918UY97yaX/fnwKukUZIaKtHqeV9hP6W5AGkoJ1p3G35mooIowyiHqRvmGjJCR2QAXUslEaCjYn75FJ9ZpY+TVNmSBs/V3xMFEVpPRGw7BTFDvezNxP+8bm6S66hgMssNSLpYlOQc2z9nMeA+U0ANn1hCqGL2VkyHRBFqbFiuDaGx/PIqCS7qN3X/4bLWvC3TqKITdIrOUQNdoSa6Ry0UIIrG6Bm9ojencF6cd+dj0Vpxyplj9AfO5w8UpZGG</latexit><latexit sha1_base64="aXMbBNQae4UYTP+vn7RGbiORLLc=">AAAB+HicbVBNS8NAEN3Urxq/oh69LBbBU0lFUG9FLx4rGFtoQtlsJ+3S3U3Y3RRK6D/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8OONMG9//dipr6xubW9Vtd2d3b//AOzx60mmuKAQ05anqxEQDZxICwwyHTqaAiJhDOx7dzfz2GJRmqXw0kwwiQQaSJYwSY6We54WpgAEJTYp918UY97yaX/fnwKukUZIaKtHqeV9hP6W5AGkoJ1p3G35mooIowyiHqRvmGjJCR2QAXUslEaCjYn75FJ9ZpY+TVNmSBs/V3xMFEVpPRGw7BTFDvezNxP+8bm6S66hgMssNSLpYlOQc2z9nMeA+U0ANn1hCqGL2VkyHRBFqbFiuDaGx/PIqCS7qN3X/4bLWvC3TqKITdIrOUQNdoSa6Ry0UIIrG6Bm9ojencF6cd+dj0Vpxyplj9AfO5w8UpZGG</latexit><latexit sha1_base64="aXMbBNQae4UYTP+vn7RGbiORLLc=">AAAB+HicbVBNS8NAEN3Urxq/oh69LBbBU0lFUG9FLx4rGFtoQtlsJ+3S3U3Y3RRK6D/x4kHFqz/Fm//GbZuDtj4YeLw3w8y8OONMG9//dipr6xubW9Vtd2d3b//AOzx60mmuKAQ05anqxEQDZxICwwyHTqaAiJhDOx7dzfz2GJRmqXw0kwwiQQaSJYwSY6We54WpgAEJTYp918UY97yaX/fnwKukUZIaKtHqeV9hP6W5AGkoJ1p3G35mooIowyiHqRvmGjJCR2QAXUslEaCjYn75FJ9ZpY+TVNmSBs/V3xMFEVpPRGw7BTFDvezNxP+8bm6S66hgMssNSLpYlOQc2z9nMeA+U0ANn1hCqGL2VkyHRBFqbFiuDaGx/PIqCS7qN3X/4bLWvC3TqKITdIrOUQNdoSa6Ry0UIIrG6Bm9ojencF6cd+dj0Vpxyplj9AfO5w8UpZGG</latexit>
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Hannestad & Raffelt 1998
Raffelt & Strobel 1997

the intermediate nucleon get constantly scattered  
and thus obtain a width smearing the process  



comparisons of the structure factors

(Hannestad & Raffelt 1998; Bartl et al. 2014)



width/spin relaxation rate of nucleon 



Formalisms for RPA correlation

Burrows & Sawyer 1998

fluctuation-dissipation theorem

ring approximation

see. e.g., Fetter & Walecka 1971

Reddy et al., 1998

Including RPA



a general discussion of axial-structure factor
Dynamical structure function: correlation of spin-spin density operator

fluctuation-dissipation theorem
see, e.g., Fetter & Walecka 1971
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where retarded polarization/response function is

Cutting rules show the imaginary part can be approximated by the rates 
obtained from the Fermi-Golden’s rule with statistical factors taken in 
account for the initial/final states.    



Effects of RPA on the normalisation of S�(!)
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[actually the static structure factor, constrained by EOS]


