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Motivation and Key Idea

✤ Particle production by oscillating from one interaction state to another
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Motivation and Key Idea

✤ Oscillations familiar from SM and BSM physics:

✤ Ubiquitous and potentially efficient production mechanism of dark matter

✤ Goal to generalize this framework. Necessary ingredients?

✤ Active neutrino                           Sterile Neutrino Dodelson, Widrow ’94; Shi, Fuller ‘99

✤               Photon                            Dark Photon Holdom ‘84

✤               Photon                            Axion/Graviton Raffelt, Stodolsky ‘87

✤                 Axion                            ALP Hill, Ross ‘88

✤ Active neutrino                           Active neutrino Maki, Nakagawa, Sakata  ‘62
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✤ Two state quantum system
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✤ As example, heavy vector exchange

✤ Important operators from EFT perspective:
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mV ⇠ ⇤

<latexit sha1_base64="I/uC8mSckoPbQkUJIi0fi2763/w=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSi6LLoxoWLCvYBTQiTyaQdOpOEmUmhhP6JGxeKuPVP3Pk3TtsstPXAwOGce7h3TphxprTjfFuVtfWNza3qdm1nd2//wD486qg0l4S2ScpT2QuxopwltK2Z5rSXSYpFyGk3HN3N/O6YSsXS5ElPMuoLPEhYzAjWRgpsWwQd5CkmkPdgUhEO7LrTcOZAq8QtSR1KtAL7y4tSkguaaMKxUn3XybRfYKkZ4XRa83JFM0xGeED7hiZYUOUX88un6MwoEYpTaV6i0Vz9nSiwUGoiQjMpsB6qZW8m/uf1cx3f+AVLslzThCwWxTlHOkWzGlDEJCWaTwzBRDJzKyJDLDHRpqyaKcFd/vIq6Vw03MvG1eNlvXlb1lGFEziFc3DhGppwDy1oA4ExPMMrvFmF9WK9Wx+L0YpVZo7hD6zPH4udkvc=</latexit>

4-Fermi like interaction

Modification from heavy vector propagator



ROMP Production Time

✤ Characteristic of ROMP dark matter that new temperature of production Tosc

<latexit sha1_base64="xBE9xaUU/ud+C7QE5sRNeunqNdI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4j5AXJEmYns8mQeSwzs0JY8hlePCji1a/x5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E03u537niWrDlGzaaUJDgUeSxYxg66Rec5D1tUDKkNmgXPGr/gJonQQ5qUCOxqD81R8qkgoqLeHYmF7gJzbMsLaMcDor9VNDE0wmeER7jkosqAmzxckzdOGUIYqVdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91Ma3YcZkkloqyXJRnHJkFZr/j4ZMU2L51BFMNHO3IjLGGhPrUiq5EILVl9dJ+6oa1KrXj7VK/S6PowhncA6XEMAN1OEBGtACAgqe4RXePOu9eO/ex7K14OUzp/AH3ucPOzWROw==</latexit>

M2
e↵ =

✓
m2
 +m2

T m2
 �

m2
 � m2

�

◆

<latexit sha1_base64="hzshZy9PdDKmmyVFOlvZN0V5n0Q="></latexit>

Can be large in early universe. Mixing suppressed!

tan 2✓ =
2m2

 �

m2
T +m2

 �m2
�

<latexit sha1_base64="cRw5u4NrzOZaTqpKalMFElH6jjI="></latexit>

Tosc

<latexit sha1_base64="xBE9xaUU/ud+C7QE5sRNeunqNdI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4j5AXJEmYns8mQeSwzs0JY8hlePCji1a/x5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E03u537niWrDlGzaaUJDgUeSxYxg66Rec5D1tUDKkNmgXPGr/gJonQQ5qUCOxqD81R8qkgoqLeHYmF7gJzbMsLaMcDor9VNDE0wmeER7jkosqAmzxckzdOGUIYqVdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91Ma3YcZkkloqyXJRnHJkFZr/j4ZMU2L51BFMNHO3IjLGGhPrUiq5EILVl9dJ+6oa1KrXj7VK/S6PowhncA6XEMAN1OEBGtACAgqe4RXePOu9eO/ex7K14OUzp/AH3ucPOzWROw==</latexit>

|m2
T | = m2

 �m2
�

<latexit sha1_base64="C7CX98tLKyQ0clkh/XQKd9JvlzU=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxUCVVESxIFSyMRepLatPIcZ3Wqp1EtoNUpZ1Z+BUWBhBi5QvY+BuctAO0HMnSuefcq+t7vIhRqSzr28itrK6tb+Q3C1vbO7t75v5BU4axwKSBQxaKtockYTQgDUUVI+1IEMQ9Rlre6Db1Ww9ESBoGdTWOiMPRIKA+xUhpyTWPJ9yt98oTeA25m3QjSae9MjzPCjxMC9csWiUrA1wm9pwUwRw11/zq9kMccxIozJCUHduKlJMgoShmZFroxpJECI/QgHQ0DRAn0kmyU6bwVCt96IdCv0DBTP09kSAu5Zh7upMjNZSLXir+53Vi5V85CQ2iWJEAzxb5MYMqhGkusE8FwYqNNUFYUP1XiIdIIKx0egUdgr148jJplkt2pXRxXylWb+Zx5MEROAFnwAaXoAruQA00AAaP4Bm8gjfjyXgx3o2PWWvOmM8cgj8wPn8AXlyZbw==</latexit>

when



To determine relic abundance of      dark matter?

Evolution Equation?

✤ How to capture: 

1. Oscillations

2. Scattering

3. Resonances

4. In-medium (thermal) mass corrections

�

<latexit sha1_base64="N2TZvf2SkEoPSStPeXR4j+J0Nrs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3nxo1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACUo46</latexit>



Quantum Kinetic Equation

✤ Need evolution of density operator

i@t⇢̂ = [Ĥ, ⇢̂]

<latexit sha1_base64="7Q15iDNCrpV9+P3AAILe/hIw8I8=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCRS0Y1QdNNlBfuAJpTJdNIMnWTCzI1QQr/Djb/ixoUi7sSNf+P0saitBwbOPede7twTpIJrcJwfa2V1bX1js7BV3N7Z3du3Dw6bWmaKsgaVQqp2QDQTPGEN4CBYO1WMxIFgrWBwN/Zbj0xpLpMHGKbMj0k/4SGnBIzUtV2OvZQo4ER0AXsRgdxTkRzhG9yZlrXR+bzud+2SU3YmwMvEnZESmqHetb+8nqRZzBKggmjdcZ0U/Hy8lAo2KnqZZimhA9JnHUMTEjPt55PTRvjUKD0cSmVeAniizk/kJNZ6GAemMyYQ6UVvLP7ndTIIr/2cJ2kGLKHTRWEmMEg8zgn3uGIUxNAQQhU3f8U0IopQMGkWTQju4snLpHlRdivly/tKqXo7i6OAjtEJOkMuukJVVEN11EAUPaEX9IberWfr1fqwPqetK9Zs5gj9gfX9C0kxoGg=</latexit>

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

ROMP polarization vector

dP

dt
= V ⇥P�DP? + Ṗ0ẑ

<latexit sha1_base64="Td0sNfTomUHpYAo0IJMq25IrmOI="></latexit>

P0 = tr(⇢) = ⇢  + ⇢�� = f + f�

Pz = tr(⇢�z) = ⇢  � ⇢�� = f � f�

<latexit sha1_base64="fTIoIq6KTNTJEYS9jvCHKFwBapk="></latexit>

Stodolsky ’87 Akhiezer et al ’81; 



Quantum Kinetic Equation

✤ Need evolution of density operator

i@t⇢̂ = [Ĥ, ⇢̂]

<latexit sha1_base64="7Q15iDNCrpV9+P3AAILe/hIw8I8=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCRS0Y1QdNNlBfuAJpTJdNIMnWTCzI1QQr/Djb/ixoUi7sSNf+P0saitBwbOPede7twTpIJrcJwfa2V1bX1js7BV3N7Z3du3Dw6bWmaKsgaVQqp2QDQTPGEN4CBYO1WMxIFgrWBwN/Zbj0xpLpMHGKbMj0k/4SGnBIzUtV2OvZQo4ER0AXsRgdxTkRzhG9yZlrXR+bzud+2SU3YmwMvEnZESmqHetb+8nqRZzBKggmjdcZ0U/Hy8lAo2KnqZZimhA9JnHUMTEjPt55PTRvjUKD0cSmVeAniizk/kJNZ6GAemMyYQ6UVvLP7ndTIIr/2cJ2kGLKHTRWEmMEg8zgn3uGIUxNAQQhU3f8U0IopQMGkWTQju4snLpHlRdivly/tKqXo7i6OAjtEJOkMuukJVVEN11EAUPaEX9IberWfr1fqwPqetK9Zs5gj9gfX9C0kxoGg=</latexit>

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

ROMP mixing vector. “Magnetic field” with

dP

dt
= V ⇥P�DP? + Ṗ0ẑ

<latexit sha1_base64="Td0sNfTomUHpYAo0IJMq25IrmOI="></latexit>

V = !osc(sin 2✓x̂+ cos 2✓ẑ)

<latexit sha1_base64="KM8ufQRVNKWDUqaX4Mk/00442pA="></latexit>

Stodolsky ’87 Akhiezer et al ’81; 



Quantum Kinetic Equation

✤ Need evolution of density operator

i@t⇢̂ = [Ĥ, ⇢̂]

<latexit sha1_base64="7Q15iDNCrpV9+P3AAILe/hIw8I8=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCRS0Y1QdNNlBfuAJpTJdNIMnWTCzI1QQr/Djb/ixoUi7sSNf+P0saitBwbOPede7twTpIJrcJwfa2V1bX1js7BV3N7Z3du3Dw6bWmaKsgaVQqp2QDQTPGEN4CBYO1WMxIFgrWBwN/Zbj0xpLpMHGKbMj0k/4SGnBIzUtV2OvZQo4ER0AXsRgdxTkRzhG9yZlrXR+bzud+2SU3YmwMvEnZESmqHetb+8nqRZzBKggmjdcZ0U/Hy8lAo2KnqZZimhA9JnHUMTEjPt55PTRvjUKD0cSmVeAniizk/kJNZ6GAemMyYQ6UVvLP7ndTIIr/2cJ2kGLKHTRWEmMEg8zgn3uGIUxNAQQhU3f8U0IopQMGkWTQju4snLpHlRdivly/tKqXo7i6OAjtEJOkMuukJVVEN11EAUPaEX9IberWfr1fqwPqetK9Zs5gj9gfX9C0kxoGg=</latexit>

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

ROMP mixing vector. “Magnetic field” with

dP

dt
= V ⇥P�DP? + Ṗ0ẑ

<latexit sha1_base64="Td0sNfTomUHpYAo0IJMq25IrmOI="></latexit>

V = !osc(sin 2✓x̂+ cos 2✓ẑ)

<latexit sha1_base64="KM8ufQRVNKWDUqaX4Mk/00442pA="></latexit>

f�
f ,0

= P !� =
1

2
sin2 2✓(1� cos!osct)

<latexit sha1_base64="nF7aaXz/E0fUyldjHbhF5CP7ZvQ="></latexit>

Stodolsky ’87 Akhiezer et al ’81; 



Quantum Kinetic Equation

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

i@t⇢̂ = [Ĥ, ⇢̂]

<latexit sha1_base64="7Q15iDNCrpV9+P3AAILe/hIw8I8=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCRS0Y1QdNNlBfuAJpTJdNIMnWTCzI1QQr/Djb/ixoUi7sSNf+P0saitBwbOPede7twTpIJrcJwfa2V1bX1js7BV3N7Z3du3Dw6bWmaKsgaVQqp2QDQTPGEN4CBYO1WMxIFgrWBwN/Zbj0xpLpMHGKbMj0k/4SGnBIzUtV2OvZQo4ER0AXsRgdxTkRzhG9yZlrXR+bzud+2SU3YmwMvEnZESmqHetb+8nqRZzBKggmjdcZ0U/Hy8lAo2KnqZZimhA9JnHUMTEjPt55PTRvjUKD0cSmVeAniizk/kJNZ6GAemMyYQ6UVvLP7ndTIIr/2cJ2kGLKHTRWEmMEg8zgn3uGIUxNAQQhU3f8U0IopQMGkWTQju4snLpHlRdivly/tKqXo7i6OAjtEJOkMuukJVVEN11EAUPaEX9IberWfr1fqwPqetK9Zs5gj9gfX9C0kxoGg=</latexit>

ROMP mixing vector. “Magnetic field” with

dP

dt
= V ⇥P�DP? + Ṗ0ẑ

<latexit sha1_base64="Td0sNfTomUHpYAo0IJMq25IrmOI="></latexit>

✤ Need evolution of density operator

V = !osc(sin 2✓x̂+ cos 2✓ẑ)

<latexit sha1_base64="KM8ufQRVNKWDUqaX4Mk/00442pA="></latexit>

Time-dependent mixing angle

Stodolsky ’87 Akhiezer et al ’81; 



Quantum Kinetic Equation

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

i@t⇢̂ = [Ĥ, ⇢̂]

<latexit sha1_base64="7Q15iDNCrpV9+P3AAILe/hIw8I8=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCRS0Y1QdNNlBfuAJpTJdNIMnWTCzI1QQr/Djb/ixoUi7sSNf+P0saitBwbOPede7twTpIJrcJwfa2V1bX1js7BV3N7Z3du3Dw6bWmaKsgaVQqp2QDQTPGEN4CBYO1WMxIFgrWBwN/Zbj0xpLpMHGKbMj0k/4SGnBIzUtV2OvZQo4ER0AXsRgdxTkRzhG9yZlrXR+bzud+2SU3YmwMvEnZESmqHetb+8nqRZzBKggmjdcZ0U/Hy8lAo2KnqZZimhA9JnHUMTEjPt55PTRvjUKD0cSmVeAniizk/kJNZ6GAemMyYQ6UVvLP7ndTIIr/2cJ2kGLKHTRWEmMEg8zgn3uGIUxNAQQhU3f8U0IopQMGkWTQju4snLpHlRdivly/tKqXo7i6OAjtEJOkMuukJVVEN11EAUPaEX9IberWfr1fqwPqetK9Zs5gj9gfX9C0kxoGg=</latexit>

ROMP mixing vector. “Magnetic field” with

dP

dt
= V ⇥P�DP? + Ṗ0ẑ

<latexit sha1_base64="Td0sNfTomUHpYAo0IJMq25IrmOI="></latexit>

✤ Need evolution of density operator

V = !osc(sin 2✓x̂+ cos 2✓ẑ)

<latexit sha1_base64="KM8ufQRVNKWDUqaX4Mk/00442pA="></latexit>

� =
�tres
�tosc

<latexit sha1_base64="5jzT56gZA222hbR8HGRKDpN3zws=">AAACH3icbVDLSgNBEJz1bXxFPXoZDIKnsCu+LoKoB48RjArZEHonvXFwZneZ6RXCsn/ixV/x4kER8Za/cRJz8FXQUFR1090VZUpa8v2BNzE5NT0zOzdfWVhcWl6prq5d2TQ3ApsiVam5icCikgk2SZLCm8wg6EjhdXR3OvSv79FYmSaX1M+wraGXyFgKICd1qvthD7QGfsTD2IAowi4qAk6dIjSaG7RlWYRn37XUirLsVGt+3R+B/yXBmNTYGI1O9SPspiLXmJBQYG0r8DNqF2BICoVlJcwtZiDuoIctRxPQaNvF6L+Sbzmly+PUuEqIj9TvEwVoa/s6cp0a6Nb+9obif14rp/iwXcgkywkT8bUozhWnlA/D4l1pUJDqOwLCSHcrF7fgciIXacWFEPx++S+52qkHu/W9i93a8ck4jjm2wTbZNgvYATtm56zBmkywB/bEXtir9+g9e2/e+1frhDeeWWc/4A0+AZQBo1o=</latexit>

tres

<latexit sha1_base64="+1OeqixtLCyxpoz+ysuEc0c/zsk=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48RzAM2S5idzCZD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62tb2xulbcrO7t7+wfVw6O21ZmhrEW10KYbE8sEV6wFHATrpoYRGQvWicd3M7/zxIzlWj3CJGWRJEPFE04JOCmEft4zEhtmp/1qza/7c+BVEhSkhgo0+9Wv3kDTTDIFVBBrw8BPIcqJAU4Fm1Z6mWUpoWMyZKGjikhmo3x+8hSfOWWAE21cKcBz9fdETqS1Exm7TklgZJe9mfifF2aQ3EQ5V2kGTNHFoiQTGDSe/Y8H3DAKYuIIoYa7WzEdEUMouJQqLoRg+eVV0r6oB5f1q4fLWuO2iKOMTtApOkcBukYNdI+aqIUo0ugZvaI3D7wX7937WLSWvGLmGP2B9/kDdIaRYA==</latexit>

> 1

<latexit sha1_base64="yjkCWRTycMl5iOHb17Ocy5e0vDw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPVwTr1euuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb3z6sX9eaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9WIo0v</latexit>

< 1

<latexit sha1_base64="nic9fMwaBtdmDmnbfFUM3iVAB4I=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0cIiaGMZ0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYdr4vXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UbvI4inAEx3AKHlxCDe6gDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDUxaNLQ==</latexit>

Adiabatic

Non-AdiabaticLandau ’32; Zener ‘33

f�
f ,0

= P !� = 1� exp(�⇡�/2)

<latexit sha1_base64="l8Lhcc7KU2HwAXo6F1F8gQmm174="></latexit>

Time-dependent mixing angle

Stodolsky ’87 Akhiezer et al ’81; 



Quantum Kinetic Equation

✤ Need evolution of density operator

i@t⇢̂ = [Ĥ, ⇢̂]

<latexit sha1_base64="7Q15iDNCrpV9+P3AAILe/hIw8I8=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCRS0Y1QdNNlBfuAJpTJdNIMnWTCzI1QQr/Djb/ixoUi7sSNf+P0saitBwbOPede7twTpIJrcJwfa2V1bX1js7BV3N7Z3du3Dw6bWmaKsgaVQqp2QDQTPGEN4CBYO1WMxIFgrWBwN/Zbj0xpLpMHGKbMj0k/4SGnBIzUtV2OvZQo4ER0AXsRgdxTkRzhG9yZlrXR+bzud+2SU3YmwMvEnZESmqHetb+8nqRZzBKggmjdcZ0U/Hy8lAo2KnqZZimhA9JnHUMTEjPt55PTRvjUKD0cSmVeAniizk/kJNZ6GAemMyYQ6UVvLP7ndTIIr/2cJ2kGLKHTRWEmMEg8zgn3uGIUxNAQQhU3f8U0IopQMGkWTQju4snLpHlRdivly/tKqXo7i6OAjtEJOkMuukJVVEN11EAUPaEX9IberWfr1fqwPqetK9Zs5gj9gfX9C0kxoGg=</latexit>

dP

dt
= V ⇥P�DP? + Ṗ0ẑ

<latexit sha1_base64="Td0sNfTomUHpYAo0IJMq25IrmOI="></latexit>

D =
1

2
� 

<latexit sha1_base64="fEb0Y/INmG5nL7fo6bgDqq7xjxY=">AAACJHicbVBPS8MwHE3nvzn/VT3qITgET6MdE70IQwU9TnCbsJaSZukWlrQlSYej9OKHEa/6ObyJBy9+B7+B2daD23wQeLz3+yUvz48ZlcqyvozC0vLK6lpxvbSxubW9Y+7utWSUCEyaOGKRePCRJIyGpKmoYuQhFgRxn5G2P7ga++0hEZJG4b0axcTlqBfSgGKktOSZh9fwAjqBQDi1s7SaOTeIc+SlTixp5pllq2JNABeJnZMyyNHwzB+nG+GEk1BhhqTs2Fas3BQJRTEjWclJJIkRHqAe6WgaIk6km05+kcFjrXRhEAl9QgUn6t+NFHEpR9zXkxypvpz3xuJ/XidRwbmb0jBOFAnx9KEgYVBFcFwJ7FJBsGIjTRAWVGeFuI90JUoXN3NTd0hjmad+nMbWHdnzjSySVrVi1yqnd7Vy/TJvqwgOwBE4ATY4A3VwCxqgCTB4Ai/gFbwZz8a78WF8TkcLRr6zD2ZgfP8CU7mlxQ==</latexit>

(Reduces      , making ROMP a mixed state)|P|

<latexit sha1_base64="YaBi2/qFrRXuzlQVAqFJ1JEeVDA=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dJMPMpFjS/oW41e9wJ279AT/DP3DSZmFbDwwczrn3zuF4gjOlbfvbKqytb2xuFbdLO7t7+wflw6OmihNJaIPEPJZtDyvKWUQbmmlO20JSHHqctrzhXea3RlQqFkePeiyoG+J+xAJGsDZSd9INsR54QVqfTnrlil21Z0CrxMlJBXLUe+Wfrh+TJKSRJhwr1XFsod0US80Ip9NSN1FUYDLEfdoxNMIhVW46yzxFZ0bxURBL8yKNZurfjRSHSo1Dz0xmEdWyl4n/eZ1EBzduyiKRaBqR+UdBwpGOUVYA8pmkRPOxIZhIZrIiMsASE21qWrjkj5hQeeqneWzTkbPcyCppXlSdy+rVw2Wldpu3VYQTOIVzcOAaanAPdWgAAQEv8Apv1rP1bn1Yn/PRgpXvHMMCrK9fj1GfuA==</latexit>

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

Stodolsky ’87 Akhiezer et al ’81; 



Quantum Kinetic Equation

✤ Need evolution of density operator

i@t⇢̂ = [Ĥ, ⇢̂]

<latexit sha1_base64="7Q15iDNCrpV9+P3AAILe/hIw8I8=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgupCRS0Y1QdNNlBfuAJpTJdNIMnWTCzI1QQr/Djb/ixoUi7sSNf+P0saitBwbOPede7twTpIJrcJwfa2V1bX1js7BV3N7Z3du3Dw6bWmaKsgaVQqp2QDQTPGEN4CBYO1WMxIFgrWBwN/Zbj0xpLpMHGKbMj0k/4SGnBIzUtV2OvZQo4ER0AXsRgdxTkRzhG9yZlrXR+bzud+2SU3YmwMvEnZESmqHetb+8nqRZzBKggmjdcZ0U/Hy8lAo2KnqZZimhA9JnHUMTEjPt55PTRvjUKD0cSmVeAniizk/kJNZ6GAemMyYQ6UVvLP7ndTIIr/2cJ2kGLKHTRWEmMEg8zgn3uGIUxNAQQhU3f8U0IopQMGkWTQju4snLpHlRdivly/tKqXo7i6OAjtEJOkMuukJVVEN11EAUPaEX9IberWfr1fqwPqetK9Zs5gj9gfX9C0kxoGg=</latexit>

dP

dt
= V ⇥P�DP? + Ṗ0ẑ

<latexit sha1_base64="Td0sNfTomUHpYAo0IJMq25IrmOI="></latexit>

D =
1

2
� 

<latexit sha1_base64="fEb0Y/INmG5nL7fo6bgDqq7xjxY=">AAACJHicbVBPS8MwHE3nvzn/VT3qITgET6MdE70IQwU9TnCbsJaSZukWlrQlSYej9OKHEa/6ObyJBy9+B7+B2daD23wQeLz3+yUvz48ZlcqyvozC0vLK6lpxvbSxubW9Y+7utWSUCEyaOGKRePCRJIyGpKmoYuQhFgRxn5G2P7ga++0hEZJG4b0axcTlqBfSgGKktOSZh9fwAjqBQDi1s7SaOTeIc+SlTixp5pllq2JNABeJnZMyyNHwzB+nG+GEk1BhhqTs2Fas3BQJRTEjWclJJIkRHqAe6WgaIk6km05+kcFjrXRhEAl9QgUn6t+NFHEpR9zXkxypvpz3xuJ/XidRwbmb0jBOFAnx9KEgYVBFcFwJ7FJBsGIjTRAWVGeFuI90JUoXN3NTd0hjmad+nMbWHdnzjSySVrVi1yqnd7Vy/TJvqwgOwBE4ATY4A3VwCxqgCTB4Ai/gFbwZz8a78WF8TkcLRr6zD2ZgfP8CU7mlxQ==</latexit>

(Reduces      , making ROMP a mixed state)|P|

<latexit sha1_base64="YaBi2/qFrRXuzlQVAqFJ1JEeVDA=">AAACEnicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dJMPMpFjS/oW41e9wJ279AT/DP3DSZmFbDwwczrn3zuF4gjOlbfvbKqytb2xuFbdLO7t7+wflw6OmihNJaIPEPJZtDyvKWUQbmmlO20JSHHqctrzhXea3RlQqFkePeiyoG+J+xAJGsDZSd9INsR54QVqfTnrlil21Z0CrxMlJBXLUe+Wfrh+TJKSRJhwr1XFsod0US80Ip9NSN1FUYDLEfdoxNMIhVW46yzxFZ0bxURBL8yKNZurfjRSHSo1Dz0xmEdWyl4n/eZ1EBzduyiKRaBqR+UdBwpGOUVYA8pmkRPOxIZhIZrIiMsASE21qWrjkj5hQeeqneWzTkbPcyCppXlSdy+rVw2Wldpu3VYQTOIVzcOAaanAPdWgAAQEv8Apv1rP1bn1Yn/PRgpXvHMMCrK9fj1GfuA==</latexit>

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

z

<latexit sha1_base64="mBNsSck29HYD+UA8I7CdsBnbA5A=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOvZjQY=</latexit>

ḟ� =
1

4
� sin2 2✓(f � f�)

<latexit sha1_base64="NGcRAa2Arr8FqPfOw6K1BB/avGQ="></latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

suppression factor when damping strong

+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

transient oscillatory factor 

Stodolsky ’87 Akhiezer et al ’81; 



In-Medium Masses

M2
e↵ =
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◆

<latexit sha1_base64="hzshZy9PdDKmmyVFOlvZN0V5n0Q="></latexit>

p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

Background

<latexit sha1_base64="Evo1JRygYlJRVSxUUQQopp/C7E0=">AAACGXicbVDLTgIxFO3gC/E16NJNIzFxRWaMRpcENy4xkUcCE9LpFGjodCbtHYRM+BLjVr/DnXHrys/wDywwCwFP0uTknHtvT44fC67Bcb6t3Mbm1vZOfrewt39weGQXjxs6ShRldRqJSLV8opngktWBg2CtWDES+oI1/eHdzG+OmNI8ko8wiZkXkr7kPU4JGKlrFzvAxpBWCR32VZTIYNq1S07ZmQOvEzcjJZSh1rV/OkFEk5BJoIJo3XadGLyUKOBUsGmhk2gWm/ukz9qGShIy7aXz6FN8bpQA9yJlngQ8V/9upCTUehL6ZjIkMNCr3kz8z2sn0Lv1Ui7jBJiki496icAQ4VkPOOCKURATQwhV3GTFdEAUoWDaWroUjHiss9TjRWzTkbvayDppXJbdq/L1w1WpUs3ayqNTdIYukItuUAXdoxqqI4qe0At6RW/Ws/VufVifi9Gcle2coCVYX785UaIm</latexit>

Particle

<latexit sha1_base64="/vVfSAMUZOjaQ1PR86mKMVqLKmo=">AAACF3icbVDLSgMxFM3UV62Pjrp0EyyCqzIjFV0W3bisYB/QDiWTSdvQTGZI7pSWoR8ibvU73Ilbl36Gf2DajmBbDwQO59x7czh+LLgGx/mychubW9s7+d3C3v7BYdE+Om7oKFGU1WkkItXyiWaCS1YHDoK1YsVI6AvW9Id3M785YkrzSD7CJGZeSPqS9zglYKSuXewAG0NaIwo4FWzatUtO2ZkDrxM3IyWUoda1vztBRJOQSaCCaN12nRi89PdeoZNoFhM6JH3WNlSSkGkvnQef4nOjBLgXKfMk4Ln6dyMlodaT0DeTIYGBXvVm4n9eO4HejZdyGSfAJF181EsEhgjPWsABV4yCmBhCqOImK6YDoggF09XSpWDEY52lHi9im47c1UbWSeOy7FbKVw+VUvU2ayuPTtEZukAuukZVdI9qqI4oStAzekGv1pP1Zr1bH4vRnJXtnKAlWJ8/lLmhRg==</latexit>

Background

<latexit sha1_base64="Evo1JRygYlJRVSxUUQQopp/C7E0=">AAACGXicbVDLTgIxFO3gC/E16NJNIzFxRWaMRpcENy4xkUcCE9LpFGjodCbtHYRM+BLjVr/DnXHrys/wDywwCwFP0uTknHtvT44fC67Bcb6t3Mbm1vZOfrewt39weGQXjxs6ShRldRqJSLV8opngktWBg2CtWDES+oI1/eHdzG+OmNI8ko8wiZkXkr7kPU4JGKlrFzvAxpBWCR32VZTIYNq1S07ZmQOvEzcjJZSh1rV/OkFEk5BJoIJo3XadGLyUKOBUsGmhk2gWm/ukz9qGShIy7aXz6FN8bpQA9yJlngQ8V/9upCTUehL6ZjIkMNCr3kz8z2sn0Lv1Ui7jBJiki496icAQ4VkPOOCKURATQwhV3GTFdEAUoWDaWroUjHiss9TjRWzTkbvayDppXJbdq/L1w1WpUs3ayqNTdIYukItuUAXdoxqqI4qe0At6RW/Ws/VufVifi9Gcle2coCVYX785UaIm</latexit>

Particle

<latexit sha1_base64="/vVfSAMUZOjaQ1PR86mKMVqLKmo=">AAACF3icbVDLSgMxFM3UV62Pjrp0EyyCqzIjFV0W3bisYB/QDiWTSdvQTGZI7pSWoR8ibvU73Ilbl36Gf2DajmBbDwQO59x7czh+LLgGx/mychubW9s7+d3C3v7BYdE+Om7oKFGU1WkkItXyiWaCS1YHDoK1YsVI6AvW9Id3M785YkrzSD7CJGZeSPqS9zglYKSuXewAG0NaIwo4FWzatUtO2ZkDrxM3IyWUoda1vztBRJOQSaCCaN12nRi89PdeoZNoFhM6JH3WNlSSkGkvnQef4nOjBLgXKfMk4Ln6dyMlodaT0DeTIYGBXvVm4n9eO4HejZdyGSfAJF181EsEhgjPWsABV4yCmBhCqOImK6YDoggF09XSpWDEY52lHi9im47c1UbWSeOy7FbKVw+VUvU2ayuPTtEZukAuukZVdI9qqI4oStAzekGv1pP1Zr1bH4vRnJXtnKAlWJ8/lLmhRg==</latexit>

p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

Forward Scattering

Foldy ’45; Langacker, Liu ’92 
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<latexit sha1_base64="hzshZy9PdDKmmyVFOlvZN0V5n0Q="></latexit>

+

Example: Photon Forward Scattering

(Non-relativistic 
plasma limit)



Example ROMP Calculation: Thermal Mass

L6 =
1

⇤2
(f̄�µPL )gµ⌫( ̄�

⌫PLf)

<latexit sha1_base64="lCJ0RqaWgERRj7mMDnGswbGg81Y="></latexit>

L8 =
1

⇤4
(f̄�µPL )(gµ⌫q

2 + qµq⌫)( ̄�
⌫PLf)

<latexit sha1_base64="LABuDYfpWxvsWq1nsuMAXMwCeaE="></latexit>

p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

f

<latexit sha1_base64="JIPSKlqv1b4lmIl5tAGpYQSiSfw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzYmM8g==</latexit>

f

<latexit sha1_base64="JIPSKlqv1b4lmIl5tAGpYQSiSfw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzYmM8g==</latexit>

m2
T =

⌧
M(0)nbg

2Ebg(k)

�
⇠ T 2

⇤2

1

T
nf

<latexit sha1_base64="xaRe2ndrocGMF9HKIP8C6CToKQw="></latexit>

Dim-6



Example ROMP Calculation: Thermal Mass

L6 =
1

⇤2
(f̄�µPL )gµ⌫( ̄�

⌫PLf)

<latexit sha1_base64="lCJ0RqaWgERRj7mMDnGswbGg81Y="></latexit>

L8 =
1

⇤4
(f̄�µPL )(gµ⌫q

2 + qµq⌫)( ̄�
⌫PLf)

<latexit sha1_base64="LABuDYfpWxvsWq1nsuMAXMwCeaE="></latexit>

f̄

<latexit sha1_base64="RqNURWwQhDJ6RaUcfpBcGl0N/wo=">AAACDXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJpliGfoO41e9wJ279Bj/DPzBtZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeTf3WiCrNEvFoxpL6Me4LFjGCjZVa3QCrLJr0yhW36s6AVomXkwrkqPfKP90wIWlMhSEca93xXGn8DCvDCKeTUjfVVGIyxH3asVTgmGo/m8WdoDOrhChKlD3CoJn6dyPDsdbjOLCTMTYDvexNxf+8TmqiGz9jQqaGCjJ/KEo5Mgma/h2FTFFi+NgSTBSzWREZYIWJsQ0t3BSOmNR56qd5bNuRt9zIKmleVL3L6tXDZaV2m7dVhBM4hXPw4BpqcA91aACBIbzAK7w5z8678+F8zkcLTr5zDAtwvn4BScydZw==</latexit>

m2
T =

⌧
M(0)nbg

2Ebg(k)

�
⇠ T 2

⇤2

1

T
(nf � nf̄ )

<latexit sha1_base64="h8ONHBBPsfjA/0GEY9fFH0xgmpI="></latexit>

Dim-6 Can be small!
p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

f̄

<latexit sha1_base64="RqNURWwQhDJ6RaUcfpBcGl0N/wo=">AAACDXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJpliGfoO41e9wJ279Bj/DPzBtZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeTf3WiCrNEvFoxpL6Me4LFjGCjZVa3QCrLJr0yhW36s6AVomXkwrkqPfKP90wIWlMhSEca93xXGn8DCvDCKeTUjfVVGIyxH3asVTgmGo/m8WdoDOrhChKlD3CoJn6dyPDsdbjOLCTMTYDvexNxf+8TmqiGz9jQqaGCjJ/KEo5Mgma/h2FTFFi+NgSTBSzWREZYIWJsQ0t3BSOmNR56qd5bNuRt9zIKmleVL3L6tXDZaV2m7dVhBM4hXPw4BpqcA91aACBIbzAK7w5z8678+F8zkcLTr5zDAtwvn4BScydZw==</latexit>



Example ROMP Calculation: Thermal Mass

L6 =
1

⇤2
(f̄�µPL )gµ⌫( ̄�

⌫PLf)

<latexit sha1_base64="lCJ0RqaWgERRj7mMDnGswbGg81Y="></latexit>

f̄

<latexit sha1_base64="RqNURWwQhDJ6RaUcfpBcGl0N/wo=">AAACDXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJpliGfoO41e9wJ279Bj/DPzBtZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeTf3WiCrNEvFoxpL6Me4LFjGCjZVa3QCrLJr0yhW36s6AVomXkwrkqPfKP90wIWlMhSEca93xXGn8DCvDCKeTUjfVVGIyxH3asVTgmGo/m8WdoDOrhChKlD3CoJn6dyPDsdbjOLCTMTYDvexNxf+8TmqiGz9jQqaGCjJ/KEo5Mgma/h2FTFFi+NgSTBSzWREZYIWJsQ0t3BSOmNR56qd5bNuRt9zIKmleVL3L6tXDZaV2m7dVhBM4hXPw4BpqcA91aACBIbzAK7w5z8678+F8zkcLTr5zDAtwvn4BScydZw==</latexit>

m2
T =

⌧
M(0)nbg

2Ebg(k)

�
⇠ T 2

⇤2

1

T
(nf � nf̄ )

<latexit sha1_base64="h8ONHBBPsfjA/0GEY9fFH0xgmpI="></latexit>

Dim-6 Can be small!

Dim-8 m2
T =

⌧
M(0)nbg

2Ebg(k)

�
⇠ �T 4

⇤4

1

T
(nf + nf̄ )

<latexit sha1_base64="pGpkxFBvh4r6FZhAlflKfhe35Wk="></latexit>

p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

k

<latexit sha1_base64="WwJHwqbQKFJ10snkZwg62kECee8=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugF6WjaL1fsqj0DWiVOTiqQo9Ev//T8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXUMFDqly01niKTozio+CSJojNJqpfzdSHCo1CT0zmSVUy14m/ud1Ex1cuykTcaKpIPOHgoQjHaHs+8hnkhLNJ4ZgIpnJisgQS0y0KWnhJn/MYpWnfprHNh05y42sktZF1alVL+9rlfpN3lYRTuAUzsGBK6jDHTSgCQQEvMArvFnP1rv1YX3ORwtWvnMMC7C+fgHSAZ7H</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

 

<latexit sha1_base64="8cM1T7yATGTy7Ky/v+WMIb5nlDg=">AAACCnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJplhK/0Dc6ne4E7f+hJ/hH5hpZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeZX5rRJVmiXg0Y0n9GPcFixjBJpO6UrNeueJW3RnQKvFyUoEc9V75pxsmJI2pMIRjrTueK40/wcowwum01E01lZgMcZ92LBU4ptqfzLJO0ZlVQhQlyh5h0Ez9uzHBsdbjOLCTMTYDvexl4n9eJzXRjT9hQqaGCjJ/KEo5MgnKPo5CpigxfGwJJorZrIgMsMLE2HoWbgpHTOo89dM8tu3IW25klTQvqt5l9erhslK7zdsqwgmcwjl4cA01uIc6NIDAAF7gFd6cZ+fd+XA+56MFJ985hgU4X7+9aJwC</latexit>

p

<latexit sha1_base64="ilaGthaYsGAmy72XBqxnyQXkoaA=">AAACEHicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZwYZlkehHtFHlOE5r1XEi26mool4CsYVzsENsuQHH4AY4bRa0ZSRLo5n37PF4MWdK2/a3VVhb39jcKm6Xdnb39g/Kh0ctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXuj28xvj6lULBIPehJTN8QDwQJGsDbSYy/EeugFaTztlyt21Z4BrRInJxXI0eiXf3p+RJKQCk04Vqrr2LF2Uyw1I5xOS71E0RiTER7QrqECh1S56SzxFJ0ZxUdBJM0RGs3UvxspDpWahJ6ZzBKqZS8T//O6iQ6u3ZSJONFUkPlDQcKRjlD2feQzSYnmE0MwkcxkRWSIJSbalLRwkz9mscpTP81jm46c5UZWSeui6tSql/e1Sv0mb6sIJ3AK5+DAFdThDhrQBAICXuAV3qxn6936sD7nowUr3zmGBVhfv9o1nsw=</latexit>

f̄

<latexit sha1_base64="RqNURWwQhDJ6RaUcfpBcGl0N/wo=">AAACDXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7APaoWQymTY0kwlJpliGfoO41e9wJ279Bj/DPzBtZ2FbDwQO59ybnJxAcqaN6347hbX1jc2t4nZpZ3dv/6B8eNTUSaoIbZCEJ6odYE05E7RhmOG0LRXFccBpKxjeTf3WiCrNEvFoxpL6Me4LFjGCjZVa3QCrLJr0yhW36s6AVomXkwrkqPfKP90wIWlMhSEca93xXGn8DCvDCKeTUjfVVGIyxH3asVTgmGo/m8WdoDOrhChKlD3CoJn6dyPDsdbjOLCTMTYDvexNxf+8TmqiGz9jQqaGCjJ/KEo5Mgma/h2FTFFi+NgSTBSzWREZYIWJsQ0t3BSOmNR56qd5bNuRt9zIKmleVL3L6tXDZaV2m7dVhBM4hXPw4BpqcA91aACBIbzAK7w5z8678+F8zkcLTr5zDAtwvn4BScydZw==</latexit>

tan 2✓ =
sin 2✓0

cos 2✓0 +
m2

T

m2
1�m2

2

<latexit sha1_base64="aaeLNvVgGvvJdL89QLh+UoENfPM="></latexit>

L8 =
1

⇤4
(f̄�µPL )(gµ⌫q

2 + qµq⌫)( ̄�
⌫PLf)

<latexit sha1_base64="LABuDYfpWxvsWq1nsuMAXMwCeaE="></latexit>



Example ROMP Calculation: Incoherent Production

✤ For ROMPs, production maximized when (T = Tosc)

<latexit sha1_base64="10gkncknVKEX3xOQLjc7b8EkMRU=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCvIRdiehFCHrxGCEvSJZldjJJhsxjmZlVwppP8eJBEa9+iTf/xkmyB00saCiquunuimJGtfG8bye3tr6xuZXfLuzs7u0fuMXDlpaJwqSJJZOqEyFNGBWkaahhpBMrgnjESDsa38789gNRmkrRMJOYBBwNBR1QjIyVQrdYbsBr2AjTnuJQajw9C92SV/HmgKvEz0gJZKiH7levL3HCiTCYIa27vhebIEXKUMzItNBLNIkRHqMh6VoqECc6SOenT+GpVfpwIJUtYeBc/T2RIq71hEe2kyMz0sveTPzP6yZmcBWkVMSJIQIvFg0SBo2EsxxgnyqCDZtYgrCi9laIR0ghbGxaBRuCv/zyKmmdV/xq5eK+WqrdZHHkwTE4AWXgg0tQA3egDpoAg0fwDF7Bm/PkvDjvzseiNedkM0fgD5zPH1rbkso=</latexit>

✤ Boltzmann limit of QKE

m2
T = m2

1 �m2
2

<latexit sha1_base64="KqTjc/ilmD6njclfNeDwUJ9zcUU=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgxjIzVHQjFN24rNAXtNMhk2ba0CQzJBmhDAV/xY0LRdz6He78G9N2Ftp6INzDOfdyb06YMKq043xbK6tr6xubha3i9s7u3r59cNhUcSoxaeCYxbIdIkUYFaShqWaknUiCeMhIKxzdTf3WI5GKxqKuxwnxORoIGlGMtJEC+5gH9Z4HbyAPXFMvTPV6XmCXnLIzA1wmbk5KIEctsL+6/RinnAiNGVKq4zqJ9jMkNcWMTIrdVJEE4REakI6hAnGi/Gx2/gSeGaUPo1iaJzScqb8nMsSVGvPQdHKkh2rRm4r/eZ1UR9d+RkWSaiLwfFGUMqhjOM0C9qkkWLOxIQhLam6FeIgkwtokVjQhuItfXiZNr+xWypcPlVL1No+jAE7AKTgHLrgCVXAPaqABMMjAM3gFb9aT9WK9Wx/z1hUrnzkCf2B9/gBxe5M6</latexit>

m2
T =

⌧
M(0)nbg

2Ebg(k)

�
⇠ �T 4

⇤4

1

T
(nf + nf̄ )

<latexit sha1_base64="pGpkxFBvh4r6FZhAlflKfhe35Wk="></latexit>

Dim-8

Tosc ⇠ 500MeV

✓
⇤

100GeV

◆2/3 ✓Max{m ,m�}
100 keV

◆1/3

<latexit sha1_base64="7jAH5+4IDU9S7c8Hs/4e92santc="></latexit>

Tosc

<latexit sha1_base64="xBE9xaUU/ud+C7QE5sRNeunqNdI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4j5AXJEmYns8mQeSwzs0JY8hlePCji1a/x5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E03u537niWrDlGzaaUJDgUeSxYxg66Rec5D1tUDKkNmgXPGr/gJonQQ5qUCOxqD81R8qkgoqLeHYmF7gJzbMsLaMcDor9VNDE0wmeER7jkosqAmzxckzdOGUIYqVdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91Ma3YcZkkloqyXJRnHJkFZr/j4ZMU2L51BFMNHO3IjLGGhPrUiq5EILVl9dJ+6oa1KrXj7VK/S6PowhncA6XEMAN1OEBGtACAgqe4RXePOu9eO/ex7K14OUzp/AH3ucPOzWROw==</latexit>

Y� ⇡ Y 
� sin2 2✓0

H

<latexit sha1_base64="vdUQG8mv/JYPOjH1a0wsmkMSJoU="></latexit>



Example ROMP Calculation: Parameter Space

Preliminary Preliminary



Summary

✤ Simple framework for calculating production of ROMPs in early universe

✤ New temperature where production dominates,        , where  

✤ Quantum mechanical effects like Landau-Zener also arise in ROMP models

✤ Variety of other interesting operators to consider, like scalar exchange

✤ Potential signals: photons from ROMP decays, warmness, collider bounds for small ⇤

<latexit sha1_base64="cgctV3O7A8A78AVy8lC7bYqYat4=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS0TJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfVq1cuHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8OPY9l</latexit>

Tosc

<latexit sha1_base64="xBE9xaUU/ud+C7QE5sRNeunqNdI=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4j5AXJEmYns8mQeSwzs0JY8hlePCji1a/x5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E03u537niWrDlGzaaUJDgUeSxYxg66Rec5D1tUDKkNmgXPGr/gJonQQ5qUCOxqD81R8qkgoqLeHYmF7gJzbMsLaMcDor9VNDE0wmeER7jkosqAmzxckzdOGUIYqVdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91Ma3YcZkkloqyXJRnHJkFZr/j4ZMU2L51BFMNHO3IjLGGhPrUiq5EILVl9dJ+6oa1KrXj7VK/S6PowhncA6XEMAN1OEBGtACAgqe4RXePOu9eO/ex7K14OUzp/AH3ucPOzWROw==</latexit>

m2
T = m2

1 �m2
2

<latexit sha1_base64="KqTjc/ilmD6njclfNeDwUJ9zcUU=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgxjIzVHQjFN24rNAXtNMhk2ba0CQzJBmhDAV/xY0LRdz6He78G9N2Ftp6INzDOfdyb06YMKq043xbK6tr6xubha3i9s7u3r59cNhUcSoxaeCYxbIdIkUYFaShqWaknUiCeMhIKxzdTf3WI5GKxqKuxwnxORoIGlGMtJEC+5gH9Z4HbyAPXFMvTPV6XmCXnLIzA1wmbk5KIEctsL+6/RinnAiNGVKq4zqJ9jMkNcWMTIrdVJEE4REakI6hAnGi/Gx2/gSeGaUPo1iaJzScqb8nMsSVGvPQdHKkh2rRm4r/eZ1UR9d+RkWSaiLwfFGUMqhjOM0C9qkkWLOxIQhLam6FeIgkwtokVjQhuItfXiZNr+xWypcPlVL1No+jAE7AKTgHLrgCVXAPaqABMMjAM3gFb9aT9WK9Wx/z1hUrnzkCf2B9/gBxe5M6</latexit>


