
We only have compelling 
knowledge of the properties 
of QCD matter at high T and 
very small baryon density,.

We have strong evidence for 
the equation of state for very 
small T and high T from static 

properties of neutron stars 
and their collisions.  

All the rest is at best 
educated conjecture and at 

worst idle speculation.  Later 
in the talk I will engage in 

some speculation

It is not what you don’t know 
that gets you in trouble, it is 
what you think you know but 
you don’t.    Mark Twain

Work with Sanjay Reddy  PRL 122 (2019) 122701; 
with Srimoyee Sen and Kiesang Jeon, arXiv:1908.04799



Comparison of neutron star collisions  
and heavy ion collisions

There are constraints from both neutron 
star collisions and static properties of 

neutron stars



Tews, Carlso, Gandolfi and Reddy; Kojo;  Anala, Gorda, Kurkela and Vorinen

As a result of LIGO 
experiments, and more 
precise measurement of 

neutron star masses, 
the equation of state of 
nuclear matter at a few 

time nuclear matter 
density is tightly 

constrained

Typically sound velocity 
approaches and 
perhaps exceeds 

v2s = 1/3
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Sound velocity of order one has important consequences
For zero temperature Fermi gas:

�µB

µB
⇠ v2s

�nB

nB

nB

µBdnB/dµB
= v2s

where the baryon chemical potential includes the effects of nucleon mass

So if the sound velocity is of order one,  an order one change in the baryon 
density generates a change in the baryon number chemical potential of order 

the nucleon mass

For nuclear matter densities

µB �M ⇠
⇤2
QCD

2M
⇠ 100 MeV

Large sound velocities will require very large intrinsic energy scales, and a 
partial occupation of available nucleon phase space because density is not 

changing much while Fermi energy changes a lot



It may be true that this is a consequence of complicated nuclear interactions, and one can 
construct model computations that do this, but strong questions about self-consistency.  

We do need to understand nuclear matter better as we approach hard core density

Kaiser, 
Meissner and 

Weise

Another approach:

Almost free quasi-particle degrees of freedom

Simplest idea (which does not work):  
A free gas of nucleons with nucleon mass going to zero

nB =
2

3⇡2
k3B
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µB
<latexit sha1_base64="pjbLLK2oK7lM5CHTozO/pUut3ww=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMdSLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQV9mg+agWvPq3gJ4nfgFqUGB1qD61R8mNJNMWSqIMT3fS22YE205FWxW6WeGpYROyIj1HFVEMhPmi2Nn+MIpQxwn2pWyeKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhjlXaWaZostFcSawTfD8czzkmlErpo4Qqrm7FdMx0YRal0/FheCvvrxO2ld136v7D9e1RrOIowxncA6X4MMNNOAeWhAABQ7P8ApvSKEX9I4+lq0lVMycwh+gzx+eHo6L</latexit><latexit sha1_base64="pjbLLK2oK7lM5CHTozO/pUut3ww=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMdSLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQV9mg+agWvPq3gJ4nfgFqUGB1qD61R8mNJNMWSqIMT3fS22YE205FWxW6WeGpYROyIj1HFVEMhPmi2Nn+MIpQxwn2pWyeKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhjlXaWaZostFcSawTfD8czzkmlErpo4Qqrm7FdMx0YRal0/FheCvvrxO2ld136v7D9e1RrOIowxncA6X4MMNNOAeWhAABQ7P8ApvSKEX9I4+lq0lVMycwh+gzx+eHo6L</latexit><latexit sha1_base64="pjbLLK2oK7lM5CHTozO/pUut3ww=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMdSLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQV9mg+agWvPq3gJ4nfgFqUGB1qD61R8mNJNMWSqIMT3fS22YE205FWxW6WeGpYROyIj1HFVEMhPmi2Nn+MIpQxwn2pWyeKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhjlXaWaZostFcSawTfD8czzkmlErpo4Qqrm7FdMx0YRal0/FheCvvrxO2ld136v7D9e1RrOIowxncA6X4MMNNOAeWhAABQ7P8ApvSKEX9I4+lq0lVMycwh+gzx+eHo6L</latexit><latexit sha1_base64="pjbLLK2oK7lM5CHTozO/pUut3ww=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMdSLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQV9mg+agWvPq3gJ4nfgFqUGB1qD61R8mNJNMWSqIMT3fS22YE205FWxW6WeGpYROyIj1HFVEMhPmi2Nn+MIpQxwn2pWyeKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhjlXaWaZostFcSawTfD8czzkmlErpo4Qqrm7FdMx0YRal0/FheCvvrxO2ld136v7D9e1RrOIowxncA6X4MMNNOAeWhAABQ7P8ApvSKEX9I4+lq0lVMycwh+gzx+eHo6L</latexit>

is the quark Fermi energy which increases as density increases.  µB > M0
<latexit sha1_base64="kjOaX0xXDCXFeppOUTz417xi8SI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JOUevEiVLAfkIaw2W7apbvZsDsRSujP8OJBEa/+Gm/+G7dtDtr6YODx3gwz86JUcAOu++2U1tY3NrfK25Wd3b39g+rhUceoTFPWpkoo3YuIYYInrA0cBOulmhEZCdaNxrczv/vEtOEqeYRJygJJhgmPOSVgJb8vs7CJb/B96IbVmlt358CrxCtIDRVohdWv/kDRTLIEqCDG+J6bQpATDZwKNq30M8NSQsdkyHxLEyKZCfL5yVN8ZpUBjpW2lQCeq78nciKNmcjIdkoCI7PszcT/PD+D+DrIeZJmwBK6WBRnAoPCs//xgGtGQUwsIVRzeyumI6IJBZtSxYbgLb+8SjoXdc+tew+XtUaziKOMTtApOkceukINdIdaqI0oUugZvaI3B5wX5935WLSWnGLmGP2B8/kDloSQIQ==</latexit><latexit sha1_base64="kjOaX0xXDCXFeppOUTz417xi8SI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JOUevEiVLAfkIaw2W7apbvZsDsRSujP8OJBEa/+Gm/+G7dtDtr6YODx3gwz86JUcAOu++2U1tY3NrfK25Wd3b39g+rhUceoTFPWpkoo3YuIYYInrA0cBOulmhEZCdaNxrczv/vEtOEqeYRJygJJhgmPOSVgJb8vs7CJb/B96IbVmlt358CrxCtIDRVohdWv/kDRTLIEqCDG+J6bQpATDZwKNq30M8NSQsdkyHxLEyKZCfL5yVN8ZpUBjpW2lQCeq78nciKNmcjIdkoCI7PszcT/PD+D+DrIeZJmwBK6WBRnAoPCs//xgGtGQUwsIVRzeyumI6IJBZtSxYbgLb+8SjoXdc+tew+XtUaziKOMTtApOkceukINdIdaqI0oUugZvaI3B5wX5935WLSWnGLmGP2B8/kDloSQIQ==</latexit><latexit sha1_base64="kjOaX0xXDCXFeppOUTz417xi8SI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JOUevEiVLAfkIaw2W7apbvZsDsRSujP8OJBEa/+Gm/+G7dtDtr6YODx3gwz86JUcAOu++2U1tY3NrfK25Wd3b39g+rhUceoTFPWpkoo3YuIYYInrA0cBOulmhEZCdaNxrczv/vEtOEqeYRJygJJhgmPOSVgJb8vs7CJb/B96IbVmlt358CrxCtIDRVohdWv/kDRTLIEqCDG+J6bQpATDZwKNq30M8NSQsdkyHxLEyKZCfL5yVN8ZpUBjpW2lQCeq78nciKNmcjIdkoCI7PszcT/PD+D+DrIeZJmwBK6WBRnAoPCs//xgGtGQUwsIVRzeyumI6IJBZtSxYbgLb+8SjoXdc+tew+XtUaziKOMTtApOkceukINdIdaqI0oUugZvaI3B5wX5935WLSWnGLmGP2B8/kDloSQIQ==</latexit><latexit sha1_base64="kjOaX0xXDCXFeppOUTz417xi8SI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0JOUevEiVLAfkIaw2W7apbvZsDsRSujP8OJBEa/+Gm/+G7dtDtr6YODx3gwz86JUcAOu++2U1tY3NrfK25Wd3b39g+rhUceoTFPWpkoo3YuIYYInrA0cBOulmhEZCdaNxrczv/vEtOEqeYRJygJJhgmPOSVgJb8vs7CJb/B96IbVmlt358CrxCtIDRVohdWv/kDRTLIEqCDG+J6bQpATDZwKNq30M8NSQsdkyHxLEyKZCfL5yVN8ZpUBjpW2lQCeq78nciKNmcjIdkoCI7PszcT/PD+D+DrIeZJmwBK6WBRnAoPCs//xgGtGQUwsIVRzeyumI6IJBZtSxYbgLb+8SjoXdc+tew+XtUaziKOMTtApOkceukINdIdaqI0oUugZvaI3B5wX5935WLSWnGLmGP2B8/kDloSQIQ==</latexit>

If the nucleon mass goes to zero, the density  therefore
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<latexit sha1_base64="ilP8SqO9snFrxX7coUeP4zCGywg=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4sc60gq6k1I0boYJ9QKcdMmmmDU0yQ5IRyjD+hRt/xY0LRdx259+YPhbaeiBwOOdcbu7xI0aVtu1vK7Oyura+kd3MbW3v7O7l9w8aKowlJnUcslC2fKQIo4LUNdWMtCJJEPcZafrDm4nffCRS0VA86FFEOhz1BQ0oRtpIXv5ceFV4DZMSdEOTg0nZjWi3lKbwzrO7ZegqyqFjPwW8m5yVU+jlC3bRngIuE2dOCmCOmpcfu70Qx5wIjRlSqu3Yke4kSGqKGUlzbqxIhPAQ9UnbUIE4UZ1kelgKT4zSg0EozRMaTtXfEwniSo24b5Ic6YFa9Cbif1471sFVJ6EiijUReLYoiBnUIZy0BHtUEqzZyBCEJTV/hXiAJMLadJkzJTiLJy+TRqno2EXn/qJQqc7ryIIjcAxOgQMuQQXcghqoAwyewSt4Bx/Wi/VmfVpfs2jGms8cgj+wxj9fAJ16</latexit><latexit sha1_base64="ilP8SqO9snFrxX7coUeP4zCGywg=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4sc60gq6k1I0boYJ9QKcdMmmmDU0yQ5IRyjD+hRt/xY0LRdx259+YPhbaeiBwOOdcbu7xI0aVtu1vK7Oyura+kd3MbW3v7O7l9w8aKowlJnUcslC2fKQIo4LUNdWMtCJJEPcZafrDm4nffCRS0VA86FFEOhz1BQ0oRtpIXv5ceFV4DZMSdEOTg0nZjWi3lKbwzrO7ZegqyqFjPwW8m5yVU+jlC3bRngIuE2dOCmCOmpcfu70Qx5wIjRlSqu3Yke4kSGqKGUlzbqxIhPAQ9UnbUIE4UZ1kelgKT4zSg0EozRMaTtXfEwniSo24b5Ic6YFa9Cbif1471sFVJ6EiijUReLYoiBnUIZy0BHtUEqzZyBCEJTV/hXiAJMLadJkzJTiLJy+TRqno2EXn/qJQqc7ryIIjcAxOgQMuQQXcghqoAwyewSt4Bx/Wi/VmfVpfs2jGms8cgj+wxj9fAJ16</latexit><latexit sha1_base64="ilP8SqO9snFrxX7coUeP4zCGywg=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4sc60gq6k1I0boYJ9QKcdMmmmDU0yQ5IRyjD+hRt/xY0LRdx259+YPhbaeiBwOOdcbu7xI0aVtu1vK7Oyura+kd3MbW3v7O7l9w8aKowlJnUcslC2fKQIo4LUNdWMtCJJEPcZafrDm4nffCRS0VA86FFEOhz1BQ0oRtpIXv5ceFV4DZMSdEOTg0nZjWi3lKbwzrO7ZegqyqFjPwW8m5yVU+jlC3bRngIuE2dOCmCOmpcfu70Qx5wIjRlSqu3Yke4kSGqKGUlzbqxIhPAQ9UnbUIE4UZ1kelgKT4zSg0EozRMaTtXfEwniSo24b5Ic6YFa9Cbif1471sFVJ6EiijUReLYoiBnUIZy0BHtUEqzZyBCEJTV/hXiAJMLadJkzJTiLJy+TRqno2EXn/qJQqc7ryIIjcAxOgQMuQQXcghqoAwyewSt4Bx/Wi/VmfVpfs2jGms8cgj+wxj9fAJ16</latexit><latexit sha1_base64="ilP8SqO9snFrxX7coUeP4zCGywg=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4sc60gq6k1I0boYJ9QKcdMmmmDU0yQ5IRyjD+hRt/xY0LRdx259+YPhbaeiBwOOdcbu7xI0aVtu1vK7Oyura+kd3MbW3v7O7l9w8aKowlJnUcslC2fKQIo4LUNdWMtCJJEPcZafrDm4nffCRS0VA86FFEOhz1BQ0oRtpIXv5ceFV4DZMSdEOTg0nZjWi3lKbwzrO7ZegqyqFjPwW8m5yVU+jlC3bRngIuE2dOCmCOmpcfu70Qx5wIjRlSqu3Yke4kSGqKGUlzbqxIhPAQ9UnbUIE4UZ1kelgKT4zSg0EozRMaTtXfEwniSo24b5Ic6YFa9Cbif1471sFVJ6EiijUReLYoiBnUIZy0BHtUEqzZyBCEJTV/hXiAJMLadJkzJTiLJy+TRqno2EXn/qJQqc7ryIIjcAxOgQMuQQXcghqoAwyewSt4Bx/Wi/VmfVpfs2jGms8cgj+wxj9fAJ16</latexit>

That is about 100 times that of nuclear matter



This can be understood in large N_c arguments:

kf ⇠ ⇤QCD
<latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="PSmlNu0vQj0qK6xQOSxBfbJaYjk=">AAAB9HicbZA7T8MwFIVvyquUAoGBhcWiQmKqEhYYkcrAwNBK9CE1UeS4TmvVdiLbQapCB/4KCwMI8VvY+De4jwFajmTp6Bxf+fqLM8608bxvp7SxubW9U96t7FX3Dw7do2pHp7kitE1SnqpejDXlTNK2YYbTXqYoFjGn3XjcmPXdR6o0S+WDmWQ0FHgoWcIINjaK3JNxlKBAM4GCezs1wFHRatxOI7fm1b250Lrxl6YGSzUj9ysYpCQXVBrCsdZ938tMWGBlGOF0WglyTTNMxnhI+9ZKLKgOi/n+U3RukwFKUmWPNGie/p4osNB6ImJ7U2Az0qvdLPyv6+cmuQ4LJrPcUEkWDyU5RyZFMxhowBQlhk+swUQxuysiI6wwMRZZxULwV7+8bjqXdd+r+y0PynAKZ3ABPlzBDdxBE9pA4Ale4A3enWfn1flY4Co5S27H8EfO5w+H05P+</latexit><latexit sha1_base64="PSmlNu0vQj0qK6xQOSxBfbJaYjk=">AAAB9HicbZA7T8MwFIVvyquUAoGBhcWiQmKqEhYYkcrAwNBK9CE1UeS4TmvVdiLbQapCB/4KCwMI8VvY+De4jwFajmTp6Bxf+fqLM8608bxvp7SxubW9U96t7FX3Dw7do2pHp7kitE1SnqpejDXlTNK2YYbTXqYoFjGn3XjcmPXdR6o0S+WDmWQ0FHgoWcIINjaK3JNxlKBAM4GCezs1wFHRatxOI7fm1b250Lrxl6YGSzUj9ysYpCQXVBrCsdZ938tMWGBlGOF0WglyTTNMxnhI+9ZKLKgOi/n+U3RukwFKUmWPNGie/p4osNB6ImJ7U2Az0qvdLPyv6+cmuQ4LJrPcUEkWDyU5RyZFMxhowBQlhk+swUQxuysiI6wwMRZZxULwV7+8bjqXdd+r+y0PynAKZ3ABPlzBDdxBE9pA4Ale4A3enWfn1flY4Co5S27H8EfO5w+H05P+</latexit><latexit sha1_base64="atj2aCTV8NeAd2F8OyslwhXutQo=">AAAB/3icbVC7TsMwFL0pr1JeASQWFosKialKWGCsKAMDQyvRUqmJIsdxWqt2EtkOUhU68CssDCDEym+w8Te4jwFajmTp6Jx7dK9PmHGmtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDSXhLZJylPZDbGinCW0rZnmtJtJikXI6X04bEz8+wcqFUuTOz3KqC9wP2ExI1gbKbCPhkGMPMUE8m5NKsJB0WpcjwO76tScKdAyceekCnM0A/vLi1KSC5powrFSPdfJtF9gqRnhdFzxckUzTIa4T3uGJlhQ5RfT+8fo1CgRilNpXqLRVP2dKLBQaiRCMymwHqhFbyL+5/VyHV/6BUuyXNOEzBbFOUc6RZMyUMQkJZqPDMFEMnMrIgMsMdGmsoopwV388jLpnNdcp+a2nGr9al5HGY7hBM7AhQuoww00oQ0EHuEZXuHNerJerHfrYzZasuaZQ/gD6/MH87uVZA==</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="PSmlNu0vQj0qK6xQOSxBfbJaYjk=">AAAB9HicbZA7T8MwFIVvyquUAoGBhcWiQmKqEhYYkcrAwNBK9CE1UeS4TmvVdiLbQapCB/4KCwMI8VvY+De4jwFajmTp6Bxf+fqLM8608bxvp7SxubW9U96t7FX3Dw7do2pHp7kitE1SnqpejDXlTNK2YYbTXqYoFjGn3XjcmPXdR6o0S+WDmWQ0FHgoWcIINjaK3JNxlKBAM4GCezs1wFHRatxOI7fm1b250Lrxl6YGSzUj9ysYpCQXVBrCsdZ938tMWGBlGOF0WglyTTNMxnhI+9ZKLKgOi/n+U3RukwFKUmWPNGie/p4osNB6ImJ7U2Az0qvdLPyv6+cmuQ4LJrPcUEkWDyU5RyZFMxhowBQlhk+swUQxuysiI6wwMRZZxULwV7+8bjqXdd+r+y0PynAKZ3ABPlzBDdxBE9pA4Ale4A3enWfn1flY4Co5S27H8EfO5w+H05P+</latexit><latexit sha1_base64="PSmlNu0vQj0qK6xQOSxBfbJaYjk=">AAAB9HicbZA7T8MwFIVvyquUAoGBhcWiQmKqEhYYkcrAwNBK9CE1UeS4TmvVdiLbQapCB/4KCwMI8VvY+De4jwFajmTp6Bxf+fqLM8608bxvp7SxubW9U96t7FX3Dw7do2pHp7kitE1SnqpejDXlTNK2YYbTXqYoFjGn3XjcmPXdR6o0S+WDmWQ0FHgoWcIINjaK3JNxlKBAM4GCezs1wFHRatxOI7fm1b250Lrxl6YGSzUj9ysYpCQXVBrCsdZ938tMWGBlGOF0WglyTTNMxnhI+9ZKLKgOi/n+U3RukwFKUmWPNGie/p4osNB6ImJ7U2Az0qvdLPyv6+cmuQ4LJrPcUEkWDyU5RyZFMxhowBQlhk+swUQxuysiI6wwMRZZxULwV7+8bjqXdd+r+y0PynAKZ3ABPlzBDdxBE9pA4Ale4A3enWfn1flY4Co5S27H8EfO5w+H05P+</latexit><latexit sha1_base64="atj2aCTV8NeAd2F8OyslwhXutQo=">AAAB/3icbVC7TsMwFL0pr1JeASQWFosKialKWGCsKAMDQyvRUqmJIsdxWqt2EtkOUhU68CssDCDEym+w8Te4jwFajmTp6Jx7dK9PmHGmtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDSXhLZJylPZDbGinCW0rZnmtJtJikXI6X04bEz8+wcqFUuTOz3KqC9wP2ExI1gbKbCPhkGMPMUE8m5NKsJB0WpcjwO76tScKdAyceekCnM0A/vLi1KSC5powrFSPdfJtF9gqRnhdFzxckUzTIa4T3uGJlhQ5RfT+8fo1CgRilNpXqLRVP2dKLBQaiRCMymwHqhFbyL+5/VyHV/6BUuyXNOEzBbFOUc6RZMyUMQkJZqPDMFEMnMrIgMsMdGmsoopwV388jLpnNdcp+a2nGr9al5HGY7hBM7AhQuoww00oQ0EHuEZXuHNerJerHfrYzZasuaZQ/gD6/MH87uVZA==</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit><latexit sha1_base64="Utl4F6sx9wrWZiz7vujbxtCmZJw=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZEXRZrAsXLlqwD+gMQyaTaUOTzJBkhDJ24a+4caGIW3/DnX9j2s5CWw8EDufcw705Ycqo0o7zbZVWVtfWN8qbla3tnd09e/+go5JMYtLGCUtkL0SKMCpIW1PNSC+VBPGQkW44akz97gORiibiXo9T4nM0EDSmGGkjBfbRKIihpyiH3p1JRSjIW42bSWBXnZozA1wmbkGqoEAzsL+8KMEZJ0JjhpTqu06q/RxJTTEjk4qXKZIiPEID0jdUIE6Un8/un8BTo0QwTqR5QsOZ+juRI67UmIdmkiM9VIveVPzP62c6vvJzKtJME4Hni+KMQZ3AaRkwopJgzcaGICypuRXiIZIIa1NZxZTgLn55mXTOa65Tc1sX1fp1UUcZHIMTcAZccAnq4BY0QRtg8AiewSt4s56sF+vd+piPlqwicwj+wPr8AfT7lWg=</latexit>
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Is it possible to get relativistic degrees of freedom with quarks?
Quarks should become important when

µQ = µB/Nc ⇠ ⇤QCD
<latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="yLpapAxl24ZuRX8k/io5PX/N0CQ=">AAACAXicbVC7TsMwFL0pr1IKFFYWiwqJqSQssCAhysCAUCtRWqmJIsdxWqt2EtkOUhX1A1j4FRYGEOIn2PgbnLYDtBzJ8tE51773niDlTGnb/rZKK6tr6xvlzcpWdXtnt7ZXfVBJJgntkIQnshdgRTmLaUczzWkvlRSLgNNuMGoWfveRSsWS+F6PU+oJPIhZxAjWRvJrdVdkfvsCFdfVyZ1PkKuYQO6t+SLEft5uXk9Mld2wp0DLxJmTOszR8mtfbpiQTNBYE46V6jt2qr0cS80Ip5OKmymaYjLCA9o3NMaCKi+fLjNBR0YJUZRIc2KNpurvFzkWSo1FYCoF1kO16BXif14/09G5l7M4zTSNyaxRlHGkE1Qkg0ImKdF8bAgmkplZERliiYk2+VVMCM7iysvk4bTh2A2nbUMZDuAQjsGBM7iEG2hBBwg8wQu8wbv1bL1aH7O4StY8t334A+vzBxm2mKw=</latexit><latexit sha1_base64="yLpapAxl24ZuRX8k/io5PX/N0CQ=">AAACAXicbVC7TsMwFL0pr1IKFFYWiwqJqSQssCAhysCAUCtRWqmJIsdxWqt2EtkOUhX1A1j4FRYGEOIn2PgbnLYDtBzJ8tE51773niDlTGnb/rZKK6tr6xvlzcpWdXtnt7ZXfVBJJgntkIQnshdgRTmLaUczzWkvlRSLgNNuMGoWfveRSsWS+F6PU+oJPIhZxAjWRvJrdVdkfvsCFdfVyZ1PkKuYQO6t+SLEft5uXk9Mld2wp0DLxJmTOszR8mtfbpiQTNBYE46V6jt2qr0cS80Ip5OKmymaYjLCA9o3NMaCKi+fLjNBR0YJUZRIc2KNpurvFzkWSo1FYCoF1kO16BXif14/09G5l7M4zTSNyaxRlHGkE1Qkg0ImKdF8bAgmkplZERliiYk2+VVMCM7iysvk4bTh2A2nbUMZDuAQjsGBM7iEG2hBBwg8wQu8wbv1bL1aH7O4StY8t334A+vzBxm2mKw=</latexit><latexit sha1_base64="nt+w8JcQO1avQ6Z0pY7IPl4+Ai8=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiKgkLLEhVy8CAUCvRh9REkeO4rVXbiWwHqYr6ASz8CgsDCLHyAWz8DU6bAVqOZPnonHuvfU8QM6q0bX9bhZXVtfWN4mZpa3tnd6+8f9BRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr/7QKSikbjXk5h4HA0FHVCMtJH8csXlid+6gtlVP7vzMXQV5dC9NSNC5KetxvXUVNlVewa4TJycVECOpl/+csMIJ5wIjRlSqu/YsfZSJDXFjExLbqJIjPAYDUnfUIE4UV46W2YKT4wSwkEkzREaztTfHSniSk14YCo50iO16GXif14/0YNLL6UiTjQReP7QIGFQRzBLBoZUEqzZxBCEJTV/hXiEJMLa5FcyITiLKy+TznnVsatOy67U6nkcRXAEjsEpcMAFqIEb0ARtgMEjeAav4M16sl6sd+tjXlqw8p5D8AfW5w+3UZof</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit><latexit sha1_base64="9wv2lwr1+MUWt5RxPc9nP2zY3Ro=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi6EYorQsXIi3YB3SGIZNJ29AkMyQZoQz9ADf+ihsXirj1A9z5N2baWWj1QMjhnHtvck8QM6q0bX9ZhaXlldW14nppY3Nre6e8u9dRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBINxg3Mr97T6SikbjTk5h4HA0FHVCMtJH8csXlid+6hNlVP7n1MXQV5dC9MSNC5KetxtXUVNlVewb4lzg5qYAcTb/86YYRTjgRGjOkVN+xY+2lSGqKGZmW3ESRGOExGpK+oQJxorx0tswUHhklhINImiM0nKk/O1LElZrwwFRypEdq0cvE/7x+ogcXXkpFnGgi8PyhQcKgjmCWDAypJFiziSEIS2r+CvEISYS1ya9kQnAWV/5LOqdVx646rbNKrZ7HUQQH4BAcAwecgxq4Bk3QBhg8gCfwAl6tR+vZerPe56UFK+/ZB79gfXwDuJGaIw==</latexit>

The hypothesis of quarkyonic matter implies there is no confining 
transition, nor need there be any chiral transition that separates 

baryon matter from quark matter.  Might they be smoothly 
connected?    This  would require a transition when the baryon Fermi 

energy is very close to the nucleon mass, so the transition may in 
principle occur quite close to nuclear matter density.  To understand 

this, we do N_c counting



nn
B =

2

3⇡2
kF 3
n

<latexit sha1_base64="/eGANzp+hZu7pqRKF7Pgv7ltkT8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVZJW0I1QKojLCvYBTRom00k7dDIJMxOhhLh346+4caGIWz/AnX/jpM1CWw8MHM45lzv3eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHHRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vM794TIWnI79Q0Ik6ARpz6FCOlJbdc4W5zwOElTGrQDnUSJnU7ooNamk4GyfVDPXWzlFk1Z4DLxMpJBeRoueUvexjiOCBcYYak7FtmpJwECUUxI2nJjiWJEJ6gEelrylFApJPMjknhiVaG0A+FflzBmfp7IkGBlNPA08kAqbFc9DLxP68fK//CSSiPYkU4ni/yYwZVCLNm4JAKghWbaoKwoPqvEI+RQFjp/kq6BGvx5GXSqVUts2rdnlUazbyOIjgCx+AUWOAcNMANaIE2wOARPINX8GY8GS/Gu/ExjxaMfOYQ/IHx+QMD95pY</latexit><latexit sha1_base64="/eGANzp+hZu7pqRKF7Pgv7ltkT8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVZJW0I1QKojLCvYBTRom00k7dDIJMxOhhLh346+4caGIWz/AnX/jpM1CWw8MHM45lzv3eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHHRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vM794TIWnI79Q0Ik6ARpz6FCOlJbdc4W5zwOElTGrQDnUSJnU7ooNamk4GyfVDPXWzlFk1Z4DLxMpJBeRoueUvexjiOCBcYYak7FtmpJwECUUxI2nJjiWJEJ6gEelrylFApJPMjknhiVaG0A+FflzBmfp7IkGBlNPA08kAqbFc9DLxP68fK//CSSiPYkU4ni/yYwZVCLNm4JAKghWbaoKwoPqvEI+RQFjp/kq6BGvx5GXSqVUts2rdnlUazbyOIjgCx+AUWOAcNMANaIE2wOARPINX8GY8GS/Gu/ExjxaMfOYQ/IHx+QMD95pY</latexit><latexit sha1_base64="/eGANzp+hZu7pqRKF7Pgv7ltkT8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVZJW0I1QKojLCvYBTRom00k7dDIJMxOhhLh346+4caGIWz/AnX/jpM1CWw8MHM45lzv3eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHHRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vM794TIWnI79Q0Ik6ARpz6FCOlJbdc4W5zwOElTGrQDnUSJnU7ooNamk4GyfVDPXWzlFk1Z4DLxMpJBeRoueUvexjiOCBcYYak7FtmpJwECUUxI2nJjiWJEJ6gEelrylFApJPMjknhiVaG0A+FflzBmfp7IkGBlNPA08kAqbFc9DLxP68fK//CSSiPYkU4ni/yYwZVCLNm4JAKghWbaoKwoPqvEI+RQFjp/kq6BGvx5GXSqVUts2rdnlUazbyOIjgCx+AUWOAcNMANaIE2wOARPINX8GY8GS/Gu/ExjxaMfOYQ/IHx+QMD95pY</latexit><latexit sha1_base64="/eGANzp+hZu7pqRKF7Pgv7ltkT8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVZJW0I1QKojLCvYBTRom00k7dDIJMxOhhLh346+4caGIWz/AnX/jpM1CWw8MHM45lzv3eBGjUpnmt1FYWV1b3yhulra2d3b3yvsHHRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vM794TIWnI79Q0Ik6ARpz6FCOlJbdc4W5zwOElTGrQDnUSJnU7ooNamk4GyfVDPXWzlFk1Z4DLxMpJBeRoueUvexjiOCBcYYak7FtmpJwECUUxI2nJjiWJEJ6gEelrylFApJPMjknhiVaG0A+FflzBmfp7IkGBlNPA08kAqbFc9DLxP68fK//CSSiPYkU4ni/yYwZVCLNm4JAKghWbaoKwoPqvEI+RQFjp/kq6BGvx5GXSqVUts2rdnlUazbyOIjgCx+AUWOAcNMANaIE2wOARPINX8GY8GS/Gu/ExjxaMfOYQ/IHx+QMD95pY</latexit>
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<latexit sha1_base64="K3ED+eYzz172BHmNDdZybMao9cY=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVUmLBAtSVRbGItGH1KaR4zqtVcdJbQepisIHsPArLAwgxMrOxt/gthmg5UiWjs45V9f3eBGjUlnWt5FbWV1b38hvFra2d3b3zP2DpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS80fXUb90TIWnI79QkIk6ABpz6FCOlJdc84W6tN4ZXMCnDbqiTMKl0I9orpykcuX4vGT9UUtcsWiVrBrhM7IwUQYa6a351+yGOA8IVZkjKjm1FykmQUBQzkha6sSQRwiM0IB1NOQqIdJLZNSk81Uof+qHQjys4U39PJCiQchJ4OhkgNZSL3lT8z+vEyr90EsqjWBGO54v8mEEVwmk1sE8FwYpNNEFYUP1XiIdIIKx0gQVdgr148jJplku2VbJvz4vVWlZHHhyBY3AGbHABquAG1EEDYPAInsEreDOejBfj3fiYR3NGNnMI/sD4/AGeIpqo</latexit><latexit sha1_base64="K3ED+eYzz172BHmNDdZybMao9cY=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVUmLBAtSVRbGItGH1KaR4zqtVcdJbQepisIHsPArLAwgxMrOxt/gthmg5UiWjs45V9f3eBGjUlnWt5FbWV1b38hvFra2d3b3zP2DpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS80fXUb90TIWnI79QkIk6ABpz6FCOlJdc84W6tN4ZXMCnDbqiTMKl0I9orpykcuX4vGT9UUtcsWiVrBrhM7IwUQYa6a351+yGOA8IVZkjKjm1FykmQUBQzkha6sSQRwiM0IB1NOQqIdJLZNSk81Uof+qHQjys4U39PJCiQchJ4OhkgNZSL3lT8z+vEyr90EsqjWBGO54v8mEEVwmk1sE8FwYpNNEFYUP1XiIdIIKx0gQVdgr148jJplku2VbJvz4vVWlZHHhyBY3AGbHABquAG1EEDYPAInsEreDOejBfj3fiYR3NGNnMI/sD4/AGeIpqo</latexit><latexit sha1_base64="K3ED+eYzz172BHmNDdZybMao9cY=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVUmLBAtSVRbGItGH1KaR4zqtVcdJbQepisIHsPArLAwgxMrOxt/gthmg5UiWjs45V9f3eBGjUlnWt5FbWV1b38hvFra2d3b3zP2DpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS80fXUb90TIWnI79QkIk6ABpz6FCOlJdc84W6tN4ZXMCnDbqiTMKl0I9orpykcuX4vGT9UUtcsWiVrBrhM7IwUQYa6a351+yGOA8IVZkjKjm1FykmQUBQzkha6sSQRwiM0IB1NOQqIdJLZNSk81Uof+qHQjys4U39PJCiQchJ4OhkgNZSL3lT8z+vEyr90EsqjWBGO54v8mEEVwmk1sE8FwYpNNEFYUP1XiIdIIKx0gQVdgr148jJplku2VbJvz4vVWlZHHhyBY3AGbHABquAG1EEDYPAInsEreDOejBfj3fiYR3NGNnMI/sD4/AGeIpqo</latexit><latexit sha1_base64="K3ED+eYzz172BHmNDdZybMao9cY=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVUmLBAtSVRbGItGH1KaR4zqtVcdJbQepisIHsPArLAwgxMrOxt/gthmg5UiWjs45V9f3eBGjUlnWt5FbWV1b38hvFra2d3b3zP2DpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS80fXUb90TIWnI79QkIk6ABpz6FCOlJdc84W6tN4ZXMCnDbqiTMKl0I9orpykcuX4vGT9UUtcsWiVrBrhM7IwUQYa6a351+yGOA8IVZkjKjm1FykmQUBQzkha6sSQRwiM0IB1NOQqIdJLZNSk81Uof+qHQjys4U39PJCiQchJ4OhkgNZSL3lT8z+vEyr90EsqjWBGO54v8mEEVwmk1sE8FwYpNNEFYUP1XiIdIIKx0gQVdgr148jJplku2VbJvz4vVWlZHHhyBY3AGbHABquAG1EEDYPAInsEreDOejBfj3fiYR3NGNnMI/sD4/AGeIpqo</latexit>

Density is of order one in power of N_c for 
baryon density computed both by both 
quark and nucleon degree of freedom

The problem is that if we take a constituent quark model
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If there is a continuous transition then the baryon density will have to remain fixed, so 
the chemical potential will change by of order N_c.  The sound velocity is changing for a 
very non-relativistic system to a very relativistic one.  The equation of state is therefore 

very stiff which is what is required from observation

But quark density is of order 
N_c (each quark carries 

baryon number 1/N_c), so 
energy density can also be 

continuous
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The pressure on the other hand  must 
jump by order N_c squaredP ⇠ kF
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In ordinary first order phase transitions, the energy density and 
density jump but the pressure and chemical potential remain 

fixed

Here the energy density and density do not jump but the 
pressure and chemical potential jump.

The transition from nuclear matter to quarkyonic matter 
therefore involves a

First Order Un-Phase Transition
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Simplest model for a First Order Un-Phase Transition with Quarkyonic Matter

Above some Fermi momentum, assume a Fermi surface shell 
develops.  For momenta                                   

the degrees of freedom are nucleons.  Near the Fermi surface there 
can be non-perturbative low momentum interactions.

For momentum

The degrees of freedom are quarks.

kBF > k > kBF ��
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When the Fermi shell first appear, Delta is of the order of the QCD scale.  At high densities, it 
must narrow to be of order 1/N_C^2 because we require that we smoothly match to a QCD 

limit for a a finite shell thickness

kB 3
F � (kBF ��)3 ⇠ kB 2

F � ⇠ N2
C⇤

2� ⇠ ⇤3
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McLerran and 
Reddy



A reasonable parameterization is

� =
⇤3

k2B

But if the density really becomes a constant then the sound velocity diverges.  
to have a finite limit with v^2 < 1 need to include a correction

� =
⇤3

k2B
+ 

⇤

N2
c

This correction is important only at very high density where the quark contribution is of the order of the baryons



In explicit computation, we used a phenomenological equation of state for 
nuclear matter that is hard, and matched at a few times nuclear density

Y. Fujimoto, K. Fukushima, K. Murase



A simple model:  Hard core nucleons plus quarks
(No interactions between quarks and nucleons)

Minimize energy density at fixed total baryon number density

Work with Srimoyee Sen,
And Kiesang Jeon 

✏ = ✏N (nN
N ) + ✏Q(n

N
Q )
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nN = nN
N + nN

Q
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µN = d✏N/dnN
N = d✏NQ/dnN
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Assume a hard core gas of nucleons:



If we have a gas only of nucleons, then the sound velocity will diverge as the nucleon 
density approaches the hard core density

This is because in the evaluation of the sound velocity, the density stops growing 
near the hard core density, as a function of chemical potential,

With quarks:

And the quark density continues to grow as the nucleon density saturates



But the mean field model does not build in the Fermi exclusion 
principle.

v2s
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Mean field model for nucleons with a free gas of quarks for gamma = .7 
and hard core density of .6



With Srimoyee Sen and Kiesang Jeon, we considered a gas of nucleons in a finite thickness 
Fermi shell surrounding a sea of quarks.   The hard core nucleon interactions were modeled 

by taking the nucleon to be free nucleons in the volume excluded by the nucleonic cores

1/v0 = n0
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V = Vexc/(1� nN
N/n0)
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(For technical reasons, at low quark density, we needed to soften the dependence of 
quark density upon Fermi momenta, for quark Fermi momenta less than the QCD scale)

For a pure nucleon, the baryon chemical potential will be singular as density approaches the 
hard core density.  With both quarks and nucleons are present, it is energetically favorable to 

form a shell of nucleons. At a density a little less than the density of hard cores.  Here the 
quarks become important and temper the rise in the sound velocity.



For reasonable choices of hard core density and the scale at which the quark density 
dependence softens, we get reasonable sound velocity profiles



Main conclusion: 
If a maximum in the sound velocity is conclusively determined 

from neutrons star studies, it very probably is due to a hard core 
nucleon density at about the density of the maximum, and the 

physics at and beyond the maximum involves quarks.

Things that need further study:  beta equilibrium and charge neutrality 
(J. Magueron)
Strangeness

How to experimentally see this singular behavior of sound velocity and 
Fermi momentum distribution in lab experiments?

How to measure Fermi momentum distribution at high density?

Theoretically, getting the sound velocity less than 1 is clumsy, and in a 
really good treatment it should be automatic.  

Meh?  
Shrug?

I think not!


