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Mass and radii of observed neutron stars and data from neutron star collisions give 

an excellent determination of the equation of state of strongly interacting matter

Such equations of state must be hard
The sound velocity squared is greater than or of the order of  1/3 at only a few times nuclear matter density

This is NOT what one expects from a phase transition
Relativistic degrees of freedom appear to be important

After a short review, will discuss a field theoretical method to include both quark and nucleon degrees of freedom in 
a consistent field theoretical formalism



From observations of neutron stars masses and radii, one gets very good information 
about the zero temperature equation of state of nuclear matter

One equates the outward force of matter arising from pressure inward force of gravity.  
This gives a general. relativistic equation of hydrostatic equilibrium.

For a specific equation of state, one obtains a relationship between radii and neutron star 
masses

Equations of state may be characterized by two dimensionless numbers

Sound velocity:
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and the trace of the stress energy tensor scaled by the energy density

Neutron Star Matter and Some Conjectures on Scale Invariance



In a scale invariant theory  at zero temperature:

P = - dE/dV
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The trace of the stress energy tensor is taken to be a measure of scale invariance.  It is anomalous in QCD.

In this equation, the beta function of QCD is negative, and the 
fermion term is from quarks.  It vanishes in the  chiral limit.

If we take matrix elements of single particle states
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In the chiral limit,  this implies E > B, as we expect for massive 
quarks, except for the pion, which is very tightly. bound 

For dilute systems, the trace anomaly is positive, as it is at high density for 
a quark gas.  In general, we expect it to be positive, except possibly for 

small effects due to pion condensate, if they exist
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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

Sound velocity approaches 
and perhaps exceeds 

v2s = 1/3
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at a few times nuclear 
matter density

Y. Fujimoto, K. Fukushima, 
K. Murase



1/3 – P/e approaches zero from above. By about 5 times nuclear 
matter density, the system is approximately scale invariant.

Suggests degrees of freedom are strongly interacting relativistic quarks

Work with Y. 
Fujimoto, K. 

Fukushima and M. 
Praszalowicz



Work with Y. 
Fujimoto, K. 

Fukushima and M. 
Praszalowicz

Peak in sound velocity is 
because system rapidly 

approaches scale 
invariant limit

The maximum measures 
the energy density of 
transition between 
nucleon and quark 
degrees of freedom

Quarkyonic matter has precisely the properties needed to describe this behaviour



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



µquark >> ⇤QCD

⇠ ⇤QCD

Fermi Surface
Interactions sensitive to 

infrared
Degrees of freedom: 
baryons, mesons and 

glueballs

Fermi Sea:  Dominated by 
exchange interactions which 

are less sensitive to IR.  
Degrees of freedom are 

quarks

Fermi Surface is Non-perturbative



Relation between quark and nucleon Fermi momenta 
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mq = mN/Nc
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µq = µN/Nc
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k2q = µ2
q �m2

q = µ2
n/N

2
c �M2

N/N2
c = k2N/N2

c

For 2 flavors of nucleons For two flavors of quarks

To get any baryons from the quarks at the bottom of the shell of nucleons, need need the quark 
fermi momentum to be of the order of the QCD scale, so that the nucleon in the shell are relativistic.  

Naturally driven to the conformal behaviour.  Also we see to absorb the baryons, that have been 
eaten, the chemical  potential of the quarks must jump up from a small value to a typical QCD scale
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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.  

✏Q ⇠ ⇤QCDnq ⇠ Nc⇤
4
QCD

<latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="jAUFJdj8oQE3h6kQVr5g/CSf4I8=">AAACGHicbZBLSwMxFIXv+Ky16ujWTbAIrsqMCIoroS5ciLRgH9AZh0wmbUMzmTHJCGXof3HjX3HjQilu/Demj4VtPRD4OCeX5J4w5Uxpx/mx1tY3Nre2CzvF3dLe/oF9WGqqJJOENkjCE9kOsaKcCdrQTHPaTiXFcchpKxxUJ3nrhUrFEvGohyn1Y9wTrMsI1sYK7GuPpopxg3XkKRYj794MRzjI69XbERLB88x+CMhi9HQR2GWn4kyFVsGdQxnmqgX22IsSksVUaMKxUh3XSbWfY6kZ4XRU9DJFU0wGuEc7BgWOqfLz6Y4jdGqcCHUTaY7QaOr+nchxrNQwDs3NGOu+Ws4m5n9ZJ9PdKz9nIs00FWT2UDfjSCdoUhiKmKRE86EBTCQzf0WkjyUm2tRaNCW4yyuvQvO84joVt+5AAY7hBM7AhUu4gTuoQQMIvMI7fMKX9WZ9WONZXWvWvLcjWJD1/QtmZaHp</latexit><latexit sha1_base64="jAUFJdj8oQE3h6kQVr5g/CSf4I8=">AAACGHicbZBLSwMxFIXv+Ky16ujWTbAIrsqMCIoroS5ciLRgH9AZh0wmbUMzmTHJCGXof3HjX3HjQilu/Demj4VtPRD4OCeX5J4w5Uxpx/mx1tY3Nre2CzvF3dLe/oF9WGqqJJOENkjCE9kOsaKcCdrQTHPaTiXFcchpKxxUJ3nrhUrFEvGohyn1Y9wTrMsI1sYK7GuPpopxg3XkKRYj794MRzjI69XbERLB88x+CMhi9HQR2GWn4kyFVsGdQxnmqgX22IsSksVUaMKxUh3XSbWfY6kZ4XRU9DJFU0wGuEc7BgWOqfLz6Y4jdGqcCHUTaY7QaOr+nchxrNQwDs3NGOu+Ws4m5n9ZJ9PdKz9nIs00FWT2UDfjSCdoUhiKmKRE86EBTCQzf0WkjyUm2tRaNCW4yyuvQvO84joVt+5AAY7hBM7AhUu4gTuoQQMIvMI7fMKX9WZ9WONZXWvWvLcjWJD1/QtmZaHp</latexit><latexit sha1_base64="IVlYqnmiH1o4vxYr10LfakkCju0=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjescvU6r6MIjsAxOAU2uABVcAvqoAkweAFv4AN8Gq/GuzE2vmajBSPPHII5GD+/Zomjcw==</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit><latexit sha1_base64="i/UGcpqg+HKgVddWCP/N1SbjKbE=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFfFunAh0oJ9QBPDZDJph04mcWYilNB/ceOvuHGhFDcu/BenbRa29cDA4Zx7uHOPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyTgVmDRxzGLR8ZEkjHLSVFQx0kkEQZHPSNsf1CZ++5kISWP+oIYJcSPU4zSkGCkteeaVQxJJmaYN6EgaQedOhwPkZY3azQhy72km33t43no898yyVbGmgMvEzkkZ5Kh75tgJYpxGhCvMkJRd20qUmyGhKGZkVHJSSRKEB6hHuppyFBHpZtMbR/BEKwEMY6EfV3Cq/k1kKJJyGPl6MkKqLxe9ifif101VeOlmlCepIhzPFoUpgyqGk8JgQAXBig01QVhQ/VeI+0ggrHStJV2CvXjyMmmdVWyrYjfOy9XrvI4iOALH4BTY4AJUwS2ogybA4AW8gQ/wabwa78bY+JqNFow8cwjmYPz8AmfJo3c=</latexit>

✏B = MN⇤3
QCD ⇠ Nc⇤

4
QCD

P ⇠ kF
MB

✏N
<latexit sha1_base64="nIKq7YmUaZu1jYuBe1En3B0luaw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZE0GWpIG6UCvYBnWHIpGkbmseQZIQydO3GX3HjQhG3foE7/8a0nYW2HggczjmXm3vihFFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ty1Rh0sCSSdWOkSaMCtIw1DDSThRBPGakFQ8vJ37rgShNpbg3o4SEHPUF7VGMjJUi97AOA005zIbRVSBtEsKbqDaGAUk0ZTZxG7llr+JNAReJn5MyyFGP3K+gK3HKiTCYIa07vpeYMEPKUMzIuBSkmiQID1GfdCwViBMdZtNTxvDYKl3Yk8o+YeBU/T2RIa71iMc2yZEZ6HlvIv7ndVLTuwgzKpLUEIFni3opg0bCSS+wSxXBho0sQVhR+1eIB0ghbGx7JVuCP3/yImmeVnyv4t+dlau1vI4iOABH4AT44BxUwTWogwbA4BE8g1fw5jw5L8678zGLFpx8Zh/8gfP5A6jAmZs=</latexit><latexit sha1_base64="nIKq7YmUaZu1jYuBe1En3B0luaw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZE0GWpIG6UCvYBnWHIpGkbmseQZIQydO3GX3HjQhG3foE7/8a0nYW2HggczjmXm3vihFFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ty1Rh0sCSSdWOkSaMCtIw1DDSThRBPGakFQ8vJ37rgShNpbg3o4SEHPUF7VGMjJUi97AOA005zIbRVSBtEsKbqDaGAUk0ZTZxG7llr+JNAReJn5MyyFGP3K+gK3HKiTCYIa07vpeYMEPKUMzIuBSkmiQID1GfdCwViBMdZtNTxvDYKl3Yk8o+YeBU/T2RIa71iMc2yZEZ6HlvIv7ndVLTuwgzKpLUEIFni3opg0bCSS+wSxXBho0sQVhR+1eIB0ghbGx7JVuCP3/yImmeVnyv4t+dlau1vI4iOABH4AT44BxUwTWogwbA4BE8g1fw5jw5L8678zGLFpx8Zh/8gfP5A6jAmZs=</latexit><latexit sha1_base64="nIKq7YmUaZu1jYuBe1En3B0luaw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZE0GWpIG6UCvYBnWHIpGkbmseQZIQydO3GX3HjQhG3foE7/8a0nYW2HggczjmXm3vihFFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ty1Rh0sCSSdWOkSaMCtIw1DDSThRBPGakFQ8vJ37rgShNpbg3o4SEHPUF7VGMjJUi97AOA005zIbRVSBtEsKbqDaGAUk0ZTZxG7llr+JNAReJn5MyyFGP3K+gK3HKiTCYIa07vpeYMEPKUMzIuBSkmiQID1GfdCwViBMdZtNTxvDYKl3Yk8o+YeBU/T2RIa71iMc2yZEZ6HlvIv7ndVLTuwgzKpLUEIFni3opg0bCSS+wSxXBho0sQVhR+1eIB0ghbGx7JVuCP3/yImmeVnyv4t+dlau1vI4iOABH4AT44BxUwTWogwbA4BE8g1fw5jw5L8678zGLFpx8Zh/8gfP5A6jAmZs=</latexit><latexit sha1_base64="nIKq7YmUaZu1jYuBe1En3B0luaw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWZE0GWpIG6UCvYBnWHIpGkbmseQZIQydO3GX3HjQhG3foE7/8a0nYW2HggczjmXm3vihFFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ty1Rh0sCSSdWOkSaMCtIw1DDSThRBPGakFQ8vJ37rgShNpbg3o4SEHPUF7VGMjJUi97AOA005zIbRVSBtEsKbqDaGAUk0ZTZxG7llr+JNAReJn5MyyFGP3K+gK3HKiTCYIa07vpeYMEPKUMzIuBSkmiQID1GfdCwViBMdZtNTxvDYKl3Yk8o+YeBU/T2RIa71iMc2yZEZ6HlvIv7ndVLTuwgzKpLUEIFni3opg0bCSS+wSxXBho0sQVhR+1eIB0ghbGx7JVuCP3/yImmeVnyv4t+dlau1vI4iOABH4AT44BxUwTWogwbA4BE8g1fw5jw5L8678zGLFpx8Zh/8gfP5A6jAmZs=</latexit>

P ⇠ ✏q
<latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="4Pw3nJMDyATZzV8BYVUVgcz/0Lc=">AAAB73icbZBLSwMxFIXv+Ky16tStm2ARXJUZN7oU3LisYB/QGUomvdOGJpkxySil9qe4caGI/8ad/8b0sdDWA4GPcxLuzUlywY0Ngm9vY3Nre2e3tFferxwcHvnVSstkhWbYZJnIdCehBgVX2LTcCuzkGqlMBLaT0c0sbz+iNjxT93acYyzpQPGUM2qd1fOrDRIZLkmEueHCOQ89vxbUg7nIOoRLqMFSjZ7/FfUzVkhUlglqTDcMchtPqLacCZyWo8JgTtmIDrDrUFGJJp7MV5+SM+f0SZppd5Qlc/f3iwmVxoxl4m5KaodmNZuZ/2XdwqZX8YSrvLCo2GJQWghiMzLrgfS5RmbF2AFlmrtdCRtSTZl1bZVdCeHql9ehdVEPg3p4F0AJTuAUziGES7iGW2hAExg8wQu8wbv37L16H4u6Nrxlb8fwR97nD237kks=</latexit><latexit sha1_base64="4Pw3nJMDyATZzV8BYVUVgcz/0Lc=">AAAB73icbZBLSwMxFIXv+Ky16tStm2ARXJUZN7oU3LisYB/QGUomvdOGJpkxySil9qe4caGI/8ad/8b0sdDWA4GPcxLuzUlywY0Ngm9vY3Nre2e3tFferxwcHvnVSstkhWbYZJnIdCehBgVX2LTcCuzkGqlMBLaT0c0sbz+iNjxT93acYyzpQPGUM2qd1fOrDRIZLkmEueHCOQ89vxbUg7nIOoRLqMFSjZ7/FfUzVkhUlglqTDcMchtPqLacCZyWo8JgTtmIDrDrUFGJJp7MV5+SM+f0SZppd5Qlc/f3iwmVxoxl4m5KaodmNZuZ/2XdwqZX8YSrvLCo2GJQWghiMzLrgfS5RmbF2AFlmrtdCRtSTZl1bZVdCeHql9ehdVEPg3p4F0AJTuAUziGES7iGW2hAExg8wQu8wbv37L16H4u6Nrxlb8fwR97nD237kks=</latexit><latexit sha1_base64="NmJf3PbiLFzO4x5SLXkOOqaY+Fk=">AAAB+nicbVA9T8MwEL2Ur1K+UhhZLCokpiphgbGChbFI9ENqospxndaq7QTbAVWhP4WFAYRY+SVs/BvcNgO0POmkp/fudHcvSjnTxvO+ndLa+sbmVnm7srO7t3/gVg/bOskUoS2S8ER1I6wpZ5K2DDOcdlNFsYg47UTj65nfeaBKs0TemUlKQ4GHksWMYGOlvlttokAzgQKaasatct93a17dmwOtEr8gNSjQ7LtfwSAhmaDSEI617vleasIcK8MIp9NKkGmaYjLGQ9qzVGJBdZjPT5+iU6sMUJwoW9Kgufp7IsdC64mIbKfAZqSXvZn4n9fLTHwZ5kymmaGSLBbFGUcmQbMc0IApSgyfWIKJYvZWREZYYWJsWhUbgr/88ippn9d9r+7ferXGVRFHGY7hBM7AhwtowA00oQUEHuEZXuHNeXJenHfnY9FacoqZI/gD5/MHx+GTrA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit><latexit sha1_base64="XterrZEB7k433DQ4u9x9LMqvvm4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIR9Fj04rGC/YAmlM120i7d3cTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY2up377AZRmibwz4xRCQQaSxYwSY6WeW2ngQDOBA0g141a577lVr+bNgJeJX5AqKtDouV9BP6GZAGkoJ1p3fS81YU6UYZTDpBxkGlJCR2QAXUslEaDDfHb6BJ9YpY/jRNmSBs/U3xM5EVqPRWQ7BTFDvehNxf+8bmbiyzBnMs0MSDpfFGccmwRPc8B9poAaPraEUMXsrZgOiSLU2LTKNgR/8eVl0jqr+V7Nvz2v1q+KOEroCB2jU+SjC1RHN6iBmoiiR/SMXtGb8+S8OO/Ox7x1xSlmDtEfOJ8/ySGTsA==</latexit>

The pressure on the other hand  
must jump by order N_c squared

Energy density and density fixed, but pressure and chemical potential jump.

A first order phase transition has pressure and chemical potential fixed, but energy 
density and density jump



Such matter is called quarkyonic  matter:

Large N_c arguments:

Confinement disappears when the Debye screening length is important, 

Which is at a quark density parametrically large compared to the Debye scale!
Confinement on a Fermi surface, but “almost” deconfined quarks in a fermi sea.

Confined matter has two regions: with baryons and without since

<latexit sha1_base64="23haXTBMSNBMySfs2nzlX2t8Wm4=">AAACG3icbVDLSgMxFM34rPU16tJNsAhubGdKUZelunBVKtgHdOqQSTNtaDIzTTJCGfofbvwVNy4UcSW48G9M21nU1gOBwznncnOPFzEqlWX9GCura+sbm5mt7PbO7t6+eXDYkGEsMKnjkIWi5SFJGA1IXVHFSCsSBHGPkaY3uJ74zUciJA2DezWKSIejXkB9ipHSkmsWHabDXeTePCTn9hg6knLo8NgdFhw5FCqp4jmxUqi62DVzVt6aAi4TOyU5kKLmml9ON8QxJ4HCDEnZtq1IdRIkFMWMjLNOLEmE8AD1SFvTAHEiO8n0tjE81UoX+qHQL1Bwqs5PJIhLOeKeTnKk+nLRm4j/ee1Y+VedhAZRrEiAZ4v8mEEVwklRsEsFwYqNNEFYUP1XiPtIIKx0nVldgr148jJpFPP2Rb50V8qVK2kdGXAMTsAZsMElKINbUAN1gMETeAFv4N14Nl6ND+NzFl0x0pkj8AfG9y/bwKCw</latexit>

��1
D ⇠ µq/

p
Nc ⇠ µB/Nc

<latexit sha1_base64="y2lMJkpRV79ByH7lkpZwQKpN3/8=">AAACDXicbVBLSwMxGMzWV62vVY9eglWoiHVXinoRSkXwWKEv6NYlm6ZtaDa7JFmhLPsHvPhXvHhQxKt3b/4b03YP2joQMszMR/KNFzIqlWV9G5mFxaXllexqbm19Y3PL3N5pyCASmNRxwALR8pAkjHJSV1Qx0goFQb7HSNMbXo/95gMRkga8pkYh6fioz2mPYqS05JoH3K3AKxjb0Al0Tt/HkNzHhZsTx4/cytFpLUkS18xbRWsCOE/slORBiqprfjndAEc+4QozJGXbtkLViZFQFDOS5JxIkhDhIeqTtqYc+UR24sk2CTzUShf2AqEPV3Ci/p6IkS/lyPd00kdqIGe9sfif145U77ITUx5GinA8fagXMagCOK4GdqkgWLGRJggLqv8K8QAJhJUuMKdLsGdXnieNs6J9XizdlfLlSlpHFuyBfVAANrgAZXALqqAOMHgEz+AVvBlPxovxbnxMoxkjndkFf2B8/gC8Mpl9</latexit>

nB =
1

1 + e(E�µB)/T

<latexit sha1_base64="wwoVEYqF7DjqH6a/czO1m07fDjQ=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgxpJIURddlLpxY6lgH9DGMJlO26GTSZiZCCW04MZfceNCEbd+hDv/xkmbhbYeuHA4517uvccLGZXKsr6NzMrq2vpGdjO3tb2zu2fuHzRlEAlMGjhggWh7SBJGOWkoqhhph4Ig32Ok5Y2uEr/1QISkAb9T45A4Phpw2qcYKS25Zp7cx6c1F0+msB+IKez6kVuF5TK8cWuuWbCK1gxwmdgpKYAUddf86vYCHPmEK8yQlB3bCpUTI6EoZmSS60aShAiP0IB0NOXIJ9KJZ09M4LFWeskRuriCM/X3RIx8Kce+pzt9pIZy0UvE/7xOpPqXTkx5GCnC8XxRP2JQBTBJBPaoIFixsSYIC6pvhXiIBMJK55bTIdiLLy+T5lnRPi+WbkuFSjWNIwvy4AicABtcgAq4BnXQABg8gmfwCt6MJ+PFeDc+5q0ZI505BH9gfP4AozKWzg==</latexit>

e�Nc for µB << MN

<latexit sha1_base64="q5MpzztgLSUcJJ/VWT44ldcK5RM=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxC3ZREiroqpW7cqBXsA9oQJtNJO3QmCTMToYR246+4caGIW//CnX/jpM1CWw9cOJxzL/fe40WMSmVZ38bS8srq2npuI7+5tb2za+7tN2UYC0waOGShaHtIEkYD0lBUMdKOBEHcY6TlDa9Sv/VIhKRh8KBGEXE46gfUpxgpLbnm4V3RPoUT6IdiArs8dmuwUoE37q1rFqySNQVcJHZGCiBD3TW/ur0Qx5wECjMkZce2IuUkSCiKGRnnu7EkEcJD1CcdTQPEiXSS6QdjeKKVXnqErkDBqfp7IkFcyhH3dCdHaiDnvVT8z+vEyr90EhpEsSIBni3yYwZVCNM4YI8KghUbaYKwoPpWiAdIIKx0aHkdgj3/8iJpnpXs81L5vlyo1rI4cuAIHIMisMEFqIJrUAcNgMEEPINX8GY8GS/Gu/Exa10yspkD8AfG5w/4gJSt</latexit>

O(1) for µB >> MN



Conception by Hatsuda and Fukushima


