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Outline

Motivations

Mean field theory (MFT) and two-loop (TL)
calculations in the framework of quantum
hadro-dynamics (QHD): zero temperature

Finite temperature calculations

Summary



Motivations

* Dense matter equation of state (EOS) is needed
in astrophysics simulations

* QHD’s MFT approximation is widely used to
model the EOS, but TL terms have not been well
studied

* Goal is to compare MFT and MFT+TL on EOS
and nucleon optical potential (relevant for
medium energy heavy ion collisions)
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MFT approximation  Fermi-Dirac

distribution
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Fermi-Dirac
distribution
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_ distribution
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Fix Couplings

Five empirical saturation properties, including saturation density,
binding energy, symmetry energy, incompressibility, and Landau
mass, are used to solve the couplings.
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Five empirical saturation properties, including saturation density,
binding energy, symmetry energy, incompressibility, and Landau
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Five empirical saturation properties, including saturation density,
binding energy, symmetry energy, incompressibility, and Landau
mass, are used to solve the couplings.
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m, = 138 MeV, £, = 93 MeV,and g, = 1.26.
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Couplings

gz g2 gz i3 iy L (MeV)
MET 96.36 118.45 70.13 2.08 —6.77 103.62
TL(235) 71.26 19.58 60.72 5.4 —9.48 83.66
TL(250) 74.03 H6.58 57.97 4.84 —4.47 85.09
TL(270) 74.65 61.45 58.06 3.70 1.97 84.51

TL calculations with different incompressibilities, 235, 250, 270 MeV
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Couplings

gz g; g K3 i L (MeV)
MFT 96.36 118.45 70.13 2.08 —6.77 103.62
TL(235) 71.26 49.58 60.72 5.94 —2.48 83.66
TL(250) 74.03 56.58 57.97 4.84 —4.47 85.09
TL(270) 74.65 61.45 58.06 3.70 1.97 84.51

TL calculations with different incompressibilities, 235, 250, 270 MeV

* |In the MFT, the scalar coupling is smaller than the vector
coupling, while in the TL calculation the former is larger
* The TL calculation’s L is smaller than the MFT’s

12



Zero T results
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For SNIM, the TL and the MFT are close around and below
saturation density, but for PNM, the two differ 16
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* Symmetry energy (S2) saturates the PNM and SNM energy difference
* TheTL S2 is lower below saturation density and higher above the
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127 (2016) 21
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* The MFT grows linearly with Ekin, much faster than the TL
* TheTL agrees better with the microscopic calculation and
extraction from medium-energy heavy-ion collisions
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The MFT grows linearly with Ekin, much faster than the TL
The TL agrees better with the microscopic calculation and

extraction from medium-energy heavy-ion collisions

673,375 (2000)
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 TheTL Landau masses are larger than the MFTs
* At *-density, Fermi momentum =M™
* At x-density, Landau mass first derivative=0
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Pion plays an important role in the low density behavior of

the Landau mass
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Finite T results



Formalisms: perturbative



Formalisms: perturbative

Z =Trexp|—p(H — p,N, — 11, Ny,)| = exp [—_..-i'_’)’S"l (T V., o, V. bﬂ



Formalisms: perturbative

Z =Trexp|—p(H — p,N, — 11, Ny,)| = exp [—;’j’ () (T V., iy oV, bﬂ

w(l)(T ,U,{D} b(;) &(o )(T ;fp) bJ) ﬁw’(l)(T: I’p:n?a)

mn’
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Formalisms: perturbative

Z =Trexp|—p(H — p,N, — 11, Ny,)| = exp [—;’j’ () (T V., o, V. bﬂ
w(l)(T ,u{ ) b(}) W(o )(T ;fp) bJ) ﬁw’(l)(Tt I"pzn?a)

mn’

Fy = Fo) (T, ppmi bg) + 6wy (T, Vpn; 0)
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Formalisms: perturbative

Z =Trexp|—p(H — p,N, — 11, Ny,)| = exp [—,,s’j’ () (T, V., 0.V, bﬂ

Wy (T, 10 bg) = wio) (T, 1) bg) + dway (T, vpms 0)

p,n’
Fay = Foy (1, ppn; bg) + dway (1. ;r_,fp]ﬂ_;g)

At given T and density, bg minimizes free energy
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Formalisms: self-consistent



Formalisms: self-consistent

€; [p; bg, 1y 1, (L)} = €(0),i (p:bg) + 0€(1),i [p: bg, Ny, (Is)]



Formalisms: self-consistent

€ (P bg. pm (K) | = €0),i(0: bg) + 0€(1)i |3 bg, 1 (K) |

1 d*k
ni(k) = w1 0 P / (27)3 " (k)
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Formalisms: self-consistent

€ [pl, bg, My (k) } = €0),i(P; bg) + €1y [p; bg, Npn (K) ]

1 d*k
TL; ('ll) — E_ﬁ(fi(k)_lu'i) i 1 Pi — r:r'S/ (2?{')3?“ (!L)

At given T and density, n(k) distribution is solved self-consistently
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Formalisms: self-consistent

€; [p; bg, 1y 1, (k)} = €0),i(P; bg) + €1y [P; b9, Np.n (/lf-)]

1 d*k
TL; ('ll) — E_ﬁ(fi(k)_lu'i) i 1 Pi — r:r'S/ (2?{')3?“ (!L)

At given T and density, n(k) distribution is solved self-consistently

FIL, 0.1 8] = &5 0] — TS 0,y 0]
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Formalisms: self-consistent

€; [p; bg, My (A)} = €0),i(P; bg) + €1y [p; bg, 1y p (k)]

1 >k
n; (k) = eBlei(k)—pi) 41 7 Pi = TS/ (QW)SH’*'- ()

At given T and density, n(k) distribution is solved self-consistently
F|T,bg,npn(k)| = E|bg, npn(k)| — TS|bg,npn(k)]

At given T and density, bg minimizes free energy
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Formalisms: self-consistent

€ [p; bg, 1y 1, (L)} = €0),i(P; bg) + €1y [Pi bg. Mpn ('If-)]

1 dk
TL; ('ll) — f_ﬁ_ﬁ(fi(k‘)_“i) —|— 1 ) f-}i — r:r'S/ (ZW)SH'Q'. (!L)

At given T and density, n(k) distribution is solved self-consistently
F|T,bg,npn(k)| = E|bg, npn(k)| — TS|bg,npn(k)]

At given T and density, bg minimizes free energy

At MFT level, this approach is the same as the perturbative one.
At two-loop level, they are different.
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Landau’s Fermi liquid theory

In the degenerate limit,
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Landau’s Fermi liquid theory

In the degenerate limit,

2 Bk
SZ%T N (0) [A’}(U):"}*S/ f = (€; (k) — 1) ]

1
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Landau’s Fermi liquid theory

In the degenerate limit,

T

2 o R Pk e
S = ?T;M(O) [ V:(0) = r's/ (zﬁ):go (€i (k) — p4) ]

Ey 17
Ng  pp Zaipﬁ [Qm = Qpp, 2, T) — Q(pp, 2, T =0) ]
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Landau’s Fermi liquid theory

In the degenerate limit,

2 ) T Pk
S = %TZM(O) [N;(0) = ;/ — 5 (e (k) — i) ]

Eyg 17
Ng  pg Zaipi [Quw = Qlpp,x,T) — Qpp, v, T =0) ]

A good way to test our calculation

28



P (MeV fm™)

4.5 I I I

3.9

05 L
0

25 |
15|

05|

L | Self-consistent (SC)

and perturbative (P)

[ | results are very close

MFT

1=20 MeV

003 006 009 012 015 018 0 0.03

og (f)

006 009 O

og (™)

12 015 018

29



P (MeV fm™)
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Critical temperatures
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T=50 MeV
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O:uuuluul ]
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pg (fm™>)

02 04 06 0.8 1
pg (fm™)

SC and P differ by less than 3%. MFT has a characteristic
bump at 0.3 fmA-3.
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The SC and P results are different from the MFT: no bump!
Low density limits: non-relativistic and relativistic gas
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Summary

Including TL contribution to the MFT terms
improves PNM EQOS at sub-nuclear density

TL softens EOS, but supports 2-solar mass
neutron star

TL improves nucleon optical potential

TLs impacts on zero and finite-T bulk properties
are significant

Improved relativistic calculations can extrapolate
the constrained EOS to high density region
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