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Fermi liquids

For real fermion systems, the particle interaction and the exclusion principle act simultaneously.

G
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We consider degenerate Fermi liquids in which both effects are important.

In some systems, the nature of the degenerate gas is drastically modified by the particle
Interactions. Such is the case, for instance, in a superconducting electron gas.

Frequently, the interacting liquid retains many properties of the gas: it is then said to be
normal.

A normal Fermi liquid at T = 0 has a sharply defined Fermi surface S¢

Its elementary excitations may be pictured as quasiparticles outside S; and quasiholes inside °

Se in close analogy with the single-particle excitations of a noninteracting Fermi gas.

Such a resemblance explains why so many properties of the liquid can be interpreted in
terms of a "one-particle approximation."
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Excitation in Fermi liquids

Let us now turn to the case of an interacting Fermi liquid. We are interested in the nature of its elementary excitations.

A "frontal* attack on the problem involves the introduction of Green's functions, and the mathematical apparatus of many-
body perturbation theory.

We start with an alternative approach, which consists in comparing the interacting "real" liquid with the noninteracting
"Ideal" gas; we establish a one-to-one correspondence between the eigenstates of the two systems.

Consider an eigenstate of the ideal system, characterized by a distribution function n,. In order to establish a connection with the
real system, we imagine that the interaction between the particles is switched on infinitely slowly. Under such "adiabatic"
conditions, the ideal eigenstates will progressively transform into certain eigenstates of the

real interacting system.

However, there is no a priori reason why such a procedure should generate all real eigenstates. For instance, it may well happen
that the real ground state may not be obtained in that way (superconductors!)
We assume that the real ground state may be adiabatically generated starting from some ideal eigenstate with a distribution n°;.

This is the definition of a normal fermion system.

For reasons of symmetry, the distribution n° of an isotropic system is spherical. As a result, the spherical Fermi surface is not
changed when the interaction between particles is switched on: the real ground state is generated adiabatically from the ideal
ground state.



Let us now add a particle with momentum p to the ideal distribution n°% and, again, turn on the interaction between the
particles adiabatically. We generate an excited state of the real liquid, which likewise has momentum p, since momentum is
conserved in particle collisions.

As the interaction is increased, we may picture the bare particle as slowly perturbing the particles in its vicinity; if the change
In interaction proceeds sufficiently slowly, the entire system of N + 1 particles will remain in equilibrium.

Once the interaction is completely turned on, we find that our particle moves together with the surrounding particle
distortion brought about by the interaction. In the language of field theory, we would say that the particle is "dressed *“ with a
self-energy cloud. We shall consider the "dressed" particle as an independent entity, which we call a quasipartide.

The above excited state corresponds to the real ground state plus a quasiparticle of momentum p.

Let Sg be the Fermi surface characterizing the unperturbed distribution n%, from which the real ground state is built up.
Because of the exclusion principle, quasipartide excitations can be generated only if their momentum p lies outside S¢. The
quasipartide distribution in p space is sharply bounded by the Fermi surface S¢.

Using the same adiabatic switching procedure, we can define a quasihole, with a momentum p lying inside the Fermi surface SF;
we may do likewise for higher configurations involving several excited quasipartieles and quasiholes. The quasiparticles and
quasiholes thus appear as elementary excitationsof the real system which, when combined, give rise to a large class of eicited
states. We have established our desired one-to-one correspondence between ideal and real eigenstates.



Landau Fermi liquid approach

L e i interacting fermions system of quasi-particles

quantized excitations Iin the system

guasi-particles =/= original “bare” fermions [constituents of the system]

Landau wrote the Boltzmann eq. for g.p distribution function: n(a:‘, P, t)

dn  0On ey on . 0n
at ot Loz op
equations of motion for g.p.
_ Oelp,@) _Oelp,x)
op ox

“generalized” velocity Newton’s law

T P =

on N Oe(p,x) On B de(p,x) On
ot op Ox ox Op

I(n)

“I am indebted to Professor I. M. Khalatniltov for
explaining this (Landau s reasoning) to me.”

[G.E. Brown, RMP 43, 1]



Bp Aim is to obtain conservation of total quasiparticle momentum
F(x,t) = /pn(t, T, p) on)?

on Oe(p,x) On  OJe(p,x) On

momentum flux density o " "op oz om op I(n)
d? o .
p; I(n) 2y — ()  momentum conservation in collisions
Y
OF, on d*p d*p de On  0Oe On| d%p
= D =, 3 = p; 1(n) 3 | D - 3
ot ot (2m) (27) Op; O0x; Ox; Op;] (27)
0 / e d’p / e d’p 8pz Oe d°p / de  d’p
— D;n + DN — — | "Pins A o3
8% 8pj 2m) | Oz ;0p; (2m)3 8pj ox; (2m)? 0*p,;0x; (2m)?
0 / de d’p Oe d’p
= —4h | bin n
ox; apj 2m)3 dx; (27)3
%) / de d’p 0 / d®p on d’p
= —— [ pin ne 3 + € 3
ox; op; (2m)? - Oz, (2m) ox; (27)
~ 3,
_ iH?J ) on dpq
ox; Ox; (2m)3
momentum flux tensor ITTY = f n (pz op, + 045¢€ ) 3)’

[G.E. Brown, RMP 43, 1]



0 0 on dp
momentum conservation )= — e = | — Y d d3r /
ot / Fida / D v / O, (27 )

Assuming IT to be zero on the surfaces of the spatial volume integrated over

on d%p
3
= ()
fd /839 2m )3

if the 0/0x; can be taken outside the inte-
gral, in other words, if e(p)dn(p) is the dif-

l ferential of some quantity £
on d®p 0
€ = E

ox (2r)3 O=x
The quasiparticle energy é(p) is obtained by l ME " :
varying the energy with respect to quasipar- §F = / €on p3 E = energy density of the system
ticle number. We see that Landau was led to (2)
this assumption by his construction of con-
servation laws for the quasiparticle momen- oF — ¢(p)

: : : TR,
(G.E. Brown, RMP 43, 1] single particle mechanism of excitation!



Now the energy of the system is a functional of occupation number of all of the quasiparticles. £ = E{n, . ,np, s, .-}
(states are quantified by their momentum p and spin s)

If one varies many of the n(p) away from their equilibrium value by, e.g., exciting a collective excitation, then the resulting

energy is a functional E' = E'{dny ), 00p, s, }
The quasiparticle energy €ps = €p s{np s}, which is a functional of the quasiparticle distributions, is defined as the

variaton of the system energy with respect to np ;.
1
/
SE=F —F= ; €p.s0p.s

A variation of the distribution function produces a variation of the quasiparticle energy given by

1
O€ps = Vv E :fps,p’s’énp’,s’
ool

fps.p's quantifies the interaction between quasiparticles. It can be viewd as the second variation of the total energy

0*FE : S : - : .
fosprs = V7 53 . Of course, the quasiparticle interaction energy f is itself a functional of the distribution
np s npf s
function. Usually one assumes that f is evaluated for the equilibrium distributions f {n g }-

The variation of the energy due to a variation, on, s, of the distribution function from its ground state form can be

written as

E = E() + — Z 5?119, -+ §W Z fps pfsr(Snp S(Sﬂp 61()05) = Eps{ngjl’}

ps.p’s’



Distribution function for quasiparticles "'p,s

For any variation about thermodynamic equilibrium at finite temperature  §E = T'és + pon V is constant
1 1
Particle density T = Vv Z’np,s Entropy density S = v Z {n,ps Innps + (1 = nps) In(1 - nps)}
D.s pPs
1 1 Nops
67’&:?;67’&1)3 68:_V;6np81n1—pnps

OF =T0ds + pon

. 1 e((? <
For T'=10 n'% = { 0 ei‘? S Z The Fermi momentum pr at which eg)F)s = [



2
L 0
Quasiparticle energy eg’s) — eps{n;f)sr} #* ;—m Some complicated function of p

Close to the Fermi surface el

Jeps
p3%u+( .

) (p —pr)  Fermi momentum is related to the density
ap P=PF

_ _ Oeps PR 1 H?
Fermi velocity ( 9 ) = Ur = 2 Effective mass of the quasiparticle — ( Eps)
P 7/ p=pF m m* Op? / p=py
2 .9
P~ pr eﬁ,‘? A pF* (p — pr) with the same precision O(p-p;) )~ [+ A
m ps 2m*
Density of states D(e) L Z 0 (€ps — €)
|%
ps
. 1 m’pr
at the Fermi surface No = D(u) v Z 6(ep’3 — /,L) -
ps
Cy = P




Green’s functions

N-body system: wave function of the whole system Y(x,,x,,...,Xy)
encodes the dynamics of all particles and is very complicated

Introduce the object which describes the dynamics of the reduced number of particles of interest

one-particle propagation

Amplitude of particle transition from a point (x,t) to a point (x,t’)

U(x',t") = /da: G U, )V (x,t) ¢ >t



fort!=t+0 Y(x/,t+0)= /da: G(&' t+0; 2, 1)U (x, )
G t+ 0.2, t) = d(x' — x)

If ¥(x,t) obeys the Schrddinger equation 10, — H(x)| V(x,t) =0
10, — H(x)] G (@, t: &', t) =id(t — ) d(x — o)
for homogeneous system : G<+><a}/, thx t) = G<+><<a3/ — :13)2, t'—t>0)

eigenfunctions:  H p)(x) = e\(x) p(x)

G( ><213 2137'_t —t Z/i —16790)\ >gp)\< >
A

) e—e€x+10

G Uz, t) =< N|U(z',t) Ul(w, t)|N >

or(x)aye "N IN >=dalalal.. al|0>

a;, al

; annihilation and creation operator



Green’s function of non-interacting fermions

i G, t; @, t) =< N|T{U(z,t) U (@, ¢)}| N >
I N, ) U@ )N > 0, g < N ) U, O)|N > 6,

epdery

2

no interaction

Gz, t:x' . ") =Gt -tz —x _
( | ( | GU(E’p)_c—ép—ki(]jLe—i—EZ’}—i()

T =0 n, = 0(pr — p)
h
1 €& =
ded®p _iet+ipa G =
G(t,.fl:) = / (27{_)4 G(E,p)e l+ip O(E;p) € — Ep _|_ ZO Slgn(G) Ep o pz_p%



particle G(e,p)

by

)
K>

Gh(g,p)zG(- g,p)




Momentum distribution of particles

Gla, t;x' V) = —i < NIT{U(x,t) U (a/,t)}N >= Gt — ¢,z — &)

t' =140 G(—0,x —a') =i < N|UT (&, t + 0)U(z,t)|N >

. ~ N
G(0,—0) =1 < N|¥UT(z,t + 0)V(x,t) |N >= iv particle density in the homogenous system

Particle momentum distribution  n(p) = /(—i)G(t — —0,x)e "Pdx

n(p) = /(_i)G(t — —0,z)e”*Pd’x = lim G(e,p)e_ieti

t——0 271

! de for t < 0 we have —iet = ielt]|
Free Green’s function  n(p) = lim 5 et —
o ) pz:,fF i Osign(e) i we have to close the contour for Ime > 0

positive direction of the contour

0\ 2 _ 2 :
n(p) = 6(pr — p) Ime = 0(—)sign(p® — pg) > 0 if p < pr



Diagram technique

Ground state:

iG(z,y) = < N|T{U(2)¥! (y)}|N > =< N|ST{U(z)¥}(y)}S|N >

in interaction picture: 1G =< N\f{\/ﬁ](x)@}(y)}g\]\f >< 5>

transition from the ground state to the ground state under action of evolution operator

S =Texp { "y / @<t>dt} Vi(t) = Holp) 1y =i Ho(ut
T - HO(:“) = Hy — ZM@Na

time ordering

Only one type of Green'’s functions




Particle-particle interaction

7
—iT,(p,P'; q) :% = I VI + |v
A _

P

S

[2-p, b [2-p’, d 5 : :

4ep 4ep [V(pa pla qﬂ cd,ab — %(pa pla Q> <7'0-2>d0<7’0-2>ab
v +Vi(p, P, @) (0io9 )ac(i020 ) ap
q/2+p,a A~ q/2+p’, c
\W Fiertz >
two-particle irreducible
interaction
“\

R R d4p// . .
Top(p:0',q) = Vip, ', q) + / (27T>4Z.V(p,p”,q) Gla/2+ ") Glg/2—1") T, 9. q)




Particle-particle interaction

—1 Tph<pap/§ Q> — = 7 _ fe
: W
p-q9/2, b — p’-q/2, c particle-hole irreducible interaction
u [Up, 0, 9)]} = Us(p.p',q) 0 05+ Us(p. ¥, q) (0 )i (0 )§

p+g/2, a 7 p’+q/2, d ﬁ (

R R d4p// N R N R
Tow(p, v, q) = Up,p',q) + / U(p,p",q)Glg/2+p")G"(q/2 = ") Ton(p". V. q)



”?Charge” of particle and hole
Coupling of the external field to a particle

A:—P—Q—P——f—-ﬁ >

and a hole

U
A:«—H—+< -

® one-nucleon reaction

= C>
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2p-, 2h-irreducible interaction
\ v V7

T
7

[Wambach, Ainsworth,Pines NPA555]
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Full Green’s function

particle-line

. diagonal in spin-space
. 1
GO<€7 p> —

e —p?/2my +10sign (e — ep)

analogously for the hole-line

> <«——— particle-particle, particle-hole hole-hole interactions




~ ~ o~~~ —~ —1
— e e e G:GWH%EGZWM”—Z}

: 0
T'< epy,erp and € ~ ep, p ~ pr [~ pole residue al=1- aZ(E,O,T)

EXeER

A 4

a

G(G,p) -

€ — €, T 17 €7 81gNe

]— g.p. width

= —limIm X (e, p* = 2m T /€
~ Vg (p—pF> Y p— ( p NUN >/

g.p. energy

. _ P = 2mypy Pt —pp
P 2m’, 2m’,

4 small for T<<T. /\
. ___/

g.p. effective mass

p=0,ervep Greg <€7 p>



Fermi surface is a topological object.

1
iw — vp(p — pr)

In 4D space (m,p) there is a singularity at (0w=0,p=p¢) [singular hyperline]
where this function is not defined!

ideal gas Go(z =iw,p) = vp = pr/Mmn

Fermi surface
as vortex ring ) _
in p-space The phase of the Green’s func-tlo.n char\ge-s by 2p yvhen
one goes along a contour encircling this singular line.
p;\- (‘U;) One can define a topological invariant [see book y G.E.
Volovik, The Universe in a helium droplet] The singular-
P | lineis topologically protected and thus robust against

perturbations
/P;

o normal 3He

(normal) Fermi liquid G(z = iw,p) = UF = pr/my

iw —vp(p — pr)



Migdal jump aQ _ a a
&) ¢ —vr (p — pr) + 17 €2 signe + Gres(€, D)

. de
— N —iet T
n(p) = lim [ Gle,p)e ™ —
lim [n(pr — q) — n(pr +¢)] = lim { e e Greg(€,0 — @) — Gregl€,p + q) }e‘“td—e_
q—0 t——0 €E+Urq—ive €—Upq+iyeE N -— z 27
0 — 0
=a

Fermi surface exists even for the strongly interacting systems!




R siaGoy.

To(p, v q) = Ulp, 1, Q)+/(27£ Ulp,p",q)Glg/2+ ") G"(q/2 — ") Ton(@", 1. q)

N

G(q/2+p)G"(q/2 — p) = Glg/2+p) G(p — q/2)

a a -
. . . . —|—B ]
e+ w/2 —€piq+10sign (e +w/2)] [ —w/2 — €p_g/0 + 1 0sign (€ — w/2)] (p:4)

1 1
~ g? B
¢ 5(6>/d6 € +w/2 —€piq2 +10sign (e +w/2)| [e —w/2 — €p_g/o +10sign (e — w/2)] +Bip.q)

— —27i a* 5(e)f(p+ q/2) — flp—a/2)

W — €piq/2 T €p—q2 + 10

+ B(p, q)



Fermi liquid approximation

particle-hole propagator .... for ¢ — 0

n=p/p

v gn
w — vpqgm + 10

G(q/2+ p) Gh(q/2—p) ~ 2mi a” (c) o(p — pr) + B(p, q)

singular pole term

complicated
background

—t Tph(]?a p/; CI> %E—— |

N



~N

for |p| ~ pr >~ |P/| and |gp| << w << €p

N

_— dQ /]~ o~
Town,n' q) = T¥n,n’) —/ PT¥mn,n’) Aln,q) Ton(n,n' q)

47
! m* pp UF gT
Aln = a?
(m,4) 2 w—ovpgn +10

T

complicated dynamics is here:

~ R d4p// R q ~
ph<n7 n /> — U("’? n /> - / <27T>4 ZU<n7 n /> B<p7 W — 07 ; — O> ph<n7 n />
|
parameterize Landau-Migdal parameters

‘ = 1%2 — f1‘2<’n<7/ /> -+ gé(n,n’) 0109

extracted from experiment



a?NT¥(0) = f(0) =5, fiPi(cos ) N = vm* pp/n*

a’NT¥(0) = g(0) = >, g1 Pi(cosb) density of states at the Fermi surface
0= Z(n,n) v =1,2 number of fermion types  n = vp3 /377
neutron matter: f = fun g = 9nn (1 parameter in each channel)

nuclear matter:  fun, fups fop  Gnn, 9nps Ypp (3 parameters in each channel)

In matter of arbitrary isospin composition these parameters are independent.
Fermi-liquid renormalization is different for these parameters.

small isospin disballance  frn = fpp = f + 1! Jop = f — f!

a*NIY = f+ f'm1 - 15 (2 parameters in each channel)

In nuclear physics one uses also the normalization on the nuclear Fermi surface

~—

f(n',n) =a* NoI'¥(n', n) gn',n) =a* NgI%(n', n)
No = N(n=mng)  constant, independent of density (N, ' =300 MeV fm?)

Density dependence? Residual momentum dependence I'(n', n; q) ?



There are relations between some Landau parameters and bulk properties of the system

m*:m<1+%f1)

2

K=62E (1+42f)
m

1 p?
Esym:§ﬁ<l+2f(/))

*k

In general Landau parameter are to be fitted to empirical information (nucleus properties)

[Saperstein,Fayans, et al. 1995, 1998]
Fo0 f'05—-06 g~ 005401, ¢ ~1.14+0.1



Sounds in Fermi liquid

system of strongly interacting fermions (no pairing)

single-particle excitation mechanism Gi(e, p) = a + Greg
€ —vp(p — pr)
quasipartig,?e
P RN rd
particle-hole interaction n n’ = +
on Fermi surface > ¥ V. o
short-range long-range

e e

Tph(n ,: n; Q) =1 ('n, ,: n) -+ <fw ('n ,: nH) ﬁph(n NE Q) fph(n N: n; Q»'n”

+o0 +0o0
. d dp p?
particle-hole propagator Lon(n;q) = /2;/ Zf G(pr.) G(pp_)
—00 0 pole parts
o= [T
IRACEEY VP pr+ = (et w/2,prn + k/2)

Landau parameters [« (n',n)=T%mnn)dloo +In'n) (a'c)

?



Solutions for zeroth harmonics

Fat

[“(n' n)=T%0lo0+T% (c'0) keep only zeroth harmonics




Lindhard function

2 -1 41 2 -1 1 1
zZ zZ_ + zan lnz++ 4o

T A(zy —2 ) 2o —1 4Alzp—z) 2 —1 2

Imaginary part

s = w/kvp 58 , 0<s<1—
B IP(s,z) = =(1—-22) , 1-2<s<
v k/ PE 0 otherwise

?

Results of expansions depends on the expansion order:

1 1 1 for s > 1
¢ 2 — —
(s, 2) 3212 352 —x?/4

S
P ~ 14+ =1 — for z <1
) 318 T T e

Temperature corrections

Or(s,x,T) = P(s, ) (1 — W—QT—Q)

(z4 = st z/2)



Particle-hole interaction in the scalar channel

scalar channel zeroth harmonics

1 N1
Tono = — — 71
T<] " + No(w,q) fo +Pw q)

$(w, k) Lindhard function

spectrum of excitations in
solutions of equation:  f;* + ®(w,q) =0 ——  the scalar channel (k)

(zero-sound modes)
for w ~ w(k)

L . f

w— w(k) Ow  lw(k)

Tph,O ~



fol+®(w,q)=0  Scalar modes in Fermi liquid

o(k
l. fo(k) = foo + fo2 kK°/p% >0 zero-sound mode (k)

< residual momentum dependence

ws(k) = kvrs(z) s(x)~sy+ sox’ + 542

1+f00_801n80+1
Joo 2  so—1

so(a+ fo2)(sg — 1) 2 119062 — 1)2
Foo (L+ foo — 52) a = foo/[12(s5 — 1)7]

S9 —

sq4 >0

For foo < —a the ratio ws(k)/k has a minimum at kg in which the group velocity
of the excitation vy = dw; /dk coincides with the phase one Uph — W /k.



1. —1<Jjo<U “diffuson”

—iwt

P~ e — 0 { — o0

2 [(1 — | fol) K

wq ~ —1—kvp —+
n | fol 12p%
stable mode k/p<<1 expansion
1. fo < -1
2 1 k?
wa A i kup [1 -
T |fol  12p7
O ~ e—iwt 0
t — o0

the mode growth rate is determined by Jo

: 8 (1 1 )3/2
ST | fool




Nucleon-nucleon interaction

r)
= One-pion V (
exchange
, potential

Scolor-meson
exchange
vector mesons: m,,~800 MeV, ~0.24 fm
correlated 2t exchange: M~200-600 MeV I~0.3—1fm
1-pion exchange: M_=140 MeV ~1.4 fm

Equilibrium density of an atomic nucleus n,=0.16 fm3
inter-nuclear distance (n,)*3=1.8 fm

' f,‘ several scales are involved P1
7\ ~
7 -~ Vector-meson
/ \, exchange
l?l
—iwl!m\(— .
!

-

non-relativistic description
Vc( )1

spm (

Vis(r) (0'{ + 0'2) . L
Vtensor(’f“) Sw(”“)

relativistic description

Ld




Nuclear equation of state

M(A, Z)* = (A= Z)m,c* +Zm,c* — B(A, Z)

1932 Liquid-drop model of a nucleus:
T T T f
' “He”
0.2} ]
5 et NUCLEAR | >
§ \ MATTER =
= \ @ [
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Pauli exclusion principle: nuclear symmetry energy

Neglect electric charge of protons: isospin symmetry.

We want to distribute A nucleons

By
E(A,Z=0)>FEA, Z=A/2)
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[ Two Fermi seas are better than one Fermi sea! }




Infinite nuclear matter

1) makeA,V, big by keep n, = é, Ny = A‘;Z

=n—n, fixed
2) switch off electromagnetic interaction
3) My = My =My

Energy density of the infinite nuclear matter as function of the proton and

neutron densities: ) M(A, Z)c - - ) B(A, Z)c?
AT g TP = i Ty
Binding energy per nucleon: €(n,x) = E(n,z)/n —my
where, n=mn,+n, totaldensity x =n,/n  proton fraction
0E(ny,n,) O0E(n,x) xz0E(n,x)
chemical potentials: ~ H» = on. on_ n _or
_ 0E(ny,n,) O0FE(n,x) N 1 —x0FE(n, )
He = on, - 0n n ox
OF

Pressure: P=pinnn +ppnp — L =n—o- — L T=0



Infinite nuclear matter. Symmetry energy

e(n,x) = eo(n) +es(n) (1 —2x)%+...

ISM energy:  &qg(n) Symmetry energy:  €s(m)

Two definitions of the symmetry energy:

1 9%c(n,x
(1) es(n) == ( : ) and (2) eg(n) =¢e(n,z =0) —e(n,z =1/2)
8 Ox x=1/2
local NS applications
L a4g(n x) L :
If the derivative ’ is very small, then both definitions are equivalent

Ox?



Equation of state of nuclear matter

The energy per nucleon of the nuclear matter
n, — proton number density

(np —nn)? :
n, — neutron number density

2

B(np,ny) = 20(n) + £5(n) ——
n="np,+nny

® nuclear matter parameters

K (n —ng)? Q (n—ng)° (n —ng)*
go(n) = Eo+ 0+ R 2 162 n2 ‘|'O( i )
Symmetry energy
L n—ng Kovm ('n, — no)Q Qsym (?’l — no)g (’-”f — n0)4
NVESS e pecen
o / T3 e 18 w3 162w "
So

There is a correlation among parameters: J, L, KSym



® low-density parameters

 Correlations among parameters

coln| = Eo + —
oln] = Eo + 73 n2 162  nd
Ln—mny Kym(n—mng)?
esln]=J+ = 4 + ..
st 3 no 18 ng
saturation density n, and binding energy E, 5
- | T T v T T |
no =~ 0.16 + 0.015 fm = o ® Tuebingen (o
. - - Bonn A, ps
Ey ~ —15.6 £ 0.6 MeV 2 N e
/\\CD-Bonn
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n, vs E, —Coester line problem: role of TNF,
relativistic effects, chiral forces

|
o
N

o Stiffness of EoS

frequently characterized by compressibility modulus K

Giant Monopole Resonance (GMR) K = 240 4+ 20 MeV




@ Correlations among parameters L-J
Koym (n —

2

Ln—mng nO)

85[7’1/] = J 4+

§ No 18

Masses: UNEDFO Skyrme DF+BHF
[Kortelainen et al., PRC 82, 024313 (2010)]

2
Ny

Isobaric analog states+isovector skin:
[Danielewicz et al. NPA 958, 147 (2017)]

Pb dipole polarizability:
[Roca-Maza et al., PRC 88, 024316 (2013)]

Sn neutron skin:
[Chen et al., PRC 82, 024321 (2010)]

GDR:
[Trippa et al., PRC 77, 061304 (2008)]

Isospin defusion in HIC
[Tsang et al., PRL 102, 122701 (2009)]
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Behind all calculation are particular models for NN interactions and many-body techniques




symmetry energy [MeV]

® [¢ parameterization

If we assume some model for the density dependence of the symmetry energy
83(?’?,) = C]l (n/n0)2/3 _|_ Cl n/no _|_ 02 (n/no)a};

J=C 4+ Cy+C, 3L=C142C,+3yCy K =—2C, +9Cs(y — 1)y

Eliminate C, and C,
100

1 Ll 1
30 MeV<J<35 MeV

80 -

60 L8

40 |

— - = ASY-EOS [exp]
N 1 1 1

| /7~ — ADFMC [Gandolfi et al 2010] |

0 1 2
n[nJ

3

2 Keym
L(——l) Cr +3J+ =X
37

K
L —_195MeV 1 3.J 1 sym
[ e 5.50}

Analysis of 36 RMF models gives

[Dong, et al PRC85, 034308 (2012)]



Relativistic mean-field models

vacuum: one boson-exchange for NN-potential

nucleon-nucleon interaction
+ Lippmann-Schwinger equations

a model

L = Z‘lfx[?;(é—l—ing@—F?;gpNTb) —(m—gUNa)} U A

N
1 i 2 2 1 v 1 v 1 0y 1 I
+ - (0,00 J—moo)—U(J)—iwww +§mwwuw — PP +§Pup

o~ o

scalar vector 1so-vector

Wpy — OpWy — ayw,u Puy = OuPy — al/p,u
oL oL
Euler-Lagrange equations for ¢ = ¢(#,t) = {¥,0,w,p} 0, [ ] =
a(auQ)

iy (O + igonw! +igoNTP!) — (MmN — gono)|Un =0

dU _
(0% 4+ my)o + o — JoN Z VNN
N=p,n
, , _p' nucleon sources
@+ m2)wu =guon > Uny,Tn for meson fields
N=p,n

(0% 4+ m?2)p, = gpn Z UNTY, YN
N=p,n



medium: mean-field approximation o(r,t) =

wy(r,t) = 0,0 wo
3 ggf W, p

a a 3
par t) = 8% 8,0 pl)
nucleons

&
A

S

&

constant fields

W = JoN < VARV >= — B = —% (?’?,p—|—?’?,n)
mw my,

(vector) density

mp mp p
,  dU

™ JQ dO'

= gon < YV >= g,yns = gon(ns, +ns,) Scalar density

[i7,0" — gun Y°wo — gon Y005 — (M — gono0)]¥ =0

nucleon spectrum in MF approximation

\/m + 0% + gunwo + goN IN P03 My — MN — GoN O

[Serot, Walecka] pion dynamics falls out completely in this approx.



Energy-density functional

2 2 2 2
Lm0 2 (i + 1) 2 (M — 1)
Elny, ny; 0] = 5+ Ulo)+ C g +C )
RN '
dp p* :
—|— Z / 7_‘_2 \/(m;\:’ — ggjv 0-)2 + p2
N 7
OE|ny, ny, 0|
evaluated for c—field followed from the equation 5o =0
Gin M
Paremeters Cf = ”jng N are adjusted to no .~ 0.16 % 0.015 fmn—3
properties of nuclear matter at saturation Fiina o~ —15.6 +0.6 MeV
miy(po) ~ (0.75£0.1)my
If we add gradient terms this energy density K ~ 240 =40 MeV
functional can be used for Asym = 32+ 4 MeV

a description of properties of atomic nuclei.



M/M

(pure) Walecka model U(c)=0 modified Walecka u(c)=ac*+bc*
ng = 0.16fm™* . BEipma = —16 MeV

1

K =553 MeV, my(ng) = 0.54my

maximal mass of NS

sol
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Tz 4 6 8 w0 K(n,) [MeV]
nmo weak dependence on K !

Hardest EoS among RMF models strong dependence on m*



Nuclear Fermi liquid. Approximations

e (Quasiparticle approximation for nucleons, 1" < epn.
Only then diagrams with open nucleon lines make sence.
Otherwise closed diagram technique

e Reduction of the more local interaction to the point-like interaction

% = Cy (f12 + g100102) ,

f12, g12 are Landau-Migdal parameters.

Constants!= rough approximation! But then eqs become algebraic!



® explicit pionic degrees of freedom _ 4+

1

pion with residual (irreducible in NN-* and A N'1) s-wave © N
interaction and mtw scattering™

e explicit A degrees of freedom

L. S O EP © ¢

Part of the interaction involving A isobar is analogously constructed:

o



Resummed NN interaction

Graphically, the resummation is straightforward and yields:

I)@Q

_|_

Poles yield zero-sound modes in scalar and spin channels

>

<«——— full pion propagator

L dressed vertex




Pion modes 1in nuclear medium

N

N A
H;’rf:m.. %\A - M/},\,\ + reg
N N
qguasi-particle modes
7 v 1 b 1 ' 1 ' 1 ' 1 ' 1 ,
" |EZZ4 AN states A /
6 NN states 7
5 n=2n
—, 4
é I
3 3
2ﬂé§%
/W
1
0 | | § | | 1- m(lkon) Iplf)nlganp | |
1 2 5 6

3 4
k [m ]

A (w. k) ~ Z 276w ; w;(k))
i=m,A (Qw — %%)

28k w
_ 0w < vp k
T S § g R W < vr k)

w=w; (k)

pion propagator has a complex pole
DY w, k)~ D H0,k)+ifw
B=mykfivn/7
(k) = —D71(0, k)
w o< —1w0* (kwin) /B
when &2 (ki ~ pp) < 0
—> instability —— pion condensation

[A.B.Migdal et al, Phys. Rept. 192 (1990) 179]
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