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& MODERN NUCLEAR STRUCTURE MODELS:

HOW TO RELATE LOW-ENERGY, NON-PERTURBATIVE
QCD AND THE PHENOMENOLOGY OF FINITE NUCLEI?

& EFFECTIVE FIELD THEORIES (EFT’s) FOR NUCLEI:
e consirained by QCD symmetries

e span multiple energy scales

Mgoep =~ 1 GeV = scale of chiral symmetry breaking
~ 0.2 — 0.3 GeV = scalar X5 and vector Xy in
nuclear matter; Fermi momentum kz at saturation

~ 0.01 GeV = energy scale of a nucleus




‘ QUANTUM HADRODYNAMICS: I = field theoretical

framework of Lorentz-covariant, meson-nucleon or
point-coupling models of nuclear dynamics based
on EFT and DFT.

QHD models are consistent with QCD symmetries

the QHD framework implicitly includes vacuum
effects, spontaneously broken chiral symmetry,
nucleon substructure, exchange terms

characteristic = large Lorentz scalar and vector
nucleon self-energies (=~ 0.3 — 0.4 GeV at saturation
density)

success of the relativistic mean-field description of
nuclear phenomenology
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LINK BETWEEN LOW-ENERGY QCD AND THE

NUCLEAR MANY-BODY PROBLEM!

Relativistic Nuclear Point-Coupling Model
with Density-Dependent Contact Interactions

CONJECTURES:

e The nuclear ground state is characterized by large
scalar and vector fields of approximately equal
magnitude and opposite sign.

e Nuclear binding and saturation arise dominantly from
chiral (pionic) fluctuations.




& In-medium changes of the scalar quark condensate
(the chiral condensate) < gq >, and of the quark density
<qtq> » give rise to scalar > s and vector Xy, nucleon
self-energies (=~ 0.3 — 0.4 GeV at saturation density)

(@q)o ~ —(240 MeV)3 ~ —1.8 fm—°

‘ FINITE DENSITY @CD SUM RULES: I = in leading order

2,(3’0) — _iLZB(< qq >p — < qq >vac)

0 T
Z%/)_?;sz <q'qg>,

QCD SUM RULES = not sufficiently precise to make
detailed predictions at the scale of a few MeV

T.D. Cohen, R.J. Furnstahl and D.K. Griegel, Phys. Rev. Lett. 67, 961 (1991)




& Nuclear binding and saturation arise dominantly from
chiral (pionic) fluctuations superimposed on the
condensate background fields.

‘ IN-MEDIUM CHIRAL PERTURBATION THEORYI
CHIRAL PION-NUCLEON DYNAMICS S0 ¥el §tTel o]]y

symmetric nuclear matter as an expansion in (kg)™

e the expansion coefficients are functions of & /m
e in-medium CHPT to three loop order with a single
momentum space cut-off A ~ 0.65 GeV (encodes
NN-dynamics at short distances) =

E(kfo) = —15.3 MeV p, = 0.178fm—3
K =255 MeV A(k;o) = 33.8 MeV

N. Kaiser, S. Fritsch, and W. Weise, Nucl. Phys. A697, 255 (2002)




Relativistic Nuclear Point-Coupling Model
with Density-Dependent Contact Interactions

DRVe 7\ e\ H built from basic density and current

operator blocks bilinear in the Dirac spinor field ¢/ of the
nucleon:

(QZOTIW#) O- € {17 Ti} I' € {197u9759757u90'p,u}

A general effective Lagrangian can be written as a power
series in the point couplings (1O, I'v) and the derivatives

0, (YO, T1).




How many parameters (coefficients of the power series)
can be uniquely determined, either microscopically or
from nuclear phenomenology ?

FKVW point-coupling model = includes the following
four-fermion interaction vertices:

isoscalar-scalar:  (11))?

isoscalar-vector:  (yy,1) (pyHap)
isovector-scalar: (7)) - (p7)

isovector-vector:  (¢7,1) - (PpTy )

‘E — ﬁfree + £4f + ﬁder + Eem I
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DENSITY-DEPENDENT COUPLINGS G;(p) AND D;(p)

CONTRIBUTIONS FROM:

QCD condensates explicit
< gg>and < qfqg > 17 and 27 exchange
(QCD sum rules) (in-medium ChPT)

Gi(p) = G (p) + GT(p)
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e The rearrangement self-energies:

10Dg ., - .
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10G
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190Gy .. 19Dy
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= also X,.5, ¥,rs and £#_. The rearrangement terms
result from the variation of the vertex functionals with

respect to the baryon fields in the density operator 4.
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o ~— oy ' 8p &Y o
& the inclusion of rearrengement self-energies is essential
for. a) energy-momentum conservation

Yuat par =

8,T" =0

and for b) the thermodynamical consistency of the model

= requires the equality of the pressure obtained from the
thermodynamical definition and from the
energy-momentum tensor (¢ = T°°, p = (2/37?)k3.).
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‘The Mean-Field and No-Sea Approximations I

& the mean-field approximation

‘,(ZOTFTA — Zga>0 szQBaOTrqba I

we, . occupation numbers
¢ Dirac four-spinor single-particle wave functions
e«. Single-particle energies

& the “no-sea”approximation: The summation is restricted
to positive single-particle energies.
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& The interaction terms in the Lagrangian are expressed
in terms of the local densities.

isoscalar-scalar:

isoscalar-vector:
isovector-scalar:
isovector-vector:

proton:

ps(T)
pv (T)
prs(T)
prv (T)

pc(T)
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2o Pa()V0Pa ()

> Pa(F) T30 (T)
Za QEa (7?)7370¢a("7)
3 [ov (F) — prov (7)]




‘ Nuclear matter equation of state |
1) QCD CONSTRAINTS:

the presence of a non-trivial vacuum characterized

by Strong Condensates T.D. Cohen, R.J. Furnstahl and D.K. Griegel,

Phys. Rev. Lett. 67, 961 (1991); Phys. Rev. C 45, 1881 (1992); X. Jin, M. Nielsen,

T.D. Cohen, R.J. Furnstahl and D.K. Griegel, Phys. Rev. C 49, 464 (1994)

the important role of pionic fluctuations governing
the low-energy, long wavelength dynamics w~. kaiser, s.

Fritsch, and W. Weise, Nucl. Phys. A697, 255 (2002); Nucl. Phys. A700, 343 (2002)
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| IN-MEDIUM QCD SUM RULES I = relate the changes

of the scalar condensate < gg >, and the quark density
< q'q >, with the scalar self-energy s and vector
self-energy Xy, of a nucleon in the nuclear medium.

& in leading order

ON " <N|mquI|N>

2
e (d'e)e=3p

5(0)

~ IN ~ —1 (on ~ 45 MeV; m, + mgq ~ 12MeV)

— S —
ES)) T 4(my+mag)
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% loffe’s formula for the nucleon mass: | M = —%(ch)o

& Gell-Mann-Oakes-Renner: | (m.,, + mq){@q)o = —m?2 f2

2%9) (p) — 4(mu+md)Mp

m3 f3

& the corresponding equivalent strength parameters of
the point-coupling modeil: Gg’%, are simply determined by
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IN-MEDIUM CHIRAL PERTURBATION THEORY

dlo\E\|VelJe/\ En)d\ Nl [ex] — NUCLEAR MATTER EOS

e One-pion exchange Fock diagram

o lterated one-pion exchange Hariree and Fock diagrams
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e Irreducible two-pion exchange Fock diagrams

SAGRGRS

e nucleon in-medium propagator

e — 270 — M) 0(p0) 0(ks — 17}

¢ single momentum space cut-off A = 646 MeV =

E(kso) = —15.3 MeV po = 0.178fm—3
K =255MeV A(kso) = 33.8 MeV
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2) EOS based on in-medium ChPT:

& FIRST STEP: assume E( ) — E( ) in nuclear matter,
and neglect the contribution of the condensate
background self-energies to the nuclear matter EOS.

Ggﬂ)[’s - ESHPT(kfvp)
G p+ =M ECHPT(k .p)

T S

Cfre = UGk

p)
p)

() () (w) ()
. 1 8G o2 4 1 aG p? 41 aG 1 aG o
25« ) = > s T3 + 3 3+ 5——355-P3
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% neglect the momentum dependence of X ¢ 7,
and take their values at the Fermi surface p = k.

m

ZCHPT(kf, A) = [030 + 31\ 4 c32A? + esr In

AT fr A
4

A + [C5O+C5Lln m ]

e s 47 fr A

M4
A=2nfxand f, = 92.5 MeV.

& the CHPT self-energies are re-expressed in terms of the
baryon density p = 2k% /372

57 (kyy p) (cs1 + cs2p? + casp?)p

=V (kss p) (Cor + €o2p® + coap?)p

>5s “(kf,p) = (cts1+ Cts2p% + CtsSP%)PS

1 2
Srv. (kfsp) = (ctv1 + co2p® + crvsp?)ps
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model E/A (MeV) p.a: fm™3) Ko (MeV) a4 (MeV)
CHPT -15.26 0.178 255 33.8

PC-dd -14.51 0.175 235 34.9

E/A (MeV)
E/A (MeV)

Oi2 Oj3
p (fm”)

FP-81: B. Friedman and V.R. Pandharipande, Nucl. Phys. A 361, 502 (1981)
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3) Constraints from QCD Sum Rules: leading orders
& include the contributions of the condensate
background self-energies in the isoscalar channels

‘GS,V(p) — Gg? (W) v(p) I

& isovector channel = only pionic (chiral) fluctuations
contribute to the nucleon self-energies.

& In leading order = & =2{? are linear functions of the
corresponding densities and G(O are constants.

& three parameters: G, G'? and A are adjusted to
reproduce the “empirical” nuclear matter properties.
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E(MeV) poar (fm™3) Ko (MeV) M*/M a4 (MeV)
2) -15.97 0.148 283 0.753 45.3
3) -15.76 0.151 332 0.620 30.2

case 2) = G = —7fm?, G\ = 7fm?2, A = 685 MeV

30.0 T . T . T
chiral pion-exchange
case 2
case 3

E/A (MeV)
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4) Corrections of higher order: k$ (o< p?)

& condensates of higher dimension: (gI'qqI'q), (¢'q)?
& four-loop CHPT contributions to the energy density
infroduce genuine 3-body interactions.

& generalization

‘ G(p) = G + G (p) +6GW (p) I

&% in the present version of the FKVW model: 5G§}) = gS)p

\Gv<p) =GV + G (p) +gip |

case 3) = G = —12fm?, G\Y = 11 fm2, g{) = —3.9
fm®> and A = 600 MeV.
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IMPORTANT

& The couplings of the condensate background fields
G = —12fm? and G{Y = 11 fm? are very close to the

prediction of the leading order in-medium QCD sum rules.

& The 6G{} = g{}) p term acts like a three-body force in
the energy density. Its effect is relatively small: at
saturation density, 6G{" /G{? ~ —0.05.
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5) Asymmetric nuclear matter

50.0

chiral pion-exchange
case 2
case 3
ZBL-99

0.0 : : :
0.0 0.1 0.2

p (fm”)

ZBL-99: non-relativistic Brueckner-Hartree-Fock asymmetry energy

Sa(p) = as+ B> (p— psat) +

psat
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& Energy per particle of neutron matter as a function of
the neutron density.

50.0

chiral pion-exchange
case 2
case 3
FP-81

0.1 | , 02
py (fm”)

FP-81: B. Friedman and V.R. Pandharipande, Nucl. Phys. A 361, 502 (1981)
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‘ FINITE NUCLEI I

& additional contribution from:

Laer = —3 Ds(p)(8u99) (8" ¢y)
—3 Dv(p)(Butbyuth) (8" Ppy*ap)
—3 Drs(p)(8u9pTy) - (8" PTY)
— 35 Drv (p) (B Tyutp) - (8¥ 7" p)
& only one parameter of the derivative terms can be
determined from nuclear binding energies and radii.

& in the present version of the FKVW model: only Dg # 0
5 MODEL PARAMETERS:

G = —12fm?, GY = 11 fm?,
A =600 MeV and Dg
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G = —12fm?, G =11fm?, g{V = —3.9 fm®,
A = 600 MeV and Ds = —0.713 fm*
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G = —12fm?, G =11fm?, g{V = —3.9 fm®,
A = 600 MeV and Ds = —0.713 fm*
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E/A®® (MeV)
7.976
8.551
8.617
8.666
8.260

8.756
8.776
8.732
8.777
8.733
8.710
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——- exp. values
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‘ CONCLUSIONS I

Relativistic nuclear point-coupling model =

emphasizes the connection between nuclear dynamics
and key features of low-energy, nhon-perturbative QCD:

e the presence of a non-trivial vacuum characterized
by strong condensates

o the important role of pionic fluctuations governing the
low-energy, long wavelength dynamics

The built-in QCD constraints and explicit freatment of

m-exchange drastically reduce the freedom in adjusting
parameters and functional forms of density- dependent
couplings.
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‘ CONCLUSIONS I

Nuclear binding and saturation are essentially
governed by chiral (two-pion exchange) fluctuations.

Strong scalar and vector fields of ~ equal

magnitude, induced by changes of the QCD vacuum in
the presence of baryonic matter, generate the large
effective spin-orbit potential in finite nuclei.
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