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 PIONS  and  NUCLEI
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Foundations of  
Pion-Nuclear Physics

Pion-nucleus 
optical potential

Ericson-Ericson-
Lorentz-Lorenz 
effect

Pion propagation 
in a 
nuclear medium

Pion absorption

Pionic atoms



Pion-Nuclear
Many-Body Problems

Nuclear PCAC

Spin-isospin 
(axial)
polarizabilty

Delta-isobar 
in nuclei

Renormalization
of the
axial vector 
coupling in nuclei



deuteron density contours

T. E.O. Ericson,
M. Rosa-Clot (1985)

Prominent  role of 
PION-EXCHANGE
TENSOR FORCE 
in nuclear physics

deuteron 
properties 
largely 
determined 
by 
one-pion 
exchange
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NUCLEAR MATTER   and  QCD PHASES

momentum scale:
Fermi momentum 

?

?

kF ! 1.4 fm
−1

∼ 2mπ

NN distance:  dNN ! 1.8 fm ! 1.3 m
−1

π

Scales in 
nuclear matter:

energy per nucleon:  E/A ! −16 MeV

compression modulus: K = (260 ± 30) MeV∼ 2mπ



PIONS  and  NUCLEI  
in the context of  LOW-ENERGY QCD

LOW-ENERGY QCD:    

Effective  Field  Theory  of  weakly interacting 

Nambu-Goldstone Bosons (PIONS) 

representing QCD at (energy and momentum) scales

CONFINEMENT of quarks and gluons in hadrons

Spontaneously broken CHIRAL SYMMETRY

Q << 4π fπ ∼ 1GeV

Weinberg Gasser & Leutwyler



Interacting systems of 
PIONS  (light / fast)  and  NUCLEONS  (heavy / slow):   

+ + . . .

π πN N

+

π π

Leff = Lπ(U, ∂U) + LN (ΨN , U, ...)

U(x) = exp[iτaπa(x)/fπ]

CHIRAL  EFFECTIVE  FIELD  THEORY

Construction of Effective Lagrangian: Symmetries
short

distance
dynamics:

contact terms

Systematic framework at interface of QCD and Nuclear Physics



Nuclear Forces
- recent developments -
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Hierarchy of 
SCALES

Early history:   M. Taketani et al.  (1951)

  Chiral Effective 
Field Theory 

+ 
Lattice QCD
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N. Ishii, S. Aoki, T. Hatsuda:  PRL (2007)

repulsive core
contact terms

explicit treatment of 
two-pion exchange

contemporary approach: 
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 Important  pieces  of  the 
 CHIRAL NUCLEON-NUCLEON INTERACTION

ISOVECTOR  
TENSOR  FORCE

s1 s2

VT

note:  no     meson 

 CENTRAL  ATTRACTION  from TWO-PION EXCHANGE
NN

NN

π

π

exchange

∆(1232)

note:  no     boson  σ

ρ

 Van der WAALS - like force:

Vc(r) ∝ −

exp[−2mπr]

r6
P(mπr)

... at intermediate and long distance

N. Kaiser, S. Gerstendörfer, W.W.: Nucl. Phys. A 637 (1998) 395



 

PIONS (and DELTA isobars) as explicit degrees of freedom

  pion exchange processes in presence of filled Fermi sea

π
π

π

+ +   ...  in-medium

   IN-MEDIUM CHIRAL PERTURBATION THEORY

N Nshort-distance dynamics: 

N,∆N N N N

Small 
scales:

2nd order TENSOR force  +  nucleon’s SPIN-ISOSPIN polarizability

kF ∼ 2mπ ∼ M∆ − MN << 4π fπ

contact interactions

N. Kaiser,  S. Fritsch,  W. W.  (2002 - 2005) 

CHIRAL DYNAMICS and the 
NUCLEAR MANY-BODY PROBLEM

Ericsonian concepts at work,  now implemented in ChPT
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FIG. 1. The unpolarized total photoabsorption cross section on 1H obtained in this work is compared to previous results [9]
(open circles), [17] (stars) and to the HDT [18], SAID [19] and UIM [20] analyses. The statistical error bars are smaller than
the size of the symbols.
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FIG. 2. The total cross section difference (σ3/2 − σ1/2) on 1H is compared to previous results [1] (open circles) and to the
predictions of the HDT [18], SAID [19] and UIM [20] analyses. Only statistical errors are shown.
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Explicit DEGREES of FREEDOM∆(1230)

Large spin-isospin polarizabilty of the Nucleon

β∆ =
g2
A

f2
π
(M∆ − MN)

∼ 5 fm3

M∆ − MN " 2 mπ << 4π fπ

(small scale)

N N
π

π

∆

strong 3-body 
interaction

N

N

N

π

π

example: polarized Compton scattering

MAMI
(2001)

Pionic Van der Waals - type intermediate range central potential
N. Kaiser, S. Fritsch,  W. W.,  NPA750 (2005) 259 N. Kaiser, S. Gerstendörfer,  W. W. ,  NPA637 (1998) 395

Vc(r) = −

9g2
A

32π2 f2
π

β∆

e−2mπr

r6
P(mπr)

J. Fujita, H. Miyazawa (1957) 

Pieper, Pandharipande, Wiringa, Carlson (2001) 



 

  Systematic expansion of  ENERGY DENSITY  

powers of Fermi momentum

E(kF)
 Loop expansion in Chiral Perturbation Theory

[modulo functions fn(kF/mπ)

in
]

   IN-MEDIUM CHIRAL PERTURBATION THEORY

Nuclear thermodynamics: compute free energy density  

(3-loop order)
N. Kaiser,  S. Fritsch,  W. W. 

 (2002-2004)

in-medium
nucleon propagators
incl. Pauli blocking

 Finite nuclei energy density functional 

many quantitatively successful applications throughout the nuclear chart



Inclusion of chiral πN∆-dynamics
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Nuclear matter saturation curve Ē(kf ):

essentially an analytical calculation

one single term linear in ρ adjusted

Ē0 = −16MeV

ρ0 = 0.157 fm−3

K = 300MeV (somewhat high)
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eV Real single-particle potential U(p, kf0):

p-dependence of U(p, kf ) improved
effective nucleon mass at Fermi

surface: M∗(kf0) = 0.88MN

Hugenholtz-van-Hove theorem:

Tkin(kf ) + U(kf , kf ) = Ē(kf ) + kf
3

∂Ē
∂kf

severe problem in BHF calculations

N. Kaiser Chiral dynamics of nuclear matter

0 0.1 0.2 0.3 0.4

20

40

−20

0

ρ [fm−3]

E
/A

[M
e
V

]
empirical

3-body
+

Pauli

NUCLEAR  MATTER

S. Fritsch, N. Kaiser,  W. W. 
 Nucl. Phys.  A 750 (2005) 259  In-medium ChPT  

(π,N,∆)

basically: 
analytic calculation

Input parameter:
single contact term

Output:

Binding & saturation
E0/A = −16MeV , ρ0 = 0.16 fm

−3 , K = 290MeV

Realistic (complex, momentum dependent) single-particle potential
... satisfying Hugenholtz - van Hove and Luttinger theorems (!)

Asymmetry energy A(k0
F) = 34MeV Landau parameters

 3-loop 
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NUCLEAR  THERMODYNAMICS

π

π

N N

N N

+

 Van der Waals  +  Pauli 

contact terms 

Liquid - Gas  Transition  at
Critical Temperature T  = 15 MeVc

c

S. Fritsch,  N. Kaiser,  W. W. :  Nucl. Phys.  A 750 (2005) 259

(empirical:   T  = 16 - 18 MeV)

baryon density

pressure

nuclear matter: equation of state

 NUCLEAR 
CHIRAL (PION) DYNAMICS

N,∆

BINDING & SATURATION:

3-loop 
in-medium 

ChEFT

+
3-body
forces
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PHASE  DIAGRAM  of  NUCLEAR MATTER

In-medium 
chiral effective field theory
(3-loop in the free energy density)

Pion-nucleon dynamics 
incl. delta isobars

Short-distance 
NN contact terms

Three-body forces

S. Fritsch,  N. Kaiser,  W. W. :  NPA 750 (2005) 259

S. Fiorilla,  N. Kaiser,  W. W.  (2010)

916 918 920 922
0

2

4

6

8

10

12

14

16 Critical point

m [MeV]

T
 [
M

e
V

]

gas

liquid

Neutron fraction = 0.50

gas

liquid

gas

gas
critical point

symmetric
(N = Z)

nuclear matter

µB [MeV]baryon chemical potential

te
m

p
er

at
u
re

T
[M

e
V

]



Phase diagram of nuclear matter: summary

T − ρ diagram
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“Last” critical point:
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Salvatore Fiorilla, Norbert Kaiser, Wolfram Weise Chiral dynamics and phase diagram of nuclear matter
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Trajectory of  CRITICAL POINT for  asymmetric matter

. . . determined almost entirely by 
isospin dependent pion exchange dynamics

S. Fiorilla,  
N. Kaiser,  

W. W. 
(2010)

as function of proton fraction Z/A
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Fig. 9.— The upper panels give the probability distributions for the mass versus radius curves implied by
the data, and the solid (dotted) contour lines show the 2-σ (1-σ) contours implied by the data. The lower
panes summarize the 2-σ probability distributions for the 7 objects considered in the analysis. The left
panels show results under the assumption rph = R, and the right panes show results assuming rph ! R. The
dashed line in the upper left is the limit from causality. The dotted curve in the lower right of each panel
represents the mass-shedding limit for neutron stars rotating at 716 Hz.

DENSE MATTER  and  NEUTRON STARS
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FIG. 1: Pressure of neutron star matter based on chiral low-momentum interactions for densities ρ < ρ1 (corresponding
to a neutron density ρ1,n = 1.1ρ0). The band estimates the theoretical uncertainties from many-body forces and from an
incomplete many-body calculation. At low densities, the results are compared to a standard crust EOS [16], where the right
panel demonstrates the importance of 3N forces. The extension to higher densities using piecewise polytropes (as explained in
the text) is illustrated schematically in the left panel.

< 5% for densities ρ0/8 < ρ < ρ1 = 3.0 × 1014 g cm−3

(ρ1 corresponds to a neutron density ρ1,n = 1.1ρ0). We
obtain the following symmetry energy parameters and
proton fractions:

c1 [GeV−1] c3 [GeV−1] S2 [MeV] γ x(ρ0)

−0.7 −2.2 30.1 0.5 4.8%
−1.4 −4.8 34.4 0.6 7.2%

NN-only EM 26.5 0.4 3.3%
NN-only EGM 25.6 0.4 2.9%

The resulting pressure of neutron star matter is shown
in Fig. 1 for densities ρ < ρ1. The comparison of these
parameter-free calculations to a standard crust EOS [16]
shows good agreement to low densities ρ ! ρ0/10 within
the theoretical uncertainties. The band in Fig. 1 is domi-
nated by the uncertainty in c3, which may seem large, but
can be expected at leading 3N order [17]. In addition, the
right panel of Fig. 1 demonstrates the importance of 3N
forces. The pressure obtained from low-momentum NN
interactions only, based on the RG-evolved chiral N3LO
potentials of Entem and Machleidt (EM) [11] or of Epel-
baum et al. (EGM) [12], differ significantly from the
crust EOS at ρ0/2.
Neutron stars.– The structure of neutron stars (non-

rotating and without magnetic fields) is determined by
solving the Tolman-Oppenheimer-Volkov (TOV) equa-
tions. Because the central densities reach values higher
than ρ1, we need to extend the uncertainty band for
the pressure of neutron star matter beyond ρ1. To this
end, we introduce a transition density ρ12 that separates
two higher-density regions, and describe the pressure by
piecewise polytropes, P (ρ) = κ1ρΓ1 for ρ1 < ρ < ρ12, and
P (ρ) = κ2ρΓ2 for ρ > ρ12, where κ1,2 are determined by
continuity of the pressure. Ref. [18] has shown that such
a piecewise polytropic EOS can match a large set of neu-

tron star matter EOS taking 1.5 < Γ1,2 < 4.0 and transi-
tion densities ρ12 ≈ (2.0 . . . 3.5)ρ0. We therefore extend
the pressure of neutron star matter based on chiral EFT
using two general piecewise polytropes, as illustrated in
Fig. 1, with 1.5 < Γ1,2 < 4.5 and 1.5 < ρ12/ρ0 < 4.5.

We solve the TOV equations for the limits of the pres-
sure band below nuclear densities continued by the piece-
wise polytropes to higher densities. The range of Γ1,2

and ρ12 can be constrained further, first, by causality
that limits the speed of sound to lightspeed, and second,
by requiring the EOS to support a neutron star with at
least M = 1.65M" [19]. The resulting allowed range
of polytropes is shown by the light blue band at higher
density in Fig. 2. The comparison with a representa-
tive set of EOS used in the literature [15] demonstrates
that the pressure based on chiral EFT interactions (the
darker blue band) sets the scale for the allowed higher-
density extensions and is therefore extremely important.
It also significantly reduces the spread of the pressure at
nuclear densities from a factor 6 at ρ1 in current neutron
star modeling to a factor 1.5.

Results.– In Fig. 3 we show the neutron star M -R
curves obtained from the allowed EOS range. The blue
region corresponds to the blue band for the pressure in
Figs. 1 and 2. At the limits of this region, the pressure
of neutron star matter continues in form of the piece-
wise polytropes, and all curves end when causality is
violated. If this is reached before a maximum mass at
dM/dR = 0, one could continue the M -R curves by en-
forcing causality. This would lead to a somewhat larger
maximum mass, but would not affect the masses and
radii of neutron stars with lower central densities. We
observe from the transition density points ρ12 in Fig. 3
that the range of Γ1 dominates the uncertainty of the
general extension to high densities. Smaller values of Γ1

neutron star matter

(chiral EFT)

ρ0 ρn

K. Hebeler, J. Lattimer, C. Pethick, A. Schwenk (2010)

realistic “nuclear” EoS
(Illinois)

A.W. Steiner, J. Lattimer, E.F. Brown (2010)

kaon 
condensate

quark 
matter

New constraints
from EFT and 
neutron star 
observables



CHIRAL  CONDENSATE  at finite  BARYON  DENSITY  

〈q̄q〉ρ
〈q̄q〉0

= 1 −
ρ

f2π

[

σN

m2
π

(

1 −
3p2

F

10M2
N

+ . . .

)

+
∂

∂m2
π

(

Eint(pF)

A

)]

(free) Fermi gas
of nucleons

nuclear interactions
(dependence on pion mass)

mq

∂MN

∂mq

sigma term π

πN N

  in-medium
chiral

effective
field theory

Hellmann - Feynman theorem:   〈Ψ|q̄q|Ψ〉 = 〈Ψ|
∂HQCD

∂mq
|Ψ〉 =

∂E(mq; ρ)

∂mq

Chiral (quark) condensate         :〈q̄q〉

Order parameter of spontaneously broken chiral symmetry in QCD
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CHIRAL  CONDENSATE:   DENSITY  DEPENDENCE

Substantial change of symmetry breaking scenario

between chiral limit mq = 0 and physical quark mass mq ∼ 5MeV

Nuclear Physics would be very different in the chiral limit !

constrained by 
realistic nuclear

equation of state

In-medium
Chiral

Effective
Field Theory

(Fermi gas)
N. Kaiser,  Ph. de Homont,  W. W.
Phys. Rev. C 77 (2008) 025204 

(NLO  3-loop) 
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