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Spontaneous parity breaking 
in dense nuclear matter

A.A. Andrianov and D. Espriu

We guess it to occur at zero temperature  but large baryon number density

due to condensation of parity-odd mesons (pions, kaons,…
and their heavy twins)

How large?

Beyond the range of validity of pion-nucleon effective Lagrangian but 

not large enough for quark percolation, i.e. in the hadronic phase with 
heavy meson excitations playing an essential role
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A bit of history:   
pion condensation in symmetric nuclear matter

A. Migdal, 1971

[ which ]

In this approach a pion condensate 
is spatially inhomogeneous!

A more exact calculation includes the particle-hole excitations of the nuclear medium

Polarization operator  =

N

N

N

=

n(k)

Off-shell
amplitudes!

n
 = 

p
ρ ρρ ρρ ρρ ρ
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Polarization operator in detail

T Shamsunnahar et al.
J. Phys. G. 17 (1991) 887

No pion condensate

Off-shell amplitudes from
an effective lagrangian
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Density vs. chemical potential

Effective lagrangian approach

Chiral lagrangian for pions:

a a

U = exp i                       D    + V ,
F
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† †
 =  tr D  D +   L F U U m U Uµµµµ

π π µ ππ π µ ππ π µ ππ π µ π ++++
Vector field

0 B
 = V µµµµ

Corresponds to singlet 
vector current! Disappears from pion lagrangian?

No!   It is hidden in structural constants and masses (((( )))) (((( ))))2 2

B B
        F mπ ππ ππ ππ πµ µµ µµ µµ µ

We need a model of formation for these parameters:

QCD ? At least an extension to Linear

sigma models and/or  Quark models

Heavy meson states are in the game!

(((( )))) (((( ))))(((( ))))0

†

B
 =         - 

B B
N N x dx N N xρ µ γ ρρ µ γ ρρ µ γ ρρ µ γ ρ⇔⇔⇔⇔ ∫∫∫∫
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Nucleons

0.2-0.3 fm   core

0.9-1.0 fm pion cloud

Normal nuclear matter

R = 1.8  fm

Pion-nucleon realm

-1 -1  (1.2 - 1.4) fm = (140-160 MeV)   (m )Rπ π= ≈

Valence quarks 
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R = 0.9  fm

Superdense nuclear matter

Higher-mass mesons +
undressed nucleons

dressed  quarks

Dense nuclear matter

R = (0.4-0.6)  fm

Quark percolation
2SC, CFL …

Neutron stars

This picture emerges as a consensus of several models: nuclear potentials, meson-nucleon 
effective Lagrangians, extended Skyrme models, chiral bag models … The NJL ones give larger 
core sizes due to lack of confinement.

-1

, , , , ', '...   (0.3 - 0.4) fm = (500-700 MeV)Rπ σ ω ρ π σ =

Quark stars?
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9 real constants

Chiral limit symmetry

Extended linear sigma model
with two multiplets of scalar and pseudoscalar mesons

(as close to QCD as possible)

Chiral expansion in
in hadron phase of QCD dyn  4  F   MππΛ ; :1/ Λ
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Minimal nontrivial choice admitting  SPB

5 6 12
 =  = 0   = 0λ λ ⇒ ∆ from consistency

Such an effective  potential is symmetric under
2 2 

Z  Z×

1 1 2 2
  -    or       - H H H H→ →

Chirally symmetric  parametrization

Effective potential
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Vacuum state

Neutral pseudoscalar condensate breaking P-parity?

Eqs. for vacuum state

Necessary and sufficient condition to avoid P-parity breaking 

in normal QCD vacuum  (       = 0  )

No! in QCD at zero quark density   (Vafa-Witten theorem)
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Second variation for

Sufficient conditions for non-trivial CSB minimum

or

Necessary condition to have a minimum for non-zero v.e.v. (CSB)



12

Embedding a chemical potential

Local coupling to quarks

Superposition of physical meson states

From a quark model

Density and Fermi momentum

(((( ))))(((( ))))0
   q  - 

B
dx q xµ γ ρµ γ ρµ γ ρµ γ ρ∫∫∫∫
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How dense matter modifies the minimum of the effective potential

Only the first equation for stationary points is modified

Second variation matrix depends on      only through its first element
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Necessary conditions to approach to P-breaking phase
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P-parity breaking phase

Above a critical point

From Eqs. for extremum

If                 and/or                these equations completely fix 

Otherwise, for

All these relations do not depend on the parity breaking v.e.v.      and on the
chemical potential 

we get a relation between the v.e.v.
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Critical points        where

where

There are in general two solutions

But for 2 12 6 22
4  = λ λ∆ ∆ only one solution exits and P-breaking phase

may be left via 1st order phase transition
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CSR

SPB

Spontaneous P-parity breaking (2nd order phase transition)

Could a 1st order phase transition also exist?

With increasing       one enters SPB phase and leaves it  
before (?) encountering any new phase (CSR, CFL …)

Jumps of derivatives

Beyond the range of validity 
of chiral expansion
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Meson spectrum in SPB phase

Neutral pi-prime condensate breaks vector SU(2) to U(1) 
and two charged pi-prime mesons become massless

Mixture of massive

scalar and neutral
pseudoscalar states
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SPB

Mass spectrum of “pseudoscalar” states

In P-breaking phase there are 5 massless pseudoscalar mesons
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Kinetic  terms

Symmetric under

Chirally symmetric  parametrization

Expanding around a vacuum configuration…
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Kinetic part quadratic in meson fields

Pion weak decay constant
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P-symmetric phase

Let us shift

Mass of pi-prime meson(s)

and              are the main scale normalizations; the fit of scalar mesons is more subtle

In order to diagonalize kinetic terms
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P-breaking phase

Mixing with massless pions is different for neutral and charged ones because vector 
isospin symmetry is broken

Partially diagonalized kinetic term

Isospin breaking
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Further diagonalization

mixes neutral pseudoscalar  and scalar states

Therefore genuine mass states don’t possess 
a definite parity   in decays
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Minimal model admitting  SPB

5 6 12
 =  = 0   = 0λ λ ⇒ ∆ from consistency

Such an effective Lagrangian is symmetric under
2 2 

Z  Z×

1 1 2 2
  -    or       - H H H H→ →

Fit on hadron phenomenology 

For
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Going back to polarization operator 

in the Migdal’s approach (((( ))))2 2
 = k  + , k, ω ω µω ω µω ω µω ω µΠΠΠΠ

What happens for two pseudoscalar states ?,  π ππ ππ ππ π ′′′′

Take masses 

and wave function normalizations

(((( )))) (((( ))))2 2

crit

 = 0          0 m mπ ππ ππ ππ π µ µµ µµ µµ µ
µ µµ µµ µµ µ′′′′ →→→→

→→→→

Z    Z   1  π ππ ππ ππ π ′′′′≈ ≈≈ ≈≈ ≈≈ ≈

(((( ))))
(((( ))))

(((( )))) (((( ))))

2

2 2

2 2

2 2

 - k
, k,  = - 

 -  - kmππππ

ωωωω
ω µω µω µω µ

µ ωµ ωµ ωµ ω′′′′

ΠΠΠΠ

Has a pole in the narrow resonance approach 
and changes sign for high  energies
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Possible signatures of P-parity breaking

a) Decays of higher-mass meson resonances (radial excitations) into pions. 

Resonances do not have a definite parity and the same heavy resonance  
can decay both in two and three pions . It will look like 
the doubling of states of equal masses and different parities.

b) At the very point of the phase transition leading to parity breaking one has

six massless pion-like states. Approaching to it one finds an abnormally 
light and long-living pseudoscalar resonance!
After phase transition the massless charged pseudoscalar states 
remain as Goldstone bosons enhancing  charged pion production, 
whereas the neutral pseudoscalar and scalar states become heavy.

c) One can search for enhancement of long-range correlations 

in the pseudoscalar channel in lattice simulations. Hunting for new light
pseudoscalar!

d) and extended PCAC: it is modified for massless charged pions 

giving an enhancement of electroweak decays.

e) Additional isospin breaking:
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Schematic cross-section of neutron star
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Some references

Our inspiration from


