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We guess it to occur at zero temperature but large baryon humber 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,

where n is the nucleon density and F (k) is the forward
pion-nucleon scattering amplitude [ which ]

for both 77 and 7~ mesons, has the sign corres-
ponding to attraction (F > 0), and therefore at sufficient-
density the frequency can vanish, meaning instability

of the pion field. However, F(%k) is small at small %
and instability sets in at & = %,, which corresponds to
the minimal value of 2* —4wnF(k). The instability con-
dition is w*=0 or

1+ k2 =4mnF(k,)

In this approach a pion condensate
is spatially inhomogeneous!

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

w® =1+k%*+ N (k,w)
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Polarization operator in detail
_ d?
17 (0, k) = =2 [ S5 Do, Kna(p) + D, Kyl p)]

where D, -, and D,-, are the spin-averaged forward scattering amplitudes, »,(p)
and n,(p) are the occupation functions of the neutrons and the protons respectively,

- - - _ _ Off-shell amplitudes from
1 1 1
| G (w,k;p)= H‘ﬂ?n + 97 +1IH7" + TIEHT an effective lagrangian

where the subscripts N, A, D and o refer to contributions from nucleon exchange,
delta exchange, direct pion—nucleon scattering and the pion—-nucleon ¢ term,
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Effective lagrangian approach

Chiral lagrangian for pions:

1
L, =—F} (DU DU +m} (U+U"))
M r .
4 Vector field
Tt
U=exp|i DU =9,U+|V,U]|
U H M
T
Density vs. chemical potenti
; _ _
(N'N(x))=p, & [detiy(NyN(x)-p,)
Corresponds to singlet ] ] ]
vector current! Vo =l Disappears from pion lagrangian?
2 2
No! Itis hidden in structural constants and masses F e (ﬂB ) m, ( Hy )
We need a model of formation for these parameters:
QCD ? Atleast an extension to Linear
sigma models and/or Quark models
5

Heavy meson states are in the game!



Nucleons

Valence quarks
Normal nuclear matter

(140-160 MeV)" = (m_)"

Pion-nucleon realm




Dense nuclear matter

4) fm = (500-700 MeV)"

Higher-mass mesons +
undressed nucleons

Neutron stars +«—> dressed quarks

Superdense nuclear matter

Op = (25 - IOD)Q}J

~ (0.4 +0.6fm)™"

Quark percolation
2SC, CFL ...

Quark 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.
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Extended linear sigma model
with two multiplets of scalar and pseudoscalar mesons
(as close to QCD as possible)

Hj =0 +ir;, j=12; H;H| = (o + (%)L, =TT
Chiral limit —_— S{;’L[Q) W S{;’R(Q] symmetry
1 2
Vig = Etr{_ Z H}&jkﬂk 9 real constants
= Ajr ~ Ay ~ N,
+M(HH ) 4+ Mo HIH,)? + A\sHIH, HI H,
1 1
+5Aa(H{HyH{ Hy + HyHyHIH, ) + 5As(H] Hy + HHy)H{H,y

1 HP°
—|—3)\5|:HIHE +H2TH1)H2THE} +@(| .ﬂiﬂ| )

Chiral expansionin 1/A ] .
in hadron phase of QCD A 4rE M




Chirally symmetric parametrization
P NTTE RS, P Vo L
Hy(x) =o(z)U(x) = ay(x)"(x); (Hy) = (o1) > 0
Hy(x) = &(x)(o2(x) + ime(z))E(x) = oo(x)U(x) + 1€(x)m2(x)(T)
Effective potential

b
7 _ J J F o2
eff = E ":Tj*'j‘ljkgk — Ago(y)

7.k=1
Mot dood 4+ (X M)o2od + A\so® A :
+A10] + A20s 4+ (A3 + Ag)0105 + As0102 + AgT105

2

+(;T§j'3(|:;\3 — hﬂcff + As0102 + 9—)\2’53) + A ('f?"gj'g)

Minimal nontrivial choice admitting SPB

2,5 = 16 =0 = AIZ — () from consistency
Such an effective potential is symmetric under Z, X Z,

H — -H o H, — -H,



Vacuum state

Neutral pseudoscalar condensate breaking P-parity? T
No! in QCD at zero quark density (Vafa-Witten theorem)

Egs. for vacuum state

208101 + Ajara) = 4)&16"{'—|—3;";5ET§G'2+QIZx\"Lg-F;"n,;:IETLCTg—|—.)'L.5{T23
+;’J2(2IL.)\3 — )&4}0’1 + ;"15(]'-3).
Elf:ilgrjl —|—.ﬁgg|ﬁfgj = xx5ﬂ?+gix\3+x\4jﬂfﬂg —|—3;\|3CT1IT§—|—4)&2{723

+ﬁ'2 (}'LG{TJ_ -+ '—1312-’?—3) y

0D = EWE( — Aoy + (Mg — }hﬂr:r'f + AgT109 + 2/"&-3-'?3 + :L\gpz)

Necessary and sufficient condition to avoid P-parity breaking
in normal QCD vacuum ( /1 =0 )

| Vo2 2
(As — Ag)ai + Ago103 + 2X005 > Ay
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Second variation for p = 0

_-E’ kz} = —-&11 + G}'L:[{T-'E —+ .'3}1.5&1{1'-2 + |:}13 —+ ,:"L,izlfj'g_
11'\2*?} = —2A05 + 3A; 'fTJ_ + 4y + Ay)oyos + 3,:'&.352

=

Necessary condition to have a minimum for non-zero v.e.v. (CSB)
DetA = 0, tr{A} =0 or DetA < 0
Sufficient conditions for non-trivial CSB minimum

tr {{_’;.;'-z;.} = Doti-”':g:' = ]
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Embedding a chemical potential ~ [dx 4 ( @xq(x) - p,)

Local coupling to quarks Eénf = —{@R@ qr + Q’_LHIQ’R)

Superposition of physical meson states

From a quark model

r N 2p - NN
AVeglp) = ?9(.“-5 — |Hul) [#|HL|E\/!-€-E — |Hy|? — .—;'f,ug — |Hy|*)3* - N = a::f;f
4 A — [Hy? E
|H,|*In A (1 +0 (5 )

Density and Fermi momentum

N.N; o N.N;

= —————
OQr2 PF Qr2

(1 — |(Hy)|*)*?

1. .
OB = —Eapﬂveﬁ(#) =
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How dense matter modifies the minimum of the effective potential

Only the first equation for stationary points is modified

Q(i\tll'ﬂ_l + ﬂlgﬂ'g} = —l)’ulﬂ'? + 3)155%572 + 2':/\5.3 + )u4::|ﬂ'10'§ + /‘5&5{]’3

+p° (2{)&3 — Ayloy + Aﬁcrg) +2NO(p — o) [,tz.a:rl Vf,u? — o0 —o}ln ~
1

Second variation matrix depends on ;; only through its first element

1. (os o ,
31-1'*1“*' = A4+ b)alcrf + 3so105 + (A3 + )&4]5‘;’ + (Az — Ag)p?

)

5 2 _ 2
+.ﬂl."dE‘}|:# — gl] [I{{.\f II[_{_E . G_% o .35"% 111 Il'_{- —|_ V::;-Ir_{ ﬂ_]_]
1
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Necessary conditions to approach to P-breaking phase

ﬁﬁ |:(:"13 — .}&4‘){?? + ,j\E;r_’.T]ﬂ'g + 2}12(}'3} < 0

|

—(2()&3 — /\4}L’T1 | )kﬁﬁg)"};:.? + ()kﬁﬂl + 4}\252)1’}'1(? < 0
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P-parity breaking phase

Above a critical point L= ferst

(s = A0)o? + Xm0z + 22 (03 + 7)) = A
From Egs. for extremum

A\s0% + d\y0100 + /\a(ﬂg + ;92) = 2A12

If A2 =0 and/or A¢ =0 these equations completely fix o, and o
Otherwise, for ;)\ % 0 we get a relation between the v.e.v.

B 250 + Ag( Ay — A NeAgy — AN A\
oy = Aoy + — A 5A2 + As(As — Ag) B = 2652 2012

7 }\é — 8}\2)\4 }\é — 8}\2)\._1

All these relations do not depend on the parity breaking v.e.v. 5 and on the
chemical potential
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Critical points 1. where p(p.) =0

(4)\231:3 — }\63\22)?‘2 + (2/\6&12 — AM A ) + 2(A3 — )*4)512 — A5Q90 =0

: : - +
There are in general two solutions  [{. < [,

But for 44,A, = AA,, only one solution exits and P-breaking phase

may be left via 1st order phase transition
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Spontaneous P-parity breaking (2nd order phase transition)

o1 () + p°(p)

01(0) = My, ~ 300MeV

Beyond the range of validity
of chiral expansion

~ J
~
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~
~
~
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i=04(0) e f CsSR /
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p(p) #0
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|
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»

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

Could a 1st order phase transition also exist?
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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

1. 20 2 2 A U RV T '-'-T?
ELM“ = 44X\ oy + 2A50105 + 20405 — 2N o7 In -
Vi3 = 2507 + 40102 + 2403
") o .
EI’;EE:; T = 2007 4 2060103 + 4002
‘[,itﬁlfjcr:v — (4(}\.3 — Moy + 2},652)9 Mixture of massive
scalar and neutral
A 2)om
v :zii} Jom (2 Aot L 8\ ET;;) 0 pseudoscalar states
L. @) . 2 | e
E-Ll;lll]f — “—I:)\EJ'{} EI:I::FT _ 0
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Mass spectrum of “pseudoscalar” states

2 a2
M, mi,

(1.3GeV)?

v

I o 1

In P-breaking phase there are 5 massless pseudoscalar mesons

o T+ H:|:
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Kinetic terms

Symmetricunder ST (2) x SUR(2)

2
1 .
Liin =7 3 Antr {0,

1.k=1

Chirally symmetric parametrization

5
=
||

§(2)(02(2) 4 ima)(x){(2) =

Expanding around a vacuum configuration...

U=1+if/Fo+-- ¢

0 K

=6, +Y%, d=r

H!o"H |

o2(2)U () + i€ (@) ol 2)€ (@)

=1+ i7/2Fy+ - -
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Kinetic part quadratic in meson fields

2

Eia—f) — Z 4_35_8 E a Z}L ‘|‘ -F.E

_;rﬂl

2
Ay 8,000 — Fﬁz 4,,8,5,;0mr"

2
1 - = 1 1 1 = i1 i 1 i (1
+ Z {Q—Fgﬂjkﬂjﬂkﬁﬁﬂ Mt + Fﬂﬂjﬂgjaﬂﬂ 01 } + 5‘4228#1_[ Zgt!

i = Z A 5,5 =~ (90MeV)?, (¢ = FZ A;y7;

1.k=1

Pion weak decay constant
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P-symmetric phase p = 0

Let us shift ra _ —a e CHa In order to diagonalize kinetic terms
9 1 1 _ , o2detA
Liinr = SO0 DT+ S (A = (YOIION,  App — P = = >
2 2 0
Mass of pi-prime meson(s)
5 =g+ (A3 = A(F1)% + NgT1T9 + 205(55)? T
-m.f] = 22+ (Ag 1) (7)) i 2(72) ~ 1300NMeV

Ay —

Fljg and -m_"l%[ are the main scale normalizations; the fit of scalar mesons is more subtle
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P-breaking phase

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

2 2

F p S
=+t _ =% + =0 _ 0 0 0 O %
/A =T —|_ gl_[ . ! — Vi —I_ p : (CH _ _‘4‘}3@'{[;_.}) .
F? + Agqp? Fo P
Partially diagonalized kinetic term
(2) 0 = Op s ‘ 24 oy T+ A 1 _;_‘122]02 A ~0 o ~0
Liin = Oum HTT (A — ()G IFFIIT + 2 (1 + F—g)f*‘mr ot

o
"« AL F? 4+ p*det Ady 0 .

L et L S
F§ 4 Agyp?

Isospin breaking SUv(2) — U(1)
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Further diagonalization nmw o, o, — I1° i]l

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

A, =4 =0 = A, =0 from consistency

Such an effective Lagrangian is symmetric under 22 X 22
H — -H o H, —» -H,

Fit on hadron phenomenology

1 .
13111 = 6 = Agg, Fn = 101);1-!91-*’, i’ = J00M el = SFQ,

mg1 = 0.7GeV =TF,, m, =13GeV =13F;, m,s =15GeW = 15F,

For OB erit = ggﬂ,nuciear > e = —13F|:|

gl,ﬂ?"it s 18F|:|
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Going back to polarization operator

2 1.2
in the Migdal’s approach o’ =k* +11(@, k, 4)

/
What happens for two pseudoscalar states 7Ty T ?

2 _ 2
Take masses m; (,u) =0 mzz'(ﬂ)‘ﬂ_)ﬂcm =0
and wave function normalizations 7 =7, =1
T T
2
(@ -12)
I(w, Kk, 1) =-

m (u) - 2(@ - )

Has a pole in the narrow resonance approach
and changes sign for high energies



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) Fn and extended PCAC: it is modified for massless charged pions
giving an enhancement of electroweak decays.

e) Additional isospin breaking:  f. = f_.
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Schematic cross-section of neutron star

G. Baym / Nuclear Physics AS90 (1995) 233¢-248¢

nuclei, free e
+ free neumons

NUCLEAR
MATTER
CORE
np.e

INNER CORE
meson condensate?

quark droplets?
qgp?

- ~ 10 km —®

neutron

drip
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