e

Uce-340

LBL-18392
Preprint Q'

E Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

RECEIVIED. D
LAWRENCEICE
BENKELEY CARTEATNRY RY

L.Do1.9 198484

LISRARYTANDND
DOCUMENTS SECTIOND

Submitted to Physics Letters B

HIGH DENSITY RELATIVISTIC "SOLID" AND CHIRAL
SYMMETRY RESTORATION IN A CHIRAL SOLITON
MODEL COUPLED TO QUARKS

V. Soni

September 1984

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

4

€ ps31-147

\



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



\’}

LBL-18392

-HIGH DENSITY RELATIVISTIC "SOLID"™ AND CHIRAL SYMMETRY
RESTORATION IN A CHIRAL SOLITON MODEL COUPLED TO QUARKS

Vikram Soni

Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

and

Department of Physics
Syracuse University
Syracuse, New York 13210

This work was supported by the Director, Office of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear
Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098.



HIGH DENSITY RELATIVISTIC "SOLID" AND CHIRAL SYMMETRY
RESTORATION IN A CHIRAL SOLITON MODEL COUPLED TO QUARKS*

Vikram Soni
\ _ Nuclear Science Division
' Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
and
Department of Physics

Syracuse University
Syracuse, New York 13210

Abstract

In the context of a linear chiral o-model coupled to quarks we arque the
single Baryon and high density qround state occurs in a topological chiral
symmetry (TCB) broken phase and not the usual space uniform (UCB) chiral
symmetry broken phase. We expect this to transit directly to a NCD restored
phase at higher density. New, but plausible features of dense matter in the

phase are highlighted and known features of nuclear matter are recovered.
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(1)

The Skyrme Topo]ogica1 model for the nucleon enjoys a belated but,
now, substantial, standing. A feature of topological models, e.q., ertices
in Superfiuid 4He, where the mapping is from the boundary of space to the
field or Qrder parameter space, is that the eneray qoes as the second power
of the topoTogica] charqé, n, £~ n2. This induces a hard core which
results in a periodic array of yorfices as the ground state above a certain

critical rotation.

Though, the Skyrme model is a mapping of the whole of compactified space

into the field SU2 spacé Suéh a feature persiéfs, thouagh not quite exactly.
This is responsible for a repulsive "core" as two inifnitely separated
skyrmions are méde coincident. This informs us that in a many skyrmion system
with high density of skyrmions we may see a phenomenon of a periodic lattice
in analogy to superfluid 4He. Tt is thus expected that such a neriodic
array of skyrmions is likely to be the around state of éuch matter at Hiqh
density. Such a model has been, following Skyrme2 suggested by Kutschera,
Pethick and Ravenha]]g. A feature of Skyrme lagrangian, extrapolated to
high densities, is thét the eneray dénsity goes as the 4/3 power of the
density i.e., like the OCD based ﬁuark model at high densities., This is
indeed noteworthy. However, there are two differences between the Skyrme
model and the 0CD quafk model (1) the Skyrme model based on the nonlinear
o-model, has spontaneous chiral symmetry breakina (for all densities) unlike
the OCD quark mode1'ii) The Skyrme model is based on a low energy effective
lagrangian which is not expected to be correct at hiqh.densities when the 0CD
quark aluon deqreés of.freeddm are explicit. Yet, the equation of statevfs
very similar at high'density! |

Recently, a linear chiral model for quark meson (pion) interactions was

3

proposed by the authok; Ribka and Kahana” and by Bir;e and Banerjee4 with

no quartic Skyrme like term). In this model the aluon degrees of freedom are



completely ignored except as the driving force for n,o fields. A similar
lagrangian was considered by Rajeev and Bhattacharya(s), where they
integrated out the quark degrees of freedom to obtain the anomaly and the
quartic Skyrme term.‘ This suggests that the Skyrme Lagrangian is an effective
lagrangian for the'model considered in Refs. 3 and 4, though, probably 0LCD
will introduce some, hopefully minor, modificaitons at short distances. Also,
the quark pion lagrangian is an intermediate scale 1agrahgian between Skyrme
and QCD where the quark degree of freedom is still retained i.e., within the
confinement scale but pions are still not broken down to qq and qlue. This
would be a more reasoﬁab]e lagrangian to work with then the skyrme model at
smaller distances. Let us review the main features of this model.

The mdde1 1agrdngian density is given by (SUZ)L X (SUZ)R chiral

o-model

. by (4 + olo + iygr® 1%) v (1)

q

with f1r = 93 MeV, the pion decay constant. For our presént purpose we can

as well approximate* this by a non-linear mode13’6 i.e.,

-h|Q
E N Y
-h|=l
2N N
I
oy

If we then choose o/fr = cose and »2/fr = (gr)a Sine we have (i) for

o = 0 everywhere the usual space uniform spontaneously broken chiral symmetry

*Calculations are done in this approximation as it is found the energy changes
only marginally even if » = 10. For what follows, however, keep in mind that
actually we have a linear o-model.
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(UCB) model with the quark spectrum being entirely continum beginning at

'm = gf“. (i1) For &(r = 0) = -r at the.origin and &(r = ») = 0 we have the

skyrme background field with a space varying and topologically non-trivial
classical meson field configuration. We shall call this topological chiral
symmetry breaking (TCB).

3,6 the spectrum

In such a background a soluble model that approximates
with fair accuracy is.

2]

re/R ¥ r <R

0= , r>R (2)
where R is size parameter, determined by minimizing the energy with respect to
it. A valence quark bound state solution is found for case (ii). These are
eigenstates. of f = (3 +':),}w1th f|Bound State> = 0, giving only a co]of
degeneracy of 3. | |

Furthér, the conserved topo]ogica]l number of the fami1iar_$3 > SU2
mapping is given by T = (8 - sin29/2)|: and can be identified with the fermiom
number(7) of the vacuum state* for each color species of quark which
implies, for QCD quarks,'avbaryon number equal to (:) for the new vacuum.

The total energy of the color §ing1et. éccupied, 3 quark bound state
configuration is composed of quakk orbital energy and meson gradieht energy
minimised with respect to R (eqn. 2).

It is found (Refs. 3,4, and 6) that the TCB (ii) configuration exists with

" an energy obviously lower than the 3 plane wave quark UCB (i) color singlet

configuraton of £ = 3m.

*The vacuum shall designate the state in which all negative energy states are ‘
occupied.



Occupation of the TCB bound state of 3 quarks forming a color singlet. adds
a unit of baryon number to the vacuum. Since the Skyrme vacuum aTready
carries a unit of baryon number this state was expected to carry B = 2 as
maintained in Refs. (3 and 6). However, the identification of T with the
baryon number of the vacuum is yglig only in the slowly varying
approximation. Thié is equivalent in taking the parameter R » » in the
parameterization of @ (eqn. 2). One finds (Refs. 3 and 6) that in this limit
the valence quérk bound state recedes to negative energy. The new vacuum in
R » « 1imit, then, has this state occupied and has baryon No. B = T =1. As R
" is reduced this same étate pops out of the Dirac sea into a positive energy,
valence, quark bound state. Thus, the baryon number of the occupied bound
state 3 quark solution abové is actually 1 and not g_as suggeﬁted in Refs. 3
and 6.*

The connection between the Skyrme model is now most transparent. At

R the bound state sits in the "negative" energy'sea and we have a

MIN
Skyrmion. As the Skyrmion is squeezed the quarks pop out and the solution

acquires a quark model structure. Consider now the generic expression for the

energy of the (3 quark) sing]et or B =1 state in the TCB model(zz)
3 a 21
= 3 %— - B} + = X (3)
gi"r ‘X | gz

Above, the term in parenthesis is the quark orbital energy for a profile given
as in (eqn. 2) with X = gfvR a dimensionless size parameter. The other term
is the meson field gradient energy. For the single nucleon (B = 1) solution

this expression must be minimized W.rt.X

*A correction to this effect is now in preparation.
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va
N =973 , (4)

This immediafe1y provides a new feature of universality associated with this

model, R = Xy /97 = (va/3)(1/fn), is independent of qa.

To identify'the B =1 state above with the nucleon we set

1000

‘/a-_ .
18 3

wim
o~
E ]

where the energy is fitted to MB =1 GeY. In the orginal model (Ref. 3),

for quarks, the parameters a.énd B were obhtained hy fitting the single bound
state. orbital which crosses thevzero eneray as X is increased to be, a = 3.12,
B =0.94. These will be obviously modified on inclusion of the Dirac sea

8)

effects which includes the other( negative energy bound state and the new
neqative’energy continuum. In this work, our considerations shall not take

these effects directly into account. Instead, it is easy for a aiven "a" to

derive a bound on B by invoking that the bound state solution (TCB) be the st
lowest one i.e., the énerqy per baryon must be less than 3afr, the (UCB) one. o
: va 1000
q ~ = ’ )
(1) 1822 _38¢3 | | (6)

to get B < 0.093 x 18va - 1.
This provides a maximum value for B. For the value of a = 3.17, aiven

above, this is ~2. We shall look at two cases:

—
o]

~——
o]
Il

* . _
3.12, B = 0.94* which qgives a = 7.5, Rmin = 1.28F,

—
o

~—
o’ ]
fl

1.53, B = 0.94 which gives q = 4.1, Ryqy = 0-89F.

*Actually, B is expected to be 1 (to be explained in 1ater work).



In (a) the numbers are those from fitting the sinale bound state3

(b) is fitted to reproduce an RMIN = (XMIN/gfw) such that
)3

(1/2R = n. =0.18 F3, i.e. where the size of the soliton (not
B

MIN
necessarily quark density) RMIN corresponds ng ='0.18 F'3.

- At this point we are ready to consider the antjcipated aground state in
this model just as for the pure Skyrme model we find an even more substantial
energy barrier when two B = 1 objects are made coincident from aﬁ.infinite
separation. Clearly, making a giant Skrymion wifh many cycles in o centered
at some point is a most unfavorable/unstahle configuration. The expectation'

is that a periodic lattice, the first example of a relativistic solid, will be

the favored ground state at high density just as for superfluid 4He.

1) We shall consider the simplest of such ground states for X < XMTN.

we consider a cubic Tattice of our B = 1 configurations with lattice spacing

2R(2X).* The energy per baryon is at high density is then simply aiven by (in

dimensionless units)(zz)
) _ a2 _p) + 2y (7)
Cra S |

where a and B are taken given and a is determined by fittina the minimum FR

to a nucleon mass, 1 GeV. The qualitative and quantitative limitations of the

above will be considered in the discussion.
The baryon density is given by np = r(1/?R)]3 F"3 = 1/8X3 in our

units.

*This is equivalent to having a spherical Wianer-Sietz construction in each
cubic unit cell with e going from -r at centre to 1 at the boundary.
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Clearly, in this model, for low density, the TCB state will be favored
over the UCB state of the o model, since the quarks now appear is bound
states; the energy per quark, then, being obviously less than gfw, the energy
of a UCB quark.

2) Let us now consider a possible model for UCB which has been
considered by many authors9 in the context of "nucleon" o-model. This is
the mean field o model in which the quérk mass is dynamically generated from
the vacuum expectation value of the o field. In this model we have <o> = %,
and <r> = 0. (Charged pion condensation in the o model admits the possibility

of <w> = (space uniform) a and <o> = b with 02 + «2 = fi, but will

not be considered here as it has been dealt with mainly as a non-relativistic
model, see Ref. 11).
The energy per nucleon composed of 3 chiral QCD quarks, js for neutron
ul, 2 D3, 2 ‘

matter nB = "u(= kf /v°) = 1/2 nD(= kf /%)

. E . 2\1/2 ) ' . [ .2
EB(<o>,k;) = ;‘-B = [Z m4 "3—2' Jx1(l +x ) (2 x' 4+ 1)-1n(x] + Y1+ X )} ,
B i '

j 8w
u,d
A 2 2.2 2
* 3 (<> - fu™)° + O(mﬂ)]/nB (8)
with
i
.k
m = g<o> . x' = af and A\ = 292




In our units
2
(“2)1/“

. 21 u_ (n
qf'ﬂ'=1 Py R=X Y nB—ggg ° kf—-—W—

Substiting g gk?, k? in terms of X the energy per baryon is
obtained by minimizing E°(o,k}) with respect to <o> for each density.

The resu1ts(10) are plotted for the two values of g = 7.5 and 4.1 and

as expected yield a higher energy per baryon than our model (topological
Chiral Breaking) up to well above nuclear density (Figs. 1 and 2).

Note that in our model, the TCB phase, by construction Chiral symmetry is
spontaneously broken for all density. |

The model (UCB) has symmetry breakina at lower density but aoes to a

(11)

restored phase at high density at which the quarks beqin to resemble a

massless OCD quark gas.

3) Finally, we must compare with OCD quark matter model, or rather, to a
simple realization of this in terms of a larage baa of massless quarks for
this is what we exnect for the state of very dense matter.

For a quark gas derived from neutron matter we have the same constraints

To order o = ggff/4n (the OCD fine structure constant) in qluon

interactions, for massless OCD quarks, the eneray per baryon simp1ifies(12)

Ep/nB

!
-]
Nw
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— -
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In terms of our units gfy =1, n, = 1/8X3 as before. Thus

E_ 2.846 3 :

gfn = C x = * b X (10)
where

b = 0.015 for g =17.5

b =0.167 | for g - 4.1

the second term follows from the bag pressure B = 55 MeV.F3 which has been

recast in 6ur units. We take a = 2.2 the MIT has value. The constant C is
then 1.45. 1If all interactions are dropped, C = 1. The actual situation for
quark matter 1ikely to be C = 1.45 (curve A) at around nuclear density
(0.16F—3) going to C = 1 at very high density (curve B). Such a curve may
be termed Interpolating* QCD(3)
Results

i) As expected, we find that for low density i.e., close to and above
nucleons the (TCB) model provides the ground state over the UCB model. At
higher density depending on the value of "g" thefe is cross-over to fhe quark
model1/UCB model. At high densities, however, <o> ié close to zero and model
(2) and (3) (with o » small) are indistinguishable.

ii) For g = 7.5, there is small density discontinuity between model (1)
and interpolating (3). The tangent construction would give a mean coexistence

density <2 times nuclear matter density.

*Interpolating (3) is one in which a goes from 2.2 around 0.1 Fermi~3
gradually changing(12b) to 0.36 at 13 Fermi—3.

-
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iii) g = 4.1. There is a density discontinuity between model (1) and (?)
which then merges into interpo]ating (3). The targent construction gives a
mean coexistence density of ~2 times nuclear density, between.(l) and (2) (see
following remarks). |
Discussion

The scenario that emerges from the foregoing considerations is the
following. Belbw nuclear matter density the Skyrmions behave as a nucleon gas

on quantization(lz)
d(14,15)

the n-n or Skyrmion-Skyrmion force can be
calculate and it is found to give rather good agreement with the
observed n-n potential including =, p, W, etc. Thus, the equation of state at
low density which follows from gquantized Skyrmions is in close agreement with
the usual nuclear physics equation of state. At densities close to and above

p there should be a tendency, due to topological repulsion, to form an

nuc.
ordered structure e;g., lattice/liquid crystal. We have made a most
rudimentary estimate of this.

| As is well known (see.Baym Ref; 12a) the o model in the (UCB) phase aoes
from a chiral breaking phase to the "abnormal" or chirally restored phase at
high density, with an unnatural saturation and possible lowest energy minimum

(eP

VS nB) in the latter phase. Many efforts have attempted to variously
correct this by means of a hard core, quantum corrections; etc. In our model
there is a smooth interpolation from the TCB phase at nuclear density to a UCB

chirally restored phase at high density with saturation around nuclear density

(g = 4.1). It is this new feature of the TCB phase, introduced in this paper,
that clear up all the irksome irreqgularities of the UCB o-model equation of
state. |

Actually, the above calculations (Ref. 11b) have been carrieﬁ out in the

nucleonic o-model. This model does not even have the complication of QOCD

(v
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gluons. If such an exercise is carried out for the nucleonic o-model (Ref.
6), again all the problems of the previous UCB fbrmu]ation are obviated.

A1l three models have Ep ~ ng/B

‘and are distinguishable only in
the coefficient of the 1/X term in Eb/wa. Moreover, the coefficient for
model (2) and (3) is identical. ‘It is expected and consistent with chiral
symmetry restoration that the coeffiéient of 1/X in our model (1), 2a, be less
than 2.846 for (2) and (3). This is the case for g = 7.5 and 4.1 when lower
energy bound state solutions exist.

ii) The mainvihponderab1e and handicap of our model 1angranqian is that
it neglects the effect of the direct g]ubn coupling to quarks. It also does
not provide a clue to confinement. Such effects are under |

16) Since this model does integrate out to the Skyrme model

consideration.(
one is led to believe that at the length scales (small) considered, only the
chiral symmetry order parameter, <> and <o>, which involves gluons

indirectly, is important. It is the topological pion (o) condensate which

controls the dynamics. The gluon quark interactions are through the
condensate of =, and o fields. The gluon condensate itself is presumably
important at only larger length scales, e.g., through the bag pressure B.
This clearly distinguishes this model from others e.g., MIT and other bagas.
ii1) The presence of the TCB pion condensate is the underpinning of this
model and therefore it is small wonder that the much sought ggg_charqed pion
condensate is not seen. In many respects the TCB condensate is similar to the
n~ condensate which is also real and periodic and imposes.a lattice

(17) Of course, a difference still exists—-topology.

structure.
iv) One may ask when will the confinement mechanism be important. On
examining the bag pressure term one finds that it ceases to become important

at just above nuclear density and thus at higher density. The formation of
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the topological background field lattice will result in relativistic band

(22,23)‘1«s

stru;ture (Bloch structure) arisina in the quark wavefunction.* This
under investigation. This is qualitatively important fn finding the correct
ground state and would also lower the eneray pushing up the phase transition
in density. Also, the spreadinq of the aquark wavefunction may provfde a.
natural explanation for the EMC effect(lg)_(in a hiaghly distorted
pre-lattice).

| v) Since we must have charge neutrality and Q = ?3/2 + B/2 we have

Ty = -B. If all the baryons were to be an T=(7+3) =0 state one miaht
expect a ferromagnetic structure (=’ condensation) and a possible connection
with ﬁeutron star magnetié fields. However; the quanfization of the Skyrmion

(19) ntnt(n¥nt) is more

and the calculation of n-n potential indicates
repulsive than n4n+(nyn+) and thus an antiferromagnetic structure may be
favored; the effect in (iv) which aives rise to a fermi sea:would also

favor this. The quesfion of quantization.of this model needs a detai1ed
investigation tb get an answer for this problem.

vi) The parametrization for e we have used will obviously vield 6n1y an
upper bound to EB; This must be calculated self consistently. Also the
"Wigner-sietz" construction and cubic Tattice certainly will not select the
Towest enerqy state. All these effects will move the eneray per barvon down

in this model, consequently moving the cross over to the chiral restored phase

up in density.

*ActualTy, this s more subtle. 1In our crude estimate we neglected the
spillover of the quark wavefunction outside of the background solution size X
for small X,

{s
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vii) This should give us a rough idea of the pion size as it is expected
the pion will dissociate around the restoration density which gives a lower

bound on the pion size. An uppér bound on the pjon size is available from the

1 Baryon TCB confiquration., If the pion is a "qa" cooper pair, then for a

pion condensate to exist, its size must be < RMIN' The pion, incidentallv,
the lowest pseudo scalar (goldstone boson) of OCD with fermions and not just a

qq pair). For example in (ii), q = 4.1, the lower bound is 0.7 F and the

upper bound 0.78 F.

viii) The transition to quark matter in softened in this model due

)4/3

energy density qoing as (nB in both cases

ix) We have not considered an SU3 flavor extension where the situation

could be rather different with, B = S = 2, H20

(21)

particle or R =S =14
particle replacing the B = 1 as a lattice site.
The results seem to indicate a chiral restoration density rather too

small ~2p This will be modified by gluon corrections. At least, once

nuc®
chiral symmetry is restored (mq = 0) in (2) we should add 1 aluon exchange
as in the quark model, which drives the transition density up to (5~8
pnuc). Also (vi) will raise the chiral restoration density.

If, even then, the restoration density is low, the lattice will not last
into high density. Lattice formation is then far more delicate and less:
conclusive.

Also, low chiral restoration* density will give an early transition to

quark matter indicated possibly by copious production of the H particle.

*In this model the transition is weakly first order; it mav even become second
order in an exact calculation.
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This mode]bwith quarks included would beAé'much.c1oser approximation to

QCD than the puré]ylmesonic Skyrme model. The crude picture just presented
a]ready seems to -produce a tel]ingbp1ausibi1ity and clears up most of the
erstwhile problems at the o-model. -

Detéi]sAwi11'appear separately.
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Figure Caption

Figs. 1 and 2. EB. the energy per baryon plotted against X (nB, baryon

density) for models (1), (ours TCB), (2) (UCB) and (3) A and 3
(8), quark model. The dashed 1ine connecting A and B is
interpolating (3). The cut in (2) is the point of chiral
restoration. The markers on the bottom line indicate the
coexistence from the tangenf construction. Fig. 1? Quark

matter (3) and (1) TCB; Fig. 2: UCB and (1) TCB.
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