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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 
at  Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho" (RIKEN, The Institute of Physical and Chemical Research) of 
Japan. The Center is dedicated to the study of strong interactions, including 
spin physics, lattice QCD, and RHIC physics through the nurturing of a new 
generation of young physicists. 

During the first year, the Center had only a Theory Group. In  the second 
year, an Experimental Group was also established at the Center. At present, 
there are four Fellows and eight Research Associates in these two groups. 
During the third year, we started a new Tenure Track Strong Interaction 
Theory RHIC Physics Fellow Program, with six positions in the first academic 
year, 1999-2000. This program had increased to include ten theorists and one 
experimentalist in academic year, 2001-2002. With five fellows having already 
graduated, the program presently has eleven theorists and three 
experimentalists. Of these eleven RHIC Physics Fellows, five have been 
awarded/offered tenured positions, and this will be their final year in the 
program. 

Beginning in 2001 a new RIKEN Spin Program (RSP) category was 
implemented at RBRC. These appointments are joint positions of RBRC and 
RIKEN and include the following positions in theory and experiment: RSP 
Researchers, RSP Research Associates, and Young Researchers, who are 
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research 
Associates and Visiting Scientists also contribute to the physics program at the 
Center. 

RBRC has an active workshop program on strong interaction physics 
with each workshop focused on a specific physics problem. Each workshop 
speaker is encouraged to select a few of the most important transparencies from 
his or her presentation, accompanied by a,page of explanation. This material is 
collected at the end of the workshop by the organizer to form proceedings, 
which can therefore be available within a short time. To date there are sixty 
proceeding volumes available. 

The construction of a 0.6 teraflops parallel processor, dedicated to Iattice 
QCD, begun at the Center on February 19,1998, was completed on August 28, 
1998. A 10 teraflops QCDOC computer in under development and expected to 
be completed this year. 

N. P. Samios, Director 
April 1,2004 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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Introduction 

The RIKEN-TODAI Mini-Workshop on “Topics in Hadron Physics at RHIC” was 
held on March 23rd and 24th, 2064 at the Nishina Memorial Hall of RIKEN, Wako, 
Saitama, Japan, sponsored by RIKEN (Institute of Physical and Chemical Research) and 
TODAI (University of Tokyo). The workshop was planned when we learned tha t  two 
distinguished theorists in hadron physics, Professors L. McLerran and S.H. Lee, would be 
visiting TODAI and /or RIKEN during the week of March 22-26. We asked them t o  give 
key talks at the beginning of the workshop and attend the sessions consisting of talks by 
young theorists in RIKEN, TODAI and other institutes in Japan and they kindly agreed 
on both. Considering the JPS meeting scheduled from March 27 through 30, we decided 
to have a.one-and-half-a-day workshop on March 23 and 24. 

The purpose of the workshop was to offer young researchers an opportunity to  learn 
the forefront of hadron physics as well as to  discuss their own works with the distinguished 
theorists. 

We had a session consisting of two one-hour talks by Profs. McLerran and Lee and 
three sessions each consisting of four half-an-hour talks by young theorists. The titles of 
the two main talks are given below. 

L. McLerran (RBRC) 

S. H. Lee (Yonsei Univ.) 

“What is the experimental evidence for the Color Glass 
Condensate ?” 
“Tensor method in pentaquark baryons 
- Mass, decay modes and ideal mixing -” 

Although the workshop was announced only at the beginning of March, we had totally 
31 participants including 18 graduate students and young postdocs. 

The main talks were both inspiring and pedagogical, discussing the frontiers of hadron 
physics. The talks by young theorists were also well prepared and excellent. Discussions 
during the talks were active and fruitful. Profs. McLerran and Lee told us after the 
workshop that they had been very much impressed not only by the excellent presentations 
but also by the advanced contents of the talks of young speakers. 

We are grateful to RIKEN for the financial support which enabled us to organize this 
workshop. It was held as an activity related to the collaboration with the RIKEN-BNL 
Research Center and we thank the director of the Center, Professor N. Samios, for the 
approval of publishing this proceedings as a volume of the RBRC Workshop Proceedings 
Series and general support. We are obliged to all the participants for making the workshop 
exciting and fruitful. 

Special thanks are due to Ms.N. Kiyama , who did most of the administrative works 
and took care of drinks and snacks during the breaks, and Drs. M. Hirai, M. Ohtani and 
K. Sudoh for general assistance. 

Hideto En’yo, Hideki Hamagaki, Tetsuo Hatsuda 
Yasushi Watanabe and Koichi Yazaki 

RIKEN , 
May, 2004 
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Program of RIKEN-TODAI Mini-workshop 

March 23 (Tue) 

Session 1 

1o:oo- 10: lO 

10: 10- 11 : 10 

11: 10-12:lO 

1 2: 10- 13 : $0 

Session 2 

13:30-14:OO 

14:00-14:30 

14:30-15:OO 

15:OO-15:30 

15:30-16:00 

Session 3 

16:00-16:30 

Main lectures 
Chair: T. Hatsuda (Tokyo) 

H. En’yo (RIKEN) 
Openning address 
L. McLerran (RBRC) 
”What is the experimental evidence for the Color Glass Condensate ?” 
S. H. Lee (Yonsei) 
”Tensor method for pentaquark baryons” 

Lunch 

Various phases in QCD 
Chair: K. Iida (RIKEN) 

H. Abuki (YITP) 
’)On the role of strange quark mass in QCD phase diagram 
-BCS-BEC crossover in color-flavor locked. phase ?” 
M. Tachibana(R1KEN) 
”Novel phases of high density quark matter and their roles in physical systems ’’ 
M. Ohtani(R1KEN) 
”Color ferromagnetism and quantum hall states in quark matter” 
Y. Hatta (Kyoto) 
’’ Relation between the chiral and deconfinement phase transitions” 

Coffee 

Dynamical aspects of the QCD plasma 
Chair: H. Fujii (Tokyo) 

K. Ohnishi (Tokyo) 
* ”Mode coupling theory for the dynamic aspect of the chiral phase transition” 

16 130- 17: 00 

17:OO- 17: 30 

17:30-18:00 T. Doi (Titech) 

T.  Ikeda (RBRC) 
”The effect of memory on relaxation in 4* theory” 
N. Ishii (Titech) 
’’ Glueball properties near QCD phase transition” 

”Thermal effects on qua.rk-gluon mixed condensate from lattice QCD7) 
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March 24 (Wed) 

Session 4 

1O:OO- lor30 

10 ~30- 11 ZOO 

11 :OO- 11:30 

11:30-12:00 

End of workshop 

Hard QCD, hadron spectroscopy 
Chair: K. Yazaki (RIKEN) 

T. Takahashi (YITP) 
”Detailed lattice QCD study of the three-quark potentials: 
the ground-state and the excited-state of the static 3Q system” 
M. Hirai (RIKEN) 
’’ Polarized parton distributions and their uncertainties” 
K. Sudoh (RIKEN) 
77Comment on 7ro double spin asymmetry at RHIC” 
C. Sasaki (Nagoya) 
’’ Chiral doubling of heavy-light hadrons in the vector manifestation” 
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What Is The Experimental Evidence 
For The Color Glass Condensate? 

Larry McLerran 
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Tensor Method for Pentaquark Baryons: 
Mass, Decay Modes and Ideal Mixing 

Su Houng Lee 
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Tensor method for Pentaquark Baryons: 
Mass, Decay modes and Ideal mixing 

Su Houng Lee 
Department of Physics 

Yonsei University 
Seoul 120-749, &ea 

This talk consists of two parts. In the first part, I will start by listing the 
experiments that reported observing the pentaquark states. Then I will discuss 
the soliton approach for the pentaquark, which motivated the experimental 
search for pentaquark states, and also discuss the criticisms related to the 
validity of the soliton approach. Then I will discuss other approaches on 
pentaquark states. 

In the second part of my talk, I will introduce the tensor method based on SU(3) 
flavor symmetry. From constructing invariants composed of anti decuplet, 
decuplet and octet representations, I will rederive the mass formula for the 
pentaquark states, which fotlows from the SU(3) symmetry, and also discuss 
possible interaction terms. I will also discus why ideal mixing and fall apart 
decay naturally follows from an effective OZ1 rule. The simple tensor method 
provides specific ratios and selection rules from which one can experimentally 
test and discriminate between octet and decuplet pentaquark states. 

w 

Tokyo 2004 
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On The Role of Strange Quark Mass In 
QCD Phase Diagram 

--BCS-BEC Crossover in Color-Flavor Locked Phase?-- 

Hiroaki Abuki 
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Novel Phases of High Density Quark Matter and 
Their Roles in Physical Systems 

M. Tachibana 
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Novel phases of high density quark matter and 
their roles in physical systems * 

M. Tachibanat 

Abstract 

In this paper, we investigate several interesting aspects of high 
density quark matter, particularly emphasizing on remarkable phase 
structures of color superconductivity and their possible roles in phys- 
ical systems. Firstly thermal color superconducting phase transi- 
tions in high density three-flavor quark matter are investigated in the 
Ginzburg-Landau approach. Effects of nonzero strange quark mass, 
electric and color charge neutrality, and direct instantons ilre consid- 
ered. Weak coupling calculations show that an interplay between the 
mass and electric neutrality effects near the critical temperature gives 
rise to three successive second-order phase transitions as the tempera- 
ture increases. Secondly we show calculations of neutrino interaction 
rates such as mean free path and emissivity in color-flavor locked quark 
matter besed on the effective field theory approach, which may play 
an important role when we consider the issue on neutron star cooling. 

. 

. 

*Talk given in RIKEN-TODAI Mini-Workshop on "Topics in Hadron Physics at R€€IC" 
tThe Institute of Physical and Chemical Research (=EN) 
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1 Introduction- 
Unraveling the phase structure at high baryon density is one.of the most 
challenging problems in quantum chromodynamics (QCD). Among others, 
color superconductivity in cold dense quark matter has been discussed from 
various viewpoints [l, 21. In relation to real systems such as newly born 
compact stars in stellar collapse, it is important to study the color supercon- 
ductivity not only as a function of the quark chemical potential 1-1 but also 
as a function of the temperature T.  This is because the possible presence 
of color superconducting quark matter in a star affects the star’s thermal 
evolution [3]- In this paper, we show some interesting aspects of color su- 
perconductivity, especially emphasizing on novel phase structures associated 
with realistic systems. The content of this paper is as follows. In section 2, we 
describe thermal phase transition based on the Ginzburg-Landau approach. 
In section 3 and 4, effective field theory in the CFL phase is introduced, 
computing the weak interaction rates associated with neutron star cooling. 

2 Melting pattern of diquark condensates 
In this section, we adopt the Ginzburg-Landau (GL) approach near the tran- 
sition temperatures, which was previously used to study the massless three- 
flavor case [4, 5, 61 and is a more advantageous framework to weak coupling 
calculations than other mean-field approaches 17, 81. In a realistic situation, 
the GL potential acquires the following corrections. First of all, nonzero m, 
affects the potential through the s quark propagator [SI in such a way as 
to lower the temperature at which a diquark condensate with s quarks dis- 
solves. This is because the pairing interaction due to one-gluon exchange is 
effectively diminished by m, if the pair contains the s quark. Secondly, when 
quark matter with nonzero m, is beta equilibrated and neutralized by elec- 
trons near the transition temperatures, the chemical potentials between d, s 
quarks and u quarks differ. Through this chemical potential difference, the 
GL potential acquires another m, dependence, which is the essential origin of 
the dSC phase. Thirdly, the instanton contribution gives an m, dependence 
to the GL potential through the effective four-fermion interaction propor- 
tional to m,. We finally note that in weak coupling, color neutrality makes 
negligible difference in the GL potential near the transition temperatures [4]- 

We assume that diquark pairing takes place in the color-flavor anti- 
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symmetric channel with J p  = O f ,  which is predicted to be the most at- 
tractive channel in weak coupling [9]. In this case, the pairing gap of a 
quark of color b and flavor j with that of color c and flavor k has the form 
q5kjk = euhEijk(du)i 141. Here the 3x 3 matrix (da)i  transforms as a vector 
under G = SU(3)c x S U ( ~ ) L + R  x U(1), and belongs to the (3*,3*) repre- 
sentation of SU(3)c x S U ( ~ ) L + R .  

For as homogeneous system of massless quarks (?nu& = 0), the GL po- 
tential is invariant under SU(3)c x S U ( ~ ) L + R  and valid near the critical 
temperature, T,, common to all states belonging to the channel considered 
here. This potential reads [4, 101 

5’ = 6 +  PI(^ ldu12>2 + P2 Idu* & I 2 ,  (1) 
a U ab 

where (da)i  = (dg, d:, dz)  and the inner product is taken for flavor indices. 
In the weak coupling regime, the coefficients are [4] 

where N ( p )  = p2/27r2 is the density of states at the Fermi surface, and 
t = (T - Tc)/Tc is the reduced temperature. With the parameters (2), one 
finds a second order phase transition at T = T, from the CFL phase ( d i  oc 6;) 
to the normal phase (& = 0) in mean-field theory [4]. 

Let us now consider the effect of a nonzero m, in the quark propagator on 
the GL potential. We assume mu,d = 0 for simplicity and consider the high 
density regime, m, << p. Near T, the leading effect of m, is to modify the 
quadratic term in the GL potential (1). The corrections to the quartic terms 
are subleading and negfigible. Since m, affects only u s  and ds pairings, the 
correction to the quadratic term has the form 

EC(I&l;I2 + l&12) = EC(ldu12 - ld:l”* ( 3 )  
U a 

Note that this correction induces an asymmetry in the flavor structure of the 
CFL phase. 

In weak coupling, E can be calculated by including m, in the Nambu- 
Gor’kov quark propagator when evaluating the thermodynamic potential. 
Following Ref. [4], we expand the thermodynamic potential not only in 8; 
but also in m, up to O(m:), and obtain 
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Here the dimensionless parameter D is given 

/3r2\ m2 

bY 

(5)  

where g is the QCD coupling constant. As long as o << 1, which is relevant 
at asymptotically high density, the following GL analysis near T', is valid. In 
the latter estimate in Eq. (4) we use the leading-order result in g, h(T, /p)  - 
-37r2/(flg) [9]. This behavior of T, originates from the long-range color 
magnetic interaction which prevails in the relativistic regime. As a result of 
the modification by m, to ln(T,/p), E has a positive value such that ud pairing 
is favored over us and ds pairings. Consequently, the CFL phase becomes 
asymmetric in flavor space and its critical temperature is lowered, leading to 
the appearance of the 2SC phase ( d i  o( @") just below T, [8]. Note that Eq. 
(3) has no effect on the 2SC phase. We also note that 57, itself is modified 
by m, through the modification of the normal medium as T,(l+ O(ga)). 

We turn to discuss effects of charge neutrality which also depend on m, as 
mentioned above. Under beta equilibrium and charge neutrality, the electron 
chemical potential pe and the shift 6pi of the chemical potential of flavor i 
from the average (p)  are related by 6pi = -qipe, with electric charge qi. We 
see from Ref. [4] that the thermodynamic-potential correction due to 6,ui has 
the form 

- a  a 

In weak coupling, where one may regard normal quark matter and electrons 
as noninteracting Fermi gases, ye is related to m, as pe = m2/4p.  This 
estimate is valid in the vicinity of T, where corrections to pe by a finite 
pairing gap affect only the quartic terms in the GL potential. By combining 
this estimate with the weak coupling expression for q/pe given & Ref. [4], 
we obtain 

Since q > 0, ds pairing is more favorable than ud m d  us pairings. This 
feature stems from the modification by &pi to the exponential factor of T,,  
exp[-3r2/(&g)], which tends to increase (decrease) the critical temperature 
for zj pairing when iipi + 6pj > 0(< 0). 
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We consider color neutrality of the system as well. In contrast to the 
case at T = 0, however, it affects only the quartic terms in the GL potential 
through possible chemieal potential differences between colors [4, 111, and in 
weak coupling its magnitude is suppressed by S((Tc/gp)2) compared to the 
leading quartic terms. Thus color neutrality has no essential consequence t o  
the phase transitions considered in this Letter. A major difference between 
corrections of the charge neutrality and the color neutrality is that the former 
shifts the quark chemical potentials even in the normal phase, while the latter 
works only when the pairing occurs. This is why the former is more important 
than the latter near T,. 

The direct instanton at nonzero m,, which induces an effective four- 
fermion interaction between u and d quarks [12], leads to a quadratic term 
in the GL potential, 5 E, An explicit weak coupling calculation shows 
that 5 N - ~ ~ ( m , / ~ ) ( A ~ ~ ~ / ~ ) ~ ( l / g ) ~ * .  The negative sign indicates that the 
instanton favors ud pairing as does one-gluon exchange [see Eq. (3)], but the 
magnitude of 5 is highly suppressed at high densities. Hereafter we will thus 
ignore instanton effects. 

Since the two effects of nonzero m,, characterized by Eqs. (3) and (6 ) ,  fa- 
vor ud pairing and ds pairing, respectively, the finite temperature transition 
from the CFL to the normal phase at m, = 0 is expected to be signifi- 
cantly modified. In fact, successive color-flavor unlocking transitions take 
place instead of a simultaneous unlocking of all color-flavor combinations. 
To describe this hierarchical thermal unlocking, it is convenient to introduce 
a parameterization, 

where A1,2,3 me assumed without loss of generality to be real. We also name 
the phases for later convenience as 

where dSC (uSC) stands for superconductivity in which for d (21) quarks all 
three colors axe involved in the pairing. 

105 



+ 7~rTc 1 

'y ........................ 

4 aTct ....... 3 ............... 

Figure I: Transition temperatures of the three-flavor color superconductor 
in weak coupling: (a) all quarks are massless; (b) nonzero m, in the quark 
propagator is considered; (c) electric charge neutrality is further imposed. 
The numbers attached to the arrows are in units of oT,. 

In terms of the parameterization (8), the GL potential with corrections 
of S(m:) to the quadratic term, Eqs. (3) and ( S ) ,  reads 

S = d ( A f  + A: + Ai) - EA: - qAf 
+ a ( A ?  + A: + -t- /%(A; + Ai + A:), t 10) 

where 5' = 5 + E + J. 
We proceed to analyse the phase structure dictated by Eq. (10) with 

the weak coupling parameters (2), (4), and (7) up to leading order in 9. In 
Figs. 1 and 2 the results obtained by solving the coupled algebraic equations, 
BS/aA1,2,3 = 0, are summarized. Figure l(a) shows the second-order phase 
transition, CFL --+ normal for m, = 0. Figures l(b,c) represent how the 
phase transitions and their critical temperatures bifurcate as we introduce 
(b) effects of a nonzero m, in the quark propagator and then (c) effects 
of charge neutrality. In case (b), two second-order phase transitions arise, 
mCFL (with A, = A,) i 2SC at T = T: (I - 4a)T,, and 2SC i normal 
at T = T,. In case (e),  there arises three successive second-order phase 
transitions, mCFL i dSC at T = TE, dSC + 2SC at T = TE1, and 2SC + 
normal at T = TEE'. Shown in Fig. 2 is the T-dependence of the gaps 51,2,3 

for case (c). All the gaps are continuous functions of T ,  but their slopes are 
discontinuous at the critical points, which reflects the second order nature of 
the transitions in the mean-field treatment of Eq. (10). 

We may understand the bifurcation of the transition temperatures in weak 
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d2 

-k 
T 

Figure 2: A schematic illustration of the gaps squared as a function of T .  

coupling as follows. In the massless case (a), T, is degenerate between the 
CFL and 2SC phases, the chemical potential is common to all three flavors 
and colors, and the CFL phase is more favorable than the 2SC phase below 
T,. As one goes from (a) to (b), nonzero m, sets in, which tends to suppress 
the pairing interactions including the s quark. The critical temperature 
for the CFL phase is then lowered, which allows the 2SC phase to appear 
at temperatures between T," and T'. As one goes from (b) to (c), charge 
neutrality sets in, which acts to decrease the chemical potential of u quarks 
by (2/3)pe and increase that of d and s quarks by (1/3)pe. Since pe > 0, the 
average chemical potential of quarks involved in ds pairing increases, while 
those in u d  and u s  pairings decrease equally. Accordingly, the transition 
temperatures further change from 

Now we examine in more detail how the color-flavor unlocking in case (e) 
proceeds with increasing T from the region below T'. 
(i) Just below Tz, we have a CFL-like phase,'but the three gaps take different 
values, with ap order A3 > A, > A2 # 0 (the mCFL phase). The reason why 
this order is realized can be understood from the GL potential (10). The e- 
term and 7-term in Eq. (10) tend to destabilize us  pairing (A,) relative to u d  
pairing (A3) and ds pairing (A,). Since E > v(> 0), ds pairing is destabilized 
more effectively than ud pairing. The value of each gap in the mCFL phase 
reads 

to TZ'' and &om T: to T; and T;'. 
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A2 = %!(",' - - -*) 4 , 1 80 3 

The mCFL phase has only a global symmetry U(l)C+L+R x U(l)C+L+R in 
contrast to the global symmetry SU(~)C+L+R in the CFL phase with mu,d,s = 
0. There are no gapless quark excitations in both mCFL and CFL phases. As 
T increases, the first unlocking transition, the unlocking of A, (the pairing 
between Bu and Rs quarks), takes place at the critical temperature, 

T, = 1 - -0 T,. 
I ( '3 " )  

(ii) For TE < T < TEI, A, = 0 and 

(14) 

In this phase, we have only ud and d s  pairings (the dSC phase), and there is a 
manifest symmetry, U(~)C+L+R x U(~)C+L+R x U(l)C+v+B x U ( l ) c + v + ~ .  By 
diagonalizing the inverse quark propagator in the Nambu-Gor 'kov representa- 
tion, we find three gapless quark excitations in the color-flavor combinations: 
Bu, Rs, and a linear combination of Ru and Bs. At T = TEI, the second 
unlocking transition, the unlocking of A, (the pairing between Gs and B d  
quarks), takes place at the critical temperature, 

7 Ti1 = (1 - ~ C T )  T,. 

(iii) For TE1 S= T < T:", one finds the 2SC phase, which has only ud pairing 
with 

The 2SC phase has a symmetry SU(2)c x SU(~)L+R x U(l)c+B x U ( ~ ) L + ~ + B  
[6]. In this phase the s quark and B quark excitations are gapless. The 
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vanishes occurs at 

Symmetry Gapless 
auark modes 

1 T:'' = (I - 50) T,. 

Number of 
massive gluons 

final unlocking transition where A3 (the pairing between R d  and Gu quarks) 

(19) 

In Table I, we summarize the symmetry anG the gapless quark modes in 
each phase discussed above. The number of gluons having nonzero Meissner 
masses, which is related to the remaining color symmetry, is also shown [14]. 
We note that more gapless quark modes may appear if the system is in the 
close vicinity of TE, T'', and T:" where &, A,, and A3 are less than - m ; / p  

So far, we have studied the phase transitions in the mean-field level. In 
weak coupling, as shown in Ref. [6] in the massless limit, thermally fluctuating 
gauge fields could change the order of the transitions described in Figs. 1 
and 2. A detailed account on this effect will be reported elsewhere [14]; here 
we recapitulate the important results. First, the second order transition, 
mCFL * dSC, remains second order even in the presence of the thermal 
gluon fluctuations. This is because aH eight gluons are Meissner screened 
at T = Tz and thus cannot induce a cubic term with respect to the order 
parameter in the GL potential. On thetother hand, the transitions, dSC + 
2SC and 2SC 4 normal, become weak .first order since some gluons, which 

~ 3 1 .  

LO9 

Above TZ", the system is in the normal phase. 



are massless in the high temperature phase, become Meissner screened in the 
low temperature phase (Table I). 

In summary, we have investigated color-flavor unlockings at finite tem- 
peratures taking into account the strange quark mass and charge neutrality 
in the GL approach. We find three successive unlocking transitions, mCFL 
4 dSC 4 2SC+ normal, occurring in weak eoupling. Most remarkably, 
the dSC phase appears between the mCFL and 2SC phases. In this phase 
all eight gluons are Meissner screened and the three quark excitations are 
gapless. The question of how the phase structure of neutral quark matter 
obtained near T, is connected to that at T = 0, which approaches the CFL 
phase in the limit of high density, is an interesting open problem. 

3 Effective Field Theory in CFL phase 
In this section, we introduce the effective lagrangian in the CFL phase in 
order to calculate the weak interaction rates related to neutron star cooling. 
As was already mentioned, in the CFL phase, all nine quarks are massive 
and all the gluons acquire the Meissner mass. Due to this, the dominant 
degrees of freedom at low energies such as several tens of MeV are Namubu- 
Goldstone bosons associated with chiral symmetry breaking as well as U(l)  
baryon symmetry breaking. There are several articles that describe in detail 
the effective theory for the Goldstone bosons in Color-Flavor-Locked quark 
matter [19, 20, 211. It is possible to parametrize low energy excitations 
about the CFL ground state in terms of the two fields B = H / a f H  and 
C = e2iT/fz, representing the Goldstone bosons of broken baryon number H 
and of broken chiral symmetry, the octet T.  Then the leading terms of the 
effective Lagrangian describing the octet Goldstone boson field n- are given 
bY 

(20) 
The decay constant f T  has been computed previously [21] and is proportional 
to the quark chemical potential p. VO includes the Bedaque-Schafer terms[22] 
and fi = IMIM-', where M = diag(m,, m d ,  m,). The velocity factor v = 
1/& and a = 3% [21], where A is the gap which is around 100 MeV at p 
= 500 MeV. 
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To incorporate weak interactions, we gauge the chiral Lagrangian in the 
usual way by replacing the covariant derivative by [23] 

The fields Wz,  2, describe weak gauge bosons. The charge mat& is diagonal 
Q = diag($,-i,-$) as well as weak-isospin matrix 73 = idiag(l,-l,-l) 
whereas T+ and r- are the isospin raising and lowering operators which 
incorporate Cabbibo mixing. 

For momenta small compared to fm we can expand the nonlinear chiral 
Lagrangian to classify diagrams as the first order (proportional to f m )  and 
the second order (independent of fm). The amplitudes for the leading order 
processes are given by 

&o,,D = -fm@,&, 

where @@ = ( E ,  v 2 d  is the modified four-momentum of Goldstone boson and 
j &  and j g  describe the charged and neutral leptonic currents, respectively. 
0c is the Cabbibo mixing angle. Note that the meson "f~ur-momenta~~ that 
appear in the matrix element do not correspond to the on-shell four momenta 
of the mesons. This is because the covariant derivative contains the in- 
medium velocity and for the case of kaons, the energy shift arising from the 
Bedaque-Schafer term. 

In addition to the octet Goldstone bosons, the massless Goldstone boson 
associated with U ( ~ ) B  breaking couples to the weak neutral current. Ampli- 
tude for processes involving the U ( ~ ) B  Goldstone boson H and the neutral 
current is given by 

4 

G F  

d5 Am*-ev = GFfm COS AK*--tev = G F f m  sin ec@,j& 

(22) 

(23) A H - v D  = - G F f H @ f i j g ,  4 
The decay constant for the U ( ~ ) B  Goldstone boson has also been computed 
in earlier work and is given by f $  = 3p2/(8,rr2) [2l]- Using these amplitudes 
we shall evaluate some interaction rates associated with thermal evolution of 
the early born neutron star, ie., neutrino opacity and neutrino emissivity in 
the next section. 
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4 Neutrino Rates 

4.1 Neutrina Opacity 
Figure 3 shows the resulting neutrino mean free path in a CFL meson plasma 
as a function of temperature. In the CFL medium, novel Cherenkov like 
processes such as v + Hv,v  + TOY and v, 4 n+e- are allowed owing to 
the fact that mesons can have a space like dispersion relation [3] .  Especially 
the massless U(L)B Goldstone boson H is space like for all momenta. Thus 
the processes involving H boson become dominant. Since these processes 
'do not have mesons in the initial state they can occur at zero temperature. 
The neutrino mean free path due to the reaction v -+ Hv can be calculated 
analytically and is given by 

Although eq.(24) has no intrinsic temperature dependence, it arises by set- 
ting E, = nT, which corresponds to mean energy of neutrinos in thermal 
equilibrium. 

T (MeV) T (MeV) 

Figure 3: Neutrino mean free path in a CFL Figure 4: Rate of energy loss due to neu- 
meson plasma as a function of temperature trino emitting reactions 
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phase process X(T=5 MeV) 
Nuclear Matter un -+ un 200 m 

u,n + e-p  2 m  
Unpaired Quarks uq -+ vq 350 m 

v,d -+ e-u 120 m 
CFL X3B 100 m 

ud -+ ud 2 10 km 

The findings presented in the table indicate that neutrino mean free path 
in CFL matter is similar to or shorter than in unpaired quark matter for 
the whole temperature range. This surprising result arises solely' due to 

X(T=30 MeV) 
1 em 
4 em 
1.6 m 
4 m  

70 cm 
4 m  
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the novel processes involving Cherenkov absorption and radiation of CFL 
Goldstone bosons. Despite the energy gap in the quark excitation spectrum 
the opacity remains large and there is no exponential suppression of neutrino 
cross section even at low temperature. This is in sharp contrast to earlier 
findings in the two flavor superconducting phase [26]. However, since we 
expect the specific heat of the CFL phase Cv - T3 to be small compared to 
that of unpaired quark matter, the cooling rates could still differ and needs 
to be investigated. The early evolution of a newly born neutron star is, in 
general, a complex process which depends on several macroscopic ingredients 
and microscopic conditions. In order to gauge how color superconductivity 
in the neutron star core will impact observable aspects of early evolution 
the rates computed in this work as well as the thermodynamic properties of 
the CFL phase need to be included in detailed numerical simulations of core 
collapse supernova. This is the only reliable means to bridge the gap between 
theoretical expectation of color superconductivity and observable aspects of 
core collapse supernova. 
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Mode coupling theory for the dynamic aspect 
of the chiral phase transition 

K. Ohnishi (Komaba, Univ. of Tokyo) 
with 

K. Fukushima (MIT) 
K. Ohta (Komaba, Univ. of Tokyo) 

Abstract 
We reanalyze the dynamic aspect of the chiral phase transition 
by means of the mode coupling theory. We point out the differ- 
ence of the dynamic behaviors between the chiral phase tran- 
sition and the antiferromagnet, which have been considered to 
belong to the same dynamic universality class. We also sug- 
gest reconsideration of Halperin and Hohenberg’s rules for the 
classification of the dynamic universality class. By application 
of the mode coupling theory to the chiral phase transition, we 
derive the kinetic equation for it and find the dynamic critical 
exponent to be x = 1 - q / 2  0.98. The value is contrasted 
with x = d /2  = 1.5 of the antiferromagnet. The difference 
explicitly shows the different dynamic behavior of the two sys- 
tems. 

1. 

2. 

3. 
4. 

Content 
Intr,oduction 

Dynamic universality class of the chiral phase transition 

Mode coupling theory for the linear sigma model 

Summary 
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1. Introduction 

QCD phase diagram 
T 

2nd order QGP phase 

----. ----- 
hadron phase csc 

P B  

We are interested in the non-equilibrium or dynamic prop- 
erty of the 2nd order chiral phase transition. 

Dynamic critical phenomena 

- Critical slowing down 

Softening of propagating modes etc. 

Degrees of freedom for describing the non-equilibrium be- 
havior 

Order parameter 
Conserved quantities 

... Slow variables -+ 
Ex. The magnetization M and the energy E are the slow 

variables for the ferromagnet. 
156 



The fluctuations of slow variables z Slow modes 
Diffusive mode 
Propagating mode 

Slow mode : . * {  

Propagating mode spin wave, sound wave, particle mode 

Slow modes appear in the (dynamic) spectral function as 
etc. 

narrow peaks. 

S W l W  q << 1 finite and fixed 
t 
1~ Diffusive 

I \  
I \  
I I  

I 

.Diffusive mode Pole with only the imaginary part. 

.Propagating mode - Pole with the imaginary part as 
well as the real part (frequency wo). 



Example - Heisenberg Ferromagnet - 

Slow variables - 
Magnetization (order parameter) AZ = (A&, My, Adz) { Energy (conserved quantity ) E 

Slow modes ~ 

Ordered phase (T < T,) 

Propagating mode (Spin wave) 
M Y  
Mz - = Diffusive mode 
E Diffusive mode 

. .  Disordered phase (T, < 7') 

Mz Diffusive mode 
My - Diffusive mode 
Mz - - Diffusive mode 
E - Diffusive mode 

0 Dynamic universality class 
How to classify critical points: 

eHalperin & Hohenberg (Rev.Mod.Phys. 49 (1977) 435) 

(i) Whether or not the order parameter is a conserved quan- 

(ii) What kinds of conserved quantity are contained. 

t ity. 

Observed critical points (ferromagnet, antiferromagnet, liquid- 
gas, superfluid etc) have been comprehensively classified. 
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2. Dynamic universality class of the chiral 
phase transition 

antiferromagnet 

magnetization N 
conserved quantity magnetization M 

energy E 
momentum Pi 

order parameter staggered 

Chiral phase transition belongs to the same dynamic univer- 
sality class as that of the antiferromagnet. 
/= Rajagopal & Wilczek (NPB 399 (1993) 395) 

chiral 
meson field 

chiral charge Q 
energy E 

momentum Pi 

0 Slow variables for the both systems 

Rajagopal and Wilczek have analyzed the chiral phase tran- 

They have obtained the dynamic critical exponent x = d /2  = 
sition by using the kinetic equation of the antiferromagnet. 

312. 

However this is not the case. 

Slow modes in the disordered phase: 

Staggered mag. - diffusive mode 
Meson field - propagating mod (particle mode) 

Different slow modes apparently indicate the different dy- 
namic behavior of the two systems. 

The two systems cannot be in the same dynamic universality 
class. 
+ The prescription of Halperin and Hohenberg for classifying 
the dynamic universality class does not work. 
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3. 
sigma model 

Mode coupling theory for the linear 

0 Mode coupling theory (Kawasaki, Ann.Phys.61 (1970) 1) 

Kinetic equation for the slow variables Aj: 

where 

W j l  g ives the frequency matrix for the slow modes. 
w = 0 -+ diffusive mode c w # 0 -+ propagating mode 

0 O(2) linear sigma model 
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Slow variables Aj 
- meson field, chiral charge, energy and momentum 

( -7ravi(ba) (2, t )  1 Pi(t) = - 1 d3xe-ig' 
f l  

From these slow variables, the propagating mode €or the meson 
mode does not appear. 

Canonical momentum 7~ is necessary. 

The finite commutation relation [+(5?, t ) ,  T(G, t)] = i6(5?-- G) 
gives the finite frequency. 

Frequency matrix in the disordered phase (T > T,) 

0 
0 
0 
0 

0 
0 
0 
0 

Meson modes have appeared. 
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The microscopic equation of motion for the meson field 

The Heisenberg equation for the meson field: 

d 
dt 

i-x(Z, t) = [T(Z, t ) ,  H ]  

* 4 and T are necessary. in order to  describe the meson 
dynamics. 

cf. Antiferromagnet 
The Heisenberg equation is for the spin variables: 

. dsg 
dt 1- = [s:, H ]  (Q! = x, Y, 4 

j l  

z The three staggered magnetization Nz > >  are the appro- 
priate degrees of freedom for the antiferromagnet. 

We can derive the full kinetic equation for the O(4) sigma 
model. 
The dynamic critical exponent x = 0.98 is obtained. 
e x = & / 2  for the antiferromagnet 
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4. Summary 

The chiral phase transition and the antiferromagnet are not 
in the same dynamic universality class. 
The slow modes are different in the two systems in spite of 
perfect coincidence of the slow variables (the order param- 
eter and conserved quantities). 
+- Halperin and Hohenberg’s prescription for classification 
of the dynamic universality class does not work. * 

0 We reanalyzed the chiral phase transition by means of the 
mode coupling theory. 
+The canonical momentum 7r is necessary in order for the 
meson mode (particle mode) to appear. 

0 It is necessary to  analyze the critical points that involves 
the particle mode, such as 

Critical end point 
Tricritical point 
Color superconductor 
Confinement-deconfinement transition 

- Elector-weak transition 

because they are not classified into any dynamic universal- 
ity classes that have been considered in “Rev.Mod.Phys. 
49 (1977) 435 Halperin & Hohenberg.” 
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Thermal effects on quark-gluon 

mixed condensate g(qapvGpvq) 

from lattice QCD 

Takumi Doi, Noriyoshi Ishii, Makoto Oka 
and Hideo Suganuma 

Department of Physics, Tokyo Institute of Technology, 
Ohokayama 2-12-1, Meguro, Tokyo 152-8551, Japan 

The thermal effects on the quark-gluon mixed conden- 
sate g(qop,Gp,q) are investigated in SU(3)c lattice QCD 
at the quenched level. We discuss the importance of 
g(qo-pUGILuq), as it behaves as another chiral order param- 
eter and has the large contribution to the operator prodr 
uct expansion in QCD. We calculate g(qopvGp,q) as  well 
as (qq) in the chiral limit for 0 5 T 5 500MeV, using the 
lattices at ,6 = 6.0,6.1,6.2 in high statistics. Except for 
the sharp decrease of both the condensates around T c  N 

280MeV, the thermal effects are found to be weak below 
Tc. We also find that the ratio mi = g(qoPuGp,q)/(qq) 
is almost independent of the temperature even in the very 
vicinity of T c ,  which indicates nontrivial similarity in the 
critical behaviors of the two different condensates. 
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~ 
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Condensates .represent 
non-perturbative nature of QCD 

0 Quark gluon mixed condensate g(ijupVGpVq) 

Physical importance of 
the mixed condensate g( ippVGPVq) 

I> chiral order parameter 
D strong relation to hadron phenomenology 

0 The Lattice formalism 

SU(3), lattice at the quenched level 
KS fermion 

0 Lattice results at finite temperature 
o chiral restoration of the QCD vacuum 

Summary and Outlook 
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z Motivation 

QCD e hadron physics 

1 How to  understand ? 

The condensate is key concept. 

The condensates em 
erties of QCD. 

iody the non-perturbaive prop- 

e.g. 
(44) +-+ spontaneous chiral-symmetry breaking 

(G,,GP”) +-+ trace anomaly 

4 4 

These vaeuum structures of QCD are reflected on the 
hadronic properties. 
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' I  Schematic correspondence 
between hadrons and condensates 

Physical parameters 
are under control 

(Temperature, quark mass, ...) 
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3 Quark-gluon mixed condensate 

0 Chirality flipping operator 

U v U 

Another order parameter of 
. spontaneous chiral symmetry breaking 
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Direct correlation between quarks and gluons 

g (qopvGpvq) represents the color-octet components 
of quark-antiquark pairs in the vacuum. 

g(qapvGpL/q) and (44) char act erizes 
different aspect of the QCD vacuum. 
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Large contribution to hadron spectrum 

QCD sum rules for baryon masses 

B.L. Ioffe, 
Nucl.Phys.Bl88 (1981) 317 

W-Y.P. Hwang and K.-C. Yang, 
Phys. Rev. D49 (1994) 460 

+.. .  
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QCD sum rule for penta-quark system 0' 
J. Sugiyama, T. Doi and M. Oka, 
Phys. Lett. B581 (2004) 167 

mi@) g(sa Gs) / (ss )  
is a key parameter to determine the parity of @+. 
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Quark-gluon mixed condensate 
- g(WpvGpuq) 

0 The order parameter of ehiral symmetry breaking 

0 Direct correlation between quarks and gluons 

Large contribution to hadron spectrum 

Thermal effects on g(qopvGpvq) 
is interesting to investigate !! 

Physics at RHIC (Finite temperature QCD) 

In spite of the importance of this quark-gluon mixed 
condensate g(qopvGpvq), there is only preliminary (but 
pioneering) lattice result. 

M.Kremer and G.Schierholz, Phys.Lett.Bl94 (1987) 283. 

KS-fermion, 84, ,i3 = 5.7(a = O.l8[fm]), 
- only 1 point x 5 configs 
- [ only at zero temperature ] 
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4 Our Lattice formalism 

Keeping chiral symmetry is important because 
d W p v G , , q  ) is a chiral order parameter. 

4 4 
We use KS-fermion. 

KS fermion 

Doublings are assigned as SU(Nf=4) flavors 

Explicit chiral symmetry is preserved. 
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0 KS fermion 

S 

x, : single-component Grassmann fields 

SU(Nf = 4) spinor field q is composed of x as 

q-field X -field 

m . .  0 - m a a m  
0 0 

m m  m ~ l  
\ 

"hypercube" 

Spinor DoF (4) x Flavor DoF SU(Nf = 4) 

S p  is invariant under 
are assigned to the 24 = 16 sites on the hypercube. 

Explicit chiral symmetry is preserved. 
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In terms of the KS fermion, 

\ 
/ average 

0 

a 

0 

ffjp 0 0  

7oca I" 
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In terms of the KS fermion, 

. n e  e e e e  

"local" 

1 
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We generate gauge configurations with the standard 
Wilson action under the quenched approximation. We 
take 16 point sources (/3 = 6.0) or 2 point sources 
(p = 6.1,6.2) to  calculate the condensates. 
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Finite temperature lattice QCD 

(a) 163 x 16,12,10,8,6,4 at p = 6.0 
(a IV O.I[fm]) 

16 points x 100 configs + 1600 data 

(b) 203 x 20,12,10, (8),6 at ,t? = 6.1 

2 points x 100 configs +- 200 data 
(a rv O.Og[fm]) 

(e) 243 x 24,16,12, (lo), 8 at @ = 6.2 
(a rv O.O'i'[fm]) 

2 points x IO0 configs + 200 data 

(b')(c') For T - To 203 x 8 (p  = 6.1) 
and 243 x 10 (p  = 6.2)' 

2 points x 1000 configs z 2000 data 

large & fine lattices, and large statistics ! 

First study of g(ijop,Gpvq) at finite temperature 
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Results for finite temperature 

I 
I 
1 

I I I I  a i  I Ir 

I I 1 ' 1  I 
I 

2.0 I 

I 1.5 

A p=6.0 
p=6.1 
j3=6.2 

I I 
I 
I 

1 . O I L  

t 
I 

I I I I i I  I I I 
100.0 200.0 300.0 400.0 5 

7 n  I 

. ' I  I I I 
I 
1 1 A p=6.0 
I p=6.1 
I 

I 
I 
I 

T 1 

I fk6.2 . 1.5 i 

1 .d 
t 

0.51 k 
I 

.O 

1.0 
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1 .o 

2.0 

1.5 

I I 1 1  I 
1 
I 
I 
I a p=6.1 
1 - I 
I 
I 
1 

A p=6.0 

I p=6.2 

0.5 

I 
I 
I 
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- I 
I 
I 
1 
I 

I 1 I I 1  I I 



Electric/Magnetic components of g(@+Gpyq) 

2.0 

1.5 

R E/B (T) 
I I I 1  I 

I 
I I A fk6.0 
I e w.1 

I k 6 . 2  I 
- I 

I 

0.5. 

1. 

I 
I 
I 
i 
I 
I 
I 
1 

- 

I 
I I I I  I I 

C O - d o  100.0 200.0 300.0 400.0 k 

T (MeV) 
1.0 

Common critical behavior ! 
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Relation to the chiral zemmodes: 

iqlx> = XlA) 

p(A): the spectral density 

Critical behavior is mainly governed by p(A) 

The correlation between gluon field and zero modes 

(A I o ~ ~ G ~ ~  I A) I is insensitive to the temperature. 
x=o 
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5 Summary and Outlook 

a We have investigated the thermal effects on the quark- 
gluon mixed condensate g (@+,Gpuq) using KS-fermion 
in SU(3) lattice. 

0 5 T 5 500MeV 

f 163 x 16,12,10,8,6,4 lattice, ,8 = 6.0, 
16 points * 100 configs = 1600 data 

203 x 20,12,10, (8 ) ,  6 lattice, p = 6.1, 
2 points * 100 eonfigs = 200 data 

243 x 24,16,12, (lo), 8 lattice, ,8 = 6.2, 
2 points * 100 configs = 200 data 

203 x 8 (p = 6.1) and 243 x 10 (p  = 6.2) lattice, 
2 points * 1000 configs = 2000 data 
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D Chiral restoration has been studied in terms of 
g(4apvGpuq) as well (44) * 

D The thermal effects of g(qopuGpvq) and (44)  
have been found to  be remarkably weak 
for T ;5 0.9Tc. 

D We have obtained rn; = g(qopuGpuq)/(qq) 
is almost independent of temperature. 

D We have found g(qodiG4iq) and g(qojkGjkq) 
also have the same critical behavior. 

New aspects of the chiral structure of QCD ? 
sc Universality of the chiral order parameters 
sc The correlation between gluon and chiral zero modes 

Phys. Rev. D67 (2003) 054504. 
hep-lat/0402005 (2004). 

Future plan: 

Full QCD calculation (dynamical quark effects) 
(in progress) 

0 CompIementary use of 
‘Lattice QCD and the QCD sum rule 

(Hadron spectroscopy at finite temperature) 
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Detailed Lattice QCD Study of the Three-quark 
Potentials: The Ground-state and the Excited-state of 

the Static 3Q System 

Toru T. Takahashi 
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Polarized Parton Distributions and Their Uncertainties 

M. Hirai 
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Comment on ICo Double Spin Asymmetry at RHIC 

K. Sudoh 
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Chiral Doubling of Heavy-Light Hadrons in the 
Vector Manifestation 

Chihiro Sasaki 
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