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S\ Isobaric Quantum Spin Asymmetry

* To explain the neutron-proton symmetry, Heisenberg introduced
isobaric spin (isospin) into nuclear physics.

» Wigner added more detail [2]. p & n are states of nucleon

* The experimental confirmation of this quantum number was
carried out in the thirties and fifties of the last century [3,4].

g=+l
1 1
. . 1 —e|2q 2
proton §= A p= 2+2>
111=938 28 MeV
[1] W. Heisenberg, Z. Physik, 77, 1-11 (1932)

[2] E.P. Wigner, Phys. Rev., 51, 106-19, 947-58 (1937) q=0 |
[3] G. Breit, E. Condon, R.D. Present, Phys. Rev., 50, 825-45 (1936) c> neutron - S:% "= 11
[4] D.H. Wilkinson, and G.A. Jones, Phil. Mag., 44, 542-47 (1953) 1=939 37 MeV
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\ Isobaric Quantum Spin Asymmetry

Isobaric spin guantum number

0
|

Anderson et al. showed In 1961 that isobaric spin concepts were important in
heavy nuclei as well [5]

The major difference between nucleons i1s that neutrons are uncharged.
This “binary’’ nature of nucleon charge could be simply represented b:
charge operator Q and its associated eigenstates x¥(N), wherein

Ox (V) = gx(V) 2.1.
with g=0 and 1 being a measure of the charge on a neutron () or a proton

(p) respectively.

[5] J.D. Anderson, and C. Wong, Phys. Rev. Letters, 7, 250-51 (1961),
[6] D. Robson, Isobaric Spin in Nuclear Physics, Annual Review Nucl. Sci. 16, 119-152 (1966)
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z‘\ Isobaric Quantum Spin Asymmetry

Isobaric spin guantum number

« Isospin | is a vector quantity.
+  Both up and down quarks have [=1/2, [ .=+1/2 for up and [.=-1/2 for down quarks.

«  All other quarks have [=0.

I = Z(nu —ng)  valid for all hadrons

Finite / plays a major role in various physical systems, for instance, early
Universe especially at large lepton asymmetry, compact stars with pion

condensates, and spectroscopy of nuclei.

W. Greiner; B. Muller, Quantum Mechanics: Symmetries, (1994).
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A\ Isobaric Quantum Spin Asymmetry
n Lattice QCD at finite Isospin asymmetry

Lattice QCD simulations at finite £ has a real and positive action and therefore
can straightforwardly be implemented in the Monte Carlo techniques

180 chiral L’:1'11'J.'=,5{T'p'e1‘ | | 1 g.15'.
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LATTICE2021 Workshop: Advancing the Understanding of Non- Chinese Physics C 44, (2020) 083106
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Isobaric Quantum Spin Asymmetry

Lattice QCD at finite Isospin asymmetry

.
Extrapolated to finite baryon-chemical potential
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Finite u-lattice QCD could be utilized to improve sign'ﬁproblem at finite
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Isobaric Quantum Spin Asymmetry

Lattice QCD at finite Isospin asymmetry .

Lattice QCD at finite g and finite g4, obviously share some common
features, such as, deconfinement, particle creation, Silver-Blaze
phenomenon, and Bose-Einstein condensation (BEC).
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are p-independent up to c
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I\ Isobaric Quantum Spin Asymmetry

Polyakov Linear-Sigma Model

aon

At finite isospin asymmetry in Minkowski space, the LSM Lagrangian density with
Nf g-flavors can be incorporated with the Polyakov-loop potential

EPLS;\J — "‘:'E]lirﬂl — H['ﬁ: 'il_)JT) . (1:’
The first term in (1) stands for LSM Lagrangian density in chiral limit
-Echiral — L;L. +£m1 {2:]

where the first term counts for the contributions of the quarks (fermions) with Nc color dof,
while the second term stands for the mesonic (bosonic) fields.

The second term in rhs of Eq. (), I4(¢,®,T) stands for the Polyakov-loop potential, which
introduces the gluonic degrees-of-freedom and the dynamics of the quark-gluon interactions to
the chiral LSM E] In the present calculations, we utilize a Polyakov-loop potential, which

counts for strong coupling and includes higher orders of the Polyakov-loop variables.

\AAY] | I\JIIUrJ. I_\UVQII\,IIIB Liic UIIU\.«IJLOIIUIIIB Vi INUVILTT
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Isobaric Quantum Spin Asymmetry
Polyakov Linear-Sigma Model
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P"f 1

O = Y Tu(0a +im) (6)

1=
where o, and m, are the scalar and pseudoscalar fields, respectively. In vacuum state with U(1)4

anomaly and as a result of the spontaneous symmetry breaking, the expectation values of mesonic

fields, (@), and of their conjugates, ($1) are generated with the quantum numbers of the vacuum [Aﬂ]

This leads to exact vanishing mean value of T, but assures finite mean value of &, corresponding to

the diagonal generators U(3) as gy # 03 # g # 0, where {iI}}l_zl Thog +Th03 +Txog .
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A\ Isobaric Quantum Spin Asymmetry
mn| Polyakov Linear-Sigma Model
On the other hand, o3 breaks the isospin asymmetrv SU(2) , Furthermore, the potential of pure

mesonic contributions in SU(/Nf) can be written as )

m2 4
U('ﬁ_:} — (? — h-a.) Ta — 3gabcﬁb Tc — E abed Tb Tc04, (?J
where the coefficeints G- and Fap.q4 are given as
c 3 g
Gape = s |:dubc: —3 (dobedan + Ganclb0 + Garnden) + Edﬂmﬁunﬁbnﬁm] : (8)
A A
Fﬂbﬂd — El [ﬁabﬁcd + ﬁﬂd'&ﬂf + "5111:5541] + Eﬁ [‘dﬂbndnr:d + dﬂdﬁdﬂbﬂ + damdnbd] - (Q:}
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I\ Isobaric Quantum Spin Asymmetry
f[\ Polyakov Linear-Sigma Model
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The explicitly symmetry breaking terms, fig. fig and /g, can be determined by minimizing the potential,

Eq. (7), on tree level, 9U(¢)/06, = 0. hg and hg, can be determined from the partially conserved

axial current (PCAC) relations Hypothesis of Partially Conserved Axial-Vector Current
1
ho = 7 (m2 fr + 2m¥ fic) (10)
2
hg = — (m2f. — m? . 11
8 1,/5 ( frf Hff"f) | ( }
The generator operator T, = Aﬂ;’ 2 in U(3) is a obtained from (Gell-Mann matrices Aa ] with the
indices running as @ = 0,--- , 8. From U(3) algebra, we hawve
[Ta: Tb] — ifﬂbcfm (Alj
{Tﬂ,, Tb} — id,, T, (A2)
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w Isobaric Quantum Spin Asymmetry

Polyakov Linear-Sigma Model

where fup. and dg;. are the standard antisymmetric and symmetric structure constants of SU(3),

respectively. The symmetric structure constant dgz. can be defined as

dase = 777 [{3a, S} 4] (43)
oo = %5.15. (A4)

In PCAC relation, the decay constant f, is related to the symmetric structure constant as

fa: = QpatCa- (ABJ

Accordingly, the decay constants of the charged and neutral pion mesons (f,+ = f1, fr0o = f3) and

kaon meson (fx+ = f1, fxo = fg) are given as
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Isobaric Quantum Spin Asymmetry
Polyakov Linear-Sigma Model
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2 1 _
f?r':' — f?ri — \/;U'D + ﬁﬂ_ﬁvr {Aﬁ}
o \/E_ L1 A7
Kt = SJD EJE_ Ev/—'jg:- ( }
2 1 1
fK':' = \/;J[l — EJE — WUE? [AB]

where the isospin sigma field, 74, is the difference between the decay constants of neutral and charged
kaon mesons as,

From the experimental and recent lattice review on physical constants

ot = [0 =92.4 MeV
and fr+ = 113 MeV, fro = 113.453 MeV.
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Polyakov Linear-Sigma Model

Thus, the explicit symmetry breaking term, A3, can be deduced from 9U(7)/803 = 0,

c e

= 2 — E
ha = [fm? + 7500 — =08+ M (60° + d3° + 68°) + Ao ( 248 \/_Jnﬂa)] a3, (12)
where the square brackets |-- - | is the =g = (frx+ — fKo)
ha = m (fict — fro), (13)

As a result of the finite isospin asymmetry, the masses of the quark flavors, as nature likely prefers,

are not entirely degenerated, i.e. m, £ mg = m.. To assure this situation, we use the orthogonal

basis transformation to convert the condensates from the original basis, ; to pure up
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i Isobaric Quantum Spin Asymmetry
mn Polyakov Linear-Sigma Model
(0y), down (g4), and strange (0,) quark flavor basis, respectively,
-u:r_u- 'v"ﬁ 11 'a:ﬁ;.-
1
ggl = ﬁ V2 -1 1 ag
T4 1 0O —ﬂ.@ as

Accordingly, the masses of u, d, and s quarks can be expressed as,

g g g
My = =0y, My = =04, My = —=0;.

2 2 NG

(14)

(15)

As mentioned above, the potential of the pure mesonic contributions can be obtained by substituting

the mesonic field, Eq. (6], in the potential term of chiral LSM Lagrangian density, Eq. (). The
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Polyakov Linear-Sigma Model

can be given as,

2
¢ A
—— 7,040 + 1_{':'[: (ﬂﬁ + r:rﬁ + EJE)

2

T
Uloy, 04, 05) = —{JE + g2 —|—EG’E] —
A . o
+ 2 (0h+ 08 +40%) — hua? 'Z'T”d ~hg % ha, (16)

For symmetry breaking in vacuum, H # 0, ¢ £ 0 and A # 0, the impacts of the isospin asymmetry

violating SU(2), ho, hs and hg, have nonzero values, at the chiral masses m, # mg # m; # 0. _

hug [MeV3][hy [MeV3]|he MeV3][m2 MeV2]| Ay | Ao

m, [MeV]|e [MeV]
—(78.31)3 | (336.41)° | -(306.26)% |13.49]46.48

800 | 4807.84| (120.73)3

Values of the LSM parameters given in the mesonic Lagrangian, Eq. ({]), as fixed at m, = 800 MeV
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Isobaric Quantum Spin Asymmetry

Polyakov Linear-Sigma Model

In the mean-field approximation (MFA), the PLSM thermodynamic potential can be related the
to grand-canonical function Z, which is given in dependence of the temperatures T' and the chemical
potentials of f—th quark flavor uy, see App. (B),

T, 1) = =B — U(o,, 04, 02) + Upan($,8,T) + Q5 (T, 1), (17

The chemical potentials us are related to conserved quantum numbers of - for instance - baryon

number (5, strangeness (5 ), electric charge (()), and isospin (/) of each quark flavors,

-
. = 18
KB  EQ  HI
_ _Ho 19
HE HQ
3 — - - - 2']
1 3 3 —Hs (20)
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Polyakov Linear-Sigma Model

In expression (17]), the first term U (o, 04, 05); the potential of the pure mesonic contributions, was

given Eq. (16}, while the second term Upyyyu (o, c;’_J,T}, the potential of Polyakov loop variables, was

elaborated in Eq. (Bl). The last term refers to the quarks and antiquarks contributions to the PLSM
potential |37, [51453],

°© dﬂp
Qpyp(Topg) = —2T ) f E?T}g 1 +ngs(T, pp)] +1In[l 4+ ng (T, ps)l, (21)
f=u.d.s

where the number density distribution for particle is given as

ng +(T, nf) = 3 (f;:- + q‘se—ﬂn:ﬂ) « et 4 E_Eﬂﬂ_"ﬂ, (22)

which is identical to that of anti-particle n, ¢(T', pts) with —p ¢ replacing +p ¢ and the order parameter
¢ by its conjugate ¢ or vice versa. By = {I_ﬂ + m?)” 2 is the energy-momentum dispersion relation

with m; being the mass of f th quark flavor.
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Some Thermodynamic Results
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Some Thermodynamlc Results
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Isobaric Quantum Spin Asymmetry

I\ Some Thermodynamic Results
n
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Some Thermodynamic Results
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Conclusions

In SU(3), finite isospin asymmetry makes the mean sigma fields «,
having nonzero diagonal generators as @y # 03 # s # 0 and the
parameters of explicitly symmetry breaking are non-vanishing

hg # hs # hg # 0.

This means that, the impacts of finite o; and h; break SU(2) isospin
asymmetry, where o, = 0, + 0, and 04 = 0, - O;.

To this end, we first driven the thermodynamic potential of pure
mesonic contributions in SU(3) in basis of 0, 04 and o..
Polyakov-loop potential in integrated in to assure integrating the
gluonic dof in the chiral LSM and the gluon-quark interactions.



