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Low mode truncation

Low mode truncation

Banks-Casher:

< gqq >= —mp(0).

What we do:
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What one expects for J = 1 mesons:
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Low mode truncation

M.Denissenya, L.Ya.G., C.B.Lang, PRD 89(2014)077502; 91(2015)034505

J=1

JLQCD overlap gauge configurations.
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Low mode truncation

=2 mesons: M. Denissenya, L.Ya.G, M.Pak, PRD 91(2015)114512

T, statel —=—
1200 8 Ty state2 —-a-
Py Ty statel —e—
T, Ty statel —-o

08 40 65 105 125 180 o, MevV

SU

F) symmetry of QCD at high temperature and its implications



Low mode truncation
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Low mode truncation

A hidden symmetry of QCD in Euclidean space

We clearly see a larger degeneracy than the

5U(2)L X 5U(2)R X U(l)A
symmetry of the QCD Lagrangian.

What does it mean 1?7

There must be a hidden symmetry in Euclidean space-time.
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Left-right mixing. The chiralspin SU(2) cs and SU(4) groups.

L.Ya.G., EPJA 51(2015)27

(i) (0,0):
[(0,0); +; J) = \%\R’R:t LL),.
(i) (1/2,1/2), and (1/2,1/2),:
1(1/2,1/2)a; 4+ 1 =0;J) = izu'?L +LR)y,
[(1/2,1/2)0; =1 =1;J) = %‘RTL —LTR),,
(1/2,1/2)p; = 1 = 0;J) = \%U—?L ~LR),,
I(1/2,1/2)p;+i 1 =1;J) = \%H_?TL—&- LTR),.

(i) (0,1)&(1,0):

[(0,1) + (1,0); +; J) = %“_?TR +LrL)y,
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Left-right mixing. The chiralspin SU(2) cs and SU(4) groups.

L.Ya.G., EPJA 51(2015)27

Consider rotations in an imaginary 3-dim space of doublets constructed from

the L and R bispinors
N _(d
o-(n) - ()

UosU=e%U, DD =¢7D,
where o are the standard Pauli matrices: [0/, o/] = 2ie¥* o .
We refer to this imaginary three-dimensional space as the chiralspin space and

denote this symmetry group as SU(2)cs

A group that contains at the same time SU(2). x SU(2)r and SU(2)cs is
SU(4) with the fundamental vector

ur,
URr
di
dr
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Left-right mixing. The chiralspin SU(2) cs and SU(4) groups.

L.Ya.G., M. Pak, PRD 92(2015)016001

We can construct an explicit realization of the SU(2)¢s algebra that acts
on the Dirac bispinors.
Then the SU(2)s chiralspin rotations are generated through

2 ={"% i7" -7}, (2, 2] = 2ie¥ £X .
The SU(4) group contains at the same time SU(2); x SU(2)g and
SU(2)cs D U(1)a with the fundamental vector
ur,
_|ur
V= d
dr
and has the following set of generators:
{("®1p),(lr®@X), (" ® L)}
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Left-right mixing. The chiralspin SU(2) cs and SU(4) groups.

L.Ya.G., M. Pak, PRD 92(2015)016001
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Zero modes and symmetries of Euclidean QCD

Zero modes and symmetries of Euclidean QCD. L.Ya.G., 1511.05857

The Lagrangian in Euclidean space-time for a massive quark in a given gauge
configuration is:

L=V (x)(7uDy + m)¥(x), (1)
with
7,
D[L - 8;1, + lgEA;u (2)

The mass term WT(x)W(x) is invariant under U(1)a chiral transformation:

V(x) = ePW(x);  Wi(x) = Wi(x)e ™. (3)

The kinetic term, WT(x)(7,D,)W(x), breaks this symmetry (757, + 7.5 = 0).
The same is true with respect to the axial part of SU(NF), x SU(NF)r.

What are symmetry properties of both parts under the SU(2)cs and SU(2NF)
transformations?
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Zero modes and symmetries of Euclidean QCD

Zero modes and symmetries of Euclidean QCD. L.Ya.G., 1511.05857

The Euclidean SU(2)cs generators:
=={" i (4)

Combining the SU(2)cs generators with the SU(NF) flavor generators into a
larger algebra we arrive at the Euclidean SU(2N) transformations.

These symmetries are missing in the Lagrangian. Why?
Because a massless "on-shell” quark is described by the zero mode of the Dirac

equation
YuDpWo(x) = 0. (5)

The zero mode is chiral, L or R, depending on the topological charge Q # 0.
Atiyah-Singer:
Q=nL—ng

Conclusion: The zero modes break explicitly SU(2)cs and SU(2NE). -
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Zero modes and symmetries of Euclidean QCD

Zero modes and symmetries of Euclidean QCD. L.Ya.G., 1511.05857

Zero modes are absent in the Q = 0 sector.

Z(,‘;;/:o _ /D\IJD\IJTef d4xwf(x)(imDﬂ+im)W(x)_ (6)
The hermitian Dirac operator has in a finite volume V' a discrete spectrum:
uDpWi(x) = AaWa(x). (7)
We expand W(x) and W(x) over a complete and orthonormal set W,(x):

V) = Y eV i) =3 av(x) (8)

zy, = /H dzede,eStwen | IHTDOnHmVL (Va0 9)
k,n
It is precisely SU(2)cs and SU(2Ng) symmetric:
(UWL(x))! UW,(x) = W] ()W, (). (10)
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Zero modes and symmetries of Euclidean QCD

Zero modes and symmetries of Euclidean QCD. L.Ya.G., 1511.05857

H. Leutwyler, A. Smilga, 1992: Up to an inessential normalization factor

V—oo V—o0
Z85%% ~ 205

The rateis 1/V.

We conclude: Classical Euclidean QCD has hidden SU(2)cs and SU(2NF)
symmetries. The U(1)a anomaly breaks both SU(2)cs and SU(2NE)
symmetries.

The Banks-Casher relation:
Iim0 < 0|V (x)¥(x)|0 >= —mp(0) . (11)
m—

The quark condensate in Minkowski space breaks all symmetriesU(1)a,
SU(NE)L x SU(NEF)g, SU(2)cs, SU(2NE) to SU(Ng)v. Hidden classical
SU(2)cs and SU(2NF) symmetries are broken both spontaneously and
anomalously by the near-zero modes.

A remark. In Q # 0 sectors there do appear contributions from the zero -
modes:W{Wo; W/Wo; WiW, Their contributions vanish as 1/V.



SU(4) symmetry of Ng = 2 QCD at high temperature

SU(4) symmetry of Ng =2 QCD at high temperature

JLQCD (2013 - 2016): m ~ 3 MeV, T ~ 180 MeV
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The reweighted overlap Dirac spectrum shows a gap above T, which is
apparently insensitive to the volume and which increases with temperature.

Our conclusion: Ng =2 QCD is above T. SU(4)-symmetric.

A single quark propagation in Minkowski space-time is impossible. Only
SU(4)-symmetric confined "hadrons” can exist.

L. Ya. Glozman SU(2Nfg) symmetry of QCD at high temperature and its implications



SU(4) symmetry of Ng = 2 QCD at high temperature

Conclusions and predictions

The Euclidean QCD has hidden SU(2)¢s and SU(2NF)
symmetries. They are broken anomalously and spontaneously by
the physics that is associated with the near-zero modes of the
Dirac operator. Instantons?

A consequence (L.Ya.G., arXiv 1512.06703): At high temperatures
T > T., where chiral and U(1)4 are restored, the matter is
SU(2)c¢s and SU(2NEg) symmetric. There cannot be deconfined
quarks and gluons.

This statement can be verified on the lattice: Calculate correlators
of operators that transform under SU(2)cs and SU(2NEg). At

T > T, they should become identical.
e
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