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Symmetries of electric and magnetic interactions in electrodynamics

Symmetries of electric and magnetic interactions in electrodynamics

divE = 4mp
1 0E 47
tB—~-— = —j
e c Ot c )
10B
tE+-— = 0
rotk + c Ot
dvB = 0

How do we define E and B in a given Lorentz frame?

F:qE+q%><B

Possible to measure directly F in electrodynamics but not possible in quantum
chromodynamics. Is there another method to distinguish E and B? Yes!

Consider charges to be particles with s = 1/2. Two states: 1 (spin up) and |

(spin down):
(1)

L. Ya. Glozman Chiral spin symmetry of QCD and its implications for hadrons in vacuum and



Symmetries of electric and magnetic interactions in electrodynamics

Symmetries of electric and magnetic interactions in electrodynamics

Instead of spin-up and spin-down consider helicities (chiralities for massless
particles):

R:s-p>0
L:s-p<O

(%)

Consider a SU(2) chiral spin transformation that mixes R and L:

(1) (0 )=o) (7)

What happens with the charge density p?

RIR + L'l =RTR+LTL

/
p=p
Charge density is invariant under the chiral spin transformation.
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Symmetries of electric and magnetic interactions in electrodynamics

Symmetries of electric and magnetic interactions in electrodynamics

What happens with the current density j = pv?
Upon the chiral spin transformation v and j change.
Fe = qE

Fs=~jxB

Interaction of a charge with the electric field is invariant under the chiral spin
transformation, while interaction of a current with the magnetic field is not.

We can distinguish the electric and magnetic fields by the chiral spin symmetry!
The electric part of the EM theory is more symmetric than the magnetic part!

L =L(E,B) — pp+j- A+ matter part
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Chiral spin symmetry in quantum chromodynamics

Symmetries of quantum chromodynamics

;. _ 1 v
L=q(in"0u = m)q +£37"Tq- Ay — 7 (Fu - F")

In the chiral limit the Lagrangian can be separated into the right- and left
handed parts of quarks g = R + L:

L= Rin"OR+ Lin'0,L+ gRy'TR-A, +gly'TL-A, — %(FW -F*)
This Lagrangian is invariant under the U(1)4 transformation:
g—€""q

It is also invariant under SU(2)r x SU(2), chiral transformation:

Ur up \ _ e"o" Ur
(o)~ (%)-=(5)(%)
ur ) e"o" up
(&) -(d)-==(=) (%)
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Chiral spin symmetry in quantum chromodynamics

Symmetries of quantum chromodynamics
The chromoelectric field is defined via interaction with the color charge

F=QF, Q= /d3x q'(x)T?q(x), a=1,..,8

It is invariant under SU(2)¢cs: g — ¢/ = exp <i€n§:n> q, > = {vk, —iv5Vk, V5 }
G T2q(x) A% = g (x) T?q(x) A3 +G(x)7 T2q(x) A?

In a given Lorentz frame interaction of quarks with the electric part of the gluonic field

is chiral spin invariant like in electrodynamics.

SU(2)¢cs x SU(NF) C SU(2NEg); SU(2NF) is also a symmetry of the color charge.

The color charge and its interaction with the chromoelectric field have a SU(2Ng)
symmetry that is larger than the chiral symmetry of the QCD Lagrangian as a whole.

The fundamental vector of SU(2NE) at N =2
uR
_ | u
V= dr
d.
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L.Ya.G., EPJA, 2015; L.Ya.G., M.Pak,PRD, 2015
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Chiral spin symmetry in quantum chromodynamics

CS and SU(4) multiplets
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Chiral spin symmetry in hadrons in vacuum

Observation of the chiral spin symmetry at T=0
Banks-Casher:

iTuDupn(x) = Anthn(x), < §q >= —mp(0).

Low mode truncation, M.Denissenya, L.Ya.G., C.B.Lang, 2014-2015:
k
1
S=Smn—, ~ [Xi) (il

i=1 7

mass,
MeV

2000

1500

SU(2)cs and SU(4) symmetries.
The magnetic interaction is located predominantly in the near zero modes while the confining

electric interaction is distributed among all modes.
. . . . UNI
Confinement and chiral symmetry breaking are not directly related.
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Chiral spin symmetry in hadrons in vacuum

Observation of the chiral spin symmetry at T=0
Minkowski QCD Hamiltonian in Coulomb gauge:

Haocp = He + Hg + / d*xW! (x)[~iex - V]W(x) + Hr + Hc,

with the transverse and instantaneous " Coulombic” interactions to be:
Hr— —g / PxVi (e - £AY(X) V(x) |

2
Hc = g? / d’xd’y 71 p?(x)F*(x,y) J p°(y) -

The confining " Coulombic” part is SU(2Nf) x SU(2NF)-symmetric.

s s >
UNI

p
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Chiral spin symmetry in hot QCD

Before and after RHIC

What happens with hadrons in the medium upon increasing T?

. QGP = free (deconfined) quarks & gluons
T
QGP = free (deconfined) quarks & gluons
sQGP = free (deconfined) but strongly interacting
P quarks & gluons
pc ~a
~ ~
HADRON GAS
HADRON GAS
\ NUCLEI \ NUCLEI
" m
BEFORE RHIC AFTER RHIC

The chiral restoration crossover is observed at T = 120 — 180 MeV with the
pseudocritical temperature at T, ~ 155 MeV.

We need objective information about degrees of freedom. Can be obtained in
computer simulations on the lattice.

UNI
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Chiral spin symmetry in hot QCD

Before and after RHIC
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Figure : P. Petreczky and H.-P. Schadler, 2015.
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Figure : Left: T = 141 MeV; right: T = 166 MeV.
D. A. Clarke, O. Kaczmarek, F. Karsch, A. Lahiri, 2019.

There are no evidences that above T, the degrees of freedom are (quasi)quarks and
(quasi)gluons!
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Chiral spin symmetry in hot QCD

Correlation functions

The most detailed information about QCD is encoded in correlation functions
Cr(t, x,y,2) = (Or(t,x,y,2) Or(0,0)") .

They carry the full spectral information pr(w, p)

Cr(t,p) = /ooo g—: K(t,w)pr(w,p), K(t,w)= Coszgnwtf(tw_/;'{'z)T)) '

The spatial and temporal correlators are defined as

G(z) = Z Gr(t,x,y,2),

Xyt

)= Gilt.xy.z2).
xX,y,Z
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Chiral spin symmetry in hot QCD

Spatial correlators above T,

C. Rohrhofer, Y. Aoki, G. Cossu, H. Fukaya, C. Gattringer, L.Ya.G., S. Hashimoto,
C.B. Lang, S. Prelovsek , 2017 - 2019
Nf = 2 QCD with the chirally symmetric Dirac operator.
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E1 - U(1)a symmetry; E2 - chiral spin and SU(4) symmetries; E3 consistent with
both chiral symmetry and chiral spin (SU(4)) symmetry.
SU(2)cs and SU(4) symmetries persist up to T ~ 500 MeV.
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Chiral spin symmetry in hot QCD

Spatial correlators above T,

R I ! . —
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Chiral spin symmetry in hot QCD

Temporal correlators above Ty

C. Rohrhofer, Y. Aoki, L.Ya.G., S. Hashimoto, 2020
Ne =2 QCD at T =220 MeV

PS ——
s —
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1T T

Free quarks: SU(2), x SU(2)r and U(1)a multiplets.

Full QCD at T = 220 MeV: U(1)a, SU(2). x SU(2)r, SU(2)cs and SU(2NF)

multiplets.
Above T, QCD is approximately SU(2)cs and SU(4) symmetric.
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Chiral spin symmetry in hot QCD

Three regimes of QCD

TMe , T/MeV
1200+
Quark-gluon plasma
€T 10004 o, L9
< o S
5 4 5}
800 | S
600 4 =
3 [$)
Cad
o] 40T SU2es \_:\
41 200 4
Hadron gas (d
0 o4 (gq) #0 (<)

0 — T - Hadron Gas (broken chiral symmetry);

Teh — 3Ten - Stringy Fluid (chiral, SU(2)cs and SU(4) symmetries; electric
confinement)

Stringy fluid is mostly populated with J = 0,1 states. It is a densely packed
system of mesons that interact strongly.

UNI

T > 3T - a smooth approach to QGP (chiral symmetry) i



Chiral spin symmetry in hot QCD

Correlators in 24+1+1 QCD with domain walls. T.-W. Chiu, 2302.06073
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Parity doublets and CS symmetry

Parity doublets and CS symmetry

v=( v )

1 1

Vg (Ve +V); V= — (Ve —V_).

V2 V2
L= I’\TJ+"{“(9/L\U+ + I'\TJ,’YV’aM\Uf - m\TJ+\IJ+ - m\TI,\IJ,

or

L= i\TJL’y“a#\UL + i\TJR'y“BH\IIR — m‘I’L\UL — m‘T/R\VR.

= Wp
oo ()
Ve .ea” Ve
— .
( v, ) &P (’ 2 v,
The parity doublet Lagrangian is not only chirally invariant, but also SU(4)-invariant

with the generators of SU(4) being
{7@1),(1®"),(r°©c")}
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Parity doublets and CS symmetry

Chiral spin symmetric band, L.Ya.G., O. Philipsen,

R. Pisarski, 2022

T T
QGP QGP
Ty Ty
stringy fluid
stringy fluid
CS symmetric
Ta, T, (MESEYE
HRG —— quarkyonic ——— HRG quarkyonic
nuclear  baryon parity quark nuclear\baryon parity quark
Y ater | doubles matter Y matter |~ doublets matter
my 7 ? 12: my 7 1B

Chiral spin

of QCD and its implications for hadrons in vacuum and




Parity doublets and CS symmetry

Screening masses and stringy fluid, L.Ya.G., O. Philipsen, R. Pisarski, 2022

ePVIT = 7

Tr(e™ M)

Tr(e—aHzNZ) — ZE_E”ZNZ ,
nz

QGP - (quasi)parton dynamics drives observables.

Lattice at T ~ 1 - 160 GeV (M.D. Brida et al, 2022) :

m
S = 14X (T) 23 (T) + e gt(T),
2n T

my

mps a4
v J— 2 T [ o=}
27 T 27 T s &°(T),
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Parity doublets and CS symmetry

Screening masses and stringy fluid, L.Ya.G., O. Philipsen, R. Pisarski, 2022

From A. Bazavov et al, 2019:

ad
]
B A 4 i
$9.9 T
Ly I
P
K
b
$
bk T[GeV] 2
5.6 = T T T T T
0.5 1.0 L5 2.0 25 3.0

An independent demonstration of the existence of a temperature window
Tpc < T < 3Tpe, in which chiral symmetry is restored but the dynamics is
inconsistent with a (quasi)partonic description.
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Parity doublets and CS symmetry

Screening masses and stringy fluid, L.Ya.G., O. Philipsen, R. Pisarski, 2022
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Figure : The pressure calculated with HISQ action for Np =2 + 1 QCD. From A.
Bazavov et al, 2018.
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Parity doublets and CS symmetry

7 spectral function

From spatial correlators via generalised Lehmann representation to spectral
functions; P. Lowdon and O. Philipsen, 2022
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Existence of a pion state and its first radial excitations above T,. A clear
demonstration that above T, the degrees of freedom are hadron-like.

L. Ya. Glozman Chiral spin symmetry of QCD and its implications for hadrons in vacuum and

UNI



Parity doublets and CS symmetry

Bottomonium above T.,. R. Larsen et al, 20

Mass shifts with respect to zero temperature mass and widths:
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100 il { 1 1
100 ! I I
3 50 - Y(29)

S oty 7 §
i

&

49 - Y(1S)

o T T +

-20

40|

150 200 250 300
T (MeV)

+ Y(1S) « Y(25) = Y(38)

3

< 400 % +
200 i (]

.
i : ¢

150 200 250 300
T (MeV)
A clear demonstration that above T, the degrees of freedom are hadron-like.
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