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» m=0is invariantunder g, — V;q;, qr — Vpqr, V,r € Un)

o Global symmetry: U;(n) X Up(n) =|SU;(n) X SUR(n)|X Uz(1l) X U,(1)

Explicitly broken
‘ Baryon number (by topological fluctuations)
Spontaneously broken

SUy(n) > [Witten, 1979][Veneziano, 1979]

. Consequence: 77" is not a (pseudo) Goldstone boson: 4—;}}( (M,? + M,?, — 2M12<) = Y ,
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U, (n) X Un(n) = SU, (n) X SUx(n) X Ug(1) X Uy(1)
?

— 2 2 4 - _
)(top — <Qtop> [V = My X5 disc m|d AYYsY = Qtop
i SU;(2) X SUR(2) [Kogut, Lagae, Sinclair, 1998]
As5con : 1/77/551// +t—> O . l/_ﬂr” Acon +)(disc
Us(1) I I U,(1)
—_ T -
Yen O:WZW = NIYISW Xscon = Xsdise Not fully settled
SU;(2) X SUR(2)

Xn = X5 = Xdisc = X5,discs for T>2Te,m—0 — Aop = <Qt0p>2/v = mlz)(disc

Topology is closely related to the symmetry breaking pattern and particle spectrum in finite temperature QCD
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Background and motivation
QCD, chiral dynamics

Quenched theory Theory with fermions
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g a T UV o= . . .
q(x) = F, F, Governs the dynamics of the chiral density
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Background and motivation
Strong CP problem & Axions

2
_ _ _ _ g ~
Locp = ), @, Dal + @.Dal,— m(@,ql. + @'a))+0 ) 5 FinE F Lauge
/ a
. . _ ~10 .
» Experiments on Neutron electric dipole moment: 8 < 0.5 X 10 Talk by [A. Shindler, Mon]

 Solution: the axion, the minimum is effectively at @ = (

2

a g 8
L=L-+@0ar’+|0+— Fa fapy

a

con2 2
- Ingeneral: myfy = xiop

* Axions are possible candidates of dark matter
Talk by [G. Schierholz, Tue]



Problem

How to measure topological charge and density on the lattice?

e Simulations on the torus: no topological invariant
* |Integer-valued

e Discretization effects




Definitions of topological charge

» Index of the overlap Dirac operator: Q =n_—n_,, D = (1 + yssgn(ysDy/(—my,)))

* Wilson-Dirac spectral flow [ETMC, 2020]

Numerically expensive

» Spectral projectors

- Fermionic definition: y;,,, = (Qtop)z/V = mlzj(disc, In the chirally symmetric phase

2

5 a rauv : Y a
7 I, b, gluonic definition of £ (clover, e.g.)

. Gluonic definitions: g(x) =

» Gradient Flow and other smearing routines (removing UV fluctuations)
Talk by [M. LUscher, Tue]

What about continuum limit?

No definition is definitely preferable over others 7



Gradient Flow and topological susceptibility
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05
GF evolution: 0_A (7,t,x) = — —— ’
) voluti i ﬂ(f ) oA £, ~ |

. 04" =0,07,0,0" =0

[M.Ce et al., 2015]

. {(¢"(0)q"(0)) = (g™ (x)g"="(0)) + O (a*) + O(z)

» One can use any definition of g(x), we use gluonic clover discretization




Questions to discuss
QCD @ finite T

* [opological susceptiblility
* [opological charge correlator

 Thermal (sphaleron) rate (gluodynamics)

* 7' mass



Wilson twisted mass fermions

Lattice setup: TWEXT collaboration

Nf = 2 4+ 1 + 1 Wilson twisted mass fermions at maximal twist

lwasaki gauge action
m_ € [mP™s, 370 MeV]
Physical strange and charm quarks

Fixed scale approach: a = fixed, 1"+ N,

Based on ETMC T = O parameters
[C. Alexandrou et al.,2018]|C. Alexandrou et al.,2021]

Quenched simulations with Wilson action

m, [MeV]

a [fm]

136.2(3)

0.0684(3)

139.7(3)

0.0801(4)

225(5)

0.0619(18)

383(11)

0.0619(18)

376(14)

0.0815(30)
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Gradient flow definition vs Fermion definition

Systematics from twisted mass fermions
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Systematics from other fermions

Spectral projector method vs Gradient flow definition

[A.Athenodorou et al., 2022] Plot by C. Bonanno
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GF in general gives larger result - can they converge in the continuum limit? 12



Topological charge correlator
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Topological charge correlator
. C,(x) = limlim (g;(x)q;(0))

7—0 a—0

. (GG 0)) = C,(x) + O(a>) + O(2)

[M.Ce et al., 2015]
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Topological charge correlator
. C,(x) = limlim (g;(x)q;(0))

. (GG 0)) = C,(x) + O(a>) + O(2)

7—0 a—0

e 1°/8 > 1> a’

» Clover discretization of g, (x)
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Quenched theory
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Sphaleron (thermal) rate
G(t) = ) {q(t,x)9(0,0))

Gett) = | plan 22D p(@) = IMGH(@. % = 0)
sinh fw/2 T ’
['cg = — 27T lim pl@) UV part: p (w) = bty w* : seems to be small
w—>0 @ 1 25671'4

Inversion with Backus-Gilbert method

[L. Altenkort et al., 2021] [G. Moore and M. Tassler, 2011]
| | | | 030 | | .\ | | /
1.6} } T gV 1 3004
ata ’
1.4 £ t ¢ BG |]
1.2+
LD
~ 1.0f
s
0.8}
©
| 0.6} |
ol -
- 0.05¢ 7
| | TIT,=1.24 :
0.0 0.4 0.5 0007513 12 15 16 17

T/T.



Topological charge correlator in theory with fermions

2.0

» Noisy of for the extraction of I . N %iiiﬁﬁiﬁiiiiiiﬁi |
~ 1A T=170 MeV, x?/dof=0.41 ,
51.6-
* Assuming that the major part of the spectral = N\ — //
function p(w) is given by ', we can T e Z
" %1.0- I \ \ I
estimate mn,(T) |l
| | 4 9 T—?VT/Q 2 4
» Results suggest that anomalous contribution m, =210 MeV, t/a*> = 1.5, a = 0.065 fm
to m, disappears at the transition "
T =127 MeV 1D i _ }
Effective mass vs GF time o }
— 12501 i v
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= 750 : + i & _
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Summary

* Applications of the Gradient Flow to topological properties in QCD and QCD-like theories (in hot phase as well)

 GF works for the topological charge correlator and related quantities

 Sphaleron (thermal) rate in gluodynamics

e 1’ mass

 GF and topological susceptibility: difficult to make a continuum extrapolation, especially, at high temperatures
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