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Time from Big Bang|
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Axions’s freezout

SH(T) = ma(T)
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Temperature

H(T)~T?*/Mp

M.(T) =1/ X(T)/ fa



Outline for today:
-Topology: 6 term, topological charge

- Resolution of the UA(1) puzzle, 7 mass
- Why Is topology challenging? Methods

- Topology at T=0 - results

- Hot QCD topology : introduction



QCD topology, long standing focus of strong interaction:

-learning about the structure of the (s)QGP
-fundamental symmetries, strongCP problem —> axions
-hampered by technical difficulties

Recent developments:

-methodological progress: gradient flow, chiral fermions

-first results for dynamical fermions at high temperature:
Trunin et al. J.Phys.Conf.Ser. 668 (2016) no.1, 012123 «

Bonati et al. JHEP 1603 (2016) 155 TmFT
Borsany et al. Nature 539 (2016) no.7627, 69-71

Petreczky et al. Phys.Lett. B762 (2016) 498-505

Burger et al. Nucl. Phys. A, In press +work in progress

Taniguchi et al. Phys.Rev. D95 (2017) no.5, 054502



9 term and Ua(1) problem
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The @  dependence solvesthe  Uyu(1)

q — e'*5q

Approximate symmetry:

Would be broken by the (spontaneously generated)

problem:

qq

the candidate Goldstone is the

BUT:

the divergence of the current -
J5 = qY5Yudq,

1

3/ — —
Oujs = mqysq 392 Fl{
Contains another term
The Ua(1l) symmetry is explicit broken

Particle Particle _ Antiparticle
name  symbol T

Pion!®] m
Pionl7] .
Eta

meson!&! n
Eta prime ,
meson® | i)
Kaonl12! K

Kaonl'3! K

Heavy!!

symbol v

L

Self

Self

Self

%

Quark Rest mass
content (MeV/c?)
ud 139.570 18 +0.000 35
ui—dd [a)
72 134.9766 +0.0006
witdd=2s8 @ 547,862 £0.018
V6
uti+dd+ss [a]
7 957.78 +0.06
us 493.677 +0.016
ds 497.614 +0.024



The @  dependence solvesthe  Ugx(1) problem: ...... orovided that

1 ~
d433FF is different from zero.
3272
1 .
It can be proven that /d4:1:FF =0 (topological charge)
3272
and

Q:TL_|_—?7/_



...... provided that

1 -
3972 d433FF is different from zero.

It can be proven that

Gluonic definition

and
Fermionic definition
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1 Otnnad, Urbach, Michael (ETMC)

2013

Mn = 551(8)stat(6)sys .

My = 1006(54)stat (38)sys (+61)ex

OK!



A note on computation:

g°0

EQCD(H) = ACQCD -+ 202 E“VPGF:VF;U. \
Ammitted but 9 < 10° d4 92 Fﬁ"
= t
@ / Y 3on2"
Sign problem

Approach similar in spirit to Taylor expansion for chempot

Zgep(0,T) = / [dA][dv][dy)] exp <—TZ d’z EQCDW)) = exp|—VF(0,T)

Simulationsat @ = () 32}7(9 T)

0 x(T),= (€@ >—-<Q>)/V

6=0



Comparison of topological charge definitions
in Lattice QCD

Constantia Alexandrou®®, Andreas Athenodorou®?, Krzysztof Cichy®¢,
Arthur Dromard®, Elena Garcia-Ramos/9, Karl Jansen/,
Urs Wenger”, Falk Zimmermann® 5017



Comparison of topological charge definitions

nr full name smearing type short name type
1 index of overlap Dirac operator s = 0.4 — index nonSmear s = 0.4 F
2 index of overlap Dirac operator s = 0.0 — index nonSmear s = 0 F
3 index of overlap Dirac operator s = 0.0 HYP1 index HYP1 s =0 F
4 Wilson-Dirac op. spectral low s = 0.0 HYP1 SF HYP1 s = O 0] F
5 Wilson-Dirac op. spectral flow s = 0.75 HYP1 SF HYP1 s = 0.75 F
6 Wilson-Dirac op. spectral low s = 0.0 HYP5 SF HYP5 s = 0.0 F
7 Wilson-Dirac op. spectral flow s = 0.5 HYP5 SF HYPS5 s = 0.5 F
8 spectral projectors M2 = 0.00003555 — spec. proj. M? = 0.0000355 F
9 spectral projectors M2 = 0.0004 — spec. proj. M? = 0.0004 F
10 spectral projectors M? = 0.0010 — spec. proj. M? = 0.0010 F
11 spectral projectors M2 = 0.0015 — spec. proj. M2 = 0.0015 F
12 field theoretic (clover) — cFT nonSmear G
13 field theoretic (plaquette) GF (Whbplaq,to) pFT GF Whplaq to G
14 field theoretic (plaquette) GF (Wbplaq,2t0) pFT GF Whplaq 2% G
15 field theoretic (plaquette) GF (Wplaq,3tp) pFT GF Wplaq 3to G
16 field theoretic (clover) GF (Whplaq,to) cFT GF Whplaq to G
17 field theoretic (clover) GF (Wbplaq,2tp) cFT GF Wplaq 2% G
18 field theoretic (clover) GF (Wplaq,3tp) cFT GF Wplaq 3¢g G
19 field theoretic (improved) GF (Whplaq,tg) iFT GF Whplaq %o G
20 field theoretic (improved) GF (Whplaq,2ty5) iFT GF Whplaq 2% G
21 field theoretic (improved) GF (Wbplaq,3t0) iFT GF Whplaq 3to G
22 field theoretic (clover) GF (t1Sym,tp) cFT GF tlSym %o G
23 field theoretic (clover) GF (t1Sym.,2¢p) cFT GF tlSym 2¢¢ G
24 field theoretic (clover) GF (t1Sym,3%p) cFT GF tlSym 3o G
25 field theoretic (clover) GF (Iwa,to) cFT GF Iwa to G
26 field theoretic (clover) GF (Iwa,2tg) cFT GF Iwa 2¢o G
27 field theoretic (clover) GF (Iwa,3%g) cFT GF Iwa 3tg G
28 field theoretic (clover) cool (Wplaq,tg) cFT cool (GF Whplaq tg) G
29 field theoretic (clover) cool (Wplaq,3tg) cFT cool (GF Whplaq 3t¢g) G
30 field theoretic (clover) cool (t1Sym,tg) cFT cool (GF tlISym ¢g) G
31 field theoretic (clover) cool (t1ISym,3%tg) cFT cool (GF tlSym 3%p) G
32 field theoretic (clover) cool (Iwa,to) cFT cool (GF Iwa to) G
33 field theoretic (clover) cool (Iwa,3tg) cFT cool (GF Iwa 3to) G
34 field theoretic (clover) stout (0.01,%p) cFT stout 0.01 (GF Whplaq tg) G
35 field theoretic (clover) stout (0.01,3%tp) cFT stout 0.01 (GF Whplaq 3tg) G
36 field theoretic (clover) stout (0.1,%¢0) cFT stout 0.1 (GF Whplaq to) G
37 field theoretic (clover) stout (0.1,3%0) cFT stout 0.1 (GF Whplaq 3tg) G
38 field theoretic (clover) APE (0.4,t0) cFT APE 0.4 (GF Whplaq t¢g) G
39 field theoretic (clover) APE (0.4,3tp) cFT APE 0.4 (GF Whplaq 3t9) G
40 field theoretic (clover) APE (0.5,t0) cFT APE 0.5 (GF Whplaq %g) G
41 field theoretic (clover) APE (0.5,3t0) cFT APE 0.5 (GF Wplaq 3tg) G
42 field theoretic (clover) APE (0.6,%0) cFT APE 0.6 (GF Wplaq %o) G
43 field theoretic (clover) APE (0.6,3%0) cFT APE 0.6 (GF Wplaq 3tg) G
44 field theoretic (clover) HYP (to) cFT HYP (GF Wplaq ¢o) G
45 field theoretic (clover) HYP (3to) cFT HYP (GF Wplaq 3to) G
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T=0 results satisfactory

(of course there is room for improvement)

From now on:

HIgh lemperature



The two faces of Hot QCD topology

Window to Axions Property of Quark Gluon Plasma

Tomorrow



Hot QCD and
Nf 2+1+1 twisted mass

Wilson fermions

pdw
ospin limit

Physical charm
Physical strange



Why Nf =2 + 1 + 1?7 Why Wilson twisted?

QCD Symmetries, lattice and the real world

NB: Doubling

Good compromise




Tc

~200MeV

Why Nf=2 +1 +1 ?

340 -380 MeV
RHIC AuAu

420-480 MeV Re10 0 =100\ (1) 1 GeV

LHC hot spots LHC

200 GeV 2.76 TeV 7TeV

Quark Gluon Plasma @
Colliders

Analytic studies suggest that a
dynamical charm becomes
. resonance gas relevant above 400 MeV, well

—— analytic recipe

__ interpolation within the reach of LHC

400 600 800
T/ MeV

Laine Schroeder 2006




Fixed For each lattice

varying spacing we explore SEIlp
scale a range of

gesrgﬁ/ler{a/turegoo Ylljm(zer(lfllztl\fg) B | al[fm][6] | N2 N; | T [MeV] | # confs.

ev — 5 | 422(17) | 585

MeV by varying Nt 6 | 351(14) | 1370

7 | 301(12) 341

| s | 8 | 263(11) 970

We repeat this for A60.24 1.90 | 0.0936(38) 190 223141((190)) ggg

three different lattice 11| 192(8) 227

- - 12 | 176(7) 1052

spacings following e | 13| 16207) 004

ETMC T=0 14 151(6) 1988

: : 5 | 479(22 595

simulations. o 4005183 e

7 | 342(15) 327

_ 8 | 300(13) 233

Fourpion  Acvamages: we. A

masses rety on the setup 0O B55.32 1.95 | 0.0823(37) | 32° 11| 218(10) 667

ETMC T=0 12 | 20009) | 1102

simulations. Scale is =

qumberot -, . set once for all. 15 | 160(7) | 456

avours 16 | 150(7) 823

210 6 | 509(20) 403

Ny—2+141 280 Dlisadvantages: ! ggggg i

470 Mismatch of 323 | 10 | 305(12) 420

360 temperatures - need D45.32 2.10 0.0646(26) 12 255(10) 380

Ny=2 _ _ 14 | 218(9) 793

d 430 interpolation before 16 | 191(8) | 626

- 408 | 18 | 170(7) 599

taking the 485 | 20 | 153(6) 582

continuum limit



