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Introduction

@ QCD Lagrangian:

1, va | =.(:
L= *ZG#VG# + q,'(l’)/‘u(Du),'j — m5,-j)qj

— SU(3) gauge symmetry
— UL(Nr) x Ur(Nr) global (approx.) chiral symmetry
— anomalous breaking of Ux(1) axial symmetry

o At low temperatures: spontaneous breaking
SUL(Nf) X SUR(Nf) — SU\/(Nf)
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Introduction

@ QCD Lagrangian:

1 a va = H
=5 G, G"? + i (iv"(Du)ij — mdy) g

£:4W

— SU(3) gauge symmetry
— UL(Nr) x Ur(Nr) global (approx.) chiral symmetry
— anomalous breaking of Ux(1) axial symmetry
o At low temperatures: spontaneous breaking
SUL(Nf) X SUR(Nf) — SU\/(Nf)
@ At high temperatures: Ua(1) anomaly disappears
— semi-classical approximation of instanton density:
[p - instanton size]

n(p) ~ p~° exp[—(mpT)?]

— only valid for T > T¢
— what is the fate of the anomaly for low temperatures?
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Anomalous couplings in the LoM

3 FLAVOR CHIRAL MESON MODEL:

@ Low energy effective model: M - meson fields
[excitations of M: 7, K,n,n" and ao, &, fy, 0]

M = (sP+in®)T?  Te(T3TP) =6,,/2

o Lagrangian with renormalizable operators (3 + 1 dim.):
(Euclidean!)

L = Tr[o;M'9;M] + m?Tr (M'M)
+ g1[ Tr (MTM)]? + g> Tr (MMM M)
+ a(det MT + det M) — Tr [H(MT + M)]

— L contains renormalizable operators and it is
invariant under chiral symmetry [apart from Ua(1)]
— in the quantum effective action every operator allowed
by symmetry is present!
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Anomalous couplings in the LoM

@ Quantum effective action:
rM] = —|og/D/\%exp(—/,cJ[M+ /\%]) —/ Tr (JIM + JMT)

— Ansatz for [[M]? It has to reflect chiral symmetry!

@ Chiral invariants for 3 flavors:

p = Tr(M'Mm),

T = Tr(M'M—p/3)?
p3 = Te(M'M—p/3)?
A = detM' + detM — anomaly!

@ Note 1: higher order traces are not independent!

e Note 2: A = det M' — det M has wrong parity
and A? is not independent!
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Anomalous couplings in the LoM

@ What terms besides ~ A can describe the anomaly?
— pA, p2A, o PTA, L
— A, T?A, ..., T"A, ... = dropped!
— p34, p%A, .., P3A, ... = dropped!

@ Chiral limit: in the ground state M ~1 = 7 =0, p3 = 0!
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Anomalous couplings in the LoM

@ What terms besides ~ A can describe the anomaly?
— pA, p2A, o PTA, L

— 7A, T2A, . TA, L = dropped!
— p34, p%A, .., P3A, ... = dropped!
@ Chiral limit: in the ground state M ~1 = 7 =0, p3 = 0!
@ Resummation:
Zanp"A = Alp)A
n
= AP(p)A?

S o2

Higher orders in A = instantons with |Q| > 1
Resummation in A: U(p, A)
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Anomalous couplings in the LoM

e Classical action:
SIM] = /[, - / [ Tx [0:M1OM] + P+ Mg + dor + ats
~ Ty [H(MT M)]]
@ Ansatz for the effective action:
M) = [ = [ [t lomion) + UGo. 8)+ oy
~Tr [H(MT + M)]}

@ Task: calculate generalized , couplings” U(p, A) and C(p)

@ Use FRG with Litim’s optimal regulator:
Re(w. d) = (k2 — ?)O(k2 — )
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Chirally invariant flow equations

@ Wetterich equation:

8ka = ;/51( LOg Det (rS(Z) + Rk)

From the ansatz for [x:

kT k| hom Z/[akUk(PvA)*F@ka(P)T]

@ Task: match the Wetterich equation with the ansatz
— problem: Ff) is not chirally invariant (but 'y has to be!)
— any background fields can be applied!
Eg. M:(So—l-i?To)ToNl = 7=0

p= (s +75)/2

A = 53 — 33)/(3V6)
Multiplet structure: 8®8®{1 doublet}
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Chirally invariant flow equations

4k 5 4 4.
WUk(p,A) = QdTTZBk log ((wi + B+ Ukp)? + §(w5 + k? + Uk p)pCr — §pU,3,A + 2AckUk,A)

B s 2
+ Qup T dilog [(wi + k% + U, + 38Uk p0)? + (Wi + k* + Uk,p) (ZPUk,pp i §p2Uk,AA)

4 4
—6AU, AUk, pp — ngk,A(Uk,A +2pUx pa) — gPSUJ?,pA

)

1
~Uk,an (2;;AU,C,A = §(4P3 = 27A2)Uk,p,,>

@ By subtracting the flow of Uy and choosing a different
background, one identifies 7 — vyields the flow of Cy
o Eg M=i(moTo+msTg) = 7 =mans/3+O(n3)
p=(m5 +75)/2
A=0
— more complicated multiplet structure, but
the Log Det combines into invariants
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Chirally invariant flow equations

Uia (1 1 (@K +Uk)?
Do 2Ds 2DyDs

ke F
%Ci(p) = ““4’5“ ah{ 3
3.2 2 (o 20) (1 _1
+5(w,‘+k +Uk,p) ([/k‘/:/. 3“) (Dx Du)

10, 2
ity [0 (30~ Uunn) + Ui Uia 4 000)]

1 . 2 g 1 N 2
- {M LK UL) (‘zm o (B0 = pUpa ) + 50200+ o0 s0) (J0s + 0 ) )

+2(w} + K + U Wa,m Uk aaC(Uka + 20Uk pa)* ]}

= 1 o 4 .
>IN { 3DoDs [(w?. + K + U, + 20Uk, p) (u,z, + K+ Up,p + 5,,(7) (2Ck - pUk,a8)
P 2 . | - P 2 - . o - P
(A U+ 3T ) (4 K+ Uy + 4+ p(m)z]
2,
05 W+ 4Cu+ 1 DU (24174 Uiy 3700 ) (g + D)
+2AUs s+ PV ) @ + K+ Ui ) 20 pa = Ui )|

+ 355 20k ~ U a8) [+ 42 + Ve 2V Ui 2ol = Uc)

2 4 oV, I 7 ’
+2(43 4 2+ Ui + 300) Ui+ pUk o) 2oUspa + U )|

11, . , . 4 B ;
~soupy [30Ea = U + (20~ ) (U + 5(Cu 00 ) | Ui+ 00 /,A)}

0y TZ{[ ((*1 W2 +K? -UA,,)(‘,,M/:(‘(M)

7@ (51,&{A + ipa‘f +20(wh + K+ UA.»)) ]
3D} :

*ab, K(" "

2 2 2,
+(5Ck.p + 20Cr pp) (w;, + k% + Uy + EPXUL' _\A) + 38Uk pa (Uk,a + pUs. m}

3

“) (w3 + K + Uk, + 20Uk o)

1[0, 1 4 1.
+2—m {(m‘; + k2 4+ Us,p) (sck ot 3Uk “) — Uk, aUs,pa +2C2 + Epck (Ck ot 35Uk “)

P " 4,17
S35r {40; (Wi + K+ Urp) + U a + ﬁpcr] } }
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Chirally invariant flow equations

@ Numerical solution: grid method

@ Start from k = A =1 GeV and integrate toward k — 0
(kena ~ 50MeV)

o 2D grid is costly = U(p, A) =~ U(p) + A(p)A + B(p)A?2
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Chirally invariant flow equations

@ Numerical solution: grid method

@ Start from k = A =1 GeV and integrate toward k — 0
(kena ~ 50MeV)

o 2D grid is costly = U(p, A) =~ U(p) + A(p)A + B(p)A?2
Classical (UV) potential:

VA = m?p 4+ \1p? 4+ Aot + alA — hys?

Effective potential:

Vi = Uk(p) + C(p)7 + Ac(p)A + Bi(p) A% — h,s®

Six unknown parameters {m?, g1, g2, a, hs, hus } = six inputs!

2 PCAC relations (f;, fc decay const.’s), 4 masses (7, K, 1, 1/')
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Chirally invariant flow equations

o Effective model valid for scales 0 < k < 1GeV

e UV model parameters {m?, g1, g2, a, hs, hys } should
(in principal) be temperature dependent
— usually ignored

@ BUT: T dependence of the anomaly is crucialll

a(T) ~ /dppwfn(p) ~ /dpp4 exp[—(mpT)?Jdp ~ T

e Working hypothesis:

a(T)=a(T =0)

TcoN\5
1+ ((T> - 1) o(T - TC)]
— not smooth at T,

= non-physical break points are expected

!R. D. Pisarski & F. Rennecke, Phys. Rev. D101, 114019:(2020).
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Numerical results
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Numerical results
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Numerical results

o Rescaled anomaly functions: A= A/k, B = Bk?
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Numerical results

e Effective anomaly coupling: AminAmin + BminA2: = At Amin

A [GeV]
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Numerical results

@ Similar behavior in K. Fukushima et. al, PRC63 (2001) 045203
— NJL model calculation: fitting the K anomaly parameter
to recover x top Of the lattice

T [MeV]
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Numerical results

12

w/o explicit T-dep. ——
w explicit T-dep.
10 |

BA/A; [%]

0 I I I L L
0 50 100 150 200 250

T [MeV]

Gergely Fejos Thermal behavior of effective Us(1) anomaly couplings...



Numerical results

o rg ratio: re = [A(p)A + B(p)A%/(U(p) + C(p)7)|
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Numerical results
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Numerical results

1200

1000

800

600

masses [MeV]

400

200 r ]

Gergely Fejos Thermal behavior of effective Us(1) anomaly couplings...



Thermal evolution of the Ua(1) anomaly in LoM (Nf = 3)
Infinite class of Ua(1) breaking operators
— inclusion of topological sectors with arbitrary charge
Resulting anomaly function calculated via the FRG
— exploring the condensate dependence of the
|Q| =1 and |Q| = 2 couplings
Mesonic fluctuations strengthen the anomaly toward T¢
— temperature dependence of the bare anomaly parameter
is important!

~ 10% increase of the effective anomaly coupling toward T¢
a similar ratio of ~ 10% is coming from the |Q| = 2 coupling
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@ Thermal evolution of the Ua(1) anomaly in LoM (Nf = 3)
o Infinite class of Ua(1) breaking operators
— inclusion of topological sectors with arbitrary charge
@ Resulting anomaly function calculated via the FRG
— exploring the condensate dependence of the
|Q| =1 and |Q| = 2 couplings
@ Mesonic fluctuations strengthen the anomaly toward T¢
— temperature dependence of the bare anomaly parameter
is important!
@ ~ 10% increase of the effective anomaly coupling toward T¢
@ a similar ratio of ~ 10% is coming from the |Q| = 2 coupling

o Future plans:
— calculate the full U(p, A) function on a 2D grid
— effective model(s) for N =2 QCD (Pauli-Gursey symm.)
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