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The Functional Renormalization Group ldea

Starting point is the QFT's generating functional:

Z1] - Jiv/pw Dsoexp{—sA[so] +/¢-J} .

Alternatives are the Schwinger functional
W[J] =InZ[J]

or its Legendre transform, the effective action

riel =sup { [a% 00000 - WU . o) = ().



The Functional Renormalization Group ldea

Integrate out the "hard” modes:
1 !/
ZU] = = Dpexp=Snlel+ [ ¢-Jp N <A
N pZS/\’z
Note that Sy # Sh.

e.g. Sp~ /)\4@4 = Sy~ /()\2@4 +A60% 4.0

O



The Functional Renormalization Group
Formalism

Define a scale dependent generating functional

20 = [Doen|-sld - asdel + [a% 1) e

with a regulator insertion acting as a scale dependent mass

d
Aol = 5[50 #(6) R ()

depending on the regulator Rj.
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The Functional Renormalization Group
Formalism

Define a scale dependent effective average action

rk[qb]:sgp{/d 1) 6(x) — wk[J]}—Ask[qs], We = InZ.
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The Functional Renormalization Group
Formalism

Define a scale dependent effective average action
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Next one can derive a differential equation for [, a.k.a.
ERGE / FRGE / Wetterich equation (c. wetterich, Phys. Lett. B 301, 90 (1993))

koWT k[] = ETIM'
2 1 LRy



The Functional Renormalization Group

Formalism

1 kO, R
kokT k[0] = (2)#
I' + Ry

FRGE is an exact equation

'k depends on Ry
I k—o does not
r(@ _ &
56 8¢
Tr — momentum integral

and many more traces
IR and UV finite
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1 kO, R
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» FRGE is an exact equation
» [ depends on Ry ;
Ik_o does not {
- g;gfb
» Tr — momentum integral W
and many more traces P —
» IR and UV finite




The Functional Renormalization Group

Formalism
1 kO R
kokTklg] = # =
I' Ry

FRGE is an exact equation

', depends on R

I"k—o does not !\ KOKRy/2K2
[ _ &r o
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The Functional Renormalization Group
Applications

For practical applications we have to truncate ;. Considering e.g.
the O(N) model one can use the vertex expansion

1 "
Melo] = Zm/ddxl...ddx,, ri g

to get a coupled system of flow equations

ko, T

ko, T
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Applications

For practical applications we have to truncate ;. Considering e.g.
the O(N) model one can use the vertex expansion

1 "
Melo] = Zm/ddxl...ddx,, ri g

to get a coupled system of flow equations

= K+



The Functional Renormalization Group
Applications

[llustration of flow in theory space
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[llustration of flow in theory space
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The Functional Renormalization Group
Applications

There is a wide range of applications for this powerful
non-perturbative tool:

» critical phenomena
» solid state physics

» ultracold atoms



The Functional Renormalization Group
Applications

There is a wide range of applications for this powerful
non-perturbative tool:

» critical phenomena

|
perturbation theory [}
|

» solid state physics |
{ Standard Model with
! non-perturbative effects?

» ultracold atoms

> triviality in Higgs sector

(H. Gies, S.R. and M. M. Scherer,

Eur. Phys. J. C 66, 403 (2010))

(H. Gies, S.R., M. M. Scherer and L. Zambelli,
Eur. Phys. J. C 73, 2652 (2013)))
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There is a wide range of applications for this powerful
non-perturbative tool:

» critical phenomena N
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Quantum Gravity
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(Ph.D. thesis S.R. (2013))



The Functional Renormalization Group
Applications

There is a wide range of applications for this powerful
non-perturbative tool:
» critical phenomena
» solid state physics
> ultracold atoms
» triviality in Higgs sector
» Quantum Gravity

» QCD phase diagram

(K. Fukushima and T. Hatsuda,
Rept. Prog. Phys. 74, 014001 (2011))



QCD in an External Magnetic Field

Strong magnetic fields are relevant e.g.

> in magnetars,

(R. C. Duncan and C. Thompson, Astrophys. J. 392, L9 (1992))

(sci.esa.int)

> in the early universe,

(Giovannini and Shaposhnikov, Phys. Rev. D 57, 2186 (1998))
(Kajantie et al, Nucl. Phys. B 544, 357 (1999))
(De Simone et al, JCAP 1110, 030 (2011))

(en.wikipedia.org)
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Strong magnetic fields are relevant e.g.

» in off-central heavy-ion collisions.

(Kharzeev et al, Nucl. Phys. A 803, 227 (2008))
(Skokov et al, Int. J. Mod. Phys. A 24, 5925 (2009))

(STAR collaboration)



QCD in an External Magnetic Field

Strong magnetic fields are relevant e.g.

» in off-central heavy-ion collisions

(Kharzeev et al, Nucl. Phys. A 803, 227 (2008))
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How does the magnetic field influence strongly interacting matter?



T,(B) on the Lattice

magnetic catalysis
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T,(B) on the Lattice

magnetic catalysis / anti-catalysis
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T,(B) on the Lattice

magnetic catalysis / anti-catalysis / delayed catalysis
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T,(B) in Model Calculations

magnetic catalysis

With vacuum corrections

— T T —7
= Chiral transition

Deconfinement transition
— Expected magnetic field generated in the LHC|

T (MeV)
N

10 20 30 40 0
eB(m,’)

(Mizher et al, Phys. Rev. D 82, 105016 (2010))

(Gatto and Ruggieri, Phys. Rev. D 82, 054027 (2010))

(V. Skokov, Phys. Rev. D 85, 034026 (2012))

(Fukushima and Pawlowski, Phys. Rev. D 86, 076013 (2012))
(Kamlkado and Kanazawa, JHEP 1403, 009 (2014))

magnetic anti-catalysis

(Fraga et al, Phys. Lett. B 731, 154 (2014))
(Ferreira et al, Phys. Rev. D 89, 116011 (2014))
(Ferrer et al, arXiv:1407.3503)

(Farlas et al, Phys. Rev. C 90, 2, 025203 (2014))



The Functional Renormalization Group
Analysis

v

- - L i
I'k = /d4x {ZFNVFNV + ¢1w1/1 - EAMQM&,AV
Mo [r2 o
+57 [(58)” = (Fresv)?] }

exponential regulator
Feynman gauge ({ = 1)
N¢ = 2 flavours and N, = 3 colors
)\EV =0 = only asingle input parameter
(gauge coupling at large momentum scale)
criterion for xSB: k2Xy = Ay — 00 for k — keit



The Functional Renormalization Group
Analysis

9o =20 — oL BN — (L, £) g2 — (. )"



The Functional Renormalization Group
Analysis

AX =<

O:the = 2Xs — a(0,0) A2 — b(0,0) g%\, — ¢(0,0) g*

(H. Gies, J. Jaeckel and C. Wetterich, Phys. Rev. D 69, 105008 (2004))
(H. Gies and J. Jaeckel, Eur. Phys. J. C 46, 433 (2006))
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The Functional Renormalization Group
Analysis

AX =<

O:the = 2Xs — a(0,0) A2 — b(0,0) g%\, — ¢(0,0) g*
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The Functional Renormalization Group
Analysis

Oedo =2X0 — a(, @) No — b(T. ) %20 — (. ) 8"



The Functional Renormalization Group
Analysis

I~
Il
(=)

(J. Braun and H. Gies, Phys. Lett. B 645, 53 (2007), JHEP 0606, 024 (2006))

symmetry restoration



The Functional Renormalization Group

Analysis
e =2\ —a(0, 5)A2
Ot Ao
A
2=0
>0

\ \\Ha

(K. Fukushima and J. M. Pawlowski, Phys. Rev. D 86, 076013 (2012))
(D. D. Scherer and H. Gies, Phys. Rev. B 85, 195417 (2012))
(J. Braun, W. A. Mian and S.R., Phys. Lett. B 755, 265 (2016))



The Functional Renormalization Group
Analysis

00 =20 o F. B2~ 0F, B) %N — o(F. B’

Note that:

>Q< increases with B magnetic catalysis

decreases with B anti-catalysis

Finally: integrate the coupled system of flow equations
kok s = Br(As,8; T, B)
kakg == ﬁg()‘aa g, T, B) (J. Braun and H. Gies,JHEP 0606, 024 (2006))

and see whether or not A, diverges.



Delayed Magnetic Catalysis
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Conclusion and Outlook

» gluodynamically induced anti-catalysis

» fermionically induced catalysis

XX

» only a single input parameter: strong coupling at UV scale

> anti-catalysis at weak magnetic fields
prediction of catalysis at strong magnetic fields

» delayed magnetic catalysis

h \
0.21

0.23

0.225

>
8 0.22
s
-
0.215
0.21

0

0.1

0.2

0 0.2

0.4

06 08
B [GeV?]

1

12

chirally symm. phase

1) /

/

chirally broken phase

B

(llgenfritz et al, Phys. Rev. D 89, 054512 (2014))



Conclusion and Outlook

T [GeV]

» gluodynamically induced anti-catalysis

» fermionically induced catalysis >O<

» only a single input parameter: strong coupling at UV scale
> anti-catalysis at weak magnetic fields

prediction of catalysis at strong magnetic fields
» delayed magnetic catalysis
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