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Grossi, NW, arxiv:1903.09503
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arxiv:2108.10085 (to appear in PRD)

Steil, Koenigstein, arxiv:2108.04037 (to appear
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arxiv: 2108.10616

lhssen, Pawlowski, arxiv:2207.10057
Ihssen, Pawlowski, Sattler, NW arxiv:2207.12266
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(Our) Motivation
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QCD phase diagram

180

160 <

140

BoWo AR I

FRG: Fu et al. 2019

» DSE: Gao et al. 2020
DSE: Fischer et al. 2021

FRG: inhom

Lattice: WB

Lattice: HotQCD
freezeout: STAR
freezeout: Alba et al.

freezeout: Andronic et al.
freezeout: Becattini et al,
freezeout: Vovchenko et al.
freezeout: Sagun et al.

7. Pawlowski
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Discontinuous Galerkin/Finite Volume methods

& the fRG
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A simple example

N-component scalar field in LPA Invariant:

I'), = /x {%(%%)Q + V(p)} - %%w

[Eew] »
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A simple example

N-component scalar field in LPA Invariant: RG-time: ~ RGscale
1 k
1 P = _¢a¢a t = —log A «— UVscale
Tp= [ $=(0.0a)*+V 2 A
" /3; { 2< ua) ('0)} Note the extra minus sign

for positive time evolution
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A simple example

N-component scalar field in LPA Invariant: RG-time: ~ RGscale
1 k
1 P = _¢a¢a t = —log A «— UVscale
Tp= [ $=(0.0a)*+V 2 A
" /3; { 2< ua) ('0>} Note the extra minus sign

for positive time evolution
Flow equation

0y (Ae—t)d+2 ( 1
(27)d d (Ae 12 +V'(p)

oV (p) = —

n 1 1 )
N —1(Ae™t)2 +V'(p) +2pV"(p)
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A simple example

N-component scalar field in LPA Invariant: RG-time: ~ RGscale
1 k
1 P = _¢a¢a t = —log A «— UVscale
Tp= [ $=(0.0a)*+V 2 A
" /3; { 2< ua) ('0>} Note the extra minus sign

for positive time evolution
Flow equation

B 0y (Ae—t)d—l—z 1
=57 (aeFrve
1
N —1(Ae )2+ V'(p

_|_
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Large N scalar field

Q4 (Ae_t)d+2
d(2m)? (Ae=t)2 + V'(p)

oV (p) =—
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Large N scalar field

Q4 (Ae_t)d+2
d(2m)? (Ae=t)2 + V'(p)

Introduce new variable for the derivative 0 V(p) = —

u(p) =0,V (p)
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Large N scalar field

Qd (Ae—t)d—l—z

Introduce new variable for the derivative — _
%V (p) d(2m)? (Ae=t)2 + V'(p)
u(p) =9,V (p)
RHS defines a flux: 0 Ae—t)d+2
f(ta U) - = d ( . )

d(2m)? (Ae )2 +u

29.07.2022 | TU Darmstadt | Institute of Nuclear Physics (IKP) | Nicolas Wink | 11




&4 TECHNISCHE

I/

%(Cg:/é UNIVERSITAT
Y9/ DARMSTADT

Large N scalar field

Qd (Ae—t)d—l—z

Introduce new variable for the derivative — _
%V (p) d(2m)? (Ae=t)2 + V'(p)
u(p) =9,V (p)
RHS defines a flux: 0 Ae—t)d+2
f(ta U) - = d ( . )

d(2m)? (Ae )2 4+ u

m) Ou+0,f(t,u)=0 Conservation law
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Hydro methods for fRG

Natural interpretation
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Hydro methods for fRG

Natural interpretation

# Mass of the field locally conserved

29.07.2022 | TU Darmstadt | Institute of Nuclear Physics (IKP) | Nicolas Wink | 14




G
&5

7

S35 TECHNISCHE
SHE//~) UNIVERSITAT

5

&r+ DARMSTADT

N

Hydro methods for fRG

Natural interpretation

# Mass of the field locally conserved
# Hydro analogy opens possibilities

# Direction of flow
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Hydro methods for fRG

Natural interpretation

# Mass of the field locally conserved
# Hydro analogy opens possibilities

# Direction of flow

# Boundary conditions (Classical action at infinity)
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Hydro methods for fRG

Natural interpretation

# Mass of the field locally conserved
# Hydro analogy opens possibilities

# Direction of flow
# Boundary conditions (Classical action at infinity)

# Use of appropriate/existing numerical methods
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Direction of the flow

8.0

rrrr 1 rrrT1TTrTrp v T T T v T g
=== Method of characteristics
® Discontinuous Galerkin

o t=0.00 o t=1.00 ¢ t=1.75
o t=250 ¢ t=4.00

6.0

4.0

2.0

0.0

103 « Potential V

-2.0
-4.0

LU N I I B B N I B B N N R B N B R B
raa a1l b bl sl
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Field value ¢
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Direction of the flow

Flow towards smaller field values
<

rrrr 1 rrrT1TTrTrp v T T T v T g
=== Method of characteristics
® Discontinuous Galerkin

o t=0.00 o t=1.00 ¢ t=1.75
o t=250 ¢ t=4.00

103 « Potential V
N
f

06 -04 -02 00 02 04 06
Field value ¢
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Direction of the flow

Flow towards smaller field values
<

Y e S — fRG probes theory at scale
[ === Method of characteristics ] k ~ ’ (b‘
6'0; ® Discontinuous Galerkin ]
% 4.0p @ t=000 ~ t=1.00 g t=1.75 .
S 20 @ t=250 @ t=4.00 .
O [ ] . .
% 0.0F . Theory information
* [ ]
S 5ok b gets transported
- ] along length scales
-4.0F -
-6.0 L

06 -04 -02 00 02 04 06
Field value ¢
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Numerical methods

Solving conservation laws

Ry =0+ 0,f(t,u) =0

https://en.wikipedia.org/wiki/Finite_element_method
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Solving conservation laws

Ry =0+ 0,f(t,u) =0

Require residual to vanish in a weak sense

/ Ron(t, ) (z) = 0
0
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Numerical methods 40 Doty
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Solving conservation laws

Ry =0+ 0,f(t,u) =0

Require residual to vanish in a weak sense

/ Ron(t, ) (z) = 0
0

‘ Solution does NOT need to be continuous
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Discontinuous elements y “,f/\
¢
Dyl + 0, £ (ul) Y, s = R
tUp, + xfh (Uh) wn =0 o« - u,
D* | | | >
xc;-[_ xc; xg;! _ xe;+i X
Qc-.’ Qe er[

[Eew] »
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Numerical methods

Discontinuous elements

/Dk (({%uﬁ + 3xf;’f(UfL))wn dr =0

[ More dof than equations ]
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Numerical methods

Discontinuous elements e U

Dk

[ More dof than equations ]

Partial Integration map  Weak form

/D ((@uk) o = g (h) 00 ) d = — / - f e da

oDk
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Numerical methods

Discontinuous elements u; %

/Dk <8tuh-|—a fh(uh))zpn dr = 0 o u’

[ More dof than equations ]

Numerical flux

Partial Integration map  Weak form

| (@) o = stbo,)ae = = [ a i,

oDk
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Discontinuous Galerkin & Finite Volume

Weak form of equation

/Dk ( (875“2) Y — fif(ul;i)aan)d$ - = LDkﬁ - ffy da

[Ex ETkS
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Discontinuous Galerkin & Finite Volume

Weak form of equation

/D (@) o~ Frabon)do =~ [ e frunda

oDk

Yields family of Discontinuous Galerkin schemes
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Discontinuous Galerkin & Finite Volume

Weak form of equation

[ (@) o= sihos,)ae == [ dfro,do

oDk
Yields family of Discontinuous Galerkin schemes

mm) Variable local polynomial order
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Discontinuous Galerkin & Finite Volume

Weak form of equation

/D (@) o~ Frabon)do =~ [ e frunda

oDk
Yields family of Discontinuous Galerkin schemes

mm) Variable local polynomial order

‘ Rather general conditions on numerical flux for consistent scheme
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Weak form of equation

/D (@) o~ Frabon)do =~ [ e frunda

dDF
Yields family of Discontinuous Galerkin schemes
mm) Variable local polynomial order

‘ Rather general conditions on numerical flux for consistent scheme

‘ Finite Volume methods special case for order N=0 (constant elements)

29.07.2022 | TU Darmstadt | Institute of Nuclear Physics (IKP) | Nicolas Wink | 32




TECHNISCHE

The zero-dimensional O(N)-model ) Universimar

e

29.07.2022 | TU Darmstadt | Institute of Nuclear Physics (IKP) | Nicolas Wink | 33
s




The zero-dimensional O(N)-model

Why zero dimensions? 0:U(t,0) = 5 O (t)]
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The zero-dimensional O(N)-model

N -1
Why zero dimensions? U (t,0) =[5 0r(t)] r(t) + 2 0,U(t,0)
Everything well defined, i 1
— reference solutions + (30 (t) r(t) + 02U (t,0)
=1 i+
o v
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The zero-dimensional O(N)-model
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Why zero dimensions? 0:U(t,0) = 5 O (t)]

‘ Everything well defined,
reference solutions

‘ Suitable to explore new methods
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The zero-dimensional O(N)-model

Why zero dimensions?

‘ Everything well defined,
reference solutions

‘ Suitable to explore new methods

First study with Finite Volume (KT) scheme

Diffusion enters the game

29.07.2022 | TU Darmstadt | Institute of Nuclear Physics (IKP) | Nicolas Wink | 37



The zero-dimensional O(N)-model O e
[ ———- U(0)
4r -
' u(o) = 0,U (o)
ot :

0 1 2 3 4 5
Analytic initial potential =0

Koenigstein, Steil, NW, et al, arXiv:2108:02504
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The zero-dimensional O(N)-model

T T T T T T

O =4)  u(t,o) = T (o)

—9F ]

1 L L 1 L | 1 1 L 1 1 L L L 1 1

0 1 2 3 4 D

Analytic initial potential _
Koenigstein, Steil, NW, et al, arXiv:2108:02504
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A (very) interesting corollary

Are RG flows reversible?

Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085

[Eew] »
o e [s]
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A (very) interesting corollary

Are RG flows reversible? =) No

Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085

e »
o e [s]
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A (very) interesting corollary

Are RG flows reversible? =) No

‘ Existence of a (unigue) solution requires a numerical entropy

Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085

[Eew] »
o o]
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A (very) interesting corollary

Are RG flows reversible? =) No

‘ Existence of a (unigue) solution requires a numerical entropy

‘ Diffusion naturally produces entropy

Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085

[Eew] »
o o]
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A (very) interesting corollary

Are RG flows reversible? =) No

‘ Existence of a (unigue) solution requires a numerical entropy

Shocks are another
‘ Diffusion naturally produces entropy source of entropy

Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085
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A (very) interesting corollary

Are RG flows reversible? =) No

‘ Existence of a (unigue) solution requires a numerical entropy

Shocks are another
‘ Diffusion naturally produces entropy source of entropy

mm) Connection to C/F/A-function?

Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085
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O(N =1) Ut,o) = Ty(o)
4 -
t=14
ol
tig = 60 toy =
0 , ]
0 1 2 3 4 5
e Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085
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ON=1)  U(t,o)=Tuo)
b
t=14
of
tir = 60 oy =0
0 : ‘ ‘
1 t=10
©.e)
Clozu(t,z)] = — [ N(z) — 2 dz [0,u(t, z)]?
0 1 2 3 4 5 0
r=a Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085
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6 - . - ‘
O(N =1) U(t,o) =Ty(o) ] 00—
af { T O(N =1 Clopult, x)] _
t=14 : 1500 | IR
=192 t=10

500 F

uv

- =800 Zpax =10 A=10° rp 1072
) J S Y S S S S
0 10 20 30 40 50 60
t
0
2
Clozu(t,z)] = — [ N(z) — 2 dx [0 u(t, x))
0 1 2 3 4 5 0
S Koenigstein, Steil, NW, Grossi, Braun, arXiv:2108:10085
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S o Diffusion smoothens initial non-analyticities away
"5' ]
Q- v n=1000 Tpax =10 A=10"  pp=10""
q) —_t=10 —‘F“ixlai I— t 7.2[) - . .
2 Hoicmioa—eoa Success of 1/N expansion linked to evolution
O s .
Q. 62 o of shocks and rarefaction waves
()] IA -
Y i '
O n=1000 T :.”] A=10"  ppa1071®
q) | —t=0—t=18—=t=20
2 . —_—1=22 =t =24 =t =60
"C_U' ’ o(t, ) 0= 2a,
_2 ’ N =32
o,
D = 1000 T fllm A =101 rip = 10 18
Field ¢ Steil, Koenigstein, arxiv:2108.04037
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(1 + 1)-dimensional Gross-Neveu(-Yukawa)

0.5 1

&~ 0.3

0.1

0.5

&~ 03
0.1

0.5 1~

&~ 0.3

&~ 0.3

0.1 7

N=2A= 10°,
Neens = 1000, o0pax = 6.0
F=04 TF=03 1
- 0.25
-l T T T i T T T T 0
0.1 0.3 0.5 0.7 0.1 0.3 0.5 0.7
H H

mm) Pre-condensation

‘ Condensate melts at all finite temperatures

Poster: Niklas Zorbach & Jonas Stoll

Stoll, Zorbach, Koenigstein, Steil, Rechenberger arxiv: 2108.10616
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Another instructive study

O(N)-model at large N O+ 0pf(t,u) =0 u(p) = 9,V (p)

, B Qd (Ae—t)d+2
‘ Conservation Law ftu) = _d(27r)d (Ae )2 +u

Grossi, NW, arxiv:1903.09503
Elew) »
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Another instructive study

Ou+ 0,f(t,u) =0

O(N)-model at large N

, B Qd (Ae—t)d+2
‘ Conservation Law ftu) = _d(27r)d (Ae )2 +u

ms) Nowd=2+1 mmp Spontaneous symmetry breaking

Grossi, NW, arxiv:1903.09503
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Another instructive study

O(N)-model at large N O+ 0pf(t,u) =0 u(p) = 9,V (p)

, B Qd (Ae—t)d+2
‘ Conservation Law ftu) = _d(27r)d (Ae )2 +u

ms) Nowd=2+1 mmp Spontaneous symmetry breaking

Study with Discontinuous Galerkin methods

Grossi, NW, arxiv:1903.09503
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O(N) theory at large N
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8.0
5 O:- === Method of characteristics p
F @ Discontinuous Galerkin . - oo
i . * Xample o symmetry
= 40 @ t=000 ¢ t=1.00 @ t=175 ] broken phase
= 2.0F ® =250 @ t=4.00 .
g 00:_ ] . Convexity restoration
x F . nicely visible
2 -2.0f ]
-4.0F .
—6.0- P BT BT R R R T BT ST ST I SRR ST ST S

-06 -04 -02 00 0.2

Field value ¢

Grossi, NW, arxiv:1903.09503
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O(N) theory at large N

§ 108 Shows expected convergence
8

S mmp POWEr law for

é: 10713 number of elements
S Spectral for local
£107"8 ) . .
L order of interpolation
Q

-
= 1n-23

2 10
0
<
10—28 1 1 1 P I B | 1 1 1 PR I B | 1

102 103
Number Of Elements K Grossi, NW, arxiv:1903.09503
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o o]

29.07.2022 | TU Darmstadt | Institute of Nuclear Physics (IKP) | Nicolas Wink | 57




O(N) theory at large N

0'55" o '_'t =Io_(')0 _ t; 1'_00' | tlz '2_0'0 o (_:onsider initial potenti.a_l with
N 0.4f (2440 e t= 470 e t = 6.00 first order phase transition
20-35 ”LL(t:O) = )\2—|-)\4,0—|—)\6p2
GJ [ -
0‘30_2: with Ay <0
.

o
Y

o
o

Field value ¢

Grossi, NW, arxiv:1903.09503
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O(N) theory at large N

0'55" o '_'t =Io_(')0 _ t; 1'_00' | tlz '2_0'0 o (_:onsider initial potenti.a_l with
y 0_4; {2440 e f= 470 e t = 6.00 first order phase transition
£o3f u(t =0) =Xy + Aap + Agp”
GJ [ .
530_2: with Ay <0
vo [
= 0.1

Non-analyticity at
0.0 finite RG-scale

Field value ¢

Grossi, NW, arxiv:1903.09503
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O(N) theory at large N

Broken phase

o
~

£ =0.00 s t=1.00 t=2.00

e
W
T

o
N
—

o
-
I

[ e b
000 002 004 006 008 010
Field value p

102 « Dervative of potential u

o
o

Grossi, NW, arxiv:1903.09503
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O(N) theory at large N

Symmetric phase

Broken phase

£ = 000w t= 1.00 o t=2.00
[ 1= 4.40 s £=4.70 s 1= 6.00

e e~ —————

0-4_ 1 1 T T 1 1 T 1 1 T T 1 T T T 1 1 0.4 T
> [ e 1= 0.00 mem t=1.00 t=2.00 S
c t ; ©
203F | 1440 mm t=4.70 e t=6.00 ] 203
° i 1 © i
g 8
5 0.2} 502
" [
. g |
2 0.1} £0.1 _-N
[m] 5 [a) L
« x|
"6 0.0 0.0
000 002 004 006 008 010 0.00
Field value p

002 004 006 008 010
Field value p

Grossi, NW, arxiv:1903.09503
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O(N) theory at large N

Symmetric phase Broken phase

o
~

! ! —r T 1 r 1
;'—t=0.00_t=1_00 t=2.00

<
~

t=2.00

o
w

> 3
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® i * [ ]

TQ0.0_ ?20-0_' ———" ]
000 002 004 006 008 010 000 002 004 006 008 010

Field value p Field value p

=) Mechanism in terms of traveling discontinuity , _
Grossi, NW, arxiv:1903.09503
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O(N) theory at large N
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Q4 T T T T T T T T T T T T T T
[ g = =& & & 7
~§-0.3- s " " -0 -
S I :
g - -
80-2.' A Global minimum | 7]
= [ ® Phase transition | ]
§0.1-— B Outer minimum | ]
S I @ Shock position | -
L i === Shock scaling | 1
OIO' 1 ] 1 1 | 1 n
0.100 0.102 0.104 0.106 0.108 0.110

External parameter —A4

First order
phase transition

Shock shows scaling
at phase transition
(exponent: 0.68+0.01)

Grossi, NW, arxiv:1903.09503
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O(N) theory at large N

04-_ T | T T T T _-
[ m & First order

A [ am = = K ] ‘ "
90_3__ , = = ° = ] phase transition
% s
T | ] ' Shock shows scaling
g 0.2r A Global minimum | ] at phase transition
= [ ® Phase transition | ] (exponent: 0.68+0.01)
B 0.1k B Outer minimum | ]
S 0 @ Shock position | - _ _
L] : == Shock scaling | Mechanism f_o_r first-

0.0 order transitions

0102 0104 0.108 0108 0110

External parameter —A4

0.100

Grossi, NW, arxiv:1903.09503
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Local Discontinuous Galerkin ) Universimar
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Local Discontinuous Galerkin

Beyond Large N complicates the structure
of the equation

1
k2 +V'(p) +2pV"(p)

0, kdt2 N -1
BV (p) = (

2nd d \IZ+ V()

Radial mode

lhssen, Pawlowski, Sattler, NW arxiv:2207.12266
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Local Discontinuous Galerkin

Beyond Large N complicates the structure
of the equation

1
k*+V'(p) +20V"(p)

0, kdt2 N -1
BV (p) = (

2nd d \IZ+ V()

mm) Take flow direction also for higher derivatives into account Radial mode

Local Discontinuous Galerkin

lhssen, Pawlowski, Sattler, NW arxiv:2207.12266
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Local Discontinuous Galerkin

Beyond Large N complicates the structure
of the equation

1

V)= k24 V'(p) +2pV"(p)

Qg kdt2 N -1
2m)d d \ K2+ V'(p)

mm) Take flow direction also for higher derivatives into account Radial mode

Local Discontinuous Galerkin

mm) Stabilizes numerics significantly

lhssen, Pawlowski, Sattler, NW arxiv:2207.12266
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Local Discontinuous Galerkin

Beyond Large N complicates the structure
of the equation

0, kdt2 N -1
OV (p) = M (

emd d \k2+V/(p)
mm) Take flow direction also for higher derivatives into account Radial mode
chyaﬂ
Local Discontinuous Galerkin e’\\)
o
W
mm) Stabilizes numerics significantly oo 7
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Local Discontinuous Galerkin

GitHub: https://github.com/satfra/dune-FRGDG

— Implemented as module in the high
performance PDE framework DUNE

void flux (...) const Poster: Franz Sattler
{

const X xg = e.geometry (). global(x);

const RF F = f<N-1>(u[0])
+ f<1>(u[0] + 2.%xxg[0]*u[1]);
const RF G = u[l] = f<N—-1,1>(u[0]);

Flux [0][0]
Flux [1][0]

F; [ Easy adaptation of other models ]

lhssen, Pawlowski, Sattler, NW arxiv:2207.12266
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Shock development

Massless m. 9,V

0.15¢
0.10¢
0.05¢
0.00

0.25 |
0.20\

-0.05¢t

0.0

05

1.0

Condensate Field p

(a) RG-time dependence of the massless modes 7.

UV Potential

Vico(p) = Aap + A4

P

2

3

P

3

+ st

o

4

V

2
o

Massive m. 9,V + 2p0

N
a

Y
o

o
w

o
o

-0.5¢
0.

®k=1.0 N
k=0.7 s

® k=06 s

1@ k=05 j

0 05 1.0

Condensate Field p

Possibility for shocks in
the presence of diffusion

lhssen, Pawlowski, Sattler, NW arxiv:2207.12266

(b) RG-time dependence of the massive mode o.
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Towards the QCD phase diagram ) Universimar
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Lee-Yang zeros

L Integral
L Vgyn flow
E Vot flow
u 1Pl flow

Im[ Vi (@I])]

mm) Resolve complex plane

N Different RG equations
up to the Lee-Yang zero

Talk: Friederike lhssen

lhssen, Pawlowski arxiv:2207.10057
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Quark-Meson model phase diagram

Chiral condensate o[MeV]

150

100 A

Temperature T[MeV]
ul
o

25 A

10 -
2

200 300

0 100
Quark chemical potential H[MeV]

=) Two flavor & chiral limit

Resolve shocks at large
densities

-

Poster: Franz Sattler

Grossi, Ihssen, Pawlowski, NW, PRD 104 (2021)
lhssen, Pawlowski, Sattler, NW in prep
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Challenges

New equations still require substantial work
ms) Understand general structure better

mm)  Black box type discretization in field space

[Eew] »
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Challenges

New equations still require substantial work
ms) Understand general structure better

mm)  Black box type discretization in field space

Handle flatness of potential (in broken phase)
=) |mprove/Adapt time stepping methods
ms) Change of coordinates
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Summary

Novel numerical treatment of equations

First order phase transitions <> shocks

Lots of possibilities for applications
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Quark-Meson model

Consider simple Quark-Meson setting OpT @) = %Tr { . 1 8kRk}

[Eew] »
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Quark-Meson model

Consider simple Quark-Meson setting OpT @) = lTr { 1 8kRk}
2 I'(
Approximate momentum dependence
and keep field dependence
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Quark-Meson model

Consider simple Quark-Meson setting OpT @) = lTr { 1 akRk}
2 I'(
Approximate momentum dependence
and keep field dependence

Resulting PDE

[8tu T a@’f(C)(uatax) + 8$f(D>(uaaxuat7$) — S(uﬂfagj)]
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Quark-Meson model

Consider simple Quark-Meson setting OpT @) = %Tr { . 1 akRk}

Approximate momentum dependence
and keep field dependence

Resulting PDE
[ 8tu T axf(C) (U, t? .T) + 8£Uf(D> (u7 8ZL‘U7 ta ZE) — S(u7 ta 33) ]

T

Conservation term
(Goldstone modes)
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Quark-Meson model

Consider simple Quark-Meson setting OpT @) = %Tr { . 1 akRk}

Approximate momentum dependence
and keep field dependence

Resulting PDE
[ 8tu T axf(C) (U, t? .T) + 8£Uf(D> (u7 8ZL‘U7 ta ZE) — S(u7 ta 33) ]

1 1

Conservation term Diffusion term
(Goldstone modes) (Radial mode)
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Quark-Meson model

Consider simple Quark-Meson setting OpT @) = lTr { 1 8kRk}
2 I'(
Approximate momentum dependence
and keep field dependence

Resulting PDE
[ 8tu T axf(C) (U, t? .T) + 8£Uf(D> (u7 8ZL‘U7 ta ZE) — S(u7 ta 33) ]

T 1 1

Conservation term Diffusion term Source term
(Goldstone modes) (Radial mode) (Fermions)

[Eew] »
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O(N) theory at large N R e
3 O0.50F | wm= Method of characteristics ; *  Zero crossing signals
u% 0.255_ ® Discontinuous Galerkin _ position of minimum
2 0.00f l
5 F . Example of symmetry
é’ —0.25;— ®t=0.00 - broken phase
g ' t=1.00 :
S - o ]
* -0. 75;' ® =250 ' » Convexity restoration
[= 1 ook ®1=4.00] ; nicely visible

0.00 0.02 0.04 006 008 010 0.12 0.14

Field value p Grossi, NW, arxiv:1903.09503
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O(N) theory at large N
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W 0.025
0.000
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i

B RG-Timet=4
A Extrapolated
=== Analytic result

0.000 0.005 0.010 0.015 0.020 0.025 0030

External parameter -A,

Expected second
order phase transition

(Easy) extrapolation
in RG-time possible

Grossi, NW, arxiv:1903.09503
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O(N) th tl N ) UniveRarAs
( ) eory a arge %' DARMSTADT
Symmetric phase Broken phase
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Grossi, NW, arxiv:1903.09503
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Include field dependent effective Tklg, 7, ¢] = {Q(maﬁ — Yottq)q + 1(%@)2
potential and Yukawa coupling x 2

+ hi(p) A(7o0 + Tm)q + Vi(p) — o0 |

E 0.10F o 10
— A N{=2 ~ A Nf=2
o PAAA 2 5 o M
o 0.08M8AAL40A,, A Limit Ny > oo, 4 DOF |] o 0.8 A‘ﬂm A Limit Ny —> oo, 4 DoF
=) 3
3 BANLL A & hABy A Limit N; —> o, 3 DoF 2 4, A Limit Ny —> o, 3 DoF
> AAA A ‘A‘ >
< 0.06} DA, A = 0.6}
R=] 3=
© @
B 0.04} S 0.4l
Q. Q
i ai
- 0.02f A Global minimum o 02 A Global minimum
2 @ Phase transition g ® Phase transition
0.00/— === Transition scaling 0.0 ™= Transition scaling "
0.10 0.12 0.14 0.16 0.18 0.20 0.6 0.7 0.8 0.9 1.0 1.1
Temperature T [GeV] Temperature T/T.,

Grossi, Ihssen, Pawlowski NW, PRD 104 (2021)
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Shock d | t atl d it UNIVERSITAT
ock development at large densities URVERSIAT
Broken phase Symmetric phase
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Grossi, Ihssen, Pawlowski NW, PRD 104 (2021)
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Constant Yuk i e
onstan uKawa coupling UNIVERSITAT
0.20
o8 Slight shock
- == development at
0.15/§ large densities
> | NN
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o / '
© -
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8 | 4
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0.05
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Grossi, Ihssen, Pawlowski NW, PRD 104 (2021)
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Constant Yukawa coupling

0.20

T

Slight shock
== development at
large densities

0.08
0.151
0.06

Numerically at low
0,04 =) temperatures
“relatively” hard

0.10

T

Temperature [GeV]

0.05+
I 0.02

000 0.05 010 015 020 0.25 0.30
ChemicalPotential [GeV]
Grossi, Ihssen, Pawlowski NW, PRD 104 (2021)
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Dynamic Yukawa coupling
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Phase boundary
shifts only slightly

Grossi, Ihssen, Pawlowski NW, PRD 104 (2021)
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Dynamic Yukawa coupling
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ChemicalPotential [GeV]

Phase boundary
shifts only slightly

=) Crossover softened

Grossi, Ihssen, Pawlowski NW, PRD 104 (2021)
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Dynamic Yukawa coupling
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Phase boundary
shifts only slightly

=) Crossover softened

Important for
=) quantitative
description

Grossi, Ihssen, Pawlowski NW, PRD 104 (2021)
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