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The QCD phase diagram and
the cold dense equation of state

0.5

%‘ 2 Q)
= l 04
— 100}
9 0.3 i 8
= — 8
®© « IV
S (O] 02} B R
3 ® g
E E 0.1 | :C_'
liJ i ol =QCD o0s(Mz)=0.1189 +0.0010 ﬁ
0 1 Kiilél [\’j ‘B 5 ' 1 0 0 Gev] ™
et.baryon Density 22 ,S 35 Psat [Kurkela et al., 2014]
— e | -
e @ Low-energy Functional methods Perturbative methods
effective theories » Strongly correlated matter » Quarks and gluons
. at intermediate densities as only dofs
» variety of condensates as » Weak coupling expansion

non-perturbative phenomena

Maynooth University, Dublin | August 2018 | Xlllith Quark Confinement and the Hadron Spectrum | Marc Leonhardt 2



TECHNISCHE
UNIVERSITAT
DARMSTADT

The QCD phase diagram and
the cold dense equation of state

0.5

%‘ 2 Q)
= l 04
— 100}
9 0.3 i 8
= — 8
®© ) IV
S (O] 02} B R
3 ® g
£ o ul | &
|9 '__/ | i . =QCD (M) =0.1189 +0.0010 ﬁ
0 1 Kiilél I\’] ‘B 5 I 1 0 0 Gev] ™
et.baryon Density 22 ,S 35 Psat [Kurkela et al., 2014]
—‘ - I
e @ Low-energy Functional methods Perturbative methods
effective theories » Strongly correlated matter » Quarks and gluons
. at intermediate densities as only dofs
» variety of condensates as » Weak coupling expansion

non-perturbative phenomena

o B
EoS A L%\.
. @ O
Y )

Maynooth University, Dublin | August 2018 | Xlllith Quark Confinement and the Hadron Spectrum | Marc Leonhardt 2



) TECHNISCHE

Outline PR
(D) Including dynamic gauge fields .%%mmbg%m@.
| P e
Framework and structure of B functions 9
Symmetry breaking patterns @ K‘
a 8
Implications on the phase diagram
Aapvs
@ Connecting to low-energy effective models (LEMs) v 5
Quark-meson-diquark model ) )
Findings on the equation of state (EoS) EoS

Conclusions and outlook
_ﬂrnr **

; ,‘ﬂ\éig14s

Maynooth University, Dublin | August 2018 | XllIth Quark Confinement and the Hadron Spectrum | Marc Leonhardt



' ' ' TECHNISCHE
Functional renormalization group (FRG) TECHNISCHE
From high to low energies in QCD DARMSTADT
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Functional renormalization group (FRG)

From high to low energies in QCD

A Uig S Gluodynamics

- " Strong coupling gs(/A) only parameter l

1 Y gs(N\) at A =10 GeV within exp. error
d [Bethke, 2006]

o, = lSTrﬂ

2 F,(f) + Ry,
[C. Wetterich, 1993]
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Functional renormalization group (FRG)

From high to low energies in QCD

A Uv S Gluodynamics
) Strong coupling gs(/A) only parameter l
“'i’qz/’ ?0553?1‘1%. S
W % gs(\) at A =10 GeV within exp. error
d [Bethke, 2006]
5 \ 2y %
1 R @ @
| BTy = SSTr—o ik 7
2 L+ Ry .
[C. Wetterich, 1993] >——p—3
ﬁi gs gs
3 - Four-quark /
interactions
- 7 Fierz-completeness
)\aﬁwé <~
., ; | variety of condensates
&Y » chiral condensate
‘ » diquark condensate
...
0
IR [Braun, ML, Pospiech, PRD 97, 076010 (2018)]
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Ansatz for the effective average action
Quark self-interactions and gauge degrees of freedom

: 1 S
Trolt), b, A / dT/d3 { (17000 +17:0; — in70) ¥ + 5 > ZiN L

jEB
Symmetries
Lorentz group: SO(1,3) — SO(3)
Flavor space: SUL(2) ® SUR(2) ® Uy (1) Fierz-complete basis:

Color space: SU(V,) 10 channels

,C(J_W) = (&w) 2 (15757-7:¢) 2 A .formation of

chiral condensate

Lese ~ (11;757'14 tf/C1ET)(i¢TC”y5TA tf/?ﬁ) JEP — ot < formation of

. diquark condensate
e.g. [Rapp, Schéfer, Shuryak, Velkovsky, 1998]
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Ansatz for the effective average action
Quark self-interactions and gauge degrees of freedom

: 1 S
Trolt), b, A / dT/d3 { (17000 +17:0; — in70) ¥ + 5 > ZiN L

jeB

+24 (Fe)” + (3 A%)* Kinetic term for gluons

4 2

+§s%@%z4u¢} quark-gluon interaction

RG flow of the gauge coupling: k— 0 g3 (k) = nar g> (k) [L. F. Abbott, 1980]

ok 7"

[J. Braun and H. Gies, 2007; J. Braun, 2009;
J. Braun, L. M. Haas, F. Marhauser, J. M. Pawlowski, 2011;

— My LA T J. M. Pawlowski, 2011;
A,k nA’k ( ) nA’k( ’ 'u) J. Braun, L. Fister, J. M. Pawlowski and F. Rennecke, 20141
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RG flow of four-quark interactions TECHNISCHE
Structure of the B functions and formation of condensates DARMSTADT

RG flow equation:

5 Js >
gs
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RG flow of four-quark interactions

Structure of the 3 functions and formation of condensates

RG flow equation:

Ne)
@
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@

0 > g B Atk =A:
kX = + 8 8 AUV —
3 3 gs(/\) only parameter
Js gs
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Structure of the B functions and formation of condensates DARMSTADT
RG flow equation: , ,
9 s Atk = A:
— N\ = S S (Uv) _
k(?k Ai + 8 S A =0
g g gs(/\) only parameter
E gs

3 lllustrative RG flow of four-quark couplings

T= 0MeV
2 y= 0MevV —— _
U =700 MeV ----
1 —
f'<_ = .,.:-:- :-:':':-..r.-r.-:-
ANo—m) —— Av+a), i
As+p). —— Awv-a,
Acsc - )‘(V—A)L -
)\(S—l-P)adJ )\(V_A)idj N
AW +4), )‘(V+A)'ﬁ‘”
1 1 1
1 1.5 2 2.5

k [GeV]

[see also Braun, 2006; Mitter, Pawlowski, Strodthoff 2014]
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RG flow of four-quark interactions 4 Divenormar
Structure of the B functions and formation of condensates W= DARMSTADT
RG flow equation: . .
5 > Atk =A:
kX = + 9 2 AUV —
g g gs(/\) only parameter
Js gs
Onset of lllustrative RG flow of four-quark couplings
condensate ST ' ' | |
. T= 0MeV
Iormatlon. ) U= OMeV |
- 0 y=700MeV ----
i oy 1 .
3 e
Mo-m)  —— AW+a), .
A5+P). —— Av-a),
/\csc — )‘(V—A)L E—
A5y Aw—ay i
Av+a), Ay —
1 15 2 25

k [GeV]

[see also Braun, 2006; Mitter, Pawlowski, Strodthoff 2014]
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Structure of the B functions and formation of condensates DARMSTADT
RG flow equation: . ;
5 > 2 Atk =A:
kX = + 9 2 AUV —
g g gs(/\) only parameter
Js gs
Onset of Relative lllustrative RG flow of four-quark couplings
condensate interaction ST ' ' | |
R . T= 0MeV
Iormatlon. str?ngths. ) U= OMeV |
o .0 y=700MeV ----
i 1Koy 1 .
Z L
ANo—m) —— Av+a), i
A(s+P). —— AV -4y,
Acsc E— )\(V—A)L —
A5y Aw—ay i
Av+a), Ay —
Formation of 1 1'5 2 2'5 3
specific ' '
k [GeV]
condensates -'
[see also Braun, 2006; Mitter, Pawlowski, Strodthoff 2014] x ¥
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Exploring the phase diagram

Patterns of symmetry breaking and formation of condensates
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Formation of CSC
condensates appears to be favored

T, ~ Acsc (T — O)
[BCS theory]

Implications
for EoS!
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RG flow of four-quark interactions

lllustration of the RG flow at zero temperature

» Diverging coupling 3
signals onset of
condensate formation

» Assessing relative
interactions strengths
— Formation of specific
condensates

ANo—m) —— Aw+a), 7
)‘(5+P)— - )‘(V—A)n
Acsc I )‘(V—A)J_ -
APy A —ayad ]
)‘(V-l-A)“ )\(V—FA)T‘dj

| |

2 2.5 3

kcr | k [GeV]

[Braun, ML, Pospiech, (2018) in preparation]
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RG flow of four-quark interactions

lllustration of the RG flow at zero temperature

» Diverging coupling 3
signals onset of
condensate formation 2 -
» Assessing relative 1k i
interactions strengths K
— Formation of specific

condensates

Ao—m)  —— Av4a), .
AS5+P). —— ANv-a),
Acse T Av-a) ——
A(54p)s Awv—aysi —— ]
)‘(V-l-A)“ )\(V—FA)T‘dj
| | |
1 1.5 2 2.5 3
k [GeV]
chiral fields ¥
. . SQMD
for low energy part diquark fields A
now: two most dominant channels [Braun, ML, Pospiech, (2018) in preparation]
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Connecting to low-energy dynamics G Trennische
Determining parameters at high densities :

22

Q-5 DARMSTADT

[OAY/ ,
A - » Pass on values of four-quark couplings at
%}% ‘@@’ transition scale /\o to access low-energy
" >WW dynamics
» Determine parameters of a quark-meson-
.. ) diquark model
I S » Parameters temperature and density
———> dependent
» Circumvent limit of accessible range of
\ external parameters
» Minimization of thermodynamic potential:
size of gaps, pressure, density, ...
Ag
Z~ / DqDGDp DA e~ Samp o m)Aee)
p<Ao
i T
) | Thermody_namlc Q(p, A) — T logZ
IR pOtentIa| >\(a—7r)a>\csc V Jf#w" **
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Implications on the equation of state

Connecting to the quark-meson-diquark model

Pressure as a function of the baryonic density

10"
102
q.I—|
D a3
G 10
o
= ]
? 10 *  FRG (600 MeV) | -
o S — FRG ]
o K XEFT 3rd MBPT
5 . mm yEFT 2rd MBPT
107 F ' - - QMD (600 MeV)| 3
free gas
10-6 . | . . | . . . L
1 2 5 10

n/n0

[YEFT data by C. Drischler, K. Hebeler and A. Schwenk]

Compatible to pQCD [E. S. Fraga, A. Kurkela, and A. Vuorinen, 2015]
* Degrees of freedom at smaller densities [e.g. M. Drews and W. Weise, 2016]
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Conclusions and outlook ARRSTADT
. of four-quark interactions by
 Importance of at high quark chemical potential and

low temperature
- Formation of CSC condensates appears to be favored at high densities

Connecting to low-energy dynamics
- Utilizing RG flow of four-quark couplings to determine parameters of low-
energy effective model at high densities
- Equation of state:
- Connects to free gas pressure at asymptotically large densities
- Pressure towards smaller densities lifted to higher values;
compatibility with xEFT results appears to be improved

Outlook
 Improve connection between high- and low-energy regime by employing
dynamical hadronization techniques

;.J;if '".:: EF:‘ * *
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Four-quark interactions and symmetry breaking

S[h, ¢] = /x {zﬁifw +%X<a—w> (P1p)? — (Wa%)ﬂ}

Partial bosonization 1
e i » Up~——(0 +7) + ...

Ugp
> 0
-
@1 massive
Goldstone bosons a1 *o
Assessing relative Formation of
S

interaction strengths specific condensates

ko
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In total 20 channels meet Fierz identi’[ies> Fierz-complete basis:
symmetry constraints 10 channels
U4 (1) breaking channels:

(o—m) _ (7.1\2 T 201\ 2 + formation of
£(1W)2 N (¢¢) N (w%ﬂp) chiral condensate
((:fzclb)Q ~ (i@B’V5TAt?/C?;T)(i?#TC’yg)TAtf,?#) JEY =07t + formation of

[Rapp, Schifer, Shuryak, Velkovsky, 1998] diquark condensate
L3 = () + (Ys9)® — (0T)? — (Prs7)?
S4p)>d a2 = a2 — a2 = a1\ 2
Lomme = (@T%)? = (bys7T)* + (nsT?)* — (D7)

U 4 (1) symmetric channels:

(VHA) | A(VHA) L p(V=A) A(V=A), H(VHAY (v—a)yd
Lo L Fawe Lave Laver Luwvy

[Braun, ML, Pospiech "17] Ve

\SFB124
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation

L[, Y] :/ {(kinetic term) + %5\(0_77) (0 —m) + ;_ }

x

g\\\\'\\l'/"/'/'/'//j ]
[ T/k =0 &uk=0 ] j“ VN
2§Q‘§f\\:\\ W/ 7/

)

——
-—

-
\

\

\

= >
-10 ‘/r‘_m Y N N N N N
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation

L[, Y] :/ {(kinetic term) + %5\(0_77) (0 —m) + ;_ }

x

) T/k0209&,u/]€020 , /

X 1/'/4:;/////
NV

-

N
N

- . ]

/ [ ‘

_10" A_/ﬂ/’l}j . (AL TN
- - 8
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation

L[, Y] :/ {(kinetic term) + %5\(0_@ (0 —m) + %XCSC (csc) }

x

)\CSC
)\CSC
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Exploring the phase diagram G0 e

Fixed-point structure and patterns of symmetry breaking @ DARMSTADT

Ansatz two-channel approximation
: 1- 1<
Tk [, Y] :/ {(kinetic term) + 5)\(0—77) (0 —m) + 5)\680 (csc) }

x

N T/kQZO &/J/k()z()Zl

NS N
—SN O

-10 L I\
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Connecting to low energy effective models
Determining parameters at high densities
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Quark-meson-diquark model (QMD)

1 1
S=/ G\ 10 —ipyo +i(o +i7 - ) Jg + 5 < ¥’
x 2 >‘(J—7r) |
- x mAp =T T A 11 2 ]
+qvs e AZTCq — q CysmoAAT Cq + 2 |A|

diquarks

uv IR
Ag
2 1 1, 1 1 <,
o /RPN Pk
e.g.

[K. Rajagopal and

F. Wilczek, 2000]

, 2008]

FRG-QMD: M, Sl 2005,
1 1 5 1 1 ,| M- G.Alford etal
FAo — 53 — o — | |
2 Xo—m(k=No) " 2 Xese(k = Ag)
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