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Phase Diagram

o1
P critical

Ic m [ point QCD
F X1 ' /

Pressure
<
e
(]

r /
1kPaf—— I / Vapor K. Heckmann, TU Darmstadt, Nov. 2011
i trinle -
Solid boint Pa| ]Mey
. poin fm LHC
I 1 | 1 oo/ CFL quarks and gluons
0 100 200 300 400 500 600 700 800
Temperature (K) color-superconducting phases
http://www.Isbu.ac.uk/water/phase.html O 5]
—
— — (?)
Water 0 0’
O 10%1
a
101_3 chiral phase transiton FaAlR
10%7 |5 unphysical region
3 o®
¢ v hadrons
32 10°4<
N .é’\b oo
| > as «® MeV
0TI 20 30 40 50 70 100 200 300 ' 500
T I1IO11 T T T T T T T I1I012 T T T T T T 171
temperature
JUSTUS-LIEBIG- T — ECHNISCHE
UNIVERSITAT 9 June 2014 | Lorenz von Smekal | p. 3 UNIVERSITAT
GIESSEN DARMSTADT


http://www1.lsbu.ac.uk/water/phase.html
http://www1.lsbu.ac.uk/water/phase.html

QCD-like Theories

Functional methods and effective models: QCD at finite isospin density

]

® compare with lattice simulations
where there’s no sign problem

¢ apply to ultracold fermi gases 2k

exploit analogies and _ _ o 1t
more experimental data polarised fermi gas at unitarity

mm 167 128(A+P) ||
mm 20° 256
mm 24° 128(A+P) ||
' | T — XPT
1T 32 3 4 5 6 7 8 09

® strongly correlated fermions in 2+1 dimensions

QED3 (semimetal-insulator transition, N; < 4),
electronic properties of Graphene (half-filling, Ny = 2) — SFB 634
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Fermion-Sign Problem

sign problem: «
(Det D(ji5))" = Det D(~puy)

® in general, except if:

(a) anti-unitary symmetry TD(p)T~ = D(p)* T? = +1

fermion color representation: Dyson index:
(i) pseudo-real T° =1 [two-color QCD } B=1
(real T°=-1 | adjointQCD, or G2-QCD | B =4

(b) two degenerate flavors with isospin chemical potential

fermion determinant  ~~ Det (D(,uI)D(—,uI)) 8 =2

(QCD at finite isospin density}
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Functional RG (Flow) Equations

Effective action: TI'|¢;] = (4,¢;) — InZ]j]
Legendre transform

S 1Pl vertex functions

k—0 % k=A
k-ok k —> grand potential
IR uv

Q(T, p), at

J\ ¢min — <¢>T,u
!
4 = @
2 "‘

extended mean
field (eMF)

kokI'

bosons Wetterich, Phys. Lett. B 301 (1993) 90
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Flow Equations for Correlation Functions

® e.g. O(4) linear sigma model:

D
NG r® &
kak;rk (po,m = > —§X
P> ‘
e continue to real time: pion & sigma spectral functions
. . Py M =137 MeV
Py = —z(w + 28) (retarded) 10000 'i P mr%%zl% ey
B Py M=16 MeV -------
- 0 100
=p=0: i
Kamikado, Strodthoff, LvS & Wambach, Ul S e
EPJC 74 (2014) 2806 i
0.01 | | - e e ennnenas
finite T and p: o
0.0001 |-
Tripolt, Strodthoff, LvS & Wambach,
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Spectral functions

e QM model analytically continued FRG finite Tand y
T=10 MeV T=150 MeV T=200 MeV
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[Tripolt, Strodthoff, LvS, Wambach, PRD 89 (2014) 034010] see Arno Tripolt’s talk tonight
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QM Model with Isospin Chemical Potential

® Nr= 2 quarks & mesons with Yukawa coupling:

L=9( + g(o +iy°77) — " — prmsy° )

1 1

+ 5(040)° + 5 (0um0)* + U(p?, d*) — co
1

+ 3 ((On + 2111674 (O — 2116, )

® chemical potentials:
Po = [+ pr g = [ — f1
b =>> b1 © g~ imbalance between up and down

[by > [ p~ imbalance between up and anti-down

e 1 = 0, map to QMD model for QC;D:
Nc: 3— 2 (wuawd) — (¢r77_207759> Hr — K

Ty, T — A A¥ o — T
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I
Two-Color QCD

¢ extended flavor symmetry (Pauli-Gursey), at y=0

SU(Ny¢) x SU(Ny) x U(1) becomes SU(2Ny)

Ny = 2: connects pions and o-meson with scalar (anti)diquarks.

1200

xPT

¢ Dirac mass (quark condensate) 000 | MDY
QMD MF (no mixing) . I x ¥
SU(4) — Sp(2) 200 | diquark cond. . ¥,‘**'¥¥
¥¥¥
or SO(6) — SO(5) oo | ot

Coset: S° 5 Goldstone bosons: pions 400 |

and scalar (anti)diquarks
200 +

sk " Ie

0 0I.2 0.4 OI.6 0.8 Il 1.2 14 1.6
® color-singlet diquarks o I

(bosonic baryons)  — —
Strodthoff, Schaefer & LvS, Phys.
Rev. D 85 (2012) 074007
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I
Two-Color QCD

® QMD model phase diagram

250
. . . . 200
with collective baryonic fluctuations
250 T T T
> 150
=
200 prememmtizzrieeee . T OMDIRE (A = O e B =
100
= 130 I 50 F QMD with UV, diquark cond.
o QMD no UV, diquark cond. -------
= i y QD with UV chira
a i . QMD no UV, chiral ====-=-
100y diquark . 0 ' ' '
: g 9 0 0.5 1 15 2
condensation wim,]
50 +
0 . . Strodthoff & L.v.S., PLB 731 (2014) 350

e no low-7" 15 order transition,

no CEP at yt ~ 2.5 m, |
Strodthoff, Schaefer & LvS, Phys. Rev. D85 (2012) 074007
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Two-Color QCD

normalised quark and diquark condensates

® QMD model phase diagram

o
o

S
===

e
s

T\ S

N
e

o
e

2
NS

=

§
\
NS

X
N
AL SNNNY

‘K“\\\\\

SASSNNNR

s
ANNNNNAY

NS

S
X

SSho
NSNS

"

)
e
X
(R
X0

%

WS

§§§§§\\
I

—rrnneny
e
N4
ARS8
O Rodeseess”
N AN00090
o

:...........

\
0

3¢
I >
S=
NeZ
1l
<
(8
a =
(@) @)
s =
w 1 1 1
2 8 8 8 & °
[\ (o] — —

[ASI] L

1.5

0.5

u [my1

In

| point predicted

icritica

oTr

Splittorff, Toublan & Verbaarschot,
Nucl. Phys. B 620 (2002) 290

Strodthoff, Schaefer & LvS, Phys. Rev. D85 (2012) 074007

L
I
O
n
Z
T
O
Ll
-

JUSTUS-LIEBIG-

UNIVERSITAT
DARMSTADT

p. 12

Lorenz von Smekal |

9 June 2014 |

UNIVERSITAT
ﬁ GIESSEN




Two-Color QCD

250
* Polyakov-Quark-Meson-Diquark | deconfiney
model phase diagram: 200p— T
T A
= A
3 R
= kyonic?
¥ 4100 F hadronic quarkyome
e Lattice simulations:
50 |- P —
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(D) -
|
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i BCS? 16 with the 3d effective lattice theory for
sol- Hadronic e o heavy quarks?
- ] [see Philipp Scior’s talk this afternoon]
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() RS S e— Cotter, Giudice, Hands & Skullerud,
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Nuclear Matter and Chiral Transition
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QCD with Isospin Chemical Potential

* QM Model with fluctuating 250
chiral & pion condensates e
200F Tl
_ 150 F
> i/
= SB f
=, X :
= 100} i
pion condensation
50 | i
0 [ [ 1 : [ ul=0 I\Aevl 1
0 02 04 06 08 1 12 14

“’I[mn]

® need 2 fields in effective potential

U =U(p?,d?), but replace p* = 0 + 72 and d? = |A|?

by p? =0?+ndand d* =72 + i =mw m_
Kamikado, Strodthoff, LvS & Wambach, PLB 718 (2013) 1044
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QCD with Isospin Chemical Potential

® T=0 isospin density - FRG vs. lattice QCD:

5
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Kamikado, Strodthoff, LvS, PLB 718 (2013) 1044
Detmold, Orginos & Shi, Phys. Rev. D86 (2012) 054507

JUSTUS-LIEBIG- TECHNISCHE
UNIVERSITAT 9 June 2014 | Lorenz von Smekal | p. 16 UNIVERSITAT
GIESSEN DARMSTADT




Baryon & Isospin Chemical Potential

®* Fermionic flow (extended mean-field):

Lee-Wick

Chandrasekhar-Clogston
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Kamikado, Strodthoff, LvS & Wambach, PLB 718 (2013) 1044
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Up-Antidown Population Imbalance

®* Fermionic flow (extended mean-field):

HI = Mg oo -
250 ’uI Sk\lf/
2nd order A+ pgf------== i
~~~~~~~~ 1st order : ho,
200 ) :
A—pgl----- ——— &k
— 150
S
s
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T 100
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50 F
0 [ [ [ [ [
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Up-Antidown Population Imbalance

polarised fermi gas at unitarity

®* Fermionic flow (extended mean-field):

Gubbels, Stoof, arXiv:1205.0568
A- 0.15k Shin et al., Nature 451 (2008) 689
/,LI =Mz A N L
250 * 0.1 -
Sarma crossover ------- E scs R
2nd order
-------- 1st order 0.05F = { = 7
200 ™ e - /
FR %—\
! 1 1 1 A N ?k
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_. 150 P
2
- TCP ” |
100
pion condensation
50 |
3
E'E: A
0 1 1 1 1 1 = BCS \\
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ug [MeV] b
00 1 1 1
0.5 1
Chandrasekhar-Clogston Wa
? .
partially pol. superfluid near interface in fermi gases? Gubbels, Stoof, arXiv:1205.0568
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G2 Gauge Theory at Finite Density

n
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real (positive), no sign problem (as adjoint QCD).
rank 2, quenched 15t order deconfinement (as SU(3)).
7 colors, 14 gluons.

diquark condensation (as two-color QCD).

but has fermionic baryons also.
breaks down to QCD:
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Holland, Minkowski, Pepe & Wiese,
Nucl. Phys. B 668 (2003) 207
Wellegehausen, Wipf & Wozar,
Phys. Rev. D 83 (2011) 114502
Maas, LvS, Wellegehausen & Wipf,
Phys. Rev. D 86 (2012) 111901R
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I
G2 Gauge Theory at Finite Density

® but have fermionic baryons also

e finite baryon density (bosonic and fermionic)

Polyakov loop quark condensate baryon density
o 3 =) Em
S <
1 K
3.: 5
E
S
v [[—=T=0 0.5
[ [ | —=— T=98 MeV
I - |—— T=131 Mev
% 05 1 15 2 -
u[GeV] w[GeV]

G5 nuclear matter?

Maas, LvS, Wellegehausen & Wipf, Phys. Rev. D 86 (2012) 111901R
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G2 Spectroscopy

® Nr=1: real and positive for single flavor: SU(2) — Ug(1) o Ne=2:

2 Goldstone bosons: scalar (anti)diquarks exact mass relations

mMgo+) =Mx0-)

1.2 T T I I R

1 P3 d(0") md(l"‘) _mp(l_)

. — X -

* % X d(1+) .
1.0 | * X -
% X
09 | = %oy .
p:3
0.8 | L : _
£ X
m 07 b * % i
%

0.6 o+ :

0 % Name I} K Mg0+)

o t . Jf | Heavy ensemble|1.05]| 0.147 [326 MeV

04 % 1 Light ensemble |0.96|0.15924 | 247 MeV

B = 0.96
0.3 7]
*
0.2 ' ' : :
0.148 0.152 0.156 0.160
K

Wellegehausen, Maas, Wipf & LvS, PRD 89 (2014) 056007
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G2 Spectroscopy

heavy ensemble

light ensemble
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Finite Baryon Density
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Finite Baryon Density

heavy ensemble light ensemble
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Summary & Outlook

¢ Finite Isospin Density in QCD and Baryon Density in Two-Color QCD

- detailed understanding of phase diagram =

- functional methods and models vs. lattice MC K

- analogies with ultracold fermi gases '
BEC-BCS crossover, population imbalance
with universal phase diagram...

e Phase Diagram of G2 Gauge Theory
- no sign problem - fermionic baryons

e QCD Phase Diagram
- refined functional methods & models, T

baryonic dofs, finite volume...
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