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Introduction

— QCD phase diagram

— More dimensions

Temperature T°

N
Quarkyonic
Matter
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Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

Fukushima and Hatsuda '11

Nuclear Superfluid

e Constant magnetic field B - no sign problem

e Finite isospin chemical potential 1; with ug = ng = 0 - no sign problem

e Model building. Confronting lattice




Phase diagram

Hadronic phase
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e Pion condensation at T = 0 using two and three-flavor xPT

e Kaon condensation at T = 0 using three-flavor xPT
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xPT at finite isospin

— Effective theory for QCD based on symmetries and relevant degrees of freedom 2

e Three-flavor QCD: pions, kaons, and n and SU(3),; x SU(3)g

e Low-energy expansion

M
L = Ly + L4 + ...Expansion parameter —

Anf
— Leading order Lagrangian and addition of quark chemical potentials
1 1
L, = -PTr [v“zfv“z] T -RTr [X*z + sz] ,

4 4
j®ata .

Yy = e f | VuE =0u% —i[Vu,X] ,

= 2Bydiag(my, my, ms) vo = dugl+ Fums,
f ~ fr, m~ Mg

e Results independent of ug

2Weinberg ’79, Gasser and Leutwyler '85



— Rotated ground state and pion condensation 3

Yo = lcosa+imsina=¢e%"2 .

— Thermodynamic potential

1
Q = —2m? cosa — Efzulz sin .

— Rotation angle « and phase diagram

cosa = pwp>m
a = 0, pp < m.

— Silver Blaze propery and second order transition at .., = m. Mean-field exponents

— Spectrum

Mass(tree)/m;,

3Son and Stephanov '01



Dilute Bose gas
o

— Small chemical potential 1) = m; + ungr

2
n = A4fuNR

2 2
p = 2fp\r >

o
I

1 2
Meny + —nf + ...
T g2

— Dilute Bose gas with s-wave scattering length 4

27a
€ = — n,2

128 3 3
14+ ——/mad + (Alog nja° + C)nja , Expansion parameter y/nad < 1
[ 15\/?\/ I (Alog ny )y xp p aui

— s-wave scattering length °

m

a = ——+
16712

4Bogoliubov 47, Lee and Yang '58, Wu, Hugenholtz and Pines, Sawada '59, Braaten and Nieto ‘97
Gasser and Leutwyler '83



Phase diagram three flavors

— Leading-order Lagrangian
1 1 1
L, = 7ZFW,F‘“’ + Zf2<vuzv”z*> + Zr%ﬁz + 23 + C(QEAET) + Lop + Lanost »

— Ansatz for the ground state K* condensation

+ .
bt = &P
1 1 !
w = 3(ug—ws)l+ §uKi>\o+§MK0AK ,
1 1
Myt = Euﬂrus, HKO:*EHIJFMSy
UM x UMk — Uk,

— Leading-order thermodynamic potential in K*-condensed phase
1
Q = 7f2mf(0 cos o — Efz [Nf{i — Am%)M] sin? o .

— With electromagnetic interactions, the condensed phases with a charged meson is a Higgs phase



Phase diagram three flavors ©
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— Thermodynamic potential independent of ..; in the normal phase (Silver-Blaze property) etc
— Second-order phase transition from the vacuum for o) = m_ 4, 4 = %u, + pg = my4 ete

— First-order transitions between the condensed phases (Order parameters and densities jump discontinously)

6Kogut and Toublan '01




NLO calculation

— Thermodynamic potential
Q = Qo+ +...

—  Q receives contributions from £J">772%1¢ ang £5tatic

— Leading-order Lagrangian for two-flavor xPT
LR = 1(8,,¢2)(0" ba) + g cos oy Boda — b2o1)
,% [(m2 cosa — y.? cos 2o¢)¢$ + (mP cos o — [J.? cos? a)qbg
+(m2 cos o + /1,/2 sin? a)qbg] s
Ei’aﬁc = (h+ lz)pf,t sint o + /4m2u,2 cos avsin o + (B + /4)m4 cos o .

— Spectrum
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— Renormalized effective potential

1
Vet = —PmP cosa — > fzulz sin? o

- ! — — T+ 4l +1 — | +2I —2 m* cos?
4, o o cos” a
( )2 > 3 '4 g ~22 g %
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,(4 )2 §+I4+Iog ? m” py cos asin” o
us
3

25 4 m 4_ 4 fin fin
_W 1+5l1+512+2|0g ﬁ ) sin a+V1,ﬂ_++V11ﬂ__ .
3

— Parameter fixing in two-flavor xPT

2 5 m
me = mf|1— —————Th| =131 £ 3MeV ,
2(47)2f2
2 2 2m? 12843 o
= —_— = ——MeV .
g (@my2r* V2

— T from experiment
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Quark and pion condensates

— Calculate thermodynamic potential with sources m and j

— Quark and pion condensates

- 10Q

(DY), = 56—m:7f250c05a+.4.,
109Q
<7"+>#/ = EyszzBosinawL.“.
]
T2 +,2 T2 2
<ww>tree,p.1 +(m >tree,u1 = (Y¥)iree,0 = —Bo -

— Rotation of quark condensate (only at LO)

1



Condensates

— Quark condensate and pion condensates 7
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7Lattice data by Brandt, Endrodi, Schmalzbauer '18
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Conclusions and Outlook

— Conclusions

e First calculation of thermodynamic functions at next-to-leading order in the pion-condensed phase in two -and
three-flavor xPT

e Good agreement with lattice data at T = 0, also for pressure and EoS. First precision test of xPT at NLO with
nonzero i

e Good agreement with lattice data at T ## 0 only for very low temperatures (phase diagram not shown)

— Outlook

e Effective theory for the Goldstone boson valid at scales p < 1/
e Masses of photons in Higgs phase?

e Construction of NR effective field theory near the transition (non-universal effects...)

13



