@NTNU

Science and Technology I ‘

Norwegian University of

Quark and pion condensates at
finite isospin density in \PT

A Virtual Tribute to Quark Confinement and the Hadron Spectrum 2021
Stavanger, Norway — August 2-6 2021

Jens O. Andersen’
Department of physics, NTNU

August 6, 2021

1Collaborators: Prabal Adhikari, St. Olaf/NTNU and Martin Mojahed NTNU
References: EPJC 79 879 (2019) EPJC 80 11 1028 (2020).



Introduction

— QCD phase diagram

Temperature T
@

— 7 CFL-KY, Crystalline CSC
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

Fukushima and Hatsuda '11

— More dimensions
e Strong magnetic field B - no sign problem

e Finite isospin chemical potential y; - no sign problem (Kogut and Sinclair 2002,
Brandt et al 2018)



Phase diagram

Quark-gluon plasma phase

.. BCS phase

U(L)exU(L)y,
(),
Hadronic phase

BEC phase

Hy=my Hy

— This talk 2

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

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

2. . . .
No inhomogeneous phases, see talks by Mannarelli and Carignano.



xPT at finite isospin 1, ® ‘
— Low-energy effective theory for QCD based on symmetries and relevant degrees of
freedom 8
— Two-flavor QCD, pions and SU(2); x SU(2)g
— Three-flavor QCD, pions, kaons, and 1 and SU(3), x SU(3)r

— Leading order Lagrangian and addition of quark chemical potentials

f2 2m?
_ pyt f
L, = 4Tr[VZVHZ]+ 7 Tr[z+z],
s = 69, V.E=0,5—ilv.,5],
Vi = Ou0diag(pu, na) = 6u0(31 + S 318 — i)
f ~ fﬂ— m~ Mgy

— Results independent of 15

3Weinberg ’79, Gasser and Leutwyler '85



— Rotated ground state and pion condensation 4 . ‘

Yo = AdlAa,

j . .
Aw = €27 =cos§ +irsing .

— Naive parametrization of fluctuations
e Noncanonical kinetic term (not problematic?)

o Divergences that cannot be cancelled by standard counterterms (disaster)

— Visualizing problem via SO(3) — SO(2)

7

4Son and Stephanov '01



— Static Hamiltonian

HE = AR [roTrext — 1] = JPmP Tr [£ 4 ] Py ‘

= —fPmPcosa— 1§,u,2f2 sina .

— Leading-order Lagrangian for two-flavor xPT
) 1
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L350 = 3(0ua)(0" @a) + i cos a($10002 — $20001)
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— Next-to-leading order Lagrangian

Ly = 1h (Tr [Duzfmz])z + LT [DHZ*D,,Z] Tr [Dﬂzfovz]
+1176(/3 + ly)m* (Tr [}: + ZT])Z + 1§/4n72Tr [DMZJr D“Z] Tr[Z + =]
— Static part
Litaﬁc = (h 4 k)utsin* a4+ lymPp? cosasin® a + (s + ly)m* cos? a

— Renormalization of parameters

~iN—2¢ 1 -
/,' = /Ir(/\) — 21(471’)2 |:E +1-— /,:| s

— Effective potential at NLO
2 = V177T+ + V1,7r_ + V1,7(0
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— lIsolate divergences by adding and subtracting divergent terms that can be
calculated in dimensional regularization . ‘

1
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— Renormalized effective potential
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Parameter fixing in two-flavor yPT ® ‘

— Low-energy constants

% =-04+06, h=43401,
h=29+24, h=44402.

— Physical masses °

m -
m. = m 17W/3 =131 £ 3MeV ,
m - 128 +3
fr. = fl1 = MeV .
" (anpr “] vz e
— Parameters
Mcen = 132.4884 MeV s fccn = 84.9342 MeV s

5B. B. Brandt, G. Endrodi, E. S. Fraga, M. Hippert, J.Schaffner-Bielich, and S. Schmalzbauer, '18.



Results
o

— Rotation angle « and phase diagram

m2
cosa = — wp>m
Hy
a = 0, pp<m
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— Silver Blaze property. Onset of pion condensation exactly at m;

— Second-order transition from the vacuum. First-order transition between pion and
kaon-condensed phases

10



Results

— Quark condensate and pion condensates ©
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6Lattice data by Brandt, Endrodi, Schmalzbauer '18
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Results

— Pressure and equation of state 7

P = — Veff »

e = —P-—
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7Laﬁice data by Brandt, Endrodi, Schmalzbauer '18
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Conclusions and Outlook

— Conclusions

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

o Good agreement with lattice data at T = O First precision test of xYPT at NLO
with nonzero

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

— Outlook

e Phase diagram in an external magnetic field

— Quantum and thermal corrections to vortices

— Competition with other phases such as the chiral soliton lattice

13



