@NTNU

Science and Technology I ‘

Norwegian University of

Pion condensation - ypt versus
lattice
XQCD 2019, Tokyo June 26

Jens O. Andersen’
Department of physics, NTNU

June 25, 2019

1Collabora\tors: Prabal Adhikari, St. Olaf/NTNU
Reference: arXiv:1904.03887



Introduction

— QCD phase diagram
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— Only a few exact results

e Quark-gluon plasma at asymptotically high temperature

e Color-flavor locked phase at asymptotically large baryon density.

— Sign problem at finite baryon chemical potential (talks by Nishimura, Fujii,
Scherzer...)



— No sign problem at finite magnetic field B or finite isospin n; with g =0
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— This talk 2

e Properties of the BEC phase at T = 0 using xpt (see also poster by
Schmalzbauer)

2B. B. Brandt, G. Endrodi, and S. Schmalzbauer, Phys.Rev. D 97, 054514 (2018).



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

— Leading order Lagrangian and addition of quark chemical potential
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— Static Hamiltonian
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— Rotated ground state and pion condensation 3

Y = Sgcosa+ diTisina, . ‘
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— Leading-order Lagrangian

) 1
58— R cosa+ 5 Pu?sin o,
clinear f<fm2 sin @ + p? cos avsin oz) @1 + fuysinadodpe
: 1
Eczquadratlc _ E(@td)a)(a#‘ﬁa) + pycos ap109p2 — d200d1)

~3 [(m2 cosa — ,u% cos 2a)¢$ + (mP cosa — w2 cos? a)¢>g

+(mP cosa + ;ﬁ sin? a)q&g] .

— Goldstone mode
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3Son and Stephanov Phys. Rev. Lett. 86 592 (2001)



— Ground state 4

cosae = 1,u;<m, (vacuum phase -Silver Blaze property)
cosa = :—22 , iy > m, (pion -condensed phase)

Yo = AolLZoAa )

A, = & 3(drmitden) =cos § + (1 +¢A3272)5i”% )

— Fluctuations and rotated broken generators 5

Y = L.Y.ARL,
Lo = ALUAL,
R, = ALUA,,

U = é&%°

4D. Son and M. A. Stephanov, Phys.Rev. Lett. 86, 592 (2001)
5K. Splittorff D.T. Son, M. A. Stephanov, Phys.Rev. D64 (2001) 016003



— Visualizing it via SO(3) — SO(2)

(LR
— Broken generators
U = ei7r1 Ji+imady .
— Rotation around the x-axis
Ry [imydy + imady] Ry = imydy + imady cos 6 — impdysin 6 .

— Naive parametrization
zwrong = UX, U= UA XA U.

— Use of unrotated generators yields noncanoical kinetic term (not problematic) and
divergences that cannot be cancelled by standard counterterms (disaster)



— Next-to-leading order Lagrangian
Ly = %/1 (Tr [DH}ZTD“ZDZ + %/2 T [DMZTD,,Z] Tr [Duzmvz} ® ‘
+1l6(/3 4 ly)m* (Tr [z T ZT])2 n %/4m2Tr [DHZ’LD“Z] Tr[E + =]

— Renormalization of parameters
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— Static part
£38ic — (4 b))t sin® a + ymPu? cos asin® o + (l + ly)m* cos? o,

— Effective potential at NLO
Vii= Vo4 Vi + Vo
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— Isolate divergences by adding and subtracting divergent terms that can be . ‘
calculated in dimensional regularization

— Renormalized effective potential
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Results
o (

— Low-energy constants

y =—-04+06, h=43+01,
h=29+24, h=44+02.
— Parameters
Mavg = 136.87 MeV , favg = 79.70MeV ,
Mpmin = 135.31 MeV | fnin = 80.14MeV ,
Mmax = 138.61 MeV | fnax = 79.23MeV .

— Quasi-particle masses (Leading order)
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— Minimizing with respect to «

— Expansion around « = 0 to obtain Landau-Ginzburg free energy
1 m?
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— Second order transition exactly at ., = m, since ay > 0

1



Pressure and isospin density
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Lattice data from B. B. Brandt et al, Phys. Rev. D98 094510 (2018).

Equation of state

€ = n,u,—P,
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Lattice data from B. B. Brandt et al, Phys. Rev. D98 094510 (2018).
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Pion stars

— Consists of a Bose condensate of charged pions

— Tolman-Oppenheimer-Volkov equations
am

_ 2
a = 4rree(r) ,
aP M+ 4xr2P
a = TP o
— Impose charge neutrality
ng = 0

— Adding leptons

['Iepton =] [/@ + NI’YO + ml} l,
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— Pion decay and chemical equilibrium

And .“'+ + v,
~ et + ve,
K = HQ,
He = —HQ Tt UL,
Hve = Hig>
Hup = —pQtpL,
Hv, =  Hig-
— More complicated TOV equation
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Mass-radius relation
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System I T+ [ T™+e T+ 14y
MM 8.91 18.45 223.86 18.65
R[km] 53.06 252.08 2.724 %107 118.9
P [MeV /fm3] 20.6 0.23 456%x10~7 3.75
1 cMeV] 253.88 | 142.0928 | 140.0000851 140.905
Ps [MeV /fm3] 0 0 0 0.43
n, [1/im°] 0 0 0 1.22x103
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Conclusions and outlook ®
— First calculation of thermodynamic functions at next-to-leading order in
xpt in the pion-condensed phase

— Good agreement with lattice data at 7 = 0. First precision test of xpt at
NLO with nonzero 1,

— Finite-temperature calculations straightforward. Order of transition?

— Three-flavor ypt NLO calculation on its way

e Pion condensation and kaon condensation
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XQCD 2020
o

— Trondheim, Norway July 22-24 2020.
— PhD school, Stavanger Norway, July 17-20 2020
— Confinement, Stavanger July 27-Aug 1 2020
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