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Bose-Einstein condensation

1
n(Ep) = ST —1

S.N. Bose, A. Einstein, 1924

n T\%?
BECat T < T, T.~3.31—, — =1—( = for non-rel. Bose gas

Velocity-distribution data for a gas of rubidium atoms confirming the discovery of BEC in 1995
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Pion condensation

The relevant QCD degrees of freedom at low energies are pions

Prt = Ly, = (ny —ng)/2 e

isospin

* chiral perturbation theory ( T=0) [D.T. Son, M. Stephanov, PRL ‘01]
* vacuum at p_+ < mg
* pion BEC at p_+ = m, (2" order phase transition)
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t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10~10 joules)

Ke:

quork ]
| © neutrino & ion * star
gluon

YA bosons

W ?
electron £ ctom W galaxy
o - Y

meson

muon :
black
D baryon M photon hole

) tau

The concept for the above figure originated in a 1986 paper by Michael Turner. Particle Data Group, LBNL © 2015 Suppoﬁed by DOE

QCD epoch: ~10 MeV < T < ~100 GeV ~10Ms<t<1s



Cosmic trajectories

conservation equations for isentropic expansion

"6 _p " _5 Ia_
_ ¥ -

5 T s 5

(o € {e,p,7})

trajectory is a line in 6-dim space of temperature and chemical potentials

T, us, WQ, ML,

empirical constraints (CMB anisotropies) &

b = (8.60 4+ 0.06) - 10~ e + 1, + 1] < 0.012

[Planck collab., 1502.01589] [Oldengott, Schwarz, 1706.01705]

equation of state (QCD epoch)

P =~ pQcp + Pleptons + Pphotons



Cosmic trajectories

conservation equations for isentropic expansion

ng nQ np
- b7 - — 07 = = loz s [y
5 _p O L 1, (ae{eumr})

trajectory is a line in 6-dim space of temperature and chemical potentials

T7 we, HQ, HL,

empirical constraints (CMB anisotropies)

b = (8.60£0.06) - 10 e + 1, + 1] < 0.012

[Planck collab., 1502.01589] [Oldengott, Schwarz, 1706.01705]

equation of state (QCD epoch)

P =~ pQcp + Pleptons + Pphotons

Pion condensation may occur if |uQ| >m, at T < 160 MeV
As pointed out in [M. Wygas et al., PRL "18]



Modeling the cosmic equation of state

P =~ pQcp + Pleptons + Pphotons

* leptons

Pieptons( T 4@, fi1,) = Z P(T, pa pe,) + P (T, )] + antiparticles

ac{e,u,7}

e photons



Modeling the cosmic equation of state

P =~ pQcp + Pleptons + Pphotons

* leptons

pleptons( T, HQ, ,LLLQ) - Z [P:S( T, HQ, ,LLLa) + ,D,dea(T, M., )} + antiparticles

ac{e,u,7}
e photons
2
_ T ra

PW(T) T T
+ QCD?
The typical model of choice for hadronic
matter is hadron resonance gas (HRG)

Figure from HotQCD coll., PRD ‘14

Strategy: Implement pion-pion interactions into the HRG model to account
for the pion-condensed phase
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HRG model with pion interactions

paco(T . pe o) ~ Y pF™(T, pi +Z P (T 1)

icm®,m0
interacting pions free hadrons and resonances

* Pion interactions via effective mass m; (T, up) matched to yPT at T = 0

» Validate the model using lattice QCD data for AI = I(T, u;) —I(T,0), [ =¢—3p

0.4} T=0 200 ‘_" ol B2 :_;fl_i_
0.2} /'\
\ 150 7
=
0.0 €
-0.2 . condensation
— Effective mass model (xPT)
50
-0.4; Lattice QCD
0.0 0.5 1.0 1.5 0

0.8 1.4 1.6 1.8

HrlMy pr/mx [MeV]

/e

* Validity range of the model: [ T <160 MeV, pu; < 1.5m; ]

The lattice data and comparison details: VV, Brandt, Cuteri, Endrodi, Hajkarim, Schaffner-Bielich, 2009.02309 I



Calculating the cosmic trajectories

Early universe
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https://doi.org/10.1016/j.cpc.2019.06.024

Calculating the cosmic trajectories

Early universe Heavy-ion collision
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P =~ pqQcp + Pleptons =+ Pphotons P = PQcD
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Calculating the cosmic trajectories

Early universe Heavy-ion collision

final detected
particle distributions

T ~ 1015 fmtc

Supported by DOE
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T~ 10 fm/c > iSS, UrQMD
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Particle Data Group, LBNL © 2015
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P =~ pqQcp + Pleptons =+ Pphotons P = PQcD

Cosmic trajectories implemented within (extended) Thermal-FIST package gp
[V.V., H. Stoecker, Computer Physics Communications 244, 295 (2019); on github]

Using a heavy-ion tool in cosmology


https://doi.org/10.1016/j.cpc.2019.06.024
https://github.com/vlvovch/Thermal-FIST

Trajectories: Lepton-flavor symmetric case

Fix b = 8.6 - 107! and do a parametric scan in lepton asymmetries

First consider [, =1, =1, =1/3
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* Pion condensation in the symmetric scenario occurs if |l| > ~0.15

* However, this violates the empirical constraint |I| < 0.012

Outside pion-condensed region reproduces HRG model results of [M. Wygas et al., PRL "18; 2009.00036]



Trajectories: Lepton-flavor asymmetric case
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Implications of pion

condensation

Full
----QCD only I
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Production mechanism for pion stars

* Pion stars are gravitationally
bound objects whose main
constituent is the Bose-Einstein

©
condensate of charged pions =

[Carignano et al., 1610.06097; Brandt et al., 1802.06685; E 10
Andersen, Kneschke, 1807.08951]

100

* Pion condensation serves as a
primordial production mechanism

10% 10°
R [km]
Figure from Brandt et al., 1802.06685
 Stabilized by neutrinos

* |f pion stars decay around the time of big bang nucleosynthesis, the
produced high energy leptons can influence the primordially produced nuclei

12



Summary

e The early universe passes through a pion-condensed phase if electron
and muon lepton asymmetry is sufficiently large:

[|le F | > 0.1}

* Implications:
* Large effect on the pre-BBN equation of state

» Enhanced relic density of primordial gravitational waves (relative to amplitude at
le +1,=0)

* Pion condensation as a source of primordial black holes heavier than M 5

* Possible formation and decay of pion stars, effect on big bang nucleosynthesis

13



Summary

e The early universe passes through a pion-condensed phase if electron
and muon lepton asymmetry is sufficiently large:

[|le F | > 0.1J

* Implications:
* Large effect on the pre-BBN equation of state

» Enhanced relic density of primordial gravitational waves (relative to amplitude at
le +1,=0)

* Pion condensation as a source of primordial black holes heavier than Mg

* Possible formation and decay of pion stars, effect on big bang nucleosynthesis

Thank you!
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