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Fundamental prediction from the structure of QCD: 
Due to asymptotic freedom, at high enough energy 
densities one enters the deconfined phase, with 
quarks and gluons as the degrees of freedom
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Underlying challenge with 
NSs: Can we determine the 
properties of cold & dense 
QCD matter using only first 
principles field theory tools 
and robust observational 
data on neutron stars?
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Linkbetweenmicroand macro
from GR (non-rotating TOV-eqs.):

Ozelet al., ApJ820 (2016)



Clear need for a systematic and model-independent 
approach to the microphysics of neutron stars



NS matter EoS ςrobust theoretical limits
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Low-density behavior of EoSwell known from nuclear 
theory side. Challenges begin close to saturation density:
ÅAt ρȢρὲ, current errors in Chiral Effective Theory EoS ςτϷ-

mostly due to uncertainties in effective theory parameters
ÅState-of-the-art EoSNNNLO in chiral perturbation theory power 

counting [Tewset al., PRL 110 (2013), Hebeleret al., ApJ772 (2013)]
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Asymptotic freedom of QCD ᵼHigh-density limit from a 
non-ƛƴǘŜǊŀŎǘƛƴƎ ǘƘŜƻǊȅΦ IƻǿŜǾŜǊΣΧ
ÅFor practical applications, needto know also how rapidly this limit 

is approached
ÅAt interesting densities ρ ρπὲ system clearly strongly 

coupledandno nonperturbative methods available
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State-of-the-art in pQCD: three loops at ά πȠtowards

four loops at ά π[Kurkela, Romatschke, Vuorinen, PRD 81 (2009); Gorda, 

Kurkela, Romatschke, Säppi, AV, PRL 121 (2018);...]

ÅUncertainty in theresult at ςτϷlevel around τπὲ
ÅMain source of uncertainty: renormalization scale dependence
ÅPairingcontributionsto EoSsubdominant at perturbative densities
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Conclusion: Sizable nƻ ƳŀƴΩǎ ƭŀƴŘ ŜȄǘŜƴŘƛƴƎ ŦǊƻƳ ƻǳǘŜǊ 
core to densities not realized inside physical neutron stars

Options: Use models, novel nonperturbative techniques, 
or interpolate between the limits using observational data
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What do we know from observations?
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By now, two accurate 
Shapiro delay 
measurements of two-
solar-mass stars:
Demorest et al., Nature 467 (2010)
Antoniadis et al., Science 340 
(2013)

Ḉὓ ςὓṩ
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