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Quark matter EoS at 𝑇 = 0: 𝑂 𝑔4  with massive quarks 

Kurkela, Romatschke, AV, PRD 81 (2010) 



Kurkela, Fraga, Schaffner-Bielich, AV, Astrophys. J. 789 (2014) 127 

Quark matter EoS at 𝑇 = 0: 𝑂 𝑔4  with massive quarks 



AV, PRD 67, PRD 68 (2003) 
Haque et al., JHEP 1405 (2014) 027 
Mogliacci, Andersen, Strickland, Su, AV, JHEP 1312 (2013) 

Finite temperature: High-T methods work if 𝑇 ≥ 𝑔𝜇𝐵  



From neutron star physics point of view, two 
obvious and important challenges: 
1) Extend current zero-temperature EoS to small 

but nonzero T 
2) Extend the T=0 EoS to four loops to constrain 

the neutron star matter EoS 



From neutron star physics point of view, two 
obvious and important challenges: 
1) Extend current zero-temperature EoS to small 

but nonzero T 
2) Extend the T=0 EoS to four loops to constrain 

the neutron star matter EoS 
 

With recent technical advances, both feasible: 1) 
already completed and 2) well on its way 



II. Cool quark matter: effective theory 
approach to IR contributions 



Perturbation theory: expansion of partition function in powers 
of gauge coupling g → Vacuum or bubble diagrams  



Problem: infrared divergences at three-loop order from long-
range gauge fields 
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Strict loop expansion of the full 
theory pressure:  
• Known analytically since a 

long time [AV, PRD 67 (2003)] 
• Singular in the IR: contains 

both 1/𝜀IR and log 𝑇 terms 



New approach: add and subtract the contribution of an 
(unspecified) IR sector 



New approach: add and subtract the contribution of an 
(unspecified) IR sector 

Pressure of EQCD:  
• Known to 𝑂(𝑔6) [Kajantie et al., 

JHEP 0304 (2003),…] 
• Naïve part vanishes in dim. reg. 

• Cancels IR 1/𝜀 of 𝑝QCD
naive 



New approach: add and subtract the contribution of an 
(unspecified) IR sector 

Pressure of EQCD:  
• Known to 𝑂(𝑔6) [Kajantie et al., 

JHEP 0304 (2003),…] 
• Naïve part vanishes in dim. reg. 

• Cancels IR 1/𝜀 of 𝑝QCD
naive 

HTL ring sum for 𝑛 ≠ 0 modes: 
• Known to 𝑂 𝑔4  [Andersen, Braaten, 

Strickland, PRD 61 (2000)] 

• Cancels log 𝑇 divergence of 𝑝QCD
naive 

• Important simplification: HTL limit 
valid for soft 𝑛 ≠ 0 modes 











Kurkela, AV, Phys. Rev. Lett. 117, 042501 (2016) 



Kurkela, AV, Phys. Rev. Lett. 117, 042501 (2016) 



III. Epilogue: Four-loop EoS at zero 
temperature 
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1) Soft contributions from HTL effective theory 

• Most demanding part: derivation of two-
loop 𝑚∞ 

• “Almost there” [Ghisoiu, Gorda, Kurkela, Romatschke, AV] 

2) Hard contributions from evaluation of four-
loop bubble graphs in strict loop expansion 
• Demanding but feasible using cutting rules 

[Ghisoiu, Gorda, Kurkela Romatschke, Säppi, AV] 



Cutting rules: 𝑇 = 0, 𝜇 ≠ 0 Feynman integrals → Phase 
space integrations of on-shell vacuum amplitudes  
 
Benefit: Enormous literature from zero-temperature 
perturbative QFT at disposal 

Ghisoiu, Gorda, Kurkela Romatschke, Säppi, AV, arXiv:1609.xxxxx  



Final thoughts 

• New developments in perturbative QCD at high 
density: 
 IR contributions under control through an effective 

theory setup 

 High-order strict loop expansions handled efficiently 
with cutting rules 

• Three-loop EoS for arbitrary temperatures done 
– four-loop EoS at 𝑇 = 0 underway 


