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QCD phase diagram: 
Neutron stars and the cold dense EoS
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Including dynamic gauge fields

• Framework and structure of β functions

• Symmetry breaking patterns

• Implications on the phase diagram

Connecting to low-energy effective models (LEMs)

• Quark-meson-diquark model

• Findings on the equation of state (EoS)

Conclusions and outlook
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Functional renormalization group (FRG)
From high to low energies in QCD

UV IR
⇤ 0k

RG steps
k � �k
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Ansatz for the effective average action
Quark self-interactions and gauge degrees of freedom
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RG flow of four-quark interactions
Characteristics of the β functions and the fixed-point structure

RG flow equation:
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RG flow of four-quark interactions
Fixed-point structure and patterns of symmetry breaking
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Illustration of the RG flow of the four-quark couplings 
at zero temperature:
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RG flow of four-quark interactions
Fixed-point structure and patterns of symmetry breaking
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Illustration of the RG flow of the four-quark couplings 
at zero temperature:

T = 0
<latexit sha1_base64="XjeaHhvSoP+seAeYJosJZTS8BCw="></latexit><latexit sha1_base64="XjeaHhvSoP+seAeYJosJZTS8BCw="></latexit><latexit sha1_base64="XjeaHhvSoP+seAeYJosJZTS8BCw="></latexit><latexit sha1_base64="XjeaHhvSoP+seAeYJosJZTS8BCw="></latexit>

-3

-2

-1

0

1

2

3

0.1 0.15 0.2 0.25 0.3

λ i

k/Λ

λ
λ
λ
λ
λ
λ
λ
λ
λ
λ

�(V�A)k
<latexit sha1_base64="mWQDwNp9L+Js3u7lGrVSrKFint4="></latexit><latexit sha1_base64="mWQDwNp9L+Js3u7lGrVSrKFint4="></latexit><latexit sha1_base64="mWQDwNp9L+Js3u7lGrVSrKFint4="></latexit><latexit sha1_base64="mWQDwNp9L+Js3u7lGrVSrKFint4="></latexit>

�(V�A)?
<latexit sha1_base64="ytuFCmCCG7nvPiQYIYdM6jzxTCk="></latexit><latexit sha1_base64="ytuFCmCCG7nvPiQYIYdM6jzxTCk="></latexit><latexit sha1_base64="ytuFCmCCG7nvPiQYIYdM6jzxTCk="></latexit><latexit sha1_base64="ytuFCmCCG7nvPiQYIYdM6jzxTCk="></latexit>

�(V+A)?
<latexit sha1_base64="B/4zlN4L6nYrpxQ5Q24wxsGK1HY="></latexit><latexit sha1_base64="B/4zlN4L6nYrpxQ5Q24wxsGK1HY="></latexit><latexit sha1_base64="B/4zlN4L6nYrpxQ5Q24wxsGK1HY="></latexit><latexit sha1_base64="B/4zlN4L6nYrpxQ5Q24wxsGK1HY="></latexit>

�(V+A)adjk
<latexit sha1_base64="EhT5IN5zum9EU9zH6LuaGoBwgo0="></latexit><latexit sha1_base64="EhT5IN5zum9EU9zH6LuaGoBwgo0="></latexit><latexit sha1_base64="EhT5IN5zum9EU9zH6LuaGoBwgo0="></latexit><latexit sha1_base64="EhT5IN5zum9EU9zH6LuaGoBwgo0="></latexit>

�(V�A)adj
?

<latexit sha1_base64="Df+Bbn3vXLH39TtjG42aLkhbW7s="></latexit><latexit sha1_base64="Df+Bbn3vXLH39TtjG42aLkhbW7s="></latexit><latexit sha1_base64="Df+Bbn3vXLH39TtjG42aLkhbW7s="></latexit><latexit sha1_base64="Df+Bbn3vXLH39TtjG42aLkhbW7s="></latexit>

�csc
<latexit sha1_base64="SaaFc93JHMWrFe1Fde7ytNGYUU0="></latexit><latexit sha1_base64="SaaFc93JHMWrFe1Fde7ytNGYUU0="></latexit><latexit sha1_base64="SaaFc93JHMWrFe1Fde7ytNGYUU0="></latexit><latexit sha1_base64="SaaFc93JHMWrFe1Fde7ytNGYUU0="></latexit>

-3

-2

-1

0

1

2

3

0.1 0.15 0.2 0.25 0.3

λ i

k/Λ

λ
λ
λ
λ
λ
λ
λ
λ
λ
λ

�(��⇡)
<latexit sha1_base64="3IpuTKPYpZ06AQxGkopspmZjwbY="></latexit><latexit sha1_base64="3IpuTKPYpZ06AQxGkopspmZjwbY="></latexit><latexit sha1_base64="3IpuTKPYpZ06AQxGkopspmZjwbY="></latexit><latexit sha1_base64="3IpuTKPYpZ06AQxGkopspmZjwbY="></latexit>

�(S+P )�
<latexit sha1_base64="jWESDMD576dEI+Hi6JpG7t4alOc="></latexit><latexit sha1_base64="jWESDMD576dEI+Hi6JpG7t4alOc="></latexit><latexit sha1_base64="jWESDMD576dEI+Hi6JpG7t4alOc="></latexit><latexit sha1_base64="jWESDMD576dEI+Hi6JpG7t4alOc="></latexit>

�(V+A)k
<latexit sha1_base64="zey/jOIY6OACms/11lUNDnNvMng="></latexit><latexit sha1_base64="zey/jOIY6OACms/11lUNDnNvMng="></latexit><latexit sha1_base64="zey/jOIY6OACms/11lUNDnNvMng="></latexit><latexit sha1_base64="zey/jOIY6OACms/11lUNDnNvMng="></latexit>

�(S+P )adj
�<latexit sha1_base64="pzrnypK+skdkXIRKShqdrhzG3Ig="></latexit><latexit sha1_base64="pzrnypK+skdkXIRKShqdrhzG3Ig="></latexit><latexit sha1_base64="pzrnypK+skdkXIRKShqdrhzG3Ig="></latexit><latexit sha1_base64="pzrnypK+skdkXIRKShqdrhzG3Ig="></latexit>



!11

Exploring the phase diagram
Fixed-point structure and patterns of symmetry breaking
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Scale fixing:  gs(Λ) at Λ = 10 GeV within experimental error [Bethke, 2006]
                     Tcr(𝜇=0) ≡ T0  ≈ 150 MeV 
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Including dynamic gauge fields

• Framework and structure of β functions

• Symmetry breaking patterns

• Implications on the phase diagram

Connecting to low-energy effective models (LEMs)

• Quark-meson-diquark model

• Findings on the equation of state (EoS)

Conclusions and outlook
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Connecting to low energy effective models
Determining parameters at high densities

Quark-meson-diquark model (QMD)

UV IR
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Implications on the equation of state
Connecting to the quark-meson-diquark model
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[𝜒EFT data by C. Drischler, K. Hebeler and A. Schwenk]

• Compatible to pQCD [E. S. Fraga, A. Kurkela, and A. Vuorinen, 2015] 
• Degrees of freedom at smaller densities [M. Drews and  W. Weise, 2016]

Pressure as a function of the baryonic density
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Conclusions and outlook
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Dynamic gauge fields
• Dynamical generation of four-quark interactions
• Importance of Fierz completeness at high quark chemical potential and 

low temperature
• Formation of CSC condensates appears to be favoured at high densities

Connecting to LEMs: quark-meson-diquark model
• RG flow of four-quark couplings to fix parameters at high densities
• Equation of state: 

- Connects to free gas pressure at asymptotically large densities
- Pressure towards smaller densities lifted to higher values;  

compatibility with χEFT results appears to be improved

Outlook
• Improve connection between high- and low-energy regime by employing 

dynamical hadronization techniques 


