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QCD phase diagram:
Neutron stars and the cold dense EoS
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QCD phase diagram:
Neutron stars and the cold dense EoS
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Outline

« Chiral effective field theory (at lower densities)

 Efficient Monte-Carlo framework for MBPT ‘

. . . -
* Nuclear thermodynamics from XEFT interactions Christian Corbinian

Drischler Wellenhofer

* Functional renormalization group (at higher densities)

 Fierz-complete four-quark interactions
in hot and dense QCD (2 flavors)

Marc

* Ground state properties and phases Pospiech Leonhardt

« Conclusions and outlook

[Drischler, Hebeler, Schwenk, in preparation]

[Wellenhofer, Holt, Kaiser, Weise; ’14, ’15, ‘16]

[Braun, ML, Pospiech, arXiv:1705.00074]

[Braun, ML, Pospiech, in preparation]
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Neutron stars and the cold dense EoS
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Nuclear matter EOS for astrophysical applications
Chiral effective field theory

2N force 3N force 4N force
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... and ongoing work at N4LO, N5LO, ...

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Kaiser, Machleidt, Meif3ner, ...
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Nuclear matter EOS for astrophysical applications
Efficient Monte-Carlo framework for MBPT

e based on analytical expressions
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[Drischler, Hebeler, Schwenk, in preparation]
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Nuclear matter EOS for astrophysical applications
Efficient Monte-Carlo framework for MBPT
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e based on analytical expressions
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Nuclear matter EOS for astrophysical applications
Efficient Monte-Carlo framework for MBPT

N’LO EMN (2017)

NLOEMN(2017) e based on analytical expressions
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Nuclear thermodynamics
from chiral effective field theory interactions

0 ¢ Compute thermodynamic
properties of nuclear matter
30F e Needed for neutron star and supernova
= simulations
= 20 e Large parameter space: temperature T,
iy nucleon density p, isospin asymmetry
o 0=1-2Y (where Y is the proton fraction)
w10
o414 —  To0MeV — T=15 MeV —— ¢ Good benchmark results
0 N310450 = T=5 MeV — T=20 MeV — | e.g.: good agreement with virial
VEOS - T=10 MeV —  T=25 MeV — expansion at low densities
0 0.05 0.1 0.15 0.2 (see Figure)
p [fm™]
Figure: Internal energy of pure neutron ¢ Future work:
matter (0=1; VEOS: virial expansion) single-particle properties, improved

calculations (better uncertainty

estimates), ...
[Wellenhofer, Holt, Kaiser, Weise, PRC 89, 064009 (2014)]
[Wellenhofer, Holt, Kaiser, PRC 92, 015801 (2015)]
[Wellenhofer, Holt, Kaiser, PRC 93, 055802 (2016)]

i

.....
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-

[Schwenk, Horowitz, Phys. Lett. B638, 153-159 (2006)]
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QCD phase diagram: TECHNISCHE

Neutron stars and the cold dense EoS
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Functional renormalization group (FRG)

From high to low energies in QCD

RG steps
IR

A k k— o6k 0

N -
L o >gs
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Functional renormalization group (FRG)

From high to low energies in QCD

RG steps
Uuv IR
A k k— ok 0
% Qﬁé’ Js
c‘@ \ Js Js
7s 9s Four-quark
interactions
o p

1. Important effective interactions

2. Encode information on the ground state AaBrs
and spontaneous symmetry breaking

3. Full treatment possible and crucial
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Four-quark interactions and symmetry breaking
DARMSTADT

Aspects of the low-energy sector in QCD

S[h, ] = /w {mw +%X<a—w> (P1p)? — (%5%)2]}
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Four-quark interactions and symmetry breaking
Aspects of the low-energy sector in QCD

S[h, ] = /w {mw +%X<a—w> (P1p)? — (%5%)2]}

Partial bosonization
Gl - T T > UBNS\ (0 +72) + ...

T~ Yys TP
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Four-quark interactions and symmetry breaking
DARMSTADT

Aspects of the low-energy sector in QCD

S[h, ] = L {Ww +%X<a—w> (P1p)? — (%5%)2]}

Partial bosonization Svmmetrv of the 1 s
O-Nww ---------- y ------------- y ------------------- > UBN (0' ‘|—7T)‘|‘
_ ground state (o—m)

massive
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Four-quark interactions and symmetry breaking
DARMSTADT

Aspects of the low-energy sector in QCD

S[h, ] = L {Ww +%X<a—w> (P1p)? — (%57%)2]}

Partial bosonization Svmmetrv of the 1 s
O-Nww ---------- y ------------- y ------------------- > UBN (0' ‘|—7T)‘|‘
_ ground state (o—m)

massive

Goldstone bosons a1

Formation of

Assessing relative
I specific condensates

interaction strengths
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Four-quark interactions and symmetries
Fierz-complete basis of interactions

Studies so far: Incomplete subsets,
typically 1-3 four-quark interaction channels.

Theory 4
space g S Ambiguities! Neglected contributions!
e
= RG steps
©
UVI—kH,HTIIRI

k \»[ww‘/} l ~
(

iteractor T [T )]

Interactions
\ > Everything that is not

. forbidden is allowed.
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Four-quark interactions and symmetries
Fierz-complete basis of interactions

Studies so far: Incomplete subsets,
typically 1-3 four-quark interaction channels.

Theory 4

space g S Ambiguities! Neglected contributions!
c
= RG steps
3 UVl—kn-n,H+|IRI

/l\

k — (Y1)’
four-quark a
interactions T [(¢’7u75T ¢)2}

\ S Everything that is not

Only constrained by symmetries! S forbidden is allowed.
T (time reversal) Y P (parity) Y ¥ (charge conj.)
Lorentz group: SO(1,3) — SO(3)

Flavor space: SU(2) ® SUR(2) ® Uy (1)

SU(N.)
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Fierz-complete basis of interactions

Fk[% ??] :/:1: {w(lzl|7080 -+ 1ZJ_7728'L’ - 1Zu:“70)w + 5 Z A £(¢¢)2}

In total 20 channels meet Fierz identi’cies> Fierz-complete basis:
symmetry constraints 10 channels

<> formation of

(o—m) [ 7.\2 TS\ 2
E(TZWQ - <¢¢) N <¢757_¢> chiral condensate
e~ (ipysTatd CPT) (1 CysTatd ) JP =0 o formation of
diquark condensate

[Rapp, Schéfer, Shuryak, Velkovsky, 1998]

+ 8 more interaction channels

i
.....

P
-

._—':-“-."'r i *‘*
\.sre1dss

[Braun, ML, Pospiech "17]
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RG flow of four-quark interactions

Qualitative behavior and the effect of external parameters

0\ 4
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RG flow equation:

0
k—A=2\—
Ok ; 4

o

-

=
f v e *

\SFB145

Mainz, October 2017 | CRC 1245 Workshop | Marc Leonhardt 14



TECHNISCHE

RG flow of four-quark interactions

UNIVERSITAT
Qualitative behavior and the effect of external parameters DARMSTADT
0
k—\ %
ok

RG flow equation:

0
k—A=2\—
Ok ; 4

Scale fixing procedure:

* Only A\, (A) assumes finite value as inspired by gluon-induced four-qua¥k ﬂoz\é\llf]
Braun,

* UV value tuned so that specific symmetry-breakdown scale kg is obtained
which corresponds to a quark mass of 300 MeV in the vacuum limit

P
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RG flow of four-quark interactions

UNIVERSITAT
Qualitative behavior and the effect of external parameters DARMSTADT
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Scale fixing procedure:

* Only A\, (A) assumes finite value as inspired by gluon-induced four-qua¥k ﬂoz\é\llf]
Braun,

* UV value tuned so that specific symmetry-breakdown scale kg is obtained
which corresponds to a quark mass of 300 MeV in the vacuum limit
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RG flow of four-quark interactions

Qualitative behavior and the effect of external parameters

0
E—\ 14
ok
RG flow equation:
+ U
0
k—M\ =2\ —
ok A A
+
"\

Scale fixing procedure:

* Only A\, (A) assumes finite value as inspired by gluon-induced four-qua¥k flows]
Braun, 2011

* UV value tuned so that specific symmetry-breakdown scale kg is obtained

which corresponds to a quark mass of 300 MeV in the vacuum limit

P
-
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RG flow of four-quark interactions TECHNISCHE
Qualitative behavior and the effect of external parameters DARMSTADT
£2 04
Ok Symmetry breaking for any
value of the chemical potential
RG flow equation: I — BCS instability
0
E—A=2\A— )\ A
ok
iy @ >0
® >
A A(A) A

Scale fixing procedure:
* Only A\, (A) assumes finite value as inspired by gluon-induced four-qua¥k flows]
Braun, 2011

* UV value tuned so that specific symmetry-breakdown scale kg is obtained
which corresponds to a quark mass of 300 MeV in the vacuum limit

P
-

:;,.-.-'i‘"'.'?rJ*. ‘*
— s

Mainz, October 2017 | CRC 1245 Workshop | Marc Leonhardt



TECHNISCHE

RG flow of four-quark interactions

UNIVERSITAT
Qualitative behavior and the effect of external parameters DARMSTADT
0
k—\ %
ok
RG flow equation:
£\ = 2 > A A
ST AT 2A — j k
Ok — Aj >0
® >
A" A(A) A

Scale fixing procedure:

* Only A\, (A) assumes finite value as inspired by gluon-induced four-qua¥k flows]
Braun, 2011

* UV value tuned so that specific symmetry-breakdown scale kg is obtained
which corresponds to a quark mass of 300 MeV in the vacuum limit
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz one-channel approximation

L[, ] :/ {(kinetic term) + %S\(J_W) [(¢¢)2 - (&757—_»?7&)2] }

x

[ [
one channel
0.4 -

0.3

T/ko

0.2

0.1

0 0.2 0.4 0.6 0.8 1 1.2 1.4
/o 11 ~ 550 MeV
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation

Tx (e, 9] =/ {(kinetic term) + %S\(J_W) (0 —7) + ;— }

x

[ [
one channel
0.4 two channels

T/ko

1.4

M /Ko
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation

Ty [d, 0] = / {(kinetic ferm) + %X(H) (0 —1) + ; }

x

[ [ [ [
T. ~ 190 MeV
0.4 L
0.3 F
N

=02t
0.1 F

0 | | | |

0 0.2 0.4 0.6 0.8

M /Ko
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking
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Ansatz Fierz-completeat 7 =0 and ¢ =0

6
- ) ) 1 —_ : _
INALPRT) =/ {(kmetlc term) + > Z i U@WV} six channels
* i=1
T. ~ 1|9() Me\/l' | | c;ne channell
04 © two channels -
six channels
0.3 r i
<
02 F _
01 B : : : - . |
0 l
0 0.2 0.4 0.6 0.8 1 1.2 1.4

M /Ko
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Exploring the phase diagram TECHNISCHE
Fixed-point structure and patterns of symmetry breaking DARMSTADT

Fierz-complete ansatz

Ty [d, 0] = / {(kinetic term) + % SN £ w}

x

comprises all 10 channels

[ [ [ [ [ [
T. ~ 190 MeV one channe| ———
04 ¢ two channels =————
six channels =———
Fierz complete =——
0.3 _
o
=
02 b - i
0-1 i : : =, ]
0 ' !
0 0.2 0.4 0.6 0.8 1 1.2 1.4

M /Ko
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Fierz-complete ansatz

L' (1), ] :/ {(kinetic term) + % Z Y EZ@#JP}

comprises all 10 channels

x

04 L Te ~ 190 MeV
0.3 |
<
02
T, ~ A (T =0)
[BCS theory]
0.1 o
Implications
for EoS!
O | | |
0 0.2 0.4 0.6

M /Ko
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Conclusions and outlook

Chiral effective field theory at lower densities
- Efficient Monte-Carlo framework for MBPT (automatic code generation; 4th order)
* Improve fits of LECs by guiding in terms of nuclear saturation
»  Nuclear thermodynamics from XEFT interactions: 7', p, 0
Outlook Apply saturation guided fitting to next-generation interactions,

extract single-particle properties from nuclear thermodynamics

Functional renormalization group at higher densities
First Fierz-complete study of effective action

« Importance of Fierz-completeness to probe the regime at high quark chemical
potential and low temperature

* Forming of diquark condensate (color superconducting phase)

Outlook Inclusion of dynamic gauge fields (equations worked out)
and first estimate of EoS, work in progress.
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C =1iy27%
(SC —PC) = (¢Cy") (" Cp) — (¥y5C0 ") (" Crs¢)
(AC) = (W01:C0T) (T Crosy)

1.2 T T T T T T T T

1 one channel: {(S-P)} = -

0.8 |

T/To

0.6 -

0.4 |

0.2

0 ! ! ! ! ! ! ! !
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C=1y 2%
(SC — PC) = (vCy) (" Cp) — (ysCY ") (" Cry5))
(AC) = (w%%cw YT Crovs9))

1.2 T T T T T T T T

two channels: {(5-P), (SC-PC)} =
one channel: {(S5-P)} =————

0.8 |

T/To
o
o

I

0.4 |

0.2

0 ! ! ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
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C=1y 2%
(SC —PC) = (Cy" ) (v Cp) — (YysCY" ) (" Cysep)
(A)C) = (¥ 7075C¢ ) (T Cros))

12 [ [ [ [
Flerz complete {( S P), (SC PC), A|C }
two channels: {(S-P), (SC-PC)}
1 one channel: {(S P)} =
0.8 =
=
= 0.6 .
0.4 | .
0.2 + _
0 | | | | ."‘ |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

M /To
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Backup

( w w) 2 (w w) 2 rJ__J'-r *
i *
N\ SFB1445

i
.....

(S+P)*Y L(VHA)| ~(V4+A) L p(V=A) (V-A),
o Lwwer Lwwer Fawr Lgeer £
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Four-quark interactions and symmetries
Fierz-complete basis of interactions

L'y W, w] :/:1; {w(1Z||7080 +1Z217;0; — IZ,u/VYO)w T 9 Z A £(¢¢)2}

In total 20 channels meet Fierz identities> Fierz-complete basis:

symmetry constraints 10 channels

U4(1) breaking channels:

Ligay = (B0)" = (Brs7e)’ hira condeneate
((:Isip)Q ~ (1@57573475?/C@ZT)“(MTC%TA#;V¢) JP =07t ¢ formation of
[Rapp, Schifer, Shuryak, Velkovsky, 1998] diquark condensate
Lt = @0)? + (vys1)? — (7)) — (vys7¢)°
(S+P)*

Lo = (0T9)* = (s7T)" + (7sT°)" = ($7T"p)’

i
.....

+six U (1) symmetric channels
[Braun, ML, Pospiech ’17] & X
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RG flow of four-quark interactions

Qualitative behavior and the effect of external parameters

o\t

RG flow equation:

DA =2\ — A A

Scale fixing procedure:
* Only A, (A) assumes finite value as inspired by gluon-induced four—quaEI; ﬂoz\é\{f]

« UV value tuned so that specific scale &y of symmetry-breakdown is obtained
(defined by 1/A(kg) = 0, sets the scale for low-energy observables)
* One-channel approximation can be mapped onto mean-field gap-equation
to access deep infrared: m, (ko) =~ 300 MeV, m, (ko) ~ 800 MeV ** j
45
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[Braun, 2006]

[Mitter, Pawlowski, Strodthoff, 2014] EARLYUNN::: e
LHC lon Collisions Quan;lglsl:g;
_ 100
T T T T | | E 104
Fierz complete g
0.19 GeV 0.4 | six channels . L] e
two channels {(o - m), (csc)} i
one channel {(o-1m)} i 001
E 0.001 4
03 — — 0 Baryon Chemical Potential (GeV)
o
<
F 02+t ~ .. .
0.1 I~ - : : : - - - ]
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Structure of the phase boundary
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation
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Exploring the phase diagram

Fixed-point structure and patterns of symmetry breaking

Ansatz two-channel approximation
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QCD phase diagram: TECHNISCHE
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QCD phase diagram: TECHNISCHE
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QCD phase diagram TECHNISCHE

... and project B05

DARMSTADT

Nuclear matter equation of state for astrophysical applications

“[...] complementary approaches, chiral effective field theory at lower
densities and the functional renormalization group starting from quark-
gluon dynamics at higher densities, to obtain a quantitative
determination of the nuclear matter equation of state over a wide range
of densities, temperatures, and proton fractions.”
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Recap: QFT concepts
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All physical information is stored in correlation functions/n-point functions.

(P(x1) .. d(1)) ::N/qu O(z1) ... p(xy)e 57

Statistical Physics
ZJ] = /ng e Slel+S J¢ Partition function

W[J] — log Z[J] Helmholtz free energy

Effective action ['[D] Gibbs free energy

e.g. scattering amplitude (S-matrix
elements) via LSZ reduction formula

QFT

Generating functional

Generating functional
of connected diagrams

Generating functional
of 1Pl diagrams
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Functional renormalization group (FRG)

Flow from high to low energies in QCD

R
[ —» Effective average action Fkl

[adapted from
H. Gies, 2006]

"RG time”

Flow equation
t =1In(k/A)

[Wetterich, 1993]
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Functional renormalization group (FRG)
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Flow from high to low energies in QCD DARMSTADT
R, . .
[' —>» Effective average action I,
uv: 1, 2% s
R: T, =% T
3
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g
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Flow equation “RG time"
[Wetterich, 1993] — ln(k:/A)
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Functional renormalization group (FRG) TECHNISCHE
Flow from high to low energies in QCD DARMSTADT
R, : .
[' —>» Effective average action I';. I
A
Theory space
k—A g
k—0 T
33
S

Flow equation “RG time"
[Wetterich, 1993] — ln(k:/A)
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Functional renormalization group (FRG)

Flow from high to low energies in QCD
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Functional renormalization group (FRG)

Flow from high to low energies in QCD

IR: I'n — T
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[ —X» Effective average action I'
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Functional renormalization group (FRG)

Flow from high to low energies in QCD

k—A
— S

I . . .
[ —» Effective average action Iy UV: Ty
R Ty 2% T
4 Theory space

° [adapted from
¢ o H. Gies, 2006]
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Functional renormalization group (FRG)

Flow from high to low energies in QCD DARMSTADT
[' —» Effective average action I';, . YV: & —
R: T, =% 1

4 Theory space

° [adapted from
¢ o H. Gies, 2006]

Flow
equation

[C.Wetterich, Phys. Lett. B, 301, 1993]
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Functional renormalization group (FRG)

Flow from high to low energies in QCD DARMSTADT
Rk . ] ] k—A
[ — Effective average action I, .~ UV: I'n —— S
R: I, =% T
A Theory space
e T Everything that is not

S forbidden is allowed.

° [adapted from
¢ o H. Gies, 2006]

Flow
equation

[C.Wetterich, Phys. Lett. B, 301, 1993]
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Functional renormalization group (FRG) TECHNISCHE
Flow from high to low energies in QCD DARMSTADT
I ﬁb Effective average action I, .~ UV: Tk = S
R: I, =% T
A Theory space
e T Everything that is not

S forbidden is allowed.
i g5

e
.-
-
-
-
.
.
.

Gluodynamics)

° [adapted from
¢ o H. Gies, 2006]

Flow
equation

[C.Wetterich, Phys. Lett. B, 301, 1993]
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Functional renormalization group (FRG)

Flow from high to low energies in QCD

kE—A

S
r

R . . .
[ — Effective average action I';, .-~ UV: Tk

IR: T -
4 Theory space

g T Everything that is not
forbidden is allowed.

g5 \
s s

> >— >

e
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Gluodynamics)

> p— >
s ds

° [adapted from
¢ o H. Gies, 2006]

Flow
equation t=1In(k/A)

[C.Wetterich, Phys. Lett. B, 301, 1993]
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Functional renormalization group (FRG)

Flow from high to low energies in QCD

kE—A

S
r

R . . .
[ — Effective average action I';, .-~ UV: Tk

IR: T -
4 Theory space

g T Everything that is not
forbidden is allowed.
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s s
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/ 9s ds

° [adapted from
¢ o H. Gies, 2006]

Flow
equation t=1In(k/A)

[C.Wetterich, Phys. Lett. B, 301, 1993]
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Functional renormalization group (FRG)

Flow from high to low energies in QCD

Effective average action I, RG flow equation [C. Wetterich, 1993]

t = 1In(k/A)
Theory space 1 — g
uV: Prsn = / {ZFMVFHV + (i) + 193A)¢)}
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— s s
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Functional renormalization group (FRG)

Partition function/ B=1T
) : — tr Dye™
generating functional

4 Theory space
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——p» Effective action ['
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UV: Fk —)k_>A s - 7
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[adopted from
H. Gies, 2006]

Flow
equation

[C.Wetterich, Phys. Lett. B, 301, 1993]
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