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Color Superconductivity and 2SC
Phase



Why study color superconductivity?
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2SC Phase

25C phase: condensates of the shape
Ax=(q"Cysmdaq), A=2,5"7

N. some matrix structure in flavor,

Main characteristics: .
color and Dirac space

= Chiral symmetry is not broken.
= Color symmetry is "broken” (Higgs mechanism), but not fully:

SU.(3) = SU(2) .

= Only two color participate in superconductivity.

) ® spectators
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Funcitonal Renormalization
Group



Why use the FRG?

Four-quark interactions in QCD

= Low densities: scalar-pseudoscalar (o, 7) channel dominates
() — (Prs7tp)?

— quantitative description of chiral crossover using FRG.
[Fu, Pawlowski & Rennecke; 1909.02991]
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Why use the FRG?

Four-quark interactions in QCD
= Low densities: scalar-pseudoscalar (o, 7) channel dominates
(W9)? = (rsmith)?

— quantitative description of chiral crossover using FRG.
[Fu, Pawlowski & Rennecke; 1909.02991]

= High densities: diquark channel dominates
[Braun, Leonhardt & Pospiech; 1909.06298]

(g7 CysmaAaq) (@152 4 CT)

— a natural step is to include the diquark channel.
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Quark-meson-diquark Model

Quark-meson-diquark model action:

Sqump = / {a(& — wyo + g (0 + iys7 - F)) q
+ % (Aaq" CysmaAag— Aaqysm2Aa Cq")
1 1
+5(0u0) + 50V
+ ((81/ + 51,()2M) AZ) (81, - 51,()2M)AA
+ U0 + 72, AaAY) — co—}
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Quark-meson-diquark Model

quark-meson

Quark-meson-diquark model action: scalar-pseudoscalar
channel

vd
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Quark-meson-diquark Model

quark-meson

Quark-meson-diquark model action: scalar-pseudoscalar
channel

Ve
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./ interaction
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quark-meson

Quark-meson-diquark model action: scalar-pseudoscalar
channel

Ve

_ oL L quark-diquark
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T

./ interaction
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Quark-meson-diquark Model

quark-meson
Quark-meson-diquark model action: scalar-pseudoscalar
channel

Ve

_ oL L quark-diquark
Sqmp = / {q(@ — wyo + g (0 + iys7 - T)) q
xr

./ interaction

+ % (Aaq" CysmaAag— Aaqysm2Aa Cq")
1 1

+ 5(0M0)2 + i(a,m)z

+ ((81/ + 51,()2/J) AZ) (81, — 5V()2M)AA

+ U0 + 72, A4AY) — ca} diquark kinetic
4 N term, couples to p

. . . licit chiral symmetr
meson and diquark interactions, explicit chiral symmetry

. . . kin m
arbitrary potential constrained by breaking ter

symmetries 5/18



Truncation and Regulator Choice

Some FRG details:

= Local potential approximation (LPA): only scale dependent quantity
is the potential Uy(o, A).
® o: chiral condensate.
e A: diquark condensate.
® [, — oo number of couplings.
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= 3d Litim regulator
Ry = (¥ = *)0(K - 7°) .

Expect back bending from studies of the quark-meson model —
more on that later.
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Truncation and Regulator Choice

Some FRG details:

= Local potential approximation (LPA): only scale dependent quantity
is the potential Uy(o, A).
® o: chiral condensate.
e A: diquark condensate.
® [, — oo number of couplings.

= 3d Litim regulator
Ry = (¥ = *)0(K - 7°) .

Expect back bending from studies of the quark-meson model —
more on that later.

= |nitial conditions:

Urn = a10% + aso® + b A% + by A*
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Flow Equation

1 \\
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Flow Equation

depends on Ep = \/(Ek + p)? + gaA?

with €, = \/W
1

1 /’®\‘
0t Ui(o, A) = — - Ty \'
dr; dg dp o Agyo
+ 1 //’®\\\ + ! //’®\\‘
- 1 — \
2 \\\—‘// T 2 \\\_‘// A57A7
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Flow Equation

depends on Ea = \/(Ek + p)? + gA A2
. coupling between one diquark
with €, = \/k2 + ¢202
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and the sigma meson
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Flow Equation

depends on Ea = \/(Ek + p)? + gA A2
. coupling between one diquark
with €, = \/k2 + ¢202
g ¢
+

and the sigma meson

!
1 /'®\
01Uk, A) = — - 3000
dr; 4q v o Agyo
41 /’®\‘ 41 /’®\
Py I o I
2 \\\_‘// s 2 \\\_‘// A57A7
S
N

~ coth 26—} with

€xr =\ k2 + 20,2 Uy,

-2
~ coth % with

en =V K2+ 20A2 Uy

problem with this part
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First Trouble: Bosonic Diquark Loops

Pion loops
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Pion loops Diquark loops
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First Trouble: Bosonic Diquark Loops

Pion loops Diquark loops
1 1 EA — 21
0, UL = - COthﬁ+ 0 U, = Acoth AQT/ + ...

with with

= 4/ k’2+2802 Us EA = \/ k2+28A2 U

k Uy Uy
A AN f N\

T General Problem?

Relativistic bosons coupled to chemical potential in

hesn L LPA.
kIR +
9 A
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Second Trouble: Gapped Quark Loop

diverges at the Fermi-surface

l

(fi> x L %22, S
3/2
GGy (er— p)? + GAA? ((er — w2+ 3 22)"

Gapped quark loop:
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Second Trouble: Gapped Quark Loop

diverges at the Fermi-surface
)
_ ~ €k — [ Ip2 - €k — 1
3/2
Gy \f(en— p)? + GAA2 ((ex — )2 + A A2)Y

Gapped quark loop:

Possible solution: flow around the Fermi-surface [Braun, Démfeld, Schalimo, Tépfel; 2008.05978]

regularized energies never cross the

_ Fermi-surface

€p

I
B
p
usual momentum Fermi-surface

regulator regulator
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Phase Structure and
Astrophysical Applications




Quark-meson-diquark Model without Diquark Loops

Diquarks only at the mean field level: none of the previously mentioned
problems are present.

1 ,’®\\ 1 ,’®\
01U = — - +3 [ )
dr; 4q v SO ST
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Quark-meson-diquark Model without Diquark Loops

Diquarks only at the mean field level: none of the previously mentioned
problems are present.

\ 1 ,’®\
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dr, (Jq P -__-

diquarks still present here
B = \/(ex £ 1)? + AA?
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Quark-meson-diquark Model without Diquark Loops

Diquarks only at the mean field level: none of the previously mentioned
problems are present.

L1 \\ 1 /®\\
o0 U, =— — 1 += ! 1
q’qu] 2 /’O' 2 N ‘//7T
N A
diquarks still present here still include fluctuations
EX = \/(Gk + p)? + gA A2 from pion and sigma mesons
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Quark-meson-diquark Model without Diquark Loops

Diquarks only at the mean field level: none of the previously mentioned
problems are present.

1 /’®\\ 1 /’®\
0 U = — - T3 ot )
dr; 4q qy N LT
T N /
diquarks still present here still include fluctuations
EX = \/(Gk + p)? + gA A2 from pion and sigma mesons

= Look at phase structure.

= First astrophysical applications.
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Phase Diagram
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= Expected phase structure.
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Phase Diagram

1.0 30 M
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N

Phase diagramV/\Vhat's going on here? Entropy density s.

= Expected phase structure.

= Litim regulator in LPA: expect negative entory but diquarks reduce
the size of the region.
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Equation of State

Stefan-
1.0
Boltzmann

Pressuren.sr

ns/no

Equation of state p(n) at T=1
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Equation of State

Stefan-

1.0F q
Boltzmann
0.8} g
Pressure.st
1 0.6 1
0.61
8 s | e -
Z z
= 040 il
0.4f
L —B=100 MeV/fm* |
0.2y 02 —Dbb2 — B8 MeV/fun’
DD2+FRG MeV/fm*
DD2+MFA B=40 MeV/fn®
0.0 0.0 : : :
0 0 2 4 6
ns/no n/no
Equation of state p(n) at T=1 Maxwell construct with hadronic eos DD2

= Maxwell construct for astrophysical applications.

= No crossing with hadronic equation of state (DD2) — introduce bag
constant B.
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Mass-radius Relationship

2.5
R
o
20- O
PSR J0348-+0432
o L5 Do
E —DD2+FRG
= 1ok~ -DD2+MFA
— B=100 MeV /fm*
0.5 — B=80 MeV /fm’
B=60 MeV /fm’
B=40 MeV /fm’
070 1 1 1 1 1 1 1
7 8 9 10 11 12 13 14 15

R [km]

= Superconducting core — mostly unstable with current diquark

arameters.
P 13/18



Charge Neutral Matter

More realistic EoS: impose neutrality conditions

Charge neutrality (and 5-equilibrium)

2
§n“_ gnd—ne:0 (and u d+ et +v,)
Need more down quark than up quark — introduce different chemical

potential: fuyp and fidown-
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Charge Neutral Matter

More realistic EoS: impose neutrality conditions

Charge neutrality (and 5-equilibrium)
2 1

gnufgndfne:O (and u d+ et +v,)

Need more down quark than up quark — introduce different chemical
potential: fuyp and fidown.

= Stress on 25C pairing controlled by j1g = fiup — [tdown-

= Also color neutrality n, = ny = ny — not a problem for 25C.

Next: preliminary results in meanfield at 7= 1 MeV.

14/18



Phase structure in the (u, 1) plane
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Phase structure in the (u, 1) plane
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What happen to the chiral condensate? 15/18



Phase structure in the (u, 1) plane

1 [MeV]
250 300 350 400

o/fx

Question

What happen to the chiral condensate? 15/18



Phase structure in the (u, 1) plane

1 [MeV]
250 300 350 400

o/fx

Question

Where is neutral matter in this phase diagram? 15/18



Phase structure in the (u, 1) plane
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| Matter and Fi
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1 [MeV] na/mo
-0.4 -0.2 0.0 0.2 0.4
1.0 T T T T T
of ]
0.8
=50 7
= 0.6 =
] S~
% N % -100F normal quark neutral matter 7]
= 0.4 < matter
1501 7
0.2
-2001 ]

16/18



Neutral Matter and First Order Transition

Charge density ng

along the grey line
1 [MeV] g grey

ng/no

-0.4 -0.2 0.0 0.2 0.4

-50F

[ normal quark
matter

neutral matter

1o [MeV]
olMeV]
—
8

-150+

-2001

= Density of neutral matter: inside a first order region.

= Suggest the presence of a mixed phase: normal quark matter + 2S5C
phase.
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Mixed Equation of State

Neutral equation of state: right amount of normal quark matter and 2S5C
phase to reach neutrality

1.0F 3
0.8F
- 0.6
wny
=Y
~
IsH
0.4F
0.2+ —MFA
—FRG
Neutral Mixed Phase
0.0 | | |
0 2 4 6
nB/no
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Summary and Outlook

= Quark-meson-diquark model: model chiral transition and 25C color
superconducting phase.
= FRG resolution faces two problems:
® Diquarks couple to p: cannot flow from symmetry restored
phase to symmetry broken phase.
® Divergence at the Fermi-surface: possible resolution with
Fermi-surface regulator.
= Negative entropy after the chiral transition: better with diquarks at
mean-field level.
= Neutrality condition suggest the presence of a mixed phase: normal
quark matter and 2SC phase
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Full Flow Equation

K 3 { EAQ — 21 €AO+2M}
0,U oth <% th ALy orn A0 TN
R 127r2{ 0 2T+6A0 R TR Ty

3
agz —01224—00 1 %
= h =
—|—Z 2 Z_cot ZT}

—1 (4 — Zz+1)( ir2) %
[ ) E+ EL E. Ex
- —q — anh —= + —’i nh =2
3n2 | e EX 2T Ex 2T
1 e h
— h —*% h
+ {tan 5T + tan ZT}

with

=R Rt =eatp Er =\/k2+2Us,
E'X:\/(ékiu) + gA eano =1/ k+2Ukq




Chiral and diquark condensates
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Mixed Phase

5 1.0
AL 0.8
£3 0.6
k5 )
= &
0
£2 0.4
o
1 10.2
0 0.0

320 340 360 380 400 420 440
1 [MeV]



	Color Superconductivity and 2SC Phase
	Funcitonal Renormalization Group
	Phase Structure and Astrophysical Applications
	Appendix

