Transport
coefficients of
two-flavor su-
perconducting
quark matter

A Sedrakian

Transport coefficients of two-flavor
superconducting quark matter

Armen Sedrakian
major credit to M. Alford and H. Nishimura
Phys. Rev. C 90, 055205, 13 Nov. 2014 (Ed.’s pic)

ITP, Goethe-Universitit, Frankfurt am Main

GOETHE %

N7

UNIVERSITAT FAIR DFG
FRANKFURT AM MAIN Helmholtz International Center

=
¥

Alexander von Humbaldt
Stiftung/Foundation

1/30



1. Phases of Dense QCD

«O0>» «F>» «E» <

nae
2/30



Transport
coefficients of
two-flavor su-
perconducting

quark matter

A Sedrakian

Dense QCD and
Compact Stars

Transport
coefficients of
dense quark
matter:
Variational
calculation

Numerical and
analytical
results for 2SC
phase

Color magnetic
flux-tubes

Summary

Neutron stars as probes of dense matter

ITHIPSIALUIT | LIVITYV |
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n,=0.16 fm™

Neutron stars and supernovae provide complementary information on the state of matter at
very high densities to that one hopes to gain from future experiments such as FAIR and

NICA.
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General form of order parameter
b
A o< (0]¢4,4 %5, 10)
- Antisymmetry in spin o, 7 for the BCS mechanism to work
- Antisymmetry in color a, b for attraction

- Antisymmetry in flavor «, 3 to avoid Pauli blocking

At low densities 2SC phase (Bailin and Love *84)

A(28C) oc AePeyg

At high densities we expect 3 flavors of u, d, s massless quarks. The ground state is the
color-flavor-locked phase (Alford, Rajagopal, Wilczek *99)

| A(CPL) ox Ol 005 10) = (Ol avhel0) = A Acasc |

Important variations on 2SC phase (crystalline-color-superconductor)

\ A(CSC) o AéPeng,  Sp#0,  my #0. ‘

4/30



Transport
coefficients of
two-flavor su-
perconducting

quark matter

A Sedrakian

Dense QCD and
Compact Stars

Transport
coefficients of
dense quark
matter
Variational
calculation

Numerical and
analytical
results for 2SC

phase

Color magnetic
flux-tubes

Summary

Dense QCD and Compact Stars

Color-superconductivity within the NJL model

8
Lo = PO — )y + Gv(Pin’$)* + Gs D _[(PAath)* + (PivsAath)?]

a=0
+ Gp Y [P4ivse™ eanc (%) glI(Pc)ivse” Y ersctpl ]
~¥,c

— K {dete[th(1 + vs)3] + dete[p(1 — v5)3] },

quark spinor fields 1%, color a = r, g, b, flavor (o« = u, d, 5) indices, mass matrix
m= diagf(mu, mg, myg), Aa a = 1, ..., 8 Gell-Mann matrices. Charge conjugated

Yo = C7,Z_)T and P = YIC C = iwzyo.

Simple but efficient model to treat CSC phases:

- a sum is over the 8 gluons

- Gy is the scalar coupling fixed from vacuum physics

- Gp is the di-quark coupling, which is related to the Gy via Fierz transformation
- Gy and py are treated as a free parameter
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EOS with equilibrium between nuclear, hypernuclear, 2SC and CFL phases of matter

. L e o B
A Sedrakian 35| G/G=0 p,=3.0p, G/G=02
4x107° [ ' - P=35p
Dense QCD and E
Compact Stars 35
— 2x10°
a
g L
<2
ES or
=
35
& 4x10

1x10% 2x10° 0 1x10” 2x10”
plglem’]

- Phase equilibrium is constructed via Maxwell prescription
- Sequential phase transition NM — 2SC — CFL
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Internal structure of hybrid star with color superconducting phases

Py/Py

@ Small Gy 2SC only. For lagre Gy CFL phase appears.
@ Stability is achieved for Gy > 0.2 and transition densities few pg
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Transport coefficients of dense quark matter: Variational calculation

Transport
coefficients of
two-flavor su-

Boltzmann equation for fermions:

perconducting 0

quark matter (& + v Vx>f1 = 7(277)4 Z Yj Z lMij|2

A Sedrakian y 24 4

x (1 =) —fa) = ffa(l = fi)(1 = £2)] 6*(Pin — Pour)
f - fermion distribution function, M;; scattering matrix element.

e v; - the degeneracy factors (spin, flavor, color)
coefficients of N .
dense quark What are the degrees of freedom?
matter: . . .
Variational Fermions in the basis:

calculation

U; = { Wy, Ypy, U, } = {blue up quark (bu), blue down quark (bd), electron (e)}.

the indices i and j specify the species of the ungapped fermions in this basis.

Further assumptions:

- Red and green colors are gapped and do not contribute to the transport

- No strangeness (number of s-quarks too small)

- High-density, low-temperature regime 7', m < fi4

- Light flavor (isospin) asymmetry typical for neutron stars p, << g (8-equilibrium)
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Transport Gauge bosons: write the covariant derivative as
coefficients of

two-flavor su-
perconducting

quark matter DH\I/ = (8‘,‘ - iZAZQa>\I/ (1)
A Sedrakian “

Two basis for gauge bosons - standard (T, Q)and rotated (X, Q)

Transport >~
coefficients of A,u = A;TLS Ts + AgQ = Aiix + AgQ ’ (2)
dense quark
matter: . . L.
Variational related by rotations via mixing angle ¢
calculation
Ty .
AY = cospA,} +sinpAf 3)
0 3
Ag = —sin «pATf ~+ cos @Ag cosp = fg 4)

Ve +3g7

-In the rotated basis the Q charge is massless, i.e., Q color magnetic field penetrates the
2SC phase

-In the rotated basis the X charge is massive, i.e., there is a Meissner effect (more precisely
color magnetic flux tubes)
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Transport The charges Q° are defined to be the product of the coupling constant and the charge

coefficients of forth a4 f N )
two-flavor su- matrix for the ungapped fermions:

perconducting

quark matter 1 1
T = i —_— e —
A Sedrakian Qs = & dlag <_ \/§’ 3 3 0)
2 1 )
0 = ¢.dia (+7,——,71
¢ S\ 73
Transport 3 .
coefficients of in the standard (Tg, Q) basis and
dense quark
matter: 1 2t8.1’12 ® 14+ tﬂl’l2 )
Variational . - 2
calculation QX = gcosyp - diag (— \/§ , — \/§ S _\/gtan CP) ©

02 = ecosyp-diag(1,0,—1)

in the rotated (X, Q) basis.

- The longitudinal part of the screening is evaluated in the standard basis
- The transverse part of the screening is evaluated in the rotated basis
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Computing the matrix element for scattering: p1; + p2;j — p3; + pa;j (flavor i, )

Standard Feynman rules give:
My = J <D‘Lhu) e %)

Q' (p3)Yu(pr) /201 Ty, = Qu(pa) v u(p) /202 (8)

gy
where the most general form of the propagator is given by
—1
(o) = guw (& = ) 8 + 11, ©)

Screening in a plasma is taken into account via self-energies I1,,,,

Decomposition all the quantities (matrix elements, gauge propagators) into longitudinal
and transverse parts:

JO JO . Jt . Jt .
Mj= > e X Ao (10)
) A R, !
2
M= S ) a4 () in e (73,0) busis
i
2 2 ~
o = Z (q;l),i)z x:+4 (qao,c> Xt +4 (‘ﬁ),c) Xse  inthe (X, Q) basis
i

an

where g7, ; and g, - are the Debye masses for a given flavor i and the Cooper pair.
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The screening functions, x; and x; in the static limit (Hard Thermal Loop approximation)

(better done by Rischke and co-workers). To leading order in w/g, we thus have

TyTy
Hl

e

xi =1,

P

i

Z(QQ)Z ’uil2 + 4(QQ)2ﬁ
ior2 ¢l 2

i

4 x\2He

§(QC) =y

iZ A2 where A2 = z:(QQ)2 M‘
q

The Q’s can be found in the paper.

We expect some modifications in the x functions because of threshold behavior of the

2
R aolle

i

response functions (non-zero only for w > 2A.)

47

12

13)

14)

15)

16
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Transport coefficients of dense quark matter: Variational calculation

T;E“?P"“ " The squared matrix element summed over the final spins and averaged over the initial
coefficients of

two-flavor su- spins is
perconducting
quark matter 2 5
. Q¢ 04 o4 Q¢
A Sedrakian ‘Mf'z = L Z S Traa _l'_ l_j[a“ + L Z S Taa ul)z -jt,- T
a={T5,0} 1 ! a=1x.0} '
Qa Qa Qa Qa -
T Tt i =j i =
coofficients of —2Ly R Z £ 11 Z Z =W+ T + 6ijYint
dense quark a={Tg,0} l a={x,0} 4
matter: a7
Variational
calculation where ) )
L = 1— Lz 1— Lz
4py 4p3
) 1/2 5 1/2
L o= (1-%4 (1 qz) cos (18)
4py 4p;
2 2 2 2
q q 2 q q
L = - = 11— — |cos" 0+ — + —
4p% ( 4p% ) 4p% 4p%

The interference ~;,, term is small and is neglected.
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Transport coefficients of dense quark matter: Variational calculation

T;E"?PO” " Transport coefficients - definitions of electrical and thermal conductivities and shear
coetficients of

two-flavor su- ViSCOSity
perconducting
quark matter
A Sedrakian ja = —UaaU (]9)
hao = —kOQT (20)
Oap = 7 Va B (21)
Transport
coefficients of where Vg is the traceless part of the spatial derivative of fluid velocity V,
dense quark
matter:
Variational 2
calculation Vag = Oa Vg + 85 Va — §6a5V -V. (22)

From kinetic theory, we can write the fluxes on the left-hand

d3

jo = / ﬁevadf 23)
d3

ha = /ﬁ(e—u)vaaf 4)
d3

ap = / (ZT"Ppamf 25)
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Comparing the left-hand-sides we obtain a universal relation

3
fY::E:uifiégg@éﬁ

where v; is a spin factor for a particle flavor i, £ stands o, «, or 7, -

and
eiva Electrical conductivity
¢i = (e — pi)vee  Thermal conductivity
Pavg Shear viscosity

So far completely general.
Linearization of the Boltzmann equation is given by

1 o’
ele=u)/T 1 9e

fi=f+ofi=

i

Relaxation time approximation

(26)

@n

(28)

(29
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Transport ;i reflects the structure of perturbation and has the standard form
coefficients of

two-flavor su-

perconducting eiVa Electrical conductivity
quark matter i = (€ — i) va/T Thermal conductivity (30)
A Sedrakian PaVp — %50‘3 P v) /2 Shear viscosity

From Eq. (26), we can now define transport coefficient of each component &; as

Transport
ffici f
donse quark €= &=tutbutée (31
matter: i
Variational
calculation with )
d3p of, i
&Y = 737',»ui/ W(ﬁi (i - Y) D (32)
Following the standard procedure, we rewrite Y as
-0, U = 763 U Electrical conductivity
Y = —0,T = —63 o\T Thermal conductivity
1 2
—Vap = —5(52 ég + 6%, 52} — §5a3§Ap>VAp Shear viscosity

(33)
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-divide the common factor of Y on both sides

-contract the indices o and A for the electrical and thermal conductivities and the pairs of

indices o, A and 3, p for the shear viscosity:

v (2m)3

3Ty &
6= ”/ P (¢ )

o

Oe

v = 88 = 3 for the electrical and thermal conductivities

v = (536? + 6% — 25g/3> /2 =5 for the shear viscosity.

Linearization of Boltzmann’s collision integral

9 )4
R - S I,

ey r j 234

(34)

SR A=) (1 =£) 8 (pin — pour) (®1 + B2 — B3 — B4) . (35)

Acting with —37;1; >, ¢ on both sides, we obtain

2m)*
&Y = 37'1'7( T) ZViVjZ‘Miﬂz
J

1234

P =1 =18 (pin — pou) b1 Bri(wh1 — ¥3) + 373(wh2 — )] - ¥

(36)
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e Using the same procedure as for the drift term
coefficients of

two-flavor su-

perconducting 97', 7'(' 2
quark matter & = E Vivj § |M ij I
A Sedrakian 1234

flofz (1 —fé))(l — )8 (Pin — Pouw) @1 - [Ti(1h1 — ¥3) + Ti(32 — 4)] .(3T)

In the limit w, T < pq
Transport
coefficients of
dense quark

36T 2 2 /2T qM
: Ti i w 2
tter: L= M;
:fla:i:ional & ZVIVJ (2m)3 /0 dw (smh (w/2T) ) / / 2 Ml
calculation
@1 - [T;(dll —¥3) + 7 (2 — ta)] (38)

gm = min 2py,2py] = min [2p;, 244;] is the maximum momentum transfer, and € is again
the angle between p; + p3 and p> + p4.

In the limit T/p1qy < 1 p1,p2 — pi, f4)-
Comparing Egs. (34) and (38) we obtain relaxation times 7; for the three gapless fermion

species.
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Numerical and analytical results for 2SC phase
Qualitative understanding

- Transport in the 2SC phase occurs via the ungapped fermions: the blue up quark, the blue
down quark, and the electron.

- Transport is dominated by the fermion that feels the least influence from surrounding
particles (i.e. long relaxation time or mean-free-path)

Relevant interactions

@ longitudinal strong interaction (7g) - Debye screened (short range)
@ longitudinal electromagnetic interaction (Q), - Debye screened (short range)
@ transverse “rotated” strong interaction (X) - Meissner screening (short ranged)
@ transverse “rotated” electromagnetic interaction (0) (not screened, only Landau
damped - long ranged at low T')
At low-T the bu quark and electron carry Q charge, bd does not.
Transport is dominated by bd quarks (!)
At high T the Landau damping of the Q is more significant. Relaxation
times are dominated by the X and 7g interactions.
Electron, which has no 7§ charge and only a very small X charge,
dominates transport.
A transition from the regime dominated by the bd quark to a regime
dominated by electrons as the temperature is rised.



Transport
coefficients of
two-flavor su-
perconducting
quark matter

A Sedrakian

Numerical and
analytical
results for 2SC
phase

Numerical and analytical results for 2SC phase

1x108
5%x10°
n
3 3
He 1x10
5x10* N
1x10*
Tibd
0.10 015020 030 050 070 1.00
10°T/pg
Mou 0.150 ne 0.171 39
g (T/ug)>3 +2490(T/ug)?"  pg  (T/1g)>? +2.78 (T/pg)?

Numerical calculation of shear viscosity as a function of temperature, taking o = 1. In

this temperature range we see the crossover from electron domination at high temperature
to blue down quark domination at low temperature.
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Numerical and analytical results for 2SC phase

100
50
I3
20
X
ut 10 Kbd
5 X
2
) Kby
010 015020 030 050 070 100
10%T/psg
Kbu 5.69 Ke 6.70 40)
Hq L+3720(T/ng)" g 1+ 6.92(T/pg)?/3

Numerically calculated thermal conductivity in units of quark chemical potential 1, in

the 2SC phase with a; = 1. I n this temperature range we see the crossover from electron

domination at high temperature to blue down quark domination at low temperature.
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A Sedrakian
108 B
[
- 10
Hg 10
10
Opu
1000
100]
0.01 0.02 0.05 0.10 0.20 0.50 1.00
3
Numerical and 10" T/kg
analytical
results for 2SC
phase
Opu 0.000672 O, 1.46

= = 41
e Tl P 20 (T kg @R 2 (e )

Numerically calculated electrical (Q) conductivity as a function of temperature, both
expressed in units of the quark chemical potential p,, taking strong interaction coupling
o = 1. The electrons dominate because the bu relaxation time is shortened by its strong
interaction with the bd quarks.
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Color magnetic flux-tubes

Transport . . :
coe;;:fgﬁs of Color-magnetic flux tubes in the 2SC phase of compact stars

two-flavor su- Ginzburg-Landau functional for 2SC superconductor
perconducting
quark matter

* 1o w one ks . 1
A F = Fak o™+ 5 BWTY)° + (VT —2ieAy”) (Vo) + 2iedv) + (B — poH)’.
The boundary between the type-I and type-II superconductors is set by the GL parameter
A
RasC ~ 11— (43)
m

Need to have fields larger than the lower critical field

o s T
Ho= X mre~6s5x107 (2 ) (£)(1-2) o, (44)
472 400 MeV 47 T,
Color magnetic
flux-tubes The density of color-magnetic flux tubes is of the order of those in the core
B 2v/3e B B
po= B 2V3e By By 45)
Dx g P Py

Suppose that we have a network of flux-tubes: how the transport will be modified?
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Aharonov-Bohm scattering of fermions of color-magnetic flux tubes

AB effect is a quantum-mechanical interference effect: The cross-section (per unit length)

B

do _ sin?(73) 5= ap
d9  2mksin?2(9/2)" T qc a

S

qp is the charge of the scattering
particle.

—
e’

@ The cross-section vanishes if 3 is an integer, but is otherwise non-zero.

@ The cross section is independent of the thickness of the flux tube: the scattering is
not suppressed in the limit where the symmetry breaking energy scale goes to
infinity, and the flux tube thickness goes to zero.

@ The cross section diverges both at low energy and for forward scattering.



Color magnetic flux-tubes

cozzg:fgft?ot In the complete fermion basis: U = (ru, gd, rd, gu, bu, bd, e ™)
two-flavor su-
perconducting
quark matter ﬁ:diag(l+i l,i l,i l+i ,1+ﬁ —1 7ﬁ) (46)
27 27 27 27 20 2 )
A Sedrakian 2 2g 2 28 2 Zg 2 2g 8 8
gapped quarks
We conclude
@ The gapped quarks have 3 close to 1/2, which means that they have near-maximal
Aharonov-Bohm interactions with an X-flux tube.
@ Among the light fermions the Q-neutral bd has zero Aharonov-Bohm interaction
with the flux tube.
@ The bu and electron have a 3 that differs from an integer by
e2/g2 = a/a;s ~ 1/100, near-maximal Aharonov-Bohm interactions with an
X-flux tube.
Color magnetic For a given transport coefficient £ = {0, k,n} the relaxation time Tf :
flux-tubes
1 1 1
i Dl @7
T T G T

-Thermal conductivity Dominated by the bd quarks, which do not interact with vortices —
Subdominant effect ~
-Electrical conductivity and shear viscosity dominated by electrons — mostly Q exchange
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For conductivity and shear viscosity the scattering rate is given by
two-flavor su-

perconducting 1 T5 /3
quark matter Z -+ =ce a5/3 72/3 (48)
A Sedrakian i Tej Hq
where { = {o,n} and £, c¢ ~ 10 depends on fermion charges.
Momentum relaxation rate for the electron-vortex scattering is
1 13/205/2 B
— = (49)
Te,v 3az  pe
Electron-vortex scattering becomes important when
1 1
Color magnetic j Texl' Te,v
flux-tubes

For as = 1, pg = 400 MeV and T = 107 K the equipartition is when

BN1012G( T >5/3( g )1/3'
107K

(51
400 MeV
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Thermal conductivity: the crossover from blue-down to electron domination occurs at

T/pg ~af1.7 ~ 1073, so most of the temperature range of interest for neutron stars is in
the blue-down-dominated regime where x ~ 1/T.

Shear viscosity: the crossover from blue-down to electron domination occurs at

T/pg ~ 1073, so electrons are dominant down to T ~ 10keV. The crossover temperature
for the shear viscosity is much smaller than for the thermal conductivity because the
relevant collisions for shear viscosity are those that transfer higher momentum, so the
increase in the range of Q interaction has a smaller impact on the mean free path since the
long-range interactions involve low momentum transfer.

Electrical conductivity: this is a special case because the transported quantity is 0 charge,

so the blue down quarks, which are Q neutral, do not contribute to the electrical
conductivity. The electron contribution therefore dominates over the entire temperature
range.

Other possible excitations - the color-magnetic flux tubes and gluons in the unbroken
gauge sector. Flux tubes are at sufficiently low temperature and high magnetic field, the
vortex-fermion scattering via the Aharonov-Bohm effect may suppress the electron
contributions to the electrical conductivity and shear viscosity.
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