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Superfluidity in dense matter

Microscopic mechanism: Spontaneous Symmetry Breaking (SSB)

* Quark matter at asymptotically high densities:

—> colour superconductors break Baryon conservation U(1),
[M. Alford, K. Rajagopal, F. Wilczek, NPB 537, 443 (1999)]

e Quark matter at intermediate densities:

—> meson condensate breaks conservation of strangeness U(1).
[T. Schafer, P. Bedaque, NPA, 697 (2002)]

* nuclear matter:

—> SSB of U(1); (exact symmetry at any density)

Goal: translation between field theory and hydrodynamics

SSB in U(1) x U(1) invariant model at T=0 —> 2 coupled superfluids (see talk by A. Schmitt )

SSB in U(1) invariant model at finite T - superfluid coupled to normal fluid




Superfluidity from Quantum Field Theory

start from simple microscopic complex scalar field theory:

L= 0,00"0* —m?|p|” = \g|"

* separate condensate\fluctuations: - superfluid related to condensate
¥ [L. Tisza, Nature 141, 913 (1938)]
— l
P>+ p=pe | -
- normal-fluid related to quasiparticles
[L. Landau, Phys. Rev. 60, 356 (1941)]

A
1o * static ansatz for condensate: p, 0,1 = const.

(infinite uniform superflow)

* Fluctuations §p(x, t) and 51 (x, t) around the static solution

¢ determined by classical EOM, can be thermally populated

op = p(9,? —m? — Ap?) 0, (poF) = 0

— Goldstone mode + massive mode




Hydrodynamics vs. Field Theory

Relativistic two fluid formalism (none dissipative)
[B. Carter, M. Khalatnikov, PRD 45, 4536 (1992)]

* Based on conserved currents d, j* =0, d,s* = 0 and their conjugate momenta

stress-energy tensor  THY — gt + j19V1) + s OV

TD relation V+A=0Y-1+0-s

jr = v = Bo'yp + AS" ¥ =Y[oy? 0% 0y 0
0(0,0) am) TV
oV - 5 : .

st = @ =A8“¢—|—C@“ /1=/1[]2,Sz,]’5]

connection to field theory at T=0:
vy =0Mplo or =00t =p(l—-vid)  u=0pp  vs=-Vy/u

- Hydrodynamic quantities can be calculated from microscopic physics




finite temperature calculation

Microscopic calculation introduces preferred rest frame (“heat bath”)
[M.G. Alford, S. K. Mallavarapu, A. Schmitt, S. Stetina, PRD87, 065001 (2013)]

—> calculations in the rest frame of the normal fluid defined by s# = (50,6) (depend on vy)

= in this frame we can identify W =Ts and @9 =T !

Calculate self consistently for any temperature T<T,
[M.G. Alford, S. K. Mallavarapu, A. Schmitt, S. Stetina, PRD89, 085005 (2014)]

— 2Pl effective action (2-loop Hartree approx.):

Ilp, 5] = - ———ZTr In T(k)—lzzTr (S (k, p)S(k) — 1]=Va[p, S|

— p and S are determined self. cons. by stat. equations:
6l'lp,S]/op =10, 6L'p,S]/65 =0

- find solutions which fulfil the Goldstone theorem
[M. Alford, M. Braby, A. Schmitt J.Phys.G35:025002 (2008)]




classification of excitations

elementary excitations

» poles of the quasi particle propagator

collective modes
* fluctuations in the density of elementary excitations

- solutions to a given set of (linearized) hydro equations
a,j"*"=0, a,s# =0 and 9,T* =0
- introduce fluctuations for all thermo — and hydrodynamic quantities

x = xg+6x(xt)  x={¥,s,n, 0, ¥}

- use TD relation 8y = j,6(9#y) + s,60%

Cll ClZ) <6T) .
= solve ((:21 o) \6u) = 0

C; ‘- (equilibrium guantities) are second order partial derivatives of ¥




elementary excitations

—> critical temperature: condensate has “melted” completely

—> critical velocity: negative Goldstone dispersion relation
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Generalization of Landau critical velocity
- normal and super frame connected by Lorentz boost

- back reaction of condensate on Goldstone dispersion




sound excitations

e Scale invariant limit

> pressure can be writtenas ¥ = T* h(T/p)
[C. Herzog, P. Kovtun, and D. Son, Phys.Rev.D79, 066002 (2009)]

- second sound still complicated! Compare e.g. to “He:

2 1 300 T T v T T T T T
uy ==
173
2 0 0 -1 2
u% =57 (Tl z_ S —n) E 200 | tirst sound |
Unn+Ts oT ou —
=
—> ratios of amplitudes R —
O
ST T E .
— = — (in phase) 3
ou Uy u Z second sound
6T n 0 L 1 x 1 N 1 L 1 .\
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[E. Taylor, H. Hu, X. Liu, L. Pitaevskii, A. Griffin, S. Stringari, Phys. Rev. A 80, 053601 (2009)]




Role reversal, no superflow
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Role reversal including superflow (1) o —arctan’-
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Role reversal including superflow (2) o —arctan’-
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Role reversal - comparison to r-modes

Conventional picture:

Amplitude of r-modes:
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Role reversal - comparison to r-modes

Conventional picture:

Amplitude of r-modes:

I L L N L :
S instability -
600 \ . SAX J1750.8-2900 Window 7] —1 —1
i \\ MXB 1659-298 EXO 0748-676 :-. :, | ata ) _a(TgT'av —I— Tdiss)

\\ e s ?,,_;' éo Tgrav time scale of gravitational radiation
~_ 400 Smmm\ R Igas 0y f ;b g Tpisc time scale of viscous diss. (damping)
E QE’TE .lll)f)(n,|-24ss| - N - QD |

XTEJ1814-338 | @f C?;; ’r/:' . . .
N Lo A C-> D: - v emission balances heating
_ N 1B S 9]
500 | e 'j“fn”g':fj?f\ C - r-modes are saturated
i e 1
XTEJLS0T-294 3 g 10929-314 A N Q . . .
- I : - - spin down (grav. wave radiation)
r.,‘ - - -’," "-...____M““‘:
88 . - : D-> A: - r-modes decay (stable region)
05 1.0 15 - star cools down to equil. temp

0 P T P s L L
-1.0 -0.5 0.0 .
CX:'.
logy 13
[images: M. Gusakoy, talk at “the structure and signals of neutron stars“, 24. — 28.3. 2014, Florence, Italy]
-]




Role reversal - comparison to r-modes

- why are fast spinning stars observed in nature?
possible resolutions:
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Role reversal - comparison to r-modes

. Excitation of normal fluid and superfluid modes
%
f

voided avoided crossing if modes are coupled

crossing
3 mode I : &7
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superfluid modes: faster damping 5fL <« ghormal
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* Close to avoided crossing:

normal mode - SFL mode
(enhanced dissipation, left edge of stability peak)

SFL mode = normal mode
(reduced dissipation, right edge of stability peak)
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Outlook

Study excitations of coupled superfluids at finite temperature.
- In particular instabilities (see also talk by A. Schmitt)

Study mixture of superconductor\superfluid (i.e. gauge one U(1) symmetry).
A, Schmitt, A. Haber, work in progress]| (see also talk by A. Haber)

Consider fermions and Cooper pairing.

Add dissipative terms. [A. Schmitt, work in progress]|

« Consider explicit symmetry breaking: what happens to superfluidity?




