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We present estimates of the damping timescale due to the presence of a novel dissipative
mechanism, the rocket effect, related to processes that change the number of protons,
neutrons and electrons.
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Motivation

Temperature T [MeV]

Nuclei Net Baryon Density

neutron stars: physics laboratories providing extremely high density
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Compact stars

e ions, electrons
e mass: M ~ 1.4M

-#—— electrons, neutrons, nucleii

- AN e radius: R ~ 10 km

neutron-proton Fermi liquid
few % electron Fermi gas

e density: p ~ 10'* g cm~3

quark matter?
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Compact stars

toy models used in our paper:

: | e newtonian framework
/ lons,eectrons

® npe-matter
-#—— electrons, neutrons, nucleii

?‘: s e constant density p = 2.5pq

neutron-proton Fermi liquid
few % electron Fermi gas

e radius B = 10 km

quark matter? .
e proton fraction: x, = 1/9
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Compact stars - Superfluidity

superfluidity in compact stars

e low temperature systems
e critical temperature 1. ~ 10737

e attractive interaction

e Cooper pairing:

— protons pair 1S
— neutrons pair 3P,
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Compact stars - Superfluidity

Cas A superfluidity

2x10° t
e cooling of Cas A 6
10% |
e 10 years of X-ray data show coolinggé 5107
at the rate “21e = 123 40.14

dint
(Heinke & Ho 2010)

2x10° |

e enhanced neutrino emission from the g5 . i i .5
recent onset of the breaking and 10 100

formation of neutron Cooper pairs Age [yrs]
Page et al., 2010
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Compact stars - Oscillations

e several oscillations (p,w,r-modes)

e emission of GW
(no axisymmetric modes)

e instabilities
(growth of the amplitude)

e dissipative mechanisms

e instability window ) = Q(T)
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Compact stars - Oscillations

e several oscillations (p,w,r-modes) Instability Window

1.07\
e emission of GW 08l
(no axisymmetric modes) :
0.6
. e ¢
e instabilities S oal
(growth of the amplitude)
0.2?

e dissipative mechanisms 0ol ‘ ‘ ‘

10° 107 10° 10t

TIK]

e instability window ) = Q(T)
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e several oscillations (p,w,r-modes) Instability Window

1.07\
e emission of GW 0sl
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Compact stars - Oscillations

e several oscillations (p,w,r-modes) Instability Window

1.07\
e emission of GW oal
(no axisymmetric modes) :
0.6+
. e ¢
e instabilities < o4l
(growth of the amplitude) :
0.2?

e dissipative mechanisms ool ‘ ‘ ‘

10° 107 10° 10t

TIK]

e instability window ) = Q(T)
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R-mode oscillations - Single fluid

r-mode: : . .
Polar view Side view

e nonradial oscillation which emits
gravitational radiation

e CFS instability

mode pattern

for a star spinning at high frequency, r-mode oscillations
are unstable if dissipative mechanisms are slow
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R-mode oscillations - Single fluid

Polar view

slow-rotation approximation:

e expansion in terms of Q/Qx K 1

&) star:
®
mode pattern

vector displacement:

"sin 0

Side view

Kim
(0 : 8¢,—sz69> Y,

spheroidal part ~ Q? toroidal part ~ Q°
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R-mode oscillations - Superfluid matter

r-modes in superfluid matter

two degrees of freedom:

e charged component (p,e)

e neutral component (n)
hydrodynamics described by:

e comoving v

e countermoving w

ov = 8t€_|_ ~ Q€+

PnVn + PeVe
vV =
P
W = V.—V,
oW = 8755_ ~ Qg_
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R-mode oscillations - Superfluid matter

Klm
7 — (07 <in eaqb) Klmae 4+ Vz’; SV,LL) ZV,u897 Sln(98¢)
g—_ — (O Kim 8¢ k; 89)Y + Z(S 21,00 il 8¢)Y“
r ‘sing ™" l - VETERTET Sin 6 v
type of r-mode Klm klm Clm Tim Slm: Slms Zlm: Zlm
standard r-mode | O(QY) | O(2%) | O(2?) | O(Q*) O(0?)
superfluid r-mode | O(2?) | O(Q°) | O(QY) | O(Q?) O(02?)

p=pgry (mY™" $8=gry mmY"
l,m l’m

r-modes in superfluid matter - r-modes and rocket effect 12




Rocket effect

the mass and the
velocity of the
rocket change as it

consumes its fuel ‘

F=p=mv+mv

mass conservation: Oipr + Vi(pevl) =T, x=n,p,e

mass creation rate: I'y=1¢.=-I},

for standard npe-matter: n - p+e~ +0, p+e —n+r,
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Urca processes

Shoenberg to Gamow in the casino Urca in Rio de Janeiro:
the energy disappears in the nucleus of the supernova as quickly as
the money disappeared at that roulette table:

n — p+e +U,
p+e — n+r,

e critical density (Haensel&Gnedin, 1994):
Perit(n @ p+e  +0.) =4.2 X 10'%gcm ™3

e critical proton fraction of the order 11% in npe-matter.
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Urca processes

rates of the processes:

d . dgpz' 2 4c4) p
e = [ T |Goag| 0 - 9 0 2 S MP s - )

spin

c dgpz' 2 4 <(4)
P = [ T |Gopg | fofe (L= £ 2 1MPm) s (P = 7))

spin

r,="¢ __—T¢

Urca — + Urca
at equilibrium ¢ n=T%  =TUrea
linear analysis fi=fi+06f
= o (8 — Ope + 21— € — €)(6w)”) P
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Urca processes

R, reduced phase space for the interaction

1/3
Ttren = Ry x 1.9x 10%3(1 —¢,) (1 e ) (ﬁ) T5em 351
1l —x. Po

reduction factors for some superfluid phases (Haensel et al., 2000)

3.5
Ry = <0.2787 + \/(0.7213)2 + (0.1564UA)2> exp <2.9965 — \/(2.9965)2 + vi)

3
Rp = <0.2854 + \/(0.7146)2 + (0.1418113)2) exp (2.0350 - \/(2.0350)2 + v%>

0.5 + (0.1086v¢)?

Rg = 0.5 1 — /1 + (0.5v0)2
¢ 1—|—(0.2347@0)2+(0.2023UC«)4+ eXp( \/ + ( vc))

Ax(T)
kT

where vy =
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Euler equations

two-fluids hydrodynamics:

MF
(0 + vV ;) (v — ecw;) + Vi(fic + @) — ecw’Viv; = — ; + (1 — €, — €c) p—nwi
mutual rocket
friction effect

one can use as degrees of freedom the c.m. and the relative motion in
any case one has two fluids that can oscillate
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Euler equations

perturbed continuity equation
Oopx + Vz-(pX(Svg() =TIy, X =mn,c

hydrodinamical system in term of the comoving and countermoving velocities:

8:0p + Vi(pdv') = 0
0ox. + -V - [x.(1 — x.)pdwW]| + 6V - Ve, + — = 0
P P
iok 1 0p
8,561)1- + 267;ij ov + —VZ-(Sp — —2V1p + Vzéq) = 0
P P
8t(1 — €)6’wz + v@(éﬁ) —+ QB’eiijjéwk — QBGiijjéklleé’wm = 0
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Stability analysis

timescale of dissipative processes

1 _ (%) diss

Tdiss 2k
e solve the free equations of the oscillations
e F: approximated by the kinetic energy of the free oscillations

o (—)d. . integrate the Euler eqs and insert the free solution
1SS

r-modes stability analysis - r-modes and rocket effect
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critical condition of stability:

Stability analysis

1 N 1 n 1 n 1 N 1 0
Taw Tsv Tbv TMF TRT
1) standard r-mode ' ' ' ' ' ' '
) ) 31| i
oscillations are not 2010
efficiently damped by the 20x10% |
rocket term. in that case - N
mutual friction, bulk and & | '
shear viscosity dominate o
1.0x10% | -
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Stability analysis

critical condition of stability:

0.8

2) the instability window o ual | TOCket |
for the superfluid -modeis [ ; friction\ i
reduced. the rocket effect 061 LY y
acts as an effective bulk : /4 \\ f
- !
viscosity in the range of G g4l \ N -
. G shear % /
high temperature i | .y y \
0.2} N / / |
~~’ bulk |
. leJ‘r()GHIHHH leLOS‘III‘HH lello“l‘lﬂ
T [K]
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Conclusions
e asterosiesmology and star’s structure
e r-modes and CFS instability

e reduction of superfluid r-mode instability with the rocket
effect acting as an effective bulk viscosity

e what's going on: different processes of matter
transformation
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