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Bulk viscosity of superfluid hyperon stars
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We calculate the bulk viscosity due to nonequilibrium weak processes in superfluid nucleon-hyperon
matter of neutron stars. For that, the dissipative relativistic hydrodynamics, formulated eariler [M. E.
Gusakov, Phys. Rev. D 76, 083001 (2007).] for superfluid mixtures, is extended to the case when both
nucleons and hyperons are superfluid. It is demonstrated that in the most general case (when neutrons,
protons, A, and X~ hyperons are superfluid), nonequilibrium weak processes generate 16 bulk viscosity
coefficients, with only three of them being independent. In addition, we correct an inaccuracy in a widely
used formula for the bulk viscosity of nonsuperfluid nucleon-hyperon matter.
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I. INTRODUCTION

It is well-known (see, e.g., [1-4]), that neutron stars can
be unstable with respect to the emission of gravitational
waves. The matter in a pulsating neutron star is not (even
locally) in chemical equilibrium. The relaxation towards
chemical equilibrium is accompanied by the dissipation of
pulsation energy. This process is one of the most important
dissipative processes, suppressing the growth of
gravitational-wave instability. It can be described by the
introduction of an effective bulk viscosity in the hydro-
dynamic equations (see, e.g., [5]).

The bulk viscosity due to nonequilibrium weak pro-
cesses in neutron stars was calculated by a number of
authors (for a review see, e.g., [6]). It strongly depends
on the composition of stellar matter. In this paper, we
consider the matter of inner layers of neutron stars, com-
posed of electrons, muons, neutrons, protons, A, and X~
hyperons (nucleon-hyperon matter). A calculation of the
bulk viscosity for nucleon-hyperon matter is complicated
by the fact that baryons in such matter can be superfluid [7—
10].

The bulk viscosity of superfluid matter was calculated in
a number of papers (see, e.g., [11-16]). In these papers,
only one bulk viscosity coefficient was studied, analogous
to that in nonsuperfluid hydrodynamics. The effects of
superfluidity were taken into account only in calculating
the reaction rates. However, it is known that there are
several bulk viscosity coefficients in hydrodynamics of
superfluid liquid [5,17-19].

In a recent paper [17], four bulk viscosity coefficients
were calculated for the matter composed of superfluid
neutrons, superfluid protons, and electrons. It was shown
that taking into account three additional bulk viscosity
coefficients results in a significant decrease of character-
istic damping times of sound modes (approximately, by a
factor of 3).

In this paper, we extend the results of Ref. [17] to the
case of nucleon-hyperon matter. In particular, we demon-
strate how the dissipative hydrodynamics [17] should be
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modified to describe a possible presence of superfluid
hyperons. Next, we show that in the most general case,
when baryons of any species are superfluid, nonequilib-
rium processes of mutual transformations of particles gen-
erate sixteen bulk viscosity coefficients, only three of them
being independent. In addition, we correct an inaccuracy in
the expression for the bulk viscosity of nonsuperfluid
nucleon-hyperon matter made in Ref. [14] and spread
widely in the literature (see, e.g., [20-25]). We calculate
the bulk viscosity correctly and compare our results with
those of Ref. [14].

The paper is organized as follows. In Sec. II, we calcu-
late the bulk viscosity of nonsuperfluid nucleon-hyperon
matter. In Sec. III, we calculate and analyze all sixteen bulk
viscosity coefficients describing dissipation in superfluid
nucleon-hyperon mixtures; the relations between these
coefficients are also discussed. Section IV presents a
summary.

II. BULK VISCOSITY OF NONSUPERFLUID
HYPERON MATTER

In this section, we derive an expression for the bulk
viscosity due to nonequilibrium processes of particle trans-
formations in a dense nonsuperfluid matter composed of
electrons (e¢), muons (), neutrons (n), protons (p), and
hyperons (A and X~ hyperons). Here and below, the
variation 6A of some physical quantity A is defined as
the difference A — Ay, where A, is the value of A in
thermodynamic equilibrium (when matter is unperturbed).

The most effective weak processes in nucleon-hyperon

matter are the following nonleptonic reactions
[13,14,26,27]
n+nep+3, (1)
n+pep+ A )
n+nen+A, 3)
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n+Ae A+ A “4)

The full thermodynamic equilibrium implies the equilib-
rium with respect to these reactions,

2pp0 = Mpo — M3o =0, (5)

Mno — a0 = 0. (6)

Here w;q are the chemical potentials of particle species i =
n, p, A, X taken at equilibrium (correspondingly, u; are
the chemical potentials in the perturbed matter). Notice
that the equilibrium conditions for reactions (2)-(4),
coincide.

Leptonic reactions (e.g, direct and modified Urca pro-
cesses with electrons or muons) are much slower in com-
parison to the reactions (1)—(4). For ““typical’ perturbation
frequencies (e.g., 103-10* s~! for radial modes or for r
modes of rapidly rotating neutron stars) the leptonic reac-
tions cannot influence substantially the chemical compo-
sition of perturbed matter. Hence, the main contribution to
the bulk viscosity comes from the nonleptonic reactions
(1)—(4). In addition to the processes described above, there
is a fast nonleptonic reaction due to the strong interaction
of baryons

n+Aep+3. (N

In accordance with Ref. [14], we assume that the perturbed
matter is always in equilibrium with respect to this reac-
tion,

Ophpast = My T pop — p — s = 0. (8

Let us obtain the expression for the bulk viscosity of non-
superfluid nucleon-hyperon matter. For that, we consider a
pulsating nucleon-hyperon matter, slightly perturbed from
an equilibrium state (so that one can use the linear pertur-
bation theory). If the reactions (1)—(4) are forbidden, then
pulsations are reversible and there is no energy dissipation
[notice that, the reaction (7) is open]. We denote the
pressure in this case by P.q. The presence of the reactions
(1)—(4) in the pulsating matter leads to a difference be-
tween the real pressure P and P.. We define the bulk
viscosity £ by the formula

P— P, = —&diviu), )

where u is the hydrodynamic velocity of pulsations. Notice
that this definition differs from the usually accepted one
(see, e.g., Ref. [14]). Usually, instead of P4 in formula (9)
it is common to substitute the pressure which would be
established in the pulsating matter assuming that there is an
equilibrium with respect to all the reactions (i.e., the re-
actions are very fast). Both these approaches are possible.

Generally, the pressure P and the other thermodynamic
quantities depend on six parameters, for example, the
number densities n;, where j = n, p, A, 2, e, u (one
can neglect the dependence on temperature in strongly
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degenerate neutron-star matter, see, e.g.,
Refs. [17,28,29]). However, these parameters are not all
independent because in the nucleon-hyperon matter two
conditions should be satisfied: the equilibrium condition
(8) with respect to the reaction (7) and the condition of
quasineutrality,

n,=n,+n, +ns. (10)

Taking into account that the reactions (1)-(4) and (7)
conserve the number of leptons and the leptonic processes
are neglected, we obtain that the relative number densities
of leptons x, = n,/n;, and x,, = n,/n, (n, = n, + n, +
ny + ns is the baryon number density) remain constant
during the pulsations,

8x, = 6x, = 0. (11)
This result is valid only for nonsuperfluid matter and

follows from the continuity equations for baryons, elec-
trons, and muons,

00\ div(nyu) = 0, (12)

00ne | Giv(n.u) = 0, (13)

a‘;”# + div(n,u) = 0. (14)
t

If baryons of any species n, p, A, and/or 3 are superfluid,
then the continuity equation for baryons (12) should be
modified (see Sec. III) and Eq. (11) does not hold.

In view of Egs. (8) and (10), pressure is a function of
only four independent variables, say, n;, ng, x,, and Xy
(ny =np +ns is the hyperon number density).
Expanding P(n,, ny, x,, x,,) in the Taylor series near the
equilibrium state, one obtains for the variation of pressure
oP,

_ dP(ny, ny, X,, Xx,,) 5, + dP(ny, ny, x,, Xx,,)

an GnH

oP

5}’1[.],

(15)

where we used Eq. (11). The variations én, and ény can
be found from the continuity equations for baryons (12)
and hyperons,

OOMH | Giv(ngu) = AT, + AT, + AT + AT,. (16)

Here AI';, Al',, Al's, and AT’y are the net numbers of
hyperons generated in a unit volume per unit time in
reactions (1)—(4), respectively. If deviation from the equi-

librium state is small, the sources AI'; (I =1, ..., 4) can be
expressed as (see, e.g, [11-13])
AT, = Aopy, (17)

where A; are the “‘reaction rates,” some functions of num-
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FIG. 1. Bulk viscosity & versus baryon number density n, at

T=3x%x10°K and @ = 10*s~! for nonsuperfluid matter.
Solid, long-dashed, and dot-dashed lines show our results and
the results of Ref. [13,14], respectively. Vertical dashes indicate
the thresholds for (from left to right): appearance of muons;
direct Urca processes involving electrons and muons, respec-
tively; appearance of A and 3~ hyperons, respectively. The inset
demonstrates the difference between our calculations and those
of Refs. [13,14] in more detail.

ber densities and temperature; Su; = 2u, — U, — U,
Oy = 6z = Oy = M, — M are the chemical poten-
tial disbalances for the reactions (1)—(4), respectively.
Taking into account the equilibrium condition (8) for the
fast reaction (7), one has: du; = Sy = Sz = Oy =
ou.

Notice that there is no source in Eq. (16) owing to the
fast reaction (7), because this reaction does not change the
number of hyperons. The choice of another variable in-
stead of ny (for example, the neutron number density #,,)
would make it necessary to take into account the source
due to the reaction (7). In the paper of Lindblom and Owen
[14] (and in the subsequent papers [20-25]) the number
density of neutrons was chosen as such variable, but the
source of neutrons owing to the fast reaction (7) was
neglected. This leads to an error in the expression for the
bulk viscosity.

In fact, one could think that the source of neutrons due to
the fast reaction (7) equals zero, because the matter, as we
mentioned before, is in equilibrium with respect to this
reaction. However, this is not quite true, because even
small (negligible in all other situations) deviation from
the equilibrium Oty = py, + pp — pp, — s multi-
plied by the large reaction rate Ag results in a finite
(nonzero) source Al = A0 Mpas- This fact was em-
phasized by Jones [26].

Now let us assume that the perturbation of matter is
periodic, so that all the thermodynamic quantities oscillate
near their equilibrium values with the frequency w. Then
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one finds from the continuity equations (12) and (16)

sy = — 22 div(u), (18)
Lw

Sny = — ,i[aniv(u) — Adul (19)
i®

where A = A + A, + A3 + A4. As in the case of the pres-
sure, the chemical potential disbalance éu in Eq. (19) is a
function of n,, ny, x,, and Xy In analogy with Eq. (15) for
OP, it can be expanded near the equilibrium state and
written as

_ o u(ny, ny, x,, x,)

1
B an

8I’lb

L 0l o Xy) (20)
ong

Here we take into account that 6 u = 0 in the full equilib-

rium and that the relative number densities x, and x,, do

not change in the course of pulsations [see Eq. (11)].
Now, solving the system of equations (18)—(20) and

substituting the expressions for én, and 6ny into

Eq. (15), we derive

OP(np, X, Xpo X)) A
2

P — Po, = div(u) Fye ”
H

% aa/‘l’(nh’ XH Xe» x,u)
611;,
y [ iA 00u(ny, xp, X, X)) N 1]—1‘
wny oxy

2

Here the independent variables are ny,, x5y = ny/ny, x,,
and x . It is easy to express the bulk viscosity ¢ from this
equation. We are mainly interested in the real part of &
because it is Re(¢) that is responsible for the energy dis-
sipation (see, e.g., [11]). In this sense it is probably more
appropriate to define Re(¢) as the “real” bulk viscosity. It
equals

"i) dP(ny, xpy, X, x,) 96 u(ny, xp, X,, X,,)

Reé = —
e¢ A dxy ony
« [aé,u,(nb, X1, Xo» x#)]—Z 1 22)
dxpy 1 + w?r%’

where 7 = n,/A[08 u(ny, xpy, X, x,)/dxg] "

For comparison, we present here the result of Lindblom
and Owen [14] [notice that, these authors neglected the
reactions (3) and (4), thus assuming that A; = A4, = 0]
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ni  9P(ny, x,, x,, x,)

Reép = —
L 2/\1 + )\2 axn
% agll‘l’(nb’ Xn> Xes x,u,) [85/.L(I/lb, Xns Xes -)C,u,)jl2
ony, 0x,,
1
X ———, 23
1 + w?7? (23)

where 71, = n,/(2A + Ay) [06m(ny, x,, x,, x,)/0x, 17"
X, = n,/ny.

The bulk viscosity (22) depends on the reaction rates A,
Ay, A3, and A4. Some of them were calculated in a number
of papers [13,14,20,26,27]. Different authors present dif-
ferent results for the rates; the discussion of advantages and
disadvantages of their calculations can also be found in
those papers. Unfortunately, to date, there are no strict
calculations of the reaction rates. It is reasonable to think
that all the rates are of the same order of magnitude.

The dependence of the bulk viscosity on the baryon
number density for the temperature 7 = 3 X 10° K and
the oscillation frequency w = 10* s~! is presented in
Fig. 1. While calculating the bulk viscosity, we used the
third equation of state of Glendenning [30].

The solid line illustrates our results for the bulk viscosity
obtained from Eq. (22). We employed the reaction rates
from Ref. [14] and, following that paper, we put the rates of
the reactions (3) and (4) equal zero, A; = A4 = 0. The dot-
dashed line is the bulk viscosity calculated as described in
Ref. [14] [see also formula (23)]. We remind the reader that
in that paper the relative number density of neutrons x,, was
chosen as one of the independent variables. However, the
source of neutrons due to the fast reaction (7) was erro-
neously neglected. As one can see, this mistake does not
influence the results significantly [typically, by
~(10-30)%]. By the long dashes we show the results of
Ref. [13]. In Ref. [13], only one hyperon reaction was
taken into account, namely, the reaction (1). As in
Ref. [14], the source due to the fast reaction (7) was
neglected and, in addition, the equilibrium condition (8)
with respect to this reaction was ignored. Moreover, the
authors of Ref. [13] used the nonrelativistic approximation
when calculating the rate of the reaction (1). This assump-
tion is not well justified for the baryon number densities in
the range n;, = (0.3-0.6) fm~> because of the strong de-
pendence of the reaction rates on n, (see, e.g., Ref. [14]).

III. BULK VISCOSITY OF SUPERFLUID
NUCLEON-HYPERON MATTER

In this section, unless it is otherwise stated, the sub-
scripts i and k refer to baryons (i, k = n, p, A, 2). The
summation is assumed over repeated baryon indices i and
k. The subscript [ refers to leptons (I = e, u); the subscript
Jj runs over all particle species (j = n, p, A, 2, e, ).
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A. The relativistic hydrodynamics of superfluid
nucleon-hyperon mixture

In Ref. [17], the dissipative relativistic hydrodynamics
of superfluid mixtures was formulated for n pe matter. Here
we extend this hydrodynamics to the case of superfluid
nucleon-hyperon matter composed of superfluid protons,
neutrons, A and X~ hyperons, as well as normal electrons
and muons.

The general formulas [Eqs. (26-34) of Ref. [17]] de-
scribing the relativistic hydrodynamics of superfluid mix-
ture remain valid with the notion that now the subscripts i
and k refer not only to superfluid nucleons (i, k = n, p) but
also to superfluid hyperons (i, k = n, p, A, 2). For in-
stance, the continuity equations for particle species j are
written as

9, jf;) =0, (24)
with
n

j(i) = nu* + Y,-kwf'“k), jf’l“) = njut. (25)

Energy-momentum conservation law has the form
8, T =0, (26)
where
T*? = (P + e)utu” + Py*¥ + Yik[WZ)W(Vk) + ,u,,-w&)u”
+ ] + T @
and 7#” is the dissipative correction to the energy-

momentum tensor which will be specified below. It satis-
fies the constraint

uyu, ™ = 0. (28)

The hydrodynamic equations must be supplemented by the
second law of thermodynamics

de =TdS + pidn; + p.dn, + p,dn,
Y
+ de[wg.)w(km]. (29)

Using the quasineutrality condition (10) and the condition
of equilibrium (8) with respect to the fast reaction (7),
Eq. (29) can be rewritten as

de =TdS + /undnb - 8lu‘dnH - (lu“n - Mp T Iu‘e)dne
Y;
- (Iu'n My T /-L,U,)dny, + de[WZ)W(k),u], (30)

where we remind the reader of the notation du = u, —
- In full thermodynamic equilibrium the third, fourth,
and fifth terms are zero because of Egs. (5) and (6), and of
the beta-equilibrium conditions, ., = p, + p,and u, =
mp + w, (see, e.g., Refs. [11,12]).

In Egs. (24)—(30) Y;; is a4 X 4 symmetric matrix which
is related in the nonrelativistic limit to the entrainment
matrix p;; by the equality [17,31] Yy = pu/(m;my),
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where m; is the mass of a free baryon of species i (the
matrix p;; is a natural generalization of the superfluid
density to the case of superfluid mixtures, see, e.g.,
Refs. [32-34]). To the best of our knowledge, the matrix
Y, has not been calculated for a nucleon-hyperon matter.
Furthermore, € is the energy density; u; is the relativistic
chemical potential of particle species j; and S is the
entropy density. The pressure P in Eq. (27) is defined in
the same way as for ordinary (nonsuperfluid) matter
[17,31],

P=—e+umn; +pen, +p,n, +T8S. (€2))]

Next, n#” = diag(—1, +1, +1, +1) in Eq. (27) is the spe-
cial relativistic metric; u* is the four velocity of normal
(nonsuperfluid) liquid component normalized so that
uy ut = —1 (we assume that all nonsuperfluid compo-
nents move with the same velocity u*). The four-vectors
w(; satisfy the condition

u Wl =0 (32)

and describe motion of superfluid components. To take into
account the potentiality of superfluid motion, a four vector
WZ) should be expressed through some scalar functions ¢;

and written as (see Ref. [17])
wiy = 0% — AP — (u; + n)uk. (33)

Here the scalar ¢; is related to the wave function phase of
the Cooper-pair condensate ®; by the equality V¢; =
nV®d,/2; A* is the four potential of the electromagnetic
field; g; is the electric charge of particle species i; x; is a
small dissipative correction to be determined below.

Note that one can avoid the introduction of new func-
tions ¢, in the hydrodynamics of superfluid mixtures if one
formulates the potentiality condition (33) in the equivalent
way

I"[wey + @iA* + (pi + x)ut]

Below we will use the latter formulation because it is more
suitable for our purpose. In this approach, four vectors wg)
are treated as independent hydrodynamic variables.

The hydrodynamics discussed above would be incom-
plete without an indication of what we mean by a comoving
frame, that is the frame where we measure (and define) all
the thermodynamic quantities. As was demonstrated in
Ref. [17], the condition (32) dictates that the comoving is
the frame where the four velocity u* equals u* =
(1,0,0,0). In this frame, the basic thermodynamic quanti-
ties &, nj, and w; (or V) are defined by [see Egs. (25),

(27), (28), and (32)]
JY=nj, (35)

Ji=Yuwew = Yu Vo, (36)
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T = ¢, (37)

All other thermodynamic quantities can be considered as
their functions or, equivalently, the functions of &, n;, and
WZ)W(/() we

In analogy with Ref. [17], from Egs. (24), (26), and (29),
one can derive the entropy generation equation, which
defines the dissipative corrections 7#" and x;,

%

% v u, i
J S,u = —?HM[Y,,(W(Z)] — TH 8#(?) + Y,kaLk)FGMT

yn

(38)

v Mm %i
+u Y,»kw(k)?a,,uw

Here S* is the entropy current density,

s = Sur — ZLon = 2y, (39)
satisfying the natural constraint u, S* = —S. The last two
terms in Eq. (38) are small and can be omitted in the
majority of applications (for more details, see the discus-
sion in Ref. [17]).

Using the requirement that the entropy does not de-
crease, one can obtain for the dissipative corrections [ne-
glecting the last two terms in the right-hand side of
Eq. (38)]

= —k(H* u” + H" ur) (9, T + Tud5u.,)

2
- nH’”’H”S(aguy + dyus — —n),,gasus)

3

- fliHWay[YikWZk)] — &EHHM O, u?, (40)
ty = =30, [Yyw(y] = €400 0", (41)
= —&5,0,[Yywh ] — E4p00 u* 42)

XA 551 " 1kw(k) 4N 0, UT,
ny = —&q 0 [Yuwh ] — &45 0, ut (43)

p) 6i 9 ul L ik W) 430,U7,
%n, = _§7ia,u,[YikW€Z)] — &4p0 ut. (44)

Here « and n are the thermal conductivity and shear
viscosity coefficients, respectively; H*” = n*¥ + u*u”
is the projection matrix; &;;, €2, &3is €4is €505 E6is and &7;
are 25 bulk viscosity coefficients (i = n, p, A, X). We
would like to emphasize that the dissipative corrections
(40)—(44) are incomplete in a sense that they (i) do not
include various terms related to particle diffusion;
(ii) neglect (typically) small terms, explicitly depending

on wg). For example, we neglect the terms of the form

WZ)HMT and u* w(”i)ayu“y in the expressions for »; and 77,
respectively. The similar approximation is very well-
known in the nonrelativistic theory of superfluids (see,
e.g., the textbook of Landau and Lifshitz [5], Sec. 140 or
Ref. [17]). An inclusion of all these dissipative terms
would lead to a number of kinetic coefficients much larger
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than 27. Since in this paper we are mainly interested in the
bulk viscosity coefficients, we restrict ourselves to a sim-
plified form (40)—(44) of dissipative corrections.

The number of bulk viscosity coefficients can be re-
duced. Notice that, from the quasineutrality condition
(10) and the continuity equations (24), it follows that

A similar condition for superfluid npe matter was derived
in Ref. [17] [see Eq. (41) of that reference]. Owing to the
condition (45), there is no need to introduce the bulk
viscosity coefficients both for protons and for %~ hyper-
ons. For example, it is sufficient to introduce the quantity
Ei1sp = §1p + &y instead of &, and &5 Because of the
same reason, we are not interested in the quantities xy and
%, taken separately. Instead, we will introduce the sum
xsp, = %y + %, [notice that, x5, is the quantity that ap-
pears in the entropy generation equation (38)]. As a result,
the corrections 7#” and %, take the form

THY = —k(HFYu? + ku/f«)(ayT + Tuaaguy)

2
— 7;HWIL1”5<35L¢y + 0 us — §nyaagus)

— £ [V g — EHE 0, (46)
Ky = _§3qa#[quW€Z)] - §4nap,u'u’ (47)
wp = —Es,0u[Youwhn] — E4p 0 u (48)

A Sq%ult qk™ (k) AN 47
Asp = _'fﬁqa,u[quwéz)] - §42pa,u.u’u' (49)

Here and below, the subscript ¢ takes on the values n, A,
and Zp. The expression d,[Ys,w(,] in Egs. (46)-(49)
means 9,[ Yy, w(, ] or, equivalently, 9,[¥,,w(, 1

As follows from the above equations, we have actually
16 (rather than 25) bulk viscosity coefficients which can
contribute to the dissipation of mechanical energy in su-
perfluid nucleon-hyperon matter. Using the Onsager sym-
metry principle, we obtain

&E3n = Esp
fszp = &on

§4n = glm

§4Ep = flzp-

§3Ep = §6m
Ean = &1

Thus, generally, only ten of them are independent.

(50)

B. Calculation of the bulk viscosity coefficients for
superfluid nucleon-hyperon matter

Let us calculate these phenomenological coefficients
assuming they are due to nonequilibrium processes (1)—
(4). As in Sec. II, we assume that the matter is slightly
perturbed out of equilibrium state and pulsates with the
frequency w. Since the deviation from the equilibrium is
small the hydrodynamic equations can be linearized.
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Because of the same reason, the dependence of various
thermodynamic quantities (e.g., the pressure P) on the
scalars wff)w(k)# can be neglected. We assume that the

four vectors wfﬁ) characterizing the superfluid flow of par-
ticle species i = n, p, A, or 3 equal zero in the unper-
turbed matter. Thus, by perturbing the system, we produce
some small WZ) so that the scalars wg)w(k) . Will be of the

second-order smallness and can be omitted in the linear
approximation.

We start from the nondissipative relativistic hydrody-
namics of superfluid nucleon-hyperon mixture. In this
case, the energy-momentum tensor is given by Eq. (27),
where the dissipative correction 7#” should be set to zero.
Similarly, the expressions for wg) are given by Eq. (34)
with »; = 0. The nonequilibrium processes (1)—(4) lead to
the appearance of the sources in the right-hand side of the
continuity equations (24) which, as we will demonstrate
below, generate the “‘effective” dissipative corrections 747
and %,.

To calculate &), and &, it is convenient to expand the
energy-momentum tensor of the pulsating matter (27)
(with 7#” = 0) in the comoving frame [where u* =
(1, 0, 0, 0)] near the equilibrium, as it was done in Ref. [17],

T® = g, + S, T =T = piYywiy,

(51)
T = (Py + 8P)S .

Here we restrict ourselves to the linear perturbation terms.
The spatial indices n and m vary over 1, 2, and 3; &g, 1o,
and P, are the corresponding thermodynamic quantities
calculated at equilibrium (in the absence of pulsations).

Now our aim is to extract from the tensor (51) various
terms which are generated by the nonequilibrium processes
(1)—(4) and contribute to dissipation. Then, we will write
these terms in the form of a separate dissipative tensor
TII;LuIIk‘

As follows from Eq. (30), in the linear approximation d&
remains the same as in the absence of dissipation, & =
M, 6n, [this is because the dissipative processes (1)—(4)
conserve the number of baryons, hence dn,, is independent
of the reaction rates A;, I =1, 2, 3, or 4]. Thus, the
component 700, of the tensor Thy is zero. Similarly,
9. = 7om = 0. On the contrary, the variation 6P of
the pressure contains a dissipative part (we denote it by
6Pg;,). According to Refs. [11,14] and Sec. 11, it is given by

8Pdis = RC((SP), (52)
so that the tensor 7, can be presented in the form (in the
comoving frame)

Om mQ

00 _— — — nm —
Touk = 0, Toulk — Toulk — O Toulk = OPdisOnm-

(53)

Let us determine &Pg;,. For that purpose, we present the
pressure P as a function of n,, ny, ns, = ns + n,, and
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y = x,/x,. All other number densities can be expressed
through n,, ny, ns,, and y with the help of Egs. (8) and
(10). Notice that we choose ny, and y instead of the
variables x, and x, of Sec. II. The variables x, and x,
are less convenient here because Eq. (11) does not hold in
the case of superfluid matter. Expanding the pressure
P(ny, ny, ns,, y) near the equilibrium state, we write

aP P oP
(SPdiS = —Re(ﬁnb) + —Re((an) + Re(5n2n)
ony, ong ans,
aP
+ —Re(5y). (54)
ay
It is straightforward to show that
oy =0, (55)

as a consequence of the continuity equations (13) and (14)
for electrons and muons. The variations of other variables,
ny,, ny, and ny,, can be found from corresponding con-
tinuity equations. Using Eq. (24) and the fact that the
variations depend on time ¢ as exp(iwf), we obtain in the
comoving frame

iwdn;, + div(J,) =0, (56)
iodns, + div(Jy,) = —AT. (58)
Here AI' = A", + AT, + AI'; + AT’y = Adu, and
Ao u o u Adu
Sulny, ny, ns,) = o, Sny, + o, Sny + on, Sns,.
(59)
In Egs. (56)-(58) J,=n,u +ZiY,-kw(k), Jy =

nyu + szW(k) + YAkw(k)’ JEn =ns,u + szw(k)_‘_
YW@, u and w(; are the spatial components of the four
velocity u* and four vector WZ), respectively. The solution

to the above system of equations gives

Re ((Sl’lh) = O, (60)
Re (8ny,) = —Re(dny), 61)
96 96
Re (6ny) = k[ 8nl: div(J,) + anM div(Jy)
H
+ 20m div(Jzn)], 62)
ans,

where we use the notations 1/k= A(06u/dny—
adu/ans,) (1 + w?7?), T=1/M06u/dny —
adu/ons,)"!. Now, using Eq. (54) for &Pg, and
Egs. (60)—~(62), we can find the dissipative tensor 7f,, in
the comoving frame [see Eq. (53)]. Then it can be easily

rewritten in an arbitrary frame. The result is
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aP aP a6 a6
Tgulfk = H”’Vk(— - )[(ﬂb—M + ny K~
ong dns, any ongy

6w a0 65//,)
+ ns, ——|o,u? + +——)9, (YW,
n 8n2n> v <anb ans, y( nk (k))
a0 90 a0
+(2 A il
ony, ony  dny,
o u

o y

)or s vy

A comparison of 7{.}, with the phenomenological dissipa-
tive tensor 7#” [see Eq. (46)] allows us to identify the bulk
viscosity coefficients &, &1a, €13), and &,, generated by
nonequilibrium processes (1)—(4)

oP dP \[9o a0
€1 = —k( - )( £y 28 ) (64)
dng dns,/\dn, dns,

£ = —k( P dP )(85,u n 85,(14)’ 65)

ony dns,/\odn, ong

oP oP 00 d0 90
Eisp = —k( - )(2 By oo, “) (66)
ony dns, any, ony dny,
P oP 26 L)
& = _k(—a B )(”b B tng=E
ny ns, any, ong
00
+ns, “) (67)
Ins,

It can be shown that the expression for &, formally co-
incides with Eq. (22) for the bulk viscosity of normal
matter [however, these formulas give different numerical
results because the reaction rates A; (I = 1, ..., 4) differ for
superfluid and normal matter].

To prove this, we can rewrite Eq. (67) using n;, xg, X,,
and x, as independent variables instead of ny, ny, ns,, and
y. The following equalities will be helpful (f is an arbitrary
function)

1 af (ny, Xp, X, X,,) _ df(ny, iy, Nsp, y)
ny 0xy ony

_ 0f(ny, ng, nsp, )
anzn

. (68)

af(nb’ XH> Xe xu) —n af(nb’ Ny, N3, Y)
ai’lb b anb

af (ny, ng, Nz n, y)
8nH

af (np, ny, ns,, y)
al’lzn )

np

+nH

+ ny, (69)

To calculate other bulk viscosity coefficients let us apply
the same consideration to Eq. (34) for wg). As aresult, we
obtain (in the comoving frame) the expression for the
dissipative component x; generated by nonequilibrium
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processes (1)—(4)

% = O Migis
M A oM
— i Re(6m,) + T Re(6ny) + 22 Re(8ny,).
P) 3
n ng ans,
(70)

Here 0 u,q;5 is the dissipative term in the Taylor expansion
of the chemical potential u; near the equilibrium state
(similar to 8Pg); Re(ény), Re(8ny), and Re(ény,) are
taken from Egs. (60)—(62). In a fully covariant form, x,, is
given by Eqgs. (47)—-(49) with the bulk viscosity coefficients

d d a6 06
£, = _k< Mn _ Opy, )( B ,u) 71
ony dny,/\dn, Odns,
om, Om,\[06 a6
b= —k(Ghn - (PR 2OE) o)
ny ons,/\on, ony
d d 06 06 06
fis, = _k( Hon Mn)(z L M) 73)
dnyg dns, on, dnyg dns,

£ — _k(aﬂn _ aMn)(ﬂ om  00u
in any  ons,J\ ” an, " on,

+ ns, a—) (74)

i}
Ean = _k( 24

(75)

_ _kl:a(:up + /*LE) N a(/-l“p + IU“E)]
ong ons,

96 96 96
>< (n,, By Z2H 4 g, 2OH ) (76)
any, ong ons,

Jd Jd 00 00
£, = _k( MA MA)( ®o M>, 77
ony  dns,/\odn, Jny,

J Jd d0 L)
£y = _k( MA MA)( B ,u) (78)
ony  dns,/\ dn, ong

d d a6 a6 a6
§5zp=—k< M _ MA)(z p 90p M) (79)
ony dny, on, dny dny,

Wy, + us)  ap, + ME)]<55M N 65#)
ongy ons, any, ons, ’
(80)

£ = I

o, + us)  au, + uz>](aau N 85#)
ong ons, on,  ong)

1)

Eon = _k[
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W, +us)  au, + Mz)](2 IS u
ong ans, ony

f62p = _k[

Iéu 4 85,u)
onyg  dns,/)

(82)

In Egs. (71)-(82), we assumed that the thermodynamic
quantities are functions of n,, ny, ns,, and y. One can
easily check that all of the six Onsager relations (50) are
satisfied. Moreover, it turns out that the bulk viscosities
(64)—(67) and (71)—(82) obey a number of additional con-
straints (g = n, A, 2p)

Sog = &3¢ T &5 Easp = Ean T Eun (33)
f%n = &8 f%A = &ésn, f%gp = §2§62p’ (34)

Einéin = &5 flzp‘fm = & 660
‘fln‘flﬁp = §2§6n

so that we have only three independent bulk viscosity
coefficients, say &,, &;,, and &;,. All other coefficients
can be expressed through these three. The coefficients &,
&1, and &, are compared in Fig. 2. Because the dimen-
sions of the coefficients &,; (i = n, A) and &, are different,
we show the dimensionless combinations &;;n;/ &, as func-
tions of the baryon number density n,,.

What is the nature of the relations (83)—(85)? The rela-
tions (83) follow from the equilibrium condition (8) with
respect to the fast reaction (7). This condition is valid even
if we allow for the dissipative processes (1)—(4).
Consequently, we can write

Re (us) + Re(u,) = Re(u,) + Re(uy)  (86)

or, in view of Eq. (70) [we remind that Re(u;) = g,
s, =xs T %pl,

(85)

Asp = %y T %Y. (87)
Then, substituting Eqs. (47)—(49) into Eq. (87) and equat-

2 LI S S B S S N B B
: nnxsln/SZ ]
1 —
[A¥]
FoW L N
S L ]
o
X L 4
s i nAxglA/EZ )
0 ————
-1 AR S T AN T R R N A R
0.3 0.4 0.5 0.6
n, (fm-23)

FIG. 2. Dimensionless parameters &,;n;/&, (i = n, A) versus
ny, in superfluid nucleon-hyperon matter.
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ing prefactors in front of the same four divergences, we
obtain the relations (83).

It is convenient to note that the constraint (87) leads to a
simple equation interrelating four vectors WZ). It holds true

only if the bulk viscosities are generated by the nonequi-
librium reactions. To derive this equation, we sum up the
potentiality conditions (34) (with proper signs) for all
baryon species. Then, using Egs. (8) and (87), we get

© N A
"Wy + Wiy — Wig) ~ W)

= a4{wi, + wiyy = wis) —wi, ) (88)
In view of this equation and Eq. (45), there are only 4 —
2 = 2 independent four-vectors WZ) in the system.

Now let us explain why the bulk viscosities satisfy
Egs. (84) and (85). For that purpose, we consider the
entropy generation equation. Neglecting all the dissipative
processes except for the nonequilibrium reactions (1)—(4)
(e.g., neglecting the thermal conductivity and shear vis-
cosity), we can obtain from the hydrodynamics discussed
in this section,

T9,S* = SuATl = Adu’. (89)

A similar expression is valid for npe matter [see Eq. (79)
of Ref. [17]]. The chemical potential disbalance ou is
given by Eq. (59). Substituting into Eq. (59) variations
ony, ény, and dny, calculated from the continuity equa-
tions (56)—(58), we find

1 o ..
ou = d
K A(aB/,L/anH—aﬁ,u/énzn)—ia)[anh v(Js)
96 96
9O div(gy) + 5o div(s) | (90)
ngy ons,

It follows from Eq. (90), that for any given u* it is always

possible to choose four vectors wfj) in such a way that

6u =0 at some point and in some particular moment
(even if some baryon species are nonsuperfluid). In other
words, this means that we can vanish the entropy genera-
tion rate (89) at this point.

On the other hand, the entropy generation equation in
terms of the effective bulk viscosities takes the form [see
Egs. (38) and (40)—(44)]

To,S* ={&1,0,,[Yuwiy] + &0,ut}o,ut
T {f3an[quW&)] + f4fzauuﬂ}3M[Ynkaz)]
+ {§Sqau[quwfz)] + §4Aa,uu#}6,u,[YAkW€2)]

+ {§6qa,u,[quW€;;)] + §42pa,uu'u}a,u,[Y2pkW(Lk)]-

oD

The right-hand side of this equation satisfies two condi-
tions. First, it is a positive-definite quadratic form (entropy

cannot decrease). Second, according to Egs. (89) and (90),
one can vanish it by an appropriate choice of u* and wff) (at
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some particular moment and at some point). There is a
mathematical theorem that these two conditions are con-
sistent with each other if and only if the determinant of the
matrix composed of coefficients of the quadratic form
vanishes. This result is independent of an actual number
of superfluid baryon species. That is, the determinant will
be zero in the case when all four baryon species are
superfluid as well as in the case when some of them are
normal (for example, nucleons are normal, hyperons are
superfluid, or neutrons are superfluid, while other particles
are normal). As a consequence, we arrive at the six addi-
tional constraints (84) and (85) on the bulk viscosity
coefficients.

In this section, we have assumed that baryons of all
species are superfluid. However, the hydrodynamics for-
mulated here can be easily extended to the situation when
some baryon species are normal. In this case, one should
vanish matrix elements Y;; related to these baryon species.
For example, if neutrons are nonsuperfluid, then Y, =
Ykn = 0-

IV. SUMMARY

In this paper, we have analyzed the bulk viscosity due to
nonequilibrium particle transformations in superfluid
nucleon-hyperon matter of neutron stars. Our approach is
similar to that used in Ref. [17] for the case of superfluid
npe matter.

Our main results are as follows:

(1) We have demonstrated that the expression for the
bulk viscosity of normal (nonsuperfluid) nucleon-
hyperon matter, widely used in the literature, is
inaccurate. We have presented the correct derivation
of the bulk viscosity and compared it with the results
of Ref. [14]. Numerically, both formulas give almost
similar results (within a few tens of percent).

(i) We have extended the hydrodynamics of superfluid
mixtures reported in Refs. [17,31] to allow for a
possible presence of superfluid hyperons. We have
determined the general form of dissipative terms
entering the equations of this hydrodynamics and
showed that generally (when all baryon species are
superfluid), it contains /6 bulk viscosity coefficients.

(iii)) We have calculated and analyzed the 16 bulk viscos-
ity coefficients assuming they are generated by non-
equilibrium reactions (1)-(4) of particle mutual
transformations. We have shown that only three of
them are independent. All other 13 bulk viscosities
can be expressed through these three using Eqgs. (50)
and (83)—(85). In addition, we have demonstrated
that Eq. (67) for the bulk viscosity coefficient &,
formally coincides with Eq. (22) for that in normal
matter [however, the reaction rates A; ([ = 1,...,4)
are affected by superfluidity].

Our results can be important for the studies of dynamical

instabilities in pulsating superfluid neutron stars, especially
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for the studies of the r mode instability. They can also be
important for modeling of the thermal evolution of pulsat-
ing neutron stars and for analyzing rotochemical and grav-
itochemical heating of millisecond pulsars with superfluid
nucleon-hyperon cores (for nonsuperfluid npe matter of
neutron stars, this problem was considered in Refs. [28,35—
37D.

Let us notice that to start such an analysis one needs to
know the matrix Y;;, which is the most important ingre-
dient in the hydrodynamics of superfluid nucleon-hyperon
mixture. To our best knowledge, it has not been considered
in the literature so far. We are planning to fill this gap and
present its extensive calculations in a subsequent
publication.
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