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Bulk viscosity of neutron-star matter
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Hyperon bulk viscosity is the most significant transport coefficient affecting the growth or decay of any
neutron-star mode of oscillation which has, even to second order in its amplitude, a periodic density fluctua-
tion. This paper evaluates both the direct Urca and strangeness-changing four-baryon weak-interaction terms in
the coefficient.
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. INTRODUCTION tion temperature at matter densjiy (The indexi represents
o ] ] both baryons and electrong:here are equilibrium values of
The coefficient of bulk viscosity may be anomalously the number densities; and of the pressur, denoted byN°
large, in a fluid undergoing periodic density fluctuations with ;4 po The existence of density fluctuationg=N°+ SN
N . . . I
angular frequgncyu, .'f Fhe approach to local equilibrium implies a non-equilibrium state. The Fourier clomponents
bgtwet_an physically d'St'n.Ct dgg_rees of freedom has a r‘_eIaXSNi(k,w) of small number density fluctuations and the fluid
ation time 7 such thatwr is within a few orders of magni- velocity v are related with the various net transition rates per

tude of_unlty[l]. An example of this general phenomenon unit volume by the following linear equations:
occurs in the core of a neutron star, where the bulk modulus

derived from the translational degrees of freedom of the vari- —iwdN+iN°k-v=0 (1)
ous Fermi-liquid components depends on the degree of local

equilibrium between them. The physically important relax- —iwa‘NeJriNgk-v—Inp—IAp—IEn—IEA=O 2
ation times are those associated with weak-interaction equi-

librium. Strong-interaction equilibrium occurs so rapidly that —iw5Np+iNgk-v— lnp=lapTlspt+1s=0 ®)
its relaxation times are negligibly small. Approximate calcu-

lations of the bulk viscosity produced by the nonleptonic —iwsN,+iNpk- v +1n,—lsp—lzn—2ls,—1s=0 (4)
weak process,” +p=n+n, assuming a bare-particle

current-current interaction, were published many years ago —iwaNA+iNXk-v+lAp—IEA+IAn—IS=O (5)
[2,3]. The present paper, giving further results for matter

above theX ™~ and A-hyperon threshold densities, has been —iwoNs+iNSK-v+1sptlsp+lsp+1s=0 (6)

prompted by more recent developments, and may be relevant

to the unstable growth af-modes in neutron stars through and by the conditions of charge neutrality and baryon con-

gravitational radiation reactiof#—6]. servation,
Modern equations of state, with interacting fermion com-

ponents, usually have hyperon formation threshold densities

of about 5< 10 g cm 3 [7-10. TheS ™~ andA thresholds

are quite closely spaced and their order is not completely

certain because a repulsive, isoscalar-exchabgenucleon The u-meson number density immediately above the hy-

interaction[8] may be strong enough to move the thresh-  peron formation thresholds can be approximately half the

old above that for the\. The A component is important  aqnitude ofNC, but the associated net transition rates have

because its relaxation time, fok+n=n-+n, can be ob-  poen neglected in Eqgl)—(8). Their inclusion would re-

tained from observational dafa1-19 and so is much less ,ire an additional equation, completely analogous with Eq.

unce.rtaln.than the bare-particle current—current.mteractlon '€2), and an additional term in Ed7). (Leptonic direct Urca

laxation tlme assumed.foi +tp=n+n. Its eX|ste.nce al- w— e transitions are not allowedThe presence of a further

most certainly allows direct Urca proces$@$,17 with as- 1 mper density variable would greatly complicate, but not

somaged reIaxat_lon times, at a rt_eference temperaiyre change significantly, Eqg41)—(43) which give a simple al-

= 10" K, about five orders of magnitude longer than for the yepyaic expression for the bulk viscosity induced by the non-

nonleptonic processes, but still within the interval of physicaligpionic weak interaction. Strong-interaction equilibrium im-

interest. . _ poses the constraint
Calculation of the bulk viscosity in terms of relaxation

times is a classical problem. For the degenerate fermion sys- Sy + Opp=Spa+ Spn 9)

tems concerned, the temperature can be neglected as an in-

dependent thermodynamic variable and is significant only@n chemical potential fluctuation®u; away from their equi-
through its effect on the relaxation times. It is assumed to bdibrium valuesy. The net transition rates per unit volume
such thatT=T,(p) in at least a moderate fraction of the are for the following processes and each expression defines
stellar volume, wherd ; is theith Fermi superfluid transi- its associated relaxation time:

SNp= 6Ny + SN, @)

SN= 6N+ SN+ SN, + SNy . 8)
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S p—An I4#0 (10 contain a set of partial derivatives which are not usually
specified with published equations of state. In general, the

L Spn— Spp— Spte off-diagonal partial derivatives should not be neglected.
n—pe v Inp:T (11)  Their calculation, as an example, for a specific model of

interacting neutrons and protons, the Skyrme pseudopotential
- s — Sy — Su density adopted by Lattimeet al. [18], ha_s d_emonstrated
ST —Ae v = € (12 that diagonal and off-diagonal partial derivatives can be of
TEACE the same order of magnitude. Precise evaluatianhistthere-
fore difficult, quite apart from uncertainties in the nonlep-
(13) tonic relaxation times, but the effect of bulk viscosity can be

_ Supr—Ou,— 98
A—pe v IM,=—'“A Hp Ofte

TAP@A so large that accurate values of the coefficient are not always
essential.
B L Oy — Opn— Spte In order to remove as much uncertainty as possible, an
2" —new |EHZT (14) expression for the relaxation time,, is obtained, in Sec. Il,
from an observationally based effective coupling constant.
Spp— Spn Expressions for the direct Urca relaxation times are also
An—nn ly,=—— (15 given, but based on well-established weak curréh®s2Q.
TAnA A minor extension of the calculations gives the neutrino lu-
minosities for these processes. A complete algebraic solution
S ponn s _ OMAT Okn. (16)  for ¢, with six relaxation times, would be possible by nu-
P Tsp« ical techniques if the chemical potential partial deriva-
Spls merical q p p

tives were known. The linear approximation assumed in Egs.
The baryon parametets = du; /oN;= w°/(p{m;), wherep  (1)—(6) will always be satisfactory provided the fluctuations
is the Fermi momentum anah the effective mass, are the are such that the chemical potential differences in Ef8—
Fermi-surface inverse densities of stateEhe electron in-  (16) are small compared witkgT, a condition which should
verse density of states is,=m?/(poul).] The strong- be satisfied at temperatures within an order of magnitude of
interaction ratd ¢ is dependent on almost completely infini- T,. However, the direct Urca relaxation times & are
tesimal deviations from the constraint given by E®), but  about six orders of magnitude longer than eithgf, or the
cannot be neglected. It will be convenient to assume that Eqrobable value of . This difference makes possible com-
(9) is exact, although with the consequence thais inde-  pact approximate algebraic solutions fomwhich are satis-
terminate. Equation$11)—(14) include all possible direct factory for deciding whether or not bulk viscosity produces
Urca processes. If one or more of these processes are alignificant damping in a given circumstance for particular
lowed, the ubiquitous modified Urca process transition rategsegions ofp and T. Unless otherwise stated, the system of

[17] can be treated as negligibly small. units is such that =c=1.
The bulk viscosity is the real part df obtained from a
calculation of the pressure fluctuation as a functiorwof II. RELAXATION TIMES
7% The A mean life in largeA hypernuclei is determined
— — 01 onN. L
5P(“’)_2i ?’i‘SNi_iEJ N; N, N, 17 principally by the processed +n,p—n+n,p. There may

be a contribution from more complex processes in which two
which, with elimination of thesN;, can be expressed in the particle-hole pairs are createf®1], but the channelA
form —pm~ is very strongly suppressed by the Pauli exclusion
principle. The sparse measurements that have been made for
SP(w)=6P(0)—i¢k-v, (18)  largeA hypernuclei[11,12 give a transition rate foA +n
—n-+n nearly an order of magnitude greater than for
so as to defing [1]. Obviously, Eqs(1)—(9) are not inde- +p—n+p. Measurements of thd mean life in nuclear
pendent: constraint&) and (8) are implicit in Eqs.(2)—-(6)  matter ¢°Bi, 2%%U) are more recent and numerous, and use
because all the processg))—(16) are charge and baryon- two different techniqueg13—15. Averaging these results
number conserving. gives a mean life of 1.60.2x 10 °s in the largeA limit. It
Calculation ofZ from Egs.(17) and(18) requires, in prin-  can be assumed, with little error apart from the neglect of
ciple, a very complete specification of the equation of statenultiple particle-hole process¢&1], that the transition rate
for the various interacting Fermi systems. Hyperon formafor A +n—n+n is the sole contributor to this lifetime. A
tion threshold chemical potentials are not needed in thejescription in terms of a phenomenological interaction ex-
evaluation of relaxation times, but both E(L7) and the pressed as the most simple possible scalar coupling of the
relations between chemical potential and number densityermion fields, G ¢ ¢, i, +H.C., gives a constanG ,

fluctuations =1.29G¢, whereGg is the Fermi weak constafit9]. (The
Pauli principle correction has been made by neglecting the
5Mi=2 %5N- (19) difference betweem\ -hyperon and neutron single-particle
T oN; ! potentials and by adopting a neutron Fermi momentum of
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260 MeVck that corresponds with the known neutron densityare neglected here. Straightforward calculation, with the as-
in largeA nuclei) This procedure enables the derivation of sumption of empty neutrino phase spaces, gives the net tran-
the relaxation timer, , in neutron-star matter, with details of sition rate
the phase space calculation following those of R8&f, by
scaling from largeA hypernuclei. There are, of course, some lij=B(opm)ij (1) (23
uncertainties. At higher matter densities, it is quite possible . . . . .
that multiple partic?e—hole pair creatiof2l] ma?/ be I?ela— corresporydmg with any of Eq¢11)—(14), in which op is
tively more important. However, proton and hyperon frac-the chgm!cal potential mpglance for the Process haalii
tions in neutron star matter are small so that errors caused dl_, is its forward transition rate per unit volungeot the
our neglect of processes such As-p—n+p and A+A et ratg. The relaxation time is
—n+ A are unlikely to be significant.

Analogously with Eq(11) of Ref.[3], the transition rate - -F
per unit volume is T (2m)3B*

1 GZ mu®
© By imy )2 (24
p? :

Gy o x %3 and assumes that the direct Urca conditjijis< pj + pg can
:6773[;2 PAMy M, Op (20 pe satisfied.[The relaxation time for the corresponding
u-meson process would be identical with Eg4) because

where 8~ 1=kgT, and the chemical potential imbalanég ~ the u-meson chemical potential is equal &g . However, a

= Su\— Su, is assumed to be such thau<1. The re- direct Urca condition, being dependent on momentum, may
laxation time is defined by Eq15), be satisfied, at a given chemical potential, by electrons but

not necessarilyx.-mesong. The various factors are

IAn

1 G§

— =3 (21) |Mpp|2=2 cog 6,(1+3C2), (25)

TAn 67732

4
It is several orders of magnitude shorter thap, |M2A|2=§co§ 6.(3CH3), (26)
1 GIZ: *2 Lk s ’ N2 2_ n2 m2
— = my2m}, sir? g cog 6(CyCy+3CaCp) [Mpp|“=3 sirt 6(1+3Cy"), (27)
Tsp  12mwpB?

(22 IMsp2=2 sir? (14 3C,2). (29)

where sing=0.223,Cy=1, Cy=—1, C4=—1267,C4=  Thge factorC/=0.718, and the result,=0.788 has been
—0.340.[See the baryon summary table in Ri9] for the  gerived from the semileptoni& ~-decay branching ratios

source of these parameters. This definition is not quite ide”given in Ref[19]. The dimensionless facttt,=20.6 in Eq.
tical with that of Ref[3] because Eq(16) which definesry (24) is thes=2 case of the integral 2

contains the> -hyperon density of states in place of that for
the neutron. It is also unfortunately the case that & .of % o oc 1
Ref. [3] contains an error equivalent to the presence of a US:J de dyJ g°dg exp) 1
minus sign within the bracketed term in E§2).] An almost e Jee 0
complete but fortuitous cancellation of the bracketed terms 1 1

in Eqg. (22) accounts for most of the several orders of mag-
nitude difference found on evaluation of, and 7,,. This

difference in order of magnitude is also interesting becausgege relaxation times are longer, by a factor of the order of
the tran5|rt]|on rate for J.rbn—.>n+fn, unlike tf?at forZ +E (Bm})?, than that given by E¢21). This is about six orders
—n+n, has no contribution from an elementary bare- magnitude at the reference temperafiige= 10'° K and is

particle current-current interaction basgd whboson ex- ._a consequence of the small neutrino phase space in any semi-
change, but must depend on a very wide class of p035|bl|9e tonic process

Weak-hadror:w exchta_lz)g? pgcisses. feci\#se mostt OJ thesgThe direct Urca neutrino luminosity can be obtained by a
processes aiso contribute p—n-n, there must D& inor extension of these calculations. For any one of the
serious doubts about their neglect both here and in [B&f. rocesse$11)—(14), the luminosity |
: L ; —(14), y is

For these reasons, the view expressed in this paper is that tf?e
relaxation time given by Eq22) is essentially meaningless 8G2
and that the true, is unknown but is probably of the same L Z—Fmi*mj*,uZU3| M;; |2 (30)
order of magnitude as,,,. However, the value given by Eq. (2m)°B°
(22) is used later in this paper, but merely for the sake of _ _ _ o
definiteness. which includes both neutrino and antineutrino emission, for

The weak currents from which the direct Urca relaxationexample,e” p—nv and n—pe v. [The luminosities for
times have been obtained are well-kno\8,20], apart from  u-meson direct Urca processes are identical with those given
the induced pseudoscalar and weak magnetism terms whidly Eq.(30).] The integral in Eq(30) has the numerical value

><exp(y)+1 explg—x—y)+1° 29
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U;=287.2. These expressions give luminosities identical with Ill. BULK VISCOSITY
those published earlier by Prakashal. [16].

) . Owing to our serious lack of understanding of the nonlep-
For most published equations of state, any hyperon frac:_ : ) . .
. AP . .~ ““tonic weak-interaction matrix elements, an accurate and
tional number densitiN;/N° increases rapidly, as a function

f matter densitv. f threshold t atel complete evaluation of their contribution to the bulk viscos-
of matter density, from threshold o an approximately Con'ity coefficient is not possible quite apart from its dependence
stant value and then declines slowly as other hyperon thres

- . n details of the equation of state above the hyperon thresh-
olds are passed. The number densities selected as typical f8lrds. This contrasts with thepeu direct Urca process for

approximate evaluation of relaxation times have been Ob\'/vhi h a mor ] K Vi itv N n in
tained from the upper left-hand diagram in Fig. 7 of the ch a more accurate bu scosity has been obtained

. [22,23 for a specific equation of state. However, such a so-
paper by Knorreret al. [7]. At a total baryon densityN°® lution is not alwa gy
3 . - . ys necessary. The coefficigntan vary
=3.9x10%® cm™3, individual number densities aré\?

over so many orders of magnitude that an approximate
— 8 — 7 — 7 — 7
=2.34x10%°,N;=7.8x10",N{ =4.7<10",Ng =3.1X10*,  oyaluation may be adequate for many problems. It should be

Ne+Np=4.7x10*" cm™>. The corresponding Fermi mo- possible to show, in many cases, either that the damping is

menta are p,=375p;=260p3=219pS=191pg=192  too weak to be significant or that it is so strong that its
MeV/c. With the assumption that the effective massesaccurate evaluation is not necessary.

are identical with free-particle masses, the relaxation times At, or below, the reference temperatufg=10'° K, the

at the reference temperaturg, are 7,,=8.9x10 8, nonleptonic and direct Urca relaxation times form two dis-
Tsp=1.4X 10‘5,rnp=2.0>< 1072, 75, =4.0X 10‘2,7Ap=3.4 tinct groups, differing by five or more orders of magnitude.
X101, 7:,=8.3x10°! s. The direct Urca luminosities Therefore, there exists a wide interval @fsuch thatw 7,
given by Eq.(30) are enormous al,, for example,L,,  andwrs, are several orders of magnitude smaller than unity.
=2.4x10*3erg cni 3s™ 1. The neutrino or antineutrino mean The equality

free path\ determined by the processglsd)—(14) is simply

related to the relaxation times; . It is given by Opp= Opn (33

can be assumed, though, andl s, then become indetermi-
2B8%pPm’1, nate. Asymptotic regions_. and w-. can be defined within

=D cri U, (3D this interval such thatr . 7y<<1 andw- 7y>1, where
ij
1 1
o —=aX —, (34
where the summation is over those of proceddds—(14) Tu Tij @

that satisfy a direct Urca condition. The integral is . )
the summation here being over all the procesdds—(14)

that satisfy a direct Urca conditiofiGiven Eqg.(33), Egs.

o o 1 (11)—(14) have a common numeratpAn algebraic solution
= _wdx _wdy exp(x) + 1 for ¢ from Egs.(1), (17) and(18) requires five independent
equations chosen to avoid the indeterminate net transition
1 1 rates. Equation&), (7)—(9) and(33) have been selected. All
X exply)+1 exp—x—y—Xx,)+1 (32 solutions given here neglect the off-diagonal chemical poten-

tial derivatives present in Eq6L7) and(19) and it should be
noted that the expressions obtair&ds.(36)—(39), (42) and
(1,=0.5¢, for x,>1) wherex, is the neutrino(or an-  (43)], although of complex form, are therefore simply ap-
tineutring energy in units ofkgT. Again, u-neutrino and proximations. The bulk viscosity coefficient is the real part
e-neutrino mean free paths are identical provided the samef ¢, where
set of direct Urca conditions are satisfied. Neutral weak-
current processes are always kinematically allowed but have o o
little effect on A owing to the smallness of the scattered ¢=Nun
neutrino phase space relative to that of the charged lepton.

Their contribution has been neglected here. The referencenis expression is of general validity, giving the bulk viscos-
temperature mean free path is obviously small, of the ordefty associated with any relaxation time. It has been obtained
of 2x10° cm at a typical neutrino energy ok3T. Thus the  from Egs. (1) and (18 by recourse to the hydrodynamic

empty neutrino phase space assumption is not valii,at  equation relating the time derivative of the enthalpy flux with
Egs. (24) and (30) become valid only at temperaturés  the pressure gradient,

=<10° K. The computation of cooling rates at higher tem-

peratures is an involved problem, but one whose solution is —iwN°ulv +ic?kéP=0,

not usually necessary. In most cases, it is sufficient to know

that cooling is extremely rapid in comparison with other re-in the linear approximation adopted here. The parameters
gions which do not support direct Urca processes. The influand u.. are the phase velocities of sound in the asymptotic
ence of the relative positions of th& and X~ -hyperon regions defined here. Their evaluation for Urca processes,
thresholds on temperature is considered further in Sec. IV. with z=z;, gives the following forms:

(35
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u? 2N, a,— N°B of £, again given by Eq(35) but with a relaxation time
pal = | =(yst+Aas) ) p) defined by Eq(41) and with different forms for the param-
U N°(By+Bs) etersu- andz The velocityu_ in this case is, as expected,
identical with the previousi- , given by Eq.(36). The pa-
2N°a, an+NgBy Ng rametersu. andz are
+(')’p+Aa'p) NO(Bp+Bg) 'Yem,
u2
(36)  pp C—Z)
u? (2a+ ap) "
- I M)+ +Aq N
. CZ)U (A CragB, 1By ) TP AW :7A+(7A_72+79)N_§+(')’n_7A)

ayan(2a.t as)
AT e T2 (NS+N2) (s +2a +ap) —Nay N +as)

C+ag(B,+Bs)
N(as+ap+aptay)
n ajap(as— a’p) 37)
el C+au(B,+By))’ F(rst%=2%)
_wryan(By+By) " X(N°aA+N2<aA+az>—<aA—an><N3+N2>)
207 Ch ag(B,+By) 38 N( s + ey + ap+ ap)
The constants are: (42
Yalnt Ynaa _wTHaA(az-f—aA—l—ap-l—an) 43
=" T2 ZH= B.+B : 43
2a)ay prPx
Bp=2a,an+ ap(ay+ay), The evaluation of _I_Eqs(36)—(39), _(42) and (43 assumes
(39) exactly those conditions adopted in Sec. Il for the relaxation
Bs=2a an+ as(a,+ayp), time calculations. It is not intended that these conditions
should apply over a wide range of density: they represent the
C=aya)ap+asayant+asapantayapay,. restricted interval within which onl\ andX ~ hyperons are
present.

The viscosity given by this untidy expression reflects the The coefficient of bulk viscosity at any temperatdigor
coupling of electrons with the baryon component which it-which the relaxation time calculations of Sec. Il are valid, is
self, at these values ab, is in almost exact nonleptonic the sum

weak-interaction equilibrium. There is a high degree of can-

cellation within the expression such that it can be well ap- 2 Wiz, 1
roximated by making the replacement Re()=Nup| 5 ——| —
P 2 ot 1+723
2 2 o
us  us N
w5 | ~ve—os (40) o ofUZ UZ) zy 1
c c/y N +N°u, - 2| 2
c ¢/, @ 1+zy
though withz; still defined by Eq.(38). 0 .
A similar procedure is possible at higher values wf 4 10°(T,/T) (42
where w7y for the Urca processes given by E@4) is at 142.0x10 8w¥(T,/T)®
least several orders of magnitude greater than unity. Here,
the Urca net transition rates are negligibly small in E@$- 2.7 17T, IT)?
(6). The electrons are weak-interaction uncoupled from the + i 0 , (45)
baryons. In this region, asymptotic. and - can be de- 1+2.9x10 ¥u?(T,/T)*
fined such thato . 7y<<1 andw- 74>1, wherery is defined
by in units of gcm *s 1. The evaluation represented by Eq.
(45) assumes that the Fermi liquids are normal. For lower
1 i+ ay 1) temperatures]<T,;, it would be necessary, in proceeding

to evaluate Eq(44), to make valid relaxation time calcula-
tions for superfluids. The temperature dependence of the
[The same chemical potential imbalance producgsand  bulk viscosity would then, of course, be completely different.
lsp; see Eq.9).] The five equations selected, in this case,The npe™ direct Urca bulk viscosity for normal Fermi lig-

for algebraic solution are Eq$2), (7)—(9), and the sum of uids, with empty neutrino phase spaces, has been calculated
Egs.(3) and(4). The bulk viscosity coefficient is the real part previously by Haensel and SchaeffE22]. Their result,

TH TAn Tsp@y
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which is based on an equation state different from that asthe possible exception & ) in which thenpe™ Urca con-
sumed here, has the same temperature dependence and isditin is not satisfied.
more than a factor of 2 larger than the first term in Ep), At T<T;, relaxation times are lengthened by an energy-
considered in theo7;>1 limit. The calculations have re- gap dependence. For an Urca process, this is approximately
cently been extended to include the effects of neutron andqual to the greater of the exponential factors
proton superfluidityf23]. exp(BA;).exp4;) for the two baryons concerned. In the
At T<T;, relaxation times are increased by an energy-case of a nonleptonic process, the lengthening is approxi-
gap dependent exponential factor. The Urca term is valid, amately equal to the product of the two largest exponential
observed at the end of Sec. Il, only fors 10° K where the  factors expgA;) for the baryons involved. The scale of the
empty neutrino phase space assumption can be made. fpsoblem represented by our lack of knowledge of the gaps
magnitude of 2.%10%2w 2 g cm s ! at 1¢ K indicates  A,(p) can be appreciated by reference to existing work on
that the true Urca bulk viscosity at higher temperatures musthe calculation ofA, , at much lower densitie29].
be extremely large. On the other hand, the nonleptonic weak It is unfortunate that the significance of the strangeness-
term is valid for allT>T;. At T>10"1T,, and physically changing four-baryon weak interaction as a generator of bulk
important values of w, it is almost completely viscosity has not been widely appreciated, possibly because
w-independent. it is otherwise observed only in the decay of hypernuclei.
The relevance of this bulk viscosity for the unstable growth
of r-modes in neutron stars has been pointed out only re-
IV. CONCLUSIONS cently [30], using a coefficient derived from much earlier
. , ) , . work [3]. The very rapid cooling associated with direct Urca
Equations(44) and(45) give the bulk viscosity coefficient o trino juminosities indicates that the bulk viscosity given
for a normal Fermi liquid containing both andX ™ hyper- |, Eqgs.(44) and (45) needs to be considered primarily as a
ons. The numerical values are based on a particular equatiQl},ction of T at constantw. At low temperatures, neutron
of state but nevertheless should be of the correct order Qfjqq, viscosity is a separate and important faf8dj but

magpnitude. These hyperon thresholds are expg@tel0] o yjth respect to bulk viscosity; the nonleptonic term is the
lie below those possible thresholds for quark deconfinement, e important owing to its shorter relaxation time. It has a

or aK™ -condensate. The contribution of such phases to bulk,ovimum at a temperature such that1 (equivalent to
viscosity is a separate problem not conS|de£ed Hed. ;. ~1) and a low-temperature limit, expressed directly in
Also not considered are the thresholds i, > and E terms of 7y, given by

hyperons which almost certainly lie above those forand
3. ~. There is no reason to suppose that the bulk viscosity in 8 3% 10
such a region should differ qualitatively from Ed44) and Rg({)= ———— (46)
(45). 0’y

Modified Urca processes have been neglected here, al-
though the modified Urcape™ process has been the basisin units of gcm s, which is valid for anyr, such that
for some earlier calculations of neutron-star matter bulk vis<wr,>1, including temperature3 <T,; below superfluid
cosity[25]. The transition rates concerned are some orders afansitions.
magnitude lower than for the corresponding direct Urca pro- Given the existence of any oscillation with finite periodic
cess and give, fow of physical importance, proportionally density fluctuation, the energy dissipated per unit volume
smaller bulk viscosities. Also, the existence o\aghyperon  and time is the time-average of
component ensures, except for very small fractional concen-
trations, that at least two Urca conditions of the foph 1 1 96N> w2|sNI?
<p{+pg, those for processe42) and(13), will be satisfied @f P5N=Re(§)j v dt= PRI Re({),
[16]. The conditions for Eq9.11) and(14) are also satisfied (47)
by the equation of state adopted in Sec. Il and might be

satisfied in a further region below the-threshold, contain- by reference to Eqs(l) and (18). The rate of change of
ing X~ -hyperons, because the negatively charged baryofemperature in any small volume is determined almost ex-
component necessarily increases the proton fraction. The e%ctly by Eq.(47) and by the direct Urca neutrino luminosity.
istence of a direct Urca process in the lower-densibe”  Thermal conduction from regions not supporting direct Urca
region of the core is much less certain because a re'atiVG'Mrocesses is neg||g|b|e by Comparison_ Urca process dissipa_
large proton fraction, Nj/N°=0.11-0.15, is required tjon here is obviously negligible because the energy dissi-
[26,27. But at even lower densities, in the inner crust of thepated per transition is small compared with the typical neu-
star, a form of direct Urca process is allowete Appendix  trino energy of &z T which accounts for the luminosity. The

A of Ref.[28]). Finally, there is no reason to doubt that direct Juminosities given by Eq30) can be re-expressed, individu-
Urca conditions are satisfied at very high densities, wherelly, as
many different hyperons are present. These considerations

lead to a particularly simple picture of neutron-star internal 1 2U

. . . . 3
cooling. This should be extremely fast except, possibly, in i = o,
any limited region of the core not containing hyperdwith @iTij BU,

084003-6



BULK VISCOSITY OF NEUTRON-STAR MATTER PHYSICAL REVIEW D64 084003

exactly for normal systems, and approximately in the case of Our assumption of a constant density fluctuation ampli-
superfluids. The total neutrino and antineutrino luminosity istude here is not inappropriate because it is determined by the
mode of oscillation of the whole star and is independent of
1 2U,4 the conditions existing in any specific small volume. Tem-
perature evolution for the case oimode growth in neutron
stars[4-6] is complex. First of all, any consideration of
j-modes has to assume an equation of state with known hy-
peron formation thresholds. The instability producing growth
is the result of gravitational radiation reaction but its energy
dissipation has to be considered as a function of matter den-
sity using Eq.(45). It would also be necessary to know, or
2 make specific assumptions about, individual superfluid tran-
(l) (48) sition temperatures. Superfluidity itself produces further dis-
T/’ sipation mechanisms, for example, the mutual friction de-
rived from the scattering of electrons by the magnetic flux
from Egs. (34) and (46), given thata,=4.9x10 *® erg  entrained in neutron vortex cor¢82]. Such a program is
cnt. The relaxation times are related by /7, beyond the scope of this paper which merely attempts to
=8.9x 10 8(T/T,)? atT>T,;, obtained from the individual describe those properties of hyperon bulk viscosity which are
relaxation times of Sec. II, but are modified, Bt T,;, by ~ relevant.
the exponential factors referred to previously. However, Eq.
(48) shows that no more than a very small density fluctuation ACKNOWLEDGMENTS
amplitude is necessary to maintain a temperature of the order | thank Dr. L. Lindblom and Dr. B. J. Owen for a most

LVZE Lij=

axTy B2U,’

excludingu-meson processes. The steady temperature mai
tained by a time-independent density fluctuation amplitude
found by equatind-, with the energy dissipation given by
Eq. (47), satisfies

2
TH

=7.8X 103<
Tu

of 107 1T,. useful comment on the role of the direct Urca processes.
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