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Search for semiclassical gravity effects in relativistic stars
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We discuss the possible influence of gravity in the neutronization precess— nv,, which is particularly
important as a cooling mechanism of neutron stars. Our approach is semiclassical in the sense that leptonic
fields are quantized on a classical background spacetime, while neutrons and protons are treated as excited and
unexcited nucleon states, respectively. We expect gravity to have some influence wherever the energy content
carried by the in state is barely above the neutron mass. In this case the emitted neutrinos would be soft enough
to have a wavelength of the same order as the space curvature radius.

PACS numbd(s): 97.60.Jd, 04.40.Dg, 04.62v

The inner structure of neutron stars has attracted the at- j“*=qutd(u—aly, (2)
tention of relativists and particle and nuclear physicists since
there still remain many subtle points to be better understoodihereq is a small coupling constant and*=(a,0) is the
(see, e.g.[1], and references thergint would be interest- nucleon four-velocity. Next, in order to allow the current
ing, thus, to investigate how gravity could influence quantumabove to describe the proton-neutron transition, we shall con-
processes which occur in their interior. The gravitationalsider the nucleon as a two-level syst¢B]. In this vein,
field may be of some significance to quantum phenomenaeutrons|n) and protongp) will be excited and unexcited
wherever they involve particles with v_vavelengths of theeigenstates of the nucleon Hamiltoniin
same order as the space curvature radius. Processes dealing
with soft particles are very promising since their wave-
lengths may be arbitrarily large. Here we focus on the neu-
tronization proc_essp*e —Nve, Wh'ch IS an important wherem, andm, are the neutron and proton masses, respec-
cooling mechanism for neu'tron star§ with tenjperat.ure; up tﬂvely. Hence current2) will be replaced by
about 18 K. Our approach is essentially semiclassical in the
sense that leptonic fields are quantized on a classical back-
ground spacetime, while neutrons and protons are treated as
excited and unexcited nucleon states, respectively. We will - A A A -
use natural unit&=7=c=kg=1 throughout this paper.  Where d(7)=exp{H7n)goexp(-iH7) is a Hermitian mono-

Field quantization in the Schwarzschild spacetime is noPole. The two-dimensional Fermi consta@t=|(p|qe|n)|
easy to accomplishi2]. We shall simplify the problem by =9.918<10 *3is determined4] by imposing that the mean
simulating the Schwarzschild spacetime by a two-proper lifetime of inertial neutrons is 887S].
dimensional noninertial frame described by the Rindler Inorder to calculate the neutronization rate we shall quan-
wedge. The Rindler wedge is a static spacetime defined bSi'ZE the leptonic field in the Rindler wedge. The leptonic field
the line element is expressed &S]

Alny=mq[n),  Alp)=mylp), 3

j“=a(rurs(u—a?), (4)

0211202 2 . +oo

de'=alu'dr"~du D=3 | dolBugtu(nu) 480 o(m0)],

with 0<u<+o and —e<7<+%, where a “character- (5)

izes” the frame acceleration, i.ea=+a,a*=const is the _

proper acceleration of the world line which hasas its Wwhere #,,(7,u)=f,,(u)e'“" are positive >0) and

proper time, namelyy=a 1. negative (w<<0) frequency solutions of the Dirac equation,
We would like to consider the case in which the nucleonswith respect to the boost Killing field/dr, with polariza-

lie approximately static during the reaction at some fixedtions o= *. We recall that the absolute value of Rindler

point in the star. In principle, this poses no problem since thdrequencies may assume arbitrary positive real values. In

whole process takes place in the presence of a medium amrticular there are massive Rindler particles with arbitrarily

not in the vacuum. The location where the reaction happensmall frequencies(See Ref.[7] for a discussion on zero-

will be specified by the nucleon proper acceleration. Thus, irfrequency Rindler particlesHere

our simplified model the reacting nucleons will be described

by a uniformly accelerated current in the Rindler wedge with Kiwra+172MU) +iKj y/a—12(mu)
constant proper acceleratian 0
fo(U)=A .
’ T Kiwas 12mu) +iK; ya—12(mu)
*Email address: vanzella@ift.unesp.br 0
TEmail address: matsas@ift.unesp.br (6)
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0 Aac
Kiwa+12mMu) +iK;a-12(mu) teo R R
fo (U)=A_ 0 : =Gpﬁ dre'*™ (v, , [Vi(ra HWe(r,a Yle, . ),
Kiwa+12mu) —iKj 5 12(mu) @ (13

wherem is the lepton mass and the normalization constantdvhereAm=m,—m;,. Next, by using Eq(5) we obtain

1/2
mcosh mw/a)

+ o0 .
A+:A_: (8) AaC:GFéo'e,a'VJ’ dTeIAmT¢LDJV( T,a_ 1) wwege( T1a_1)-

2m?a
(14
were chosen such that the annihilation and creation operators
satisfy the following simple anticommutation relations Using now explicitly ¢, ,(7,u) to perform the integral, we
obtain
{Buy b} 1 =100 8Ly} = (0= 0) 8pgr, (9)
4G¢
Aac——\/mem cosi{ mwe/a)cosi mw, /a)
{bw(rvb ! '} {dw(rv w'o’} {bw(rv ' (r}
A XREKi, ra-12M, /@)K, ja+1dMel@)16,5, o,
={b,,.d, . }=0. (10
X S(we— w,—Am). (15
Now we are ready to calculate the neutronization ampli-
tude This result will be used to calculate the total reaction rate
A=(nle(v, , |5le; ) lp), (11) )
@==3 3 | Tdo] dodwneeTo
where we minimally couple the nucleon currdd) to the Fac T Oe=% 0,= € ac ¢
leptonic fields¥, andW¥, through the Fermi interaction ac- X[1-ne(w,,T,)] (16)

tion

where7=2748(0) is the total nucleon proper tin{8], and
. n Ne(w, T)=1[1+exp@/T)] is the usual fermionic thermal
SIZJ dZX\/__gln(‘I’WR‘I’ +‘I’e7R‘I’ ). (12 faFc(tor. \)Ne shall co%(sic-ll?er further two cases. In the first one,
we assumeT,=10° K and T,=0 K, i.e., the neutron star
In the Rindler wedgeyk=(e,)*y* with tetrads &g)* would be cold enough to be transparent to the neutrinos. In
=u~164 and (g)*= 6", wherey® are the usual Dirac ma- the second one, we assurfig=T,=10" K, i.e., electrons
trices. By using Eq(12) in Eg. (11), we obtain the following and neutrinos would be in thermal equilibrium. By using Eq.
amplitude: (15 in Eqg. (16), we obtain

4G§memyj +e cosh mwe/a]cosh m(w,—Am)/alexd (we—Am)/2T,]
A

Tac(@)= m Qe cosh w/2T]cosh (we— Am) /2T Jexd w/2T.]

773a2

X {Rg Ki(we—Am)/a—1/2(mv/a)KiweH/z(me/a)]}z- 17

As a final step, we take the limih,—0 in Eg.(17) (see Ref[9]):

GFme o cosh mwe/alexdg (we—Am)/2T ]
I‘ac(a) —j

o a We Cosm wJZTe]COSf[(we—Am)/ZT,,]eX[[ we/2Te] Kiwe/a+ 1/2( me/a)Kiwe/ale( me/a)- (18)
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R(a)

In order to compare the reaction rate above with the usual
one obtained in inertial frames, we calculate next the reaction 0-2
rate fora=0 using plain quantum field theory in Minkowski
spacetime. This will be used also as a consistency check
since we will compare it with tha— 0 limit obtained from
Eq. (19).

Let us briefly outline the Minkowski calculation. The lep-
tonic fields will be expressed in terms of the usual
Minkowski coordinatest(z) as

~ + ~ A -
V(t2)= 2 | dkbi i (t,2) + a5, (t,2)], o
(19
whereBkG andalg are annihilation and creation operators of log[a/(1MeV)]

fermions and antifermions, respectively, with momentkm . . . .
and polarizatiorv. In the inertial frame, energy, momentum  FIG. 1. The relatlve_reactlon rafe(a) is plotted as a function
and massm are related as usualw= VkZ+m2>0. of the frame acceleration for temperaturesT,=10° K anql T,
l//f(:;.w)(t,Z) and l/’(k;w)(tyz) are positive and negative fre- —0_ K. Note that_72(a—>0)_—>0, as expected. After an oscn_latory

. . . . regime the relative reaction rate tends to the asymptotic value
guency solutions of the Dirac equation with respecofét,

: . . > ~—7.2%. i
respectively. In the Dirac representati@ee, e.g., Ref8]), E(;b oﬁtn;,‘(;;z 7:2%. The maximum value reached |(a)|
we find '

2 . we—Am)/T,
i\(wim)/Zw ZGF * d e( © miT , (25)

Liy=—

i(Fwt+kz) T JL (1_|_ewe/Te)[l_i_e(we*Am)/Ty]

0
Ut =———=— (20
P27 | K\2o(wo*xm) where m,=0, L=Am?>-mZ, and we recall thatw,
0 = \/kez+ mez.
In order to clearly analyze the influence of the frame ac-
and celeration on the neutronization process, let us use @gs.
and (25) to define the following relative reaction rate:

0
(ﬂ(tw)(t Z):ei(IwHkZ) *V(wEm) 2w (21) R(a)zm_ (26)
k— ! \/ﬁ 0 , in

—k/IV2w(w*+m) °1°|
where the normalization constants were chosen such that thZ i ]
creation and annihilation operators satisfy - .

0.05 |— ]

{Bka'YE)I/(;-/}:{akU'aI/(;-/}:5(k_k,)§0'a" (22) : :

and - J
0.00 —

~ ~ ~ ~ ~ ~ ~ )\T - -
{bko!bk’a’}:{dko=dk’0’}:{bk0'7dk’0’}:{bk(r7dk/a—/}:0' r b
23 I ]

The neutronization amplitude for inertial nucleons in the 008 "
Minkowski spacetime, - -
o iAmt (f )t (+wg) ool v b b b ]

Ain=GCg . dte lﬁky,,vy (t’o)l’bke‘fe (t,0, (29 : —05 0 0.5 1 L5 2

log[a/(1MeV)]
|ShcalcuLaFed b)ll usg%tht(; mteractlo[?. aC“mz I n Eq. (1 dl)t’h FIG. 2. The relative reaction rat&(a) is plotted as a function
w ere;xF? 1S r.ep ace N y . e usuat* |r.ac matrices, an ) € of the frame acceleratioa for temperature§ =T ,=10'" K. After
current is given byj“=q(t)v*d(z) with v#=(1,0). This  an oscillatory regime the relative reaction rate tends to the

leads us straightforwardly to the following neutronization asymptotic valueR(a>Am,T,)~—3.5%. The maximum value
rate for inertial nucleons: reached byR(a)| is about 10%.
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In Figs. 1 and 2 we ploR(a) for the two aforementioned
cases{i) T,=10° K andT,=0 K, and(ii) Te=T,=10"K.
First we note from the figures that,.(a—0) is in agree-
ment with the expression obtained b, since R(a—0)
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a simplified model exhibits a complicated oscillatory pattern
up toa=~1 MeV. Afterwards it tends to an asymptotic value
which indicates that the reaction is somewhat damped. We
note that proper accelerations of the oréder1l MeV are

—0. Figures 1 and 2 exhibit a complicated oscillatory pat-much beyond what would be expected in the interior of rela-
tern up toa~1 MeV. Indeed, the frame acceleration plays tivistic stars. Indeed a proton at the surface of a typical neu-
its most important role in this regiohR(a)| reaches about trgn star with radiusR~10* m and massvl ~2M , would
30% and 10% fOI’ Casd$) and (||), respectively. For Iarge have a proper acce'eration of abouta: M(l
enough accelerations>Am,T,, we obtain from Eq(18)  _2M/R)~Y9R2~10"1" MeV. Thus, as far as our toy model
an asymptotic expression fdt,., namely, is concerned, the gravitational field of a neutron star would
play a negligible role in the neutronization process. We em-
phasize, however, that only a four-dimensional Schwarzs-
child calculation would be realistic enough to precisely de-
termine the whole influence of gravity in the neutronization
reaction and other similar processes. In a more realistic cal-
culation, for instance, effects due to tepace curvaturaet-

self, which is absent here, should show up wherever the

2G2 [+
Fac(a>Am,Te)~TLm dwe

elee—AM)IT,

X .
(l+ ewe/Te)[1+ e(“’e_Am)/Tu]

(27)

By using Eq. (27) in Eq. (26), we can compute the
asymptotic relative reaction rate, namelg(a>Am,T,).

emitted neutrinos are soft enough to “feel” the global back-
ground geometry. In this case, even reactions taking place at
the star core, whera~0, would be influenced by gravity.
More detailed investigations on the role played by gravity in

i B ~— 0, S ~ . X R L
We find thatR(a>_Am,T_e_) 7.2 /0. andR_(a>Am,Te_) particle processes taking place in relativistic stars would be
—3.5% for casesi) and (ii), respectively, i.e., according to
. . —__welcome.
our toy model, ultrahigh accelerations damp the neutroniza-
tion rate by a few percents. D.V. was fully supported by Fundae de Amparo éPes-
In summary, we have looked for gravity effects in the quisa do Estado de”8aPaulo while G.M. was partially
neutronization process which frequently occurs in the intesupported by Conselho Nacional de Desenvolvimento
rior of neutron stars. The reaction rate obtained by means dEienffico e Tecnolgico.

[1] S. Bonazzola, E. Gourgoulhon, and J. Marck, Phys. Rev. Lett. [5] Particle Data Group, C. Caset al, Eur. Phys. J. C3, 1

82, 892(1999; P. B. Jonesibid. 81, 4560(1998; J. Madsen,
ibid. 81, 3311(1998; P. M. Pizzochero, L. Viverit, and R. A.
Broglia, ibid. 79, 3347(1997; N. K. Glendenning, S. Pei, and
F. Weber,ibid. 79, 1603 (1997); A. G. Wiseman,ibid. 79,
1189 (1997; P. R. Brady and S. A. Hugheghid. 79, 1186
(1997); P. B. Jonesibid. 79, 792 (1997).

[2] B. P. Jensen and P. Candelas, Phys. Re83D1590(1986;
35, 4041E) (1987).

[3] W. G. Unruh, Phys. Rev. 4, 870(1976; B. S. DeWitt, in
General Relativity edited by S. W. Hawking and W. Israel
(Cambridge University Press, Cambridge, England, 1979

[4] G. E. A. Matsas and D. A. T. Vanzella, Phys. Rev.5D,
094004(1999.

(1998.

[6] P. Candelas and D. Deutsch, Proc. R. Soc. Lonaig@2, 251
(1978; W. Troost and H. Van Dam, Nucl. PhyB152, 442
(1979; M. Soffel, B. Muller, and W. Greiner, Phys. Rev. D
22, 1935(1980; R. Jaegui, M. Torres, and S. Hacyaihid.
43, 3979(1991); E. Bautista,bid. 48, 783(1993.

[7] A. Higuchi, G. E. A. Matsas, and D. Sudarsky, Phys. Rev. D
45, R3308(1992; 46, 3450(1992.

[8] C. Itzykson and J.-B. ZubeQuantum Field TheoryMcGraw-
Hill, New York, 1980.

[9] I. S. Gradshteyn and I. M. RyzhiK;able of Integrals, Series
and Products/Academic, New York, 1980

127303-4



