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TABLE 1. B(E1), B(E2), and M, and energy-weighted sum-rule (EWSR)

limits.
£y ExP
(MeV) J" p? E, PP (EWSR)P EWSR
16.65 1” 17.0%5.0 283+ 86 264 1.07+0.32
14.0 2+ 990 300 13900 + 4200 24900 0.56 +0.17
14.0 0* 2050 + 610 28700 + 8500 28000 1.03+0.3

2P is B(E1) in units e? F* for J"= 1", B(E2) ine? F! for J"= 2%, and | My |2 in

Ffor J"= 0%,
bUnits are MeV times units of P.

ter. The resonance around 28 MeV also shows a
collective nature. We have found the same kind
of resonances for the relatively spherical nuclei
54Fe, !1%8n, and 2°°Pb as well as for deformed
529m, In contrast to the general relation 80AY3
MeV for the peak energies of the giant dipole
resonances, the newly discovered giant resonanc-
es are described by 6542 MeV and ~1204Y3
MeV, respectively.

The authors wish to thank Professor H. Ui for
his discussions and valuable advice, They are
also indebted to Professor G. A. Peterson for his
precise reading of the manuscript.
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Limits on the Magnetic Moments of Doubly Odd 4N + 2 Nuclei with 7=0,J"=1"*

Pham Tri Nang
Centre de Physique Theovique de I’ Ecole Polytechnique,* Pavis V, France
(Received 5 June 1972)

Assuming that the low-lying states of doubly odd nuclei contain only the two lowest SU(4)
supermultiplets, I have derived the following lower and upper limits on the magnetic mo-
ments of 5Li, 1B*, and !°F, using only experimental data on superallowed Gamow-Teller
transitions: (0.800=0,016)uy<p(®Li)<0.88uy, 0.65uy= u(1"B*)< 0,88uy, 0.66uy<u(®F)
=< 0.88uy. This shows that relativistic corrections to the magnetic moment of ®Li cannot

exceed 7.3%.

In a previous paper’ I showed that the ground state of °Li is an almost pure (T =0, S=1) state of
the lowest (100) SU(4) supermultiplet,? consistent with good SU(4) symmetry.

The purpose of this note is to present rigorous lower and upper limits on the magnetic moments of
doubly odd nuclei under the assumption that SU(4) is a good symmetry and that the ground states do not
contain higher supermultiplets other than the (111) supermultiplet. Thus, the ground states of SLi and
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SHe can be expressed as follows:
YOLI) =x@(S=1,L=0)+y'0,(S=1,L=1)+2¢,(S=1,L=2)+p¢p,(S=0,L=1),
Y(°He)=a'@y(S=0,L=0)+p'¢,(S=1,L=1),
in obvious notation. The parameters are normalized such that
2+ [y[2+[2?=1, [al*+[plP=1, [a’[?+]p[=1,
and they satisfy
lal®=[x]2+ |y’ 12+[2]2, [v|*=y’[>+]pI%
Consider
(¥(*He)| Y, *lY (CLi)) = a'*x M, + B'*BM,,
where
My={9y(8=0,L=0)|Y,3|¢,(S=1, L=0))
and
M,={¢,(S=1,L=1)|Y,%|¢,(S=0,L=1)).

The simplest way to compute M, and M, is to proceed through the following sum rules:

@T+ 1) 2, KOT[[Y InT = DI +(T+ 1), [OT| Y, [nT)[* = T(T + 1) [OT [ Y [ nT + DIP]= T[], (1)
which is derived from the commutation relation

[r,*, v, "]=27%
and

@T+ 1) LTI InT - DI*+ 25, |OT Y lInT)1?+ 25,107 ¥, InT + 1DI*] = 50T |¥*|0T), @)
where T, is the value of T3, the three-component of the isospin operator T4,

Y,*=Y, 40V, Y= Y,0Y,% Y,\° =§f] AL
(@=1,2,3; x=x,y,2), an‘H)\(OT!I Y,|nT") is the reduced matrix element of Y, in isospin space.

For the ground state of ®He, (07|Y?|07)=3+2|p’|?, which is easily obtained from the expectation val-
ues of 72=3, T°T?, S2=37,5,S, (S, are the spin operators), and C,*=T?+5%+Y?2, the second-order
Casimir operator of SU(4). When B, 8'=0, it is easy to see that the sum rules (1) and (2) are saturated
by the only (T=1,5=0,L=0)~(T=0,5=1, L=0) Gamow-Teller (GT) transition; hence [M,|?=1. Sim-

ilarly, by setting 8, 8’ =1, we obtain |M,[?=4.
By definition

%U"Iiﬁe—»%i =|a'*xMy+B*BM, 2= 1 - €2,
This implies

la’[x]+322]g’| Bl > (1 - €2)*/2 3)
or

ol =(1 = e 3|l

Good SU(4) symmetry means that 8’ and g are small. Thus, (1-€2)'2-3"12|g’|g| is positive in most
of the observed superallowed GT transitions.

By squaring both sides of (3), one gets
(1-p?+3BI2)8' 2 ~2v3 (1 - €)'2[Bllp’| - (2~ p*) <0 (4)
(where p?= [y|2+]z[%; [d2=1-p?). Inequality (4) can be satisfied if and only if
ot (1 e+ B0 + (2411 >0. ®)
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Equation (5) in turn is satisfied when p? < €?+4|g|%. Since |B8|?<|y|?, we must have

Ly[P+]|z]? < € (6)
The magnetic moment of ®Li is given by

1(°Li)=0.88 — 0.38x 3 (i[> + [y]*+3]2[?).
From the fact that |B|2 <|y|? and from (6), we have

w(®Li) =0.88 — 0.57€2, 7)

The recent experimental value of 1G,/G |? reduces® |[ol3ye-61; from the old value of 5.6+ 0.2 to 5.16
+0.2. This gives €2=1-1|/0F=0.14+0.03, which leads to u(°Li)>(0.800+0.016)u, as compared with
the experimental value of 0.822u,.

Other examples of superallowed GT transitions can be found in the 1p and 2s-1d shell nuclei; for ex-
ample, the superallowed transition

0C(T=1,J"=0")~B*(T=0,J"=17)

has ft=1.0X10%, corresponding to |[o|?=3.69+0.2 as reported by Kavanagh® and Bahcall,* but not yet

firmly established. From this value, one gets €2=0.40, which implies that u(**B*) is greater than

0.652u, as compared with the recently measured value® of (0.63 +0.12)u,. The superallowed transition

®Ne - °F has |/c|?=3.81, and hence €*=0.375, and 4 (**F) is thus predicted to be greater than 0.666 .
We note that since [8l<lyl, IxI< lal, inequality (3) also implies that

[B*< 2%, [p'I*<3€, Iyl*<ze ®)
So far we have only made use of the information extracted from the superallowed transition and the

limits obtained are interesting only when €? is small. However, it is possible to improve the upper
limit of 1312 by making use of (1) and (2); one gets

812 = 3(e* - 25, [(g 1] Y, *|n0)[2), , ©

where 2, [{(g11Y,%In0) 1% is the total IAT|=1GT transition strength except the strongest superallowed
transition strength defined by % 1/0[2=1— €% Therefore a very accurate measurement of a large num-
ber of (1,0%)~(0,1%) GT trans1t10ns can give a good estimate of the upper bound on |8’ |2,

Similarly, the upper limit on |z |2 for the ground state of °Li can be derived with the help of Eqs. (9)
and (11) of Ref. 1:

l2[? < € - 302K el Y*[|0*n)[* +322 , (g [ Y2l11 +m)[?), (10)
where (gllY2llJ'n) is the reduced matrix element of Y,® in ordinary space.
Thus the existence of GT transitions to all excited states with 7=1, J"=0*, 1* further reduces the
upper bound on |z/2, The upper limit on the magnetic moment of °Li is derived by means of Eq. (7) of
Ref. 1 and the sum rules for the ground-state expectation value of S2. We have

2lal?=(S,) = (S, =13 S KelSI1+n)2+ £ (g2 n)|2), ' (11)

n *g

where (gliSllJ'n) is the reduced matrix element of S,. Because of our lack of experimental data on
AT=0, isoscalar M1 transitions, all we can tell from (11) is that

(S <i[-1+(1+8|al?)2] <1. (12)
This gives an upper limit on w(°Li) and we arrive at A
(0.800+0.016) 11, < p(°Li) < 0.88 .

Since SU(4) is a good symmetry for the ground states of A =6 nuclei, the bounds on u(°Li) derived
above are essentially model independent.

A 10% reduction of the GT transition strength due to meson exchange currents (as in the case of the
threshold neutron capture n +p —d +¥) can reduce the lower limit to 0.76. In any case, we must con-
clude that relativistic corrections to the magnetic moment of ®Li cannot exceed 7.3%.
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At present very few data are available on M1 transitions in 4N +2 nuclei, so that an upper limit on
the supermultiplet impurity cannot be determined in the same way as for ®Li. However, there is good
reason to believe that the impurities for °B* and ®F are small since these two nuclei can be described
as two nucleons in a triplet state coupled to ®Be and '®O cores, respectively, and it is known® that the
ground states of ®Be and '°O are nearly pure scalar supermultiplets. Thus, inequalities (6), (7), and
(12) are still valid and one gets

0.650, < u(1°B*) <0.88u,,
0.66u, < u(**F) <0.88p,.

We note that a recent theoretical calculation® gives u(**F)=1.14u,, in disagreement with the above
upper limit.

In concluding, I would like to point out that more accurate experimental data on AT =1 GT and M1
transitions from the ground to all excited states in doubly odd 4N +2 nuclei will give a good estimate
of the supermultiplet impurities of the ground state, thus enabling us to establish the validity of SU(4)
in these nuclei,
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Rotating Black Holes: Separable Wave Equations for Gravitational
and Electromagnetic Perturbations®
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Separable wave equations with source terms are presented for electromagnetic and
gravitational perturbations of an uncharged, rotating black hole. These equations de-
scribe the radiative field completely, and also part of the nonradiative field. Nontriv-
ial, source-free, stationary perturbations are shown not to exist. The barrier integral
governing synchrotron radiation from particles in circular orbits is shown tobe the
same as for scalar radiation. Future applications (stability of rotating black holes,
“spin-down,” superradiant scattering, floating orbits) are outlined.

It is generally accepted that the gravitational has been postulated® to explain radio and infrared
collapse of a massive rotating star can produce phenomena there; (iii) the x-ray source Cyg-XI
a rotating black hole. Moreover, black holes —and also 2U-0900-40—is likely to be a black
may play important roles in a number of astro- hole in close orbit around a B-type supergiant
physical phenomena: (i) One or more black holes star, with the x rays emitted by gas flowing from
near the center of the Galaxy might be the origin star to hole.?
of Weber’s! gravitational-wave events; (ii) a These developments create an urgent need for
massive black hole at the center of the Galaxy two types of black-hole calculations: first, cal-
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