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Abstract

The contribution of virtual excitations of paired nucle-
ons to T- nonconserving nuclear moments caused by T-odd nucle-
ar forces is shown to be comparable with the contribution of
external nucleon. Taking into account the contribution of pai-
red nucleons in the 1291& nucleug allows one to extract from ato-
mic experiment the beet limit on the P- and T- nonconserving
nucleon-nucleon interactions. This 1limit approaches by its
implications the limit on the neutron dipcle moment. In the
cagse of P-nonconserving, but T-invariant, anapole nuclear mo-
ment the extermal nucleon excitations dominate.

In ref, 1) we have shown that under reasonable agsumpti-
ons there is a regular enhancement foctor for nuclear electric
dipole moment (edm) caused by T-odd nucleer forces in compari-
son with the neutron edm. This factor equals by order of mag-
nitude
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Here M, = 140 MeV is the ¥ -meson mass, [%/% 45 lfeV is the
characteristic depth of the nuclear potential, ¥ > {,15 fm.
In ref. 1) we have calculated edm, magnetic quadrupole moment
(mgm) and the so called Schiff moment (sm) for some nuclei.
The smVis defined by the relations
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where ¥ is the scalar potential created by sm, e is the
proton cherge, R = ¢, -Hhis the nuclear radius, the summa-
tion is carried out over all protons, the brackets £, .2 fie=
note the expectation value in the nuclear state. The sm and
mgm induce atomic and molecular edm. The nuclear edm by it-
self is useless in this respect: in a stationary atomic or mo-
lecular state the average electric field on the nucleus vani-
shes, so that the interaction -do & iz absent (the detailed
discussion and relevant references see, e.g., in ref. E}L

in ref, 1) T- odd nuclear characteristics were caleculated
in the approximation where the excitations of external, non-
-paired nucleon only were taken into account. In the present
paper the coniribution to these nuclear multipoles from the
nucleons of the core is considered. This contribution is shown
to be in general no smaller than that of the external nucleon,
This conclusion seems to be inferesting by itself*J. It is im-

*) After this work was over we have found ref. 3) that con-
teins the conclusion that the contribution from the paired nu-
cleons excitations is important for usual P-odd effects in nuc-
lear ¥ =transitions.




portent also by the following, applied reason. The most strin-
gent limit on the T~ wviolation in atomic physics wes obtained

in the experiment on the measurement of the edm of the 129%¢

3
atom in the ground state 4,

Al “‘9)(‘,3) = (-0 2 f_j)-_fc?_'??cm. (3)

In the same ref 4) the feagibility of further increasse of the
sccuracy in the experiments with xenon and mercury is diacussed.
In the ground state of these atoms the electron shells are
closeds so that the nuclear mgm does not induce the edm of

! . Therefore, the nuclear sm is here the only nuclear

atom
multipole that leads te atomic edm. However, in the case oi
even-odd nuclei the contribution of the external nucleon, the
neutron, to the nuclear sm vanishes. This conclusion is valid
algo when recoil effects are taken into account, at least wi-

thin the shell model of nucleus 13.

In the present work we have calculated sm of the odd
isotopes of xenon and mercury ceused by virtual excitation of
paired nucleons due to T- odd interaction with external one.
Using the found velue of the 129Xe sm, which is of usual nucie-
ar order of magnitude, the result (3) is shown to approach by
its implications, as the source of informetion on the nature

aof CP-violetion, the best limit on the neutron edm 5}:
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Th the ecase of FP-odd, but T- even, =so called -nuclesr ana-
pole moment (am) the situation is different. riere the contri-
bution of core nucleons excitations is numerically amall so
that the result of the calculation of nuclear am carried out
in el 6) with the account of the external nucleon excitations
only is walid not only qualitatively, by =n order of magnitude,
but quantitatively aa_wellxj. We discuss here the cause of such

*) T)

As it was shown in refs. 6, , Just the electromegnetic in-

g difference between T-= and P- odd nuclear charascteristica.

2. We gtart from the consideration of nucleon-nucleon in-
teraction that violates T- invariance and induceszs T-odd nucle-

ar multipole moments. To the first order in velocities F}h#this
interaction can be presented as

wat = E (18 -1, 7 5055
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Here {_ ; } is an anticommutator, m is the nucleon mass, é ’
e

¢ and ﬁ* are the spins, coordinates and momenta of the nucle-
ong @ and g .

In the used approximate local description of the T- odd
nucleon=-nucleon interaction the exchange terms can be reduced
by means of Fierz transformation to the form (5). Therefore,
their role is reduced to the redefinition of the dimensionless
constants z,u; s ?:3‘ characterizing the magnitude of the
discussed T-odd interaction in the units of the Permi constant

& .

We demonstrate now our assertion about the importance of
the internal nucleons excitations by an example of the lowest
T-odd multipole, nuclear edm. It is known that when the recoil

effects are taken into account, the nuclear dipole moment ope-
rator ia

af=z B Z’Q (6)
v i
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where €p=€(-f",g_)=€.ﬂ . €= ET « The induced

nuclear edm we write as
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teraction of an electron with nuclear anapole moment is the

main source of the P-odd effects in
ncLent Botn. s heavy atoms that depend on




To estimate the sum (7) we use the simple ozcillator model of
a nucleug (previously such an estimate of the usuael P -odd
effects was carried out in ref. 3:'}. in this model the opera=-
tor (6) can be transformed as

d = iz [ 2 € o ] =

where H is the unperturbed nuclear Hamiltonian, and &2 is
the oscillator frequency. Substituting (8) into (7) we reduce
the expression for .2 to the form

2=-~L-<0[Z eV Wlo> (9)

o

Since for internal nucleons <'£?> = @ , the terms in the
operator W/ that depend on the gpins of core nucleons are not
operative in this case. We substitute further proton and neut-
ron densities for the arising sums of § -functions. These
densities are proportional with reasonable accuracy to the nuc-
lear total density P « Pinally we find the following expres-
sion for the nuclear edm

i
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Here the expectation value is taken over the state of the ex—
ternal nucleon & ., Meanwhile, if we took into account the

external nucleon excitations only (one term in the sum (6) for
the operator o ), the result would be quite different:
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The analogous expressions can be obtained in the oscillator
modelvhuclear mgm and sm. And although the oscillator model
cannot give the quantitative -deacripticm of discussed effects,
the presented example seems to be a convincing evidence for
the importance of the internal nucleons contribution.

3. The real calculation of sm for the nuclei q29’33119.,
199’201Hg and EUB’EDSTI, which are now of experimental inte-
rest, was performed by us using wave functions and Green func-
tions in the Woods-Saxon potential with spin-orbit correction.
The results are presented in table. Note that all the found
values are of the order of magnitude natural for heavy nuclei1}:
- -&
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Here
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is the dimensional parameter characterizing T-odd nuclear mul-
tipoles. The nuclear edm and mgm are expressed through it as
follows:

29"'?*32' (13)
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where }” %ﬂ.is the nucleon magnetic moment, I is the nucle-
ar spin.

In the first four nuclgi the non-paired nucleon is neutron,
therefore the m is causedVthe internal protons excitations
and is expressed through the constant ?,. p + In thallium the
internal nucleons ccntriﬁutim; to the am (1,23 fﬂ' in the units
10-8 e-i‘mj} is comparable by an order of magnitude with the ex-
ternal proton contribution (-1.4}2,;@#5}11 the same units). The”
last number is somewhat different from that presented in ref
since there the empirical density pararctrization was used, and
here the density was expressed through tie wave functions in

T




the Woods-Saxon potential.

All these results were obtained in the nuclear shell mo-
del. It is known however that in some cases the residual in-~
ternucleon interaction renormelizes & result strongly. This
phenomenon ariges in particular in the case of El-transitions
where the residusal interaction leads to the formation of the
giant resonance. The influence of the collectivization of the
Bl-trensition on the magnitude of nuclear edm snd sm can be
estimated in the following way. Assume that the sum over inter-
mediate states in formula (7) for edm is asaturated by the gi-
ant resonence with the frequency &J), =£, &, . Then this
formula can be transformed as follows

D=~ ég(sﬂ— ) (01 win><n|Dio> + <ol D In><nfwios) =

— (14)
=& <a/[w}[@dl]10>=~”;w;; 0|7 & 7 wloy

we have teken into account here that (E,- Ep) {ﬁf&f’fﬁ’} =
< N f [H, c:!’rﬂ 5}> . Expression (14) differs from {(9)
obtained in the oscillator model only since, instead of the
shell frequency & , it contains the gisnt resonance frequen-
- BJ% that equals approximately Z&’ . Therefore, the total
collectivization of the matrix elements in sum (7) would lead
to the suppression of nuclear edm by &, /w? = 4 times in
comparison with the shell estimate. But contrary to the case
of the sum rule for the oscillator strengths which is satura-
ted by the gient resonance, the sum (7) contains the freguency
in denominator rather than in numerator, besides, in one of
the matrix elements, < 0/ W/{ K> , the transition to the giant
regsonance is not enhanced. Therefore, the cheracteristic fre-
quency ) &t which the sum (7) converges is perhaps smaller
than &J, . In the following discussion we shall assume for
egtimates that the suppression factor ?E &?2/(%1 is equal to
%ﬁ e

In ref. ') the recoil effects in sm were shown within the
shell model to cancel out so that formula (2) is valid lite=-
rally, even if we mean in it by Z, the proton coordinates
reckoned off the nuclear center of masses. Just due to this

reagon the sm of even-odd nuclei of xenon and mercury depend
on the constent ¥, 6 only. However, if the collectivization is
taken into account, the value of 2 diminishes and there is

no exact cancellation of the internal neutrons contributions.
RBilZes in 129%e the sm becomes :

ee?;mi P =4.75 Y, *+ (1=F)(0 e~ O3 Yun) =
' (15)
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Comparable corrections ( ~ 30%) arise also in the sm of 13176
and Emﬁg- In the nueclei 1991—[3 and 2":}'3'2{;'5T1 the corrections

can reach 100%.

4. We shall get now the limit on the parameter ?nr=Of
the T-odd potential (5) that follows from the experimentel re-
sult (3). The Hartree~Fock calculation carried out in ref 8)
has shown that the xenon atom edm is connected with the nuclear

sm as

- Q
d(xe) = 270" () € om

From (3), (16) and the wvalue of Q {12919} presented in table
we get the following limit on the consatant ?hp

Lo T e L (17)

From the experiments with the T1F molecule 9,10) and the calcu-
lations '')  the following 1imit on @ (29%22%511) arises:

Q (ZDSJ,ZEFT() ol (ﬂ,g.t;rZ) n{p"ge .p'-'m‘g {18)




Unfortunately, the calculation of Q(Tl) contains large uncer-
tainties connec.ed with the estimate of the giant resonance
contribution. Therefore, the limit following from (18) and the
value of Q(T1) from table,

12y,-149,,=082412 (19)

is an order of magnitude estimate only.

The natural question arises: what are the physicel impli-
cations of these limits? We shall try to answer this question
grounding for d€finiteness on the Kobayashi-Maskaws model @2/,
Now it seems to be the most natural gauge scheme of CP-invari-
ance violation. The theoretical prediction for the neutron edm
in this model 13,14)

_.3 :
dn"'.’fa & e :Cm . (20)

is about seven orders of magnitude smaller than the experimen-
tal limit (4). As to the T-odd nucleon-nucleon interaction, the
corresponding dimensionless constants in the Kobayashi-Maskawa
model cunatitute1)

[ a¢ g0 (21)

The gap between this theoretical prediction and the limit (17)
is only some times larger than in the case of the neutron edm.
Therefore, the result (3) by its physical implications appro-
aches indeed the 1imit (4) on the neutron edm. As to the tre-
mendous gap between the experimental limits and theoretical
predictions for both quantities compared, one should note that
the Kobayashi-Maskawa model is now only the most simple scheme
of CP-violation and that the true magnitude of T-odd effects
can be much larger.

One can try to compare the results of the measurements of

10

the neutron and xenon edm purely phenomenologically, grounding
on the one-boson exchange model popular in the calculetions of
the usual weak interactions. The lowest intermediate state
contributing to the constant #,, is JF° -meson. Its contri-
bution is given by the relation

¢ 2
ﬁ?,=‘%,,— (22)

where i and ?’ are the constants of the strong and T-odd
H .
Jl -meson-nucleon interaction:

LICE LY, iRt wles

— (23)
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From (17), (22) the limit follows
9§ =(10t3%) 40" =5

The vi§tua1 T -meson creation leads also to the neutron
19
edm
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Here H~-m@, is the scale at which Jj -meson loop converges.
From the limit on the neutron edm (4) it follows

J_ﬁ?’_.’{ 4'5-'10*-10 (26)

The limits (24) and (26) refer generally speaking to different

quantities. But, e.g., in the model of T-invariance violation

with the @ -term

Led =1 Y7i l=a3sler % .

*) The nuclear T-invariag?e nonconservativn was considered wi-
thin this model in ref, 10/,

1




Unlike Kobayarshi-lMagkawa model, in this case the 1limit on the
parameter & following from the neutron edm measurements is
considerably stronger than those from the xenon edm. However,
even the most optimistic of the modern projects of the neutron
edm measurements do not plan the accuracy in the determinstion
of 4, /e better than 1026 ¢m. And the authors of ref, 4)
plan to increase the accuracy of atomic experiments by four
orders of magnitude. Note that only by transition from xenon
to mercury one could gain, due to larger Z , an order of mag-
nitude in the value of atomic edm. Using the atomic calculati-
on 17) one can ghow that the edm of mercury atom is

q’(ﬂ;)=*410ﬁ[€,em)e'fm | (27)

Therefore, the prognoses in atomic physics look more optimis-
tic than in neutron one, especially since the transition to
other heavy atums as well as molecules with larger edm is pos-
Eible (see, e.g. ref 1}3

5. We pass now to the estimate of the internal nucleons
contrlhutian to the P-odd but CP-even nuclear anapole moment
(am) CI +» We define it by the relatianT}

E=~-§<£Z(?;/;+ fﬂ’?)> (28)

o
where }é is the current density of the nucleon 4 +» The con=-
tribution of am to the vector-potential equals

A (F)= & §(7)

We present the P-odd nucleon-nucleon interaction in a local
form analogous to (5):

P )
Wae 'rm[ffa&" “Jea % )| R, 8057, )f +
* gt [ 23] T, 5537
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The nuclear anapole was caelculated in ref 6) taking into acco-
unt the external nucleon excitations only. The calculstion was

carried out both numerically, using the Woods-Saxon potential

with the spin-orbit correction, and analitically in the appro-
ximation of the constant core mucleons density pP(Z). The agre-
ement of the approximate analitical calculation with the nume-
rical one is gquite satisfmctory. The analytical result looks as

follows:
e - R ,I
a = I(T+) (30)
Here
: I+$-¢
i = N w g
s TUeeh " Jea 4 =, {I+2)J

b

{ is the orbital angular momentum of
the external nucleon, the index a=p or w=hn refers to the
external nucleon.

To illustrate the further arguments it is useful to show
how expression (30) can be obtained in the ogecillator model of
nucleus. In this model the operator of am caused by spin cur-

rent
> _ je 3.0l 1 (31)
as = T;F'gfifﬂé ?; : g;

BT E T
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Substituting this expression into the formula for nuclear am
arising in the second order of perturbation theory (it is ana-
logous to (7)), we get the following result:

-t
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Now we Etﬂ.r;h' from the contribution due to the term in the sum
; Me F; X é, corresponding to external nucleon. In
this case all the terms in the operator w! (29) dependent on
the spins and momenta of internmal nucleons drop out. Therefore,
this contribution reduces to

ar= = - £ X, el COl[PE [3F 2 04 5%F o=

S i = S
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Here I & j iz an anticomutafnr. [ 5 J is 2 com=
mutator. The expectation value in the second line is taken over
the state o0f extermal nucleon marked by the index @ . If one
tekes in (34) the internal nucleon density to be constant,

averages over angles and makes the substitution < P> /m?d =

=Ly = _} 2’,2 ﬂ"’-‘! s expression (30) arises again.

Consider now the internal nucleons contribution from the
sum -‘Z }!‘ ?;12: in expression (33). It is clear that in
this case only those terms in the potential (29) that depend
on the spins of internal particles are operative. Here the
terms of full commtator (33) remain that contain an anticommu-~
tator of spin variables (for internal nucleons <[Z,2]> ~¢2>= 0)
and a commtator of coordinate variables. The last one contains
";?\P » and therefore the factor < Fi/mfwl D=grD> ~ }]g’f!

cannot arise now in the answer. More detailed -:ali::ulatiun shows

that the contribution of the internal nucleons spin anapole mo-
ment is indeed suppressed by Az‘{-" times in comparison with
(30). Although this conclusion is obtained in the oscillator
model, we believe that it is of general charscter®).

*) TNote that by the analogous reason there is no enhancement
factor A¥S in @ nuclear mqm.
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Pass now to the contribution to nuclear am of the orbital
current in expression (28). Cf course only protona asre operati-
ve here. Start agasin from the external nucleon contribution.

It is clear that here also thoge terms from the operator (29)
gurvive that are independent of the spins and momenta of inter-
nal nucleons, so that
Wpﬂgﬁ«%?“{éﬁm”?"é)f“’ .

- £ % {éé}f(’ﬂf

We understand now that the enhancement =~ ﬁy? is caused by tho-
gse terms only that do not contain VJD « In other words, loo-~
king for the contribution =~ A% one can here also put

PIT) =P = éons? « But then the interaction (35) is equivalent
to the electromagnetic one with the constant vector-potential
T=2348i , which naturally does not leed at all to
any observable effects for operators independent o1 spin. As to
the spin anapole operator (31), it does not vanish to this ep-
proximation due to the non-commutativity of & —matricese).

The magnitude of the orbital contribution can be estime-
ted by the substitution p — P =fe in (35). The contribu-
tion to the matrix elements of the operator P is given by
the nuclear surface with the relastive volume ~A“ﬁ. Moreover,
the orbital contribution does not contain the relatively large
factor /J, » the proton megnetic moment. Therefore, orbital
contribution of extermal proton is ﬂ,.ﬁ'h smaller _than the spin
one (30). This estimate is confirmed by the caleculation in the
oscillator model, as well as numerical calculations in the

Woods-Saxon potential 6}.

Note that from the same arguments it follows that the ac=-
curacy of the constent density approximation for the spin con-
i - 1,
tribution of external nucleon to nuclear am (30) s A7

And finally consider the contribution of the internal pro-
tons orbital current. Generally speaking, it can contain the
large factor ﬂlz‘f!’ + Here one should retain in (29) only those
terms that depend on the external nucleon spin

and internal nucleons momenta. Write down this in-

15




teraction as

P €
Wi &g IR &) 5

where

L (R)=[ag, 1) 8 Y, $07-8) < v} )3 ulF)
is the spin density of external nucleon & taken «l the point

T} where an internal proton p is located. It is convenient

to tr$?sform the contribution of orbital current to am as fol-
lows -

> _ _2E (e SOIWIIKKIZ[Y, ., 5 110> +<olz 16, Fiodule
K

¢ 3 Im
EL sl

o (37)
et Z‘ 2-? ——

3 J/F { b Jo) 10>

where J is a contact current defined by the relation

| =celw? ¥
Jr [W ) ?P] {35}

One can estimate the cuntact current contribution subﬂtituting
for the spin density 3 [2’ ) its average value g.q, -\%‘L « Un-
der this assumption the contact contribution equals:

e3 . 2z e gu KL
@ 10 Jao A my, " T(Tef) e

—

The obtained vaelue differs from the result (30) by the factor

o 2 Jap
], LT3 SR 3 (40)

16

which is numerically small. Moreover, in the approximation of
constant spin density éz fﬁi) the tg;ma in expression (37)
that depend on the contact current [, , according to the abo-
ve arguments, should cancel out exactly other terms. This can-
cellation cen be checked also by the direct calculation. On the
other hand, the constent spin density approximation allows one
to get a reasonable estimate for every of these contributions
taken separately. Therefore, one can consider the gmall quanti-
v (40) as a sufficiently generous estimate of the internal
nueleons contribution to the nucleer am., The calculation witho-
ut the assumption ;’; (ﬁj'—'fﬂHSf can be carried out in the
oscillator model. It confirms the estimate (40).

Thus the formula (30) obtained by us previously in ref. 6)

ig indeed e reasonable approximation for nuclear anapole mo-

menta.

We are grateful to V,P.,Dmitriev, P.N.Isaev, V.B.Telytaym
and V.G.Zelevinsky for numerous discussions and the programs
for the computation of wave functions,




Values of Schiff moments

T b T a

E;.'Pmi

Constants ? are the parameters of T-odd interaction (5).
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