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The time dependence of the dressing-undressing process, i.e., the acquiring or losing by a source of
a boson field intensity and hence of a field energy density in its neighborhood, is considered by exam-
ining some simple soluble models. First, the loss of the virtual field is followed in time when a point
source is suddenly decoupled from a neutral scalar meson field. Second, an initially bare point
source acquires a virtual meson cloud as the coupling is switched on. The third example is that of an
initially bare molecule interacting with the vacuum of the electromagnetic field to acquire a virtual
photon cloud. In all three cases the dressing-undressing is shown to take place within an expanding
sphere of radius » =ct centered at the source. At each point in space the energy density tends, for
large times, to that of the ground state of the total system. Differences in the time dependence of the
dressing between the massive scalar field and the massless electromagnetic field are discussed. The
results are also briefly discussed in the light of Feinberg’s ideas on the nature of half-dressed states in

quantum field theory.

I. INTRODUCTION

A scalar boson field surrounding a fixed point source of
coupling strength g has the well-known steady-state value

(0| (r) |0) =g RL=HT)

(1.1)
4irc’r

where the source is assumed fixed at the origin, |0) being
the ground state of the complete source-field system, and
where u is the inverse Compton wave length of the scalar
boson p=mc /#. This implies that in the neighborhood
of the source the boson field contributes to a field energy
density, this can be evaluated from the known expression
for the Hamiltonian density

Hp(r)=L{mHr)+c’[VP(r) P+ u’¢(1)} (1.2)
and is
(0| Helr) |0) =g ? SR (52,0 Lot 1) - (13)

3272t
m*(r) has zero expectation value in the ground state, so
that the contributions to (1.3) arise only from the second
and third terms in the field energy density (1.2).

In nonrelativistic quantum electrodynamics of the in-
teraction of radiation with neutral atoms or molecules
there is a well-defined energy density of the virtual elec-
tromagnetic fields in the neighborhood of the source.
These fields and their concomitant energy densities have
been considered in a series of recent papers.'”* The
analogue to the scalar energy-density equation (1.2) is
the sum of transverse electric and magnetic energy densi-
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ties (1.4),
F (1) =F e1ec(T) + Ff mag(T)

—-L[B2r)+Bn)] . (1.4)
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In particular we have shown’ that at large distances from

a molecule with static nonisotropic polarizability a,,, the

virtual magnetic energy density is, to order e?,

- ~ 7 Sn — PP
(0| Hmag(r) | 0) = — 3272ﬁca,,,,, < = (1.5)

and that for an isotropic source with polarizability a the
total virtual radiation energy density at large distances is

(0| #Hp(r) |0) = T2 (1.6)
T°r

A natural question arises, which has close connection
with the more general problem of “half-dressed states” in
quantum-field theory,® namely, how the virtual energy
density is established in the space surrounding the source
and how it changes when the source itself is subjected to
changes in its dynamical state. Switching off a fixed
source in a Klein-Gordon field such as (1.2) is known’ to
lead to the release of real mesons originally belonging to
the virtual cloud, but processes of this sort do not seem to
have been investigated from the point of view of the time
development of the energy density surrounding the
source. Although there have been detailed calculations of
the electromagnetic field surrounding an atom during the
emission of a real photon such as those by Bykov and Za-
dernovski® and by Power and Thirunamachandran' it
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would seem to be desirable to investigate also the time-
dependent changes in the virtual radiation clouds due to
sudden dynamical changes experienced by atomic or
molecular sources.

As a preliminary to the electromagnetic field problem
we first calculate, in Secs. II and III, the time develop-
ments of the energy density for a neutral boson field, i.e.,
Eq. (1.2), consequent upon well-defined sudden prescribed
changes in a point source. The two models chosen are
those where, for Sec. II, the source is completely removed
or suddenly decoupled from the field and, for Sec. III, the
building up of the virtual cloud around a meson source
which is initially bare. We show that in the first case the
meson cloud will eventually disappear, but the energy
density at distance r from the source will remain until
time t=r/c has elapsed from the switching off of the
source. In the second case we show that indeed the shape
of the energy density tends to the ground-state shape
given by Eq. (1.3) as t— oo, but for finite times the virtual
cloud is absent at distances r > ct, in agreement with sim-
ple relativistic requirements. In Sec. IV we turn to the
electromagnetic case and calculate the time-dependent
dressing of a molecule. Both the transverse electric and
the magnetic energy densities are computed for a mole-
cule initially bare. The simplifying assumption that the
coupling of the molecule to the radiation field is through
the static polarizability is made throughout. This restricts
the validity of the resulting expressions to large distances
compared to optical wavelengths. There is no difficulty in
principle to determine these energy densities at closer ap-
proach using the multipolar Hamiltonian but this would
not change the basic time developments that occur. The
steady-state energy densities given by Eq. (1.6) are the
values obtained in the time-dependent case after a time
r/c. In Sec. V we compare the electromagnetic case with
the corresponding meson case, indicating the differences
and similarities, and summarize our conclusions.

II. BOSON SOURCE REMOVED AT =0

In this section we follow the time dependence of the en-
ergy density (1.2) for the scalar meson field after the in-
teraction with a source is suddenly switched off. Of the
three separate terms the canonical momentum term can
be evaluated in terms of Bessel functions. The remaining
terms cannot be found in closed form but in terms of an
integral of the Bessel function of zero order with a square
root as argument.

In terms of the usual creation and annihilation opera-
tors the boson field amplitude is
172
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where V is the quantization volume. The total Hamiltoni-
an, before the source is removed, is

H=H,+H', Ho= [ #p(n)dV, H'=—g [p(r)g(r)dV,
(2.2)

where #F is given by Eq. (1.3) and p(r) is the source den-
sity. From (2.1) we obtain

Hy=7Y fwraia+Hzpr
k
- 2.3)
* T
(pkax+prax) .

H="82 e,

k

The zero-point terms (ZPT) will be ignored in all subse-
quent developments. In (2.3) pg is the spatial Fourier
transform of p(r). As is well known® the ground state of
total H (i.e., the physical or dressed ground state) is given
by

- _ T *
10)=T|0), T=e /2 2x"kky ~2uXiox 2.4)
where
2
oo el Px
A—g Xy=g———— | 2.5)
% 2wtV T alva) 2

and |0) is the ground state of Hy (i.e., the bare ground
state). Dressing the bare operators ay is easily accom-
plished by the unitary operator T through

T layT=ay+Xy, T 'alT=al+xt . (2.6)

The conditions proposed within the model considered are
that the initial state, at =0, is the dressed ground state
|0) but that for t>0 g vanishes and the field evolves
freely according to

o ~Hot /Ay 10) .

2.7)
Hence the quantum average of any operator Q at time ¢
(>0)is

—1, Hot/F y  —iHot/%

(Q),=(0|T Qe T(0). 2.8)
For Q =7%(r) and after some algebra (2.8) leads to
(m(r)),

_iz Voo (X Xte i(k—K) T~ i(w) —w) )t

2V &%
~Xka'ei(k+k’).r——i(wk +mk')r+C.C.) ,
(2.9)

which becomes in the usual limit of large ¥ that turns the
k sums to integrals,

i(k+K)T— iy + ot

Proxe )

(2.10)
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Similarly we find

(¢2(r)),= (277,)632 Re f w_l]%pkefk-r_imkrd3k ]2
(2.11)
and
([Ve(r)]*),
1 2 1 ik-r—iogt ;3 2
=Gt ReV [ e d’k (2.12)

For the case of a point source with p(r)=83(r), so that
px=1, the field energy densities can all be expressed in
terms of the two integrals

3 . 3 .
11=f d kel(k~r—wkr), IZ:f d kel(kf—wkt)‘ (2.13)

()3 a)%

The angular integration is straightforward and if we

define the function
F(t,r)=Joluc(t?*—r2/c)V?], t>r/c
=0, t<r/c, (2.14)

where Jg is the zeroth-order Bessel function. We have

Iml =272 pe
cr or

and
272 d e Hr PR ,
Rel == ‘~ e S Fa@,rar ] :
Then the energy densities (2.10), (2.11), and (2.12) become
2
1 1 [5)
7T2 =773 37 2= —F ’ ’ .
(7(r)), 6228 77 |3 Fr) (2.15)
1 1
(g0, = —=—g? L
AL 16m2c g r?
2
0 |e M t ,
X | e JIFw,rar ] . (216)
and
([Vo(n)]*),
2
1 2|8 13 |e™  ripdr
161rzc4g dr r dr l u ¢ foF(t’r)dt }

(2.17)

The energy density due to the conjugate field 7(r) can be
reduced further,

1
(7)), =——g*
= et
{J [#c(t2_r2/c2)1/2] 2
X p? l 2,202 } , t>r/c
=0, t<r/c. (2.18)

Because F(t',r) vanishes for ¢t < r /c the integrals in (2.16)
and (2.17) remain zero at points » as long as r > ct, where
t is the minimum time required for any information to
travel from the origin to r. Until the time, all the F terms
vanish and the total energy density as calculated from the
sum of (2.15), (2.16), and (2.17) coincides with the initial
value given by Eq. (1.3). We see explicitly that the energy
density at a point » remains unchanged even after decou-
pling has occurred between the source and the field until
information of this event can reach point ». On the other
hand, we can evaluate (see, for example, Gradshteyn and
Ryznik!%) the limiting values of the integral over ¢’ for
large t. We have

fo‘” F(t',r)dt' = frj’c Jolpe(t2—r2 /e )2 )dt!

o
£ 2.19)
ue

Thus the {¢*(r)) and {[Vé(r)]*) components of the en-
ergy density vanish for all » as t— . Also, from Eq.
(2.18), the momentum term vanishes in the same limit.
We may conclude that, as expected, the energy density
vanishes at any distance r from the origin after sufficiently
long times has elapsed, and that it remains equal to its ini-
tial value as long as t<r/c. It is to be noted that
“sufficiently long time” means, due to the argument of the
Bessel functions, ¢ >>(r?+#/m?%c?)!? /c.

III. BOSON SOURCE APPEARING AT ¢t =0

In this section the problem solved in Sec. II is essential-
ly reversed. The source is assumed to be bare at ¢t =0 so
that the initial state is |0) but for ¢ >0 this develops in
time according to Schrodinger’s equation with total H as
the Hamiltonian. The state at time ¢ is thus

e "HI/R | 0) 3.1

with H given by Eq. (2.2). Using Eq. (2.6), it is easy to
show that

H=TH,T '— 4, (3.2)

where A is the ¢ number (3.3),

1o Aml?
A=>-g g o (3.3)
Hence (3.1) is
eidt/fiTe ~Ho A -1 g) (3.4)

and the quantum average of any operator Q in this state is

iHyt /% —iHyt/fi

(@), =(0|Te T-1QTe T-'10). (3.5)

In practice it is easiest to evaluate 7 ~'QT first using (2.6)
and proceed in the manner outlined in Sec. II. In partic-
ular, the kinetic energy density is
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(ﬂ'l(r )x=_ 2‘/wkwk’[xkxk(l+e—i(wk—wk')t__e-—iwkt_e~iwkrt)er‘(k—k’).r
~kakl(1+e—i(wk+wkr)t—e~iwkt_e—ia)k'r)ei(k+k').r] , (3.6)
[
which, for an infinite quantization volume and a point (31 3 2
source, becomes ([VH(D) ), = E 1L 29 ['pu rydr (3.14)

2
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o 2 (2m)° ok
l_e-itokl ) 2
_ f elk-rd_"ak
(273
: 2
- g2 Imf_lﬂeik-rdBk (3.7)
(2m)® Dk '

We notice that Egs. (3.7) and (2.10) differ only by the sub-
stitution of the time factor (1—e ~'“*') in place of e ¥
The same is true for the other two terms in the energy
density <¢2(r)>, and ([V¢(r)]?),. Consequently,

2
(g% r)>,_ Re f —e “Khelrgk | (3.8)
and
2 —iw ik-
([Vé(r ]>,_(2 v Revf ")e“’d3k] :

(3.9

Integration of the time-independent part of (3.7) yields

ik-r
f e pPr=AT 41 foo k szm(kr)iilz
o) re Yo (k*4pu?)l”
47 4d
=—-T =K .
e or olur) , (3.10)
which, being real does not contribute to (3.7). Hence the

conjugate momentum contribution to the energy density
is the same as in Sec. II, i.e., that given by Eq. (2.15),

2
<n2(r)>t=?;zc—2g2r—12 gf(tr) (3.11)
However, the time-independent part of (3.8) is
f e'kr 4%k j'oo ksm(kr) _ —2172 9 e #
0k 0 ki4pu? rc? adr | pu ’
(3.12)

whereas the time-dependent part is the negative of (2.16).
Consequently we obtain

2
L g2 1 13 frpon
1672 ¢? r? lar fo Fe,ride } - (.13)

Finally, proceeding in a similar way, we have

(¢*(r)), =

1617 ¢ |or r or

The causal behavior of the energy density of the boscn
virtual cloud is exactly as expected. Since f GF( r)dr
vanishes for any r > ct, the total energy density ( #r(r)),
is zero at these points, and we have a buildup of field en-
ergy at all points » <ct. On the basis of (2.18) and (2.19)
the energy density tends asymptotically to the ground-
state value equation (1.3). Thus the dressing of the initial-
ly bare source proceeds outwards with the speed of light
but it is complete at any point in space only
asymptotically—in the sense that it is essentially complete
when  >>[(r?+#/m*?)]?/c.

IV. TIME-DEPENDENT DRESSING
OF A MOLECULE

In terms of photon annihilation and creation operators,
the amplitudes of the electromagnetic field are

172
Zﬁﬁwk o + -
)=i 2 — (ex,jaxje™* " —ef jay ;e ~'*T),
Wi =ck
T k- ik
B(r)=i 2 — (bkjakje’k "—b{,jalt,je fkery

where V' is the quantization volume, ey ; the unit vector
defining the polarization, and by ;=kXex.;. Within the
multipolar-coupling formalism that we adopt here the ma-
trix elements of E'(r) correspond to those of the trans-
verse Maxwell displacement field. For the field-molecule
coupling we take the Craig-Power model,'! whereby the
molecule is taken as completely passive, and enters the in-
teraction Hamiltonian only via the static polarizability
tensor ,,,. Strictly speaking, this model can be con-
sidered realistic only to study the field in the radiation
zone. However, we are interested within this paper in the
model as a simplification (where the Maxwell fields can be
easily found) of a more realistic but more complicated sit-
uation with a frequency-dependent polarizability. Thus
we take

H=Hy+H',

1 .
Ho=- [ #pwav “.2)
H'=—1a,,,E5(0)EX(0) ,

where #£r is given by Eq. (1.4) and where the molecule is
taken to be fixed at the origin. In terms of the expressions
(4.1) we have
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;
Ho=73 ayjay,jfio ,
k)

1 * il
H'=1am 3 \/wklwkz[(eklvil Im €k, jy In @iy By, y — €k jy Im €Ky Dn By By jy +HCT 4.3)

kpJy
ka.jz

and the transverse electric and magnetic densities that we

investigate are (simplifying the notation e;=ey,;,,
ex=ex, j,» 1 =4ay,j,, etc.)
1
ﬂelec:‘ —Elz(r)
8w
# — i(ky+ky)r
=——— 3 Vo olereaae
4V &
11
ka./2
_el.e;alagei(k]——kzrr
+H.c.), (4.4)
Hmag= ——B2(r)
8
#i — i(ky+ky)r
=———> 3 Vokwbbaae
4V =
/1
ky.Jz
i(ky—kjy)-
~b|-b§a|a;e'( 1kl
+H.c.) . (4.5)

For the initial (t =0) state of the system we take the
bare vacuum |0). This state develops, for ¢ >0, accord-

J

—iw)t

[
ing to
exp(—iHt/#%)|0) , (4.6)

where H is given by Eq. (4.2). The energy densities
within the photon cloud are given, as functions of time, as

= (0| Hetocmag(ts1) |0) . 4.7)

The interaction Hamiltonian (4.2) is more complicated
than its analogue in the meson case and we resort to ap-
proximate methods. We carry out the calculation in the
Heisenberg representation and obtain approximations to
order e2, i.e., one power of the polarizability «,,,, for a (¢)
in (4.4) and (4.5) from which we can evaluate (4.7).

The Heisenberg equation for a(#) is easily shown to be

2mh

ifia, =fwa, %

1
- Tamn

X |3 V wiwslemet, +ehnernlas
2

—3 Vowlelmel, +etmedlal | . 4.8)
2

It is sufficient for our purposes to solve Eq. (4.8) to first
order in a,,,. We find

a;(t)=a;(0)e + 3Qmn —2% 3 Vowl(emets +etneamde " “VFr i, (1)az(0)
2

—(e3met +etnel e UGy i (Dal(0)], 4.9)
where
(o) —awylt (0] +wyt
—1 e +1
Fp 1 (t)= —, G ()= — (4.10)
kike 01— kika w143
If we use the symmetry relation Fy y,(¢)= —F{ k, (¢) and neglect the zero-point terms and terms O(aZ,), it is easy to ob-
tain

(0]a1(1ax(1)[0)=(0|al(t)a}(t) [0) = —la,, %’vwlwzaklkzme Tt et ety +efmeta]

(0[al(ay()|0)=(0]a,(t)al(z)|0)=0.

The polarization sums in (4.4) and (4.5) can be affected using

z(efm e;n +e;m efn )ellell =28mn _2I€lm ﬁln "2]’(\2m ],(\Zn +§l'§2(}€lm EZn +E2m Eln )

12

and

S (efmedn +e3meln b1bay =€mm€mn (kK ikon +Einka) .

J1i2

(4.11)

(4.12)

(4.13)
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(Elz(t))r=70mn S ©0102(28mn — 2K 1m K10 — 2K 2m Kan + K1 KoK 1n Ko + Ko K1)]

X [lekz(t)e —i(w1+w2)te itky+ky)r C.C.] (4.14)
and
(BXr)), =£§27ﬁ-amn S 01026 1km € (K1 Kan +K1n ko [ Gk, (e mlorteplt itk 0T, (4.15)
which can be transformed into the following integrals (4.16) and (4.17):
12 2t : 2012 29! o’ ) , ’ ,
(E (r))’:Tiﬂ_)(’_am" lim [25,,,V°V'*-2V"V,,V, —2V"*V,,V, +(V-V')(V,, V, +V,,V,)]
r—r
i(k-r+k"r’) . , 317311
% fek+k' (l—e"(k)“k)“)i%,i—kc.c. @.16)
and
2 i(kr+k'r') } )
(Bz(r)>,=——f; ’;f—a,,,n lim (V Vi 4+ ViV =28, V-V) | [ £ P (1—e ~k+KIng 3k g3k tcoc. |, 4.17)
T r—r

where V acts on r and V' acts on r'.
If J(r,r',t) is defined by Eq. (4.18),

ei(k'l’+k'-r')e —ilk+k')ct d3k d3k1

J(r,r,t):f PR P +c.c. ,
(4.18)
the term in small parentheses in Eq. (4.16) is
[J(r,r',0)—J(r,r',t)]. Now
%=—ic1<(r,t)-1<(r',t>+c.c. : 4.19)
where
i wer dk
__- ik-r,, —ikct
K(r,t)*fe e =
21 L =27 s ety . 420)
r r—ct r+ct

Thus, except at t=r/c and r’'/c, 8J /3t is zero and, since

3
J(r,r',0)=0 and Jir,r,0)=T L
rr' (r+r’')
we have
3
Jor =20 _ 1
rr' (r+r')

for t =0 to minimum of r/c, r'/c
=0 for t=maximum of r/c, r'/c to « .

(4.21)

It follows that, except for distribution singularities at
t=r/c,

(E'Yr)), = Eh—f;am,, lim [28,,, V2V'2—2V?V,, V;, —2V'*V,,V, +(V-V'(V,, V, +V,,V,)]
Ir —r

1
X rr'(r+r’)

[1—O6(r—ct)] .

The fourth-order derivatives, together with the limiting
process, are elementary though tedious and we find, again
for all times distinct from r/c when the fields are highly
singular, that

i Qmn
(BA0) == 5 (1380 + T [ 1= O —c1)]
Tr

(4.23)

(4.22)

f

The analogous equations for (B(r)) are

(Bz(r)),z—%amn im (V,, V4V Vs —8,n V- V)
r—r

1
——[1—6(r—ct)
rr’(r+r’)3[ r—et)]

(4.24)

and
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7% amn

(BHn) =~ =7

(Smn _f'\m?n )[1—6(r~—cz)] .
(4.25)

The energy density of the radiation field at the point r,
namely, (#r), is easily obtained by dividing the sum of
the transverse electric and magnetic terms (4.23) and
(4.24) by 8,

#c 38mn +TPm Py
167T2amn r7 [I—G(r—ct)] .

In the limit as t— o0 (4.25) yields the static expression
given by Eq. (1.5) and for t =0 it vanishes everywhere as
expected. The energy density (4.26) at a given point r is
zero as long as t <r/c, and after time r /c attains immedi-
ately the ground-state value. For an isotropic polarization
this ground-state expectation value for the energy density
is that given by Eq. (1.6) for the isotropic-source case.

(4.26)

(7‘[[‘)1:

V. SUMMARY AND CONCLUSIONS

We have considered the problem of the time depen-
dence of the cloud of virtual particles surrounding a
source of a field. This time dependence sets in when the
strength of the coupling between the source and the field
changes with time. We have discussed this problem by
studying three simple examples: a ‘“‘static” point source
whose interaction with a scalar meson-meson field is sud-
denly cut off (source removed at ¢t =0), the same static
source suddenly starting its interaction with the meson
field (source appearing at t =0), and a molecule in its
ground state suddenly starting to interact with the elec-
tromagnetic field. In all three cases the energy density of
the virtual cloud dressing the source (made up of virtual
mesons in the first two cases and of virtual photons in the
third) has a time-dependent shape as a function of the dis-
tance r from the source and tends to the normal ground-

state distribution for the final total Hamiltonian, which in
the first case is the bare vacuum, in the second is the
ground-state Yukawa-like distribution, and in the third is
the ground-state far-field Casimir, van der Waals-like dis-
tribution. The time dependence of the virtual cloud in all
cases is characterized by an expanding sphere of radius
r=ct centered on the position of the source, within which
the cloud is time dependent, and outside which is con-
stant. In the case of the massive scalar field the virtual
distribution of energy density within the sphere readjusts
to its asymptotic value in a time of the order of (#i/mc?)
which can be thought of as the maximum lifetime of a vir-
tual meson. The corresponding readjustment of the virtu-
al photon cloud is instantaneous.

The above results seem to confirm in a qualitative way
Feinberg’s ideas about the nature of the so-called “half-
dressed states” in quantum-field theory,® particularly in
connection with the characteristic times involved in the
establishment of an equilibrium structure in the field sur-
rounding the source, at least in the sense that this regen-
eration time is independent of the source-field coupling
strength in all the cases considered. Moreover, the
present work might provide a quantitative basis for a dis-
cussion of the detection of the virtual field energies during
the regeneration time, thus extending the direct measure-
ments of the asymptotic energies in the electromagnetic
case through the Casimir effect.
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