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We calculate the momentum dependence ofpttmeson self-energy based on the dispersion relation for the
pN scattering amplitudé (w) at low nuclear density. The imaginary part ffw) is determined from the
optical theorem, while the totalN cross section is obtained within the vector dominance model at high energy
and within the resonance model at low energy. Our numerical results indicate a sizable broadening of the
p-meson width in the medium especially for low relative momemtahile the real part of the self-energy
is found to change its sign and to become repulsive already at momenta above 100 Eevédpolating to
nuclear saturation densipg we find a dropping of the mass fop= 0 roughly in line with the QCD sum rule
analysis of Hatsuda while at high energy an increase optimass close to the prediction by Eletsky and loffe
is obtained. However, when including a broadening of the baryonic resonances in the medipaméisen
mass shift ap~0 becomes slightly repulsive, whereas the width increases substantially.
[S0556-28188)03308-1

PACS numbegps): 25.20.Dc, 25.40.Ep

I. INTRODUCTION Eletsky and loffg23]. Our work is organized as follows. In

years(see Refs|1-5]) within the studies on the properties of ga¢ i we present the related dispersion relations and evalu-
hot and _dense nuclear matter. Here, QCD inspired effectivgg thepN scattering amplitude from the-photoproduction
Lagrangian modelfl,4,5 or approaches based on QCD sum ¢oss section at high energy. At low energy we use a reso-
rules[2,3] predict that the masses of the vector mesoafid  nance model to determine theN cross section. The impli-
o should decrease with the nuclear density. On the Othe(ljations for the real and imaginary part of thgneson self-
hand, with a dropping hadron mass the phase space for itshergy at finite nuclear density are presented in Sec. IV
decay decreases, which results in a modification of its widthwhile a summary and discussion of open problems concludes
or lifetime in matter, while due to interactions with the sur- this work in Sec. V.
rounding nuclear medium the resonance width will increase
[6-9]. Il. HADRONIC RESONANCES IN THE NUCLEAR

The in-medium properties of vector mesons have been MEDIUM
addressed experimentally so far by dilepton measurements at o . o
the SPS, both for proton-nucleus and nucleus-nucleus colli- The relativistic form of the wave equation describing the
sions[10-13. As proposed by Lit al. [14], the enhance- propagation of a mesonic resonariRén the nuclear matter
ment in S+ Au reactions compared tp+Au collisions in 1S 9iven as(see, e.g., Ref9))
the invariant mass range =M <0.7 GeV might be due to
a shift of thep meson mass. The microscopic transport stud-

ies in Refs.[15-17 for these systems point in the same whereE2=p2+M§ andp, Mg, andT'g are the momentum,

direction, however, more conventional self-energy effeCtSmass, and width of the resonance, respectively. The optical
cannot be ruled out at the present stay®,18—2Q. Espe- potential then is defined as

cially the p-wave coupling of thep meson to nucleons in-

duces an attractive interaction at low relative mom¢aj U(r)= —4mfrp(0)pn(r), 2
which turns repulsive at large momenta. The explicit mo-

mentum dependence of themeson self-energy thus is an wherefz,(0) is the forwardR N-scattering amplitude angl,
important aspect to be investigated both theoretically ands the nuclear density.

[—V2+ME—iMR[Rr+UN]¥(r)=E>¥(r), (1)

experimentally, e.g., byr~ A reactiong8,9,21,22. It is useful to rewrite Eq(1) in the form
The main goal of this paper is to calculate the explicit
momentum dependence of themeson potential at finite [VZ+p?]W(r)=[U(r)—A]¥(r), (©)]

nuclear densities within a dispersive approach that is based

on the resonance model at low relative momenta of ghe Where

with respect to the nucleon at rest and the vector dominance s o

model at high relative momenta following the suggestion by A=P*—Mg—iMgl'r 4
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is the inverse resonance propagator in the vacuum. The fouwe here address an approach based on dispersion relations
momentumP in Eq. (4) can be defined through the four- using experimental information on the vacuum scattering

momenta of the resonance decay products, i.e.,

P=pitpot-- . ©)

amplitude as input as well as on tpg couplings(cf. Ref.
[25]). Another important point is that Eq&l1) and(13) for
the collisional broadening and mass shift are valid only at
low densities when the resonance-nucleon scattering ampli-

When the resonance decays inside the nucleus of radiy§ye inside the nucleus is the same as in the vacuum. A

R, at densitypy, the propagator has the form

A*=A+47f(0)py=P?>—ME2+iIMETE, (6)
where
ME2=M3—47Ref(0)py, 7

Its spectral function then can be descrilfgda first approxi-
mation) by a Breit-Wigner formulgnonrelativistically as

F(M) ! i 9
27 (M—ME)2+TE%4’

which contains the effects of collisional broadening

Ig=Tg+or (10
with
Ol = yv orNAN s (11)
and a shift of the meson mass
M =Mg+ Mg (12
with
OMR= — yvorNpPNE. (13

discussion of this point will be presented in Sec. Il B explic-
itly.

lll. THE p-NUCLEON SCATTERING AMPLITUDE
IN VACUUM

Within the framework of the vector dominance model
(VDM) the Compton scattering amplitude can be expressed
through thepN, wN, and N scattering amplitudes as

e? % %
Tyn(sit)= a7 Ton(S)+ S Ton(S)+ S Tyn(sit) |,
7p Yo 7(15
(14

whereT,,\(s,t) is the invariant amplitude for the elastic scat-
tering of the transverse polarized vector meson on the
nucleon,e?/4x is the fine-structure constant,y(s,t) is the
invariant Compton scattering amplitude, anf/47=0.55
[26—28. According to experimental datf29] the last 2
terms on the right-hand side of E(L4) including thewN

and ¢N amplitudes can be neglected as compared to the first
term. Then thepN scattering amplitude can be expressed
directly through the Compton amplitude by multiplying the
latter by 4y§/e2; this approach has been adopted by Eletsky
and loffe in Ref[23]. We note, however, that the experimen-
tal Compton scattering amplitude also contains contributions
from the continuum of 2 andn = intermediate states at high
energy such that Eq14) appears questionable. Here we will
adopt the experimental results prphotoproduction instead

In Egs. (11),(13) v is the average resonance velocity with which are more closely related to themeson itselisee Sec.
respect to the target at restjs the associated Lorentz factor, |jj A).

pn is the nuclear density whilegy is the resonance-nucleon

total cross section, and=Re f(0)/Im f(0).

In general, thepN scattering amplitudd (w, #), which
enters into Eqgs(7),(8) for the resonance mass shift and col-

The sign of the resonance mass shift depends on the sigRional broadening can be expressed through the invariant
of the real part of the forwar® N scattering amplitude which = scattering amplitude by

again depends on the momentum of the resonance. For ex-

ample, at low momentgpi~0) various authorgl—4] predict
a decreasing mass of the vector mesene, and¢ with the

nucleon density, whereas Eletsky and loffe have argued re-
cently [23] that the p meson should become heavier in

nuclear matter at momenta of 2—7 GeVIf the ratio « is

m.

TPN(s,t)=87T\/§F:)C' f(w,0), (15)
|

ab

wherep. ., Piap @re the momenta of the incident particle in

small—which is actually the case for the reactions considthe c.m. and laboratory systems, respectively, whiis the
ered because many reaction channels are open—the brozfattering angle in the laboratory frame. Furthermore, the
ening of the resonance will be the main effect. As it wasreal part of the forwarghN scattering amplitude is related to
shown in Ref[24] the account of this effect can also essen-its imaginary part through the dispersion relati@ee Ref.

tially influence the predictions of QCD sum rul¢g,3].

[30])

Therefore it is useful to perform independent calculations for

the real part of theN forward scattering amplitude which

can also be used at low momenta.

Whereas th@-meson spectral function in the nuclear me-

dium has been evaluated in Ref&,18,19 in dynamical

models by considering its2 decay mode and taking into
account the rescattering of pions on nucleons in the medium,

2 2_ .2
Re f(w)=Re F(ag)+ 2“0

+* do'ow'Imf(w’)
<P | i
omin( 02— ) (0'?~ 0?)

. (19
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wherew = w is a subtraction point and,;, is the threshold TABLE |. Properties of baryonic resonances coupled to ghe
energy. The imaginary part of the forward scattering ampli-meson; the subscript on the branching ratios denotes the angular
tude Imf(w), furthermore, is related to the total cross sec-momentum of thep meson while the stars indicate the confidence

tion by the optical theorem level. In our calculations we discard resonances with only one star
C.L.
Piab
Im f(w)= Eatot(w)- (170 Resonance Jz Mg (MeV) T[g(MeV) —Np (%) C.L.
. . S,1(1650 1/2 1659 173 Fokkk
Thus the knowledge of the total cross sectigg(w) is suf- 1 ) $
- . . ; . S;4(2090) 172 1928 414 49 *
ficient to determine Ré(w) through the dispersion relation .
- : “ . ” D,5(1520) 3/2 1524 124 21
(16) once the amplitude is known “experimentally” at the D.(1700) 32 1737 249 13 .
subtraction pointwg. 13
pointo D,4(2080) 3/2 1804 447 26
. . G1/2190) 712 2127 547 29 AAEE
A. The pN total cross section from photoproduction PL(1710) 172 1717 478 3 .
Within the VDM one can express theN scattering am-  p,,(2100)  1/2 1885 113 27 *
plitude not only through the Compton scattering amplitudep,(1720)  3/2 1717 383 87 *
[_Eq. (14)] but also through the amplitude fprphotoproduc-  p_, 3/2 1879 498 44 *rk
tion as F,5(1680) 5/2 1684 139 5,2p  FEx
2 F15(2000)  5/2 1903 494 60,15  *
Tn(SD)= _pT'yN—>pN(Svt)- (18 S3(1620) 12 1672 154 254, >
e S5,(1900) 172 1920 263 533,  ***
Furthermore, theN total cross section can be related to theg?’S(i?go) 3; ; ;76§ 299 8 :
differential cross section of the reactigp— pp as 3((1940) 3 05 60 3
P4(1910)  1/2 1882 239 10 wwrr
2 2 F35(1905)  5/2 1881 327 86 i
v, 64w 1 do.,,_ 35
ip:ﬁ? 5 (ﬁ ijt PP (19  Fs 52 1752 251 22 *
1+ app qp t=0

Hereq, and g, are the c.m. momenta of theN and pN
systems at the same invariant collision enex@ Further-
more, we assume that the ratig,, of the real to imaginary
part of thepN forward scattering amplitude is small. This
assumption is valid at least for energies above 3 G294/
Thus using thep photoproduction data from Reff26—2§
the pN scattering amplitude is fixed at high energy.

work of a resonance modg25,34. In the following we con-
sider thepN forward scattering amplitude being averaged
over thep-meson transverse and longitudinal polarizations.
Experimental information on the baryonic resonances and
their coupling to the meson is available for masses below 2

. . eV. We saturate thgN total cross section at low energies
We note that at higher energies one can calculate the O\, the resonances listed in Table I. For the Breit-Wigner

cross section of theN interaction also vv_|th|n the qua_lrk contribution of each resonance we adopt the approach devel-
model (QM), Where_apN can be expressed in terms of pion- oped by Manley and Salesk35]. In this model the totabN
nucleon cross sections as cross section is given as a function of theneson mass

1 and the invariant collision energys as

=(0-nt o2 N), (20 -

2 Om NTOmN ST (M, VS) i /S)

(s—M3)2+sTE(\s)
(2

(TPON:

(MAB)= —n S (20a+1)
o s)=—
while the N cross sections can be taken from a Regge fit to PN 3q§ R R

the experimental daf@1]. Though the additive quark model

at first sight appears questionable for Goldstone bosons such
as the pions, the cross sectiofy will turn out practically ~ Hereq, denotes the c.m. momentum of th&l system,Jg
the same as in the VDM fop-meson momenta above 2 the spin of the resonanc®)g the pole mass, anfl,,; the

D

GeV/c (see below. total width as a sum over the partial channels. For the case of
an unstable particle in the final channel the partial width has
B. The resonance model combined with VDM to be integrated over the spectral function of this particle.

The energy dependence of the partial widftfy, for the de-
cay of each baryonic resonance into ¢ channel, i.e.R
—pN, is given by

If the VDM were valid at all energies we could calculate
the mass shift and collisional broadening of fheneson in
nuclear matter at low densities by inserting Etg) in Egs.

(7) and (8) from Sec. Il. However, the VDM is expected to \/—

hold only at high energies>2 GeV [32] since at lower I y(VS)=T (M g(_s) 29
. . oN(VS) =T ;n(MR) ) (22)

energies p<1-1.5 GeV) there are a lot of baryonic reso- g(Mg)

nances which couple strongly to the transverse as well as the
longitudinal p mesong33]. Therefore at low energies it is wherel' ,\(Mg) is thepN partial width at the resonance pole
necessary to describe th\ interaction within the frame- Mg, while the functiong(+/s) is determined as
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FIG. 1. The totapN cross section for different invariant masses

of the p meson. At low energy the cross section was obtained
within the resonance model while at high energies it was extrapo-

lated from the quark modd€RQM) (20).

qu(m,)
Vs

In Eq. (23) q,n(m’) is the c.m. momentum of the nucleon
and thep-meson with mass’, B, is a Blatt-Weisskopf bar-
rier penetration factor, denotes the angular momentum of
the pN system, and?, is the spectral function of the me-
son in free space taken as

BZ(g,n)dm’. (23

g(\S) = L\:mNAp(m')

T

r,(m)
™ (m?>—M )2+m2F (m)’

Ap(m)= (24)

whereM ,=770 MeV and the mass-dependent widitj(m)
of the p meson is given by

oM m) 13| 1+ 6%q2_(M
Iy(m)=—- o Sl )} q”;( 2l g
m [q'n'ﬂ'(Mp) 1+52q77_,n,(m)
with §=5.3 (GeVk) * andI'0=150 MeV.
The incoming width in Eq(21) reads
dpn(m) N(MR)
I\(m, ys)=C!% ~=——B?(q g 2MR) o

g(Mg)
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FIG. 2. The totalpp cross section. The solid line shows our
calculation within the resonance mod2ll) while the dashed line is
the result from the quark modéQM) (20). The full circles show
the experimental data extracted frgmphotoproduction while the
squares are from Reff36]. The dotted line indicates the interpola-
tion that will be used further on.

shows the momentum dependence of the tphhlcross sec-
tion according to Eq.(21) for different masses of the
p-meson. At higher momentg(=1.5 GeVk), where the
total cross section is described by the VDM or the Q20),
respectively, we assume that it no longer dependmon

In Fig. 2 we present the prediction of the resonance model
for the totalpN cross section—averaged over themeson
spectral functiorA ,—in comparison with the result from the
guark model20) (QM, dashed ling The solid circles in Fig.
2 show the totapp cross section obtained by E(L9) and
the experimental forwarg-photoproduction data from Refs.
[26-28. Furthermore, the squares in Fig. dor p,
=10 GeVk) show thepN cross section extracted from the
reactiony+d— p°+d independently of the VDM36]. As
mentioned before, the results for the total cross section of the
pN interaction calculated within the framework of the quark
model and the VDM are in fair agreement at momenta above
2 GeVk. The dotted line in Fig. 2 shows the interpolation
between the low- and high-energy parts of the tpfalcross
section which we will adopt further on in E(L7).

In order to compute the real part of the amplitude we use
the dispersion relatio16) and perform the substraction at

=4.46 GeV since at this energy Réw,) was calculated

where C,\ denotes the appropriate Clebsch-Gordan coeffiwith the VDM from the p-meson photoproduction differen-

cient for the coupling of the isospins pfand nucleon to the

tial cross section measured by DESY-M[B7] and the

isospinlg of the resonance. The properties of the baryonicDaresbury groud38]. We note that the VDM should be

resonances coupled to the are listed in Table [; in the

valid at the energy of 4.46 GeV such that the subtraction

following calculations we exclude the resonances with onlypoint is no hidden parameter in our approach. Since the reso-

one star confidence level.

Within the resonance model we can evaluate the jaithl
cross section as the function of two variables: ghemomen-
tum and the invariant mass of the p meson. Figure 1

nance model is also valid below theN threshold, thep
contribution in this case is calculated as an integral over the
available invariant mass of them2system.

The real and imaginary parts of thi,y amplitude—
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FIG. 4. The totalpp cross section and the real part of thi
scattering amplitude in free space as a function of the momentum
The solid lines show our calculations with the topdll cross
ion while the dashed lines indicate the results with the cross
section from the quark modé€20), only. The squares are evaluated
from the experimental data far-meson photoproduction.
calculated with the totgbN cross section averaged over the
p-meson spectral function in free spa@—are shown in Fig. 6 calculated at saturation densipg~0.16 fm 3
Fig. 3. The imaginary part corresponds to the teRICross  yjth the averagedpN cross section from the resonance
section from Fig. 2 using the dashed line as an interpolationyggel as described above. The upper part of Fig. 6 also
Whereas the real part Rgy is negative at high momentum, spows the recent result from Hatsu®®] calculated within

it changes sign g1,~100 MeV/c. This behavior of the real the QCD sum rule approach at= m, by the full dot. Our
part for thef,\ amplitude has its origin in the resonance

contribution at low energies. To illustrate this point we
present in Fig. 4 Ré \ neglecting the part of theN cross Real fa
section from the resonance model. In fact, in this case the = 2 . m,=300 MeV 2 E m,=500 MeV
real part does not change its sign and remains negative over s« ik
the whole momentum range. :
Furthermore, Fig. 5 shows the real part of the forwakd s ok
scattering amplitude calculated for the different masses of ;
the two-pion systenm coupled to thep meson. We find that -1 F
Re f \ substantially depends on themeson mass as well as ;

FIG. 3. Real and imaginary part of theN scattering amplitude
in free space from the calculatiorisolid lineg. The circles and D,.
squares are the results evaluated from the experimental data fgéct
p-meson photoproduction.

on momentum. Note that the dip fp,=1 GeV/c is due to ~2 f i

our interpolation between the low- and high-energy regions -3 T R B -3 F ol
and thus an artifact of our model which should be discarded. 107" 1 10 1
We also have to mention that the magnitude of gh@eson 'c 2t m,=700 MeV 2L m,=900 MeV
momentum, where the real part of the forwaid scattering = 4 1k

amplitude changes its sign, depends on the prescription for !
the transition between the resonance and the high-energy «* o F
part of the total cross section, which is actually model de- s
pendent, and estimate this uncertainty a8p,= -1 E
+30 MeV/c.

-3 :“.u.l MEEETTTT T -3 :uuuul Ll
IV. MASS SHIFT AND BROADENING OF THE p MESON ! !

10 1 10 1
IN THE NUCLEAR MEDIUM P, [GeV/c] p, [GeV/c)

In the low density approximation one now can express the FiG. 5. The real part of theN scattering amplitude in free
correction of thep-meson mass and width at finite nuclear space calculated for different masses of thmeson. The squares
densitypy throughf ,\ using Eqgs(7) and(8). We show the  are evaluated from the experimental datageneson photoproduc-
corresponding results for the mass and width ofgheeson  tion.
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FIG. 6. Mass and width of the meson atpy=0.16 fm 3 FIG. 7. The totalpN cross section and the real part of thi

according to our model in the low density approximation. The full scattering amplitude calculated for different widths of the baryonic

dot corresponds to the result from Hatsy@8] within the QCD resonances. The factarindicates the ratio of the in-medium reso-
sum rule approach. nance width to its vacuum width.

result for sm in the low density approximation is in agree- [6,44] this might be explained by a strong in-medium broad-
ment with this calculation fop,~ 0. Note that the QCD ening of theD;5(1520) resonancel{(e~300 MeV com-
sum rule analysis is also limited to low nuclear densities dugared to the vacuum widthg=120 MeV), but not by con-
to the unknown behavior of the quark four-point condensategentional medium effects such as Fermi motion or Pauli
in the medium. At high momenta=2 GeV/c our result is  blocking. While a collision broadening of this order is hard
also in qualitative agreement with the VDM predictions for to justify, it might arise from the strong coupling of tie 5
the mass shift as found by Eletsky and Ioff23]. In their  resonance to theN channel and a medium modification of
case thep mass shift increases from 60 MeV g, the p meson[34]. Furthermore, in Ref[40] it has been
=2 GeV/c to 90 MeV at 7 GeW, whereas our analysis shown that such a mechanism can lead to an in-medium
gives a shift of=70 MeV at 2 GeV¢ and=120 MeV at 7  width of theD5(1520) resonance of about 350 MeV.
GeVlc. The deviations with the results from RgR3] are To estimate how the latter effect influences our results we
due to the use of thp-photoproduction amplituded.9) in- have performed also calculations for the in-medipiish total
stead of the Compton scattering amplitudd) used by the cross section by assuming that at normal nuclear density the
latter authors. widths of all resonances—coupled to tp&l channel—are
Thus, if the low density approximation could be extrapo-twice as in the vacuum, but theiN branching ratios stay
lated up topg, our model would demonstrate that the repul-the same. This in-mediupN cross section then was used in
sive interaction of thep meson at high momenta might be the dispersion relation for the calculation of the in-medium
consistent with an attractiveN interaction at low energies. real part of thepN forward scattering amplitude.
However, as it was shown in R¢R24], the effect of the finite The results of these calculations are shown in Fig. 7 for
p width can essentially influence the predictions of QCDthe totalpp cross section and the real part of the forward
sum rules[2,3]. Furthermore, recent microscopic calcula- scattering amplitude calculated with different widths of all
tions of thep-spectral function at low energies do not show baryonic resonances. The facterin Fig. 7 stands for the
any substantial attraction for slow mesons at normal ratio of the in-medium width of the baryonic resonance to its
nuclear density5,40]. value in free space. We see that the higher order resonance
It is thus important to check if the results obtained within broadening effects have a strong influence ondhescat-
the low density approximation are still valid at normal tering amplitude in the resonance region. The total cross sec-
nuclear densityp,. Up to now in calculating the mass shift tion becomes smoother at low energy and as a result the real
and broadening of the width for themeson(shown in Fig.  part of f ,\(0) does not change sign anymore with decreas-
6) we have used the vacuupN scattering amplitude with ing p,. At small p, it remains negative, which means that
resonance contributions which, however, might be differenthe main medium effect for the meson at normal nuclear
in nuclear matter. An indication for a possible strong me-density is the collisional broadening; the mass shift is
dium modification of baryonic resonances is the experimenslightly repulsive. This result is in qualitative agreement with
tal observation that the total photoabsorption cross section irecent calculations of thg-meson spectral function at low
nuclei for A=12 does not show any resonant structure ex-energies from Refd.5,18,40. However, a note of caution
cept theA(1232) isobaf41-43. As was shown in Refs. has to be added here because the predictions within the reso-
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nance model are only of qualitative nature. The properties obther due to the rather strong momentum dependence of the
nuclear resonances as well as their branching tptbhan-  pN scattering amplitude.
nel in the dense medium are unknown so far. Furthermore, However, the resonance part of thdl scattering ampli-
the influence of exchange-current corrections at high densitjude is also influenced by the nuclear medium at saturation
on thep-meson properties should be considered as well.  density such that the moderate attractiop a0 changes to
a small repulsion. This behavior of themeson self-energy
V. CONCLUSIONS is in qualitative agreement with the recent microscopic cal-
culations of Rapp, Chanfray, and Wambdd,19 as well
In summary, we have calculated the momentum depenyg kiing| et al. [5] for the p spectral function. In the latter
dence of thep-meson self-energgor in-medium properti®s  case thep meson essentially broadens significantly in the
based on the dispersion relatiéb6) for the pN scattering  gense medium which implies lifetimes of theneson of less
amplitude at finitgbut smal) nuclear density. The imaginary inan 1 fme already at densitp,; in simple words, according
part of f(w) is calculated via the optical theorefh?) while 5 oyr dispersion approach the meson “melts” at high
the total pN cross section is obtained within the VDM at  clear density and does not “drop in mass” as suggested
high energy and within the resonance model at low energyhy the scaling hypothesis of RdfL]. We note, finally, that
The_ scattering amplitud&(w) t_hus is entire_ly t_)ased on €X- the explicit momentum dependence of themeson self-
perimental data. Our numerical results indicate a sizabl@nergy is also an important issue that has to be incorporated,
broadening of the-meson width in the medium especially ¢ ¢ “in transport theories that attempt to extract information

for low relative momentg, . In the low density approxima- on the p spectral function in comparison to experimental
tion the real part of its self-energy is found to be attractlved“epton data.

for p,<100 MeV/c and to change its sign, becoming repul-

sive at higher momenta in line with the prgd|ct|on by_ EIerky ACKNOWLEDGMENTS

and Joffe[23]. Extrapolating the low density approximation

to nuclear saturation density we obtain a dropping of ghe The authors acknowledge many helpful discussions with
mass atp,~ 0 in line with the QCD sum rule analysis of K. Boreskov, E. L. Bratkovskaya, B. L. loffe, U. Mosel, and
Hatsuda[39]. Thus our dispersion approach demonstratesyu. Simonov throughout this study. This work was sup-
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