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THE RENORMALIZATION OF SINGLE-PARTICLE STATES
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Abstract: The single-particle states are renormalized by taking into account the emission and subsequent
absorption of a phonon to all orders of perturbation theory. The Ward identity provides a useful
normalization condition to the new dressed excitations. Other orthonormalization properties are
interpreted in terms of anticommutation and energy weighted sum rules. A two-level model with
a monopole phonon is treated in detail as an example.

1. Introduction

The many-fermion problem may be solved, in principle, through the application
of the Feynman-Goldstone graphical perturbative expansion !). In this procedure,
initial and final states are antisymmetrized products of single-particle states. A
particularly relevant result of this method is the derivation of collective states by
adding up a subset of diagrams, which represents consecutive irreducible interactions
between the same pair of fermion lines. The existence of these collective excitations
is an essential feature of the nuclear spectrum. The inclusion of these excitations as
building blocks is both éonceptually and practically advantageous 2), in spite of the
fact that the basic set of states becomes overcomplete. This overcompletness, however,
can be systematically eliminated through the application of the nuclear field theory
(NFT) rules %)

In the present paper, we also add up an infinite subset of diagrams, in order to
obtain renormalized fermion lines. In principle, this is a generalization of the earlier
summation which is implied by the inclusion of Hartree-Fock contributions !)
in the definition of the single-particle states. In the present case, the added diagrams
describe successive interactions of a fermion line with a phonon. Therefore, the
fermion lines become “dressed” lines. These dressed fermion lines constitute new
building blocks of the nuclear spectrum. The overcompletness implied by this basis
can be treated according to the NFT rules **). Thus, the present paper is a generaliza-
tion of the NFT (which treates composite particle-hole states in terms of elementary

! Fellow of the Consejo Nacional de Investigaciones Cientificas y Técnicas.
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bosons) to the case in which the mixture of particle and particle-boson excitations
are treated in terms of elementary fermion modes.

Application of the techniques which are developed in the present paper may allow
the following:

(i) To simplify the graphical perturbation expansion *#), since the subset of
diagrams differing by the successive interaction of a single-fermion line with a
boson is reduced to a single diagram.

(i) To obtain a relation between “bare” and “dressed” single-nuclear states
(i.e. between theoretical and experimental energies). This object is similar to the one
in ref. ). However, both the procedure and the effects which are taken into account
are different in the present case.

(iii) To go beyond the lowest order of perturbation theory in treating the influence
of the particle-phonon interaction on the properties of single-particle states [see,
for instance, the studies on the Pb region 2:>~7)].

2. Procedure

In the propagation of a fermion line, we take into account those processes in which
the fermion emits and consecutively absorbs a phonon (fig. 1).
The Dyson equation corresponding to these processes is

Glj,t' —1) = Gue(j, ' =)o, — Z A*(jp, n)A(gp, n) Jdtdr/GHF(j, T—1)

pqn
X GHF(p7 T— r)GB(na T'— T)G(lqs t'— T,)’ (1)
where

G(lj, 1) = <0IT{cft)c] (0)}10> = Y. <Oleay{alc; 10> exp (—iE,1o(r)

= 2 <0le; Iry<rlcj0) exp (—iENH(—1)  (2)

is the propagation of a dressed fermion line, and

Gye(j, 1) = (1—n)) exp (—ig;t)0(t) —n; exp(—iajt)é)(——t), 3)
Gg(n, t) = exp (— iw,)0(t)+exp (iw,)0(—1)

are the propagators of a bare fermion (in the Hartree-Fock approximation) and
of a phonon, respectively. The particle-phonon vertices are denoted by A(jp, n),

A*(pj, n) = A(jp, n), 4)

where the labels (j, p) denote the fermion lines leaving and entering the vertex respec-
tively (see fig. 4).
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The intermediate states |a), |[r) correspond to systems with one particle added
and one particle removed from the closed shell, respectively. In the limit in which
these states are of independent-particle type, the “dressed” propagator G(lj, t) tends
to the bare propagator J,Gye(j, t) and the energies E,, E, of the intermediate states
reduce to the single-particle energies ¢;:

E, = E(A+1)—-EyA4) - ¢, k above the Fermi surface,

E = EJ(A)~E(A-1)— g, i below the Fermi surface.

A set of diagrams in which an interior fermion line emits and subsequently absorbs
a phonon (this process being repeated any number of times) has to be replaced by a
single diagram with a dressed fermion line. This line is represented by a straight line
with two arrows pointing upwards (downwards) if it corresponds to addition (removal)
states. The line is labelled by an initial j and a final I single-particle quantum number

VD v Vi vin

X-=q, X-—1) Xmmmm e ===
k3 n,

L. K n,A...,Z "“'=Z da
n,k n; , ki " a '

j j
x=d) Xew Xe— n1 jra—
Vi(j) v(j) v(j) j v(j)

v V;(P)<_o|t_:!lu> W'(a)

e iy X-----1 X-——— .
v(j) V (j)<alcjlo> W ()

Fig. 1. The propagation of a fermion line, taking into account the successive emission and absorption of
a phonon.

(which may correspond either to states above or below the Fermi level). It includes
a summation over the number a (r), indicating the intermediate state (see fig. 1).
The line is created at the vertex ' V(j) and annihilated at V'(J).
In the calculation of a given diagram one sums over the three quantum numbers
J» 1, a (r). By performing first the /, j summation, one is left with diagrams where the

! This vertex depends as well on the quantum numbers corresponding to the other lines arriving to the
same point. They are omitted since they are not relevant to the following discussion.
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dressed fermion is labelled only by the quantum numbers a (r) and is coupled through

the vertices: _ .
=Y V(j)alc;10>,
j

(5)
= V'({Olcjla>.
i

Thus it is convenient to replace the (j/) dressed fermion lines by those labeiled by
a (r) which have a single pole in the propagator at the energy E, and are coupled
through (5).

The use of the fermions a (r) instead of the fermions (I, j) as external lines is con-
sistent with the NFT rule *) stating that initial and final states involve the phonons
(i.e., the states which are associated with the poles of the particle-hole propagator)
and not the particle-hole unperturbed states.

The vertices corresponding to the one-particle creation and annihilation operators
are given by the amplitudes <alc;|0) and (rlc;|0), respectively. The state j may be
either above or below the Fermi level. The processes implied in these amplitudes are
discussed in connection with the examples treated in sect. 3 (see figs. 6 and 7).

We proceed now to calculate the energies E,, E, and the amplitudes {alc][0},
¢rlc;/0>. The usual time integrations and Fourier transforms yield the equation

0 0 !
z < ICI|Z><Z*|CJ 10> 511 " i Z A*(jp, n)A(gp, n)

a — Fa j pan

X ((1 —np)[ 1—n (Z Olejlay<ale] 10> LY <0|c;|r><r|c,|0>>

(e;,— w Nk —g;) g,—E, . g;—E,
L (e )
(sjp—w")(l\—b —w) E —&,—, - E,—gp——w"

g, dowen ]
. (k—EXE,—¢e)E,—¢,—w,)

Cd=m, (< Olefad{ale] 10 <0|c;|r><r|c,|0>>
+ "|:(.sjp+a)n)(k—sj)<Z g,—E + Z e.—F

a r J r

(6)

Olcjlay<ale] 10

+y {0lcjjad<ale 10> )
T (k—E)NE,—eXE,+w,—¢,)

where ¢;, = ¢;,—¢,, and a similar expression for the removal part.

At the poles k = E_, E,, the following homogeneous equations have to be satisfied:

1—
(E,—&)ale; [0 = ¥ A*(jp, n)A(gp, )<a|c+|o>< e )

pan -0, E,—¢to,

1—
(E,—&;}<0lc] Ir> = ). A*(jp, mAlqp, n)<0|6*lr>< B " > (7
4

pan —&,— E, —¢,+tw,
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Hence the energies E,, E, are given by the roots of the determinantal equation

0 = det ((Sj—E)éjﬁ ZA*(jp,mA(qp,n)(E_l"”" b )) ®)

o ¢g,—0w, E—¢to,

Thus, apparently, both the addition and removal states have the same energy.
This statement is obviously wrong. Eq. (8) can be reconciled with the correct results
by noting that for a given pole E, either {a(E)|c]|0> or {r(E)c;J0) vanish for all j.
A convenient procedure which may be used to distinguish between addition and
removal roots is the prescription given by Martin and Schwinger ). Through a
suitable definition of the zero of the single-particle energy, the addition poles E,
are positive, while the removal poles E, are negative.

At the poles k = ¢, (6) yields

. 1—n n
3, =Y. A*(jp, ) A(gp, n) <£ e >
pj

pan +w, €pj— Wy

y (Z <0IC,1I:.>~<;1;IC,,+ 0> iy <0lcq+8 Ifiglczl0>>‘ ©)

r

Finally, at the poles k = ¢,+w, and k = ¢,—w, one obtains, respectively,

—(- )Z *(jp, n)A(gp, n) I:Z Olc|ay<ale, 10> ‘Y <0|c;|r><r|c,|0>] ,

£yt w, E,~¢—w E,—~¢,—o

a n r n

(10)

ny A*(jp, n)Algp, n) [Z {0lejlad<aley 10> Ly {0l |r><r|CzI0>:|.

€y — W, . E,—¢+ta, E —¢,+w,

r

Egs. (9) and (10) may be elaborated as follows: adding the last two equations and
summing over p and 7 one obtains

0 =3 A*(jp,n)Algp, n (Z {Ofc,|a><ale; [0) [ .l

pan (epj+ W XE, —&,—®,)

n 1—n

T ey 0ME s, o )} " ;«!'cq |’><r|c,|0>[ ,

n (apj+wn)(Er_8p_wn)

nP
¥ (Epj_wn)(Er_8p+w"):|> ) (11) -

The summation of egs. (9) and (11) and the application of egs. (7) yield

5 OlelaXale] 03 ( 1=m, _ n,
a g;—E, &p—Etw, ¢,—E —o,

+Z<0IC,,‘“Ir><rICII0>< 1-n, LM >>
" g;—E, &—E+o, e,—E -,

= 2. Olejad<ale; 10>+ Y <Olc Ir><rlef0). (12)

dy = Y. A*(jp, ) Algp, n) (

pan
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Therefore, one obtains the familiar one-particle sum rule

{O{c, ¢] }0> =6, ;. (13)

One obtains another familiar sum rule ) by adding the two egs. (10) and using
again eq. (7),

1—n n
— A* . S A , 0 + 0 p P
0 g (jp, n)Algp, n) [Z< ledad<ale] | >(Ea_8p_w" + Ea—£p+w,,>

1—
+Z<0|c;|r><r|c,|0><E_ oy T )]

¢g,—w, E—¢+o,

=Y (Olcjay<alc] |OME, —&)+ Y Olc] [r)<ric|OXE, —¢)).
This condition is of the form

0, = 3, E,(Olclay{ale] 10>+ Y E,LOlc] [r>{rlc)0), (14)

which expresses the conservation of the energy weighted sum rule for the one-body
transfer processes. In ref. ), eq. (14) was predicted to hold for the present phonon-
particle coupling model in which no four-point vertices are present in the bare
fermion line.

Fig. 2. The vertices of the number operator and the graphical representation of the matrix element of
this operator between dressed states.
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The normalization conditions (12) imply a summation over all the roots a, r and,
therefore, they are cumbersome to use since usually one is interested in a few states.

Alternatively, a normalization condition is obtained by requiring the states |a)
and |r) to be eigenfunctions of the operator corresponding to the number of particles,
with eigenvalues 1 and — 1, respectively. This is contained in the Ward ') or Ward-
Pitaerskii ') identity " which states that the electron self-energy and vertex corrections
mutually cancel in the limit of low momentum transfer. The limit occurs in a spherical
shell model system for a monopole operator with constant matrix elements (i.e.,
the number of particle operator).

The bare vertices of the number operator are given in figs. 2a and b. The sum of
the three graphs of figs. 2c—e implies the orthonormalization condition:

(2 A*(pj, n)ale 10X Alpi, n)<Olcla’>)
_ + ’ J J
Saar = Z Calef10><0lc la’> + z T Tpr— (1—n,)
(2 AGP, m)<ale ] 105), A*(jp, n)<Olela’>)

+ ¥ J X 15
N Ty [ rarery e N L

(2 A*(jp, nKrlc|OXNE ACjp. n)XOle ')
O, = ;<rlcj10><0|6,~ Ir'>+ ,,Z E, e+ woXE, —5,+ ) n,

(X Alpi> n)<rle,05)Y A*(pj, m<0le] 1))

+ 2 (1=n)~

(E,—e,—w,E,. —¢,—,) (155)

-] (B) ) (D) (=]

Fig. 3. The particle-phonon spurious states. Diagram (A) is the correct one representing the population
of the final state via the one-body stripping. Diagrams (B) and (C) correspond to the population of the
spurious state and their sum cancels as the sum of the energy diagrams (D) and (E).

The present procedure mixes a bare fermion with a bare fermion plus boson state,
but it is not symmetrical in these unperturbed states. We may replace any internal
bare fermion line by a dressed fermion line (and we thus take into account a whole
subset of higher order graphs). Those graphs in which the particle and the phonon

' The application of this identity to the nuclear spectrum has been recently discussed by Paar *°).
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start and end at the same point (without interacting with the remaining lines) have
to be disregarded. This is analogous to the rule of the NFT eliminating diagrams
containing bubbles.

In the case of external lines, not only the bare fermion lines but also the (bare
particle + phonon) lines disappear (if both the particle and the phonon join the
_ remaining part of the diagram at the same point). This is again analogous to another
NFT rule, which eliminates particle-hole pairs that may be replaced by a phonon
from the initial or final states. For instance, both diagrams 3a and 3b+ 3c represent
essentially the same process if the root a in fig. 3a represents a predominantly
particle-phonon state. The correct diagram to use is 3a. Diagrams 3b and 3c have to
be disregarded because of the rule mentioned above. However, it is interesting to note
that its contribution vanishes,

Ik,
+ X COk7<rieio) % _o,

E
(16)

Ik,
Chorlef 10> = 3 <0|c,1a><a|c+|0>—(—"—

Vl r

according to eq. (10).

Within the present formalism, the particle-phonon state is spurious and thus
improper as initial or final state. As befits a spurious state, its energy is the unperturbed
energy and its amplitude vanishes [cf. ref. !!)]. The first part of the last statement is
easily verified, since the only possible diagrammatic contributions are given in
figs. 3d and 3e:

{0lc,lay<ale;’10)
g & g+ ,— Ea

€0jc; Ir><rlc,|0>
.+_ _—
z & +(U" Er

E =g +w,+ Y A*Gk n)A(lk, n)[
i

]— &+, (17)

r

[cf. again eq. (10)].
The square of the amplitude of the unperturbed state in the final state is given by

the derivative of the final energy E with respect to the unperturbed energy !?):
dE
X¥k,ny=——-=0, 18
©m= 4o+ o
which yields the normalization condition
, {0jejlad{alc;" 0> {0le; [r><rlel0)
1 =Y A*jk, n)A(lk, n J d 19
AT A )[§ Gto—ER = Gro,ER | "

Eq. (9) expresses the normalization condition for fixed particle states (j,j); the
Ward identity yields the normalization condition for a particular dressed state
(la>, |r>). Finally, eq. (19) is a normalization condition corresponding to a fixed
particle-phonon state |k, n.
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3. Application to the monopole model

We assume that only one monopole phonon is present and that particles move
in two levels which are labelled by the quantum number 6 (¢ = lor o = —1 = 1).
The two levels have the same degeneracy 2Q and they are separated by the distance
¢ (g, = 30¢). Within each level, the single-particle states are characterized by the

quantum number m. The particle-phonon vertices are given in fig. 4.

(A) (B) (C) {D)
?
a2 ~<
n n
Alik,n) A (2k,n)
n
I3
k
(E) (F) (G) (H)

Fig. 4. The particle-phonon vertices. In the case of the monopole interaction the vertices (a) and (f)
have the value — A4,, the vertices (b) and (e), —A: and the remaining vertices, — A,. In this figure the
labelsk./(h, i)denote states above (below)the Fermi level.

In the present case, there is a determinantal equation (8) for each m. Since this
equation is the same for all values of m, we drop this subindex. We obtain

S E+ A? AR 24,A 3+ w)
2 E-w—3¢ E+ow+ie E*—(e+w)?
0= ) 5 (20
24,4Ge+w A A?
b (2 ) —%8—E+ b s

—_ +
E*—(3e+w)? E-w—3 E+ow+ie

We first consider the case in which there are no scattering vertices (4, = 0). The

determinantal equation separates into two equations, corresponding to the upper

and lower single-particle levels, respectively:
1 = ALE+w+1eNE—1e) = F,(E),
(21)
1 = ALNE —w—LeNE+1e) = F5(E).

The functions F(E) are plotted in fig. 5 as a function of E. The intersections with
the horizontal line at y = 1 determine the eigenvalues E (o) and E,(c). Each of the
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g 5. Graphical representation of the dispersion equations (21). The parameters of the drawing are
=54, =04} = A* = x}/8Qw, w = \/T—x, x = 0.7and ¢ = 1. The intersections determining the
roots are encircled.

two equations has a positive and a negative root, corresponding to the.addition and
to the removal of a particle, respectively. These roots are

E() = -E() = —3w-4),
E() = —E(1) = —3(w+4),

(22)

where
A= [(s+w)2+4A§]’~'. (23)

Since there is only one addition (removal) solution for each of the egs. (21), the
addition (removal) states |a,) (|r,>) can be distinguished by the label o.

The existence of only diagonal terms in the determinantal equation insures the
vanishing of the cross amplitudes

Ca,lez 05 = <r,le;l0) = 0. 24
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The absolute value ' of the residues are determined through the normalization
conditions (13) and (15). These equations are

I = Kagle; 10317+ Kr,le 10>,

(25)
Loe = EL0)Ka,lc] 10512 + E(0)Kr,lc, 0512,
which yield the values
1 et
Kalet 1031* = KrileslOd)* = 2(1+ T)
(26)

Krilei 01 = Karlef 012 = ;(1 - ”7“’>

The inclusion of backwards correlations is made through the coupling of the
creation of a particle state with energy 3¢ and the annihilation of a hole-phonon
state with (negative) energy —jeé—w (alternatively a hole state of energy ie+w).
This is similar to what happens in the usual RPA solution for particle-hole and

9
X--— X--—- X +..z <aziCYio>
+ + + 1™
CT Cq 3 C3 3

r 1

1 -
X-=== = X-—-- + X-—-- + X-—= +..= <rjiCylo>
Cy Cy Cy €3

Fig. 6. The amplitudes for the creation and annihilation of one particle in a state below the Fermi level
and the corresponding series of diagrams using bare fermion lines.

hole-particle amplitudes. It can be interpreted in terms of a summation of an infinite
number of diagrams. As a consequence of this coupling, by acting with the operator
ci on the ground state of the closed shell system one can create a particle in the level
below and thus populate the particle-phonon state (fig. 6). The destruction of a
particle is also renormalized by backward correlations (see fig. 6). These two processes
are measured by the spectroscopic factors (26).

! In the present case, each state la,>, Ir,> is connected through a single matrix element of the one-body
transfer operators with the closed-shell system |0). Consequently, the phase of these non-vanishing matrix
elements cannot be determined.
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We note that in the present fermion case, the sum of the square of the amplitudes
is one [eq. (12)]. This is unlike the RPA case in which the squares of the backwards
amplitudes have to be subtracted in the normalization procedure.

We have used the normalization conditions corresponding to the fermion and the
energy weighted sum rules in order to determine the square of the amplitudes. It is
instructive to verify that the normalization conditions (15) and (19) are also satisfied,
as they should.

If a =d = a, (a, = lowest addition root), then j = 1 and the intermediate state
p = lineq.(15a)(since no scattering vertices are allowed). In such case, only diagrams
2c and 2e contribute to the matrix element of the number operator, namely

{ayINla;> = {a,lef [0)*[1+ ALE, —&; + w)?]. 27

The factor within brackets may be elaborated by using the dispersion eq. (21) and
the expression for the root E, given in eq. (22):

A2 E, —¢, 24
1+ 3 = 1+ 1 = ,
(E, —&1+w) E, —¢s+t0wo d+eto

(28)

which is the inverse of the square of the amplitude [Ka,|c; |0>|? according to (26).
Thus, the Ward identity is satisfied.

If a = a' = a,, then the intermediate state p is a particle and only diagrams 2a
contribute and a similar verification is obtained.

The condition (19) reads

_ |« Oleslad<alet [0) {Olef [r><rlesl0> ],
l-_[z (81+w_Ea)2 +Z (81+w_Er)2 ]Ab

a r

. <<0|C'1|a“1><01|0ﬂ0> +<0|0f1r1><r1|07|0>>_ (29)

(e, +w— Ea(T))z (e, +w— Er(T))Z

The case with only scattering vertices present (4 = A, = 0) can also be easily
treated, since the determinant again becomes diagonal. In this case, the single-particle
is mixed with the particle-phonon state.

If both backwards and scattering vertices are present, the determinantal equation
is quadratic in E2, the roots being

= 3[3e* +Ge + @) + 247 + AD] 3, 50)
0’ = 0¥e+w)? +44He+ w)? + 442w

There are again four roots, the two positive ones corresponding to addition states
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and the two negative ones, to removal states. These energies are

A? A?
E(l) = —E(1) = %+ [ b i] +0(4%,
e+ w w

AZ 2

E()= —EQ) =ie+o+ ["—-+ —5] +0(A4%).
e+ w w

Egs. (7) yield the ratio between the amplitudes
ajley10>/<ac5 10> and (Olc, |r>/<0lcF Ir).

Using the ratios, plus the normalization conditions (12) and (14), one obtains the
amplitudes

2

A A
Caylef 10y = <{ryles|0> = 1_%[552 + (8—+:7)5] +0(4%),

aylef 10y = <ryleil0> = Afew+O(A%),

2
(aylet i) = <ryle,05 = — A, — =22 4O,
ew(e+ w)
(@ylet 10> = (ryleyl0> = Ayle+w)+O(A?), (32)

where the phases in the first two lines have been arbitrarily chosen.

4. The particle-phonon interaction in NFT

The present techniques associated with the treatment of the particle-phonon
interaction are independent of the origin of the phonon. However, if the phonons

! j ] J
—— —_ o]

Fig. 7. Corrections to eq. (1) when the exchange terms of the two-body interaction are included in the
definition of the boson.
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are only formally independent from the fermion degree of freedom (as in NFT),
and if both direct and exchange components of the two-body interaction have been
used in the defmition of the boson, the kernel (1) has to be supplemented with a
(negative) contribution representing the propagation of a free two-particle one-hole
triplet between the times 1 and t’ [see ref. *)] as shown in fig. 7.

5. Conclusions

The processes in which a fermion consecutively emits and absorbs a phonon may
be easily taken into account in all orders of perturbation theory. The resultant
energies are obtained by solving the eigenvalue eq. (8). The amplitudes of the bare
single-particle states in the dressed states are used to renormalize the vertices. Their
relative values are obtained from the homogeneous eq. (7); their absolute value may
be derived from the normalization condition (9), which, together with egs. (10) imply
the validity of the anticommutation and energy weighted sum rules. An alternative
(and probably more useful) method to normalize the states is obtained through
application of the Ward identity.

As an example, the simple but meaningful case of particles moving in two levels
and interacting with a monopole phonon has been treated in detail.

(A) (B)

Fig. 8. The Q2 processes due to the particle-phonon interaction.

In the present paper, only the simplest kernel involving the particle-phonon
interaction has been considered. More complicated processes, such as those shown
in fig. 8, may be taken into account by including the corresponding kernels in the
Dyson equation (1). The techniques described in the present paper can be applied
as well. However, even if only the kernel (1) is included, it is still advantageous
to use the renormalized fermions (1), in spite of the fact that the lowest order graphs
associated with the kernels of fig. 8 are of the same order as those arising from the
second iteration in eq. (1)

The use of the Ward-Pitaerskii identity for normalizing dressed states can also
be applied in a more general framework than the one dealt with in this paper.
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The problems arising from the overcompletness of the basis was found to have
the same solution as in the ordinary NFT !!). Spurious states have the same energy
as the unperturbed ones and cannot be populated in any physical process.

In the application of the NFT, the expansion parameter is taken to be 2!, where
Q is the number of single-particle states which effectively contribute to the collective
phonons. Calculations to first order in this parameter have been succesful in the Pb
region. Around other doubly magic nuclei, however, the j-subshells have a smaller
degeneracy, and an expansion to order Q72 may be required. A straightforward
application of the present summation eliminates a large number of the corresponding
diagrams, which otherwise becomes prohibitively too large. Inclusion of the process
of fig. 8 in the definition of the dressed fermions would only yield contributions of
order 73,

The other main advantage of the use of the renormalized fermions (1) is to avoid
the shortcomings inherent to the lowest order of the Rayleigh-Schrodinger perturba-
tion theory.

Discussions with Dr. R. J. Liotta have stimulated this work.
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