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There exist several ways of expressing the difference E, — Eq, of the
ground-state energies of the complete Hamiltonian H = Hy+ Viy and of its
free part Hy. Most of them can be used to generate systematic perturbative
expansions of F. In advanced applications to many-body quantum theory,
the successive terms of these expansions are usually visualized in terms of
diagrams (Goldstone diagrams, Feynman diagrams) and easily evaluated.
Here, we recall these methods, discuss their foundations, and show how
their working and their graphical representation can be simply introduced
to the beginners on the harmonic oscillator example. In doing this, we
will also clarify a delicate point in computing the corrections using the
Goldstone diagrams which is somewhat misleadingly presented in textbooks
like the one of Fetter and Walecka.
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1. Introduction

In typical problems of quantum mechanics, the time-independent Hamil-
tonian H of the system under considerations splits into a “free” part Hy and
a perturbation Vi and one wants to determine the eigenvalues of H com-
puting corrections due to Vin (assumed to be proportional to some coupling
constant \) to the exactly known (by assumption) spectrum of eigenvalues of
Hy. The simplest standard tool for this is the Rayleigh—Schrodinger pertur-
bative expansion, presented in almost every textbook on quantum mechanics
[1, 2], which allows to determine the energy E7, of a discrete eigenvector |L)
of H connected in the (formal) limit A = 0 to an eigenvector |I) (and its
eigenvalue E;) of Hy

l/ V;n l 2
By = B + (Vi1 +§j‘ E’ ;'51,’ (1)

(3-Ad.1)
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In many situations, especially in discussing statistical properties at zero
temperature of systems consisting of many elements (particles, nuclei, atoms,
spins, etc.) the most important is the energy of the system’s ground-state.
In the course of developing more advanced methods of quantum mechanics
adapted to study many body systems, one obtains several formulae allowing
to determine the difference E — Eg, of the ground-states |£2) = |L = 0) of
H and |£29) = |l = 0) of Hp. It is the purpose of this paper to illustrate these
formulae on the examples which are easily accessible to beginners, namely
on the harmonic oscillator subject to different types of perturbations. Some
of them allow to easily write down also the exact solutions (i.e. the exact
spectrum of H = Hy + Vi, where Hy is the standard harmonic oscillator
Hamiltonian, can be obtained) which helps to understand the working of
these formulae and their origins.

The presented formulae are usually used to obtain systematic pertur-
bative expansions of the difference Ep — Eg, in powers of the interaction
strength A. These expansions, successive terms of which are usually visu-
alized in terms of Feynman or Goldstone diagrams, will be also illustrated
here on the simple examples of the perturbed harmonic oscillator in a way
which can be accessible to students. The comparison of two different ways
of computing corrections to Ep — Eq, will allow to discover a subtlety in the
expansion leading to Goldstone diagrams which is usually not mentioned in
standard texts.

2. Advanced formulae for Ep — Eq,

In the early fifties of the 20'" century, Gell-Mann and Low gave [3] (see
also [4]) a prescription for constructing an eigenvector corresponding to the
lowest eigenvalue Ey, of the time-independent Hamiltonian H = Hy + Vint
out of the normalized to unity eigenvector |£29) of Hy. It is given by the
formula U0 0

lim LG —oll%) 2)
e—0+ (£20|UF (0, —00)|£20)
in which Uf (t2,t1) is the interaction picture evolution operator of the (ficti-
tious) system with the modified, time-dependent Hamiltonian

HE(t) = Ho + e Vips . (3)

The evolution operator Uf (t2,t1) satisfies the differential equation

d ) ]

with the initial condition Uf (t,t) = 1. In this equation,

est‘/iit(t) — eiHot/heet‘/imefiHot/h (5)
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is the interaction operator in the interaction picture. Equation (5) can be
transformed into the integral equation

U (ty, 1) =1+ - /dteatht YUE(t 1), (6)

with the initial condition built-in and solved iteratively. In this way,
Uf (t2,t1) gets represented in the form of the series

to

+ 5 [aevi

t1

I
—>

Uf (t27 tl)

t/l

+ (;) / A"Vl () [ SVl () (0

t1 t1

This can be formally written in the familiar form

in which T stands for the operation of chronological ordering.

The Gell-Mann—Low construction (2) is based on the adiabatic principle
which asserts (see e.g. [2|) that if a Hamiltonian undergoes a slow change
in time and the system is at an initial moment in one of the instantaneous
eigenstates of the Hamiltonian taken at that moment, it will, in the limit of
infinitely slow change of H, pass through the corresponding sequence of the
instantaneous eigenstates of the changing Hamiltonian. The requirement
necessary for the validity of this statement is that the instantaneous eigen-
states and eigenvalues of the changing Hamiltonian vary regularly, that is
that they can be unambigously traced (e.g. that they do not cross with one
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another or merge)!. The factor e in (3) ensures slow (infinitely slow in the
limit e — 07) switching on the interaction; since at ¢ = 0, the instantaneous
eigenstates of (3) are precisely the eigenstates of the original Hamiltonian
of the system, the evolution from ¢ = —oco to t = 0 of the ground-state
eigenvector [£2y) of Hy should take it into an eigenvector H corresponding
to its ground state. However, since the states of the system are in the Hilbert
space represented by classes of vectors differing from one another by a phase,
the vector Uf (t, —00)|{2y) usually has no proper ¢ — 07 limit: it involves a
phase factor which diverges in this limit and it is the role of the denominator
in (2) to remove this phase and to ensure the existence of the limit. The
price is that the vector (2) is not normalized to unity.

In the formal proof that the vector (2) is the eigenvector of H crucial is
the relation?

HUE(0, —00) = UF(0, —00) Ho + ifie A a% UE(0, —0) . (9)

In textbooks [4], it is proven “perturbatively” by working out the commutator
of Hyp with every term of the expansion of the exponent in formula (8), but
recently an ingenious “nonperturbative” proof, based on manipulations done
directly on the equation (6), has been given by Molinari |7].

I For this reason, the Gell-Mann—Low prescription fails if the interaction Vin: induces
dynamical breaking of a symmetry. This can happen in nonrelativistic many body
quantum mechanics, e.g. in the theory of superconductivity and in relativistic quan-
tum field theories (e.g. in Quantum Chromodynamics with massless quarks due to
the dynamical breaking of the chiral symmetry). In such a case, the way out is to
perform an appropriate transformation of the dynamical degrees of freedom and to
start from another Hy the spectrum of which has already the symmetry breaking
encoded in it. In relativistic field theory models, e.g. in the Standard Model, symme-
try breaking is frequently “parametrical”, i.e. it is induced by taking a mass squared
parameter of the Lagrangian to be negative. In this case, the naive Hy is ill defined
(has no ground state) but the problem can be cured by adding to the Lagrangian
a term explicitly breaking the symmetry, proportional to a small parameter (which
allows to define a Hp with which the Gell-Mann—Low prescription can already be
applied) and sending this parameter to zero at the end. Direct application of the
Gell-Mann-Low construction (without bothering about the dynamical breaking of
the chiral symmetry) in the perturbative Quantum Chromodynamics is possible ow-
ing to nonzero quark masses which provide the source of explicit chiral symmetry
breaking.

The interpretation of this relation depends on the nature of the proper Hilbert space
of the system (to which only normalizable vectors belong). For instance, if Ho and
H have no normalizable eigenstates, as happens e.g. in the scattering theory, matrix
elements of the term proportional to € between normalizable sates all vanish and this
term must be treated as the zero operator; the relation becomes then the intertwining
relation usually written [5, 6] in the form HQ24 = 24 Ho, where 24+ = Uf (0, Foo)
are the so-called Mgller operators.
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Acting directly on [§29) with both sides of the relation (9), one obtains,
using the fact that Ho|f2y) = En,|f2), the equality

(H — B, )Uf (0, ~00)|20) = ihie A 2 UF(0,~0)|2%) . (10)
which shows that if a finite limit ¢ — 07 of Uf(0, —o0)|§2) existed, the
resulting vector would be in this limit the eigenvector of H = Hgy + Vint
with the eigenvalue Eq: the interaction would not change the energy of
the ground state. This means that, except for very special cases®, the limit
e — 07 of U (0, —00)|£2) must be singular. The equality (10) can, however,
be rewritten (before taking the limit e — 07) in the equivalent form

Ut (0, —00)|£20)
(£20|UF (0, —00)[£20)

(H — EQO —the \ % IH<QO|UIE(0, —OO)|Q(]>>

. 0 Uf(0,—00)|2)
=iheA 5y (92| U£ (0, —00)|$20) ’

(11)

which shows that if the vector Uf (0, —00)|£20)/(20|Uf (0, —00)|f2y) is non-
singular in the ¢ — 07 limit (and, therefore, the right-hand side vanishes in
this limit), it is an eigenvector of H with the eigenvalue

0
Eo = Eq, +ihe A E> In(£20|Ut (0, —00)|§20) . (12)
Thus, the energy of the ground state of H can be extracted from the singular
phase of the vector Ut (0, —00)|{2p). A more symmetric form of this formula
is the so-called Sucher formula [§]

1. 0 .
Eo—Eg, = izhe)\ﬁlmﬂowo\ﬂo% (13)
in which S§ = U (00, 0)UE (0, —00) = [U; (0, 00)]TUE (0, —00) is the opera-
tor which in (a class of simple) quantum field theories generates the S-matrix
elements [6].

3 This is so in the nonrelativistic scattering theory when no bound states are possible in
the potential Viny = V(7) on which the scattering occurs. This is also the assumption
on which the old-fashioned (largely shaped in the course of the historical development
of Quantum Electrodynamics) approach to obtain S-matrix elements in (a rather
narrow class of) relativistic theories is based [6]. In this case, it is enforced by
modifying the interaction term Vint (by adding to it counterterms) order-by-order in
the perturbative expansion and by imposing the so-called on-shell renormalization
conditions.
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A more practical formula, directly leading to a systematic expansion, the
terms of which can be visualized by diagrams (see Sections 5, 6), is obtained
by closing the relation (10) from the left with (£2y| and dividing both sides
by (£2|Uf (0, —00)|{20): Since the part Hy of H can then act on (29|, one
obtains the relation

(2o Vi U (0, —00)|20) _ ., D
= ihe A o+ In(2|Ut (0, —00) |02 14
DIV, o)) e g mBIUT(0. —e0)lfo) . (14)

which, when combined with (12) leads to the expression

(520|Vint U (0, —00) |20)
(£20|UF (0, =00)[£20)

Eo—Eqg, = (15)
for the difference of the ground-state energies.

Both expressions, (15) and (13), provide the practical means (alterna-
tive to the Rayleigh—Schrodinger expansion (1)) to compute the shift of the
ground-state energy due to the interaction Vint. In both of them, the limit
e — 0% is implicitly taken after the time argument(s) of the evolution oper-
ator(s) are sent to infinity.

Yet another way of computing the energy shift E, — Eq, is obtained by
considering the “imaginary time” analog

Us(1y,71) = ™0 e~ ()l gmmitlo (16)

of the ordinary interaction picture evolution operator which satisfies the
differential equation analogous to (4) with the same initial condition and
can, therefore, be formally represented by the expression analogous to (8)
but with t; o replaced by 712, (i/h)dt by dr, the chronological ordering T
by the ordering T, with respect to the “imaginary time” 7 and eEtViit(t)
defined by (4) replaced by the operator VI (1) = eV e ™o, Since
e BH —= ¢=BHoy(3,0), one can write the equality

Tr(e=0H)

ey = Aot (5,0)) (17)

in which pp = e #Ho/Tr(e=PH0) is the Canonical Ensemble statistical op-
erator of the free system corresponding to its equilibrium with a heat bath
at the temperature 1/kpf and the trace Tr is taken over the Hilbert space.
The right-hand side of (17) when expanded

- 8/2 8/2
Z(_nl!) /dTn... /dnﬁ ([)(O)TT [Vi;t(fn)...mt(ﬁ)]), (18)

n=0 —B/2 —B/2

n
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can be evaluated using the “thermal” version of the Wick theorem [4] and,
especially in the case of nonrelativistic many-body systems or relativistic
field theories, represented by “vacuum” Feynman diagrams; what is, however,
important here is that in the limit of 8 — oo, the analytic continuation
B — (i/h)T of the terms of this expansion give precisely the terms of the
analogous expansion of the expression

T2
(@fTespd —5 [ VO P1) = @IU(T/2-T/2I0). (1)

~T/2

in the limit of " — oco. On the other hand, it is clear that in the zero
temperature limit, 5 — oo, the left-hand side of (17) goes into exp(—B(FEn—
Eq,)). It follows that upon analytic continuation, one obtains the formula*

lim exp {—z’T (Eq — EQO)} = lim (2|U1(T/2,—-T/2)|82) , (20)
T—o00 h T—o00

When the right-hand side of (20) is expanded and represented by the mo-
mentum space Feynman diagrams, the quantity (Eq — Eq,)/V, where V
is the volume of the system, is given (because taking the logarithm of
the right-hand side is equivalent to omitting disconnected diagrams) by
th times the sum of the connected vacuum diagrams. Moreover, since
Ui(T/2,-T/2) = lim._,o+ Uy °(T7/2,0)Uf (0, —=T'/2), it also follows that

. T
Tlgl;oexp {—zh (Eq — EQD)}

= lim ( lim (02U (T/2,0)U% (0, —T/2)](20>> , (21)

T—o0 \e—01

that is, the shift of the ground-state energy due to the interaction Vi can be
read off from the exponent of the expectation value in the ground states of
the free system of the product of the interaction picture evolution operators
corresponding to the adiabatic switching on and off the interaction, provided
the limit € — 0T is taken before the limit T — oco.

4 Superficially it seems, because this relies on the algebraic relation between e ™## and
e PHoy4(B,0), that, unlike the formulae relying on the Gell-Mann-Low construction,
this one is not invalidated if the interaction Vin; causes spontaneous breaking of some
symmetries. Yet in the limit of infinitely large system (spontaneous breaking of
symmetries always require it), the Hilbert space becomes nonseparable and the trace
depends on the basis in which it is performed; thus, also in this case, the tacit
assumption is that the basis of the Hy eigenvectors is chosen appropriately.
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While the last approach yields the expansion of the energy shift in terms
of the standard Feynman diagrams, the formula (15) leads to the perturba-
tive expansions of the energy shift E — Ep, which can be encoded either
in terms of the Feynman or the so-called Goldstone diagrams. All these
methods will be illustrate in the following sections on the simplest possible
examples based on the (familiar to every student) harmonic oscillator.

3. Harmonic oscillator with the time-dependent perturbation
linear in a and af

The simplest example allowing to illustrate the working of the formulae
(12) and (21) is the Hamiltonian H = Hp + Vipt(t), with

1
Hy = hwa'a+ A, Aw:§hw,

Vine(t) = alf(t) +af*(t). (22)

The annihilation and creation operators are as usually defined as

Mw 1 Mw 1
= _— T — D T: e r— —9p
¢ oh (9”wa>’ “ =V o (z wa>’ (23)

and satisfy the commutation rules
[a,al] =1, a, a] = [a', a'] = 0. (24)

f(t) is some c-number function which can be complex. If

f@) = 17(t) = =\ 577 Ft), (25)

(22) is just the Hamiltonian H = Hy — 2 F(t) of the one-dimensional har-
monic oscillator subjected to the action of the time-dependent external force
F(t). With f(t) = e\, the model will serve to illustrate the Gell-Mann—
Low construction of the H ground-state eigenvector and of the formulae (12)
and (21) for the ground-state energy of the time-independent Hamiltonian®
H = hwala + Ay, + X a® + X\a. The exact spectrum of H can readily be
found by writing

A 2
H:hwaTa—l—Aw—k)\aT—l—)\*a:mATA—kAw—|m|u, (26)
5 Any phase factor of the coupling A can be absorbed into the definition of the operators
aand a'. Hence, A can be taken real. Still, we will keep writing A* to give the formulae
a more symmetric form.
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where A = a + \/hw, AT = a' + X\*/hw. Since the operators A and Af
satisfy the same commutation rules as do a and a', one can use the standard
algebraic argument (see e.g. [9]) to show that in the Hilbert space there
must be a vector |0) annihilated by A and that the vectors (AT)"|0) are the
eigenvectors of ATA with the eigenvalues equal n. The entire spectrum of
H is, therefore, simply shifted downwards, with respect to the spectrum of
Hy = hwa'a + A, by |\|?/hw. In particular, Eg = Eq, — |\|?/hw.

In order to test the Gell-Mann-Low construction and formula (12), one
must find the interaction picture evolution operator corresponding to the
Hamiltonian (22). We will do it by first finding the Schrédinger picture
evolution operator U (tg,t1) = e~ /WH(E2=t2) and then by using the formula

Ut (t2, t1) = 020U (b, 1) e o0/, (27)

relating it to the interaction picture one. Finally, we will set f(t) = le®’,

If the Heisenberg picture is defined so that the Schrédinger (time-depen-
dent) state-vectors coincide at t = 0 with their Heisenberg picture counter-
parts, the operators Oy (t) and Og in these pictures are related by

Ou(t) = UT(t,0)08U(t,0) . (28)

Therefore, any Heisenberg picture operator Op(t) satisfies the Heisenberg
equation® »
i

On(t) 5

where Hy(t) is the Hamiltonian transformed to the Heisenberg picture ac-
cording to the rule (28). The commutators arising in the equations satisfied

[Hu(t), Ou(1)], (29)

by the Heisenberg picture counterparts ag(t) and aL(t) of the creation and
annihilation operators (out of which any other operator acting in the Hilbert
space of the harmonic oscillator can be constructed) can be easily evaluated:

[HY(t), au(t)] = U'(t,0)[H, a)U(t,0)

Ut(t,0) [~hwa — f(#)] U(t,0)
= —hwan(t) - f(t). (30)

The equation of motion of ay(t), therefore, reads

an(t) = —iwan(t) — % (). (31)

6 It readily follows by differentiating both sides of (28) with respect to ¢t and using
equation (38). As we assume that Og does not depend on time, we omit the term
U'(t,0)(80s/dt)U(t,0) on the right-hand side of (29).



3-A4.10 P.H. CHANKOWSKI

The equation satisfied by aTH (t) is just the Hermitian conjugate of this one.
The solutions of the homogeneous part of this equation is obvious

an(t) = e ™ ap(0) = e “a. (32)

In order to find a solution of the full inhomogeneous equation, (31) we sub-
stitute in it d(¢) exp(—iwt) for ag(t). This leads to the c-number equation

(1) = e £ (1), (33)

the solution of which can be found by a straightforward integration. Thus,
t
ap(t) = e @ | a— ;/dfei“’ff )] =e ™ (a+h(t),
0
‘

aL(t) = ™ [ al + die ™+ DECE (aT +h* (t)) . (34)

=t
o\&

The lower limit of the integrals has been set to zero to secure the equalities
ap(0) = a, aTH(O) =al.

The simple exact form of ay(¢) and aL(t) allows to easily find an operator
U(t,0) which satisfies relations (28)

ﬁ(t, O) _ e—z‘Hot/h eh(t)aT_h*(t)a ) (35)

This can be checked by applying twice the well-known operator formula

eBAe P = A+ B, A] + %[B, B, Al] +..., (36)

first, to find that

oHHot/h g g=iHot/h _ (—iwt eitot/h ot o=itot/h _ giwt ot (37)
and next, to check that the second exponential factor on the right-hand side
of (35) generates the required shifts of a and af.

Relations (28) determine U(t,0) only up to a phase factor. As a result,
Eq. (35) may differ by a c-number, possibly time-dependent phase factor
©(t) from the true evolution operator U(¢,0), which is uniquely determined
by the differential equation

d
ih g Ulta,t) = H(t2) Uiz, 1), (38)
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and the initial condition U(t,t) = 1. To find ¢(t), one can insert the operator
U(t, 0) _ eiga(t) e—iHot/heh(t)aT—h*(t)a’ (39)

together with the Hamiltonian (22) into equation (38) and solve the resulting
equation for ¢(t). Once the phase of U(t,0) is fixed, the interaction picture
evolution operator Ur(t,0) is obtained by applying the rule (27).

With f(t) = Xe®!, the obtained operator Ui(t,0) acquires the interpre-
tation of the evolution operator Ui (t,0), corresponding to the adiabatic
switching on the interaction Viyy = A*a + A al. Tts explicit form in this case
reads

Uf(t, 0) _ eiga(t)eh(t)affh*(t)a ’ (40)

where .
_ (etiw)t _ 41
hit) = 7 ——— (o ). (41)

and its phase (see Appendix A) is given by

2 w
p(t) = °(t) = W {g (e*' — 1) — 2¢ sin(wt)} . (42)

It is, as expected, singular in the limit e — 0.

4. Testing the exact formulae for Ep — Egq,

The results obtained in the preceding section allow to immediately test
formula (12) for the shift of the ground-state energy due to the interaction
as well as the Gell-Mann-Low construction (2). Indeed, the logarithm of
the expectation value in the Hy ground state |{29) of the operator

Uf (0, —00) = [UF (—o0,0)]1 = e ##(-50) (=h(oelal s (oooda - (43)

is the sum

A2 w
EIEFe +... (44)

—ip(—00) + In(|e Mo+ (—0)a gy —
in which only the first term is singular in the ¢ — 0 limit and it is clear
that performing the operations indicated in (12) one recovers the ground-
state energy shift —\?/hw. Moreover, using the well-known Baker-Hausdorff
formula

1 1
XY = 03X VI X oY 031X, Y] oY (X (45)
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(valid provided [X, [X,Y]] = [Y, [X,Y]] = 0), one easily finds that the
vector given by (2) is proportional to

e M=)l gy = o= (Vw) oty (46)

and with the help of the standard rule [a, f(a)] = f/(al), it is straightfor-
ward to check that it is annihilated by the operator A = a + \/Aw. This
proves that it is indeed the lowest energy eigenvector of H = hwa'a + Ay, +
Ma + al).

The same results allow also to test formula (21). Using twice the Baker—
Hausdorff identity (45): eAtF = eAeBe~[4 Bl/2 = ¢BeAeld Bl/2 | the matrix
element

(Q0|U7E (T, 0)[Uf (=T, 0)]1[20) = e/(#= =) (@ |elt-—h2a o= hial+hie| gy

(47)
in which
po = o (T) = W&'iez) {—§ (e —1) — 27" Sin(wT)} :
oo = (1) = gt { 2 T 1) 2 T},
ho = h(T) = _% iw)\— € <e(2w—€)T 1) ’
he = BES(=T) = —% iwi - (e—<iw+€)T - 1) , (48)

. (o —o ) — LA 2 —Lih,|? “h a —h.at
can be written first as el(P-—¢+)ezl-Fe=3lh+ " () |e™h % +aT | )} and
then as

, 1 1 .
exp{mo —¢+>—2|h|2—2|h+|2+h_h+}, (19)

upon using the rules e®?[(20) = [£2), (20]e®*" = (20| and (£20]42) = 1. If
the limit e — 0% is taken first, only the first factor in the exponent develops
a term linear in 7"

NE
lim i(¢p- —py) = lim Z‘)\’) {—2 v (efQET -1)- 4ot sin(wT)}

e—0+ e—0+ 202 (w? + €2 5
2T [ |A]? A2
= — - <_‘ha’;> —2i ;ﬂwQ sin(wT) . (50)

The remaining terms are all either constant or have the oscillatory character.
Therefore,

2
i (U (T ORF L0 ) = exp{ i 5 |-IE 4 0| |
51
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and in the limit of 7' — oo, the exponent is dominated by the term —i(27"/h)
(Ep — Eq,) in agreement with formula (21).

These explicit calculations make it again clear that the order of taking the
limits is crucial: in formula (12) (and hence, as will be seen again below, in
formula (15)) the limit ¢ = —oo of U#(0, t) is taken first and the limit & — 0"
afterwards; in formula (21) the order of taking the limits is interchanged.

5. Dyson expansions of Ep — Eg,

The perturbative expansion of the difference Fp — Eq, generated by
formula (15) can be illustrated by computing, up to the second order in A,
the ground-state energy F( of the one-dimensional harmonic oscillator of
frequency w perturbed by the interaction Viy, = (A\/4)(a’ + a)* = A(&/1)4,
where | = (h/mw)/2. This can also serve to introduce typical quantum
field theory methods: Dyson expansion and the Wick theorem (see e.g. [4];
a very clear presentation can be found in [10]). The result obtained in this
way can be checked against the one obtained using the standard Rayleigh—
Schrodinger perturbative expansion (1).

It is convenient to introduce the “field” operator ¢ = a + a and to write

A qﬁ%(t) , b1(t) = ae” ™ 4 al et (52)

Vllrlt(t> — eiHot/ﬁ ‘/int e—iH()t/ﬁ — .

It is then straightforward to find (in this case |{2p) = |0) and, as usuallly,
al0) = 0, a’|0) = |1), etc.) the key object (the “propagator”) in terms of
which the Dyson expansion is formulated”

(20| T [¢1(t)er ()] [20) = 0 (t —t") (Lo]en(t)dr (¢) [£20)

+6 (t/ — t) <Q()’¢1 (t/) ¢1(t)](20)
0 (t _ t/) e—iw(t—t’) +0 (t/ B t) eiw(t—t’)

7 dv 2iwew(t=t) .
= [ = =i -,

(53)

7 Because the integrals which appear in the Dyson expansion generated by formula
(15) do not cover the entire ¢ axis, the Fourier form of the function iG®(t — ) is
not useful in this case. It will, however, be used in considering the Dyson expansion
generated by formula (21). It also serves to define the value of the Green’s function
Gt —t') at t =t': it gives G°(0) = 1.
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In the following, formula (15) will be written as Ep — Ep, =NUM/DEN.
Upon inserting into the numerator NUM and into the denominator DEN the
representation (8) of the evolution operator one arrives at the expansions®

0
1
NUM = <Qoﬂ/int|90>+m/dtest<ﬁo|T (Vi (0) Vie )] [£20) + - -,
1 0
DEN = 1+,h/dte€t (20| T VL (0)]920) + ... (54)
1

Each matrix element can be now worked out using the Wick theorem [4, 10]
which (in this simple case) reduces to forming the sum of the expressions
consisting of products of propagators iGY(t; — t;), the appropriate (corre-
sponding to the order of the expansion) powers of the factors A/4 and 1/ih,
and some combinatoric c-number factors. The products of propagators are
obtained by grouping under the symbol of the chronological ordering into
pairs the “field” operators ¢; out of which the interaction operators Vlfn (t)
are composed and by replacing every pair ¢1(¢;)¢1(t;) by the propagator
iGO(t; —t;) given by (53); the summation is over all possible ways of group-
ing the available operators into distinct pairs (the pairs ¢1(¢;)¢1(t;) and
¢1(t;)d1(t;) are not treated as distinct).

The sum of terms resulting from working out in this way the matrix
element

(20T [Ving(t0) - - - Vine (81)] ] 20 (55)

int

can be represented by Feynman diagrams. These are obtained by drawing
n vertices (dots) with four lines (because of four ¢y operators in each inter-
action Vi1, (¢)) attached to each of them and labeled by the times t1, ..., ,.
All these lines should be next connected pairwise in all possible ways giv-
ing rise to several diagrams. Some of these diagrams may not be connected
(may consist of several disjoint subdiagrams). The analytic expression cor-
responding to a diagram is obtained by replacing all lines by propagators
iGO forming a product: the line connecting the vertices labeled t; and tj is
ascribed the propagator iGO(t; — tj). The combinatoric factors which should
be included simply take into account that different ways of connecting lines
attached to each vertex can lead to topologically identical diagrams. This
will become clear below.

8 Vint = Viflt(O) can be formally put under the chronological product because the inte-
gration variables ¢; ... ¢, in the integrals are never greater than 0.
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The difference between matrix elements obtained in the expansions of the
numerator NUM and of the denominator DEN is that in the first case, one
vertex is labeled with time 0 (there are n + 1 interaction operators V., and
only n integrations). One can therefore distinguish those Feynman diagrams
contributing to NUM, all vertices of which are connected (possibly by going
through other, intermediate vertices) to the distinguished vertex labeled with
time 0. The other diagrams are called “disconnected”. In standard textbooks
like [4] it is proven that in the ratio of the Dyson expansions of NUM and
DEN, the contribution of the “disconnected” diagrams to NUM is precisely
canceled by the denominator DEN. In computing the difference Ep — Eq,,
one can therefore restrict oneself to computing only the contributions of
connected diagrams to the numerator NUM: Ep — Eq; = NUMcop.

We can now illustrate this by computing the difference Ep — Eg, up
to the second order (the reader may entertain himself with extending this
computation to higher orders). The first term of the numerator is just the
same as the first term, (£20|Vin|{20), in the standard Rayleigh—Schrédinger
formula (1) and can be evaluated using the standard method. It is, however,
more instructive to evaluate it using the Wick theorem as

A
1

3\

(20| Vi (0) [120) = 3iG°(0)iG°(0) = = (56)

~] >

(20| T (0) |$20) =

The combinatoric factor 3 comes from three ways of connecting the four
“legs” of the interaction operator to get the diagram shown in Fig. 1 (a).

Since iG°(0) = 1, the standard result for ES) is immediately recovered.
The second order term leads via the Wick theorem to the three diagrams

0
OO 55 O
(a) (b)

Fig. 1. Diagrams contributing in the first (a) and second (b) order in A to the nu-
merator of the Gell-Mann—Low formula for the ground-state energy applied to the
harmonic oscillator perturbed by the interaction oc #4. Dots mark the interaction
vertices; in the second-order diagrams one of the vertices is ascribed the time 0 and
the other one the time t. The connected part of the diagram is its part to which
the vertex marked 0 belongs.
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shown in Fig.1 (b). The first one gives the contribution

0

i ot (A . 0 2 0 2 i 32\ 1

h/dte (4) 3[iG°(t — 1)]% 3 [iG°(0)]% = h<4> S )

—0o0
all the four propagators being taken at zero because they all arise from
contracting legs attached to the same vertex. This contribution is singular
as ¢ = 0. It belongs to the class of disconnected contributions because one
part of the diagram is not connected by any line with the part involving
the vertex generated by X/ILt(O) The next diagram gives rise to only two
propagators taken at zero and to two others taken at ¢ because its two lines
connect two different vertices (one at time 0 and another one at ¢). The
combinatoric factor corresponding to this diagram is

(;‘) <;‘>-2:72, (58)

because there are 4!/2!2! ways of selecting two legs of each of the vertices
which are going to be connected to the other vertex; there are also two ways
of connecting the selected legs. Thus, the contribution of this diagram is

0
i (A2 et oy 10 12 0y a0y 89N
-7 <4> /dte 72[G7(0)]*iG"(t) iG°(t) = B2 sxoin (59)
because iG%(0) = 1,
iGO(1)iGO(t) = O(t) e 4 g(—t) * | (60)

and because the integral covers only the negative semi-axis so that only
the second term contributes. Finally, the last diagram of Fig.1 (b) has the
combinatoric factor 4 -3 -2 = 24 (the number of ways of connecting the legs
of the two vertices) and gives

0
7 )\ 2 et - ~0 - ~0 - ~0 - ~0 _ i 3)\2 1
-7 (4) /dte 244iG7(t)iG7(t)iG7 (t) iG () = Th T2 st din” (61)

—0o0

Combining these contributions, one has

3 i /3\%1 9 1 3 1
NUM=2X 4220 (2) 22 _2 S
U 4 + { h<4> e 2 2hw — ihe 24hw—z'he+ }
(62)
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The second term of the denominator is represented by a diagram of the same
form as that shown in Fig.1 (a) but the resulting expression is integrated.

Therefore,

1321
DEN=1——-——+...
h4s+ (63)

It is then clear that after multiplying the power series in A representing the
numerator by the power series

DEN'=1+_"-+4... (64)

the singular terms: the one coming from the first, disconnected diagram of
Fig.1 (b) and the one arising from DEN~™! cancel out and in the limit of
¢ — 0, one obtains the finite result

3 21N
Eg—Egy=— — 65
2] 2= 3 (65)
In the Rayleigh-Schrédinger approach, the A% contribution is given by
@ _ v I l!thlﬂo
By = 5
0 S0 T

4 4

_ <A>2 2 (aT ta) 1) (@l +a) 120 oo
4 EQ() - E2 E-QO — E4

The relevant matrix elements are

(2 (al+a) [4) = (2la*}e) = VI3 -2,

(0] (aT—l—a>4 12) = (£20] (aTaT +2afa+1+ aa) (aTaT +2afa 41+ aa) 12)
= (2] + V2 21) (VI214) + 5]2) + V220) ) = 6v/2(67)

and together with Eq, — E; = —lhw lead to the same result as the Gell-
Mann-Low formula.

It should be stressed that both NUM and DEN involve terms singular in
the limit ¢ — 0" but these cancel in the ratio (the limit & — 07 in formula
(15) is supposed to be taken at the very end). The cancellation need not
be explicitly worked out, however, because the theorem quoted ensures the
cancellation of contribution of the non-connected diagrams to the numerator
by the denominator.
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An interesting exercise is to recover the same result using formula (20).
The Dyson expansion of its right-hand side can be again encoded in the
Feynman diagrams shown in Fig. 1 except that now, none of the vertices is
marked with zero time — all n interaction vertices in a diagram representing
a contribution arising in the n-th order of the Dyson expansion must be
marked by the time variables ti,...,¢, and obtaining the corresponding
contribution requires integrating over all these time variables (in the 7' — oo
limit) from —oo to +00. But again, it can be shown that taking the logarithm
of this expansion (to extract Fp — Eq,) is equivalent to taking into account
connected diagrams only.

The first order” contribution to the logarithm of the left-hand side of (21)
is (the limit ¢ — 0" has already been taken)

i\ ’ 37 ’
2t (00| T (1) 20) = —=

4k 4
=T =T

dtiGY(0)iG°(0). (68)

This can be evaluated directly, keeping finite 7', because iG°(0) = 1. It is
however more in line with the procedure which will be applied to higher order
contributions to evaluate it in the “frequency” space setting T' = oo from the
beginning. In general, since to each line ¢ connecting two interaction vertices
marked, say ¢; and t; (t; =t;, i.e. a line which starts and ends in the same
vertex, is also allowed), in a diagram there corresponds the propagator (53)
involving (in its last form) the exponential factor e=¢(ti—t) — the frequency
vy may be then interpreted as “flowing” from the vertex marked ¢; to the
one marked t; — it is easy to notice that after the integration over all times
t1,...,t, labeling the vertices of the considered diagram one will obtain for
each vertex one Dirac delta function

/dti exp{iti (Z vy — Z I/g/) } = 27T5<Z vy — Z Vg/> , (69)
V4 v V4 e

— 00

in which ¢ denotes labels of the frequencies “flowing” into the vertex marked
t; and ¢ of those “flowing” out of this vertex'’. However, these n delta
functions allow to eliminate only n — 1 integrations over frequencies — after
using the equalities relating different frequencies enforced by n — 1 delta
functions, the argument of the last one can always be replaced by zero (this

will be seen on examples below). This 274(0) is then to be interpreted as

9 There is no zero-th order — the expansion of the logarithm begins from the first
order term.

10 The direction of the frequency flow ascribed to a given line of the diagram is arbitrary
here because iG°(t; — t;) = iG°(t; — t;).
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lim7_,o0(27) and will cancel out with the same factor multiplying Ep — Eq,
in the right-hand side of formula (21). There remain only the integrations
over independent frequencies v, that is over those which are not fixed by the
equalities enforced by the n — 1 delta functions. Thus, —(i/h)(Eo — Eq,)
is directly given by the sum of all connected “frequency” space Feynman
diagrams shown in Fig. 2.

vy + s+ s

n %] 15} 9] V3 A
D KD
- v

(a) (b) (c)1

Fig.2. Frequency space diagrams contributing in the first (a) and second (b) and
(c) order in A to (—i/h)(Eq — Eq,).

In agreement with these rules, the contribution to (—i/h)(Eqo — Egq,) of
the diagram of Fig. 2 (a) simply is

30 dl/1 21w /dVQ 21w
4h | 27 vi—w? 440 ) 27 v —w?+i0

= -3 (32) | (70)

Similarly, the contribution to —(i/h)(Eqn — Eq,) of the first diagram of
Fig. 2 (b) reads

1

7 (Ea — Eq,)®* =

11 2727@1 20 7d (2i)?
2! \ih 4 2m V¥ —w? +i0 2m (V3 — w? +i0]?

[e.e]

dus 2iw
X/ 2 v —w?+i0’ (71)
— 0o
The factor 1/2! comes from expansion of the exponent and 72 is the combi-
natoric factor already explained. The integrals over vy and 15 are equal to
unity (they just give iG°(0) = 1 each). The middle integral is evaluated by
the standard residue method (e.g. by closing the integration contour with
a large semi-circle in the lower half plane and evaluating the residue of the
double pole of the integrand at ¥ = w — ¢0). In this way, one obtains

g g ey _ 1 AT 22t b 9N
h(E_Q Eq,) 2( 672 72 (2iw) OBE o T . (72)
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Finally, the contribution of the diagram of Fig. 2 (c) is

1 /1 A\
—=5) 24(2iw)*I.
21 (m 4) (2i) (73)
Again 24 is the combinatoric factor already explained and I is the “three

loop” (in the language of quantum field theory) integral computed in Ap-
pendix B. It is clear that the sum of

i A? —i i [ 3\
5 (B Bn)® =i (g )t =3 ()
of (72) and of (70) reproduces the result (65) obtained using formula (15).
Although in application to the perturbed oscillator the method of com-
puting the energy shift based on formula (15) may seem easier than the one
based on the prescription (21), it is the latter that proves more practical
in more advanced computations. In particular, it is formula (21) combined
with the effective theory approach which allows to quite easily reproduce
[11] the classic results (summarized in [4]) concerning the ground-state en-
ergy of a system of N interacting nonrelativistic fermions and to extend its
calculation to yet higher orders [12| and to a nonzero polarization [13].

6. Goldstone diagrams and the cancellation of singular terms

We have illustrated how the energy difference E — Eg, is computed by
expanding the numerator and the denominator of formula (15) in the Dyson
series represented by Feynman diagrams which results from the representa-
tion (8) of the (interaction picture) evolution operator. The same formula
can be, however, worked out differently, using the iterative representation (7)
of this operator and inserting between the successive interaction operators
VL the complete sets of eigenvectors |I) of the free Hamiltonian Hy. This
leads to another organization of the expansion of formula (15) for Ep — Eg,
which is visualized in terms of the so-called Goldstone diagrams. There is,
however, a subtlety in using the representation (7) in formula (15) which is
usually somewhat misleadingly presented in textbooks.

We will illustrate this point by considering the Hamiltonian

o1 2 L \2) 42
and computing the energy of its ground state in two ways: using the Dyson
expansion already introduced in Section 5 and using the Goldstone way,

treating the term %m)\QQEQ as the perturbation Vi

B2 2
Vint 1 (a +a> =a¢”. (76)



Testing Methods of Computing Corrections to the Ground-state . .. 3-A4.21

The virtue of this example is that the exact energy levels of the Hamiltonian
H = Hy + Vint are known; in particular,

1 1 PSP S O\
Eq 2h\/w +A 2hw+ o 16w3+32w5+”” (77)

and this can be used to check the correctness of the results obtained by using
the expansions generated by formula (15).
Expanded to the third order the numerator of formula (15) reads

0
NUM = a+pa? [ dte (i [6}0)6F0)] )

—00

0 0
by Bt [t [t et T [ 06 E)] 120) + . (75)

where § = 1/ih and the result (£20|Vint(0)[{20) = « has already been used.
Evaluating the order a? contribution in the Dyson way, i.e. using the Wick
theorem, one finds two diagrams shown in Figs. 3 (a) and (b) of which only
the second one is connected (in the sense already explained in Sec. 5).

O,
o

Fig.3. Second order diagrams contributing to the numerator of the formula (15)

for the ground-state energy evaluated in the Dyson way, as applied to the harmonic

oscillator perturbed with the interaction oc £2.

The complete order 3 a? contribution is (iG° is the propagator (53))

0
NUM® = ga? / dt et ([iGY(0))? + 2iG°(t) iG°(t))

—00

0
= Ba? / dte™ (1 +2[0(t) e 2" 4 0(—t) e*'])

—00

_ a2 (1 2
= Bo (5+5+2iw) ’ (79)
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where the term singular in the limit € — 0 comes from the disconnected
diagram. The same result is obtained evaluating this contribution “in the
Goldstone way”

0
NUM® — 3 / it e S (20| Vin 1) (1 Vi | 26) et
e !

0
2 .
= Ba? /dteft <1+ <\/§> eZMt> : (80)
—00
where the first term in the bracket comes from |I) = |29) = |0) and is classi-

fied as a disconnected contribution (or as a contribution of the disconnected
Goldstone diagram — see Fig. 4) and the second one from [I) = |2).

————————————— 0) R (1))
———————— 0) .
. + 0y + - 0 ————— 12)
———————— 0) .
————————————— 0) e |0)

Fig.4. Goldstone diagrams illustrating the first- and second-order terms of the
expansion of the numerator of formula (15) based on the representation (7) realized
in the basis formed by the H, eigenstates. Dots represent interactions and the
horizontal dashed line represents the initial, intermediate and final states. Solid
lines can be viewed as particles (bosons) created or annihilated by the interaction.
Diagrams with intermediate states representing the ground state |{2p) = |0) are
classified as disconnected.

Evaluating NUM(®) — the order 32a? contribution to the numerator —
in the Dyson way one finds the diagrams shown in Fig. 5 which give

(2| [#3(0)6F (1)¢? ()] 1920) = [iG°(0))° + 2iG°(0) [iG° (¢ — t')]*
+2iG°(0) [iG°(1)]* + 2iG°(0) [ic° (')
+8iGY(t)iGY () iG° (t — ') . (81)

The numbers in front of the successive terms are the combinatoric factors.

The two terms in the middle line give equal contributions in view of the
symmetry of the integration over dt dt’. Using the explicit form (53) of
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iGO(t) this contribution is
L+2P(t—t3e*”“**)+0(ﬂ—¢)&““4”]+4WQ)dQWt+0@¢)&W1

<+8[9@)e—“”4—9t—we“”][e(ﬂ)e4wf4-0(_ﬂ)gwﬂ]

x|?(t—tﬁe_wﬁ—”_%9@’_t)gw@%0]_ (82)

S0 O O
& OO O

(b) () (d) (e)

Fig.5. Third order diagrams contributing to the numerator of the formula (15)
expanded in the Dyson way, as applied to the harmonic oscillator perturbed with
the interaction oc #2. Diagrams (b), (c) and (d) have combinatoric factors 2.
Diagrams (c) and (d) give equal contributions. The combinatoric factor of the last

diagram is 8.

The two terms of the first square bracket in the first line give equal contri-
butions (again, because of the symmetry of the integration over dt¢ dt'); of
the second square bracket in the first line only the second term contributes
(because the integral over dt in (15) covers only the negative semi-axis) and
finally, in both brackets in the second line only the second terms contribute
and the two terms of the last square bracket give equal contributions. Ele-
mentary integrations then yield

1 4 4 16
NUME) = 2 %08 .
Dyson — 6 26(5—1—2@(0) * e(e+2iw) * (2 4 2iw) (e +2iw)

(83)

Only the third term comes from the connected Feynman diagram, so if it is

taken for granted that the singular (in the limit € — 0) contributions of the

disconnected diagrams 5 (a)—(d) are exactly canceled by the contributions

of the denominator DEN, one can write

2 16 At RAS
NUM®@ + NUM®) _ B2 4 2 3 _
( UMeon + NU COH) £=0 Pa 2iw 3 '8 (2iw)? 16w3 + 32wb’
(84)

which is the correct result.
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Evaluating the order 3%2a3 contribution to the numerator in the Gold-
stone way instead, one gets (wy; = (Ey — Ep)/h)

0 t

NUM® — g2 / dt e / At'e (20 VL 0V (VAL (1) |20)

0 t

— /82 / dt est /dt/est’ Z Z<~QO|‘/1nt‘l/> <l/"/1nt|l> <l|V;nt|~QO> eiwl/lt eiw@g’a)
—0o0 —00 v

l

The integrations are elementary and give (wy; + wig = wyo)

(20| Vine [I') (') Ving | 1) (1| Vint | £20)
NUM® = g2 0 . 86
5 Z Z 2€ + Zwl/o)(é' + iwlo) ( )

Because Vit = oz(anaJr +2afa +1+ aa), the double summation reduces to
four terms only: (I',1) = (0,0), (0,2), (2,0) and (2,2) of which only the last
one would be classified as “connected”. The relevant matrix elements are

(20[Vint|20) = @, (20| Vine|2) = (2|Vine|20) = V20,  (2[Vie|2) =50x.
(87)
This leads to (the corresponding Goldstone diagrams are shown in Fig. 6)

NUMg()Jldstone =
2 3f 1 2 2 10
P {252 * 2e(e+2iw) * £(2e+2iw) * (2e+2iw) (e +2iw) } (88)
”””” 0) R ) R 1) R )
,,,,,,,, 10) 1) O 2) 2)
° + + +
,,,,,,,, 10) O 12) R ) 12)
”””” 10) R ) R 1Y) R )
(a) (b) (c) (d)

Fig. 6. Goldstone diagrams illustrating the third order terms of the expansion based
on the representation (7) realized in the basis of Hy eigenstates of the numerator
of formula (15). Only the diagram (d) is classified as connected.
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Comparison with NUMI(;?,SOH given in (83) reveals that there is a subtle
difference: in the denominator of the third term, there is now 2¢ in the
expression in the bracket and the coefficient of the last term is now 10 instead

of 8. Nevertheless, as can be straightforwardly checked, the two results,
NUM®_ and NUM® are perfectly equal as they should be (this is

Dyson Goldstone?’
the same expression evaluated in two different but equally consistent ways).

If, however, in the Goldstone approach, the contributions of the ground
state [£29) as the intermediate states I’ and/or [, i.e. of the disconnected
Goldstone diagrams, are rejected, the resulting contribution to the ground-
state energy of H will come out wrong! Notice that both “connected” third
order contributions to the numerator of formula (15), the one obtained in the
Dyson way and the one obtained @ la Goldstone, have perfectly well defined
finite limits ¢ — 0. That the first one is the right answer is here obvious
because we have the exact expression (77) for the ground-state energy. In
the absence of the exact result to establish which one of the two “connected”
contributions is correct, one would be forced to work out the denominator
of formula (15) and carefully obtain the expansion of the ratio NUM/DEN.
Let us see this on the considered example: evaluation of the denominator
up to the second order in both ways gives the same result

1 1 1
DEN = 1 —+ =Bt ]+ 89
+ﬁa6+26a (52+2£(5+2iw)>+ (89)
Therefore,
1 1 1 4
DEN!'=1-fa-+-p%% (5 - ——— 90
5048—1—2504 <52 2€(€+2iw)>+ (90)
and, multiplying the two series, one obtains
NUM 5 (1 2
o - NUM®)
pEN @A <8+5+2iw>+ U
1 1 2 1 1 2
2 2 3 2 3
—Ba’= — ) 4= ————), (9
pa 5 Fra <52 +€(€+2iw)> +2B “ (52 €(€+2iw)> » (O1)

where the first line is just the numerator (NUM(3) is the order 3%2a? con-
tribution to it) and all the remaining terms of the expansion of the ratio
have been put in the second line. It is clear that the singular terms of order
Ba? cancel out directly. It is also seen that the order 2a® terms of the

second line directly remove the singular terms of NUMY) (83), so that

Dyson
indeed, what remains is the last term contributed by the connected Dyson
diagram 5 (e). In contrast, the singular terms of NUMggldstone (88) do not
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match exactly the order 3%a3 terms of the second line of (91): the sum of
all singular terms is in this case

2 2 2
_ = _ 92
c(e+2i) | 2(2e42iw) | (e + 2iw)(2 1 2iw) (92)

and is finite in the € — 0 limit. This finite contribution corrects the coeffi-
cient of the “connected” third order contribution to the ground-state energy
computed in the Goldstone way.

It is instructive to compare the calculation of the contribution to NUM(®)
done a la Goldstone with the third order correction to the ground-state
energy

3 _ (20| Vint ") (U'| Vit |1) (1 Vint | £20)
E

20 D By B (B — B
[(£20] Vi |1)]?
(Eq, — Ep)?

1400 100

—(£20| Vit | 20) Z

#8020

(93)

given by the ordinary Rayleigh-Schrédinger series''. It is clear that tak-
ing into account only the contributions of connected Goldstone diagrams in
evaluating NUM®) is equivalent to omitting the second, “non-connected”,
term in this formula, which is necessary to reproduce correctly the third
order correction to the ground-state energy. In higher orders, the Rayleigh—
Schrédindger formula has even more such “non-connected” terms which are
potentially missed if only connected Goldstone diagrams are taken into ac-
count in computing the numerator taking for granted the statements to this
effect which can be found in renowned textbooks [4, 9]'2.

7. Summary

We have recalled several advanced methods of expressing the difference
Eq— Eq, of the energies of ground-states |{2) and |{2) of the complete H =
Hy + Vit and free Hy Hamiltonians. We have illustrated their working on a
simple completely solvable example which requires only standard methods
of quantum mechanics and is, therefore, accessible to students. We have
also discussed systematic perturbative expansions of the difference F —

11 The third order term of this expansion is rarely displayed in textbooks.

12 Tt seems that the proof that the denominator DEN exactly cancels the contribution of
the disconnected diagrams, correct in the Dyson approach, has been in [4] extended
to the Goldstone expansion witout any justification. Feynman [9] in reproducing the
result of [14] sums only a class of Goldstone diagrams so the omission of “discon-
nected” contributions is of no consequence.



Testing Methods of Computing Corrections to the Ground-state . .. 3-A4.27

Eq, in terms of Feynman and Goldstone diagrams and illustrated them on
simple examples which can also serve to introduce diagrammatic techniques
to beginners. The comparison of the results obtained with the help of the
Dyson and Goldstone expansions allowed to point out the subtlety in the
latter approach which is not taken into account in standard presentations of
this method.

Appendix A
Phase of the evolution operator U (t,0)

Inserting into both sides of the equation (38) the operator

U(t, 0) _ eicp(t) efiHot/h eh(t) at—h*(t) a (Al)

)

together with H(t) = hwala+ A, + f(t)a’ + f*(t) a, one obtains the equation

d
—h(t) U(2,0) + ihU(t,0) e~ =P = ( F@)at + (¢ a) U(t,0),
(A.2)
in which B(t) = h(t) a’ — h*(t) a. The terms with Ho U(t,0) on both sides
have canceled. One has now to work out the derivative

d 5 - 1. R 1. 1 :
— e =B+-BB+-BB+-BBB+-BBB+-BBB+..., (A
T +5BB+ BB+ +5 +5 +..., (A3)

by moving in each term B to the right. Since [B, B] = h*h — h*h is a
c-number, this is easy and after writing down a few terms, one sees that the
result is
d 5 gl- 1 .
Sef =P\ B (W - ih) | AAd
¢ =e [ +3 ] (A.4)
The equation determining ¢ can be therefore written in the form
—h¢@)+»%h(hfh-—hﬂQ-+ihU(u0)(haT—ifa)[U(monT
=t (f(f)al + 1 (B)a). (A5)

Using formula (36), one works then out the last term on the left-hand side

o—iHot/h Jhaf—h*a (h of — h*a)

o h af+h*a oiHot/h — Jy o=iwt of _ frgiwt o prE L fEp (A.6)
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Inserting this in the preceding formula after taking into account that

— — Jwe, (A7)

one finds that the terms with the operators af and @ cancel out as they
should and one obtains the c-number equation

b= —% (h*h—hen) (A.8)

which determines the phase ¢(t).
Specifying now to f(t) = Ael, i.e. setting

i ,
h=—— ( (etiw)t 1) ’ A
he+iw ¢ (A-9)
one gets
— ‘)\‘2 {2we25t+i(€+iw)e(a+iw)t_i(E 6 w t}
22 (w? + ¢2)
(A. 10
Integrating (the integration constant is fixed by the requirement ©(0) =
which stems from the initial condition U(0,0) = 1) one finds
go(t) = QOE(t) |)‘|2 { ( 2¢t 1) + ie(8+iw)t _ Z'e(sfiw)t} .
2h%(w? + £2)

(A.11)

Appendix B
Computation of the integral I

Here, we compute the integral I. The computation is rudimentary (it
uses the residue method) but somewhat tedious. It is convenient to do it in
steps

Oodyl 1
I - - T J i
/ 21 [v? — w? + 0] (1)
—00
OOdVQ 1
- [ - g
T) / 2m (V3 — w? 40 (v1,v2),

o0

dl/3 1
. _ [dn . (B1
(v1,02) / 21 [v§ — w2 +i0][(v1 + v2 + 13)? — w2 + 0] B

— 00
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The integrand of the last integral has four simple poles: two below the real
axis, at v3 = w—10 and at v3 = w — v — vy — 10, and two above the real axis
at v3 = —w + 10 and at v3 = —w + v1 + o + 0. Closing the contour in the
lower half plane, i.e. picking the poles below the real axis, one finds that

—q 1 1
K = -
(v1,2) 2w(vy + 12) [2w+1/1+l/2—2io 2w — v — g —2i0
—4 1
pu— —_— . B-2
w (V1 +v2)? — (2w — 2i0)? (2

The next integral

o0

_ —t [dve 1
T =2 / 21 12 — w? +i0][(v1 + 12)? — (2w — 2i0)2]’ (B3)

—00

has also two simple poles below the real axis, at v = w — 0 and at vy =
2w — 1 — 210, and two above it, 1y = —w + 10 and at 19 = —2w + v — 2i0.
Picking those below (or those above) one finds that

- (2)(3)

1 1 1
- .(B.4
x [(Vl +w —i0)% — (2w — 2i0)2 T3 (11 — 2w + 2i0)? — w? + 0 (B4)
Therefore, I splits into two parts I = Iy + I5. The integrand of Iy,
1[4 1
Il - —2/1/1 -2 . . ) (B5)
2w 21 [v1 —w +10]?[v1 + w — i0][v1 + 3w — 3i0]

—00

has three poles. Either way, i.e. either picking the single double pole below
the real axis at v; = w — 10, or picking the two simple poles at vy = —w + 10
and at 1 = —3w + 3i0, one finds that I; = —3i/64w5. The integrand of Is,

e}

1 dl/1 1
h=—— |4 . (B6
2 402 / 21 |1 — w +10]%[1 + w — i0][v1 — 3w + 3i0) (B.6)

—0o0

has also three poles but now there is only one simple pole above the real
axis at v; = —w + 70 and two, one simple at v; = 3w — 3i0 and one double
at v1 = w — 0. It is therefore easier to pick the pole above the axis. The
result is Is = i/64w5. In all, therefore, I = —i/32w".



3-A4.30 P.H. CHANKOWSKI

1

2]
13l

4]
5]
(6]
7]
18]
191
[10]
[11]
[12]

[13]

[14]

REFERENCES

L. Schiff, «Quantum Mechanics», 3" Ed., McGraw-Hill Book Company,
1968; L.D. Landau, E.M. Lifshitz, «Kwantovaja Mechanika», Fizmatlit, 2002.

A. Messiah, «Quantum Mechanics», Dover Books on Physics, 2014.

M. Gell-Mann, F. Low, «Bound States in Quantum Field Theory», Phys.
Rev. 84, 350 (1951).
A L. Fetter, J.D. Walecka, «Quantum Theory of Many Particle Systemsy,
McGraw Hill, 1971.

J.R. Taylor, «The Quantum Scattering Theory of Nonrelativistic Collisions»,
John Wiley and Sons, Inc., 1972.

S. Weinberg, «The Quantum Theory of Fields, Volume 1: Foundationsy,
Cambridge University Press, 1995.

L.G. Molinari, «Another proof of Gell-Mann and Low’s theoremy, J. Math.
Phys. 48, (2007).

J. Sucher, «S-Matrix Formalism for Level-Shift Calculations», Phys. Reuv.
107, 1448 (1957).

R.P. Feynman, «Statistical Mechanics. A Set of Lecturesy, W.A. Benjamin,
Inc., 1972.

L.G. Molinari, «Notes on Wick’s theorem in many-body theory»
arXiv:1710.09248 [math-phys].

H.-W. Hammer, R.J. Furnstahl, «Effective field theory for dilute Fermi
systemsy», Nucl. Phys. A 678, 277 (2000), arXiv:nucl-th/0004043.

C. Wellenhofer, C. Drischler, A. Schwenk, «Dilute Fermi gas at fourth order
in effective field theory», Phys. Lett. B 802, 135247 (2020).

P.H. Chankowski, J. Wojtkiewicz, «Ground-state energy of the polarized
dilute gas of interacting spin—% fermions», Phys. Rev. B 104, 144425 (2021);
P.H. Chankowski, J. Wojtkiewicz, R. Bakhshizada, «Third-order Corrections
to the Ground-state Energy of the Polarized Diluted Gas of spin—%
Fermions», Acta Phys. Pol. B 53, 9-A4 (2022); P.H. Chankowski,

J. Wojtkiewicz, S. Augustynowicz, «Third-order corrections to the
ground-state energy of the gas of spin-s fermions with arbitrary densities of

different spin projectionsy Phys. Rev. A 107, 063311 (2023).

M. Gell-Mann, K.A. Brueckner, «Correlation Energy of an Electron Gas at
High Density», Phys. Rev. 106, 364 (1957).


http://dx.doi.org/10.1103/PhysRev.84.350
http://dx.doi.org/10.1103/PhysRev.84.350
http://dx.doi.org/10.1017/CBO9781139644167
http://dx.doi.org/10.1063/1.2740469
http://dx.doi.org/10.1063/1.2740469
http://dx.doi.org/10.1103/PhysRev.107.1448
http://dx.doi.org/10.1103/PhysRev.107.1448
https://arxiv.org/abs/1710.09248
http://dx.doi.org/10.1016/S0375-9474(00)00325-0
http://arxiv.org/abs/nucl-th/0004043
http://dx.doi.org/10.1016/j.physletb.2020.135247
http://dx.doi.org/10.1103/PhysRevB.104.144425
http://dx.doi.org/10.5506/APhysPolB.53.9-A4
http://dx.doi.org/10.1103/PhysRevA.107.063311
http://dx.doi.org/10.1103/PhysRev.106.364

	1 Introduction
	2 Advanced formulae for E Omega - E Omega 0
	3 Harmonic oscillator with the time-dependent perturbation linear in a and a dagger
	4 Testing the exact formulae for E Omega-E Omega 0
	5 Dyson expansions of E Omega - E Omega 0
	6 Goldstone diagrams and the cancellation of singular terms
	7 Summary
	A 
	B 

