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Rigorous construction of time-ordered exponential
operators and its applications to quantum field theory

Kouta Usui
Department of Mathematics, Hokkaido University

Abstract

The time-ordered exponential representation of a complex time evolution operator
in the interaction picture is studied. Using the complex time evolution, we prove the -
Gell-Mann ~ Low formula under certain abstract conditions, in mathematically rigorous
manner.

1 Introduction

In this article, we consider a formula in quantum field theories of the type
(€, T{¢M (1) - 6™ () }2)
(90, T{80 (@) ¢ (@n) exp (=i [, drH() ) 1)
RS <QO, T exp (—i St drH, (T)) QO>

called the Gell-Mann — Low formula [1]. The meaning of each symbol in the formula (1.1)
is as follows: the symbol (-,-) denotes the inner product of a Hilbert space of quantum state
vectors, ¢ (z) and ¢ (zx) (k =1,...,n, zx € R?*) denote field operators in the Heisenberg
and the interaction picture, respectively. For instance, in quantum electrodynamics (QED),
each ¢(¥) denotes the Dirac field v, its conjugate w;r , or the gauge field A,. The symbol T
denotes the time-ordering and €2 and 2 the vacuum states of the interacting and the free
theory, respectively. The operator

T exp (—z’ /_ i dTHl(T)>

is the time evolution operator in the interaction picture, having the following series expansion:

T exp (—z’ /_ tt dTHl(T))

=1+ (=i) [ i dry Hy(m) + (—i)? /_ idn /_ t dr Hy(r)Hi(ma)+ -, (12)

; (1.1)
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which is often called the time-ordered exponential or the Dyson series for
Hy(7) == ™ He™ ™ (1 € R),

where Hp and H; are the free and the interaction Hamiltonians.
This formula is a fundamental tool to generate a perturbative expansion of the n-point

correlation function
<Q’ T{¢(l)(:c1) . ¢(n)($n)}g>

with respect to the coupling constant. When the coupling is small enough (for QED, this
seems valid), the first few terms of the perturbation series is expected to be a good ap-
proximation of the correlation function which gives quantitative predictions for observable
variables such as scattering cross section. In QED, these predictions agree with experimental
results to eight significant figures, the most accurate predictions in all of natural science.
However, the mathematical proof of (1.1) is far from trivial and the derivations given in
physics literatures are very heuristic and informal. The purpose of the present article is to
construct a mathematically rigorous setup in which the Gell-Mann — Low formula (1.1) is
adequately formulated and proved. We remark that the abstract results obtained here can
be applied to the mathematical model of QED with cut-offs, which has been discussed in Ref
(2].

In the original heuristic derivation of (1.1), Murray Gell-Mann and Francis Low [1] intro-
duced adiabatic switching of the interaction through the time-dependent Hamiltonian of the
form Hy + e € H,, where ¢ > 0 is the small parameter which eventually vanishes. We take
an alternative way by sending the time ¢ to oo in the imaginary direction: t — oco(1 — i€).
The same method can be found in physics literatures (see, for example, [3, 4]). In this case,
one difficulty with the mathematical proof of (1.1) is to construct the complex time evolution
which possesses the following series expansion:

Texp (—i [ d<H1(<>)

z z G
=14 () [da (@) + (i [ do [ deB@HG) o (9)

’

(z,7' € C) for unbounded H;. We extend the methods obtained in [5] to “complex time”.

In Section 2, we develop an abstract theory of complex time-ordered exponential. In
Section 3, we state and prove the Gell-Mann — Low formula in an abstract form under some
assumptions.

2 Abstract construction of time-ordered exponential
on the complex plane and its properties

Let H be a complex Hilbert space. The inner product and the norm of #H are denoted
by {-,+), (anti-linear in the first variable) and || - ||» respectively. When there can be no



danger of confusion, then the subscript # in (:,-),, and || - || is omitted. For a linear
operator T' in H, we denote its domain (resp. range) by D(T) (resp. R(T)). We also
denote the adjoint of T by T* and the closure by T if these exist. For a self-adjoint operator
T, Er(-) denotes the spectral measure of 7. The symbol T'|p denotes the restriction of a
linear operator T to the subspace D. For a linear operators S and T on a Hilbert space,
D(§+T):=D(S)ND(T), D(ST) :={¥ € D(T)|T¥ € D(S)} unless otherwise stated.

We begin by defining a time-ordered product of operator-valued functions and the time-
ordered exponential of an operator-valued function in an unambiguous way. Let z,2’ € C
and I' be a piecewisely continuously differentiable simple curve in C from 2’ to z. That is,
I' is a map from a closed interval I = [a, ] in R into C, which is piecewisely continuously
differentiable and injective, satisfying

I(a) =2, T(B)=-=z (2.1)

We define a linear order = on I'(J) = {I'(¢) | t € I} C C as follows. For (1,{; € I'(I), there
exist tl,tg € I with F(tl) = Cl and F(tz) = 42. Then, Cl - 42 if and only if tl > tz.

In what follows, we denote I'(I) simply by I. Let &,, be the symmetric group of or-
der n € N and L(H) be (not necessarily bounded) linear operators in 4. For mappings
P\, Fy,...,F;, (k €N) from I' into L(H), we define a map T[F; ... Fy] from T'* into L(#) by

D(T[F ... Fy)(Gy- -5 C))
= ﬂ ﬂ D (Fff(l)((a(l)) . --Fa(k)(Ca(k)) ) (2.2)

0€8 (C1,...,Cx)ETF

TIF ... F)(G, ) )T
=3 xR (1 ) Fo) (Co)) - - - Foy (Corr)) T (2.3)

€6y
for ¥ € D(T[F;...Fi)(Ci,---,¢)), where x; denotes the characteristic function of the set
J, and
P, ={(C,...,¢) € r* [ oy ™ - > Coiy}, 0 € Gy (2.4)
In what follows, we sometimes adopt a little bit confusing notation

T (Fi($1) - Fi(Ce)) :=T[F1 ... F] (G, - -, i), (2.5)

and call it the time-ordered product of Fi((1),. .., Fx(¢x) along the curve I', even though the
operation T' does not act on the product of operators Fi((y),..., Fx(¢x) but on the product
of mappings Fy, ..., Fy.

Next, we define a concept of time-ordered exponential of an operator-valued function. Let
F:T' — L(H) and let C(F) C H be a subspace spanned by all the vectors ¥ € # such that
the mapping

(G- e1Gn) = F(G) - F(Ga) W (2.6)
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is strongly continuous in the variables ({1, ..., () € I'™. We define a time-ordered exponential
operator by

D (Texp (/F d F(g)))

={\IJEC(F) 1

2
T exp (/ d¢ F( C)) Z / ¢y 6T (F(G) .- F(G)) ¥ (2.8)

A6 T (F(G) -+ F(G) ¥

< oo}, (2.7)

=0

where the integration is understood in the strong sense.
We also define a more general time-ordered exponential operator. Let Fy, Fa, ..., Fk, ..., Fiin
be the mappings from I' into L(#). We define a map from I'* into L(#), which is labeled

by (Cl, .. .,Ck) € Fk,
T[Fl(gl)Fz(gz) ce Fk(Ck)Fk+1 . Fk+n] I — L(H) (29)

by the relations

D (T[Fy(&1)Fa(G) - - - Fi(Ce) Fiort - - - Fran) (Chaty - - -5 Cotn)
= ﬂ n D(Fp1y(Co(v)) - - - Fo(kan)(Coth+n)))s (2.10)

€Sk +n (Cks1r-Chtn)ETT

TIFi(G)F2(G) - - - Fi(Ce) Fiera - - Froan] (Gt - -+ Gotn) ¥
Z XP,’M, (<k+17 oo 7Ck+n) o(l) (Ca 1)) (k+n) (Co(k+n))\1l (211)

U€6k+n

for W € D (T[Fl (CI)F2(C2) cee Fk((k)de—l e Fk+n](<k+1a veey Ck-l—n))' Here, we denote
Pr,z,a = {(Cr+15 - - - yChtn) ET™ | Coy = -+ > Ca(k+n)} (2.12)

for 0 € Ggin. In this case, we also employ a confusing notation (really confusing in the case)

T (Fi(¢1) - - - Fran(Gin))
= TR Fa() - Fi(Ge)Fiot - - Franl (Gras - > Cim), (2.13)

and call it a time-ordered product of Fi(C1),..., Fi+n(Ct+n) along the curve I', following
physics literatures. We never use this notation unless it can be clearly understood from the
context which variables of ({1, . .., (k+n) are fixed and which variables are function argument.

Using this notation, we can define a more general time-ordered exponentlal operator. Let
Fi,..., Fy, F be operator-valued functions from I' into L(#H) and Fyq1 = = Fyyn=F. Let
C (Fl, ..., Fy, F) be a linear subspace spanned by all the vectors ¥ for Wthh the mappings

(Ck+1, ceey Ck+n) — Fa(l)(Ca(l)) e Fo(k+n) (Ca(k+n))\1l (2-14)



are continuous for all fixed (¢y,...,({;) and all ¢ € G,44. Then, on the domain
D (TFl(gl) . F(G) exp (/ d(F(g))) = (U e C(R,...,FuF) |
r

L H [ st dGanT (Bi(G) - eGP (G - FiGsn) \IJH < oo} 1)

n!

nx0

We define
TR(G)... Flaew  [acF©) v
r
= Z nl dCt1 -+ - dCern T (F1(C1) - - Fr(Ch)F (Cetr) - - - F'(Cham)) 0. (2.16)
We remark that for all o € G,

TR(G). .. Fe(G) exp ( /F dCF(C))
= TFo1)(Co)) - - - Fory(Cory) exp (/r d¢ F(C)) - (2.17)

We introduce a class of operators which plays a crucial role in the following analyses. Let
Hy be a non-negative self-adjoint operator in .

Definition 2.1 (Co-class). We say that a linear operator T is in Cy-class if T satisfies the
following (I)-(III):

(I) T is densely defined and closed.
(I) T and T* are H)/*-bounded.

(IIT) There exists a constant b > 0 such that, for all E > 0, T and T* map R(Ex, ([0, E]))
into R(Eg, ([0, E + b])).

We define
Ve = R(Em,([0, E])), (2.18)
D = | V&, (2.19)
E>0

and denote the set consisting of all the Cy-class operators also by Cy. Note that the subspace
Ds,, is dense in H since Hy is self-adjoint. For A € Cy, we define

A(2) = e pe#H0 » € C. (2.20)
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Note that A(z) is closable since its adjoint includes the operator o A*e~#"Ho which is
densely defined. We denote the closure of A(z) by the same symbol. In this notation, one
obtains

A(z)* D A*(2"). (2.21)

The basic properties of the time-ordered exponential is summarized in the following The-
orems 2.1-2.5.
Theorem 2.1. Let A be in Cy and 2,2’ € C.

(i) Take a piecewisely continuously differentiable simple curve I'; which starts at 2’ and
ends at z with Im 2’ < Imz. Then,

Dg, C D (Texp (—-z/ dCA(C))) (2.22)
T exp (—z/r

does not depend upon the simple curve from 2’ to z and depends only on z and Z,
justifying the notation

and the restriction

(2.23)

dCA(C)> o

z,2!

U(A;z,2') :=Texp (-—i d(}A(C)) ‘Dﬁn. (2.24)

T,

(i) U(A; 2, 2') is closable, and satisfies the following inclusion relation:
U(A;2,2')* D U(A* 2'*, 2*). (2.25)
Theorem 2.2. Let Ty, Ay (k = 1,...,m, m > 1) be Co-class operators. Then, for all zy, z;, €
C (k=1,..,m) with Imz < Im 2, and (, ¢, € C, it follows that
Dtn € D(Tn(Cmy €U (A 2my 2y - - T1 (1, GU (Ar; 21, 27))- (2.26)
Moreover, for all ¥ € Dgy,
T (Gms G U (A 2m, 21) - Ta (G, $DU (A 21, 21) ¥

= 3 TulGon G Ve (Ari 2y Z) -+

nl,...,nm=0

.- 'Tl(ChC{)an(Al;Zlvz;)qlv (2'27)

where the right-hand side converges absolutely, and does not depend upon the summation
order. Furthermore, this convergence is locally uniform in the complex variables

21 Zi, gla ({1 sy Bmy Z;na Cmy Cyln



By Theorem 2.2, it is natural to introduce the set of all the polynomials 2 generated by
{T, U(4;z,2),e% T, A€ Cy, 2,2, €C, Imz < Im z’} . (2.28)

It is clear that all a € A are closable, since they have densely defined adjoints and the
subspace Dpg, is a common domain of . We define a dense subspace D by

D := ADj,. (2.29)

Theorem 2.2 shows that D is also a common domain of 2. Moreover, for all ¥ € D, there
exists a sequence {¥x}n C Dsy such that

Uy =T, a¥y—>a¥ (ae) (2.30)

as N tends to infinity. This implies that if an equality @ = b (a,b € ) holds on Dgy,, then
a = b on D and the convergence is locally uniform in all the complex variables included in a
and b. From this observation, we immediately have

Corollary 2.1. Let A be in Cy and 2,2 € C with Im z < Im2'. Then,

DcD (Texp (—i d(A(C))) (2.31)
T, .
and for all ¥ € D,

T exp (—z’ dCA(g)) U =U(A;2,2)0. (2.32)
T,

In particular,

dCA(C)> v (2.33)

T exp (—i /
r

is independent of the simple curve I', ,» and depends only on 2,2' if U € D.
Theorem 2.3. Let A be in Cy and 2,2’ € C.
(i) For all ¥ € D, the vector-valued function
{(z,2)|Tmz <Im2'} 5 (2,2) = U(4; 2,2 )V e H

z,2’

is analytic on the region {Imz < Im 2'} and continuous on {Imz < Im 2'}. Moreover,
it is a solution of differential equations

(%U(A; 2,2 )¥ = —iA(2)U(4; 2, 2) 7, (2.34)
%U(A; 2,2\ U =1iU(A;2,2')A(Z)7, (2.35)

on {Imz < Im2z'}.
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(ii) For all ¥ € D, the vector valued function R? > (t,t') — U(A;t,t')¥ 4s continuously
differentiable on the region R?, satisfying the differential equations

P -

VAL = —iAW) UA L)Y, (2.36)

%U(A; 5 0)0 = iU(A; £, 0)A(t) . (2.37)

Theorem 2.4. Let A € Cy and 2,2, 2" € C. Then, the following properties hold.
(i) If Imz <Imz' < Im2", the equalities

U(A;z,2) =1, U(A;22)U(A;2,2")=U(4A;2,2") (2.38)

hold on the subspace D, where I is the identity operator.

(ii) Let Imz < Imz2'. Then, U(A;z2,2) is translationally invariant in the sense that the
equality

ei’H"We_”H"\II =U(A; 2 +2,2"+ 2) (2.39)
holds on the subspace D.

(i%) For all t,t' € R, U(A;t,t') is unitary. Moreover, for all t,t',t" € R, the operator
equality

U(A;t, t) U(A;t,t") = U(A;t, t") (2.40)
holds.

Theorem 2.5. Let A;,... Ay, B € Co, and 2,2’ € C withImz < Im2z2'. Let (1,...,{ € C
and suppose that there exists a permutation o € &y satisfying

Imz <Im{pa) <+ <Imery < Im 2. (2.41)

Take a simple curve T, from 2’ to z on which (o1y > -+ > Cory- Then, we have

DcD (TAl((l) .. Aw(G) exp (—i /F d¢ B(C))) (2.42)

and

TAi(G1) - - - Ak(Ce) exp (‘2/ ¢ B(C)) v

= U(B,; 2,$s1)) Ac1) (Co))U(B; $o(1), Co2)) - - -
.. U(B; Coth—1)> Cotir)) Actk) (Cor) ) U (B; Co(iy, 2') ¥ (2.43)

’

for all ¥ € D.



3 Complex time evolution and Gell-Man — Low formula

In this section, we consider the operator ‘
H = Hy,+ H; (3.1)

with H; € Cy, and we state and derive the Gell-Mann — Low formula. In what follows, we
shortly denote

Va(z,2') ==V, (Hy;2,2"), Uz, 2') :=U(Hy; 2, 2). (3.2)
We define complex time evolution operator
W (2) := e 5l (z,0) (3.3)
for z € C with Im z < 0. The operator W (z) generates the “complex time evolution” in the
following sense:

Theorem 3.1. For all ¥ € D, the mapping z — W (2)¥ is analytic on the lower half plane
and satisfies the “complex Schrodinger equation”
d
d—ZW(z)\I' = —iHW(2)¥. (3.4)
Proof. We first remark that D C D(Hp). This can be seen by noting that D C D(efe) C
D(H,). By Theorem 2.1, one can easily estimate
W(z+ h)¥ - W(z)¥ B
h

to know that this vanishes in the limit & — 0. O

(—z’H)W(z)\IIH (3.5)

Theorem 3.2. Suppose that Hy is a Cy-class symmetric operator. Then, H is self-adjoint
and bounded below. Moreover, it follows that

W(z) = e (3.6)
for all z € C with Im 2z < 0. In particular, it follows that
Uz, 2') = o= =M g=i'Ho - Ty 5 < Im 2. (3.7)

Proof. By the present assumption, H; is HS/ ®_bounded. This implies that H; is infinitesi-
mally small with respect to Hp and thus H is self-adjoint with D(H) = D(H,), and bounded
below by the Kato-Rellich Theorem.

By Theorem 3.1, the function z — (e~*"H® W(z)¥) is differentiable in z with Imz < 0

forall W € D, ® € Do(H) := UrerR(En([—L, L])), and we have
% (e Ho, W(2)T) = (—iHe " Ho, W(z)¥) +
+(e7H o, —iHW (2)T)
=0. (3.8)
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Thus, one finds
(@,0) = (e 7o, W(2)¥), (3.9)

for all U € D and ® € Dy(H). Since Do(H) is a core of e~*"# we obtain from (3.9)
W (2)¥ € D(e**H) and

W (2)¥ = T. (3.10)
Hence, we arrive at
W(2)¥ = e H Y, (3.11)

for all z € C with Imz < 0. But, since both sides of (3.11) are continuous on the region
Imz <0, (3.11) must hold on Im z < 0. Since the both sides are bounded, one has

W) =e*#, Imz<0. (3.12)
For z, 2’ satisfying Im 2z < Im 2/, we have from (2.39)

W (z — 2')U = e~ ==l (7 — 2/ 0)T

= "Ml (7, 2/) ¥ Ty, T eD. (3.13)

This implies
Uz, 2)¥ = ¢i*Hoemiz=#)H =iz oy (3.14)
a

We introduce assumptions needed to derive the Gell-Mann — Low formula. For a linear
operator T, we denote the spectrum of T by o(T). If T is self-adjoint and bounded from
below, then we define

Eo(T) := inf o(T). (3.15)

We say that T has a ground state if Eo(T) is an eigenvalue of T'. In that case, Eo(T) is called
the ground energy of T, and each non-zero vector in ker(T — Eo(T')) is called a ground state
of T. If dimker(T — Eo(T)) = 1, we say that T has a unique ground state. The following
assumption are used to prove the Gell-Mann ~ Low formula.

Assumption 3.1.  (I) Hy has a unique ground state Qo (||Qo]| = 1), and the ground energy
is zero: Eo(Ho) = 0.

(II) H; is a Co-class symmetric operator, and H has a unique ground state Q (||| = 1).

(I11) (R, Q) # 0.



Under Assumption 3.1, we define the m-point Green’s function G, (21, ..., 2m) by
Gm(21,. .., zm)
= i(z1—%m)Eo(H) (Q, AiW (21 — 22) Az .. Ay i W (2m-1 — 2m)Q0) , (3.16)

for Imz; < --- < Im 2z, provided that the right-hand-side is well-defined. The Gell-Mann —
Low formula is given by:

Theorem 3.3. Suppose that Assumption 3.1 holds. Let Ay (k =1,...,m, m > 1) be linear
operators having the following properties:

(I) Each Ay, is in Co-class.
(I) For each k, there exists an integer r, > 0 such that, for alln € N, A, maps D(H™t™)

into D(H™).
Let z1,...,2m € C withImz < --- < Imz,. Choose a simple curve I's from —T(1 — ie)
to T(1 —ie) (T,e > 0) on which 2y > -+ = zy. Then, the m-point Green’s function
Gm(21,...,2m) is well-defined and satisfies the formula
(0, TA 1) ... Am(m) exp (=i fry dC Hi(C)) )
Gm(z1,...,2m) = lim L (3.17)

T—00 <QO,Texp (—i fFET d¢ Hl(C)) Qo>

To prove the Gell-Mann — Low formula (3.17), we prepare some lemmas. We denote
Eo(H) simply by Ej. '

Lemma 3.1. For any ¢ > 0 and all Borel measurable functions f : R — C, we have

lim f(H)eTE OB (T(+£1 — ie) )0 = f(Eo) PV, ¥ e D(f(H)), (3.18)

T—o0

where Py is the orthogonal projection onto the closed subspace ker(H — Ey).

Proof. By the functional calculus and Lebesgue’s convergence Theorem, we have

|| £ (H)eTE @By (T(+1 — ie))¥ — f(Eo) Bo||”
_ ”f(H)e%'T(H_Eo)e—Ta(H—EO)\I/ _ f(]:?o)].'*JH({Eo})‘I’||2

- /[E AN F) T - Xz V)
- / 4 Ex(V)T|? | f(N)e T~ B g
Eg,00)
0, (3.19)

as T tends to infinity. O
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Lemma 3.2. Under the same assumption as in Theorem 8.3, the operators
A= (H = QOZ= A (H = ()" 5=, k=1,..,m, (3.20)
are bounded.

Proof. From the assumptions,

Ay(H — ()™ E5="10 € D(HE5=17), (3:21)
for all ¥ € H. Thus, .
D(A;) =H.
On the other hand, it is easy to check that Ec’s are closed. Hence, by the closed graph
theorem, each Ax’s are bounded. 0

Lemma 3.3. Under the same assumption as in Theorem 3.3, it follows that
711_1)1010 A1W(21 - 22)A2 ‘e

e AW (21 — 2m) Am f(H)eTE"EOW (T (21 — ie)) ¥
= AIW(Zl - 22)A2 N Am_1W(Zm_1 - Zm)Amf(Eo)PO\IJ, (322)

for all Borel measurable functions f : R = C and ¥ € (,.y D(H"f(H)).

Proof. Under the present assumption, we see that each A leaves the subspace (oo, D(H")
invariant, and thus ¥ belongs to the domain of the operator

AW (21 — 22) Az ... A i W (2t = 2m) Am f(H)eTE—OW (T (11 — ic)).
Now let ( € C\R. Then, we can rewrite

A1W(Zl - 22)A2 . Am_1W(Zm_.1 - Zm)Am
= AW (21— 22) - AW (21 — 2n) (H — () ZF=1 s (3.23)

with
A= (H— O A(H - ()" Z5=1, k=1,..,m. (3.24)

Note that each of Z,:’s and W (zx_; — 2¢)’s are bounded operators by Theorem 3.2 and Lemma
3.2. Then, by Lemma 3.1, one sees that for all n > 1,

Jim (H - Qe TE =W (T(£1 — ic)) ¥
= (Eo—()"Po¥ = (H - ()"RY, (3.25)

which implies the desired result. O



Proof of Theorem 3.3. Put

Oayom =AW (21 — 22)As . .. A1 W (Zm—1 — Zm) Am. (3.26)
From Assumption 3.1, one finds
Py
Q= m (3.27)
to obtain
Cita—mm)Ee (P00, O .. 2 PoS0)
Gz, ..., 2m) = e17#m)E0 B, Pol0) (3.28)
By Lemmas 3.1 and 3.3, we have
(Pof20, O....em Po0)
(FoQ0, o)
- (em 1 H-EW (T (~1 — i€))Q0, Oy, . zme " H-EIW(T(1 — is))90>. (3.29)
T—00 (W(T(—1— 1)), W(T(1 — i€))S)
Using Theorem 3.2, we find
e HH-BOW (T(-1 — ig))
= "B~z Ho[] (5% T(1 1 ig))e!T(1+ie) Ho (3.30)
e~#mE-BOW (T(1 — 4¢))
= etmBog=izmHo[] ( "T(] — jg))etT(1~ie)Ho (3.31)

on D. Therefore, by Theorem 2.5, the numerator on the right-hand-side of (3.29) can be
rewritten as

C_i(zl_Zm)Eo (Qo, U(T(l - 2'6), Zl)Al(Zl)U(Zl, Zz) e
o U(2Zm=1, 2m) Am(2m)U (2m, =T (1 — i€)) Q)
= e—i(z1—zm)Eo (Qo, TA1 (Zl) e

. A (2m) exp <~—z/
r
and the denominater as

(Q0, U(T(1 —¢), =T (1 — i€))S)

_ <Qo,Texp (-i /F L Hl(()) QO>. (3.33)

Finally, inserting (3.29), (3.32), and (3.33) into (3.28), we arrive at the Gell-Mann — Low
formula (3.17). O

d¢ Hl(C)> o) (3.32)

£
T
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