Renormalization of Quantum Electrodynamics!

D. E. Soper?
University of Oregon
Physics 666, Quantum Field Theory
May 2001

1 The action

Most of the calculations that one does in quantum field theory beyond the
leading order lead to ultraviolet divergences. In these notes, we see how to
deal with that.

The first step is to look at the action. (We consider quantum electro-
dynamics since it is perhaps the most important relativistic quantum field
theory, but the ideas are quite general.) The action is

§ = [ [do(@){if) ~ Qeol(x) — mo}vo(w) = LF* (0) Bw(@)] . (1)

Here I have called the fields v and Aff, with F}" (z) = 0" Af — 0" Aj. These
are the “bare fields.” Also, the coupling is eg, the “bare coupling” and the
mass is mg, the “bare mass.” This is like a corperate reorganization, where
every job gets a new title.

I have also anticipated that we may want to operate in

d=14-—2€ (2)

dimensions of space-time. Thus we have [ d%z.

All of this business with dimensional regulation is not so important for
the moment. What is important is that we recogize that the bare quantities
may not be upon which to base our perturbation theory. Instead, we can
define renormalized quantities by

Vo = i Zu0

Ag = [L_e ZA AP
mog = Zpm
go = (249 (3)
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In these relations, I have introduced a quantity i with the dimensions of mass
(or momentum or inverse distance). The idea is this: S is dimensionless,
while d?z has dimensions m~¢ = m™* x m?¢. Thus the bare fields and the
bare coupling have dimensions that depend on e. On the other hand, I want
the ¢, A*,m and g to have fixed dimensions, independent of € and I want the
various factors Z to be dimensionless. Thus I put the proper dimensionful

factor equal to a power of ji in front of each Z.
Then

2 [0 Z0id — 7\ ZaZ.QeA(w) = ZoZuim i)
~LZ4F" @) Eu(a) (4)
This doesn’t seem very helpful, but we can make it even worse:
= % [ a0 {ip — mpv(e) - 1P (@) B (o)

—i(x )QEA( )¥(x)
+(Zy = 1) Y(2)ige(x)
—(
—(
—(

Zy\| ZaZe — 1) P(z)Qed(z)(2)
ZyZm — 1) (x)mp(z)
Za— 1) F" () B (). ()

Although this looks like a mess, it does something good. We can treat the first
two terms as the unperturbed action that provides the basis for perturbation
theory. All the other terms are treated as perturbations. This includes the
terms proportional to powers of various Zs minus 1.

These terms are treated as perturbations and generate “counterterms”
in the Feynman diagram expansion of the theory. Let’s write the rules in
momentum space. I should mention that when we go from position space
to momentum space in the renormalized theory we will defne the Fourier

transform by
ﬂ—Qe/dll—QEx ik (6)

so that the Fourier transformed renormalized fields have fixed dimensions.
Then each integral over a loop momentum will come out to have the form

[ s @
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which is just right to keep the dimensionality fixed if we add loops.
Here are the Feynman rules. We have the usual interaction

—ieQ" (8)
but now we have counterterms

e Electron field strength renormalization counterterm
W(Zy = D (9)
e Electron mass counterterm
—i(ZyZm — 1)m (10)
e Photon field strength renormalization counterterm
i(Za=1)(=g""a" + ¢"q") (11)
e Vertex counterterm

—i(Zyp\| ZaZe — 1) eQ* (12)

2 Integrals

When we compute Feynman diagrams in d dimensions, we will need the

integral
d?k 1
I= / . 1
21 [ — A2+ A (13)

Let’s see how to do this.
First, we rotate the &° integration to the imaginary axis, so k° = ix.
Then

; _/dmdd—ll%’ i /dmdd‘llz i(—1)A

2m)?® K2 — k2 — AZ]A B 2m)  [k2+ K2+ A2)A° (14)

We write this as an integration over a vector space with a euclidian metric
(((E??): ]
d°k 1
[=i(~1)* / .
E (2m)4 [k2 4+ A2]A

(15)
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Now use the integral representation of the gamma function to write

i(— A d 00
! (r(ix)) /E(;iw];d 0 C?AAGXP{_W‘CHM]}
i(—1)4 foo ) d
_ (r(ix)) 0 d/\/\)\Ae)‘A [E (;iﬁ];d exp{—\k2) (16)

Here is where we come to the meaning of d dimensions. If d is an integer, we
have

K=Y k3 (17)

SO

d ~ d
/E (gﬂl;d exp{—)\k*} = (/—oogf' exp{—Ak2}> (18)

We make this the definition if d is not an integer. Of course, we know the
integral:

/O:O dx exp{—2?} = /7, (19)

" /_ O:o ‘257]: exp{— A2} = \/;T_A (20)
Thus
;o z’(F—(il))A 0°°d)\>\ M=% [\ 42
- Z'(F_(gl 4]~ ? A4A T(A — d)2) (21)
That is
/ (;ijr];d [k?—A12+z‘e]A - Z-<r_(114))A ™ W' .

Note that the power of A? follows by power counting. Recall that I'(z) has
a pole at z = 0 (and also at positive integer values of z). Thus our integral



has a pole at just the point where the power of A? is zero. Near z = 0 one
has ]
L) = - — 5+ 0(0) (23)
where g is the Euler constant, 0.577 - - -.
Sometimes, one needs the integral

dk o
/ (2n)0 [ — A2+ idA (24)

This integral is zero because it is odd under k#* — —Ek*. Also, one can
encounter

dk kErEY
/ — (25)
(2m) [k? — A% + ie]A
This is easy to evaluate by replacing
1
kY — pi g k? (26)

and writing k% as (k% — A?) + A%

3 The electron propagator

The 1PI graph has a name: —¢X. We have

—q — 2% d*q VP — 4+ m)
X(p) = —e' / (2m)4=2¢ [(p — q)2 — m2 + i€][q? + i€] (27)

Using a Feynman parameter « this becomes

oy o [N e [ AT AP =+ m)
~iSp) = = [ da i [ G e s (28)

where
i = ¢ — ap (20)
and
A? = am? — a(l — a)p’. (30)
The numerator becomes
(L= a)p — g+ m)y, (31)
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We can throw away the ¢ term since it integrates to zero. For the other
terms, we use our y*I'y, rules, giving

—2(1—€)(1—a)p+ (4 —2¢)m (32)
Thus
e [ AV 2(1—€e)(1—a)p+ (4—2¢)m
—iS(p) = —¢ / da ji / = 1 AR i (33)

Now we can perform the ¢ mtegratlon, giving

90 = =< 100 [ da (T 221 - (1 — a)p+ (4 20m], (34)
(4r) 0 A

[\

or

X(p) = CZI: I'(e) /Oldoz (41'3 ) [—2(1—€e)(1 —a)p+ (4—2¢)m]. (35)

To use this result, we add in the counter terms and expand around e = 0:
Qlem 1 1 4 i
YX(p) = . 7(1—6%94—---)/ do ll—i—eln( A2 >+]
X [—2(1 —€)(1 —a)p+ (4 —2¢)m] + C.T.

aem
= 47T€/doz 2(1 — a)p + 4m)|

amﬂ/(i1n<4”“ _Wd[—ﬂl—wﬂ¢+4nﬂ

2(1— a)p—2m] + -+ C.T.. (36)

In the first and last terms, we can perform the « itegration immediately,
while we leave the integration undone in the second term. We simplify the
second term with the substitution

4t e E = 1P, (37)
Then
(p) = ‘j;;“ - ¢+4m]
am? — a(l — a)p? WV — dm
(=) 21 - g o
+SR [ —2m] 4
—(Zy = Vp+ (ZypZpy — 1)m. (38)



Now we get to choose what (Z, — 1) and (Z;Z,,, — 1) are. These quantities
will have expansions in powers of aey,. At our current order of perturmbation
theory, we are only concerned with the o, contributions.

We can choose the “modified minimal subtraction” prescription, usually
denoted MS. In this prescription, we choose the counter terms to cancel the
poles and no more:

Olem 1
(Zo=1) = =52+ 0(d,)
Qe 1
(ZuZn—1) = =221 0(a2,) (39)

With the MS prescription we have

S(p) = (Z: /Olda In (O‘m - 0;(21 — ) 2(1 — a)p — 4m]

+O;‘;f [p—2m] + . (40)
This is an analytic function of p? for spacelike p#, that is p? < 0. It has
a branch point at p?> = m?, corresponding to an electron splitting into an
electron and a photon. We may consider that the function has a branch cut
from p* = m? to p? = co. The physical side of the branch cut is Im(p?) > 0.

This may seem very strange. We seem to be hiding something infinite
with the (Z —1) trick while all the time we are expanding in a small quantity
Qem- How can we expand in powers of ae, X 00?7 A way to think of this
is that our integralions really end at ¢> ~ M2, where M? is a momentum
scale beyond our experimental reach. For instance M = 10 TeV. Beyond
the scale M? there is some new physics that we don’t know about. We may
suppose that below M? we have Standard Model physics, for which we have
just calculated the most important diagram. The “bare” quantities refer to
the effective action that applies at scale M? and below.

Now if we perform the integrations with a cutoff around M?, we will get
ap In(p? /M?) factors. (There is a log because the integration is logarithmi-
cally divergent.) Then we use the (Z — 1) trick to change to “renormalized”
quantities with

(Z—1) ~ (const)o;ﬂ In(M?/1%) + O(a2,) (41)

This cancels the In(M?) and replacees it by In(u?), where p can be of the
order of the electron mass. Thus the renormalized expansion has powers of
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aem multiplied by quantities of order 1. This compares to the unrenormal-
ized perturbation theory, which has powers of agIn(M?/“m?”) and hence
does not converge so well. As a technical trick, we don’t just cut off the
integrations, but rather regulate them with dimensional regulation. Thus we
should understand p%/e as a stand in for In(u?/M?).

Exercise: Calculate the photon self energy I1#” at one loop order to obtain
a formula analogous to Eq. (35), that is [I"” in 4 — 2¢ dimensions before
subtracting the counter term.

4 Structure of the propagator

We will want to investigate on-shell renormalization. Before starting this,
let’s look at the complete propagator iD(p). Let —iX(p) be the one parti-
cle irreducible two point function for the electron, summed to all orders of
perturbation theory. Then we have

1 1 1 \?
Dﬂﬁzzﬁ__wl{1*-2“”¢_4n-%(20”¢_4n) +-~}. (12)
This sums to

D) = 52 [1- 22 ]3 (13)

T p-m p—m
We can simplify this, being careful of the matrix ordering: If we let £ = p—m,
we have

D=E'1-xgH! (44)

" DA1-SENH=FE" (45)

" DE-%)=1 (46)

" D=(E-%)" (47)
That is

D(p) = [p—m—S(p)]" (48)



Thus if we knew X (p) exactly, we would have the inverse of the propaga-
tor.
We can carry this a little further by writing

S(p) = AP [p — m] + B(p*)m. (49)
then 1 1+ C0)
_ ) m
D= 1240 -+ ) (50)
where
o) = % (51)

We see that (if C is close to 0) D has a pole at some value of p*> which may
not be m?2. The residue of this pole may not be 1. Note that we have to sum
the series (42) in order to see that the pole moves. We do not, however, have
to sum all of the contributions to ¥ to see this.

5 On-shell renormalization

We can adjust the Z — 1 factors to make m the physical electron mass, that
is, the location of the pole. Evidently, what we need is

B(m?) =0, (52)
so that C'(m?) = 0. We can also adjust the Z — 1 factors to make the residue
of the pole at p? = m? equal to p + m:

2

D(p) ~ as p° — m>. (53)

P2 —m2
With a little algebra, we find that the required condition is
A(m?) = 2m*B'(m?). (54)

We can call Egs. (52) and (54) the on-shell renormalization conditions.
Let’s work this out. But first, we give the photon a small mass m., in
order to control certain infrared divergences that we don’t want to worry
about yet. If we give a mass to the photon, our previous analysis works
except that the denominator function becomes
A =am®+ (1 —a)m? — a(l — a)p®. (55)

5
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Then let us imagine that we write the counter terms as a[p —m| + bm where

Apole
a = p +Cl/
€

po— Doy (56)

€

where the first parts are the counterterms in the MS prescription and a’ and b’
are additional pieces that we now add to satisty the on-shell renormalization
conditions. Once we have subtracted the pole terms, we can take e — 0 (as
long as m., # 0). (Peskin and Schroeder do this with € # 0 but then it is a
little more messy.) We find

2(p) = - /Oldoz 1n<0””2+ (1 —a)m} —a(l —a)p2>

4 12
X [2(1 = a)(p —m) = 2(1 + a)m]
+52 [(p—m) = m] +d/(p—m) +Um (57)

The functions A and B have the form

Ap?) = AP +d
B(p*) = Bi(p®)+V, (58)

where A;(p?) and Bj(p?) are the one-loop functions that we read off from
Eq. (57) and @’ aned b are the corresponding counterterms, which are inde-
pendent of p?. The solution of the on-shell renormalization conditions (52)
and (54) is

d = —Ai(m?®) +2m* By(m?)
v = —Bi(m?). (59)
We have
oG — O:;I: /Oldoz {ln<am2 +(1- oz)Zf, —a(l- a)p2> 21— a) 1 1}
B = o= /Olda
am® + (1 — a)m?2 — a(l — a)p?
x{—ln( ” )2(1+a)_1}. (60)
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Then

1 20(1 — a?)
B(p?) = Zem . 1
1) 4 /0 da{am2+(1—a)m%—a(1—a)p2} (61)
Thus

2

2,2
, Qem (! {_ a’m? + (1 — a)m? o
¢ = /0 da 1n< 2 21— a)—1

4a(1l — a?) }

a2t (1- a)ym2 /m?

y o _ Qem /Olda{ln <a2m2 +(1— a)mi> 21 +a) + 1}_ (62)

4w w?

Putting this together, we have

X [2(1 = a)(p—m) — 2(1 + a)m]
_da(l—a®)(p—m) }

a?+(1-— oz)m%/m2

(63)

The details of this result are not so important. The most important feature
are that the dependence on i has disappeared. It didn’t really matter how we
regulated the integral. Also, the on-shell renormalization is pretty much like
the MS renormalization with the scale p of the order of the electron mass.
Finally, note that if we set m, to zero we will have a logarithmic divergence
from the o — 0 region in the integral.

The logarithmic divergence when m. = 0 arises because, if m, = 0, the
electron propagator doesn’t really have a pole. We can illustrate this as
follows. If we start from Eq. (57) with m., = 0 and use the on-shell value for
V' so that the location of the singularity in the propagator is at p* = m? ( so
that m = m.) but use the MS value for ¢/, namely a’ = 0, we get

5) = % [da
X{1n<04mg — 0;(21 — a)p2> 21— a) + 1}(}6 —my)
—OZ: Old 1n<o‘mz _O;‘SLQ_ O‘>p2> 21+ a)m,.  (64)
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This is a finite result for p> < m?.  The coefficient B(p?) of m vanishes
at p> = m?2, so that p*> = m? is where the singularity of the propagator is

located. However

B(p*) = -

em 1 1 - 2 — 2
a /da 1n<1— ap me) 201+ a). (65)
41 Jo

a m2
As p* — m?, this function does not behave like p*> — m?, but rather like
(p* —m?) In(p* —m?) (66)

This term will dominate the denominator in Eq. (50), so that instead of
having a pole, D(p?) behaves like

const.

7 —m2) n(p? —m2)’ (67)

The consequence is that, with the on-shell renormalization prescription,
the renormalized Green functions depend on an artificial cutoff parameter,
m.. Only when we calculate a physical observable will the m., dependence
disappear in the limit m, — 0.

Compare this with the MS prescription, in which the renormalized elec-
tron propagator is perfectly finite in the physical case m, = 0 as long as we
stay away from p* = m?2.

If we calculate electron-electron scattering at one loop order, then the on-
shell renormalization prescription is the most convenient. But, however we
do it, we will have to deal with an infrared divergence that can be regulated
by taking m, # 0. The problem is that on-shell electron-electron scattering
is not physically observable. Real electrons are always accompanied by soft
photons — photons that have arbitrarily small momenta. We have to build
into the calculation the fact that some of the photons are too soft to be
detected before we can get an answer for electron-electron scattering that is
finite when m., — 0.

Another way to regulate the soft photon divergence is by staying in 4 — 2¢
dimensions. In this style of calculation, with on-shell renormalization, the
renormalized electron propagator has some 1/¢ terms. The renormalization
subtraction gets rid of the 1/e terms that come from ultraviolet momenta
in the loop. But then renormalization subtraction adds 1/e terms associ-
ated with infrared momenta and arise from the unphysical renormalization
condition.
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6 The photon propagator

The 1PI graph is generally called —iII*” (or +¢II* in the notation of Peskin
and Schroeder). At one loop we have

() = _2gze [k T =+ m)y (f £ m)]
—il%le) = "/@@4%any—mﬂmmm—mhmd

+ C.T.

(68)
We already know how to do this kind of calculation, so I will leave out
the intermediate steps, except to point out that in one of the terms we get a
factor
—1+e€ 1

e [-T(=1+4+¢) +T(e)] = myp [—T'(e) + (=1 + e)T'(e)] =T'(e). (69)

The result is

v Olem v v 1 mQ_OZ ]__O{qQ ¢
HW@——2WF®Ww“w%)OMaO—M< ;W )>
+—2(g"¢* — ¢"¢") (——+—6c> (70)

The second line is the counter term, which, according to the Feynman rules,
must be proportional to (¢"V¢* — ¢#q”). If we choose MS renormalization,
then the counter term is simply the pole term and the extra constant that I
have called dc is zero. That is

a/em

Lo@) (71)

Za—1)=—
(A ) 3T €

Since the pole term gets rid of the divergence, we can take the limit e — 0
to get (with any renormalization prescription)

v Qem 1 m? — ol — a)¢?
I1*(q) =-47r@”f—¢%)ﬁdaml—®m< ; )>
Aem , 1 v
+H0"" = "q")dc. (72)

If we would like to use on-shell renormalization, we need a little analysis of
the photon propagator. (We stick to Feynman gauge, for simplicity.) Define

q"q
C@ﬁzgﬁ—qQ- (73)
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Note the properties

Cq)tq” =0, C(q)hC(q)y = Clq)h. (74)

We can define II(¢?) by

1"(q) = —¢*C(q)4T1(q). (75)
Then the complete photon propagator is

_ =9 ="

DH
q? 7

(—*C(q)asl(¢?))

o (76)
This is

_1ghgm Clg™

DM —
@ ¢ q?

[1+T1(¢%) + 11(g*)? + -+ . (77)

There is an orphan ¢*¢” term, but then a geometric series. Summing the
series, we have
_lg¢w  Clg™

¢ ¢ ¢l-1(e)]
There is some real physics content here. Because II*” has the structure given
in Eq. (75), the pole in the photon propagator remains at ¢* = 0.

Now to implement on-shell renormalization, we adjust the counter-terms

so that

D = (78)

11(0) = 0. (79)
Then Lt Ol w
DI qq‘j - <qq2> = —qu. (80)
as ¢ — 0.

With on-shell renormalization, we have

m2

1 2 _ 1— 2
I (q) = —22 ("¢ —Q“CJ”)/ da a1l — a) 1n<m odl — o ) (81)
T 0
Recall that the counter term that adjusts [1* is

(Za—=D)(g"¢ = ¢"q"). (82)
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Our next exercise will be an investigation of the renormalization of the 1PI
electron-photon vertex. We will find then that Z, = 1/ V' Z 4. Thus when
we decide on the renormalization prescription for the photon propagator,
we are really deciding how to define the unit of electric charge squared,
e?/(47) = Qem. With the MS definition, we get a definition that depends
on the scale p: aep(p?). With the on-shell definition, we get the standard
coupling that is usually called simply .y, and is approximately 1/137. We
have seen that to one-loop accuracy, and if electron are the only charged

. 2
fermions, qem = Qem(m?).

7 Renormalization of the vertex function

We now examine the eevy vertex function, I'*. our aim is to see what counter
term we have to include in I'* to make it finite. The calculation starts as in
the calculation of the electron anomalous magnetic moment, except that we
do not necessarily take the incoming and outgoing electrons to be on-shell.

We have

r“ =

it [ 2 — - m ()4 )
e 2 )2 [(K — 1)2 — m2 + ie][(k — )2 — m? + €| |12 + i€]
+C.T.. (83)

For our limited purposes, we do not need to introduce Feynman parameters,
but let’s do so so that we can follow along with the complete calculation of
['* for awhile. With Feynman parameters, we have

1—a d4 2el
" = —2i¢? /da/ dp i

277')4 2¢
VEE =+ m)y (k= I+ m)va
[D? + i€]3
+C.T, (84)

X

D = of(K =1)> =m?| + B[(k = 1)> =m?| + (1 —a - B)I?
= 2ok -1 —2Bk-1+a(k? —m?) + B(k* —m?)
= (I—ak —Bk)*+a(l — a)k?+ (1 — B)K* + 2aBk - k' — (a + B)m®
= [2— A2 (85)
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Here the shifted loop momentum is
*=1" —ak™ — k", (86)

If weuse vy =1—a — 3 and ¢* = k'* — k*, we can write A2 in a nice form:

A? = —ank™ = Bk? — afg® + (o + B)m? (87)
Thus
. . 1 l1-a o di—2¢]
e = —2262/0 doz/o dg i )iz
(A a)f = BE — [+ m)y (—af’ + (1= B)f — ]+ m)a
(12 — A2 + i€]3
+C.T., (88)

So far, we have a complete calculation. Now we concentrate on pieces
that can give a 1/¢, which are those arising from having two factors of I* in
the numerator. We have

Ve = 21—l
(1-¢€) = M
- —ml Saleel
_ (1—¢)? 2 ~H
(1—¢/2)
By P )

(1—-¢/2) (1—¢/2)

In the step indicated by an arrow, we have used the fact that l~al~5 and
12gas/ (4 — 2€) have the same integral.

The second term of this result will not give a divergence as ¢ — 0. And
in the first term, we can set ¢ — 0 in the coefficient if all we want is the
coefficient of 1/e. Then

B 0 0 s (2m)4=2€ [2 — A2 + j¢]?

+C.T. + finite. (90)
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We perform the [“ integration to get

1 11—«
DH = 2y / da / d i[An]~ @1 (e)[A2/ )¢
0 0
+C.T. + finite

_ 2 7€
_ o M/l /1 ad r A
o | 0 da 0 B I(e) 4 fi?

+C.T. + finite

Qem 1

47 €
+C.T. + finite. (91)

It should be evident from this derivation how we could keep all of the finite
terms. But if we want just the MS counter term, it is C.T. = (ZyvV/Z1Z. —1)
with

em 1
(ZVZaZo~1) = =52 = 4 0(a2,). (92)
Recall that we found (with the MS prescription)

Olem 1

Zy—1) = — 4+ 0(?
(Zo=1) = =521 0(2,)
Qe 1 9
(ZpZm —1) = —— =+ O(agy)- (93)
T €
and 1
«
Zi—1)=—-—"2"410(a? 94
(Zy—1) = =522 1 O(a2,) (99)
Thus
1 aey 1
7 - 1_= em * 2
W i (o)
1 Qg 1
Zo = 1= 372"+ 0(aZ)
T €
3 Oy 1
Zm - 1_72 em * 2
14 t0eml o2 ) (95)
e — - - (67
6 ™ € em

If we want to use on-shell renormalization, we have to consider

UK, \TU(k, s) (96)

17



with k2 = m? and k* = m?. We will get an infrared divergence, so we give
the photon a tiny mass m,. Recall that between on shell spinors, I'* will
have the structure

Qe (K's"\TH(K' kU (k, s)
— UK {'y“QeFl(QQ) + z';f; " g,k Fo(q) } Uk,s)  (97)
We take the limit ¢> — 0. Then the 0¥, goes away. We add a little extra

(besides the 1/e part) to the v* term so that the one loop contribution to F}
vanishes. That is, the on-shell renormalization condition is

Fi(0)=1. (98)

The result is that (Z,v/Z 47, —1) is the same as (Z, —1). That is, vV Z 47, =
1, just as with the MS. We could have discovered this with less calculation
by using the “current conservation identity” or “Ward identity.” I won’t go
into this, but the identity arises by considering ¢,I"*.

Exercise: Calculate the renormalized two point function and four point
function at one loop in ¢* theory using the MS prescription.

8 The role of u

If we use MS renormalization, the Green functions, calculated at a fixed order
of perturbation theory, depend on . Suppose the ¢ is some observable that
can be calculated in perturbation theory. Then

o=>Y ¢€"o, (99)
n=0

The perturbative coefficients o,, will depend on m and p. However, physical
predictions cannot depend on pu, at least if we calculate to infinite order. The
only way this can happen is if e and m also depend on p. That is, o must
have the form

o(e(ys), i), 1) = ff (11)" on(m(p), 1) (100)
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and it must be the case that o(g(u), m(u), 1) is independent of p. We will see
in the next section how this can happen and what the form of the dependence
of e(u) and m(p) is.

Before we go on to this, we can answer one question: if y is arbitrary,
what value should we choose for it? The (approximate) answer is easy. We
have already seen that in a perturbative calculation we will get logarithms
of p*/u? where p is a momentum in the problem. The logarithms arise from
the loop integrations, and typically we can get one logarithm per loop. Thus
we really have an expansion in powers of a/In(p?/u?). If this is going to be
a useful expansion, we would like o In(p?/p?) to be small. This means that
In(p?/p?) should not be large. That is, u should be the same rough size as
the typical momenta p in the problem.

9 The renormalization group

The action for the bare theory is

§ = [d'a [do(x){ip — Qeol(x) = mo}vn(w) = { R (2)Foyu(e)] . (101)

Our definition is that none of the quantities appearing here depend on the
scale p. Then Green functions for the bare theory do not depend on u either.
(Here we should take Fourier transforms without a factor of i~2¢ in order to
avoid introducing any p dependence if we want to calculate Green functions
for the bare theory in momentum space.)

Now we define renormalized quantities by

Yo = i Zys

Al = /2, AP
mog = Zpm
e = fiZee, (102)
so that
S = i [ U(@) {20 ~ Zu\/24Z.Qe(@) — ZyZum}i(x)

—}lZAF””(x)EW(:c)] . (103)



Consider the dimensionality of the various quantities that appear in the ac-
tion. The quantities {1, A, mo, €9} have dimensions

{(mass)*?¢, (mass)' ¢, (mass)*, (mass)}. (104)

The functions Z are, by defintion, dimensionless. Thus we have defined the
renormalized quantities {1, A*, m, e} so that they have dimension

{(mass)*?, (mass)*, (mass)*, (mass)°}. (105)

With MS renormalization, the Zs depend only on the the renormalized
coupling g but not separately on u/m.(We have seen this at least at first
order). But go does not depend on p. Thus the only way that e = i°Z, e,
can hold is that e depends on p. Similarly m must depend on . I argued in
the preceeding section that the requirement that physical observables must
be independent of p requires that e and m must depend on p. The easy way
to see how e and m depend on p is to use the fact that the bare theory does
not have any p dependence and use “the bare quantities are independent of

2

1" instead of “physical observables are independent of p.”

10 The beta function

Consider, then, the coupling e. It is a function of the renormalization scale
w. If we have not yet taken € — 0, it can also depend on e. For a given e,
it also depends on what theory we have, as represented, say, by the value
obtained in some physical measurement. Leaving this last quantity implicit,
we may say define the “beta function” by

Be,e) = m. (106)

Normally, we work at € = 0. Thus we define

50) = 5. (107
where
B(e) = B(e,0). (108)

It must be the case that (e, €) has a finite € — 0 limit.
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Now we calculate (e, €) by differentiating ey with respect to u:

_Olme __, OlmZ(e.c) 1
0= g T e Ble,e) + = Blese). (109)
Thus iy
Ble,e) = (110)

" 1+edInZle,e)/de

With a little manipulation, we can see that the beta function takes a remark-
ably simple form. First, expend Z, in powers of e:

Ze~ 1+ Zy(e)e™™. (111)

n=1
Now apply the definition of MS renormalization: the coefficients Z,,(€) con-
tain only powers of 1/e. We have seen that Z;(€) has a 1/e term only. With a

little analysis of how loop integrals work, we can see that Z,(¢) needs terms
with 1/e, 1/€%, ..., 1/€™. Thus

oo n 2n
Zo(e€) ~ 1+ 33 Zuy (112)
n=1;j=1 €
Thus . .
ImZ ~ Y e {Z,1 -+ O0(1/e?)} (113)
n=1 €
where I have omitted writing the terms with higher powers of 1/e. Then
olnZ s 1
14e 8“ ~ 143 20 Zyy = + O(1/6%)}. (114)
e = €
Then the perturbative expansion of 5 has the form
s 1
Ble,e) ~ —ee |1 = 2ne®{Z,; =+ O(1/*)}.] . (115)
n=1 €
That is,
Ble,e) ~ —ee+ Y 2ne* T {Z,1 + O(1/e)}. (116)
n=1
If (e, €) is to have a finite ¢ — 0 limit, the 1/¢, 1/€, ...terms here must
cancel. Thus -
Ble,e) ~ —ee+ Y 2ne* 7, ;. (117)
n=1
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and .
Ble) ~ > 2ne* ™ Z,;. (118)
n=1
That is to say, the coefficient of €?"*1 in the expansion of 3(e) is obtained

by calculating the 1/€ term in Z,(¢) and multiplying by 2n.
11 The running coupling
Before going on to more about the renormalization group, let’s look at the

behavior of the running coupling.
Consider first the case € > 0. Then for e? < 1 we have the approximate

equation
o) _ . (119)
Olnp
The solution of this with a boundary condition at gy is
e(11,€) = elpto, €) exp(—eIn(p/ o). (120)
That is
e(p, €) = e(po, €)1t/ o) ™" (121)

As the scale p increases, the coupling decreases like a power of . We say
that the renormalization group has an ultraviolet-stable fixed point at e = 0.

A similar situation could occur at € = 0 if the beta function has a zero at
some point e,. That is, suppose that f(e,) = 0 and

B(e) = By (e —e) + O((e — e,)?) (122)
Then if e(u) ~ e, we have, approximately,
de(p) B
T Bo (e(p) — ex)- (123)
The solution of this is
[ Bo
dm=@+kww—w(m). (124)

If By > 0, we have an ultraviolet-stable fixed point at e = e,. The coupling
is driven to e, as p increases. It approaches e, like a power of u. If Gy < 0,
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then the coupling is driven away from e, as p increases and as soon as it
gets far away we need to include a more accurate representation of the beta
function. In this case, we have in infrared stable fixed point. The coupling
is driven to e, as p increases. It approaches e, like a power of 1/p.

Now, let’s consider the real case at ¢ = 0 in quantum electrodynamics.
There

1 e
=232 4. =42 — 5 12
We have the approximate renormalization group equation
de(p) 3
= ) 126
Ty = elp) (126)
with 8; = 1/(127?). The solution of this is
2 e(po)?
e(n)” = . 127
= B e)? i) 2
We might rewrite this as

) = T () /(3m) M2 18)

We have an infrared stable fixed point at e = 0. As p decreases, e(u) goes
to zero. It goes to zero slowly, proportionally to 1/In(u?).

As p increases, e(u) increases. If p gets to be very large, we need more
terms in the beta function and the form of the solution given above is no
longer valid. In particular, there is an apparent pole in the solution above if
we go to very large u, but the existence of such a pole is not to be believed
because it arises from solving an approximation to the renormalization group
equation outside the region of validity of the approximation.

It is worth noting that in quantum chromodynamics we have the same
situation, except that $; < 0. Thus zero coupling is an ultraviolet stable
fixed point. The effective coupling a,(p) is large for p ~ 100 MeV. But the
as(p) becomes small for large p, with (100 GeV) = 0.1.

12 Mass and field strength renormalization

The mass parameter in the lagrangian also depends on the scale u. We have

m(p, €) = Zn(e(p, €), €)™ mo (129)
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SO

dlnm(p,e)
Tﬂu = ’Ym(@a 6) (13())
where 90 Z,(e(1).
nZn,(e(p),e
’Ym(eae) = - P a ﬁ(€76)' (131)
e
Let oo n 2
m e "
Zn(e,e) ~ 1+ 7;]21 A — (132)
Then - )
InZy, ~ Y e {Z =+ 0(1/é)} (133)
n=1 €
and
ad 1
mlene) = =2 e HZ —+ O(1/)} [~ee + Ble)].
n=1
= Y 2me {20V + O(1/e)} (134)
n=1

The function v,,(e, €) has to have a finite ¢ — 0 limit, so the 1/e terms
must cancel. Thus 7,,(e, €) is independent of € and is given at each order of
perturbation theory by the 1/e term in Z,,:

Ym (e, €) = ym(e) = Z 2n 62"Z,(ﬁ). (135)

n=1

Let’s also look at the field strength renormalization at this time. We have

= i Zy(e(p,e), )y (136)

with a similar equation for the field A*. To find out how anything with a
factor of ¢ changes when we change pu, we will need

Yole.) = In (4 Zy e, ), ) ?) (137)

" Olnp

That is
1910 Zy(e(p), )

2 Oe

Yy(e, €) = —e+ B(e,€). (138)
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As before, we let

Zy(e,€) ~ 1+ i i Z) e:; (139)
Then
Tolee) = —et 2 i 20 2 4 00/} e + 0(e)]
= —e—onezly +0(1/0) (110)
n=1

The function 7y (e, €) has to have a finite € — 0 limit, so the 1/e terms must
cancel. Thus v,(e, €) has a term +e¢ plus an € independent part:

(e, €) = —e+(e) (141)

The € independent v, (e) is given at each order of perturbation theory by the
1/€ term in Z:

Yp(e) = — Z neZ"Znﬁ). (142)
n=1
Similarly v4(e, €) = € + ya(e) with
vale) = — Z ne%Znﬁ). (143)
n=1
13 The running mass
We have seen that a1 W
nm(u
Tnu = “Ym(e(,u))- (144>

Let’s see what would happen if the coupling has an ultraviolet fixed point at
e = e,. Then as p increases, e(u) approaches e, quite quickly, like a power.
That means that (as soon as e is sufficiently near to e,, the equation for the
evolution of m can be approximated by

dlnm(p)

it = e, (145
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The solution of this is

"
ol = i) (1) (146)
Ho

Thus m approaches either zero or infinity (depending on the sign of ,,) with
a power behavior.

In the real case of quantum electrodynamics, the physical coupling is near
to an infrared stable fixed point at e = 0. In this case, the behavior of m(pu)
is quite different because ~,, approaches zero as e approaches the fixed point.

We have

Olnm(u)

Tt = el
~ i e(u)’
Tar)
(1/e(p0)?) — 261 In(p/ po)
Our solution for the running coupling can be rewitten so that the equation
becomes

(147)

o1 (1)

Ommlu) | m (148)
olnp 2B n(u/A)

This step defines A as a measure of the size of the coupling. For quantum

electrodynamics, A is a very large mass scale, much bigger than any pu of

practical interest. Thus In(u/A) is negative. The solution of this is

In <:;(<::)))> - —g(’él) In (M) . (149)

or

In(j20/A) (150)

i) = i) () )W/@m |

Another way to write this is

e _'Y'r(rp/ﬁl
() = m(ju) ( j{ﬁf) . (151)

Thus m(u) varies slowly as p changes, like a power of e(u), which itself
doesn’t change very quickly.

26



Recall that e doesn’t change quickly because the derivative of e with
respect to In g is proportional to e x e? and €? is small. It is instructive
to compare to the case of quantum chromodynamics. There 3, is negative,
so that the coupling gets smaller as we go toward larger . But also, the
coupling is larger than in quantum electrodynamics. In fact, A is on the
order of 100 MeV. Here we can more clearly see the distinction between a
fixed point at a non-zero coupling and a fixed point a zero coupling. In the
first case, m is proportional to a power of y while in the second case m is
proportional to a power of In p.

14 Renormalization group for Green functions

Consider a Green function written in coordinate space. We will try a three
point eéy Green function just for definiteness:

G (1, w2, w35 €(), m(p), 1) = (Qip(21)¢(w2) A" (23)[€2) (152)

How does this depend on p? We have

Go(21, 29, T3; €0, M) = ﬂ_3€Z¢(e, €)Zale, E)I/QG(%, T2, x3; e(p), m(p), p)

(153)
The bare Green function does not depend on p. Therefore
d ~ —9€
0= g " Ze(e,)Zale, ' *Clar, aa,agie(u), mln), ) (154)

In taking the derivative, ey, mg, and € are held fixed, but then e and m vary
and we must differentiate the explicit u dependence of G:

0 0 0
0 = {+2’)/w(6, €) + vale, €) + B(e, e)% + ym(e)m I + 81{1#}

X G (21, 22, 23; €(pn), m(p), 1) (155)

Taking the limit € — 0 this becomes

0 = {QW(eHm(eHﬁ(e);@+7m(e)ma?n+8liu}

X G(x1, w2, 33 (), m(p), ). (156)
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This was for a three-point function. In general, there is a 7, for each ¢ or ¢
and a 4 for each A*.

Ezercise: For an observable quantity o, we get the same equation without
7y and v4. Then the solution of the equation is

o(e(w), m(p), 1) = o(e(po), m(io), o) (157)

What is the solution with nonzero v, and 47 (You can make appropriate
approximations).

15 Solution for amputated Green functions

Putting the renormalization group equation for Green functions into momen-
tum space and applying it to amputated Green functions with n., photon legs
and n, quark or antiquark legs, we have

0 = i 80+ nlehm g = mrsle) = narale)
XG(p1, .- pn;e(p), m(p), 1) (158)

(The signs of the 7, and 74 terms gets reversed because we are considering
the amputated Green functions. This happens because we have to divide by
a two point function for each external leg to amputate it.) The solution is

G(p1,.--,pnie(p), m(p), ) = exp (/M:Cif [nww(e(u))JrnMA(@(M))])

XG(p1,- -, pn;e(to), m(po), o) (159)

This is without approximation. We can rewrite a factor like

exp ( [ m(e(u») (160)

o M

approximately by expanding the objects involved to lowest order in pertur-
bation theory. Let us adopt the notation

v(e) =ma+ - (161)
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and

= ((a) = fra® + - - (162)

Then we have

exp </# it nv(@(u))) = exp ( ' Cif n%@(u))

(ko)
)

This is essentially the same result that we derived for m(u) in a slightly
different way. In a theory that has a fixed point at a non-zero value of the
coupling, we would have a power of u. In the case of QED, we get a power
of a constant plus In(u).

16 Application of the R-G equation

Now I would like to apply the renormalization group equation to the fol-
lowing physical problem. We consider an amputated Green function with
external momenta p¥,...,p”. (We could consier other quantities that are
made by multiplying or dividing Green functions by one another, but a sim-
ple amputeated Green function will serve as a good example.) We can start
with the momenta all of order some reference scale 1. (For particle physics,
1o might be the mass of the Z boson. For field theory models in condensed
matter physics, the reference momentum scale might be an inverse nanome-
ter.) Now we ask what happens when we scale all of the momenta by a large
factor, either toward the infrared or the ultraviolet. That is, we take

Py~ (164)
where p < g or else p > py. We ask how
G(p1, .-, Pas e(po), m(po), po) (165)
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behaves as we change the scale of the p;'. Note that we are keeping the
theory absolutely fixed here: we have arguments e(u), m (o), o of G.

We can use the renormalization group to help us. We know that we shold
not calculate with a renormalization scale g if the momentum scale is very
different. Therefore, let’s change the renormalization scale to p. We have

G(pla <+ Pn; e(,uo), m(M0)> Mo) =

exp (— [ et + nme(m)

0

><G(p1,...,pn;e(,u),m(,u),,u) (166)

Now we can apply dimensional analysis. I claim that the dimension of G
is
deg =4—mna— 3ny/2. (167)
We can prove this later. For the moment, let’s just apply it. We have

G(pb <« vy Pns 6(;“)7 m(:u)a M) =
Pt AT Glpy e s e(p), m(p) /i, 1) (168)

On the right hand side, we have G a dimensionless function of dimensionless
variables times a factor p9¢ that carries the dimension. Then

G(p1, - Pnj E(Moz, m(po), to) =
oxp (= [ fnals 2 2utel)] + nall + )]}

(/o) o "7 Gpr /sl s e(), mp) /i 1), (169)

What lessons do we learn. First, there is a factor (u/po) "4~*"/% that
comes from the dimensionalities 3/2 and 1 of the fields 1) and A" respectively.
I have put these into the integral in the exponential. We see that the 3/2 gets
changed to 3/2 4+ ~,. For this reason, we call v, the anomalous dimension of
v. Similarly the 1 gets changed to 1 4 74, so that we call 74 the anomalous
dimension of A”. Thus the scaling that we might have expected because of
the dimensions of the field operators gets modified by loop graphs. Second, a
rather trivial scale dependent factor remains (p1/p0)* because there is a term

“4” in the dimension of G. Third, there is a fixed factor ué‘“‘?’”w/ ? that
carries the dimensions of G. Finally, there is a dimensionless factor
G(pi/p, .- pu/ s e(p), m(p) /1, 1). (170)

30



Typically, this factor does not have any large logarithms in it, so a pertur-
bative calculation should be OK as long as e(u) is small. This factor does,
however, depend on p even when we hold the p?/u fixed. That is because
the dimensionless parameters e(u) and m(u)/p change with p.

FExercise: Prove that the dimension of an amputated Green function in
QED with n,, electron or positron legs and n4 photon legs is dg =4 —n4 —
3ny/2. Hint: First consider tree diagrams and just count the dimensions
coming from the Feynman rules. Next, show that adding any number of
loops does not change the dimensionality of a graph.

17 Renormalization group flows

We see that aside from the exponential factor, our amputated Green function
is controlled by the function

G(Pr/py - -y oaf s e(p), m(p) /s 1). (171)

where we are supposing that all of the p} are of the same order and we have
chosen p to be of this order. What happens if we start out with a big u
(say 100 GeV) and move toward smaller values of 7 Then e(u) and m(u)/u
change according to

Ae = —p(e) Aln(1/p)
A(2) = =) () amr/n (172)

A convenient way to think about this is to make a plot of m/u versus e and,
for each point, to draw a little arrow indicating how m/u and e change as p
decreases. The arrows are tangent to the actual paths {m(u)/u, e(n)}. There
could be different paths with the arrows as their tangents that correspond to
different versions of QED. (That is, different paths correspond to different
values of the physical electron mass and fine structure constant.)

What this picture shows is that, at least in the small e region, e decreases
(slowly) as we move toward the infrared, while m/u increases. As long as
m/p is small, its rate of increase is small, but as it becomes larger its rate of
increase becomes larger. It is the “1” in (1 — ~,,(e)) that is important here.
The 1 corresponds to the 1/p in m/u. We are learning that for large p, the
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dimensionless parameter m/u is small. In this case we can replace it by 0 in
Eq. (171). But if we decrease p until it is of order m, then we can’t neglect m
and the theory changes character. For m(u)/u < 1 we are in a scaling regime
in which the exponential factor in Eq. (169) is controlling the behavior of the
Green function on the left hand side while G(p1/u, . . ., pn/p; e(p), m(p)/p, 1)
changes only slowly. But when we reach m(u)/p ~ 1, this behavior changes
completely. (There are analogies in condensed matter physics. See Peskin
and Schroeder.)

In order to see what happens in a more complicated situation, consider
the following problem.

Exercise: Suppose that we add to the lagrangian for QED a term

Ao
= W) (173)

AL
I write the coupling as A/M? in order to emphasize that it has dimension
1/mass®. There is a contribution to the eey amputated Green function at
one loop, order A\e/M?. Calculate (using dimensional regularization) the
divergent part of this graph and thus determine the nature of the counter-
terms necessary to renormalize it.

18 Adding more operators to the lagrangian

Let’s see what happens if we add more terms to the lagrangian. In the bare
theory, let the added terms have the form

AL=Y A oo (174)
=y 4 O

where the operators are made from products of the fields and their derivatives
or factors of m. For example

Wv)?,  myL A Fw, U (O, F") (175)

(We count all factors of m as part of the operators as a technical trick to aid
in counting dimensions in the analysis that follows.) In the starting version,
Eq. (174), we should take all of the operators to be the bare versions. We
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write the couplings in the form )\50) /M% in order to display the dimension-
ality:

4 = gni(w +mi(A) — 4 (176)

where n;(1) is the number of ¢ or ¢ fields in O; and n;(A) the number of A
fields. This makes the )\EO) dimensionless in 4 space-time dimensions. Then
M is some convenient reference mass.

Now we need to renormalize. For this purpose, let

and let
M = ()" [+ Aile, V)] (178)
where
n; = [ni(¥) + ni(A) — 2] (179)

and where the functions A;(e, A\) depend on e and all of the A;. Then
Ai

/d4726$ A[, — ,&26 /d426x{z Mdi Oz

)\’i n; 2 n; A)/2
+Z 15 [Zl/) (¥)/ ZA( )/2 1]Oz

Ai n; 2 ni(A)/2
+> v Zi W)z it/ (9} (180)

This gives us plenty of counter-terms, which we will define following the MS
prescription.

The renormalization of the QED coupling e can be cast in this same
scheme,

O = ()" e + Ace, V)] (181)
where n, = 1. Then we have counterterms
{el2y 2} =1+ A, 2, Z} dypA,. (182)

The mass renormalization can remain in the same form as in our earlier
analysis, with
mo = Zmm (183)
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leading to counterterms
Zy 24 Z — 1] m . (184)

Of particular interest is how the new couplings \; change when we change

the scale. We just modify our previous derivation for how e changes. We
define

_ de(p)
6(67 >\7€) - dhllLL
. d)\z‘(ﬂ)
Bi(e, A e) = Jnp (185)
Then
0 _ dln A
 Olnp
IR T
TG Ae V)]
X (ﬁi(e,/\,e) 04, (6 A) (e, A\ € —1—2 8A (e, )\ (e, A e))186)
e
That is
—nie [N+ Ai(e, N)] = Bile, N\ e) + 8Aa(e ) Ble, A e +Z (e, A€
(187)

There is an equatin for the renormalization of e of the same structure. Just
substitute Ay = e. The corresponding dimension is ng = 1.
Now we put in the structure of the counter terms:

1
Ai(e,N) = =AM (e \) + - -- (188)
€

where the term displayed collects all of the terms in the perturbative expan-
sion of A;(e, A) that have factors of 1/e while the + - - - indicates the other
terms, which have factors 1/e2, 1/€3, etc. We insist that the 3; must have a
finite limit as € — 0. Then the equation works if 5;(e, A, €) has a single term
proportional to € plus an € independent piece:

Bile, N, €) = —nidie + Bile, ).
Ble, A e) = —ee+ Ble N). (189)
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With this ansatz, the terms proportional to € in Eq. (187) match and the
terms proportional to €’ are

—n AW _
n”LAZ ( ) 67«(6 )\) 8@ 2]: aA] n3>\] (190>
That is
AD AD
Bie,\) = =AM (e, \) + m + > nj\; 94i (e,d) : (191)
Oe J 8)\j

The equation for the beta function that controls the evolution of e is, simi-
larly,

0AM (e, \)
e— 10

OAM (e, \)
de '

— _ AWM
Ble, ) = —AD (e, \) + 7

RLRY

J

(192)

If we leave out the third term on the right hand side, this is just the result
we had before, simply written in a different way.

For the evolution of the mass, we have an equation that is the same as
in our previous analysis except that one can allow, to begin with, that the
anomalous dimension might depend on more variables:

Olnm(p) _

O Ym (€, N) (193)

We get the anomalous dimension from the 1/e parts of the counterterms
using

azgp e, Z<1>(e )\)

OA;

Ym(e, A) =

+an

(194)

. (1)
Now let’s consider what terms can occur. In general Ai (e, A) can have
a non-zero perturbative coefficient of

eNNAD2 (195)

if
di:nldl—l—ngdg—f—"'. (196)

Otherwise the powers of M won’t match to create a counterterm for O;.
For the renormalization of e, we have d, = 0, so the only contributions are

35



those with n; = ny = --- = 0. That is, the new terms don’t affect the
renormalization of e:

Ble, A) = Ble). (197)

Similarly, if we expand Z,,(e, ) in powers of e and the \;, we can get any
power of e, but we cannot have powers of the A;. That is

Vm(ea )‘> = ’ym(e)' (198>

In a way, this result is an accounting trick. A graph containing a high
dimension term in AL can lead, for instance to the need for a counter term
of the form (m3/M?%)yn), but we count this as renormalizing the coefficient
of the opoerator m3i1 rather than as renormalizing the mass parameter.

Thus the new, high dimension terms do not change the renormalization
of the conventional QED terms. However, the new terms do affect the renor-
malization of each other. And if we put just one new term with d; > 0, we will
need an infinite number of terms. This makes the theory nonrenormalizable.
We see that a nonrenormalizable theory has an infinite number of parameters
Ai. Thus people used to reject the possibility of having a nonrenormalizable
theory on the grounds that it has no predictive power.

However, a nonrenormalizable theory can be just fine if it is an effective
theory that applies approximately at a momentum scale far below the scale
M of some ultimate theory. Then all of the )\; can be not too large and the
\i/M% are very small.

If we draw pictures of renormalization group flows, then we use dimen-
sionless couplings and find, in the language of K. Wilson,

e m(u)/p gets big as p decreases. We call the corresponding operator,
Y a relevant operator.

e ¢(u) changes slowly as p decreases. We call the corresponding operator,
zE'y”@DAM, a marginal operator. In the case of quantum electrodynam-
ics, e(u) gets slowly smaller as p decreases. In the case of quantum
electrodynamics, the corresponding coupling g(u) gets slowly larger as
1 decreases.

o \i(p)(u/M)% gets small as p decreases. We call the corresponding
operator, O;, an irrelevant operator.
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