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We recalculate, in a systematic and pedagogical way, one of the most
important results of Bosonic open string theory in the light-cone formu-
lation, namely the [J~% J~7] commutators, which together with Lorentz
covariance, famously yield the critical dimension D = 26 and the nor-
mal order constant a = 1. We use traditional transverse oscillator mode
expansions (avoiding the elegant but more advanced language of opera-
tor product expansions). We streamline the proof by introducing a novel
bookkeeping /regularization parameter x to avoid splitting into creation and
annihilation parts, and to avoid sandwiching between bras and kets.
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1. Introduction

One of the most fundamental facts of Bosonic string theory, that a stu-
dent of string theory would want to rederive for himself, is the critical di-
mension D = 26. There are traditionally four! ways to detect the critical
dimension D = 26 in the Bosonic string theory:

1. Preservation of Lorentz covariance in the light-cone formulation [3,4].
2. No negative norm states/ghosts in the covariant formulation [5].

3. The vanishing of the conformal/Weyl anomaly in Polyakov’s path in-
tegral formulation [6].

4. Nilpotency of the BRST generator in the covariant formulation [7].

! Plus various heuristic arguments typically involving zeta function regularization [1,2].

(1811)
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Here we will only consider the first method in the open string case in a flat
Minkowski target space. Students of Zwiebach’s book [2], which uses the
light-cone formulation, will notice that the book in Section 12.5 stops short
of proving” the critical dimension D = 26. The goal of the current paper
is to fill that gap in a pedagogical and efficient manner. The main calcula-
tion is an evaluation of a commutator [E?, E’] between two expressions E"
and F7, which are cubic in the transverse a oscillator modes, see Sec. 8.
The original papers of Goddard, Goldstone, Rebbi and Thorn [3,4|, where
the creation and annihilation parts were singled out, are sparse on details,
although recently an explicit calculation appeared in Ref. [8] for the closed
string case. Here, we will use a more efficient method by introducing a  reg-
ularization parameter 9], see Sec. 3, so that we can rigorously calculate with
symmetrized expressions via Wick’s Theorem [10], see Sec. 4. We believe
the techniques displayed here are interesting in their own right, applicable
far beyond the shown calculations.

2. Basic settings

To keep this paper short, it is necessary to assume that the reader is
familiar with the light-cone formulation of the Bosonic string theory. Here
we will only briefly repeat all relevant definitions and formulas to set nota-
tions and conventions. For explanations and justifications, we defer to, e.g.
Zwiebach’s book [2]. The light-cone metric in flat Minkowski target space is

0 —-1/0 0
-1 0 ]0 O
= 0 011 0 i i
Ny = , v Ee{+,—i}, ie{l,...,D-2}.
- 0 010 1
(2.1)
Here Greek indices u,v,..., run over all target space dimensions, while
Latin indices ¢, 7, . . ., only run over transversal directions. We normalize the

center-of-mass position zf and the total momentum p* of the open string
as follows®

n h xl 2
po— _ %o _ % #:1/%/#:\/‘5 o
QO c 277,0/ — 263 ) a() = a'p = h sP™

1
/ = = !
o = SheTy l, = hevVa, (2.2)

2 Ref. [1] gives a proof by sandwiching [J~*, J 7] between a bra and a ket, which
depend on the choice of vacuum.

% Note that Goddard, Goldstone, Rebbi and Thorn [4] call the center-of-mass position
xp for g'.
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where the string tension T has dimension of force, and 1/v/ o/ has dimension
of energy. The fundamental dynamical operators in the light-cone formalism
(in light-cone gauge) are

%o, af, a@, a, (2.3)

where n € Z and i =1,..., D —2. All the operators (2.3) have the same di-
mension as vA. The notations for the commutator and the anti-commutator
of two operators A and B are

[A,B]= AB - BA, {A,B}=AB+ BA, (2.4)

respectively. More generally, define the n-symmetrizer

{A A=) Ay A (2.5)
Tes,
of n operators Aj,..., A,, as a sum of all possible permutations = € 5,,.

Normal ordering (usually denoted with a double colon) moves all the an-
nihilation operators aj,- to the right of all the creation operators aj, .

Equivalently, in formula

calod = 0(n—m)alad + 0(m—n)alal (2.6)
where 6 denotes the Heaviside step function with §(0) = 3. Note that oper-
ators commute inside the normal order symbol, for instance : AB :=: BA :
for two operators A and B.

3. Fundamental commutator relations and the x parameter

The non-zero commutator relations for the fundamental operators (2.3)

are4

lag o] = it = —in, [dh o] =i,
[ain,oz‘zl] = hml-ﬁlm|§21+nnij. (3.1)

The parameter £ in the commutator relation (3.1) is a regularization pa-
rameter with [x| < 1. In the end of the calculations, one should take the
limit kK — 1. The limit Kk — 0 corresponds to the classical limit A — 0.
Now, why do we introduce the regularization parameter x? To answer this
question, imagine in the standard k = 1 case, that we want to calculate the
commutator C' = [A, B] of two normal-ordered operators A and B (which

4 An “9” that is not an upper or lower index does always denote the imaginary unit.
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are polynomials in the « oscillator modes) by carefully performing a minimal
number of aa commutations to bring C' = [A, B] on normal-ordered form.
Imagine further that the result C' happens to be finite. Then convergence
can only improve if we repeat the calculation C(k) = [A, B] with || < 1.
Moreover, the result will depend continuously, C(k) — C(1) as k — 1.
This suggests a strategy. We first introduce the regularization parameter x
in the commutator relation (3.1) with || < 1. As we shall soon see, the
commutator C(k) = [A, B] will remain well-defined under a wider and more
powerful class of mathematical manipulations as long as |k| < 1. Thus, we
can calculate the commutator C'(k) more efficiently, and in the end, we take
the limit Kk — 1.

4. Wick’s Theorem

We list here some of the first few consequences of Wick’s Theorem [10],
which will be our main computational tool.

Theorem 4.1 (Wick’s Theorem for symmetrization and normal or-
der) (i) The anti-commutator

3 {aﬁn,aﬁl} =:a,al: + il = f]m\ Im| 50 +nn (4.1)

mn —

s a sum of a normal ordered term and a single contraction term.
(ii) The 4-symmetrizer

12 i3 i4 _ i1 02 03 4 .
24 {Ozm, Qg Oy Oy = Gy anzansam'

(1) (2) in(3) in(a) |
+ﬂ Z Crn(iynn(2) * On(z) F¥npa)
TESY
(1) br(2) w(s)iﬁ(4)
+24 Z e (1) (2) Cnin(3) e (4) (4.2)
TESY

1s a sum of a normal ordered term, 6 different single contraction terms and
3 different double contraction terms.

Theorem 4.2 (Wick’s Theorem for commutators and symmetriza-
tion) (i) If [A,, B,] are c-numbers, a,b = 1,2 mod 2, then the commutator
of anti-commutators

2

% [%{ADAQ}?%{BDBQ}] = Z %[AaaBb]%{Aa—&—l:Bb«H} (43)
a,b=1

1s a sum of single commutator terms.
(1) If [A,, B,] are c-numbers, a,b =1,2,3 mod 3, then the commutator of
3-symmetrizers
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% [%{Alv A2v A3}, %{Bla 327 Bg}]

= 23:% [ACH Bb] i{Aa+17 Aa+27 Bb—f—l’ Bb+2}
a,b=1

+D 3 [Al’ } [A% (2 )} 3 [A3’B7r(3)} (4.4)
TES,

is a sum of single and triple commutator terms.

Wick’s Theorem 4.2 follows by expanding out to appropriate order the “little
Baker-Campbell-Hausdorff formula” e?ef = A8 +3(4.5] (which holds if
[A, B] is a c-number) with A = Y 2%A, and B = ), y*B,, where 2°
and y® are parameters, and then afterwards antisymmetrize with respect to
A < B on both sides.

5. Transverse Virasoro generators L,J; and algebra

— . 5
The o, modes and the transverse Virasoro generators L;- are defined as®

1
o, = — (L# - ha52> , nez, (5.1)
(677
, R M) ) ,
Lt = %nijz ca o =" %"71’3‘ Z : a%_eoﬂg_w o (5.2)
kez Lel+G
(4.1) . .
Sy {ag,k,ai} _ pP =250 3 IkfwlH (5.3)
kEZ keZ

It may, at first, seem a bit cumbersome to sum over half-integers ¢ in
Eq. (5.2), but it makes the symmetry ¢ «+» —¢ manifest, which is sometimes
convenient. Notice that the last c-number sum

d \K\<1 d 2k 2K
§Z| I ,idﬁ;kzioﬁ ikl —k (1—k)? (54)

in Eq. (5.3) is absolutely and unconditionally convergent for || < 1 but
divergent for |k| > 1 and k = 1. (Zeta function regularization would suggest
that one should assign the value 23",k ~ 2((—1) = —% to the sum (5.4)
at kK = 1.) We precisely introduced the regularization parameter k to be
able to rearrange expressions without encountering infinities. The non-zero

5 Zwiebach [2] defines the normal ordering constant a with the opposite sign.
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commutator relations between the transverse Virasoro generators L;- and
the fundamental variables read

(s Lis | = mmal™lag, o ab, | = e (5.5)

As a warm-up exercise, let us derive the transverse Virasoro algebra with
central charge c= D — 2

D -2
[L,#L,L,LL] = h(m=n)Lip.p, + h*—=m(m? = 1)r"55, , + O(k=1). (5.6)

PRrROOF OF EQ. (5.6). The commutator on the left-hand side of Eq. (5.6) is
a sum of two terms

Con = [Eh2E] 2 3 [Hebhrob). 3 {od 0f}]

ke
) ) [O%Oéﬂ %{0‘%71@’0&4} (:) hy ksl {og, g on)
k€Z keZ
wh hz ker Il (: ozin,koziwk o+ Cﬁl,k,n%) = 07(37)1 + Cr(r?'r)L' (5.7)

kEZ

The first term C’,%)L is quadratic (hence the superscript “2”) in the transverse

« oscillator modes

c) = hz krlF] Lk, g
kEZ
k=f+T" m—n m—n . .
SIS ( . +e>ﬂ P ol b,
AR
=t b [(m;”M) Al 4
teZ+mdn
m—-n m—n __ . .
+( 2 ‘“4) ol ﬂ FOmgn_(Onn
—  h(m—n)Lp,, for k—1. (5.8)

The second term C,S?% is the c-number anomaly term
0O =AY ket D TS b padmeblg0,
mn m—k,n+k 92 m+n
kEZ keZ

2 P24 (5.9)

m—+n
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with anomaly

A, = Zk!m — k| lFlHIm =kl t=mk Z k|o|sIkI+1A
keZ k.teZ
kE+l=m

2
= Mﬂlml_ (5.10)

6
Standard reasoning shows that the k power series (5.10) is absolutely and
unconditionally convergent for || < 1. However, one can say more. The
following argument reveals that the x power series (5.10) only has one non-
zero coefficient, and therefore is just a monomial in x, which makes sense
for any K € C. In the restricted double summation (5.10), note that the
(k,£)-th term is antisymmetric under a (k < ¢) exchange if the summation
variables k and ¢ have opposite signs. Therefore, one only has to consider
ks and s with weakly the same sign. (The word weakly refers to that k or
¢ could be 0.) Since at the same time the sum k + ¢ = m of k and ¢ is held
fixed, the restricted (k, ¢) double sum contains only finitely many terms, all
with the same power |m| of k, and which may be readily summed. Since

A_,, =—A,, is odd, it is enough to consider m > 1. Then
m 2
-1
Am:/ﬁ}mZk(m—k):M/ﬁ}m, m>1, (5.11)
k=1 6

which, e.g. follows from the fact that >}, k = 3m(m+1) and > ;° | k? =
tm(m+ 3)(m+1) for m > 1.

|

By similar arguments, one may derive that the following x power series (5.12)
is also just a monomial in k,

B,, = ngn(k)mlkmm_kl =k Z sgn(k)rFH = !
keZ k.t eZ
k+l=m
(5.12)
which we will need later in Eq. (8.4).
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6. Angular momentum J#¥

The angular momentum J*¥ consists of a center-of-mass part ¢ and an
oscillator part E*¥

JH = L EW = — (unev), (6.1)
v v (2.2) v
o = %{fcéﬂpo} — (pew) = el - (nev), (62)
i (zo
E“V = — — V _
Z ool Z —al oV (u < v)
n#0 n>0
G N~
: ;azn{a—w%}’ (6.3)

where v € {—,i}. (Recall that z and J*T are somewhat amputated in
the light-cone formalism [2].) The angular momentum J~* consists of three
terms®

J = U+ ET 0= qpad, (6.4)
i (5.1 1
by = —3 {%a%} = —T{QO,LO —ah} (6.5)
ag
" i S _ (1) 1 .
E7 = Zg:oﬂ_nan. = %Ez, (6.6)
n#0
, i (2.6) i .
E = Zn ol Ly = ZE (a_nLi Lt o 31)
n#0 n>0
(5.5) i LJ_ (3.1)
- Zgn *n’ Z 12”2 *n’ O k’ak M4
n#0 keZ
- Z Z { —ma" fz’a]nw}”jj“ (6.7)
n;éO ZGZJr"

Note that we have two expressions for the E? operator, either as an anti-
commutator with L, or as a 3-symmetrizer, which follows from straight-
forward mampulatlonb. Hermiticity is manifestly guaranteed by the anti-
commutator (3-symmetrizer) form

d'=dy, obf=o",, Lit=L%, Jv=yw ET=EF (68)

basically because the anti-commutator (3-symmetrizer) of two (three) Her-
mitian operators is again Hermitian, respectively.

6 Conventions differ slightly between various references, iE' = 71EGSW = Eipr =
1 i — — — 1
Eicn = DTS- alnLy i, and iBY = iBlgy = EéRT = Esen = Xnzom -

o’ ,al ;) where GRT = Ref. [3], SCH = Ref. [11] and GSW = Ref. [1].
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7. Commutator [J_i, J_j]

Let us now derive the sought-for commutator

- 2o (B2 (52
+O(k—1), (7.1)

which, in the limit k — 1, precisely vanishes for D = 26 and a = 1.

PRrROOF OF EQ. (7.1), PART 1: We may assume that the external transverse
indices i # j are different (or else the commutator (7.1) vanishes trivially).
Then the operator o in the first term of Eq. (6.4) commutes with everything
in the commutator (7.1) (because it never meets gj), so that one may treat
that aé as a c-number. In particular, the commutator between the two first
terms in Eq. (6.4) vanishes

(o @y, (7.2)

Also the operators g, and af{ commute with everything except each other.
This produces the following commutator between the first term and the two
other terms in Eq. (6.4)

[Ef_i’gf_fijEfj] = [qo_’o}o*] (_% {qéaLé—ah} + Ej>
= (Z?)%z (‘% {QévLﬁ —ah} + Ej> . (7.3)

~

The commutator between the two second terms (6.5) becomes

] "2 4t o} {4 - )]
0
[ g - e
O i) <6 G

which cancels against the [El_i,ﬁl_fj} — (i <> j) contribution in Eq. (7.3). In
particular, the two center-of-mass parts commute

[ ) = 6+ 67,67 + 47 =o. (7.5)
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Notice that the light-cone Hamiltonian L& —ah commutes with the operators
E7 and EY|

[L&—ah,Ej} 22 4 [Lé—ah,E”} 22 . (7.6)
Moreover,
A I w SR N OF AR S BN CEVNE o N N (O A B S
R (D3 e PR G LR
5 —Z%{a]_n,oz;} @D ihEi | (7.7)
n#0
Therefore, the commutator between the E;} and E~7 becomes
e . i orl j
657 = ol
(r6) 1 i il Tl
- 2(@3)2{[%&1],% o}
(7.7) ih i ol
N _2(043)2{EJ’L0 ah}
(z6) ih o G s .
(o)’ (£ —an) BV = (i < j)
(ro)y ih oo ij .
= (aar)z : (LO ah) EY

h2 A )
. Inl . of o -
(a+)2 ngn(n)ka ralal (7.8)
0 neZ
where we in the last equality normal-ordered the expression by using
rLig L ipLig . (63) l[J_i}j_~ ,
iLy E Ly EY = Zn Ly, o, | o, (i< 7)
n>0
= hz Kl ol — (i s )
n>0
= thgn(n)n‘"' cal ol (7.9)
nez

It remains to compute the commutator between two oscillator terms (6.6),

] ©6) 1
(o)

which we will do in the last section, cf. Eq. (8.1).

(B, B [E', E7] , (7.10)
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8. Commutator [Ei,Ej] via 3-symmetrizer

Finally, let us derive, with the help of Wick’s Theorem, that

(B BT] = in(2: LgEY : — ahBT + ofE')

P D -2 D -2
2 ot ad ] _ —
+2h Z cal ol K [n < 51 1> + sgn(n) oin
n#0
+O0(k—1). (8.1)

PRrOOF OF EQ. (7.1), PART 2: If one adds up contributions from Eq. (8.1),
Eq. (7.8), and the last term in Eq. (7.3), one derives precisely the [J ™", J 7]
commutator (7.1).

g

PROOF OF EQ. (8.1). Recall that the operator E is cubic in the transverse
« oscillator modes, cf. Eq. (6.7). The fact that the external transverse indices
1 # j are different implies that there cannot be a triple commutator term in
Eq. (4.4), nor double contraction terms in Eq. (4.2). Thus the commutator

ci = —[F E]

67) 5’ 1 i Y ~/
2 2 [1271{ Ll } T {0l E’O‘Zf}}

m#0#n k€7

(4.4) 1 o5 11 / / /
DS S (ofe ] 2 o ol

. ., 1 . . . . . .
+2 |:O[]]€ ,042] ﬂ {O(Z_n’a']m’a',l]lk,afng}> - (Z A j)

(3.1) 1 . ; " y
DI WL {fn,azz_m,a;@_e,a;}

m7£07£n EZ

1 .

k . .
+ Y g S fabal el walin} - (o)
m#0#n

(12 ;
= oy + Ch (8.2)

is a sum of normal ordered terms C’( 1y quartic in the transverse a oscillator
modes; and single contraction terms Cg), quadratic in the transverse «
oscillator modes. The single contraction terms C'(ig) = C’g,) + Cg,,) come in

two types. One type C’g,) has a trace over transverse directions
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7 —
cly =

(4.1) D-2 1 kFHn—k] . 0f o -
= 0 - TZ?ZMH_MH tal

(5.10)

K. BERING

h L . .
m| 11 CoA 0 J .
E 27 E K’| |Cm—€,€ POy oyt

n
m#0#n LeZ

h o
+ > Tzk'i"nk N (R ¥)

mn
m#0#£n kEZ

n;éO keZ

—72 An o aod s — (i)

n;é()

(510) oD —2 1_ In| . Jj .
—hlzznnﬂ cal ol

n#0

— (1<)

(8.3)

which becomes proportional to the number D —2 of transverse directions.

The other type C'(Q,,) does not carry a trace over transverse directions

. J—
¢4, =

(4.1)

Z % Zﬁ‘ml <2C£Liim’g : aina;7Z . +2Cij/n,z

m#0#n LeZ

3 gy ke,

m#0#n keZ

i .4 J ii’ .4 Jj oo ; ;
+Cfn,m+k PO, Qg + Cfn,nfk . aerka—m, B (Z A j)

h? L
E Tn‘ml(\n—mml”*m‘ ralal
n

m#0#n

+n|s™ ol ol ) +0+0

7
m—n

h2 ) )
+ 30 o)l ol
m#0#n

+|n|slnFIm=nl 0l o )—(i<—>j)

h2 |k| _ . .
7 2 el e
k#n#0
n ‘ nllk—nl . i o
+ Z sgn(n)k ralpo
k#n#0

h2 ) )

m#0#n

—(i = j)

i J
POy, Qi :>

. a—7ta7rz+k . +Cm+k:,—m RGN 0 JR
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h2 K| ) .
_ § |k|+|n=Kk| . i 7 .
= 3 —K ‘ N Oli,nan N

n
0#£k#n£0
h? i ]
+5 Z sgn(n)sMHE= o1 o
0 kn£0
vy 2 (senlm) = S R el e (i )
0#£m#n#0
nekom g2 Z sgn(k)sFHn=kl ol ad o — (i o j)
0#k#n#0
1) 125 (B sgn(i) ot - )
n#0
(12) o ‘ Inl . j .
= 2% Z(n—sgn(n))/ﬁ ol Lol (8.4)
n#0

The normal-ordered terms C(i) in Eq. (8.2) read

;5 h . ; -/ ./
1) m| . J 7 .
0(4) = E on g K™ 6 0 GO o LYoy

m#0#n @GZ

+ D, 3 Zlm"“' A ()

m;éﬂyén kEZ

h | il
— § E n+k| . J
= 5 Oé n® kan+k 0 n+k+f

n
—k#n#£0 " gezy nik

h nm
+Z%Z (€+ 2)'“

m#0#n gez+mT+n

X ai_naj_ma%#izaﬁl#ﬁ =i 7)), (8.5)

where we in the first term replaced & = m—n and shifted £ — E—l—”T"'k, while

we replaced k = £+ ™5™ in the second term. The term in Eq. (8.5) with ¢
downstairs is odd under { «— —/ in the limit k — 1, so we can ignore them
from now on. The terms in Eq. (8.5) corresponding to k = 0 yield

h | : S -/
n| i J i i . .
— K L0, On _ yQln D= (1 —

n#0 " LeZ+D

(5.2) helnlod n . .

:Z nO. fnLn:_(ZHtﬁ
n#0

—ihod B' — (i< j) for & — 1. (8.6)

67)
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The terms in Eq. (8.5) corresponding to m+n=0 yield
h S
—Z%ZE‘H”‘ ol odal ol 0 — (i )
n#0 LeZ
— —ih: E9Ly . — (i< j) for k — 1. (8.7)
The remaining terms in Eq. (8.5) vanish

h | : i / -/
n+k| . i Jooi i .
) 2 > wmH X O Onth Ptk yp-

n
0#—k#n#0 g€Z+nT+k

h h n—m Sy ,
IR e+ . J .
iy (@n 4n> 2 AT OO VsV
0£—m#n#0 £€Z+mT+n
—(i—j)—0 for k — 1 (8.8)

which can be seen by renaming n < m in the term containing % in

Eq. (8.8). Finally, if one adds up contributions from Egs. (8.3), (8.4), (8.6)
and (8.7), one derives precisely the commutator (8.1).

O
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