1 Hermitian conjugation

Recall that the operators «,, were defined by

.
i (du)T

where a,, &}, are annihilation and creation operators for the mode n. Thus we have

o, = (af)! 3)

—n
Now look at the Virasoro operators. We have

LL = (an_mam)T — ajn Iz—m = Q_O—ptm = L_n (4)

While these rules for Hermitian conjugation look natural, we will have some trouble in defining our
Hilbert space if we do not place additional restrictions on our theory. These issues stem from the
fact that by Lorentz covariance we must write

[@*, @")' = n" (5)

Thus for the timelike direction we have a commutation relation with a sign opposite to the one
that we are used to
[, (a3)7] = -1 (6)

n’ n

This causes the following problem. Again by covariance, we define the vacuum by

ak0) = 0 (7)
First consider the state ‘
) = (@,)"[0) (8)
where i is a direction other than the timelike direction, so n” = 1. The norm of this state is
(¥le) = (0lay,(a5,)T|0) = (0la;,(a;,)"|0) + (0[ay,, (a5,)'[0) = 1 (9)

This is positive, so there is no problem. But now consider a similar state but using the oscillators
in the timelike direction

() = (0la (ay)"0) = (Olay ()10} + (0llan, (ap)'10) = ~1 (10)

This state has negative norm. Thus we do not have a good Hilbert space. We will have to remove
the negative norm states from our consideration. Let us investigate the norms of states a little
more, and then see how we solve this problem.



2 Some basic relations

The mass formula of a state had been derived earlier in the classical limit. We have also advanced
some arguments as to why the ground state of the string has an oscillator level —1 because of
quantum effects related to the Casimir energy. We will return to this fact later in more detail, but
we accept it for now and write the mass formula that we will use. We will not take any dimensions
compact for now, so we will have

I w_ P
b, =P, — 7 (11)
We have
O/
ay = V2a'pl = Ep“ (12)
The mass formula is 4
m? = —p? =8rT(N — 1) = J(N —1) (13)

where N is the oscillator level of the right movers. A similar relation holds for the left movers.

2.1 States at level one

The vacuum is normalized to have
(0j0) =1 (14)

We will use the oscillators «,, instead of the operators a, dil for convenience. At the first excited
level we have the states

[¥) = Cuay|0) (15)

where C), are complex constants. The norm of such a state is

(Yl) = CLC,(0a) a1 ]0) (16)
Using the basic relation
[Oélrf, O‘?ﬂ] = n“yém—l—n,O (17)
we get
* v * — 2
(Wly) = C e = CLCH = |C| (18)

Thus this norm can be positive, negative or zero, because C' can be spacelike, null or timelike. But
recall that not all states in the Hilbert space are supposed to be physical. We have to impose the
conditions

L,¢v)=0, n>0 (19)

In the present case it is clear that
L,|l¢v)=0, n>2 (20)

This follows because such an L,, make the total level of the state positive, and thus every term will
have to contain an oscillator «, with m > 0, which will annihilate the vacuum. Thus the condition
that we should check is

Lij) =0 (21)



We have 1
Ly = §O‘/f—mau,m = agaun + oo +olyos+ . (22)

Then we get

Li|y) = (046‘0%1 + o o0+ yo 3+ . ) C,a” 10)
a1 Cypa?,|0)
C,6;,0410)

O/
= \/FCw0) (23)

where we have assumed that the vacuum state has no oscillator excitations but carries a momentum

p#
o10) = /L10) = /Lol (24)

o =1 (25)

From now on we will set

and thus we have

L]0y = % 70) (26)

Thus we see that there is one constraint on the C,. From the mass formula for string states we see
that for a state with one oscillator excitation we will have

m?=8rT(N—-1)=0 (27)

Thus this is a massless particle state, and by Lorentz invariance we can go to a frame where

" =(1,1,0,...0) (28)
In this frame our constraint becomes
Co+C1=0 (29)
Thus we find
ICI? = =|Co* + |C1f* + |Ci* = |Gif* > 0 (30)
so that C' is spacelike. But in this case the norm of the state is positive
(Wly) = 1CI* >0 (31)

and we see that we have a well defined Hilbert space. We have eliminated the ‘ghost’ state which
ahd negative norm by imposing the constraints L,, > 0 for n > 0.

Now the question is whether we can keep doing something similar for all states which have negative
norm. If we can, then we have a good theory, and can use it to describe the first quantized string.
We wil see that we can in fact achive this, but only if we have a ceratin dimension D and the choice
that

(Lo— 1)) =0 (32)
This condition can be thought of as a member of the conditions L, > 0 for n > 0. The mode
Ly is in-between the positive and negative modes of the L, so it was not immediately clear what
we should do with this mode as far as the constraints were concerned. Recall that only for this
mode Lg there is a normal ordering issue and so it is not a priori clear what the value of Ly on the
vacuum should be.



3 Gauge modes

We have seen that physical states must satisfy

Lal) =0, (n>0), (Lo~ 1)) =0 (33)

These physicality conditions removed the negative norm states from out Hilbert space. Are the
states satisfying the physical state conditions all positive norm states? The Li|¢)) = 0 condition
told us that

Cupt'=0 (34)

and the (Lo — 1)|¢)) = 0 condition told us that p was null so it had the form

" =(q,4,0,0...0) (35)

Suppose we choose

c'=ct=c¢ (36)
Then this state satisfies the physicality conditions, but has norm zero
[¥]? =1C% =0 (37)

Thus physical states can have zero norm. Note that this state can be generated in the following
form

Lal0) = ooy 1+ ]10) = =, al) (38)

so that the state has C* « p*.

This state is a pure gauge state, since it is a massless state with polarization proportional to the
momentum. In gauge theory we make a pure gauge state by

Ap() = 0uMzx) = Au(p) ~ pu (39)

4 Extracting a general principle

We define descendent states by
IX) =Ln, ... Ln,|A), n;>0 (40)
These states are orthogonal to all states that satisfy
Lyjv)y=0, n>0 (41)

This follows from
(x|) = (M|Lny, - .. Ly |0) =0 (42)

What happens if a state |x) is a descendent and also a state that is annihilated by the L,,n > 07
Then we get

xx) = (ML - Ly Ix) = 0 (43)



so the state has zero norm.

Suppose that the state also satisfies
(Lo—=1)Ix) =0 (44)

Then we must regard it as a physical state because it satisfies
Lnlx) =0, n>0, (Lo—1)[x)=0 (45)
But it is also a descendent since it is of the form
IX) = L—p, ... Ln,|\) (46)

So it will be null. We will regard these states as pure gauge states.

5 States of level 2

Now let us look at states of level 2. We can make such states in two ways
a’ya”,10) (47)

and

This time we will have to consider two conditions
Li|0) =0, Lsl0)=0 (49)

Actually even if had a state of level 3 or higher, we would still have to consider only these two
conditions. The reason is that we have

[L1,Ls] = —Lgs (50)
so if L1, Lo annihilate a state then L3 will also do so automatically. More generally
[L1,Ly] = (1 = n)Lign (51)
so all the L,, with n > 3 will automatically annihilate the state if L1, Lo do so.
We write the state at level 2 as
(Cual oy + Dyaly) |0) (52)

The relevant part of Lq is
L= ozgoz“’l + o/ilozu,g + ... (53)

The action of L on C,Wa’ila’il]m gives

2
(agay1) Crva’ya?1|0) = —=p"Crya”,]0) (54)
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The action of L_; on D,a",|0) gives
(o 1au2) Dual,|0) = 2D,a 4 |0)

Thus we need ]
ﬁc“”py + D, =0

Now consider the action of Ly. The relevant part of Lo is

1
Lo = Oég()éu’Q + 50/{01“71 + ...

The action of Ly on Cyafja” ]0) gives

1
<§a{‘a>\,1> Cya 1a”4]0) = CH|0)

The action of Ly on D!, gives

2
<O‘6\O‘A,2> Dua52|0> = —=p"D,|0)

V2

Thus we get the condition
L+ \/§p“DM =0

Let us now see what these conditions give us. From the mass formula we have

4
—p*=m?=8rT(N —1)=81T = — =4
o
Thus we can go to the rest frame where
" =(2,0,0,...0)

In this frame we get the conditions

Clt +2v2Dy =0
The second condition gives

1 1
Dy=———Cl=—-——(~Coo+ »_Ci
0T T p 2\/5( T )

In the first condition we can set p = 0 to get
Dy = —v2Cyg

Using this in the equation just before we get
1
Coo = = Z Cii
7

6

(55)

(56)

(60)



Putting u =i in (63) we get
D; = —v2Cy; (68)

Thus the D, are compeltely fixed by the C),, and the C,,, satisfy the additional condition (67).

Now let us see if once we impose the L, conditions whether we get positive norm states. Thus we
should compute the norm of our state (52).

62 = (0] (Cpualf af + Dyal) (Cuval 0%y + Dyat’y) 0) (69)
There are no cross terms between the two kinds of terms, and we find

|2 =2 (C,C" + Dy D") (70)

Let us set Cp; = 0. This sets D; = 0. Let us take all the C;; = 1. Then we have

Coo = é(D —1) (71)
Dy = —V2Cyy = —?(D —1) (72)

We have
a0 DD = Gyt (D-1)- D3 = PV (p gy 2D ZDF_ (D=DWD=26) 0y

25 25 25

Thus if D > 26 then we will get a negative norm state. It will turn out that we can get a consistent
theory when D = 26, where this is a zero norm state.

Let us now consider the termns Cy;, D; which we had set to zero above. These contribute to the

norm squared
2 <—2 > CoiCoi+ > DiD,-> =0 (74)

where we have used (68).

6 More on zero norm states

Suppose that we ask that there be physical states of a special form
IX) = L-1[A) (75)

where we ask that |\) be such that
Lo]\) =0, n>0 (76)

The physical state |x) must be annihilated by all L,,,n > 0, so in particular

0= Ll‘X> = LlL_l‘)\> = 2L0‘)\> (77)



Suppose we did not know the normal ordering constant in Lg, so we just ask that physical states
satisfy

(Lo —a)[¢) =0 (78)
Then we will have
LolA) =a—1 (79)
and we find from (77)
a=1 (80)

Thus this value of a that we have selected on physical grounds provides physical states of type (75),
which, being also descendants, are null states. Thus at a = 1 we get extra null states of the kind
(75).

Now let us try the same with two levels of excitations created by the L_,,. Thus we take

) = (La +vL2)|N) (81)
with
L,A\)=0, n>0 (82)
and
(Lo —1)[x) =0 (83)
The latter relation implies that
Lol\) = —1 (84)
We have
0= Lilx) = (BL_1 +v[2L_1Lo + 2LoL_1|\) = (3 — 2y)L_1|)\) (85)
so that we find 3
Y= ) (86)

Now we look at

0= Lalx) = La(Loa + S L)X = (<44 ) + SBLaLor +6Lo)A) = (-3 + DY) (87)

Thus we get null states of this form for D = 26.

Thus we see that at D = 26 and a = 1 there are additional null states of a special kind.

7 Exercises

(A) Consider a complex fermion

d=dV +id?® (88)
We have
(@) =dly, (@) =d2, (89)
The commutation relations are
{d) d)} = Gnimo. {dD d2)} = Gnimo (90)



We make the currents
Jp = id} dpym (91)

Find the commutation relations of these currents, together with the anomaly term.

(B) Analyse the Hilbert space at level three, following the analysis of levels one and two above.



