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-Consistent superstring theories

=GSO projection (fliozzi , Scherk ,
Olive /

· let F be andbstract "fermion number"
, defined on our Fockspace.

· (-1)
F
has eigenvalues = 1

.

· P = &(1 + (15) is a projection operator (PEP).

· Proposal : &new = Jm P (This is consistentsince [P
,
H] = 0.)

· F is defined by : · (-1) 10,b) = -10,
4) (NS)

· (-1)F 12
,
4) = B,KYNg(R)

(N = 11= Mop1 ... N9)
· (1) FXY = y4(1)F

= (1) Fyn= - 44(1)5

· Applying this projection to the open superstring gives :

NS : no tachyon:massless rectorsurvives

R : On our "Majorane epinor" racuum
,

P = &(1+ N)

=> We are left withaMajorane -Weyeepinor with

2. 32/2/2/2 = 8 real
,
on-shell d.0

.f.

go to "real"
↑

Ma Wege You-sheet

· Observe : Vector - 8 d
. 0. % Es Spinor-8 d. o. f.

=> enspect 10d (target-space) SUSY !

· Indeed
,
there exists a very special and unique 10dSUSY QFT :
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&Super-Yang-Mills theory
~

Majora-Wege fermion in adjoint rep.

S = Ja*x( -F + [TD4) ; Fur = - g[BiPr]

Here : < = H(N) (N DS branes)
Dy = Op-igAn

↑ An Lie (G)

openelings come with

"Char-Paton-factors" specifying
·

on which brane it starts and ends
A

than-Patonin more detail : on -> ·o
A

,
B = [1, .-N]

j

·If all 6. C are Neumann
,
this may be interpreted as the presence of

N DS branes on which strings can end. (More generally : Dp-branes !

i
· Scattering requires matching Chan-Paton factors:

BA

A

from YM-Feynman rule :
↑

Am
tr (+a

+
b
+4 ->

An
one

· general stringetate : XAB/A,
B

,
K

~

highly non-hirial : All intractions of SYM-theory come out right !

·Note: Open strings who closed stringe are inconsistent since the latter

can be created in scattering processes :

#5: 2 Type Isuperstring )
-

(closed stringe only ,
name comes from "D N= 2 SUST")

· Having understood the openetring ,

which corresponds to having
only a left- or only a right-moving sector ,

we now simply



combine two eacheectors
, enforcing leves matching : 13

· We Labe our building blocks by NSIR and +1-(for the

Ligevatue of 1-1)F) .

We then have 4 sectors :

sector~-rep of its lightest state

1 tachyon

NS + 8r (rector

R- 8 I h& Wh
.aeless

R + ge S epinors !
· Recall that

Lo=p2 + N+ + ;=-++

with b
, 5 = 0 (R) or -112 (NS)

· Enforcing level-matching ,
i . e.
Lo-[ = 0

,
we have :

2'mz = 4(N+ b) = 4(N+ 5)
.

· It is clear that am24 is integer for NSt , R+,R- and half-integer

for NS- (starting with the tachyon at -1/2) .

Thus NS- can only
be combined with itself while the other 3 can be combined in any way.

· This gives rise to the following (not yet GSO-projected) spectrum :

Light, left 2010)-

rep- of lightest state

(NS- ,
Ns-)31 I tachyou

(NSt ,
NS+ ) 8

,
x8

-

(NS+, R- / 8r x8'

(NS+, R + 1 ! I 8 x8 Passes(R-

,
NSt) 8'x8v

" "
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· In the open case

,
GSO selected 2 out of 4 sectors . Assuming

we want to get rid of the tachyon ,
there was no qualitative choice.

· Now
,

we can select any subset of 10 sectors. These are 20possibilities .

· We require one physical condition and3 consistency requirements :

1) No tachyou

2) modular invariance ⑰ Cany direction can be chosen as

"time"(
3) mutual locality of verley operators :

branch↑
(cuts come from 2112

must 62

for certain operators ( avoided

4) closure of OPE

· The result of this analpis -Polch.) is that only twoelections work :

IB : (1)= 1
,
(1) = 1

#A HThismeanchoose in
. . .

i

choice for spinor in R-sector of 1. m
-
-side

compared to r.m -
side.

[exist IA'/IB' with 8>81
,
but physically equivalent . ]

· Alternative description : IB,r & IA
,
r : NSt

,
R +

IB
,
l : NSt

,
R+

#A
,
e = NS+

,
Re
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Resultingfield content IA

Sector sod-rep.

(NSt
,
NS+ 1 x8n = [03+ Ecomposition inirrespo + 35

(NS+,R- ) 8 x 81 = spinor a + rector-spinory = 8 + 561

(R +, NSt) 8x8r = Spirory + rector-spinoy = 81 + 56

(R +
,
R - ) 8 x81 = [13 + [332 = 8. + 56

#otation: [m] / (m) stand for anhisymm . /symm-tensor of rank m
.

4, Y, are gravitini of opposite chirality
(N= 2 Susy => Guru CXin

& I'are "dilatini".

Countingof d- 0. f.s :

· p : 1 lobrious

· "NS-2-form polential" or "Kall-Ramond-field" B2 = (Bz)prdxidxv
(as in bosonic case

,
Hy = &Be is the corresp- field elength/

As for photon ,
due to gange-symmetry (B2 + Be +&M

only transverse components count : Big with ije[2i Day

=>#da) = (Pz2) = (2) = 28

· Metric Spr -> hijIts above
,

butsymmetric. In addition,

tracelessness can be imposed.

=> dof = (P2) + (D - 3) = 10-335
um

generally use ful forgravity in Daims.

· difalino : X , d. 0. % = 0 (as explained for epinor in gangeth-above



· gravilino 4p -> Xi (i = 2, .... D-1) by gange invariance ,
like
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for photon or graviton

Additionally ,
the constraint jPX, = 0 must be imposed,

leading to a further restriction of the do.f. by "One epinor".

=> #d. 0. 8 = ( spinord. o. f. ) x (D -3) = 8-7 = 56

· RR 3 -form potential (g : (C3) = Kilprgxindxd ; Fu + day

# d. o.f. = (D-2)
= only transverse relevant on-shell

=65

· RR1- form potential ( : Like standard gangeth. => # 1
. 0. % = 8

.

~Resulting field content IB

etor 208t-rep.Decomposition in irreps.

(NS+, NS
= / (8rx8v) = [0]p + [2]Bz + (2)a = 1 + 28 + 35

(NS+, R+)

8) T spinor + rechrepinors(R +, NSt)

(R+
,
R+ ) (8 x 8) = [03c + (2) + [47c = 1 + 28 + 357

Countingof d. 0.f
· Obviously ,

much of the analpis is as for IA.

· A specially is the appearance of the Up-[M]+. Here the "
+

"
means

see-quality ,
i.e. this = timig =

tile
Eric (with metric dij) .

· In the corresponding FT , selfduality is imposed at the levee of
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the fieldstrength ,

i. e. Eg = &Cp with F = * #5

#daf = 1(q) = 35

↑
using Em. --- Mir

heylessons learned :

· Both theories have Be (allowing for the additional WS-action HrmS
· Both have I gravitini and hence N= 2 SUSY

· It is non-chiral (both chiralities appear symmetrically
· IB is chiral (only one of the chiralities is realized by thegravifini).
· FA/IB have odd /even RR-forms C and hence the charged

objects coming with them
,
the Dp-branes ,

are different :

#A : Odd Re-potentials = SodiSea
Ep = * Fd-p

Isame d. o.f ; "C"-no doff

#B : even RR-potentials => So is
↑

"instanton" (point in spacetime DG plays special

(integral I evaluation ofCo at point) role-see below

again , only helf of forms directly visible inetringy dof.

since Fp = * Fd-p (special : Es is self-duel and

has only holf of the naive # of
daf : F = + Es)
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· We have introduced Dp branes as the charged objects under

Cp+ 1 , required by the consistency of 10d supergravity.

· They can or can not be part of a given geometry or background :

X -- empty 10d spacetime us . * II
piS with twoinfinitely
extended/D-bromes

· These D-branes are precisely the objects on which openstrings end
.

· Toee this
,
need to calculate coupling of RR-field to brame :

TDverbx operator = D
T

/Similarly ,

one can use the verley operator for the graviton to determine

the brane tension. [We will not do these calculations
. ]

· A simpler , amologous calculation delimines the brane-brane force

from the "cylinder" diagram :

(of many lextbooks / T
-pu

closed-string exchange = open-string one-loop diegram

· All of this eventually confirms that the D-brance sourcing RR-potentials
are indeed the objects introduced earlieron which openebrings can

end". They can be included in the 10d theory with their own

action
,
the so-called DBI-action (which we will not discuss).
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#. 3 Type I superstrings
· Our WS Theory on the cylinder has a Ee-symm

,
w + - 5,

known asirientationchange : E-E
· Let of be the operator implementing this symm-

in the quantized
theory : 143 -> 1214] Obviously ,

M= 1 & 2"(2,02 =*id.

· After mode decomposition,
one findsc and = In

2I
,
M = 2n

· P = &(1 + r) is a projector ,
i. e

.

p2= p.

· We may restrict the theory to JmP . (One also says "mod outul"

or "gange O2" or "project the theory to the subspace invariant under oh")

· The result is theunorientedehring.

·

Obviously,Risejectioncanonlyappliedleftright
morea

· Recall e.g.

the NS
,

NS sector :

(8rx8v) = [0]p + [2]Bz + (2)a = 1 + 28 + 35

↑
states are NM10k) ,

et after the projection onlyare

symmetric subrepresentations are left.

· A similar logic applies to the R,
R & R

,
NS (NS

,
R) sectors

, giving

in total :

&, Gir , So,
Ca

,
Ju .X

· Only N = 1 SUSY is left !
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· However

,
this projected or truncated theory is not consistent

due to a gravitational anomaly.

[This is analogons to the famous chiral UH) anomoly. The

latter may be derived from current-non-conservation due to

the diagram met In the gravitational case,

the externat lines are gravitons .

Also
,
the relevant

polygon becomes larger in higher dims: > hexagon for d=10.

↳ Supr
↑ The symmetry of stake is diff, which
~_/

is ganged.

Hence a gravit- anomaly-2

must be avoided.]

· The cure is unique and very simple : One has to add 32

DS brans before the projection . As explained earlier ,
this

corresponds to adding a U(32) 10& SYM Theory
. The projection

also acts on this theory and reduces it to an SO (32) SYMtheory.

[One may superficially understand this by recalling that the

gange theory etdes areAB/A .
B

,
K

↑ 4

Chan-Paton-factors , specifying
brane to whichetring isattached.

There is also an extra"-" associated with the action of R on

the vacuum. Thus
, logether withe the action A > B

,
one

is reduced from MStates (here N = 32) to (NE-N)/2 states,

i . e
. from the group U(N) to SO(N).
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· Thus

,
we end up with atheory containing the surviving part

of type IB + an SO(32) SYM theory :

#peI superstring : (10 + 28c + 35a) + 101+ 56)
Bos.

Form
.

+ 496/8u + 81

-
↑ is

.

Form
. (fange fird + gauginos

Note : Loops in thistheory are different in that one always must

insert the projector P = (1+ R2)/2 before closing the loop :

⑦-+
forus glue with direction change

=> Klein bottle

- (0 + ⑮D
Mobins strip

14Heterotic string

· On the WS
,
the left - & right-movingeectors are two independent

· WS-Susy together with the G50 projection exclude(heories.

the tachyon
↓

Because of level matching ,

it is sufficient to supersymmetrize

only one of the 100 sectors to get rid of the tachyon.

· let us choose to keep the r
.
m

.
side supersymmetric ,

working also

in D = 10 :

ht: X15,
415 % (m = 0 .., 9).
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· Let us keep the 1. m

. side bosonic :

: xY((\ = 0
.

.

-, 9)

· Recalling our previous results ,

the central charges are :

(
,
2) = (10 + 2 - 10 - 26 + 11

,

10 - 26) = (0 ,
-16)

XR YR bar PiUr X br

· To ensure the key property = 0
,
add 32 left-moving

Majorana-Wege fermions : &124 =
A = 1, . . ., 32

=> S =-a (0x4/0x) - 2i4*4-m-20X1]
· The spectrum follows from mass-shell/level-motching conditions & GSO.
· On the um . side

,
we have as before : R + a = 0

; NS-a
= - 12

· On the 1.m-side we find
, using known results :

R : a = -8 + 32. = 1 = no massless stales

NS : a = -8- 32 = -1 => mossless states arise from
One Gosonic or to fermionic

· GSO can be chosen as in IB : excitations.

(- 1)F = (-1) = 1

· Let us recoll the IIB spectrum calculation in a shorted form :

right : left :

(8r + 8)x(8r + 8) = (8rx8r + 8-x8 + 8x81 + 8x8)
NS R NS R

= 1+ 28 + 35 + 2(8456) + 1+ 28 + 35
+

& B2G fermions C-forms
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· The amologous calculation for the "20132)helerotic shing"reads

(8u + 8(x((8v
,
1) + (1

, 496)) =..

↑ 4 ↑ 4

S01 S0(32) Sold So(sI) rep.

& 10,4) X 101k>
-

antisymmetric by fermionic nature of X's.

-- = (1
, 1)p + (20

,
1)

,3
+ (351)2 + (561) + 18!1) + (80

,
496) + 18

, 494

fermions gangebosons gauginos
- -

N= 1 SnaRA So(32) SYM

[Note similarity to "Type I". In fact we are dealing with a different

stringy UV completion of the ename 10d field theory . Depending on

& only one of the to is weakly coupled .

This is called

an S-duality (S = "shong-weak quality) .[

· Our analysis was incomplete in that we facitly assumed that the
choice of NS vs. R must be made for alli's at once . But this is

not true. While most theories one might by to construct by
choosing different b. Cs for different Xs are inconsistent

,
there

exists a consistent theory based on eplitting the X's according to

32 = 16 + 16 and allowing for different 6. Cs for the to embsets.

· The naively surrivingsymm- group is 50(16)x S0116) and the

spectrum arises as Iwithout deviration) :



"FoxEghebrotic string :
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(8u + 8)x((8r
,
1

,
1) + (1, 120

,
1) + (1

,
1
, 128) + (1, 128, 1) + (1

,
1

, 128))
↑ 44 ↑ X

S0181 Sold S0116)' reps. spinors of 3016), SO16)(
Carise in came way as S018)spirors)

Fact : Eg > So (16)

248 = 120 + 128

/adjoint ( (adjoint) (spinor(

Fact : The resulting theory displays an enhanced gauge symmetry
which is not just S01X S0116) but EgxEg .

Summary: The 10d consistent expersting theories are :

I IA ,
IB

,
hebrotic SOB21

,

hebrotic EgxEg .

This precisely matches all consistent 10d supergranities .


