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Abstract

We point out that different choices of Gliozzi-Scherk-Olive (GSO) projections in super-
string theory can be conveniently understood by the inclusion of fermionic invertible phases,
or equivalently topological superconductors, on the worldsheet. This allows us to find that
the unoriented Type 0 string theory with Q2 = (—1)f admits different GSO projections pa-
rameterized by n mod 8, depending on the number of Kitaev chains on the worldsheet. The
presence of n boundary Majorana fermions then leads to the classification of D-branes by
KO™(X)® KO™™(X) in these theories, which we also confirm by the study of the D-brane
boundary states. Finally, we show that there is no essentially new GSO projection for the Type
I worldsheet theory by studying the relevant bordism group, which classifies corresponding
invertible phases. In two appendixes the relevant bordism group is computed in two ways.

This paper provides the details for the results announced in the letter [1].
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1 Introduction and summary

1.1 Generalities

In perturbative formulations of superstring theories, one treats the 2d worldsheets of strings as
2d quantum field theories with fermions. The most common treatment is the one due to Neveu-
Schwarz [2] and Ramond [3], often called the NSR formalism. There, one starts with ten bosonic
fields X#=0--9 and ten left- and right-moving fermionic fields ¢*=%9 and ¢*=%9. To remove
the closed-string tachyon and at the same time obtain spacetime spinors, one must perform a
crucial step called the Gliozzi-Scherk-Olive (GSO) projection [4,5]. The two Type II superstring
theories, Type ITA and Type IIB, arise due to a difference in the specifics of this projection.

It was pointed out in [6,7] that the GSO projection can be interpreted as a sum over the possible
spin structures on the worldsheet, with different consistent GSO projections corresponding to
different ways of assigning complex phases to spin structures, in a manner consistent with cutting
and gluing of the worldsheet. This point of view makes manifest the all-genus consistency of
known GSO projections, which is not evident in the one-loop analysis often presented to beginners
of string theory e.g. in [8]. It does not, however, tell us whether we have found all possible GSO
projections. Indeed, possible consistent GSO projections for unoriented superstring theories have
not been studied systematically in the past.

One approach to the enumeration of all consistent GSO projections comes from a rather un-
expected place, namely from the study of symmetry-protected topological (SPT) and invertible
phases of matter in condensed matter physics.' For the purposes of this paper, an invertible phase
for a symmetry G can be defined as a system which has a one-dimensional gapped vacuum on
any closed spatial manifold with a background field for G. By taking the infrared limit, one can
then isolate a quantum system whose entire Hilbert space on any closed spatial manifold with
any background field is one-dimensional and contains the vacuum only, with its partition function
simply a complex phase. We note that for an internal symmetry, the background field is simply a
non-dynamical gauge field for the symmetry. On the other hand, for fermion number symmetry

'In the literature of high-energy physics, the terms SPT and invertible phase are often used interchangeably.
In condensed matter physics they have subtly different connotations. In this paper we stick to the terminology of
invertible phases, which are more directly relevant for our purposes.



the background field is the spin structure, while for time-reversal symmetry the background field
is the “un-oriented-ness” of the spacetime.

An invertible phase provides a method for assigning complex phases to spin and other struc-
tures on a manifold, in a manner consistent with cutting and gluing. Conversely, any such as-
signment corresponds to an invertible phase. Therefore, if one can classify invertible phases, one
can classify all consistent GSO projections. Invertible phases with fermion number symmetry
and some additional discrete symmetries are usually called topological superconductors in the
condensed matter literature. Therefore, the classification of GSO projections is equivalent to the
classification of topological superconductors in (1 + 1) dimensions.

The classification of invertible phases has been an important topic of recent research in theo-
retical condensed matter physics. As will be reviewed below, a general answer in terms of bordism
groups has been obtained, see e.g. [9-11]. The upshot is that with this result, we can now carry
out the classification of possible GSO projections on a given worldsheet, once the structure on
said worldsheet is specified.

One important feature of a nontrivial invertible phase in d dimensions for a symmetry G is that,
if it is put on a spacetime with boundary, the (d — 1)-dimensional boundary theory necessarily
hosts nontrivial degrees of freedom. In particular, if GG is unbroken on the boundary, the G-
symmetric boundary theory carries a corresponding G-anomaly. One familiar case is that of the
chiral anomaly of a fermion in spacetime dimension 2n, which is captured by a Chern-Simons
term in 2n + 1 dimensions. This is known as anomaly inflow [12, 13]. The current understanding
is that all anomalies” in (d — 1) dimensions, both local and global, can be characterized in terms
of invertible phases in d dimensions.

Applying this observation to the worldsheets of superstrings, we conclude that different invert-
ible phases, i.e. different GSO projections, will require different boundary conditions on the edges
of worldsheets. Since the boundaries of worldsheets describe the D-branes to which strings attach,
this means that the properties of D-branes reflect the choice of GSO projection. The discussions
up to this point can be summarized schematically as follows:

boundary anomaly bulk invertible phase

(1.1

~ properties of D-branes : choice of GSO projection.

2Some qualifications need to be added to this blanket statement. First, this framework is mostly about the anoma-
lies of partition functions, and therefore does not immediately describe the conformal anomaly. Second, anomalies of
supersymmetry are less well understood, and it is not clear whether they can be described by bulk invertible phases.
That said, neither is conclusively outside of this framework. As for the first, the anomaly described by the Kitaev
chain is about the impossibility of quantizing a single Majorana fermion, which is also not directly about the phase
of the partition function. As for the second, the supersymmetry anomaly recently found in [14, 15], which is a su-
perpartner of the anomaly in R-symmetry, was first found in the context of AdS/CFT [16]. We also note that the
shortening anomaly of [17] is related to the fact that the scalar target space of the holographic supergravity dual is
often not Kihler. All this suggests that these anomalies might also be described in a suitable generalization of the
current framework. It would be interesting to work this out.
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1.2 GSO projections and K-theory classification of D-branes

Let us now be more concrete. First, we recall the classification of invertible phases in terms of
bordism groups.’ Let X denote collectively the structure on the spacetime, appropriate for the
systems we would like to classify. For example, X consists of a spin structure and a G gauge
field for systems with fermion number symmetry and an internal symmetry G. We define the
X-bordism group €2 in dimension d to be

Q7 := {d-dimensional manifolds with X structure}/ ~, (1.2)

where the equivalence relation is introduced so that M, ~ M) if and only if there exists Ngi1
with the structure X such that 0N, has M, as the incoming boundary and M, as the outgoing
boundary. The group structure is given by the disjoint union. Then, the topological invertible
phases in spacetime dimension d are classified by [9-11]

0% := Hom(Q), U(1)). (1.3)

This simply means that the topological invertible phase for an element o € U% assigns the parti-
tion function (M) € U(1) in such a way that it only depends on the bordism class [M,] € Qf .*

In this paper we will encounter the following structures on the worldsheet: spin structure for
oriented Type 0 strings, Spin X Z, structure for oriented Type II strings, Pin™ structure for two
types of unoriented Type 0 strings, and “double pin” or DPin structure for Type I strings. We
remark here that originally the II, I, 0 in Type II, I, O strings referred to the number of supersym-
metries in ten dimensions. Contrary to this usage, in this paper we refer to any NSR strings with
independent GSO projections on left- and right-moving spin structures as Type II, and to any NSR
strings with diagonal GSO projections as Type 0. Type I strings will then be defined as Type 11
NSR strings on unoriented worldsheets.

The relevant dual bordism groups are listed in Table 1. There we have used a slightly more
general notation, with QX (Y) representing the bordism group of d-dimensional manifolds with X
structure equipped with a map to Y. Then for example a structure X’ consisting of spin structure
and a Z, gauge field can equivalently be thought of as having (X,Y’) = (spin structure, BZ,),
where BZ, is the classifying space of Z, gauge fields, and therefore Q0 = Qspin(BZQ). Simi-
larly, letting pt stands for a point, we have Q0 = QX (pt).

3For other recent applications of bordism groups to high-energy theory, see [18-26].

“More precisely, U% as defined here classifies invertible phases whose partition functions do not depend con-
tinuously on the background fields. Therefore it includes e.g. the 2d theta term | 0F/(2m), which only depends on
topological data, but it does not include e.g. the 3d gravitational Chern-Simons term, which does depend continuously
on the metric. The latter is accounted for by considering (DQ%)?*! instead, where D denotes the Anderson dual.
This group classifies the deformation classes of invertible phases which can depend continuously on the background
fields. Since we take the deformation classes, (DQX)?*! does not include the theta term, which can be continuously
varied. The torsion parts of both groups coincide: Tors Hom(2, U(1)) = Tors(DQX )41, since torsion invertible
phases are discrete and cannot depend continuously on the background data. Both Hom (€, U(1)) and (DQX)4+!
are generalized cohomology theories, but their common torsion part is not. This unfortunately makes the torsion part
less mathematically natural. For all the cases of interest to us in this paper, all bordism groups are finite, so these
subtle differences can and will be ignored.



d ngin (pt) GCSlpin(BZQ) GdPin’ (pt} Odpin+ (pt) GdDPin (pt)
ZQ Z% Zg ZQ Z%
3 0 Zg 0 Lo Zsg

[\

Table 1: Dual bordism groups relevant to our analysis. The first four columns are classic [9,27].
The last column is new.

Let us begin by discussing the group ngm (pt) = Zs. The nontrivial element is mathematically
known as the Arf invariant, and assigns to a surface > with a choice of spin structure o a sign
(—1)A(9) A spin structure is called even or odd depending on whether this sign is 41 or —1.
There are many mathematical and physical definitions of the Arf invariant, one of which is as
the number modulo two of zero modes of the Dirac operator on the surface > with spin structure
o [28]. From this definition, we see easily that (—1)Arf(T2"’) is —1 if and only if the spin structure
o is periodic along both cycles of the torus 72. There is also a combinatorial definition [29, 30],
which we will recall below.

In the continuum quantum field theory language, the Arf invariant may be written in terms of
the partition function of a mass m Majorana fermion on (X, 0) as Zgeym(m > 0; %, 0) / Zerm(m <
0;3,0). In general, the infinite-mass limit of a fermion partition function is known as an 7-
invariant in the mathematics literature, meaning that the Arf invariant is an example of an 7-
invariant. There is also a discretized Hamiltonian version of this massive Majorana fermion de-
fined on a spin chain — this is known as the Kitaev chain [31]. In both of these descriptions, it is
easy to argue that one needs a single Majorana fermion on the (0 + 1)d boundary of the (1 + 1)d
system hosting the Arf invariant theory.

A single Majorana fermion cannot be consistently quantized, since two Majorana fermions act
on a two-dimensional Hilbert space irreducibly. This means that, assuming that this Hilbert space
is the tensor product of two copies of the Hilbert space for a single fermion, the single-fermion
Hilbert space would need to have dimension \/2. This is one manifestation of the anomaly of the
boundary theory, and will turn out to explain the difference by a factor of /2 between the tensions
of D9-branes in Type ITA and Type IIB theories, originally found in [32].

Without the Arf invariant on the worldsheet, as will be the case for Type IIB strings, the
endpoints of open strings will naturally couple to unitary bundles. Consideration of tachyon con-
densation motivates one to introduce an equivalence relation on unitary bundles, leading to the
statement that stable D-branes on X are classified by complex K-theory K°(X) [33]. On the
other hand, in the presence of the Arf invariant the boundary of the worldsheet needs unitary bun-
dles together with an additional Majorana fermion, or equivalently with an action of the complex
Clifford algebra Cl(1,C). Unitary bundles with an action of CI(1,C), under a suitable equiva-
lence relation implementing tachyon condensation, are classified by K (X)), thus reproducing the
known classification of the D-branes in the Type ITA theory [33, 34].

We next discuss the effects of including the topological superconductor corresponding to the
group UF. _(pt) = Zs on worldsheets. The worldsheets can now be nonorientable and are
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equipped with a Pin™ structure. This structure will be seen to be compatible with the Type 0
string, but not with the Type I string. The generator of the group Zg of time-reversal invariant
topological superconductors is again the Kitaev chain, but now with the added assumption of
time-reversal invariance. The invertible phase corresponding to n modulo 8 is simply 7 copies of
the Kitaev chain, and has n time-reversal symmetric Majorana fermions on the boundary. Phys-
ically, the reason that we need only consider n modulo 8 is that one can introduce a four-fermi
interaction to the n = 8 theory which gives rise to a theory with unique ground state [35]. In
continuum field theory language, the effective action describing the basic non-trivial phase is the
Arf-Brown-Kervaire (ABK) invariant, to be discussed below.

Roughly speaking, with n copies of the time-reversal-symmetric Kitaev chain on the world-
sheet, open string endpoints can now couple to orthogonal bundles with an action of n time-
reversal invariant Majorana fermions, or equivalently with an action of the real Clifford algebra
Cl(n,R). Tachyon condensation then leads to the classification of D-branes by K O"(X). As we
will see, a more careful analysis reveals that the classification is in fact by KO" (X )& KO~"(X).

In the case of Type I strings, the natural way to specify the worldsheet fermions is to consider
chiral fermions on the orientation double cover of the worldsheet. This leads to a structure which
we call “double pin” structure, since it will be shown to contain both Pin™ as subgroups. We will
find by a standard algebraic topology computation that any invertible phase one can add on the
worldsheet is either the Arf invariant associated to the orientation double cover, or a continuum
version of the Haldane chain. We will find that the Arf invariant on the double cover can be re-
moved by performing a spacetime parity transformation along one direction, meaning that it does
not give rise to physically distinct theories. On the other hand, the invertible phase corresponding
to the low energy limit of the S = 1 Haldane chain [36, 37], whose partition function counts
the number of RPP* modulo 2, gives rise to the difference between O9*-orientifold planes, thus
differentiating between Type I and I worldsheet theories.

We note in passing that Ryu and Takayanagi have pointed out in [38, 39] that the periodic
table [40,41] of free topological superconductors and topological insulators, based on K-theory
and KO-theory, can be naturally realized by considering D-branes in string theory. In those works
the topological superconductors were realized on brane worldvolumes, whereas here we consider
the topological superconductors on string worldsheets.

Organization

The aim of this paper is to give details on the results presented thus far in the Introduction. The
rest of this paper is organized as follows.

In Sec. 2, we begin by reviewing the necessary preliminary material concerning topological
superconductors with several variants of spin structure. In Sec. 3, we study the effects of world-
sheet invertible phases on massless closed string and D-brane spectra. In the next two sections,
we give a more detailed analysis of the classification of D-branes. This is done from two differ-
ent perspectives: in Sec. 4 we study D-branes via boundary fermions and tachyon condensation,
while in Sec. 5 we utilize the boundary state formalism. The final section Sec. 6 is devoted to the
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algebraic-topological study of the possible invertible phases on the Type I worldsheet.

Additional background information and details of calculations are given in the appendices. In
Appendix A, we briefly review the NSR formulation of superstring theory. In Appendix B, we
provide a short review of the boundary state formalism necessary for calculations in Sec. 5. The
results of this appendix are also utilized in Appendix C, in which we discuss the issue of tadpole
cancellation for some of the Type O theories discussed in this paper. The final three appendices are
more mathematical. In Appendix D we reobtain many of our results for Arf and ABK invariants
by means of index theory. Much of this appendix is due to E. Witten [42]. In Appendix E we
provide the technical details of the algebraic-topological computation used in Sec. 6, which uses
the Atiyah-Hirzebruch spectral sequence. In Appendix F, written by Arun Debray, we explain
another computation of the same bordism group via the Adams spectral sequence.

The results of this paper were already announced in a short letter [1] by the same authors.
The authors also note that when said work was nearing completion, they were informed® that E.
Witten has an unpublished work with large overlap with theirs; two seminars he gave can be found
in [43,44], and are highly recommended for their clarity in presentation.

2 The (1+1)d topological superconductors

The main topic of this paper is the addition of fermionic invertible phases to oriented and unori-
ented string worldsheets. In this section we begin by reviewing some basic facts about fermions
and (s)pin structures (see [6,45] for more detailed reviews), as well as about the known invertible
phases for Spin, Spin x Z,, Pin~, and Pin™ structures [9]. Also of importance to us will be
“double pin” or DPin structure, though we postpone a discussion of this to Section 6.

Many of the results that we obtain via combinatoric methods in this section can also be ob-
tained via index theory, i.e. by studying the properties of free fermions. For completeness, we
discuss this approach in Appendix D.

2.1 Oriented invertible phases

On an oriented d-manifold M the structure group of the tangent bundle 7'M is SO(d). In order
to consider fermions on M, we need to lift SO(d) to its double cover Spin(d) as specified by the
short exact sequence

0 — Zs — Spin(d) — SO(d) — 0. (2.1)

There might be an obstruction to doing so, which is captured by the second Stiefel-Whitney class
of TM,i.e. wo(TM) € H*(M,Zs). If this class is trivial, we say that the manifold admits a spin
structure. Such a spin structure is generically not unique. Given a spin structure, we can obtain
another one by twisting by an element of H'(M,Z,).

The authors thank Kantaro Ohmori and Matthew Heydeman for this information.
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In this paper, we focus on two-dimensional manifolds X2, which we take to be the worldsheet of
a string. Any orientable two-manifold admits a spin structure since wo(7T%) = w?(T%) mod 2.
For notational simplicity, from now on we write w; := w;(T%).

2.1.1 Invertible phase for Spin

Our primary interest is in fermionic invertible phases, i.e. phases which depend on a choice of
spin structure o on ¥. In the absence of any symmetry besides fermion number (—1)f, the group
capturing such phases is ngin (pt) = Zs. The effective action for the corresponding fermionic
invertible phase can be written in terms of the Arf invariant [9],

p2imSeit(S,0) _ (_1)Arf(270) 2.2)

where Arf(X, o) is defined modulo 2. For simplicity, we will often leave the dependence on o
implicit.

As discussed in the Introduction, this phase is a continuum version of the Kitaev chain [31].
In the continuum field theory language, this corresponds to the definition [45]

S,0) . Zferm(m > 0; E,U)

= 2.3
Zferm(m<< 0;2,0’)’ ( )

(_I)Arf(

where Zgm(m; X, o) is the partition function of a free massive Majorana fermion of mass m. To
see that the right-hand side is 1, we note that the non-zero eigenvalues £ of the Dirac operator
D comes in pairs £F, since I' := ~'4? is globally well-defined on an oriented spin surface and
DT' = —I'D. Therefore,

Zterm (+m) B H (2E+m> H (1F + m)(—zE+m) _ (_1)indexD‘ (2.4)

Zerm(—m) iE—m (1tE —m)(—iE —m)

E=0 E>0

The Arf invariant can also be defined combinatorially. To do so, given a spin structure ¢ on
Y, we define G(a) € Z, for each Zs-valued 1-cocycle a on X by taking a non-self-intersecting
1-cycle A Poincaré dual to it and declaring

0 if the spin structure around A is NS,
q(a) = : : : 2.5)
1 if the spin structure around A is R .
This function ¢(a) is known as a quadratic form and satisfies
G(a+b) —q(a) — q(b) = / aUb. (2.6)
b

There is a one-to-one correspondence between such quadratic forms and spin structures [30].
The Arf invariant can be defined in terms of this quadratic form as follows,
1 i(a)
= — (=149, 2.7)

|H1(27 Z2>| aele(;,Zﬂ

9
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To see that the right-hand side is £+1, we consider its square:

1 o
RHS? = —— _1)d@+a()
Tezy 2 Y
a,beH(2,Zs)
1 )
- - - -1 Gla+b)+ [ alb
mez) 2. Y
a,beH(2,Z2)
1 )
S S 1))+ [z ale 2.8
mezy 2 Y @8
a,ceH(Z,Z2)

where we have defined ¢ = a +b € H'(X,Z,) and used that [, a U a = 0 for an orientable
manifold. When ¢ = 0, the summand is 1 and the sum contributes a factor of |H'(3, Z)|. When
¢ # 0 there are equally many fz a U c = 0,1 contributions by assumption of a non-degenerate
intersection pairing, and hence these contributions cancel out. Thus we find that RHS? = 1.

We now focus on the torus 72, which admits four spin structures. We begin by listing all
elements of H'(T?,Z,), which is an order four group containing {0, a, b, a + b}. Here a and b are
mod 2 Poincaré duals of the A- and B-cycles of the torus, respectively. Then using formula (2.7),
we have

(_1)Arf(T2) (1 +ei7r(j(a) +€i7r(j(b) +€i7rij(a+b))

=l

(1 1 imila) y gimd(b) _ eiwq‘(a)eiwfi(b)) 7 2.9)

N | —

where we have made use of (2.6) and noted that f a U b = 1 for the two 1-cycles of the torus.
Depending on the spin structure, one has (¢(a), ¢(b)) € {(0,0),(0,1),(1,0),(1,1)}, for which
we find that (—1)A"("*) assigns

(0,0): 4 2= +1, (0,1) : b 1,

(2.10)

b — —1.

(1,0): & | 441, (1,1) :

Here, we have represented the spin structure by lines on the torus — a grey dashed line means
that fermions are anti-periodic i.e. NS in the normal direction, whereas solid red lines means that
fermions are periodic i.e. R in the normal direction. From the perspective of canonical quantiza-
tion the red lines can be interpreted as insertions of (—1)f symmetry defects/operators.

On a manifold with boundary, the bulk invertible phase requires the presence of an odd number
of Majorana fermions on each boundary. As reviewed in Section 4.1, there is no canonical way
to quantize an odd-dimensional Clifford algebra. This can be thought of as an anomaly of the
boundary system, which is compensated by the presence of the bulk invertible phase.
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2.1.2 Invertible phase for Spin x Z,

We will also need to consider Spin x Zs-structures on Y. These are given by a choice of spin
structure o and a Z, bundle with background gauge field a € H'(3,Z,). As mentioned above,
H'(X,Zs,) acts on the space of spin structures, so the choice of (o, a) is equivalent to a choice of
two separate spin structures (o, 0g) := (0,0 + a), where we take o, and oy to be the left- and
right-moving spin structures. The corresponding invertible phases are classified by Uépm(BZz) =
Z3, which is generated by the separate Arf invariants for o7, and og:

Y

(_1)Arf(E,UL) (_1)Arf(2,03) . (211)

The discussion of each of these phases is identical to that in the previous section.

2.2 Unoriented invertible phases

We would now like to discuss invertible phases which can be formulated on unoriented manifolds.
They can be thought of as phases protected by the action of time-reversal T.

2.2.1 Invertible phase for orientation

Before considering fermionic phases protected by T, let us discuss bosonic phases protected by T.
The structure group of the tangent bundle of an unoriented d-manifold M is O(d), which cannot
be reduced to SO(d). The obstruction to doing so is given by the first Stiefel-Whitney class of the
tangent bundle w; € H'(M, Z,). For a 1-cycle C, we have

w1, =

0 if going around C' preserves orientation,
= (2.12)
c

1 if going around C' reverses orientation.

Bosonic unoriented phases on the worldsheet are classified by U2 (pt) = Zs, the generator of
which is the low-energy limit of the S = 1 Haldane chain [36,37]. In the continuum field theory
language, the effective action for this phase is®

2misa(®) — (_1)fsvi (2.13)
The generator of the bordism group Q9 (pt) is the projective plane RP?, i.e. e2mSen(®F) — 7
One can easily calculate the value of the action on any other manifold by counting the number of
constituent RPP? appearing in its connected sum decomposition (mod 2). For instance, the Mobius
strip M is a connected sum of the disc and the projective plane, i.e. M, = D,#RP?. Hence

627riSeff(M2) = _1. (2.14)

®This is also occasionally written as (—1)X(*), where x(X) is the Euler characteristic of 3. The reason for this is
that w? is equal to the mod-two reduction of the Euler class e, which satisfies Js e = x(X). We prefer writing this
phase in terms of Stiefel-Whitney classes in order to make bordism invariance manifest.
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On the other hand the Klein Bottle K is a connected sum of two copies of the projective plane,
ie. Ky = RP?*#RP?, and
e2mise(K2) — 1, (2.15)

When considered on a manifold with boundary, this phase captures the time-reversal anomaly
of the (0 + 1)d boundary theory. This anomaly can be carried by a bosonic Kramers doublet on
the boundary, i.e. we have T? = —1 instead of T2 = +1.

2.2.2 Pin structures

In order to describe fermionic invertible phases protected by T, we need to briefly review how to
put fermions on an unoriented manifold. There exist two different lifts of the O(d) bundle, known
as Pin™(d), which fit into the short exact sequence

0 — Zy — Pin*(d) — O(d) = 0. (2.16)

Both Pin®(d) contain Spin(d) as their component connected to the identity, and their difference
lies in how time-reversal T and spatial reflection R lift,

Pin™: T?=(-1)", R*=1.
) ) ) ] (2.17)
Pin™: T°=1, R*=(-1)".
The corresponding obstruction classes are
Pint:  w,, Pin™:  wq+ w% ) (2.18)

Every two-manifold > has ws + w% = 0 mod 2, and hence admits a Pin~ structure. However,
the same is not true for Pin™. For instance, the real projective plane RP* has w, # 0, and so it
does not admit a Pin™ structure.

The action of Pin® on fermions ¥ can be given in terms of gamma matrices. In particular,
reflection of the i-th coordinate acts on ¥ by the gamma matrix ~y;. The reflection squared is trivial
in O(d), and therefore its lift when applied to a fermion is +1. Then we have

1yt = £2n45, (2.19)

for Pin® structure, respectively, where we temporarily use the Lorentzian signature and the metric
1;; is mostly plus. This explains why T squares to (—1)f when R squares to 1 and vice versa, as
written in (2.17). The fermion fields ¥ transforming in this manner are sometimes called “pinors.”

In our study of unoriented string amplitudes, the behavior of pinors on the boundary of the
Mabius strip with Pin® structure will be particularly important. Recall that on a circle, one can
consistently define both anti-periodic and periodic fermions, i.e. fermions in the NS and R sectors.
In contrast, the choice of NS or R on the boundary of the Mdbius strip is fixed by the choice of
Pin®. We may see this as follows. Note that the Mobius strip can be constructed by taking a strip
and gluing its ends together along an orientation-reversing line (Fig. 1) — upon crossing this line,
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Figure 1: Mobius strip with an orientation-reversing line (in green).

1%

we pick up an action of v; on fermions. Traversing the boundary of the Mdbius strip involves
crossing this line twice, and this picks up an action of 42 = 41 on fermions. Thus we conclude
that boundary fermions on the Pin™ Mobius strip are in the R sector, while those on the Pin~
Mobius strip are in the NS sector.

2.2.3 Invertible phase for Pin~ structure

We now study fermionic invertible phases protected by T such that T> = +1. Such phases are
classified by (52 .- (pt) = Zg, which is generated by the Arf-Brown-Kervaire (ABK) invariant
[46]. For recent work on this invertible phase, see e.g. [47-49]. The ABK invariant can be
thought of as the effective action of the Kitaev chain protected by time-reversal. In the continuum
version, we have:

27 Se (X, 0)

oMABK(S,0)/4 _ Zterm(m > 0; X, 0)

: 2.20
Zferm(m < O,Z,O’) ( )

e

Here o represents a choice of Pin~ structure, which we will often omit from the argument of ABK
for brevity. Alternatively, the ABK invariant can be defined combinatorially as

e7riABK(Z)/4 — - 1 eTriq(a)/Q ’ (221)
|H (Z7Z2)| a€H(,Z5)
where ¢ is a quadratic enhancement g : H' (X, Zy) — Z, satisfying
qgla+0b) —q(a) — q(b) = 2/ aUb. (2.22)
b

One may think of this ¢ as a sort of doubling of the spin structure quadratic form ¢ : H'(3, Z,) —
Zs introduced earlier. Indeed, if the worldsheet is orientable then ¢ = 2§ (mod 4). In that case
one finds ABK(X) = 4 Arf(X2) (mod 8), and (2.20) reduces to (2.2) as expected.
To see that the right-hand side of (2.21) is an eighth root of unity, again we consider its square:
1

RHS? = — ;4(@)+a(d)
(7%, Z2))| a beHZl(z Zs)

]' ~qla al
= ey 2 MrenE

a,beHY(Z,Zs)
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Figure 2: Projective plane with the single generator Z of its first homology class (in blue). To the
right this is drawn as a sphere with a crosscap.

1
_ -q(c) -1 J5 (aUc+aUa)
o 1 Z t ( )
LER Y2 ) B A

N lew Z iq(c)(—l)fz(aUC+auwl)
5 442

a,c€HY(Z,Z2)
ja(w1)

(2.23)

I

where we used [aUa = [aUw.

We will need some basic values for the ABK invariant. We begin by reviewing the case of
RP?, for which there is a single generator Z of H,(RP?, Z,), as depicted in Fig. 2. Its Poincaré
dual, 2, is an unoriented cocycle with fRPQ zUz = 1. Then using (2.22) and ¢(0) = 0, we conclude
that 2¢(z) +2 = 0 mod 4 and hence ¢(z) = 1 or 3. These label the two distinct Pin~ structures
on RP2. The corresponding ABK invariants are easily calculated,

1 - em‘ABK(RPZ)/4 _ i (1 + em/z) _ e”/4,

V2

3. oTIABK(RP?)/4 _ % (1 + ei?ﬂr/?) — ¢ im/4 (2.24)
We will also need the value of the ABK invariant on the Klein bottle. Because K, is a
connected sum of two copies of RIP?, it admits four choices of quadratic enhancement. Tak-
ing z; and 2, to be the basis naturally adapted to the connected sum gives (q(z1),q(22)) €
{(1,1),(1,3),(3,1),(3,3)}. However, it will behoove us to switch to the more familiar basis
of Hi(K3,Zs), for which a := z; + z3 is Poincaré dual to the orientation-preserving A-cycle
while b := 2z, is dual to the orientation-reversing B-cycle. The quadratic enhancements are then
(q(a),q(b)) € {(0,1),(0,3),(2,1),(2,3)}. For each of these Pin™ structures we compute the
following values for the ABK invariant,

: 1
(0.1): A= (11— =1,

: 1
(07 3) . e7rzABK(K2)/4 _ = (1 +1—i+ Z) _ 1’

2 (2.25)

(2,1):  ABKUR/MA o s I—1+iti) =1

: 1
(2’ 3) . 67r'LABK([(2)/4 _ 5 (1 N T Z) -
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It is useful to note that

oiABK(E))/4 _ (_1)fwf7 (2.26)

namely that four copies of the ABK theory is the same as the nontrivial bosonic unoriented phase
discussed in Section 2.2.1.

The boundary theory of n copies of the ABK theory is detailed in Section 4.1. When n = 4,
we have a system of four Majorana fermions ;. We can then introduce a T-invariant interaction
term x1X2X3X4. The ground state with this interaction is bosonic, two-fold degenerate, and has
the projective anomaly T? = —1, thus manifesting the equality (2.26) on the boundary. Similarly,
when n = 8, we can consider a suitable quartic interaction under which the ground state is unique
[35].

2.2.4 Invertible phase for Pin™ structure

We now study fermionic invertible phases protected by T such that T?> = (—1)f. Such phases
are classified by U%m (pt) = Zo, which is generated by the Arf invariant (2.7) on the orientation
double cover 3 of the worldsheet, i.e. (—1)Arf(i) [9]. This gives £1 on the Klein bottle, depending
on the spin structure of its double cover torus. Concretely, the Klein bottle admits four Pin™
structures, two of which have NS sector fermions along the oriented A-cycle of K5, and two
of which have R sector fermions along the A-cycle. For each of these Pin™ structures, we must
determine the corresponding spin structure on the orientation double cover, i.e. the torus. To do so,
let us consider for simplicity a rectangular torus with real coordinates x, y satisfying x ~ = + 2,
y ~ y + 2L for some L. The original Klein bottle is obtained by imposing the identification
(z,y) ~ (—z,y + L). The cycle in the z-direction is the oriented A-cycle on K, while the cycle
in the y-direction is twice the unoriented B-cycle. From this we learn that the choice of Pin™
structure along the B-cycle is irrelevant on the double cover — the fermion is always periodic
along the cycle in the y-direction. Thus we conclude that the four Pin™ structures are assigned
phases (—1)A(®) = 1,1, -1, 1.

3 GSO projections

In this section, we consider the addition of fermionic invertible phases to the worldsheet theories
of various superstrings. This will allow us to enumerate all possible GSO projections. We will
focus on oriented Type I and Type O theories, as well as unoriented Type O theories. The case of
unoriented Type II (i.e. Type I) strings will be treated in Section 6. In our discussion we will work
in the NSR formalism, which is briefly reviewed in Appendix A. The properties of the low-lying
states in this formalism are summarized in Table 2 for convenience.
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State (—=1)f | (=D | (=1)f | Little group rep.
(NS—,NS—) | +1 | -1 -1 |1
(NS+,NS+) | +1 +1 +1 |8, ®8,=1928435

(R+, R+) +1 +1 +1 |8, ®8,=1528®35_

(R—,R—) +1 -1 ~-1 |8, ®8.=1®28®35,
(R+ R-) -1 +1 -1 |8,®8.=8,d56
(R—,R+) -1 -1 +1 | 8.®8,=8,d56
(NS+ R+) +1 +1 +1 | 8,® 8, =28, 56,
(NS+,R—) -1 +1 -1 | 8,®8.=28,d56,

Table 2: Fermion parity and representations of the low-lying states of the closed NSR superstring.

3.1 Oriented strings

3.1.1 Type0

Let us begin by studying oriented Type 0 superstrings, which differ from Type II strings in that
there is a single spin structure for both left- and right-movers [6,50]. The SPT phases which can be
consistently realized on the Type 0 worldsheets are classified by ngin (pt) = Zs. As we have seen
above, the effective action for the non-trivial phase can be written in terms of the Arf invariant
(2.2). Depending on whether or not one allows for this non-trivial phase on the worldsheet, one
expects to arrive at two different Type O theories, with torus partition functions

AR %Z(—l)nArf(T2’U)Z[O]7[U] : n=0,1, (3.1)

g

where Z[o], Z o] are the standard left- and right-moving worldsheet torus partition functions with
spin structure o. The two theories obtained in this way are Type 0B (n = 0) and Type 0A (n = 1),

1
0A: ZW = 3 (1Z[ooo] | + | Z]ool]|? + 1 Z[ow]|* — |Z[o1] )

(3.2)
1
0B: 2z = 3 (1Z[o0o]|* + | Zooi|* + | Z[o10] |* + | Z[on]?)
and their massless RR states are found to be
0A : |O>RR, |O)RR €8, 28.)D (8. 28;,)=(2-8,)D(2-56), (33)

0B: [0)2,[0)% € (8,28,)® (8, ©8,)=(2-1)& (2-28)&70.

The massless RR sector for Type OA contains two 1-forms and two 3-form fields, while that
of Type 0B contains two scalars, two 2-forms, and a 4-form with no self-duality constraint. This
is exactly double the RR content of the corresponding Type II theories. This leads one to expect a
doubled brane spectrum, where for each p we have both Dp and Dp’ branes. This will be discussed
further in Section 3.3.
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3.1.2 Typell

We now proceed to discuss the more familiar Type II superstrings. A characteristic feature of
these strings is that they have separate spin structures for left- and right-movers, which means
that the worldsheet is endowed with a Spin X Z, structure. The anomalies and invertible phases
on such worldsheets are captured by U% ;,, (BZ,) and U3, ( BZ,), respectively. These groups are
listed in Table 1. As discussed in [51,52], the fact that U%pin(BZQ) = Zg implies that the number
of physical pairs of left- and right-movers needs to be a multiple of eight to have a non-anomalous
GSO projection. This is indeed the case if the physical string lives in ten dimensions.

On the other hand, the SPT phases on the worldsheet are classified by U3 ;,(BZs) = (Z3)*.
The two Zs can be interpreted as separate left- and right-moving fermionic invertible phases, as
discussed in Section 2.1.2. In other words, the partition functions for these phases are given by

(_1)nL Arf(3,0L)+ng Arf(X ,0R) 7 np.p = O, 1 7 (34)

where o) is the left(right)-moving spin structure on the worldsheet 3. The corresponding torus
partition functions for these theories are given by

gnLng) %(Z(_1>nLArf(T2,0L)Z[O.L]> « (Z(_DnaArf(TQ,ch)?[gR]) . (3.9

o, OR
For instance, two cases are

1

700 = 1 (Zlow] + Z[on] + Z]ow] + Zlon]) (Z[ow] + Zloo] + Z]ow] + Z[on]) , 3.6)
701 — i (Zlooo] + Z[oo1] + Z[o10] + Z[o11]) (2[000] + Zlooi] + Z[ow] — 7[011]) :

While there are seemingly four distinct SPT phases, there are in fact only two physically
distinct Type II theories. To see this, recall the continuum definition of the Arf invariant:

Arf(S,0) _ Zgerm(m > 0; 3, 0)
Zferm(m < 0, E, 0') ’

(—1) (3.7)
where Zgem(m; 3, o) is the partition function of a free massive Majorana fermion of mass m. We

note this formula holds at finite mass as well,

(_1>Arf(2,o) _ Zferm(+m; 2, O)

= 3.8
Zferm(_m; Zv U) ’ ( )

which was already used in (2.4). In other words, upon flipping the sign of a mass term, m — —m,
one generates a factor of (—1)*(*:9) in the partition function. Note that such a flip of the mass
term can be performed by (1, 1)) — (¢, —)). Taking the limit m — 0, we find that a Majorana-
Weyl fermion ;/; has an anomaly under zﬂ — —@Z, and generates (—1)*1(*»9r)_ This in particular
means that the parity transformation along a single spacetime direction, say (¢/*=2,#=9) —
(=1, —1%), produces (—1)A(o0)+Ad(08) je ) = np = 1in (3.4). Therefore, there are
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only essentially two distinct Type II GSO projections, with the others being related by spacetime
parity transformation. The cases (nr,ng) = (0,0), (1, 1) are traditionally called Type IIB while
the cases (nr,ng) = (0,1), (1,0) are called Type IIA.

The reasoning above also explains why T-duality exchanges Type I1A /B. Recall that T-duality
along a spacetime direction keeps (0X, 1)) fixed and implements (0X,v) — (—0X, —). Then
by the previous paragraph, this generates (—1)A™(>:7#) exchanging Type IIA/B. By the same
arguments, the two Type O theories are also exchanged by T-duality.

3.1.3 Comments on the two points of view on the effect of invertible phases

There are two ways of understanding the gauging of a global symmetry in the presence of a
non-trivial invertible phase. The point of view which we have taken so far is to take the tensor
product of the original theory and the invertible phase, and to then gauge the relevant symmetry.
The Hilbert space of the invertible phase is one-dimensional, and therefore this changes the way
the global symmetry acts on the states of the original theory. For example, in the case of Type
0 strings, we used the projectors

1

1
Por= 514+ (-1l Pos = 51+ (1)) (3.9)

and what produced the difference between the two was that on the RR sector, we had
(=1)floa = —(=1)"|on (3.10)

due to the presence of the Arf theory.

More traditionally, the action of (—1)" was fixed once and for all, for example to be equal
to (—1)f|os, and different GSO projections were said to correspond to different projectors. For
example, in the RR sector, one would have written

PR =01, PR = L (1)), G.1)

These two points of view clearly lead to the same results, and similar statements will be seen to
hold for unoriented strings. Though we will briefly discuss this traditional viewpoint when we
compare to the existing literature, we will mostly use the first point of view.

3.2 Unoriented strings

3.2.1 Orientation reversal on fermions and ground states

We now consider unoriented string theories. One way to obtain such theories is to gauge time-
reversal symmetry T on the worldsheet. T is an antiunitary symmetry that acts on worldsheet
fermions as

TY(t,o)T ™t = (~t,0), TY(t, o) Tt = (—t,0) (3.12)
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with T2 = 1. In string theory, it is often more common to describe this in terms of worldsheet
parity {2, which is a unitary symmetry whose action is given by

QY(t, o)t = —i(t,2m — o), QU(t, o) =(t,2m — o). (3.13)

From this definition it is clear that 22 = (—1)’. The ability to choose between T or ) is a
consequence of the CPT theorem. The fact that T? = 1, or equivalently that Q% = (—1)f, means
that we are working with a Pin™ structure on the worldsheet. In this case the action of €2 on the
ground states in the NSNS and RR sectors can be taken to be

— [0)g ® |0)g for (R+, R+),

- (3.14)
—i|0)g ® |0)g  for (R+£,RF).

©20)nsns = [0)nsws Q0)r ® [O)r = {
One can also consider gauging () twisted by some Z, symmetry. Here we consider ) :=
Q(—1)". We find

(%)? = Q=D Q-1 = Q(-1)"*RQ = (-1)'Q* =1 (3.15)

and hence gauging this operator gives Pin™ structure on worldsheets. In this case parity acts on
the NSNS and RR ground states as

F|0)g ® [0)g  for (R=£,R=+),

" (3.16)
:FZ‘O>R®’0>R for (Ri,R;)

Q¢ [0)nsns = —]0)nsns Qs |0)g @ [0)r = {

Unlike for Type II strings where €2 is a symmetry of only Type IIB, for Type O strings {2 is a
symmetry of both Type 0A and 0B. Hence we can obtain Pin™ Type O theories by starting from
either Type OA or 0B and gauging 2. Likewise, one might expect that we can obtain Pin™ Type
0 theories by starting from either Type 0A or 0B and gauging 2;. However, it turns out that )
cannot be consistently gauged in Type OA, since it is incompatible with the Type 0OA spin structure
projection [53-55].

In the rest of this section we study the consistent unoriented Type O strings in more detail.
We begin by analyzing the Pin™~ strings in Section 3.2.2, and then proceed to a discussion of the
Pin* strings in Section 3.2.3. To the best of our knowledge, many of these theories have not been
discussed in the literature — some preliminary works include [53-62]. For a condensed matter
perspective, see e.g. [63,64].

3.2.2 Pin~ Type 0 Strings

Let us begin by discussing Pin™ Type 0 strings. The group classifying the relevant invertible
phases is 62111, (pt) = Zs, which is generated by the ABK invariant. We are thus led to predict
the existence of eight Pin™ theories, each distinguished by the presence of n = 0, ..., 7 copies of
ABK on the worldsheet.

In unoriented theories, the presence of a non-trivial invertible phase manifests itself in the
action of {2 on the different closed string ground states. In order to understand this action, we
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make use of the values of the ABK invariant on the Klein bottle K5 obtained in Section 2.2.3. In
particular, it was found there that the Klein bottle admits four Pin™ structures labelled by quadratic
enhancements (g(a), ¢(b)) € {(0,1),(0,3),(2,1),(2,3)} with respective values e™ABK(K2)/4 —
1,1, 7, —i. Recall that the first entry a corresponds to the orientation-preserving cycle on K5, while
the second entry b corresponds to the orientation-reversing cycle.

We now want to interpret these results as the action of 2 and (—1)f on the closed string Hilbert
space. This can be done as follows. We begin by cutting K, along the orientation-preserving cycle
A to obtain a cylinder with an insertion of an {2 symmetry line. Since A is orientation-preserving,
we know that ¢ = 2¢ mod 4, where ¢(a) is the spin structure along A. Consequently, the first
and second Pin~ structures correspond to NS structure along the A-cycle, while the third and
fourth correspond to R structure along the A-cycle. We may then interpret the partition function
for each Pin™ structure as the following traces on the torus. We have:

‘ 1 Zon
(0, 1) : S E ZLTINSNS [QB 2 ZHCI]
w \ 1 f _—2mlH,
(0, 3) | L Z_LTrNSNS [Q (—1) e ¢ ]
— (3.17)
1 —2T
2,0): ¢+ | o Tree [Q e 2]
1
(2,3) : b o Trew [Q (—1)F g2 He]

where green lines represent orientation-reversal lines and red lines represent spin lines. In this
way, the value of the ABK invariant on K, with Pin~ structure labeled by (g(a), ¢(b)) can be
assigned to the action of €2 on the ground states with the appropriate cylinder spin structures. In
particular, we conclude that §2 acts trivially on NS ground states, whereas it acts with an extra
factor of 7 on R ground states. This implies that the presence of n copies of ABK changes the
action of (2 on the RR sector ground states by a factor of " relative to (3.14), giving

N —i" |0)gr ® |0)gr for (R, R+),
Q|0 —10 , Q)0)r © |0)g = ~ (3.18)
[Osws = [O)wsns O)r & [0 {—i"+1|O>R®|0)R for (Re, R).

Note that upon shifting n — n + 1, the additional factor of ¢ changes the fermion-parity
of the RR ground state, since 22 = (—1)f. Since the Type 0A /B theories differ by a projec-
tion onto states of worldsheet fermion number (—1)" = +1, we see that theories with even n
correspond to orientifolds of Type 0B, while theories with odd n correspond to orientifolds of
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Type OA. This is also supported by recalling that on oriented manifolds >, the ABK invariant re-
duces to ABK(X) = 4 Arf(X) (mod 8), and hence the partition function becomes e ABK(=)/4 —
(—1)"A*() which is precisely what distinguished the oriented Type 0A /B theories.

As far as the action of €2 on the vacuum (3.18) is concerned, theories differing by four copies
of ABK are indistinguishable. The reason for this is that only data about the Klein bottle K5
was used to obtain (3.18). However, the manifold that generates the bordism group QY™ (pt)
is the projective plane RP?, while K, is a connected sum of two copies thereof, i.e. K, =
RP?#RP?. Consequently, the partition function on K is insensitive to an additional sign that can
arise on manifolds whose decompositions contain an odd number of copies of RP?. Indeed, four
copies of the ABK theory is not trivial and gives partition function e*™ABK(Z)/4 — (_1)Jxv? a5
discussed in Section 2.2.3. As described in Section 2.2.1, unlike for the Klein bottle the M&bius
strip amplitude is sensitive to this sign. This sign turns out to give precisely the difference between
09+ orientifolds. More detail on this will be given in Section 5.1.

We may now study the closed string spectra of these theories. The action of €2 proposed in
(3.18) does not project out the closed string tachyon in the NSNS sector, but has the following
implications for the spectra of RR fields. For n even, €) projects out all (R4, RF) states. The
casesn = 0 mod 4 and n = 2 mod 4 differ by a sign in the action of €2, which projects out the
symmetric or antisymmetric combinations of (R+, R+) states. Then upon gauging €2 we obtain
the following RR spectra,

n=04: |0 c28c8,®8, 0} c 28 8. ® 8, ,

n=26: [0\Wc1935_c8,®8, [0 c1e35, c8®8.. (3.19

In the n = 0 mod 4 cases, only the two 2-forms survive the projection, while for n = 2 mod 4
only the two scalars and the 4-form survive. These spectra of RR fields are indeed a projection of
the Type 0B ones. For n odd, the extra factor of 7 in (3.18) projects out all the (R4, R+) states,
while the (R+, R¥) combinations

1 . .
n=1,5 E(!0>%%+ 0)hi) € 8, ©56 C (8, ®8.) & (8. ©8,),
1 . .
n=37: —(0)f —|0)ix) €8, ®56 C (8, ®8,) D (8. ®8,),  (3.20)

S5

2

survive the projection. This leaves a single set of 1- and 3-form fields. These states are part of the
Type OA spectrum.

It is worth mentioning that because these theories possess neither spacetime fermions nor
(anti-)self-dual form fields, they are all free of perturbative gravitational anomalies.

Finally, let us give a more traditional orientifold interpretation to the theories studied in this
section. In perturbative string theory we often refer not only to left/right-moving worldsheet
fermion number (—1)f-f but also to left/right-moving spacetime fermion number (—1)F-Fr. We
recall that (—1)F acts by +1 on the NS sector and by —1 on the R sector. We now consider
QF := Q(—1)F, which acts with an extra minus sign on the left-moving R sector. Above, we saw
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that gauging €2 with two copies of the ABK theory gives the same minus sign. This suggests the
following identifications,

n = 0,4: (0B,Q) n = 15: (0A,Q)
no=26: (0B, no=37: (0A,QF) 3.21)

where the first element in parenthesis denotes the starting theory, and the second element denotes
the operator being gauged. The difference between theories differing by 4 copies of ABK is the
action of €2 or {2 on Chan-Paton factors. This correspondence between the ABK viewpoint and
the orientifold viewpoint will be discussed further in Section 5.1.

3.2.3 Pin" Type 0 Strings

We finally proceed to the case of Pin* Type 0 strings, which were studied in [65, 66]. The group
capturing potential invertible phases on the Pin™ worldsheet is O%nﬁ (pt) = Zo. As reviewed
in Section 2.2.4, the effective action for this invertible phase is given by the Arf invariant of the
oriented double cover ¥ of the worldsheet, i.c. (—l)Arf@), whose generating manifold is the
Klein bottle. The Klein bottle was seen to admit four Pin™ structures, which we now label as
(0,1),(0,3),(2,1),(2,3) in analogy to the Pin~ notation.” By examining the spin structure on
the double cover torus, these were assigned respective phases (—1)Arf® =1,1,-1,—-1.

We now proceed as in the Pin™ case above. First, we recast the Klein bottle partition functions
for the four Pin™ structures in terms of traces on the torus. This gives

1 1
(0,1) < ZTTNSNS [Qf e72mHa] (0,3) « ZTYNSNS [Qf (—1)f e72mHa]

1 1
(2,1) « 7 Tren [Q e>mHa] | (2,3) « i [Qf (1) e>Ma] . (322)

The Arf(3) invertible phase assigns —1 to the Klein bottle with Pin™ structure (2,1) and (2, 3),
and +1 to the other Pin™ structures. This means that the presence of the non-trivial invertible
phase changes the action of €2 on R sector ground states by a sign relative to (3.16), but does not
change the action of (—1)F.

With this information, we may turn towards the analysis of the massless closed string spectra
of the theories. For the trivial phase, the orientifold projection keeps the symmetric combina-
tions of (R—,R—) and antisymmetric contributions of (R+,R+) in the Type 0B spectra. In the
non-trivial phase, one instead keeps the antisymmetric combinations of (R—,R—) and symmetric
contributions of (R+,R+),

n=0: |0 c28c8,®8,, )4 1335, C8.®8,,
n=1: 0@ c1035_ c8,28, [Hlcagcs os.. (3.23)

"We do this for notational convenience only. There is no correspondence between quadratic enhancements and
Pin™ structures in general.
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We note that these spectra are the same up to a spacetime parity transformation which ex-
changes the self-dual and anti-self-dual 4-forms. This observation can also be explained from the
fact that the spacetime parity transformation generates (—1)Arf® on the worldsheet. Indeed, in
the Type II case, the same operation generated (—1)A(>:0L)+A(2.0r) a5 we saw before, which is
equal to (—1)AT(®)

We note that the RR spectra are equivalent to that of Type 1IB, and the theory has a gravita-
tional anomaly from the anti-self-dual 4-form, with no fermions to cancel it. As we discuss briefly
in Appendix C, consistency requires the theory to be coupled to fermionic open strings, giving a
U(32) gauge group [56,60].

when X is oriented.

3.3 Branes and K-theory

In the above analysis we identified two oriented Type II strings, two oriented Type O strings, and
a number of unoriented Type O strings. In this subsection we discuss their spectra of stable branes.
To do so, we begin by briefly reviewing the well-known K-theory classification of stable branes
for oriented theories.

Recall that oriented Type IIB on a spacetime X has stable D-branes which are classified by the
K-group K (X)) [33,34]. This is the group of pairs of vector bundles (E, F') over X subject to an
equivalence relation (E® H, F & H) ~ (E, F'). More precisely, one should consider the reduced
K-group K (X), for which the bundles E and F' are required to have the same rank. Physically,
the idea is to begin with a stack of equal numbers of D9- and D9-branes, and then to consider
annihilation amongst these stacks. When the vector bundles over these stacks are unequal this
annihilation is not complete, and a residual brane of lower dimension is left over [32,33,67]. It is
expected that all branes can be obtained in this way.

For Type IIA, stable branes are classified by the higher K-group K(X) = K(X x S'). One
might entertain the possibility of allowing for even higher K-groups K "(X) for n > 1. However,
Bott periodicity states that for complex K-groups,

K'(X) = K"?(X). (3.24)

Thus the only distinct complex K-groups are those mentioned above, and both are realized by
string theories. The stable Dp-branes are captured by the groups K n(597P), as listed in the first
two rows of Table 3.

As discussed in Section 3.1.1, the spectrum of massless RR fields in oriented Type 0A/B
theories is precisely double that of Type IIA/B. As such, one expects the spectrum of branes
in Type 0A/B to be doubled as well; the two branes of given worldvolume dimension (p + 1)
are typically denoted as Dp- and Dp'-branes. It follows that the classification of stable branes is
via two copies of the complex K-groups just described. In other words, because there now exist
both D9- and D9'-branes, we must consider two separate pairs of vector bundles corresponding to
D9-D9 and D9'-DY’ stacks. So the branes in the Type 0 theories are classified by

K'X)® K"X) 2 K"(X)® K ™(X). (3.25)
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The equality above follows from the mod 2 periodicity of complex K-theory. As we now discuss,
it is the latter form which generalizes to the unoriented case.

It has long been known that stable branes in unoriented Type I string theory are classified by
real K-theory }%(X ) [33,68]. Crucially, the reduced real K-groups have a mod 8 periodicity [69],

KO™"(X) =2 KO"¥(X) . (3.26)

It is thus natural to guess that the eight Pin~ Type 0 strings labeled by n mod 8 have stable branes
captured by K O"(X). More precisely, because one again expects a doubled spectrum from these
Type 0 theories, the relevant group will be found to be

KO"(X)® KO™(X). (3.27)

In Sections 4 and 5, this group will be confirmed to classify the stable p-brane spectrum of the
Pin~ Type 0 theory with n copies of ABK. Concretely, this spectrum is obtained by evaluating
KO*"(X) on X = S§977, with the results listed in Table 3. The entries in this table can be
obtained by noting that [/(6”(5 ¥) = KO" *(pt), and then using the following values for real
K-groups of points:

KO (pt) =7, KO '(pt) =7y, KO 2(pt) =7y, KO *(pt)
t

0,
KO ™(pt) =Z, KO®(pt)=0, KO S(pt)=0, KO "(pt)=0.

(3.28)
At this point we can check that the RR spectra we determined above agree with the non-torsion
part of I?é”(S )@ lf(\é*”(S 9=P). The aim of the next two sections is to establish the agreement
including the torsion parts.

For Pin™ Type 0 strings, we saw in Section 3.2.3 that these theories have the same RR spectra
as oriented Type IIB. As such, we expect to have the same classification via complex K-theory
as in that case. Since the Pin™ strings have less features not found previously than their Pin~
counterparts, we will be very brief about them in what follows.

It is worth noting that whenever tadpole cancellation requires the addition of D9-branes, the
question of stability of Dp-branes must be revisited to account for the possibility of tachyonic
modes of the strings stretched between the Dp- and D9-branes. In this case, the K-theory classifi-
cation outlined above may be modified, though we will not discuss these modifications in detail.

4 D-brane spectra via boundary fermions

In this section, we demonstrate the K O" & KO ™" classification of stable branes for the Pin™ Type
0 theory with n copies of ABK. This is done by analyzing the Clifford modules carried by open
string endpoints. After doing so, we also study the spectra of non-stable branes in these theories,
including the gauge groups supported on their worldvolumes and the representations of their open
string tachyons.
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10 1 2 3 4 5 6 7 8 9
K z 0O Z 0 z 0 Z 0 z 0 Z
K! 0 Z 0 Z 0 Z 0 Z 0 Z 0

KO'%aKO™ |27, 2Z, 2Z 0 0 0 22 0 27, 27, 27

KO'@KO™'| Zy 787y 7, 7 0 7 0 Z®Zy Zo Z®Ly 7o

KO*oKO™2 |22 0 Zy, Zo 22 0 Zy Zo 272 0 7
KOQKO™3 | 0 7 0 Z®Zy Zo Z&Zy Zo T 0 Z 0
KO'@KO| 0 0 22 0 2Z, 2Z, 2Z 0 0 0 27
KO’aKO™® | 0 7 0 Z8Z, T, 767, T, T 0 Z 0
KOSoKO™S| 22 0 Zy, Zo, 22 0 Zy 7y 22 0 7
KO'oKO™" | Z, 787, Z, 7 0 7 0 78Ty Ty TOTy T

Table 3: The ten K-groups capturing stable branes in the oriented Type II and (un)oriented Type
0 theories discussed above.

4.1 (0+1)d Majorana fermions and their anomalies

4.1.1 Fermions and Clifford algebras

We begin by considering systems of (0 + 1)d Majorana fermions, which appear on the boundary
of n copies of the ABK theory. Let us say we have r + s hermitian fermion operators &, = (£,)T,
a=1,...,7+ s, satisfying

2 =41 a=1,....,r+s 4.1)
and
a :17“'7 )
Te, Tl T @ " (4.2)
—& a=r+1,...,r+s.

In the mathematics literature it is more common to consider operators invariant under T. This can
be achieved by defining

{7@2&1 izl,...,T, (43)

7@27;5(1 i:T+1,---,T+$.

The 7, are no longer hermitian in general, but satisfy T, T~! = ~,. They generate the real
Clifford algebra Cl(r, s). We often use the abbreviations Cl(+n) := Cl(n,0) and Cl(—n) :=
C1(0,n).8

The system of r 4 s fermions giving rise to CI(r, s) can have anomalies in the realization of T
and (—1)f, which will be the topic of the next subsection. Before proceeding, we now give a rough
argument for why these anomalies depend only on  — s modulo 8. First we argue that only  — s
is relevant for the anomaly. The reason is that a pair of fermions with opposite T transformations

80ur convention is that C1(—n) = C,, and Cl(4+n) = C/, in the notation of Atiyah-Bott-Shapiro [70].
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allow a T-invariant mass term, so they cannot be anomalous. For example, when (r, s) = (1, 1),
we can simply add a T-invariant mass term &£, which would trivialize the vacuum, precluding
any anomaly.

We next argue that only » — s mod 8 matters. This can be understood in two steps. As the
first step, we consider Cl(4). For this we can introduce a T-invariant quartic hermitian interaction

term
H = 6858 (4.4)
to the system, for which the vacuum is two-dimensional, purely bosonic, and T> = —1. This
realizes a Kramers doublet, on which
o, = 1£&a, oy = 1§83, o, = 16184 4.5)

act as Pauli matrices.

As the second step, we combine two such Kramers doublets obtained from two copies of
Cl1(4), and make a single bosonic system with T? = +1 and a unique vacuum. This can be done
by introducing a T-invariant term

H:=0,00,+0,80,+ 0, 0,, (4.6)

which we note can be realized as a four-fermi operator using (4.5).

In other words, we can introduce to C1(8) a four-fermion term c;;1,£'¢7 €74 which is hermitian
and T-invariant, such that its addition leads to a non-degenerate vacuum [35]. Therefore, eight
Majorana fermions with the same time-reversal properties can be removed without affecting the
anomaly.

4.1.2 More general (0+1)d systems and anomalies

We do not necessarily have to couple n boundary Majorana fermions to n copies of the ABK
theory. We only have to couple a boundary system which has the same anomaly as n Majorana
fermions. We thus need to understand the possible anomalies concerning the realizations of T and
(—1)". In the mathematical literature this analysis was first done in [71], in which the following
eight-fold classification in terms of three signs was given.

The first sign is the most subtle to define. We ask whether (—1)f can be realized in an irre-
ducible ungraded representation of the algebra. If this is possible, the representation is of type +,
and if not, it is of type —. As an example, consider Cl(+1). There are two ungraded irreducible
representations, which are real one-dimensional such that ¢, = 41. Clearly there is no (—1)f
operator that anticommutes with £;, meaning that C1(+1) is of type —.

In the following, for representations of type —, we adjoin (—1)f to the algebra and consider the
resulting irreducible graded representations. Again take Cl(41) as an example. Then we consider

a representation given by
(0 1 ¢ (10
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n || type Tand(—1)" T2 n A Ay AT AT | Vdimg
0 + commute R 0 || C1(+0) R R 1

1|| — anticommute R 1||Cl(+1)= R&R| R R V2

2| 4+ anticommute R 21Cl(+2)= R[2] | C C 2

3| — commute  H 3/Cl(+3)= C[2] |H R R'|[ 22
41 + commute  H 4 H H 2

5| — anticommute H 5(|Cl(=3)= HoH| H R' R} | 22
6| + anticommute H 6|Cl(-2)= H C C 2

T - commute R 7|Cl(-1)= C R R V2

Table 4: The properties of T and (—1) for the eight anomaly types n = 0, .. ., 7. The correspond-
ing graded division algebras A = Ay ® A;, A; = A & A are also given.

This is not irreducible as an ungraded representation but is irreducible as a graded representation.
The other two signs specifying the anomaly type are easier to define. The second sign is the

one appearing in
T(=1)f = (=D, 4.8)

while the third sign is the one appearing in
(T)* =+1. (4.9)

The eight types, labeled by n = 0, ..., 7, are summarized in the left portion of Table 4. There, we
showed T2 = %1 in terms of the corresponding division algebras R and H. In [71] it was shown
that the tensor product of a representation of type n and another of type n’ has the type n + n’
modulo 8. A very explicit analysis of Cl(+n) was given in Sec. 2.5.1 and 2.5.2 of [72], from
which one can find that C1(+n) is indeed of type n. Similarly, Cl(—n) is of type —n.

In [71] it was also shown that any graded irreducible representation of type n automatically
contains an action of the minimal algebra A for that type. This information is shown in the right
portion of Table 4. There, F[n] stands for the n x n matrix algebra over the field I, Ay and A,
are the bosonic and fermionic parts of the algebra, and Af are the subspaces of .A; which are
hermitian and anti-hermitian, respectively.” These eight graded algebras are known to exhaust the
graded division algebras over R, i.e. graded algebras such that any homogeneous element has an
inverse.

4.1.3 On the boundary Hilbert space

Consider n copies of the Kitaev chain on a segment o € [0, 7]. We call 0 = 0 the left boundary
and o = 7 the right boundary. The Majoranas £ on the left and £ on the right must have opposite

Note that the hermitian conjugate on a real algebra is simply an involution satisfying (ab)* = b*a*.
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transformation properties under time-reversal [35,45]. This can be seen by imagining a process in
which the endpoints of the segment join to give a closed circle. Once the endpoints come together,
the T-invariant mass term involving £ and &’ should be able to gap the system, so £ and &’ needs
to have opposite T-transformation properties.

We work in the convention'’ that we have n fermions &; with T T = +&; on the left and
n fermions & with TE/T~! = —¢! on the right. They form Cl(n) and Cl(—n), respectively. The
Hilbert space associated to the open string segment, including the bulk and two boundaries, can
be identified with Cl(n) itself, on which Cl(n) acts from the left and Cl(—n) acts from the right.
That the Hilbert space on the segment should naturally be equal to the boundary algebra Cl(n)
itself is clear from the state-operator correspondence. If we have other degrees of freedom on the
worldsheet, the Hilbert space on the segment is of the form

thys - Cl(n) & Hother dof - (410)

Naively, one would like to say that this Hilbert space is the tensor product of the Hilbert spaces
on the two boundaries. The square root v/dimg A, listed in Table 4, is then what would be taken
as the dimension of the boundary Hilbert spaces. Note that this is not always an integer. It is
sometimes useful to have a well-defined, non-anomalous boundary Hilbert space with integer di-
mension. This can be done by introducing n auxiliary boundary fermions =; with T, T~ = —Z;
on the left and n auxiliary boundary fermions =} with T=,T~! = +Z/ on the right; this technique
was used in e.g. [73] in the Type II setting. We note that auxiliary boundary fermions have op-
posite T-transformation rules as compared to the physical boundary fermions. The fermions on
the left boundary now form Cl(n,n) and can be quantized without anomaly. This can be repre-
sented on a space V/, thus providing Chan-Paton indices to the boundary. We can do the same on
the right. The Hilbert space on the segment, including both the physical and auxiliary boundary
fermions, is then of the form

Vv e Hother dof = Haux @ thys (4.11)

where H,yx = Cl(—n) and Hpnys was defined in (4.10). Note that the elements of s can be
found by finding operators (anti)commuting with all the auxiliary boundary fermions =.

Below, when we say that “a boundary carries a representation of Cl(n),” we mean that there
are physical boundary fermions forming Cl(n), where n is taken modulo 8. If we use the auxiliary
boundary fermions, they form Cl(—n).

4.2 D-branes and boundary fermions

Let us now study the boundary fermions in the context of the worldsheet theory of Pin™ Type
0 strings, with n copies of the ABK theory. We first consider open strings ending on 9-branes.
We then have n boundary fermions on the left forming Cl(n) and n boundary fermions on the

10n Section 5, the choice of the convention here will correspond to a choice of definition of the O9-plane state.
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right forming C1(—n), as discussed above. The open-string Hilbert space, before GSO projection,
is of the form

Cl(n) ® Ho (4.12)

where H is the open string Hilbert space of the massless worldsheet fields. Also as discussed
above, we can replace Cl(n) with any graded algebra having the same anomaly.

The restriction to 9-branes above meant that the only boundary fermions required were those
needed to cancel the anomaly of n copies of ABK. However, for branes of higher codimension
there will be additional anomalies from bulk fermion zero-modes, which should be accompanied
by additional boundary fermions (;. Let us set n = 0 mod 8 for the moment, since the ABK
boundary fermions can be easily reinstated later. In order to understand the additional boundary
Majoranas (;, we must first understand when zero-modes can appear in the bulk of the string. As
reviewed in Appendix A, this depends on whether the ends of the string have Dirichlet (D) or
Neumann (N) boundary conditions. The NN, DD, and ND strings satisfy the following boundary
conditions,

NN : YH(E,0) = —m *(t,0), YAt ) = Fmt(t T,
DD : ?/)”(tao) = +m 772)“@70)7 W(tﬂT) = _77277[]“(15’71-)7
ND : YH(t,0) = —my pH(t,0), YAt ) = —mpR(t, ), (4.13)

where 1, 1 are left- and right-moving bulk fermions and n12 = %1 specifies the boundary con-
ditions at 0 = 0, 7. Though only the relative sign in these conditions is ultimately important, our
current conventions are such that 7, » = +1 represents a Dp-brane at 0 = 0,7, while ;o = —1
represents a Dp/’-brane at ¢ = 0, 7. This is described in more detail in Appendices A and B.

The presence of zero-modes depends on the relative choice of 7, 5. This choice is in turn
related to the choice of NS or R sectors on the open string; we declare that the string is in the
NS sector for 17, = 7, and in the R sector for 777 = —1n)5; see Appendix A. From (4.13) we then
conclude that NS sector fermions can have zero-modes along ND and DN directions, whereas R
sector fermions can have zero-modes along NN and DD directions.

Consider now a coincident pair of 9-branes of type 7 (Fig. 3(a)). In light-cone gauge, there are
zero ND directions and a total of 8 NN 4 DD directions. Since open strings stretching between
branes of the same type are in the NS sector, any potential zero-modes would be in ND directions,
of which there are none. Hence there are no bulk zero-modes, and thus no boundary fermions.
The same holds more generally for coincident pairs of p-branes of type 7.

We now consider a 9-brane coincident with a (9 — k)-brane, both of type 1 (Fig. 3(b)). We
consider an open string between them, which is again in the NS sector since the branes are still
of the same type. However, there are now k£ DN directions, and hence k zero-modes. We denote
the restriction of these zero modes to the boundary at the (9 — k)-brane by . As in (3.12), the
boundary time-reversal operator T acts on these by Tyi T~! = 4. By (4.13), if the (9 — k)-brane
is at ¢ = 0 then we have ¢/} = n¢, whereas if it is at ¢ = 7 we have ¥, = —ni)). Together we
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Dp Dp D(9 — k) D9 Dp Dy’

1%

D(9 — kY DY D(k+1) D9
(d)

Figure 3: (a) A pair of Dp-branes with an NS sector string stretched between them; (b) an NS
sector string stretched between a D(9 — k)- and D9-brane; (c) an R sector string stretched between
a Dp- and Dp/-brane; (d) an R sector string stretched between a D(9 — k)’- and D9-brane, which
can be thought of as an NS sector string stretched between a D(k + 1)- and D9-brane, as far as the
behavior of the fermion zero modes is concerned.

conclude that

A : =0
TYiT! = {JF”Z(Z? =0 (4.14)

When k # 0 mod 8, these zero-modes will lead to anomalies in T and (—1)f, and in order
to cancel them we must add extra boundary fermions. At o = 0 there are two options: we may
add k boundary fermions (; satisfying T¢;T~! = —n¢;, or 8 — k boundary fermions satisfying
T T = +n¢. These two choices are effectively identical, as they both behave as C1(—nk). On
the boundary at o = 7, one likewise requires a representation of Cl(+nk).

For full consistency, we must check that the same additional boundary fermions also cancel
tentative anomalies in mixed strings stretching between Dp- and D¢’-branes. To begin, consider
coincident Dp- and Dp'-branes (Fig. 3(c)). There are then zero ND directions and a total of
8 NN+DD directions. Since the branes are now of opposite types, the open strings stretched
between them are in the R sector. Recall that in the R sector, there are zero-modes not from
ND directions, but rather from NN and DD directions. Hence in this case there are a total of 8
bulk zero-modes. But because there are eight of them, there is no time-reversal anomaly, and no
boundary fermions are necessary. This is consistent with the fact that the strings stretching from
the Dp-branes to themselves, or from the Dp’-branes to themselves, were shown to not require any
boundary fermions.

Another way to analyze this setup is to note that, insofar as counting zero-modes is concerned,
switching 7 — —n is equivalent to switching Neumann and Dirichlet boundary conditions in all
directions, as is evident from (4.13). Then the Dp’-brane can be replaced by a D(10 — p)-brane,

30



and we now have a setup with 8 ND directions and zero NN and DD directions (in light-cone
gauge). Since the branes are of the same type now, the open string stretched between them is in
the NS sector, and we can again conclude that we have 8 zero-modes. This method of replacing
the Dp’-brane with a D(10 — p)-brane is useful in analyzing e.g. the case of a D(9 — k)’- and
D9-brane, which can be replaced by a D(k + 1)- and D9-brane (Fig. 3(d)). By our above analysis,
this then has 8 — & bulk zero-modes which satisfy Tt T~! = —(—1)1y = 4+t at 0 = 0. These
can be cancelled by adding 8 — %k boundary fermions ¢; satisfying T(;T~! = —(;, or k boundary
fermions satisfying T¢; T~ = (;, both of which give a representation of Cl(k). This matches the
results found before for a D(9 — k)’-brane. Using these techniques, one can easily check that
the more general mixed strings between Dp- and D¢’-branes have vanishing anomaly when one
makes the above assignments of boundary fermions.

Finally, we may reintroduce non-zero n. As discussed above, this gives a representation of
Cl(n) on the boundary at ¢ = 0 and of Cl(—n) on the boundary at ¢ = 7. Let us now consider an
open string stretched between a (9 — k)-brane of type n at 0 = 0 and a D(9 — k)-brane at 0 = 7.
In the theory with n copies of ABK, the endpoint at ¢ = 0 carries a representation of Cl(n — nk),
while the endpoint at o = 7 carries a representation of Cl(—n + nk).

4.3 K-theory classification of branes

We can now study the stability of D-branes in these theories. The analogous results in Type I were
obtained in [73-75]. We first note that the tachyon vertex operator ( is a fermionic, hermitian
boundary operator such that the boundary interaction

/ dt il C D, T(X). (@.15)

is T-invariant. Here 1} is the restriction of the bulk fermion field to the boundary and 7 (X) is
the spacetime tachyon profile. In particular, the 1}y appearing here should be those associated to
the Neumann directions, which have opposite T transformations as those given in (4.14). Thus
for the coupling to be T-invariant, we need ( to have the same T transformations as those given
in (4.14),

TT ! = {+77< o=0 (4.16)
—n¢ o=T.

Stable branes are those for which such ¢ does not exist.
It is cumbersome to carry out the analysis below for the two cases n = £1 separately. This

can be circumvented by analyzing the o = 0 end when 17 = +1 and the 0 = 7 end when n = —1.
This means that we work with the Clifford algebra Cl(n — nk) for n = +1 and Cl(—n + nk) for
n = —1, or in other words just Cl(nn — k) for both cases. Therefore, below we simply analyze

Cl(nn — k) and look for a tachyon vertex operator satisfying
T(T ' =¢, (4.17)
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for both cases n = 1. This means that the results to be obtained depend only on
vi=nn—k. (4.18)

When v = 0 mod 8, the minimal choice of Chan-Paton algebra is simply R, as can be seen
from Table 4. We can enlarge the Chan-Paton algebra by introducing N bosonic indices and
N’ fermionic indices. Then the Chan-Paton algebra has the bosonic part R[N] @ R[N’] and the
fermionic part RV @ RY @ RY @ RY, where we recall that the algebra F[N] stands for the N x N
matrix algebra with entries in F. The T-invariant fermionic part is then RY @ R"". This means that
the gauge group is O(NN) x O(NN’) and the tachyon field is in the bifundamental. The stable branes
are those such that the tachyon representation is empty, which occurs for N > 0 and N’ = 0 or
N = 0and N’ > 0. These can be labeled by Z. The case v = 4 is similar; one simply replaces R

by H and O by Sp.
In the other six cases, the minimal choice of Chan-Paton algebra .4 already contains both the
bosonic and the fermionic part. We can introduce additional Chan-Paton indices ¢ = 1,..., N,

thus enlarging the Chan-Paton algebra to A[N] := A ® R[N]. From Table 4, we see that A[N]
has the following structure:

v|| AN AN ANT
1 R[N] R[N]symm. R[N]anti
2 C [N] C [N] symm. C [N] anti
3| H[N] H[N]ym™m  H[N]t: (4.19)
5| HIN] H[NJ=: H[N]yme
6| CIN] C[N]=t C[N]ymm
7| RIN] R[NJ™ R[N]¥™

where A[N]o denotes the bosonic and fermionic parts and A[N]{ denotes the hermitian and
anti-hermitian parts. The symmetrization and antisymmetrization are defined as usual for R and
C, and as the symmetric and antisymmetric tensor square for the fundamental representation of
Sp(N) for H. It is instructive to check that the table above reduces to Table 4 when N = 1. From
this it is easy to read off the gauge group and the representation of the tachyons for the D-branes,
which is given in Table 5. One may check that by setting n» = 0 in Table 5 we get back the results
of [73-75] for Type L.

The stable branes are those for which the tachyons are absent. For v = 0,4 we already
discussed that they are classified by Z. For v = 1,2,3,5 the tachyon field is always present.
Finally, for v = 6, 7 the tachyon field is absent when N = 1 but appears when N = 2, and hence
the classification is by Z,. These results match with KO (pt).

Let us reanalyze this setup using the auxiliary boundary fermions discussed in Section 4.1.3.
Our physical boundary fermions form an algebra .4 whose anomaly is of type v. We introduce
auxiliary boundary fermions Cl(—v) to cancel the anomaly, so Cl(—») ® A is non-anomalous,
acting on the Chan-Paton vector space V. The tachyon field corresponds to a hermitian fermionic
element ¢ in 4. This means that if such a tachyon field is present, the Cl(—v) action on V is
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v 0 1 2 3 4 5 6 7
G, |O(N)xO(N) O(N) UN) Sp(§) Sp(F) xSp (&) Sp(F) UN) O(N)

p¢ bifund. symm. symm. symm. bifund. anti.  anti. anti.
Ay 1 V22 22 2 2v2 2 V2
KOY(pt) Z 0 0 0 Z 0 Lo Lo

Table 5: Gauge groups GG, and tachyon representations p. on the worldvolume of N (9 — k)-
branes of type 7 in the theory with n copies of ABK. Note that v = nmn — k = ngn +p —1
mod 8. “Bifund.” refers to the bifundamental representation, whereas “symm.” (“anti.”) refer
to the symmetric (anti-symmetric) rank 2 tensor representations. We also listed the tensions of
these branes, as well as their K-theory classifications, which can be found by considering when
the tachyon field is empty.

extended to a C1(1 — v) action on V. In other words, on the D-brane characterized by v, a Chan-
Paton space V' with an action of Cl(—v) is necessary, and it is unstable if and only if this Cl(—v)
action can be extended to an action of Cl(1 — v). Using the result in [70], this can be directly
connected to KO (pt). To see this, recall that in [70] Atiyah, Bott, and Shapiro considered

M_,, := free Z-modules generated by graded irreducible representations of Cl(—n)  (4.20)

and considered the natural map ¢* : M_,_y — M_,, induced by i : Cl(—n) — Cl(—n — 1). It
was then shown that
KO™(pt) = M_,/i"(M_,_1). 4.21)

We note that by replacing = by 2 = Z(—1)f, a graded representation of Cl(n) can be converted to
a graded representation of Cl(—n) and vice versa. Therefore we also have

KO™(pt) = My /5" (Myy1) (4.22)

where j* : M, 1 — M, is now induced by j : Cl(n) — Cl(n + 1). Then, Chan-Paton spaces
with Cl(—v) action modulo those with Cl(—v + 1) action are clearly classified by KO (pt).

We note that this restatement also shows that the brane of type v can naturally host an orthogo-
nal bundle with an additional action of Cl(—v). It would be interesting to connect this observation
to the definition of KO-theories in terms of Clifford bundles, which can be found e.g. in [76].

4.3.1 Brane tension from boundary fermions

Finally, let us comment on the tensions of the various branes, both stable and unstable, identified
thus far. In order to obtain the tension one computes a disc path integral, with the boundary of the
disc anchored on the brane — this may be interpreted as the one-point function of the brane with
a graviton in the closed string picture. If there are Majorana fermions present on the boundary
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of the disc, these will give a contribution to the path integral. In particular, as mentioned in the
Introduction the contribution of a (0 + 1)d Majorana fermion to the path integral is an overall
factor of v/2. This holds in all cases, including Type II and Type 0 strings.

We begin by discussing the more familiar case of Type 11, for which there are branes of only a
single type n = 1. As we have discussed, the Type IIB and ITA theories are distinguished by the
presence of respectively n = 0,1 Majorana fermions on the boundary. For this reason, the non-
BPS D9-branes in Type ITA have a tension which is v/2 times that of their BPS counterparts in
Type I1B. However, it is not the case that all branes in Type IIA have tensions which are larger by
this factor. Indeed, let us consider branes of codimension k. By considering open strings stretched
between such branes and D9-branes, we may conclude that strings ending on such branes must
have k bulk zero modes — this is argued for as above, by noting that a change in codimension leads
to a change in the number of DN or ND directions for the open string endpoints. It is then possible
for the anomalies of the invertible phase and bulk zero modes to cancel. In fact, since in this case
the anomaly is only Z, we can conclude that the number of boundary fermions is only |n — k|
mod 2. As such, we conclude that Dp branes in Type IIA/B have tensions (y/2)n~med2 Tl
where T;I is the tension of the corresponding stable non-torsion p-brane. In particular, this tells
us that for Type 1IB, branes with p odd have tensions T;I (essentially by definition) while for p
even the branes have tensions \/§TI£I. Likewise for Type IIA, branes with p even have tensions
T;I, while branes with p odd have tensions \/QT;I.

We now generalize this to the case of Type O strings. As explained above, in this case the
bulk theory carries the same anomaly as v boundary Majorana fermions. It is natural to choose
the minimal realization of the anomaly in the boundary system, which is a system of Majorana
fermions in a representation of Cl(+v) if v < 4 and of Cl(—v) if v > 4. Then the tension of
the corresponding branes is weighted by the path integral over the system of fermions, yielding
the result A, 7)) where \, := /dimg A as given in Table 4. For example, in the case of a D9- or
DY'-brane in the theory with 1 or 7 copies of ABK, we find that the tension is /2 times that in the
theory with no copies of ABK. The values ), are tabulated in Table 5, and will be reproduced for
stable branes via the boundary state formalism in Section 5.

4.4 Vacuum manifolds of tachyons as classifying spaces

We now reinterpret the results of this section in terms of tachyon condensation on the worldvolume
of 9-branes. In the string theory literature, this is referred to as the Atiyah-Bott-Shapiro (ABS)
construction [33, 34,70].

We start from the 9-brane of type 7. As before we use the trick of analyzing the o0 = 0
boundary when 77 = +1 and the 0 = 7 boundary when = —1. The boundary then carries an
action of C1(nn). To construct a (9 — k)-brane located at X! = - -- = X* = 0, we choose a set of
time-reversal invariant Majorana fermion operators (;—; . in Cl(nn) (for this purpose one might

-----
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need to replace nn by nn + 8m for some integer m) and use them to assemble the tachyon field

k
T(X) = f(!XI)ZX%, (4.23)

with f(]X]) some convergence factor chosen such that 7 (X) obtains its vacuum value as | X | —
oo and such that f(|X[)> 3.1, (X%)? = 1. Upon condensation this tachyon gives rise to the
desired (9 — k)-brane. As we used up k out of nn Majorana fermions we originally had on the
9-brane, we end up with the residual action of Cl(nn — k), as argued before in a different manner.

We now discuss the connection between tachyon profiles and KO-theory. Consider the usual
9-9 stack, supporting an O(N) x O(N) gauge group for n = 0 mod 8. We now follow Sen’s
construction and consider a domain wall configuration of the tachyon such that it condenses to
produce a D8-brane [32]. This involves assignment of a vacuum value of ((.X) to each point on
the “sphere” S° at infinity. Thus such domain wall configurations are classified by 74(Vy), where
Vy is the vacuum manifold for the tachyon on D9-brane. The tachyon potential should be such
that it breaks O(N) x O(N) to the O(N) supported on the resulting D8. A minimal assumption
is then

O(o0) X O(o0)
O(o0)

Vo = = O(o0) (4.24)
where we took the formal limit in which the number of original D9-branes is infinite. We can
repeat the argument for lower Dp-branes, and find that they would similarly be classified by
mg—p(Vo).

The Dp-brane can also be obtained from tachyon condensation on Dg-branes with p < ¢ < 9.
The vacuum manifold V), for the tachyon field on the Dg-brane can be determined from Table 5:

O() U(o0) Sp(e0) Sp(o0) X Sp(0)
= Z = - = pu—
BT om0 Y P T o) M T ) BT i)
Sp(0) U(o0) O() O(0) X O(o0)
pum Z pum— = —-— pu—
Y= Spioo) < sp(o0) < T T B P T U T T 0l
(4.25)
where the subscript is defined modulo 8. One then expects that Dp-branes can be classified by
Tg—p—1(Vo)-

All of this is compatible with the statement that the Dp-branes are classified by [/(?60(59_”)
thanks to the mathematical fact [76] that KO,, := V), is the classifying space of KO-theory, in
the sense that

KOMX) =[X,KO,. (4.26)
The K O,, form an Q2-spectrum, which entails the relation KO,, >~ QK O,,,,. We then have
T p1(Ve) = [ST77 KOy ] = [pt, Q77 KOy 5] = [pt, KO, 1] = KO°(S°7%).  (4.27)
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5 D-brane spectra via boundary states

In the previous section, we were able to verify the K-theory classification of Pin™ Type 0 strings
from the open string perspective. In this section, we rederive these results from a closed string
perspective. In addition to gaining more intuition about the behavior of invertible phases on
worldsheets, we will use the closed string perspective to verify our earlier results on the tensions
of stable branes appearing in each theory. These tools will also be used to address the issue of
tadpole cancellation in Appendix C.

From the closed string point of view, D-branes correspond to states in the closed string Hilbert
space. The basic idea is to define these states by imposing the open string boundary conditions
(4.13) as gluing conditions. Upon appropriate rotation of the Euclidean worldsheet, one finds that
the correct conditions to impose on boundary states |Bp, n) are

N: (at—a",)|Bp,n) = (¥ —ind",)|Bp,n) =0,
D: (of+a",)|Bp,n) = (Y +iny”,)|Bp,n) =0, (5.1)

as reviewed in Appendix B. Here r is integer/half-integer for the R/NS sector. The solution to
these equations ends up being the coherent state defined in (B.4). Furthermore, in Appendix B
it is shown that the physical D-brane states in Type 0 theories are in fact linear combinations of
these |Bp, 1), of the form

1 1
|Dp,n) = -/\TBp ﬁ(me’ n)nsns + |Bp, m)rr) , n ==+l (5.2)

where |Dp, +) represents a Dp-brane, |Dp, —) represents a Dp/-brane, and N, = 23 (47%¢/ )%
is a normalization factor obtained in Appendix B.3. This result will be the starting point for our
analysis in this section.

5.1 Matching non-torsion brane spectra

In this subsection we begin by rederiving the stable non-torsion brane spectra of the eight Pin™
Type 0 theories via the boundary state formalism. The analysis of the torsion brane spectra will
be carried out in Section 5.2.

To understand the spectrum of branes in the theory with n copies of ABK, we need to un-
derstand the action of the worldsheet parity operator {2 on D-brane states in the presence of the
invertible phase. We begin by understanding the action of €2 on the constituent boundary states
|Bp,n). In Section 3.2.2, we described the action of €2 on the ground states in the theory with n
copies of ABK. From this and (B.9) it easily follows that the action of ) on the boundary states
is given by

QBp, n)nsns = |Bp, m)nsns QBp,n)rr = 1" |Bp, n)rr (5.3)

with the parameter v = nn — k defined in Section 4.
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The branes which survive the orientifolding are those which are left invariant by €); i.e. those
for which v is zero modulo 4. Therefore, the non-torsion Dp-branes are in one-to-one correspon-
dence with non-torsion elements of [?6”(5 *), while the non-torsion Dp'-branes are in one-to-one
correspondence with non-torsion elements of I%*”(S *), as listed in Table 3.

Although v is a mod 8 parameter, the presence of non-torsion branes depends on v only mod
4. Indeed, this is to be expected since (5.3) was obtained by considering only the values of ABK
on the Klein bottle K5. However, as discussed in Section 3.2.2, K is not the generating manifold
for U2 _(pt) = Zs. Rather, the generating manifold is RP?, and since Ky = RP*#RP? we
currently have access to only a Z, of the full Zg.

In contrast, the open string states do depend on v mod 8. This is because the action of {2 on
open string ground states comes from the Mdbius strip amplitude. The Mobius strip M, contains
a single RP?, whose amplitude is T ABK(RP?)/4 +im/4 a5 we saw in Section 2.2.3. Then we
have the schematic action

= €

Q0;45) ~ e="/40; ji) (5.4)

where ¢, 7 are Chan-Paton indices. Therefore shifting n — n + 4 changes the action of {2 on
the Chan-Paton factors by a minus sign, between symmetric and anti-symmetric. This is pre-
cisely as expected when going between O9~ - and O97-planes, and in agreement with the fact that
KO"4(X) = KSp"(X).

5.2 Matching torsion brane spectra

We now use the boundary state formalism to check that the torsion brane spectra predicted by
I?é”(X ) ® I/(VO_"(X ) are reproduced by the theory with n copies of ABK. The study of torsion
branes [32,77,78] in the boundary state formalism for unoriented theories was first done in [79—
81]. Here we will adapt these methods to the Pin™ Type O theories.

In contrast to the generic Type O non-torsion brane (5.2), the generic torsion branes of Type
0 consists of only the NSNS portion,

— )\V n
Dp,n) = ——|Bp, , =41 5.5
| p 77> N p\/§| p 77>NSNS n ( )

where A\, > 0 is a normalization factor related to the tension of the torsion brane, which will be
shown to depend only on v. This state, though GSO invariant, is not stable in the oriented Type
0 theory since the tachyon is not projected out. This can be detected by computing the overlap
of two boundary states in the closed string tree-channel, and then doing a modular transformation
to the open string loop-channel, where a tachyon appears. However, in the unoriented theory the
gauging of () can project out the tachyon. This is seen at the level of the amplitude by cancella-
tion of the tachyon piece of the cylinder amplitude with the analogous piece of the Mdbius strip
amplitude.
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To determine the spectrum of stable torsion branes, we begin by computing the closed string
cylinder diagram in tree-channel. Using the results of (B.22), we have

<~ ~ A2 < de f3(2il)
= [ di(Dp,n|e >4 |Dp,n) = = / 3 : 5.6
ACZ /0 < pﬂ?‘e ‘ D, 77) 26 Up41 o ég_Tp ff(Qlf) ( )
The functions f;(7) are defined in (B.11) in terms of Jacobi theta functions and the Dedekind eta
function. We can translate the tree-channel amplitude to loop-channel using the transformation
[ = 1/2t and the modular S transformations in (B.12), which yields

1 < dt  f3(it)
Ac, = =A\2 / s L 5.7
R (D) ©-D

with the answer independent of 7 and n. Using the g-expansions of the f;(7) given in (B.11), we
may isolate the tachyon contribution,

1 o -
ACQ‘tachyon - 5)\12/ vp+1/0 pi3 € L. (58)

We must now check under which circumstances this can be cancelled by a contribution from
the Mobius strip. In order to calculate the Mobius strip amplitude, we use the orientifold state
|Op) introduced in (B.41) and calculate in the loop-channel

Ay = [t ((09]e >4 B, ) + (D, e %109
0
o (B (e 1
= _)\va—i-l/o dl [ (T 20 + 5
o f8f‘2(9fp) ‘ 1
—e ' (% 2i0 + 5
o )\zx > dt 7 (9—p—nn) f3f4 o) . 1
— 5 vp+1/0 (2t>pT+3 [e ( f’ T it + 5

2(9—p)
o1
Isolating the tachyon contribution yields
[T < odt

AM2 ‘tachyon = Ay sin [le] Up+1A (2t)¥ e . (5.10)

Combining (5.8) and (5.10), we have
1 R < odt
(Ac, + AMQ)‘tachyon = 5)\V ()\l, + 2sin [Zl/:|> Upt1 /0 (2t)% e, (5.11)
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Since )\, is positive, the values of p for which the tachyon can be cancelled are those such
that sin Ey] < 0. The tension of the corresponding torsion brane is then \, TV, where \, =
—2sin [%y] and ng) is the tension of a stable non-torsion p-brane in Type 0. For example, when
n = 0 we conclude that cancellation is possible if p € {—1,0,7,8}, regardless of n = +1. The
corresponding branes have tension 27 1? for p = —1, 7 and tension /27 1? for p = 0, 8. These are

in one-to-one correspondence with the torsion classes in [?6”(5 M) @ lf(\a*"(S *). The tensions
determined here also match exactly with the ones listed in Table 5.

Note that in this example, it would naively seem that p = 6 yields an acceptable torsion brane
as well. However, this is not the case. To understand this, recall that before orientifolding these
branes are unstable due to a tachyon in the p-p strings — these in particular are in the (—1) odd
part of the spectrum, and are built out of a certain vacuum |0>Odd One then notes that, without the
presence of Chan-Paton factors [80],

Q)0)0dd = e=*3P|0)0dt (5.12)

Hence for p = 2,6 we see that Q? = —1 on the vacuum. To compensate, we need to introduce at
least a two-dimensional Chan-Paton index ¢ = 1, 2, in the doublet representation of Sp(1). Then
the €2 projection keeps the antisymmetric combination [z j| of the tachyon, and thus there is no
stable torsion D6-brane. Indeed this class is absent from /' O”(S Mo K O‘”(S k).

The generalization of this condition for non-zero n is as follows. The goal is to check that
(% # —1 on the relevant ground state, lest %(1 + ) not be a valid projector for removing the
tachyon. We know that non-zero n modifies the open string ground states such that the action of
(2 is modified by (5.4). The cases with n even descend from Type 0B, in which case we have p
even, whereas the cases with n odd descend from Type OA, in which case we have p odd. Thus
we conclude that Q2 on the |0; n)"dd ground state is given by e 2" ~37, and hence we must
exclude cases for which p +nn = +2,6, 10, 14, .

To summarize, the conditions that must be satisﬁed by torsion (9 — k)-branes of type 7 in the
theory with n copies of ABK are the following,

sin [gy] <0, 9+v#+2 mod38. (5.13)

Note that the combination of n, k appearing here, namely v = nn — k£ mod 8, is the same one
appearing in Section 4 and Section 5.1. We have already checked above that the analysis via
boundary states is in agreement with the previous analysis via boundary fermions when n = 0.
Since the results (5.13) only depend on v, this agreement is simply extended to the general case.

5.3 Pin" Type 0 theories

We may now briefly turn to the analysis of the brane spectra in Pin™ Type 0 theories. Using the
action of (2 given in (5.3) (with v — —k) and the action of (—1)% given in (B.8), one finds

Q¢|Bp, n)nsns = —|Bp, —1m)nsws Q| Bp, n)rr = i "™ |Bp, —1)rR - (5.14)
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in the trivial phase. In the non-trivial phase, one gets an extra sign in the action of ¢2f on RR
ground states, so more generally

Q|Bp, n)nsns = —|Bp, —1)nsws Q¢|Bp, n)rr = > |Bp, —1)rr - (5.15)

with n = 0,1 labelling the trivial or non-trivial phase. The stable D-brane states which are
invariant under ) then take the form

|Dp) = (‘Bpa +)nsns — |Bp, —)nsns + [Bp, +H)rr + 2" F|Bp, —)rr) (5.16)

1
N, 2
reminiscent of the Type II states obtained in (B.26). In fact, these states are invariant under ) for
any value of k£ = 9 — p, both odd and even. On the other hand, the fully physical D-brane states
must also be invariant under (—1). It is easy to see that this requires 2n — k to be even. Thus for
both n = 0, 1, we keep all states with p odd, reproducing the full spectrum of non-torsion branes
in Type IIB.

We may now ask about torsion branes. These would take the same form as in Type I, given by

|Dp> (|Bp7 +)nsns — |Bp, —)nsws) (5.17)

NBp

with A > 0 a normalization factor. In order for such a brane to be stable, we require the open
string tachyon contributions from the cylinder and M&bius strip amplitudes to cancel. In order to
calculate the Mobius strip amplitude, one must make use of the appropriate orientifold plane state,
which is obtained in Section B.4 and shown in (B.46). Importantly, note that the Pin™ structure
forces this state to be entirely in the RR sector. This means that the Mobius strip amplitude
consists only of terms of the form xsns(Bp| . .. |Bp)rr, which vanish. There is thus no Mobius
strip contribution at all, and hence we cannot expect any cancellation of tachyons, and so no stable
torsion branes. In conclusion, the spectrum of stable branes in these theories is precisely the same
as for oriented Type IIB, and is classified by the complex K-group K (X).

6 No new Type I theories

In this final section we classify unoriented Type II (i.e. Type I) strings. Unlike Type O strings for
which one may consider Pin® theories separately, the unoriented Type IT strings possess a more
complicated spin extension of O(d), which contains both Pin*(d) as subgroups. We refer to this
as DPin structure, since it is a “doubled” Pin structure, and we define it precisely in Section 6.1.
That such a thing is necessary is to be expected: as explained in Section 2.2, for Pin™ structure the
boundary circle of the Mdbius strip is automatically in the NS sector, whereas for Pin™ structure
the boundary circle is automatically in the R sector. In contrast, we know that Type I strings allow
both NS and R boundary conditions on the Mobius strip, so it is clear that these worldsheets must
incorporate both Pin*.

In order to understand possible anomalies and invertible phases on the worlsheet of unoriented
Type 11 theories, it is necessary to calculate the groups U%p: (pt) for d = 2,3. This may be
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done using the Atiyah-Hirzebruch spectral sequence for twisted spin bordism, as will be recalled
in Section 6.2. Details of the calculation are relegated to Appendix E. The final result is that
U%pin(pt) = (Z3)* and G}, (pt) = Zg. The latter implies that the unoriented Type II string is
anomaly-free in ten dimensions. The former would naively suggest a quartet of string worldsheet
theories, but as we discuss in Section 6.3 only two of these theories are physically distinct. The
two distinct options are the traditional Type I and I strings, corresponding to orientifoldings by
orientifold O9T-planes.

6.1 “‘Spin structure’ on the Type I worldsheet

The oriented Type II worldsheet has separate spin structures for left- and right-movers, necessi-
tating a Spin X Zs structure. We would now like to understand the unoriented lift of this structure.
We note that the Zj part of the Spin x Z, structure acts on (1, 1) by diag(+1, —1), and should
therefore be mapped to diag(—1, +1) under orientation reversal. To formalize, we then need an
extension of O(d) by Zy X Zs,

0= ZoxZy—G— 0O(d) —0 6.1)

such that the orientation reversal part of O(d) exchanges the two Z, factors, and such that when
restricted to SO(d) the extension class is given by (ws, ws). Another way of saying this is that we
would like a spin structure on the orientation double cover of the worldsheet. Note that for the
worldsheet we have d = 2, but we will work more generally for the moment.

We now consider the effect of the homomorphism s : Zy X Zy — Zs, (a,b) — ab in the
extension. Over SO(d), the extension class of the image is wy + we = 0. The image is also
invariant under the orientation reversal part of O(d). Therefore the extension

0 — s(Zy X Zs) — s(G) — O(d) = 0 (6.2)

is trivial and can be split: s(G) ~ O(d) x Z,. There are two natural splitting; once there is a
splitting, we can compose it with

O(d) x Zy — O(d) x Zs

(6.3)
(9,¢) = (g, cdet g)
to get another. So GG can also be put in the following sequence,
0—=Zys—G—0(d) xZy—0. (6.4)

Its extension class is a linear combination of ws, w%, awy, and a?, where a is the generator of
H'(BZ,,Z5). To determine which linear combination, we may argue as follows. First, since Z,
is not extended to Z, within G, the term a? is not involved. Second, since the entire group is not
Pin® x Z,, we need the term aw, . Finally, since the extension is Spin(d) x Z; over SO(d) x Z, the
class w; must be involved. This means that the extension class is either w; +wya or ws +w? 4w a.
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These two are exchanged by the change of the splitting, since (6.3) sends a — a + w;. Let us pick
wey + w% + wya for definiteness, and write ¢ : G — Z, for the projection to the Z, factor. The
kernel of ¢ is Pin™ (d). The kernel of det g : G — O(d) — Zs is Spin(d) X Zs, and the kernel of
cdet g is Pin*(d). So G is an interesting mixture of all three groups — as mentioned before, we
refer to it as G = DPin(d).

For d = 2 we can construct the group DPin(2) more directly. We first let Spin(2) act on
(1, 1)) via diag(e®/?, e~"/2). Next we supplement this with a chiral Zj acting via

7 = diag(+1, -1) (6.5)

and then further include orientation-reversing elements of Pin™(2), which can be chosen to be
elements of the Clifford algebra C1(—2),

0 1 0 —1
W= (. =) 6

Yov1 = diag(i, —1) (6.7)

Note that we have

which is a lift of a 180° rotation. This means that v9y;Z = ¢ 1 is also a lift of a 180° rotation.
Then we see that

Yo =171, Y= =1 (6.8)

are also in the group DPin(2). Together with Spin(2), these elements of Cl(+2) can be used to
form Pin®(2). In this way, we see explicitly how DPin(2) contains all three of Spin(2) x Z,
Pin~(2), and Pin™(2).

Now consider the Mobius strip Ms. As discussed above, the boundary circle of M, is au-
tomatically in the NS sector for Pin~ since 42 = —1, whereas for Pin™ structure the boundary
circle of M, is automatically in the NS sector since 72 = 1. We may now contrast this with the
case of DPin structure. In that case, we can use either ~; or 7; to construct M5, and depending on
this choice we can have NS or R on the boundary circle. From the boundary state point of view,
this means that the orientifold plane states should have both NS and R sector contributions, which
matches the well-known result (B.48).

6.2 The group U (pt)

To understand the anomalies and invertible phases present on unoriented Type II worldsheets, we
must calculate U8y, (pt) for d = 2,3. These groups may be calculated by using the Atiyah-
Hirzebruch spectral sequence (AHSS) for twisted spin bordism groups.

We first recall twisted spin structures. We consider a space X with a real vector bundle V' over
it. Take a manifold M. A spin structure on M twisted by V' is a pair

(f: M — X, spin structure on TM @ f*(V)). (6.9)
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We can then consider the corresponding bordism group Qgpin(X ; V). Note that we have
wi(TM) = f*(wi(V)), wy(TM) = f*(wi(V)* + wa(V)) (6.10)

since we have a spin structure on TM & f*(V).

For example, when when V' is a zero-dimensional trivial bundle this reduces to an ordinary
spin bordism of X. As another set of examples, take L to be the real line bundle over BZ, such
that w, (L) is the generator of H'(BZs,Zy) = Z,. Then we have

Q5P (BZy) n =0,

: Qi (pt) n=1
QP (BZy; LO™) = d ’ 6.11
d ( 2 ) QS?IHZZ} (pt) n = 2’ ( )

Qbint (pt) n=3

where Spin?* = (Spin x Zy)/Z,.

The group DPin described above corresponds to taking X = BZ, x BZ, and using V' =
(L1 ® Ly) @ LY®. Here L, and L, are real line bundles such that w;(L;) = w and w;(Ls) = a,
where we denote the generators of H'(BZy X BZy,7s) = Zs X Zy by w and a. Then

w (V) = w, wy (V) = wa. (6.12)

Let us now recall the basics of the AHSS. This review will not be comprehensive — for
more thorough introductions to the AHSS, the reader can consult e.g. [18,21,25,82]. The basic
ingredients in the AHSS are the £ page and a set of differentials. For twisted spin bordism, the
Ly page consists of £5? = HP(X, U (pt)). The underline in the group U¢ ; () denotes the
fact that the coefficient system is twisted by wy(V) € H'(X,Z,). The differentials on the F,
page are as follows:

o d}: EV? = HP(X,7y) — EY™»' = HP*2(X, Z,) is given by

da(z) = Sq® x + w1 (V) Sq' @ + wy(V)z (6.13)

o di: EV' = HP(X,Zy) — EYT*° = HPT2(X, U(1)) is given by

dy(z) = ¢ (Sa” z + w1 (V) Sq" z + wa(V)z) = ¢ (Sq* z + wo (V) ) (6.14)
where ¢ is the inclusion Zy < U(1)."!

These differentials, together with d3, were determined in [83]. They were also deduced previ-
ously in [84,85] when wy (V') is trivial. Alternatively, they can be deduced using the identity

QP (X; V) = Q% (Thom(V)) (6.15)

""The second term in d3 () can be dropped since the twisted Bockstein associated to 0 — Zo — U(1) — U(1) —
0 is Sq' +w(V), which implies that ¢ o (Sq' +w(V)) = 0. Therefore +(w(V)Sq' ) = ¢(Sq' Sq* ) = 0. The
authors thank R. Thorngren for this point.
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where Thom(V) is the Thom space of V. Indeed, denoting the Thom class by U, this equality
implies

ds(z)U = So*(2U), dy(z)U = 1(Sq*(xU)). (6.16)
We then simply use the Cartan formula for the action of the Steenrod square, and the definition of
the Stiefel-Whitney classes as Sq” U = wq(V)U.

Details on our calculation will be given in Appendix E, where we demonstrate how one com-
putes U?&s (pt) not only for X = DPin but also for X = Spin x Z, and Pin™ to illustrate the meth-
ods involved. The results of the computation are that U3, (pt) = (Z2)? and G}p,, (pt) = Zs,
precisely as for the oriented Type II strings.

6.3 Invertible phases for DPin structure

As in the case of oriented Type II strings, the fact that U}, (pt) = Zs means that worldsheet
anomalies conveniently cancel in ten dimensions. Also as for oriented Type II strings, the result
Oypin(pt) = (Z2)? implies four worldsheet theories, though two of these will be physically in-
distinct from the others. The generators of U2, (pt) can be taken to be {(—1)J T, (—1)AT)},
where ¥ is the orientation double cover of . The generator (—1)/ “? is a bosonic invertible
phase, which was discussed in detail in Section 2.2.1. The generator (—l)Arf@) was discussed in
the context of Pin™ in Section 2.2.4.

The effects of these phases on the Type I theory are easy to read off. We know that the
presence of the phase (—l)f w? which has the effect of assigning —1 to Mdobius strip amplitudes
and +1 to cylinder and Klein bottle amplitudes, corresponds to the choice of O9*-planes, i.e. it
distinguishes between Type I and Type I theories. On the other hand, adding (—1)Arf@) leads
to physically indistinct theories. To see this, note that on an oriented worldsheet ., the partition
function contribution (—1)2"() can be interpreted as

(_1)Arf(2,0L) % (_1)Arf(270R) (617)

and can thus be absorbed for example by flipping /° and ¢? at the same time, i.e. by a spacetime
parity flip in one direction, as explained in Section 3.1.2. So in fact the theory obtained from the

non-trivial invertible phase Arf(X) is not physically distinct from the one with the trivial phase,
and the two are instead related in the same way that Type IIA /B and Type ITA /B’ were related.
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A NSR formalism

Throughout this paper we work in the NSR formalism, where the worldsheet fields for the closed
string consist of scalars X* and left- and right-moving Majorana-Weyl fermions ", y*, all of
which are vectors in the ten-dimensional target space [8, 86].

Closed strings: We choose our conventions such that the worldsheet spatial coordinate o €
[0, 27). For simplicity we work in light-cone gauge, with ;1 = 0, 1 being the light-cone coordi-
nates. In this gauge the worldsheet action is

1 1 _ - -
yp dt do (J (0 XF0 X, — 0, X0, X,,) + " (0 + 05)0, + 1" (0 — &,)wu) (A.1)
with = 2, --- 9. The oscillator expansions for these fields are
; o 1 —in(t—o ~p —in(t+o
X“(t,(j)—xﬂ—l—o/tp“—i—l\lggﬁ(alée (t )—i-oz‘,je (t+ )) : (A.2)
(o) =) e, (o) =) e, (A3)

where r € Z or Z + % for R or NS boundary conditions, respectively.

We are mainly interested in the fermionic sector, and in particular in its zero-modes. There are
no zero-modes for NS boundary conditions, and hence the left- and right-moving ground states,
|0)xs and |0)ns, are unique in this sector. It is easy to write fermion number operators in terms
of the operators that count the number of modes, N = Zr, W PPt and N = Zr, a Pt Ak, as

(=1)%t = (=1)N-Yand (—1)%® = (—1)N-1. The ground states are odd, i.e.
(=D"0)xs = =[0)xs,  (=1)®|0)xs = —[0)xs - (A4)

On the other hand, fermions with R boundary conditions do allow zero-modes, which satisfy
the anticommutation relations

(Wb usy=0",  {dhdgr=0",  {eh,dgr=0. (A.5)

Left- and right-moving zero-modes then separately furnish representations of the Clifford al-
gebra CI(8). These representations act on the degenerate ground states, which can be spinors
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|0)%,]0)% € 8, or conjugate spinors |0)%,[0)% € 8, of the little group SO(8). The two irre-
ducible representations are distinguished by the eigenvalue of the left- and right-moving fermion

numbers
=[[v2us,  (=DF=]]v2ds. (A.6)
w p

The full fermion number operators are obtained by combining these with the operators counting
the number of massive modes,

(D% = (D=1, (D" =(=DF=D". (AT)

Worldsheet parity €2 acts on the worldsheet fields as in (3.13), from which it follows that the
action on the oscillator modes in (A.2) and (A.3) is

Qa, 2 = ay, ) Q¢TQ = 627”“1;7‘ ’ Q&rQ = _QQWTwr . (A.8)

Next we review the low-lying spectra of the closed superstring. We will use the usual notation
[8] and denote each of the low-lying states by (A+, B+), where A, B can be R or NS and denote
respectively the left- and right-moving sectors, while the signs indicate the fermion parity. The
NSNS sector ground state is

(NS—,NS—) :  |0)nsns = |O)ns @ |O)s (A9)
and is a scalar tachyon. The massless NSNS spectrum is given by the level one states,
(NS+,NS+) 1 ¢, 0", 5[0)nsns € 8, @ 8, = 16 28 @ 35, (A.10)

and consist of a dilaton, 1, 2-form, 28, and graviton, 35,. The RR sector ground states transform
in the product of spinor representations of the little group SO(8),

(R+,R+):  [0)eh =[0)g @ |0)% €8, 28, =1D28d35_,

(R—R—): [0)& =|0):®[0), €8. 28, =16 28 35,, ALl
(R+,R—): [0)2 =0)% ® [0}, € 8, ® 8, = 8, & 56,

(R—,R+): [0)%: =10)2 ®]0)% € 8. @8, =8, P 56.

All of these states are massless and can be identified as the RR scalar 1, vector 8, two-form 28,
three-form 56, and (anti)self-dual four-form 35._),.. Finally, the NSR states are

(NS+,R+) = 9" ,|0)ns @ [0)f, € 8, © 8, = 8. @ 56,

- (A.12)
(NS+7 R_) : ¢51/2|0>NS & ’0>(}z{ € 8v ® 8c = 83 © 5607

which include the dilatinos, 8, and 8., and gravitinos, 56, and 56.. The RNS states are conjugate
to these.
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Open strings: When considering open strings, one can have Dirichlet (D) or Neumann (N)
boundary conditions on each end, which relate the left- and right-moving oscillators. We define
the NN, DD, and ND directions of the open string as in (4.13). Though only the relative sign in
those conditions is important, the conventions shown there are such that n; » = +1 represents a
Dp-brane at ¢ = 0, 7w, while 7, 5 = —1 represents a Dp'-brane at ¢ = 0, 7.'2 That this is so will
be discussed in the beginning of Appendix B.

Note that the relative choice of 7, » is related to the choice of NS or R sectors on the open
string. In particular, the string is in the NS sector for 7; = 7, and in the R sector for 77 = —s.
This may be seen as follows. First, we may replace the left- and right-moving fermions on o €
[0, 7] with a single chiral fermion on o € [0, 27] by defining

W(t,o) =19 O(t, 21 — o), <o <2r. (A.13)

The question of NS vs. R is then a question about the (anti-)periodicity of this extended fermion.
In particular, say that (¢, 2m) = n3 ¢ (t,0) where 3 = +1 for R and —1 for NS. Then we have

U(t,0) = o ¥(t,2m) = nans P(t,0) . (A.14)

But from (4.13), we also have ¢ (¢,0) = —n @(t, 0) and hence we conclude that 7,72 = —n3.
The anti-periodic NS case then corresponds to 77; = 75, while the periodic R case corresponds to
1 = —n9. From (4.13) we then conclude that NS sector fermions can have zero modes along ND
and DN directions, whereas R sector fermions can have zero modes along NN and DD directions.
In constructing the open string fermion number operator (—1)f one must take these zero modes
into account, as was done above for the RR sector of the closed string.

As for the open string spectrum, let us just mention that the ground state in the NS sector,
|0)ns, is an open string tachyon with (—1)"|0)xs = —|0)ns. We will not review the massless
spectrum here.

B Boundary state formalism

Here we review the boundary state formalism — for more details, the reader may consult [63, 86,
871.

B.1 Basics

From the closed string point of view, D-branes correspond to states in the closed string Hilbert
space. Beginning with the boundary conditions (4.13), one can transition to Euclidean signature
t — —itp, and then do a rotation of the worldsheet to interchange the ¢z and o directions, thereby

12Note that the extra sign in (4.13) is needed to encode the same physical boundary condition at ¢ = 7 asat o = 0,
as explained e.g. in footnote 69 of [63]. To summarize, because the boundaries at o = 0, 7 have opposite orientation,
imposing the same boundary condition on the two boundaries involves a reflection of one of them ¢ — —¢, under
which " — ei™/24)1 and YH — eI/ 2qH,
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going from the open string to the closed string picture. In particular, rotation by 7 takes (tz, o) —
(0, —tg). Under this transformation, the fermions transform as

Y (tg +i0) = ety +io) Pty —io) = e Aty —io) . (B.1)

The boundary conditions at fixed o then become conditions at fixed time — for example, on the
slice ¢tz = O the initial conditions are

N: ¥*0,0) = +i7711;“(070'),
D: ¢*0,0) = —im"(0,0), oel0,2n) . (B.2)

The conditions at ¢ = 7 look the same, but with 7; replaced by 7, — note that we no longer have
the relative minus sign for the same condition on the two boundaries, c.f. footnote 12. Let us now
focus on the slice at tp = 0. We will denote 7; = 7 for simplicity. We define the boundary states
|Bp, n) to be the operator statement of the boundary conditions (B.2) on the closed string Hilbert
space. Writing things in terms of Fourier modes and including bosonic constraints as well, these
boundary states are then defined by

N: (a—a",)|Bp,n) = (@ —ind",)|Bp,n) =0,
D: (of+a",)|Bp,n) = (Y +iny”,)|Bp,n) =0, (B.3)

where 7 is integer/half-integer for the R/NS sector. The general solution to these conditions can
be written as a coherent state,

] 1 p+2 1
|Bp, 1) o exp {Z - al ot + - Z O/ﬁnd‘in]
n=1 n=2 pu=p+3
e ) p+2
+i?72[ > Wtk + Z e, ]}!Bp,m“’) (B.4)
>0 | p=2 p=p+3

up to a normalization factor which we discuss in Appendix B.3. Here |Bp, n)(© is the ground
state, which depends on the sector. In the NSNS sector the ground state is just the usual one

IBp, ) exs = [0)nsws - (B.5)

In the RR sector there is an extra subtlety because we need to solve the gluing conditions for the
zero-modes. This is easily done by noticing that |B7, n>§[{)}){ need only satisfy conditions of the
kind

(W — imdf)|BT, migh = 0. (B.6)

We can then build the rest of the boundary ground states as

9
Bp.min = [ @4 + i) BT, n)x (B.7)

p=p+3
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It is not entirely trivial to see the relation between |B7, 77>§% and the usual RR vacuum. This is
explained, for instance, in Appendix B of [87]. The key feature is that the relation involves an

even number of RR zero-mode operators. With this in mind it follows that

(—1)"|Bp, n)nsns = —|Bp, —1)nsns (—=1)"Bp,m)rr = (—1)"?|Bp, —n)rr ,
(—1)®|Bp, n)nsns = —|Bp, —17)nsns (=1)%|Bp, n)rr = |Bp, —1)rr (B.8)

where (—1)ft and (—1) are the left- and right-moving worldsheet fermion numbers. Similarly
using (A.8) and (B.7) one can check that

Q|Bp, n)xsns = |Bp,mnsns »  UBp,m)rr = —(—in) P|Bp, n)rr = i "|Bp,n)rr. (B.9)

where k = 9 — p.

B.2 Theta functions, partition functions and boundary state amplitudes

In the remainder of this appendix, we will be calculating amplitudes for closed strings propagating
between boundary states. In order to do so, some preliminary data will be needed. We now review
our conventions for the different theta functions that appear in one-loop string partition functions,
and give a few useful formulas for partition functions and boundary state amplitudes.

First, note that we will use the usual shorthand for theta functions with characteristic,

1 1
niel) =0 1| G, el =[] G,
2
0 0
Us(zl) =0 | | (2l7), ValzlT) =90 | 1| (2]7) (B.10)
2
and the notation 9;(7) = 9,;(0|7), where 7 is the modular parameter of a torus. Recall that v,
is odd and vanishes at the origin, i.e. ¥1(7) = 0. For convenience we define the following
combinations,

fi(r) = n(r) = ¢"/* H(l - ¢, \/ —V2q 1/12 (1 +4¢™),
fo(r) = 193 _ —1/24H Y, falr) = [ValT) _ —1/241_[ )
n(r 77

(B.11)

where ¢ = ¢ and (1) = (9,(0|7)/27)"/* is the Dedekind eta function. It will be useful to
know the modular S transformations,

fi(ift) =Vtfi(it), fa(i/t)
f3(i/t) = f3(it), fa(ift)

fa(it)

B.12
f2(it>7 ( )
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and the 7" transformations,
fi(it+1) = e'iz fi(it) fo (it + 1) = €'z fo(it)

. im . T (B.13)
fa(it+ 1) =e"21fy(it), fo(it+1) = e "2 f3(it),
as well as the more unfamiliar P = T2 ST2ST' transformation,
) 1 1 ) 1 1
Al=+2)=vaf(it+=), fl=+2)=flit+=),
4t 2 2 4t 2 2
(B.14)

i1 e (1 i1 e 1
f3(E+§)=€ZSf4<Zt+§>7 f4<E+§)=€ 8f3(lt+§),

where ¢t € R. The Jacobi “abstruse” and “triple product” identities

fo(T)® = f3(7)° + fa(m)® =0, fo(T) f3(T) falT) = V2 (B.15)

will be used to simplify results.

The functions f;(7) introduced above are useful since the open and closed string sector traces
are written naturally in terms of them. Denote the boundary state amplitudes in the tree-channel
in sector S as follows

ZER = g (Ble~ 2" Ha|B)g (B.16)

where for fermionic sectors |[B) = |B,7n) and L, R denote the boundary conditions — either
Neumann (N) or Dirichlet (D) — on each boundary. The amplitudes with opposite 7 on either
side are given by exchanging N <+ D on one boundary state, as can be seen in (B.3). In terms of
the f;(7), the bosonic contributions are found to be [86]

7NN 1 ZND \/§ ~DD 1 1

“Rent T Rem T Vimanen O
the fermionic contributions in the NSNS sector are
Z\ens = f3(2il),  Z¥ins = fu(2il), Zigns = fa(2iD), (B.18)
and in the RR sector
ZRN = — £,(2il) ZNP =0, ZRP = — £,(2il) . (B.19)

Consider parallel Bp and Bq boundary states with ¢ > p. Note that there are p — 1 NN, 9 — ¢
DD, and ¢ — p ND directions. Also recall that changing n — —n is equivalent to exchanging the
boundary conditions N <+ D. The amplitudes for exchanging closed strings between these states
then take the simple form

Vi f3(2i)3fa(2il)*P)

Bp, n|e~?mHa|Bgq, = — . 5
nsns(Bp, 7| q; M)NSNS (47T2O/Z)QTQ F1(2il)5-atp
% fa(2i0)8 f3(2i0)*a—P)
B —271'ch1 B _ — p+1
nsws (Bp, nle [Bg, —m)nsns (47r20/l)9%q f1(2il)8-a+p ’ (B.20)
Vi f2(2il)®
B —2nlHa|B _ ptl
rr (Bp, nle IBg, n)rr (47720/l)9%q fi(2i)°
rr(Bp, n]e>™4Bg, —n)rr =0,
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where V), is the regularized volume of the p-brane, which comes from the zero-modes of the
scalars parallel to its worldvolume. Note that we have used the Jacobi triple product identity
(B.15) to remove some factors of v/2/f5(2il) from these results. The last amplitude vanishes
because 1;, = —np corresponds to Ramond boundary conditions in the direction orthogonal to the
boundary, for which there is a fermion zero-mode.

B.3 D-brane boundary states

B.3.1 Boundary state normalization

In order to calculate tensions or tadpole contributions, we will want to find the proper normaliza-
tion for the boundary states. The way to do this is to impose matching of the tree- and loop-channel
cylinder amplitudes. That is, we want to impose the following identities

1 o0 Cor °dt Cor
—2/ dl xsns(Bp, n|le ™™ 4| Bp, n)nsns = / %TTNS [em2mtHer]
Bp YO 0
L OO dl B —2mlHy Bp. — _ e @ T —2mtHop
5 nsns(Bp, nle IBp, —=n)nsns = o I'r [6 ] )
Bp J0O 0
1 ~ dl B —2mlHy B _ OO @ T —27tHop -1 f
Ivou rr(Bp, nle D, )RR = I'Ns [6 ( )} )
Bp JO 0 2t
1 > dl —2mlHy . _ > ﬁ —2mtHop (_ 1\f] _
— re (Bp, 1le Bp,—mrr = Tig [e (1] =0.
Bp YO 0 2t

We may for instance focus on the first one, which in loop-channel gives the result

> dt _ © dt f(it)®
—T 2mtflon] — / B.21
/0 o7 LINS e ] = vp1 ; (2t)% f(it) ( )

where v, 1 = V11 /(47%) "3 is the regularized volume of the brane, in units of the string length.
On the other hand, in tree-channel we have

1 N Ara/ )4 © dl fy(2i1)
_2/ dl xsns (Bp, e > Bp, ) nsns = %”ﬁl/ 5p 3(2‘1)8' (B.22)
Bp 40 Bp o [2 fl( Z)

We can translate the tree-channel amplitude to loop-channel using the transformation [ = % and
the modular S' transformations in (B.12), which yields

(47T2a’)p’4v /°° dt 1 falit)®  _ 2°(Ama/ /°° dt  fs(it
Ny o 28 (2057 ()3 fu(in)® N3, T e 20 A

Comparing (B.21) and (B.23), we find that the proper normalization for the boundary state is

)8
- .(B.23)

Ni, = 28 (4n%0/)"T . (B.24)
One can check that imposing the other identities gives the same result.
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B.3.2 Typell andI

The states |Bp, ) must be assembled into a D-brane state such that they give the right open string
amplitudes. Let us begin by finding the D-brane state in Type II. Since the open string sector
includes both NS and R strings we must have

/ dl (Dp|e~*He | Dp) (B.25)
0

= [7 5 (s e 00| = i oS 1)) )

A brief calculation then shows that the proper normalization for the D-brane state is

|Dp) = (|Bp7 +)nsns — |Bp, —)nsns + [Bp, +)rr + |Bp, —)rr) (B.26)

with NVp, as defined in (B.24). The choice of relative sign of the NSNS and RR contributions
differentiates branes and anti-branes.

Recall that for Type II theories we wish to gauge both (—1)f%, so we should keep only states
invariant under projection by

(14 (=D") (14 (-D)%) , Pip = i (14 (=" (1£(-1)%) , B27)

| =

11 _
PNSNS -

with the two choices of sign corresponding to Type IIB (+) and Type ITA (—). Using (B.8) it is
easy to see that the boundary states in Eq. (B.26) are invariant when p is odd for Type IIB and
when p is even for Type ITA.

In the presence of multiple branes the boundary state acquires an extra overall group theory
factor GG that accounts for the trace over the Chan-Paton space,

N forU(N),
|Dp) — G|Dp) where G = (B.28)
2N for Sp(N), SO(2N)

The latter implies that in Type I the D-brane states for even a single brane are normalized with an
extra factor of 2.

B.3.3 Type0

We now do the same analysis for D-branes in Type 0. In Type O the open strings stretching
between two branes of the same (different) type are in the NS (R) sector, so we must have

o % dt 1
/ dl (Dp,nle=*™H|Dp, n) = / o7 Tows {62“1{0135(1 + (—1)*’)] : (B.29)
0 0
> —27lHg > dt —27rtH 1 f
di(Dp,nle”""4Dp, —n) = — [ o Trw T+ (=)D (B.30)
0 0
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From this and the relations above it follows that the properly normalized Type 0 D-brane state is
1 1
|Dp, ) = Ny E(me» mnsns + [Bp,mrr) n==l. (B.31)

The factor of 7 in front of |Bp, n)nsns is needed so that the force between the branes is attractive.
To see this, consider the NSNS contribution to the amplitude,

v & dl f4(2il)8
Dp, — = -rtl / dl . B.32

The contribution from the massless states can be extracted from the constant term in the expansion
fa(2i)® 1 1
—— =-—-8+0(¢q (B.33)
Gy g oW

where now ¢ = ¢~2™. The minus sign cancels with the overall sign in (B.32), yielding a positive

contribution and hence an attractive force.

Recall that for Type 0 strings we gauge only a diagonal spin structure (—1)%*f, and hence we
keep only states invariant under projection by

1 1
Plons = 3 (14 (=1)tHfR) Py = 3 (14 (=1)"R) | (B.34)

with the two choices of sign corresponding to Type 0B (+) and Type OA (—). Using (B.8), we
see that (B.31) are invariant for p odd in Type 0B and p even in Type 0A.

In contrast to (B.26) then, for each such p there are now two boundary states for the Type
0 strings [87], which we will call Dp and Dp’ for |Dp,+) and |Dp, —) respectively. Note that
Dyp’-branes are not anti Dp-branes.

Finally, note that the normalizations of Type 0 and Type II branes differ by a factor of /2. On
the other hand, the amplitude for exchanging closed strings in Type II receives an extra contri-
bution corresponding to R strings in the loop channel. This implies that the tensions of the Type
0 branes are smaller than those of Type 11, in particular 7’ 19 =1 ;I /+/2 [88,89]. Finally, as stated
before, when there are multiple branes the boundary state acquires an extra group theory factor
(B.28).

/ dl ysns{Dp, 77|‘3_27rlH°l
0

B.4 O-plane boundary states

B.4.1 Crosscap state normalization

In analogy to the discussion above, we can find the correct normalization of the crosscap states
that correspond to O-planes by requiring that the tree-channel amplitude for exchanging a closed
string between a D-brane and a crosscap state matches the loop-channel M6bius strip amplitude.
We know that the crosscap states are related to the usual boundary state by a 7/2 translation in
imaginary time, so we normalize them as

1Cq,n) = —j\l% i"|Bg, n) (B.35)

Bq
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where nc, is the normalization relative to the usual boundary state, and the minus sign is required
to get negative tension. Then, the relations we must impose are

1 o]
dl C —2mwlH
N_Bp /o (NSNS< q,nle

Bp, n)nsns — nsns (Bp, n]e 2

Cq, —77>NSNS)

:/ @Tr [ —27rtHopQ} ’
. 2t
1

./\TB/ dl (nsns(Bp, nle >™|Cq, n)nsns — nsns{Cq, —nle ™| Bp, n)xss)
p Jo

dt Comiiie
= [} syl
1

- / dl (rr(Bp,nje >™|Cq, n)rr — rr(Cq, —nle >™"Bp, n)gr)
Bp Jo

:/ @TI' |:727TtH0pQ:| ’

Bp, n)rr — rr(Bp, nje" > Cq, —1)RR)

1 [e'S)
dl C 7 —27lH
NBp /0v (RR( q 77|6

dt ot
:/0 57 Tre R [e 72 (1)) .

As before, we can fix the normalization using any of these relations by first writing the loop-
channel Mdobius strip amplitude
o1
(zt + 5) ; (B.36)

dt ©dt . 8 f2ap)
~Tr —27rtH0pQ - / o eZZ(q D) 3
/0 o NS [ } p+1 o (2t)¥ f8 q+p

and then calculating the corresponding tree-channel amplitude using the boundary states

1 > — T — 2Tt
/\T/ dl (xsns(Cq, nle”>™(Bp, n)nsns — nsns (Bp, nle ™ |Cq, —n)nsws)
Bp Jo

0o 2(g—p) 8 r2(¢—p)
_ o di | (f3fs o1 i1 o1
= —?Up_l'_l /O lggq [( f187q+p 2'Ll — 5 — W 22[ —+ 5

o) 2(g—p)
_ oy di_ | fifs g1
T /0 l[ s |\ 213 (B.37)

where in the second equality we used the modular 7" transformations in (B.13). Next, we translate

the tree-channel amplitude to the loop channel using the transformation [ = 1/8t and the modular
P transformations in (B.14) to get
it + =
Z f—
2

S
9
o q—p)
oy / @iz [L (it+ 1) . (B.38)
>

8% (st)= | (2t) %" "”fs‘“”
2q— 9q—4 Up+1 pt3 f8 q+p

(20)"
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Comparing with the previous result, we find that the normalization of the |Cq, ) crosscap state
relative to the boundary state is

oy = 2974 . (B.39)

B.4.2 Pin™ Type0

Finally, we must assemble the crosscap states into physical orientifold plane states. For the Pin™
theories, the Pin~ structure on the worldsheet requires the boundary of the Mdbius strip to have
NS boundary conditions. Thus we expect the Og-plane state to be purely in the NSNS sector. In
addition, we know that the open strings on the orientifold are in the NS sector, so the O-plane state
must give the following loop channel result

|t ie10g) + (Oale > [Dp. 1)
0
o dt 1
:/ — Trng [e‘zmHW’—(l + (=1)HQ] . (B.40)
o 2t 2
Thus the physical orientifold boundary state is
1
|0g) = —= (|Cq, +)nsns — |Cg, —)nsns) - (B.41)

V2

Importantly, the crosscap state carries crucial information about the presence of n copies of
ABK. To see this, it is easiest to consider the Klein bottle amplitude. Requiring that the tree-
channel amplitudes for exchanging closed strings between two crosscaps match the loop-channel
Klein bottle amplitudes gives for example

/ dl xsns{Cp, —nle ™ |Cp, n)nsns = / 5 Trrg [e 200 (B.42)
0 0
/ dl wss (Cp, e |Cp, —n)nsns = / 57 Trae [e 27 (=1)"Q] (B.43)
0 0

If we use these to calculate the normalization of the crosscap state as was done for the Mdbius
strip, then forn = 0 mod 8 both (B.42) and (B.43) yield the same result (B.39).

For generic n, however, (B.42) and (B.43) are unequal complex conjugates and the result in
(B.39) needs to be modified. This may be seen seen as follows. In the presence of n copies of
ABK, we know that the action of €2 on the closed string RR Hilbert space is modified by a factor
of ¢ when the Pin~ structure is ¢(a,b) = (2,1) or (2, 3), see (3.18). These Pin~ structures are
exactly the ones captured by the right-hand sides of (B.42) and (B.43), and hence for non-zero
n the left-hand side must change by ". In other words, we should redefine |Cp, ) by a phase
e such that e~ (=) = i a solution of which is #(n,n) = Zyn mod 27. The
correct crosscap states for the theory with n # 0 mod 8 can then be taken to be

2 imTnn
Cq,m)y =— e 4 gtla
Cq,m) N,

Bq,n) . (B.44)

This is what we must insert into (B.41) to obtain the physical orientifold plane state.
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B.4.3 Pin" Type 0

Similarly, for unoriented Pin* Type O we know that the Og-plane state must give the following
loop channel results

/ dl ((Dp, n|e >™"4|0q) + (Oqgle™>™"Dp, n))
0

:/ @TI“R {e—%tanl(l_f_(_l)f)Q . (B.45)
o 2t 2

The physical orientifold state is then found to be
1
V2

The fact that this contains only RR sector contributions is the boundary state formulation of the
fact that fermions on the boundary of the Pin™ Mébius strip are automatically in the R sector.

|0q) = (ICq, +)rr + |Cq, —)rR) - (B.46)

B.44 Typel

For completeness, we finally describe the physical orientifold plane states for Type I. These are
obtained by requiring

/ dl ((Dple?|0g) + (Ogle>""|Dp)) (B.47)
0

= [T 5 (o e S 0] - T [ e (1)) )

The correct combination is found to be
1
|Oq) = 5 (ICq, +1)nsns — |Cq, —1)nsns + |Cq, +1)rr + |Cq, —1)rR) -

The fact that this contains both NSNS and RR contributions means that DPin structure on the
worldsheet must allow the boundary of the Mobius strip to be in the NS or R sectors, and thus
must contain both Pin® as subgroups.

As an aside, let us note that the normalization of the O9 state relative to a Type I D9 state has
an extra factor of 32, as expected by the usual Type I tadpole cancellation.

C Tadpole Cancellation

In this appendix we discuss the issue of tadpole cancellation in the unoriented Type O theories.
We begin by considering the Pin™ Type 0 theory with n copies of ABK. Before beginning
any calculations it is important to recall that in this case the orientifold state corresponding to
the O9-plane does not have an RR contribution; see (B.41). This means that the orientifold does
not carry RR charge, and hence we will only be encountering NSNS tadpoles. Such tadpoles
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Figure 4: The tadpole cancellation condition. The Mdobius strip is represented by a cylinder with
one crosscap (the “X” at the end) and we must include separate contributions from crosscaps on
the left and right ends. The Klein bottle is represented by a cylinder with two crosscaps.

are not fatal since they can be cancelled by the Fischler-Susskind mechanism [90, 91], but this
introduces a spacetime dependent coupling. We thus ask in which cases these NSNS tadpoles can
be cancelled without resorting to this mechanism.

The goal is to calculate the cylinder, Mobius strip, and Klein bottle amplitudes and check that
the tadpole contributions cancel amongst them (Fig. 4). Furthermore, since the putative tadpoles
are in the closed string sector we must focus on the amplitudes in the tree-channel. For the moment
we will focus on the cases with n even, which are orientifolds of Type 0B.

First we will consider the cylinder amplitude. We recall that in Type 0B we have two different
kinds of nine-branes, with corresponding boundary states

G 1
D9, n) = mﬁ(n IB9, n)nsns + [B9, m)rr) (C.1)
where G is a group theory factor which equals G = N for unitary gauge group and G = 2N for
orthogonal or symplectic gauge group; see (B.28). The corresponding antibranes are

- G 1
|D9,n) = @E(W IB9, n)nsns — B9, )rr) - (C2)

In order to avoid introducing RR tadpoles, we must only introduce brane-antibrane pairs, with
boundary state

G
NBQ

In terms of such boundary states the cylinder amplitude is given by

Ac, = / dl (DD9, n|e~*H4|DDY, 1) |, (C.4)
0

which can be evaluated using the results collected in Appendix B to give
G? 8 (2dl)
=— dl =2 : C5
Ac, 16 V10 /0 73(2il) (C.5)

Worldsheet parity does not affect this amplitude so the result does not depend on n. We can easily
extract the massless NSNS tadpole contribution using the g-expansions in (B.11), giving

G2 00
Ac, | — vy / dl . (C.6)
0

tadpole - 2
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Next we calculate the Mobius strip amplitude. The O9-plane state was given in (B.41); cru-
cially, it was argued to be n-dependent. Using the result obtained there, the Mdbius strip amplitude
can be evaluated to give

A, = / di ((DD9, gle~*™4]09) + (09]e =>4 |DDY, 7))
0

0 nIn £8 _ _—inin £8 1
:—2Gv10/ ar | s — Il (o 1Y (C.7)
0 fi 2
with the tadpole being
™mm o
AM?‘tadpole = —2°G cos [%] Ulo/ dl. (C.8)
0

Finally, the Klein bottle amplitude amplitude is

Ay, = / d1 (09]e=27H3|09)

0

0 8 —ingn ingn 8
:16@10/ di [2f3 (e nf8+en )f4] (2il), (C.9)
0 1

with tadpole

m™n >
AKz‘tadpole - 162 (1 +cos [%]) UlO/O dl

m™nn

2 o0
— 29 cos [%} 1o / dl (C.10)
0

Putting all the contributions together we find that the total tadpole is

1 2
(Ao + Asty + A e = 5 (G = 32008 | 77| ) 0no /0 dl (C.11)

We may now read off the tadpole cancellation conditions. For n = 0 one can cancel the
NSNS tadpole by adding sixteen 9-9 pairs. If we choose these to consist of m D9-D9 pairs and
16 — m DY'-DY pairs, the resulting gauge group is [SO(2m) x SO(32 — 2m)]2. The cases with
m = 0,16 are purely bosonic and have gauge group SO(32) x SO(32). For n = 4, we have
the symplectic version of n = 0 and the tadpole cannot be cancelled. For n = 2,6 we have zero
tadpole contribution, and would seemingly not require addition of any nine-branes.

Next we discuss cases with n odd, which are orientifolds of Type OA. In Type OA there do not
exist any stable 9-branes, but there are unstable ones. These unstable branes do not couple to RR
fields, and are purely in the NSNS sector. Hence the corresponding states may be written as

— G
D9, n) = ——n[B9, n)nsns (C.12)
B9
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with Mg the usual normalization factor accompanying |B9,7) and G the corresponding group
theory factor. This result differs from (C.3) only by a factor of v/2. Then by a similar calculation
as above we conclude that tadpole cancellation requires G' = 32/2 cos [%} . The case of n =1
allows the tadpole to be cancelled by the addition of sixteen 9-branes. If we choose these to consist
of m D9-branes and 16 — m D9’-branes, the resulting gauge group is SO(2m) x SO(32 — 2m).
Similar statements hold for n = 7. The n = 5, 3 cases are the corresponding symplectic cases, for
which the NSNS tadpole cannot be cancelled by the addition of branes.

Finally, we discuss the issue of tadpole cancellation for Pin™ strings. In contrast to the Pin~
theories studied above, for these theories the orientifold only has contributions from the RR sector;
see (B.46). Hence one has an RR tadpole which must be cancelled. A calculation analogous to
the one above shows that the tadpole can be cancelled by adding 32 D9 and 32 D9’-branes, giving
total gauge group U(32). Though this introduces NSNS tadpoles [56,60], these do not render the
theory inconsistent and can be removed via the Fischler-Susskind mechanism [90,91].

Note that it makes sense to talk about tadpoles in the Pin™ theories despite RIP* not admitting
a Pin™ structure. The reason for this is that the tadpole is given by a one-point function on
RIP?, which corresponds to a punctured RP?. The latter manifold is conformally equivalent to the
Mobius strip, which does in fact admit a Pin™ structure.

As a final note, whenever tadpole cancellation requires the addition of D9-branes, the question
of stability of Dp-branes must be revisited to account for the possibility of tachyonic modes of
the strings stretched between the Dp- and D9-branes. In this case, the K-theory classification
outlined in Sections 4 and 5 will be modified, and branes which were previously stable may
become unstable.

D Arf and ABK from index theory

In this appendix we rephrase many of the results on the Arf and ABK invariants given in Section
2 in terms of index theory. The majority of this appendix is due to E. Witten [42]. The authors
thank him for very kindly allowing them to reproduce the content here. Four-dimensional analogs
of many of these results can be found in Appendix C of [45].

D.1 n-invariants: generalities

Our normalization of the eta invariant is
n(S,0)=> sgn(E) (D.1)
E

where E are the eigenvalues of the Dirac operator on > with spin structure ¢, and the sum is to be
appropriately regularized. We work in the convention that sgn(0) = 1, so that (3, o) also counts
zero-modes. Often we will omit ¥ from the argument of (X, o).

Because the Arf and ABK invariants can be expressed as ratios of massive fermion path inte-
grals as in (2.3) and (2.20), they are examples of n-invariants. For example, for the Arf invariant
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we have

(_1)Arf(27a) _ Zferrn m > O H iE+m

i3n0), D.2
Zferm<m < O - ( )

An analogous result holds for the ABK invariant.

The n-invariant is not necessarily a bordism invariant, but in the case of two-dimensional
theories the n-invariant modulo some integer is. This can be seen by appealing to the APS index
theorem, which states that the index of the Dirac operator on a manifold Y,;,; with boundary
Y41 = X, is given in terms of the n-invariant as'?

indiDy,,, = —ln(Xd, o)+ / A(R) ch(F) . (D.3)
2 Ya1

Note that when d is even, the local term on the right-hand side vanishes, and as a result the 7-
invariant can be a bordism invariant. Combined with the fact that the left-hand side is an integer,
we see that the n-invariant modulo 2 is a bordism invariant. This can be refined further.

Assume that the fermion system whose Dirac operator is used in the definition of the 7-
invariant admits a mass term. This provides an invariant anti-symmetric bilinear form on the
eigenfunctions, and therefore introduce a quaternionic structure. Therefore the index is in fact an
even number, and 77 modulo 4 is a bordism invariant.

Let us now consider a spin 2-manifold. Then there exists a globally well-defined chirality
matrix I satisfying I'* = 1 and {iD,T'} = 0, and hence for any state of non-zero eigenvalue F
there is also a state with eigenvalue —F. Then the contributions to the n-invariant from nonzero
eigenvalues simply cancel out. Denoting the number of positive chirality zero-modes with spin
structure o by ((o), we have

n(c) =2¢(c) mod 4 (D.4)
where the factor of 2 arises because 7)(co) counts both chiralities. This means that
(_1)Arf(2,a) _ eign(a) _ (_1)4(0) (DS)

generates at most a Z, as expected by our previous definitions of the Arf invariant.

We next consider the Pin™ case. As argued above, the 7-invariant is a mod 4 bordism invariant.
Let us now show that 7 takes half-integer values, and thus provides us with a mod 8 invariant.
The half-integrality is proven as follows. Given a Pin~ structure o € H*(Z, Z,), there exists a
“complementary” Pin~ structure ¢’ := o + w; which is obtained by twisting by the orientation
bundle. Then note that'*

n(o)+n(@’)=0 mod 4. (D.6)

131n the original notation of APS [92], what we are calling 7 is instead called 2¢.

14This equality is true because the left-hand side is the 7)-invariant of the spin structure on the oriented double cover
3. Note that 3 is the boundary of the total space X of the unit disk bundle of the orientation line bundle of 3. That
> is Pin™ is equivalent to X being spin. These facts together imply that % is null-bordant, and so the right-hand side
is 0 modulo 4.
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We also have generally that
dn(oc +a) —4n(c) =0 mod 4 (D.7)

for any a € H'(X,7Z,)."" In the case that a = w; we have 0 + a = o’, and thus combining
(D.6) and (D.7) we conclude that n(o) is generically half-integral. As a result, we have that
e!TABK(Z,0) — ¢131(%,9) generates at most Zg, as expected.

D.2 n-invariants: examples

We now offer some explicit calculations of the Arf and ABK invariants in terms of their definitions
in this appendix.

T?: A trivial example is that of the Arf invariant on 72 with spin structure o. In that case we
know that for the NSNS, RNS, and NSR spin structures we have ((o) = 0, whereas for RR we
have (o) = 1. This together with (D.5) then reproduces the results of (2.10).

RP?: A less trivial result is to reproduce the values of ABK on RP?. We compute it in two
ways. The first is to consider an orbifold of the three-torus 7°/Z, where Z, acts as x; — —;
for i = 1,2,3. The resulting space has eight fixed points at z; € %Z. We may remove a small
ball around each of these points to obtain a smooth manifold, with the boundary of this manifold
being eight copies of RP?. Then by the APS index theorem (D.3) for d = 2 we conclude that
n(RP?) = —LindiD, with iD the Dirac operator on the T°/Z, with points removed. Using
conformal invariance, it is possible to argue that the index of the Dirac operator on this manifold
is the same as that on the original 7°/Z,, so we need only compute this quantity. Let us define
H_. to be the spaces of spinors on T° which satisfy )(—x) = 41/ (—z). The Dirac operator maps
H+ — H=, and the index of the Dirac operator on 7% /Z, is then just defined to be the number
of zero-modes in H minus those in H_. These numbers are easily obtained: depending on the
Pin™ structure, the zero-modes are the 2-dimensional space of constant spinors in either H, or
‘H_, with no zero modes in the remaining space. Hence we have indiD = +2, and consequently
n(RP?) = +1. We may finally calculate the ABK invariant to be e™BX®F) = ¢+if matching
the previous results in (2.24).

The second derivation of this result is a direct computation from the spectrum of the Dirac op-
erator. Instead of directly studying the Dirac equation on unoriented manifolds > we will consider
their orientable double covers 3. These are equipped with an orientation-reversing involution 7
such that ¥ = & /7. We will make use of the following morphism

Pin~ structures on ¥ = /7 —  7-invariant spin structures on . . (D.3)

15To see this, note that 47(o) is the n-invariant of the Dirac operator with Pin~ structure o acting on a rank 4
trivial real vector bundle V', whereas 47(o + a) is the n-invariant of the Dirac operator with Pin™ structure o acting
on a rank 4 real vector bundle V' = A®4, where A has the property that w;(A) = a. Because the Stiefel-Whitney
classes of V' all vanish, V" is trivial and has the same mod 4 n-invariant as V, thereby giving (D.7).
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induced by the projection. This map is not injective, but rather two-to-one since given a Pin™
structure o, both ¢ and its twist by the orientation bundle ¢’ lift to the same spin structure on
the orientable double cover. It is not surjective either, since there are spin structures on 3. which
are not the lift of any Pin™ structure. The 7-invariance of the spin structures on ) implies that
[7,iD] = 0. Hence there is a basis of eigenspinors with a well-defined eigenvalue of 7. The
different eigenvalues of 7 correspond to different Pin™ structures o and o’. In summary, we can
extract the spectrum of the Dirac operator D on X from that on the orientable double cover 5 by
considering eigenspinors of 7D on the latter with a fixed eigenvalue of 7.

Let us apply this strategy to RIP?. Its orientable double cover is a two-sphere S2, which has a
single spin structure. The spectrum of the Dirac operator on the two-sphere is well known and is
given by'°

E =+(n+1) withmultiplicity 2(n+1) and 7=7F(-1)". (D.9)
with n > 0. For convenience we will regularize the sum over eigenvalues (D.1) as follows

n = lim Z sgn(F) e Pl (D.10)
E
From this information we can readily calculate the 7-invariant of RP? for either Pin~ structure,

1
r=+41: p=1lm |F Z 2(n+1)e <) £ Z 2(n+1)e ) | = F5 (D.11)

e—0T
ne2N ne2N+1

reproducing our previous result.

The Klein bottle: 'We now obtain the values for the n-invariant on the Klein bottle K5. A trivial
way to do so is to note that the n-invariant factorizes under connected sums, n(X;#%s) = n(X1)+
1n(2s). Then recalling that K, = RP?#RP?, our previous results imply that n(/K,) = 0,0, %1
depending on the choice of Pin~ structure. This reproduces the results of (2.25) for the ABK
invariant.

A more fulfilling derivation of this result is to again consider the explicit Dirac spectrum. The
orientable double cover in this case is the torus 72, which we take to be rectangular with side
lengths 1 and 2. That is, 72 = R?/T for the lattice ' = Z ¢ 27Z. Taking 2' = (x,y) to be the
coordinates on the torus, we have (z,y) = (z + 1,y) = (z + 1, y + 2). The orientation-reversing
involution is 7(x,y) = (—z,y + 1). As was discussed in Section 2.2.4, of the four torus spin
structures only those which are periodic in the y-direction descend in the quotient.

We first consider the spin structure periodic in . We begin by finding the eigenspinors of
the square of the Dirac operator, which is just the Laplacian, (iD)?> = —A. These can be easily

16The eigenspace decomposition is simply the spinor spherical harmonics. One way to quickly derive the eigen-
values is to use the operator-state correspondence of a free massless Dirac fermion in dimension d + 1. There, the
(absolute value of the) eigenvalues of the Dirac operator on S¢ are the dilatation eigenvalues of the single-particle
operators of the form 9 - - - 9, which are therefore given by n + d/2.
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constructed as
A . , ey 1
uy(2') = fo(x) U, f,(z") =P with p, e =Z@ 52 (D.12)

where f,(z') are the eigenfunctions of the Laplacian, with momenta taking values in the dual
lattice ['*, and W a covariantly constant spinor. We can also construct eigenfunctions for the spin
structure antiperiodic in z by letting the momenta take values in I = (Z+ %) P %Z. In both cases
it is easy to check that

(iD)*u(z") = 4n°p* u(z") . (D.13)
In terms of the u(x") we can construct the eigenspinors of the Dirac operator as

vE(2") = £2n|p|u(z’) +iDu(z’) ,  with iDv*(2') = £27|p|v*(2") . (D.14)

This spectrum is clearly symmetric, and hence if there are no zero-modes the 7-invariant van-
ishes. The only case in which there are zero-modes is the case of periodic spin structure in both
directions, and then the multiplicity of the zero-mode is two so that (T2, orgr) = 2, as we know.

To get the corresponding results for the Klein bottle, we now keep the portion of the spectrum
with fixed 7 eigenvalue. To do so, it is useful to choose an explicit representation for the gamma-
matrices, say as 7; = o3 and v = o7. Then in addition to acting on (z, y) in the manner shown
above, the involution 7 acts as o on spinors. With this, it is easy to show that the eigenspinors with
fixed eigenvalue under 7 have p; = 0, and hence require periodic spin structure in the x-direction.
Defining n := 2p,, the remaining spectrum is

E = +mx|n| with multiplicity 1 and 7=F(-1)", (D.15)

with the zero eigenvalue having multiplicity 2.

Two of the Pin~ structures of K, lift to antiperiodic spin structure in the z-direction, and
consequently have vanishing n-invariant. The remaining two Pin~ structures lift to periodic spin
structure in the z-direction, and correspond to the two different eigenvalues for 7. The resulting
7n-invariants are

r=+1:  p(K,) = lim 2 (:F PICREESY e—m> =71, (D.16)

e—0t
ne2N ne2N+1

reproducing earlier results.

D.3 Quadratic forms and enhancements

Let us now make contact between index theory and the combinatoric definitions of Arf and ABK
given in (2.7) and (2.21). In order to do so, we first rewrite the quadratic form ¢(a) and enhance-
ment ¢(a) in terms of indices.

We start with the oriented case. We consider

G(a) :==C((c+a)—((oc) mod 2 (D.17)
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for a given spin structure o, where (o) is the number of zero modes of the positive-chirality Dirac
operator. We now verify that this is the quadratic refinement of the intersection form, i.e. the
relation (2.6) is satisfied. To do so, we must check that

C(a~|—a+b)—|—C(J+a)+C(a—|—b)+C(0):/aub mod 2 (D.18)

holds. We note that the left-hand side is (1), the mod 2 index with spin structure o for the
Dirac operator acting on a positive chirality spinor valued in a rank 4 real vector bundle V' =
€ + A+ B + AB, where € is a trivial real line bundle and we have w;(A) = a, wi(B) = b,
and w;(AB) = a + b. From this definition, it also follows that w; (V') = 0 and wy(V) = a U b.
Therefore, V' is topologically equivalent to /7 & L, the direct sum of a rank 2 real trivial bundle /7
and a complex line bundle L with ¢1(L) = wy(V) mod 2. This is because real vector bundles on
a Riemann surface are classified topologically by their rank and Stiefel-Whitney classes. Clearly
((H) = 0 modulo 0, so we have ((V) = ((L). Under the U(1) rotating L, the zero-modes
of L have charge +1, with respective numbers n.. We then have ((L) = ny +n_ mod 2.
By complex conjugation, we can replace a charge —1 mode of positive chirality with a charge
+1 mode of negative chirality. Let m. denote the number of positive/negative chirality modes
of charge +1. Then we have no = m, and hence (L) = m, — m_ mod 2. The right-
hand side is now the index of the Dirac operator acting on L, which by the index theorem is
Ja(L) = [we(V) = [aUb mod 2. We then conclude that ((V) = [aUb mod 2, thereby
confirming (D.18).

With the definition (D.17), it is now simply to check that our combinatorial definition (2.7) is
consistent with the definition (D.5). We have

(_1)Arf(z,a) _ 1 (_1)<(a+a)f<(0)
|H1(Z7ZQ>| acH(Z,Z3)
1
— (—1)¢@ - (=1)¢@ ] (D.19)
|H1(2a22)‘ acH(Z,Z5)

The term in parenthesis can be shown to square to 1 using steps analogous to those used for the
combinatorial definition, and one can then fix the result to +1 by checking an explicit example.
We now move on to the Pin~ case. In that case we define the quadratic enhancement ¢(a) as

q(a) = (0 +a) —((c) mod 4 (D.20)

where ¢ is now a Pin~ structure. We must check that (2.22) is satisfied by this definition. To
do so, let us first prove this in the special case of ¥ = RP?. There is then only one non-trivial
possibility for a and b, namely w;. The identity (2.22) is trivially satisfied unless a = b = wy, so
we focus on that case. Then noting that ¢(0) = 0, the identity we wish to prove is

q(wy) = /wf =1 mod 2. (D.21)
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Figure 5: A bordism between RP? x ¥ and itself, with a real vector bundle V on it. The blue line
represents the Poincaré dual of wq (V7).

We now use the fact that ¢(w;) = n(0’) —n(c) mod 2. As we showed in the previous subsection,
for RP? one of the two n-invariants is +%, while the other is —%. Either way, we conclude that
g(wy) =1 mod 2, thereby confirming the identity.

To prove the identity in generality, we now make use of bordism invariance. What we would
like to prove is

C(0+a+b)—C(U+a)—C(0+b)+C(J):2/an mod 4 . (D.22)

Equivalently, this is
(V') —n(V) =2 / wy(V') mod 4 (D.23)

where V' is a rank 8 trivial bundle and V" is a rank 8 bundle with w; (V") = 0 and wy (V') = a Ub.
Recall that in two dimensions wo (V) is Poincaré dual to a point, while in three dimensions it is
dual to a curve. Then consider a bordism from RP* x X to itself by means of a connected sum, as
shown in Fig. 5. In the figure, we have drawn a curve that starts at RPP? on the top left and goes
down to 3 on the bottom right. Consider a real vector bundle V'’ such that w (V") is Poincaré dual
to this curve. This gives a bordism between RP* x ¥ with w,(V’) = 1 on RP? and 0 on ¥, and
RP? x ¥ with wy(V’) = 0 on RP? and 1 on X. Because (D.23) is unchanged by this change in
V’, it must hold for any X, thus proving the claim.

E 0%, (pt) via the Atiyah-Hirzebruch spectral sequence

In this appendix we analyze the Atiyah-Hirzebruch spectral sequence (AHSS) for U§<:2’3(pt) for
X = Spin X Zs, Pin®, and DPin. Except for the last case X = DPin the outcome is well-known;
we include the computations here just to illustrate the method.

To write down the E» page, we will need the groups H?(X, Ug;,(pt)). More concretely, we

need H*(BZy X BZsy,Zs) and H*(BZs x BZs,U (1)), where the underline signifies that the first
Zs acts on U(1) by complex conjugation and the second acts trivially. The first is standard: we
have

H*(BZy x By, Zy) = Zsw, a) (E.1)
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where w and a are the generators of H'(BZy X BZy,7s) = H'(BZy,Zs) ® H'(BZy,Zs). As
for H*(BZs x BZ5,U(1)), they are determined as an abstract group in e.g. Appendix J.6 of [93];
in particular all elements are annihilated by 2. For our purposes we will need more detailed data.
We note that the short exact sequence

0—Zy —5 U(1) 25 U(1) = 0 (E.2)

leads to the long exact sequence

.o+ 24 HYY(BZy x By, U(1)) -2 HYBZy x By, Z,)

— HYBZy x BZ,,U(1)) =5 HYBZy x BZy,U(1)) - --- (E.3)

Since 2- annihilates everything, we see that H%(BZy x BZ,,U(1)) is a quotient of H%(BZy x
BZ,,7,) by the image of the twisted Bockstein 3 = Sq' +w. Therefore we find

H°(BZy x BZ,,U(1)) = U(1), (E.4)
H'(BZs x BZy,U(1)) = Zy = <1<‘Z}§L> , (E.5)
H(BZy x BZy,U(1)) = 73 = % , (E.6)
H(BZy x BZy,U(1)) = 72 = w’, &?wﬂ:ﬁ; @) , (E.7)
HY(BZy x BZ,,U(1)) = Z3 = W, wha, w'e’, wa’, a’) (E.8)

— (w2a(a +w),a®(a +w))

This data can be checked e.g. by noticing that in this low degree range H%(BZ, x BG,U(1))

with T': Zgy x G — Z given by T = w equals UY, .....a( BG). The generators of Qurorentd( 37,
can be taken to be e.g. S with nontrivial Z, bundle for d = 1, RP? with and without nontrivial Zy
bundle for d = 2, (RP? with and without nontrivial Z, bundle) x (S* with nontrivial Z, bundle)
for d = 3, and RP* with and without nontrivial Z- bundle, and RP? x RP? with nontrivial Z- on
the first factor for d = 4. We can then evaluate all elements of Zs[w, a] on the generators with the

identification that w is w; of the manifold and a is w; of the Z5 bundle.

With this information, we can now proceed to the calculation of the relevant groups. Be-
fore computing Uf p;, (pt), we illustrate the technique in the known examples of U¢,;, (BZ,) and
0¢._ . (pt). Below, the image of ¢ : Zy — U(1) is denoted by prefixing by 3, since {0, 3} € U(1).
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zSSpin (BZQ)
The E, page needed for obtaining Ogpin (BZs) is

Lo | Ly | Ly | 7y
Lo Lo | Lo | Zy | Zo
U(1) | 52, 522
o [ 11213 74]p

(E.9)

ol |w|a
N
no

This can be found from the data given above by forgetting the pieces involving w. The differential
dy starting from EY? with p + ¢ < 4 turns out to be zero. The F3 page is then

Zo | 2| 7 |7
Lo | Lo |Zo| 7 |7
U(1) | 32 7y
o | 1]2] 3 [4]p

(E.10)

ol wla
N
[\v}

The only possibly nontrivial ds is d3 : Eg 2 Eg”o but a special property of untwisted bordism
says that every d,, starting from E% is zero. (This fact is explained below Theorem 9.10 of [82].)
Then this is also the E, page, and £79 with p 4+ ¢ < 3 cannot change any further.

From this we read off that ngin (pt) for d = 1,2, 3 contains 4, 4, and 8 elements, respectively.
This agrees with known results.

Opin- (1)
The E» page in this case is
q
3
21 Zg |w| w? |w?| w*
1| Zy |w| w? | w?| w? E1D
1 1
0 U(l) §w2 §w4
0 1] 2 3 4 |p

This can be found from the data given above by forgetting the part involving a. For d; starting
from ¢ = 2, one has d? = Sq* +w (V) Sq' +ws(V) = Sq® +wSq'. Then since Sq?(w?) =
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(Sq' w)(Sq' w) = w? and Sq* (w) = w?, we find
d5(1) = d3(w®) =0, ds(w) = w* ds(w?) = w* . (E.12)

On the other hand we have d% = % Sq2, and hence

1
dy(1) = dy(w) = dy(w*) =0, dy(w?) = §w4 : (E.13)
Then the E'3 page is

q

3

21 Z, 217

(E.14)
1 ZQ w ?
01U Tw?
0O |1 2 |3|4|p

This predicts [0, _(pt)| = 2,8,0 for d = 1,2, 3, in agreement with known results.

ZSPin‘*' (pt)

The E5 page in this case is

q
3
21 Zg |w| w? |w?| wt
1| Zy |w| w? | w?| w E.15)
0 U(1) Tw? sw?
o [1] 23] 4 [p

This is obtained from the previous data by setting w = a. We then have d? = Sq* +w, Sq' +w; =
Sq? +w Sq* +w?, and so

d3(1) = w?, d3(w) = d3(w?) =0, da(w?) = w’ . (E.16)
On the other hand d} = 1 Sq® +1w? and hence
| L s 1 L 3 10,2 DN S
dy(1) = W, dy(w) = SW dy(w*) =0, dy(w’) = W (E.17)
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Then the E'3 page is

q
3
2 w|w?| ? ?
1 - 1 (E.18)
0|l U1) Tw?
o [1]2]3] 4 [p
This predicts |Udpin+ (pt)| = 0,2,2ford = 1,2, 3, in agreement with known results.
Obpin(pt)
We finally arrive at the case of interest. The £ page is
q
3
21 Zy |w,a w?, wa, a’ w3, w?a, wa?, a® wt, .
1 Zy |w,a w?, wa, a? w3, w?a, wa?, a® w?,
0|UQ1)| sa | 3w? jwa = 36 sw?a, ta® swh, Jwla = sw?a?, wa® = La
0o | 1 2 3 4 q
(E.19)
We have d? = Sq* +w Sq' +wa and d} = 1 Sq® +Lwa. Then the F; page is
2 273 2
q
3
2 a ? ? ?
. P 5 5 (E.20)
01 UQ)|3a|zw?| 36| tw* =1twda = jw?d?, jwa® = La*
0o 1] 2|3 4 q

At this point we see that there can be at most four elements in U%p;, (pt) and eight elements
in Up,, (pt). We already know a subgroup Zy x Zj of Udp;,(pt), generated by (—1)/ i and

(—=1)A™() | and thus we conclude that U2, (pt) = (Z3)%. We also know that the anomaly of
Majorana fermion on unoriented surfaces form Zg, so we conclude that U3)p;, (pt) = Zs.
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F 0%, (pt) via the Adams spectral sequence

In this appendix'’, we compute Uy, (pt) for d < 6 a different way, using the Adams spectral
sequence. Though computations with the Adams spectral sequence are often difficult, the prob-
lem simplifies greatly when computing twisted spin bordism groups €2, thanks to a technique
that first appears in Davis’ thesis [94] and builds on work of Stong [95] and Anderson-Brown-
Peterson [96].

We highly recommend Beaudry and Campbell’s paper [97] for a detailed introduction to this
method of computation and the ingredients that go into it, as well as several worked examples.
We assume familiarity with the definitions and notation they give.

Theorem F.1. The low-degree dpin bordism groups are: QFT™ = 7,/2, QPYin =~ 7,/2 (DPin ~
Z)2@ 7)2, QPP = 7,/8, QPP = 7,79 4 7,/2, QPP 2 0, qnd QPP = 7,/2 @ 7,/2.

For any finite abelian group A, there is a (noncanonical) isomorphism A = Hom(A, U(1)),
so this also computes Uf . (pt) for 0 < d < 6, and agrees with the calculations made in Ap-
pendix E. Recall from Sec. 6.2 that a dpin structure is equivalent to a choice of two real line
bundles Ly, Lo — M and a spin structure on

TM @ (L ® Ly) @ (L)%, (F.2)

One consequence is that if MTDPin denotes the Thom spectrum for dpin structures, so that
me(MTDPin) = QPF™ | then

MTDPin ~ MTSpin A (BZ/2 x BZ/)2)% 123024, (F.3)

The second summand, (BZ/2 x BZ/2)L1L235274 which we denote X to tame the notation, is
the Thom spectrum of the virtual vector bundle

V= (L ® Ly) ® (Ly)®® — R* — BZ/2 x BZ/2. (F.4)

By (F.3), QPPin o~ Fvin (X,

We will compute ﬁipin(X ) for 0 < k < 6 for our X using the Adams spectral sequence,
employing a standard trick to work over A(1) := (Sq', Sq?) rather than the entire Steenrod al-
gebra. For details on how this works and many worked examples, see Beaudry-Campbell [97],
who carefully explain and summarize how to use the Adams spectral sequence for these kinds
of computations. The idea is that we must determine H*(X;F,) as an A(1)-module. Then, the
Es-page of this Adams spectral sequence is

B3 = Ext3, (H*(X;Fy), Fa). (F5)

(Definitions and notation are as in [97].) The spectral sequence converges to %t_s(X ) ® ZQ,
where ko denotes connective real K -theory and Z, denotes the 2-adic integers. Furthermore,

7This appendix was contributed by Arun Debray.
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whent—s <7, %t,s(X ) is isomorphic to Q5P (X)) [96]. We will show, for our particular choice

of X, prin(X ) lacks torsion for odd primes. Therefore tensoring it with Zs does not lose any
information. (In general, information can be lost when tensoring with ZQ, but that information
can be computed by other means.) This allows us to use the spectral sequence above to compute
QP (X) in the degrees of our interest.

Proof of Theorem F. 1. First we argue pri“(X ) has no p-torsion for odd primes p. In fact, we will
show that if p is an odd prime, ﬁfpi“(X ) ® F, = 0. For any finitely generated abelian group A,
the p-torsion subgroup of A includes into the p-torsion subgroup of A ® IF,, so this suffices.

By definition, Q"™ (X) 22 H,(MTSpin A X). Tensoring with I, the map

Hy(MTSpin A X) @ F, —s H(MTSpin A X;F,) (F.6)

is injective, by the universal coefficient theorem. The Kiinneth theorem computes H, (MTSpin A
X;F,) as a sum of tensor products of the form H;(MTSpin;F,) ® H;(X;F,), so it suffices to

show H;(X;F,) vanishes for all j. The twisted-coefficients Thom isomorphism tells us there is a
(in this case nontrivial) Z[Z/2 x 7Z/2]-module structure [, on F, such that

H;(X;F,) = H;(Z)2 x Z.]2;F,). (F7)

Maschke’s theorem implies that since #(Z/2 x 7Z/2) and p are coprime, and since IA?p is p-torsion,
Hi(Z/2xZ]2; IAE;Z;) vanishes in degrees j > 0. Using that 0*® group homology is the abelian group
of coinvariants, one can check directly that Hy(Z/2 x Z/2; ﬁp) = 0 as well. Thus Q5P(X) has
no p-torsion.

On to the Adams spectral sequence. First we determine H* (X;F,). As a graded abelian group,
this is characterized by the Thom isomorphism: if U € H 9(X;TFy) denotes the Thom class, cup
product with U is an isomorphism

(U-): H*(BZ/2 x BZ/2;Fy) — H*(X:F,). (E.8)

There is no degree shift because the virtual vector bundle V' — BZ/2 x BZ/2 (from (F.4)) has
rank zero. Let w := w;(L;) and a := wy(Ly) in H'(BZ/2 x BZ/2;F,); then

H*(BZ/2 x BZ/2;F») = Fylw, a. (F.9)
The A(1)-module structure on H*(X; F,) is determined by the following rules.

1. Sq"(U) = Uw;(V), where w; denotes the i*" Stiefel-Whitney class. In this case, w; (V) = w
and wy (V') = wa.

2. The Cartan formula determines the Steenrod squares of a product. We only need Sq* and
ng, for which the Cartan formula specializes to

Sq'(zy) = Sa' (z)y + 2 Sq' (y) (F.10a)
Sa*(zy) = Sq*(x)y + Sq'(x) Sq' (y) + = Sq*(y). (F.10b)
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3. From the axiomatic properties of Steenrod squares, Sq'(w) = w? Sq'(a) = a2, and

Sq*(w) = Sq*(a) = 0.

Using these three rules one can determine the action of Sq* and Sq? on any cohomology class of
X, as it is a sum of products of U, w, and a. This is routine, and indeed we used a computer
program to make these calculations. The answer is displayed in Figure 6.

12
11

10

U

Figure 6: This A(1)-submodule of H*(X;F,) contains all elements of degree at most 7. Each
dot represents an [F» summand, with its cohomological degree given by its height. The connecting
lines, resp. curves, indicate an action by Sq', resp. Sq?, carrying the lower dot to the upper dot.
This A(1)-module factors as several different summands; we give each summand a different color.
In the generators of the orange summand, o := w?a + a® and 3 = w®a + wa® + w?a® + a”.

From this figure, we see that, as an .A(1)-module, H *(X;TFy) splits into several summands.
All summands pictured except the orange summand are isomorphic to shifts of A(1). The orange
summand, i.e. the one that contains Ua, continues above what we draw in Figure 6 and is isomor-
phic to the mod 2 cohomology of the spectrum M O(1), the Thom spectrum of the tautological line
bundle ¢ — BO(1) (see [97, Figure 4]); therefore we denote that summand by //*(1/0(1)).'8
Specifically,

H*(X:F>) 2 AD)@H (MO(1)eS* A1) @S A(DaX A1) @2l A1) @l A1) P, (F.11)

where P has no elements of degree less than 8. Hence, below degree ¢ — s = 8, the Es-page
of the Adams spectral sequence (F.5) is the direct sum of the F,-pages of the summands other
than P, and these have all been calculated. For ¥ A4(1), there is a single I, summand in bidegree

18Strictly speaking, we have only calculated this summand up to degree 12, and it could differ from H *(MO(1))
in larger degrees. This would only affect the E»-page in degrees larger than we use and display in (F.12), so the
calculation is the same in either case.
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s=0,t=k;for 1" (MO(1)), see [98, Example 6.3]. Putting these together, the F5-page for this
spectral sequence is

3

2 °

1 ° e (F.12)
0 e o o o oo L X

0 1 2 3 4 5 6

In this diagram, the z-axis is ¢t — s and the y-axis is s. Therefore a differential d,, moves one degree
to the left and  degrees upwards. Each dot represents an [F; summand of the Es-page; the different
colors indicate which summands of H* (X;Fy) are responsible for which data on the Ey-page. The
E5-page carries an action by Ext:?l) (Fy, Fy). The vertical lines indicate action by an element hy €
Exti{%l) (Fy,Fy), and the diagonal lines indicate action by h; € Exti&l) (Fy, Fy); see [97, Example
4.1.1] for more on hg and h;. All differentials are hy- and h;-linear, i.e. d,.(h;x) = h;d.(x)
(¢ = 0,1). In this example, the only differential within the range displayed in (F.12) that could
be nonzero is the ds from bidegree (4, 0) to bidegree (3, 2). Often, ho- and h,-linearity allow one
to deduce that differentials vanish, but this does not provide any information about this ds, so we
have to do something different.

There will also be a question of extension problems: the line t — s = k is the associated
graded of a filtration, possibly nontrivial, on ﬁipm (X). This in particular introduces an ambiguity
in Q5P(X): it could either be Z/2 @& Z/2 or Z/4. Fortunately, when we show this ds vanishes in
Corollary F.16, we will also be able to resolve this ambiguity.

Recall that a dpin structure on M is data of two line bundles L, Lo, — M and a spin structure
onTM @ (L ® L) ® (Ly)®3. Computing w; and ws of this bundle with the Whitney sum formula
shows that if (M, Ly, L,) has a dpin structure, wi (M) = w; (L) and we (M) = wq (M) (wi (M) +
wy(Lg)).

Lemma F.13. The assignment from (M, Ly, Ly) to a smooth representative of the Poincaré dual
of wi(Ly) € H'(M;Z/2) induces a map Dy, : Q7™ (X) — Qbn"

Proof. These kinds of arguments are standard in bordism theory (e.g. [24,25,27]), so we will be
succinct. Leti: N < M be a smooth representative for the Poincaré dual of w;(Ls) and v — N
be the normal bundle; then w(v) = 1+ w;(Ls). Using the short exact sequence 0 — TN — v —
TM|n — 0 and the Whitney sum formula, we get

wi(N) =" (wy (M) + wi(Ls)) (F.14a)
wa(N) = " (wa(M)) + wi(N)w; (v) (F.14b)
= i* (w1 (M)? + wi (M)wy (Ly) + (wy (M) + wi(La))wy (Ls)) (F.14c)
= i* (w1 (M)? + wy (Ls)?) (F.14d)
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_ wl(N)Q, (F.14e)

so /N admits a pin~ structure; a choice of pin~ structure amounts to the additional data of a
nullhomotopy of the map wy + w?: N — K(Z/2,2). A choice of dpin structure on (M, Ly, Ly)
includes (up to a contractible choice) data of nullhomotopies of the maps w; (M) +w;(Ly): M —
K(Z/2,1) and wo (M) +wy (M) (wy (M) +wi(Ls)): M — K(Z/2,2); via (F.14a), this induces a
nullhomotopy of the map w1 (N) + i* (w1 (M) 4+ wi(Ls)): N — K(Z/2,1), which then induces a
nullhomotopy of wy+w?: N — K(Z/2,2) via the rest of (F.14). The proof of bordism invariance
of this construction is as usual. [

Dy, 1s an example of a Smith homomorphism. For a general discussion of Smith homomor-
phisms, see e.g. [25, §4].

Lemma F.15. The image of Dy, : ﬁgpin(X ) — QYT =2 7,/8 contains a generator of 5™ .

Proof. Leta € H 1(]RIP’3; [F,) be the generator. Let L; — RP? be trivial and L, — RP? be the
tautological bundle, so w;(L;) = 0 and w;(L;) = a. Since w(RP?) = (1+a)* =1 +a* =0,
wi (RP?) = 0 = wy (L) and wy(RP?) = 0 = wy (RP*)(w, (RP*)w;(Lsy)). Hence (RP?, Ly, L)
admits a dpin structure; choose one.

The standard embedding RP? — RP? represents the homology class Poincaré dual to a, so
Dy, (RP? Ly, Ly) is the pin~ bordism class of RPP? with one of its two pin~ structures. Kirby-

Taylor [27, §3] describe how to show that RIP? with either choice of pin~ structure generates
Qpin~ 0

Corollary F.16.
1. Q5P™(X) 22 Z/8, 50 the dy noted above vanishes.

2. The extension

0 7.)2 Q5P (X)) 7.)2 0, (E.17)

/

which comes from the Adams filtration on Q5P™ (X), splits.

Proof. For (1), let 7,y be elements on the F,-page, i.e. elements of the associated graded of the
Adams filtration. It is a general fact about the Adams spectral sequence that if hgZ = 7, then
there are preimages x,y € ﬁfpin(X ) of T, resp. ¥, such that 2z = y. For example, supposing
the ds of interest were nonzero, the line t — s = 3 on the F,-page (i.e. the associated graded
of ﬁgpin(x )) would contain exactly two Z/2 summands linked by an hg; hence there would be
NONZero T, Ty € ﬁgpi“(X) with z; = 225, so §§Pi“(X) 2 7Z/4. On the other hand, if dy = 0,
there would be three Z /2 summands linked by hgs, so there would be nonzero x1, xs € §§Pi“(X )
with z; = 45, and hence Q5P™(X) would be Z/8. That is, Q5P (X) is isomorphic to either
Z/8, if the ds in question vanishes, or Z /4, if that ds does not vanish. Lemma F.15 says §§Pi“(X )
admits a surjective map to Z/8, so Z/4 does not work.

Onto (2). Like in the above case with hy, it is a general fact about the Adams spectral sequence
that if hy= = 7, then one can choose preimages x and y in ﬁfpm(X ) such that ) - x = y, where
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n is the generator of 1S = Z/2. (Concretely, if x is the dpin bordism class of some manifold
M, then 7 - x is the bordism class of S x M, where S has the dpin structure induced from the
nonbounding framing.)

If the extension in (F.17) did not split, then ﬁipi“(X ) would be Z/4 rather than Z/2 & Z/2.
However, we can rule this out: suppose it were Z/4, and let = be a generator. Then the image
of x in the associated graded of Qipi“(X ) (i.e. the t — s = 2 line of the Adams E -page) is
the nontrivial element of the yellow 7. /2 summand in bidegree (2, 0), and the image of 2z is the
nonzero element of the orange 7./2 summand in bidegree (2, 1). The h;-action carries this to the
nonzero element of the orange 7./2 summand in bidegree (3,2), so n - 2z # 0. Since 2 = 0,

however, this is a contradiction, forcing Q5P™(X) =~ Z/2 & Z,/2. O

There can be no more nontrivial differentials or hidden extensions in the range shown in (F.12),
so we are done. ]
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