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1 Introduction

Non-supersymmetric string theories provide a rich framework for exploring quantum gravity
and its consistency constraints in scenarios where supersymmetry is absent, and have seen a
resurgence of interest, see, e.g., [1–40]. In light of these efforts, a deeper and more thorough
understanding of these string theories is clearly desirable.

In this work we focus on the 10d Sugimoto model [41], which can be constructed from
type IIB string theory with a spacetime filling orientifold plane with positive tension and
Ramond-Ramonod charge (an O9+). This setup which bears close resemblance to type I
superstring requires 32 9-branes to cancel tadpoles. The notable differences to type I is that
the positive RR-charge of the O9+ requires anti-D9s, which breaks spacetime supersymmetry
in the open string sector. Moreover, the different orientifold action leads to a spacetime
usp(32) ≡ sp(16) gauge symmetry, as opposed to so(32) in type I. Another similarity to
type I is the anomalous chiral fermion spectrum, which necessitates a Green-Schwarz (GS)
mechanism. Our goal then will be to show that a consistent anomaly cancellation in this
fashion also implies the gauge group to be Sp(16)/Z2.

The main players that tie together these two aspects are the 1- and 5-branes that
couple electromagnetically to the chiral 2-form gauge field B2 required by the Green-Schwarz
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mechanism.1 Namely, the GS-cancellation of the 10d chiral anomaly, captured by the
factorizable anomaly polynomial I12 = X4 ∧X8, induces an anomaly inflow onto the branes.
Being dynamical defects in the 10d bulk themselves, quantum consistency of the overall
system requires the anomaly of the worldvolume degrees of freedom, arising from open strings
ending on the defects, to cancel this inflow [43]: I4 = X4 for a 1-brane and I8 = X8 for a
5-brane. While this condition is long-known to be met by the charged defects in type I [44, 45],
it has not been explicitly shown for the Sugimoto model before. While completely analogous
to type I, our analysis in this paper shows that, due to the exchanged so- and sp-Chan-
Paton factors on the 1- and 5-branes, a consistent inflow in the Sugimoto model requires
different normalizations of X4/8 compared to type I.2 This leads, in particular, to different
6d Green-Schwarz terms on the 5-branes of type I and the Sugimoto model.

The same localized degrees of freedom that facilitate the consistent inflow matching also
provide a non-perturbative access to the gauge group topology of the 10d effective theory.
This information is relevant, e.g., to understanding string dualities and the structure of
the moduli space after compactification, as is evident from analogous results in type I [46].
However, the perturbative spectrum (perturbative from a spacetime effective gauge theory
perspective) of both type I and the Sugimoto model contains only massless fields in center-
invariant representations and thus cannot distinguish between different global forms of the
spacetime gauge group. On the other hand, the spectrum on the branes constrained by
inflow may give rise to spacetime excitations that transform non-trivially under the center.
The prime example that inspire our subsequent study is the 0-brane in type I, which are
stable non-BPS particles transforming the spinor representation of so(32) [47–49], and were
needed to corroborate the type I/heterotic duality. To see the spinor representation, one
must quantize the open string modes on the 0-brane worldline [50], whose analogues on the
1- and 5-branes are precisely the chiral fields supplying the anomaly.

In the absence of stable 0-branes in the Sugimoto model [41], it was speculated [30]
that the gauge group is Sp(16)/Z2. By explicitly quantizing the fermion zero modes of the
Green-Schwarz defects (i.e., the 1- and 5-branes) as well as the uncharged stable 4-brane
along the lines of [50], we confirm the absence of center-non-invariant representations, thus
providing strong support for the non-simply-connected gauge group topology. We also point
out a potential “S-like duality” of the Sugimoto model to non-supersymmetric heterotic
strings based on this gauge group.

Motivated by the important role the Green-Schwarz defects play in the consistency of
the Sugimoto model, we also perform a bottom-up study of anomaly-inflows of effective
10d sp(16) gauge theories coupled to gravity. In this analysis, we allow for the spacetime
theory to have varying massless chiral spectra compatible with a Sp(16)/Z2 group, require
chiral anomalies to be cancelled by a GS-mechanism. Allowing also for a varying chiral
spectrum on the associated 1- and 5-branes (though fixed to have the same gauge algebra

1These defects are inherited from the D1-/D5-branes of type IIB, and are typically also referred as such in
the literature. However, the objects that survive the orientifolds, both in type I and the Sugimoto model,
may be more appropriately described by bound states of two D-branes [41, 42]. To emphasize this possible
difference between pre- and post-orientifold branes, we use p-branes rather than Dp-branes for the latter.

2This comparison is sensible because the 10d anomaly polynomial of type I and the Sugimoto model are
identical upon exchanging so(32) and sp(16) characteristic classes.
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as in the Sugimoto model), we find that matching the inflow is strong enough to eliminate
all possibilities but the one matching the Sugimoto model within the classes of models we
consider. In the absence of any supersymmetry that can completely fix the massless spectrum,
this serves as evidence that the Sugimoto model may be the only consistent realization of
a 10d effective Sp(16)/Z2 gauge theory coupled to gravity.

The rest of the paper is structured as follows. In section 2 we explicitly verify a
consistent anomaly inflow onto 1- and 5-branes required to cancel the 10d chiral anomaly via
a Green-Schwarz mechanism, and point out the similarities and differences between type I and
Sugimoto. The required worldvolume fermion spectra is then, in section 3, shown to give rise to
spacetime excitations compatible with gauge groups Spin(32)/Z2 and Sp(16)/Z2, respectively.
In these sections we perform the analysis of the Sugimoto model, which leads to novel results,
alongside an analysis of type I, given their many similarities. In section 4, we instead focus
solely on the bottom-up study of anomaly matching constraints with sp(16) gauge symmetry.

2 Anomaly inflow in orientifolds of IIB

In this section we will revisit the Green-Schwarz mechanism in type I and the Sugimoto
model and the associated anomaly inflow.

2.1 Chiral anomalies and the Green-Schwarz mechanism

Despite the major difference in the amount of supersymmetry, the two orientifolds of type IIB
have similar gauge sectors and, in fact, identical anomaly polynomials. While the gauge
algebras of type I and the Sugimoto model are so(32) and usp(32) ≡ sp(16), respectively,
the fermion spectrum in both cases can be summarized as follows:

fields gB-rep chirality

ϕ (“gaugino”) +

ψ (gravitino) 1 +

λ (dilatino) 1 −

(2.1)

While for gB = so(32) the anti-symmetric representation (denoted using the usual Young
tableau notation) is the adjoint 496, it decomposes into = 495 ⊕ 1 for gB = sp(16).3 The
singlet is the goldstino associated with supersymmetry breaking in the open string sector of
the Sugimoto model. The closed-string sectors are identical, and give rise to the gravitino and
dilatino (retaining the names also in the Sugimoto model despite broken supersymmetry).

These fermions contribute to the chiral anomaly of the theories. The individual fields
have the standard anomaly polynomial of a Weyl fermion in d dimensions [51],

Iχd+2 = ±1
2
[
Â(R) chρ(F )

]∣∣∣
d+2

, (2.2)

where Â(R) is the A-roof genus of the Riemann curvature 2-form R, chρ(F ) is the Chern
character of the so(32)/sp(16) field strength 2-form F in the representation ρ of the field χ;

3For sp the adjoint representation is the symmetric tensor product of the fundamental; ϕ can therefore not
be the superpartner of the gauge bosons, consistent with supersymmetry breaking in the Sugimoto model.
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the overall sign depends on the chirality and the factor 1/2 is due to the fact that all fermions
under consideration are Majorana-Weyl. See appendix A for more details and conventions.
The full anomaly polynomial for the 10d chiral anomaly is therefore

I fermions
12 = Iψ12 + Iλ12 + Iϕ12

= 1
4 × 192

(
trR2 − trF 2

)(
8 trF 4 − trF 2 trR2 + trR4 + 1

4
(
trR2

)2
)

≡ X4 ∧X8 ,

(2.3)

with

X4 = c

4(trR2 − trF 2) = c

(
−p1(R)

2 − trF 2

4

)
,

X8 = 1
192c

(
8 trF 4 − trF 2 trR2 + trR4 + 1

4
(
trR2

)2
)

= 1
c

(
3p2

1(R) − 4p2(R)
192 + p1(R) trF 2

96 + trF 4

24

)
.

(2.4)

The normalizations here are intentionally left unspecified, as they will differ between type I
and the Sugimoto model.

The fact that I12 = X4 ∧X8 factorizes makes a cancellation of the anomaly via a Green-
Schwarz (GS) mechanism possible. For this, there needs to exist a dynamical 2-form U(1)
gauge field B2 which transforms under the anomalous gauge transformations as δB2 = −X2,
which satisfies the descent conditions X4 = dX3, δX3 = dX2. Then, by adding the coupling

SGS =
∫
B2 ∧X8 (2.5)

to the action, the descent procedure leads to the anomaly

δSGS = −
∫
X2 ∧X8

descent−−−−→ IGS
12 = −

∫
X4 ∧X8 , (2.6)

which cancels the chiral anomalies from the fermions, I fermions
12 + IGS

12 = 0. In both type I and
the Sugimoto model, the closed string RR 2-form B2 of IIB which survives the orientifold
precisely fills this role. Note that the descent equation is equivalent to the Bianchi identity,
dH3 = X4, where H3 = dB2−ωCS is the gauge-invariant combination of the RR field strength
and the Chern-Simons 3-form.

A crucial consistency condition is matching the spacetime anomalies via inflow with the
anomalies localized on the defects that are charged under the 2-form participating in the
Green-Schwarz mechanism. These defects are the strings (1-branes) and 5-branes that the
orientifolded models inherit from D1-/D5-branes of type IIB. In the following, we shall verify
that the inflow indeed matches the anomalies of the worldvolume theories, which hinges on
the correct normalization in (2.4). Though for the 5-brane the computations are analogous
to inflow in type 0 and heterotic string theories [45, 52], it is, to our knowledge, the first
explicit demonstration for the Sugimoto model.
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2.2 Anomaly inflow onto charged defects

Anomaly inflow is a general feature when defects carry (electric or magnetic) charge q under
a p-form Bp which is non-invariant under gauge symmetry transformations. For a continuous
gauge transformation δBp = −Xp, which is the relevant type for us, the coupling q

∫
Σp
Bp

induces an anomaly on the worldvolume Σp of the defect, which is characterized by the
anomaly polynomial I inflow

p+2 = −qXp+2|Σp , which is related to Xp via descent. Consistency
then requires that this inflow is cancelled by the worldvolume dynamics with anomaly
polynomial Ip+2, I inflow

p+2 = −Ip+2.
The effective gauge theories that capture the worldvolume anomalies on the 1- and

5-branes depend on the type of orientifold involution which acts on IIB. For type I, we have

• an gW = so(n) gauge theory on a stack of n 1-branes [53, 54];

• an gW = usp(2n) = sp(n) gauge theory on a stack of n 5-branes [42, 55].

Changing the orientifold projection effectively swaps the types of gauge algebras. In the
Sugimoto model, we thus have [41]

• an gW = sp(n) gauge theory on a stack of n 1-branes;

• an gW = so(n) gauge theory on a stack of n 5-branes.

Let us now turn to the spectra of these theories and compute the anomaly inflow.4

1-branes

Apart from the difference in the gauge algebra gW on the strings between type I and the
Sugimoto model, the two theories can be characterized in an identical way. The systems global
symmetries are the gauge algebra gB of the bulk theory, and the transverse rotations so(8)T .
The chiral spectrum is analogous between the two models. It contains three Majorana-Weyl
fermions which have the following representations under the gauge and global symmetry
algebras [41, 53]:

chirality so(8)T gB gW

χ(1) + 8c 1

χ(2) − 8s 1

χ(3) + 1 32

(2.7)

Note that for gW = so(n), the symmetric representation is reducible and decomposes into
the trace singlet and the symmetric traceless part, while for gW = sp(n) the anti-symmetric
representation is reducible, as mentioned above.

4Note that in type I, the 5-brane stack with gW = sp(n) is really a stack of 2n type IIB D5-branes (or, n

pairs of D5 and image-D5), which due to the orientifold move in pairs [42]. Applying the logic to the orientifold
action for the Sugimoto model “pairs” D1s instead of D5s [41]. At the same time, the orientifold also “halves”
the Dirac pairing between the D1s and D5s of IIB, so that ultimately the fundamental electric and magnetic
charges carry the listed gauge algebras with n = 1 in both models. This may be seen as a top-down derivation
of XSugimoto

4 = 2Xtype I
4 and Xtype I

8 = 2XSugimoto
8 , which we now verify via inflow.
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The anomaly polynomial of the worldsheet theory is then the sum of the individual
contributions of these fields,

I4 = Iχ
(1)

4 + Iχ
(2)

4 + Iχ
(3)

4 , (2.8)

with
Iχ4 = ±1

2
[
Â(R̃) chr(N) chRB

(FB) chRW
(FW )

]∣∣
4 . (2.9)

Compared to (2.2), the first two factors arise from the decomposition of the 10d tangent
bundle TM10|Σ2 = T Σ2 ⊕NΣ2 into the tangent and normal bundle of the string worldsheet
Σ2, with R̃ being the curvature of T Σ2 and N the curvature of the normal bundle NΣ2
(associated with so(8)T ). The field strength of the bulk/worldsheet gauge symmetry is FB/FW .
Finally, r is the representation under so(8)T , and RB/W is the representation under gB/gW .

The computation then proceeds straightforwardly. Following the conventions of ap-
pendix A, we find,

Iχ
(1)

4 =
dim

( )
2

(
p1(N) − p1(R̃)

3

)
− 2 tr F 2

W ,

Iχ
(2)

4 = −dim( )
2

(
p1(N) − p1(R̃)

3

)
+ 2 tr F 2

W ,

Iχ
(3)

4 = −2 dim( )
3 p1(R̃) − dim( )

4 n trF 2
B − 8 trF 2

W ,

(2.10)

where the traces without subscript are in the fundamental (vector) representation of gW . The
dimensionality and trace relations take identical expressions for so(k) and usp(k) = sp(k/2):

dim( ) = k , dim
( )

= k(k − 1)
2 , dim( ) = k(k + 1)

2 ,

tr F 2
W = (k − 2) trF 2

W , tr F 2
W = (k + 2) trF 2

W .
(2.11)

Using these, we find that the total anomaly is

I4 =
3∑
i=1

Iχ
(i)

4 =

−n
2 (p1(R̃) + p1(N)) − n

4 trF 2
W , type I (gW = so(n)) ,

−n(p1(R̃) + p1(N)) − n
2 trF 2

W , Sugimoto (gW = sp(n)) .
(2.12)

Considering that along the worldsheet Σ2, the decomposition of the 10d tangent bundle
leads to 1

2 trR2 = −p1(R) = −p1(R̃) − p1(N), we thus find the following anomaly inflow
onto a stacks of n 1-branes:

nX4|Σ2
!= −I inflow

4 = I4 =


n
4 (trR2 − trF 2

W )|Σ2 , type I ,
n
2 (trR2 − trF 2

W )|Σ2 , Sugimoto .
(2.13)

This fixes the normalizations in (2.4) to be c = 1 for type I and c = 2 for Sugimoto. This
subtle difference between type I and the Sugimoto model, which to our knowledge has not
been discussed in the literature, is tied to the different IIB orientifold projections and their
action on open strings, see also footnote 4.
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5-branes

The inflow onto the magnetically charged 5-branes with worldvolume Σ6 can be equivalently
described by the coupling ∫

Σ6
B6 (2.14)

to the gauge potential that is magnetically dual to B2. In the presence of the Green-Schwarz
term (2.5), the equations of motion for B2, dH7 = X8 with H7 = ∗H3, then implies that
δB6 = −X6 which descents to X8. With (2.3) and (2.13), the normalization of the 8-form
is fixed, and must be matched by the anomaly on 5-brane stacks.

The chiral fermions of the effective gauge theory description on a stack of n 5-branes are
symplectic Majorana-Weyl fermions in the following representations [42, 45, 53, 55]:

chirality so(4)T gB gW

φ(1) + 2+ 1

φ(2) − 2− 1

φ(3) + 1 32

(2.15)

Just as for the Majorana-Weyl fermions on the 1-branes, a symplectic Majorana-Weyl
contributes the anomaly 8-form Iφ8 = ±1

2
[
Â(R̃) chr(N) chRB

(FB) chRW
(FW )

]∣∣
8. A slightly

more tedious computation, using the results in appendix A, leads to the following anomaly
polynomials:

Iφ
(1)

8 = k(k − 1)
4

[
7p2

1(R̃) − 4p2(R̃)
2880 + 4p2(N) + p2

1(N) − 2p1(R̃)p1(N)
192

+ χ(N)[p1(N) − p1(R̃)]
48

]
+ k − 2

48
(
p1(R̃) − 3p1(N) − 6χ(N)

)
trF 2

W

+ 1
24
[
3(trF 2

W )2 + (k − 8) trF 4
W

]
,

(2.16)

Iφ
(2)

8 = k(k + 1)
4

[
4p2(R̃) − 7p2

1(R̃)
2880 − 4p2(N) + p2

1(N) − 2p1(R̃)p1(N)
192

+ χ(N)[p1(N) − p1(R̃)]
48

]
− k + 2

48
(
p1(R̃) − 3p1(N) + 6χ(N)

)
trF 2

W

− 1
24
[
3(trF 2

W )2 + (k + 8) trF 4
W

]
,

(2.17)

Iφ
(3)

8 = k

1440
[
28p1(R̃)2 − 16p2(R̃) + 15p1(R̃) trF 2

B + 30 trF 4
B

]
+ trF 2

W

(
trF 2

B

8 + p1(R̃)
3

)
+ 2

3 trF 4
W ,

(2.18)

where we recall that k = 2n for type I (gW = sp(n)), and k = n in Sugimoto (gW = so(n))
with a stack of n 5-branes.
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Summing these contributions, and using the behavior (A.4) of Pontryagin classes under
the tangent bundle decomposition TM |Σ = T Σ ⊕ NΣ, we find

I8 = k

2

(
3p2

1(R) − 4p2(R)
192 + p1(R) trF 2

B

96 + trF 4
B

24

)

+
(
−1

2p1(R) − 1
4 trF 2

B + k

2χ(N)
)(

k

48(2p1(N) − p1(R)) − trF 2
W

2

)
.

(2.19)

Comparing with (2.4), we see that the first line is ck
2 X8 = nX8 (since c = 1 for type I

and c = 2 for Sugimoto).
The origin of the second line is explained in the type I (and its heterotic dual) setting [44,

45, 56, 57] (see also [30]), essentially tracing back to a 6d Green-Schwarz term
∫

Σ6
B2 ∧ Y4

on the 5-brane worldvolume where the 2-form is identified with the restriction of the 10d
2-form onto the worldvolume. By properly taking into account the 5-brane source in the
equation of motion for H3 in spacetime, one can also explain the presence of the Euler class
term, leading to the contribution I

(GS)
8 = −(X4 + nχ(N)) ∧ Y4 to the worldvolume anomaly.

Then the second line of (2.19) becomes(
−1

2p1(R) − 1
4 trF 2

B + k

2χ(N)
)(

k

48(2p1(N) − p1(R)) − trF 2
W

2

)

type I= (X4 + nχ(N))
(
n

12p1(N) − n

24p1(R) − trF 2
W

2︸ ︷︷ ︸
=:Y (I)

4

)
= −I(GS)

8 .
(2.20)

This gives the well-known inflow

I inflow
8 = −(I8 + I

(GS)
8 ) = −nX8 . (2.21)

For 5-branes in the Sugimoto model, the inflow works in the same fashion, except that
we find slightly different numerical factors for the 4-form Y4 in the 6d Green-Schwarz term:(

−1
2p1(R) − 1

4 trF 2
B + k

2χ(N)
)(

k

48(2p1(N) − p1(R)) − trF 2
W

2

)

Sugimoto= 1
2(X4 + nχ(N))

(
n

24p1(N) − n

48p1(R) − trF 2
W

2

)
=: (X4 + nχ(N)) ∧ Y (S)

4

=⇒ Y
(S)

4 = n

48p1(N) − n

96p1(R) − trF 2
W

4 .

(2.22)

It would be interesting to investigate a more “microscopic” derivation of this 4-form on the
5-branes in the Sugimoto model.

3 Implications for the gauge group toplogy

In this section we investigate how the spectra on the 1- and 5-branes inform the gauge group
topology in 10d spacetime. In both type I and the Sugimoto model, the 10d massless fields
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are in the (anti-)symmetric tensor representations of the gauge algebra gB = so(32), sp(16),
which are invariant under the center of the respective simply-connected covers Spin(32) and
Sp(16). The basic question that we will answer is if the dynamical excitations localized
on the branes changes this result.

As reviewed more recently [50], it is known that stable non-BPS D0-branes in type I,
which can be viewed as tachyon condensates from 1-brane/anti-1-brane pairs, carry the
spinor representation of Spin(32) [47–49]. To see this, one has to quantize the massless
fermions χ = χi=1,...,32 in the vector rep 32 of gB = so(32) arising from open strings between
the spacetime filling 9-branes and the 0-brane. This gives 216 = 215 + 215 states in the
0-brane Hilbert space, which decompose into the spinor and co-spinor (each of dimension
215) of gB. Crucially, a single 0-brane has an O(1) = Z2 gauge symmetry which acts on
the Hilbert space in the same way as one of the spinorial Z2 ⊂ Z(Spin(32)). Therefore,
the (worldline-)gauge invariant states of the 0-brane see the spacetime symmetry group
Spin(32)/Z2 as a global symmetry.

In the following, we extend this chain of logic to study the gauge invariant spectrum of
the 1- and 5-branes that are required by anomaly matching, as well as uncharged solitonic
4-branes in the Sugimoto model. For type I, it confirms the above result, as expected from
S-duality to the heterotic string. For the Sugimoto model, where there are no stable 0-
branes [41], the analysis serves as the first “derivation” (analogous to the type I “derivation”)
of the gauge group Sp(16)/Z2.

Note that this is not a full derivation (hence the quotation marks) as there are in
principle additional solitonic 3-branes of the Sugimoto model [41] which could host center-
non-invariant states (thus fixing the gauge group to be Sp(16)). Again, this is analogous
to type I string theory, where other types of branes could potentially support states in the
co-spinor representation of so(32). In the latter case, the gauge group is ultimately confirmed
in the S-dual heterotic frame, where worldsheet arguments requires a self-dual character
lattice which rules out Spin(32) or Spin(32)/(Z2 × Z2). In the Sugimoto model, we turn the
logic around, and use the proposed Sp(16)/Z2 gauge group to conjecture a “S-like” duality
to the web of non-supersymmetric heterotic string theories.

3.1 so(32) representations on type I Green-Schwarz defects

1-branes

In type I, the relevant features of the 1-brane is very similar to those of the 0-brane. Both
have orthogonal Chan-Paton factors, which means in particular that the gauge symmetry
on n 1-branes includes the discrete factor Z2 = O(1). Moreover, for n = 1 this Z2 acts on
the open string modes on the 1-brane in the same fashion as the O(1) on the 0-brane [53].
Therefore, the quantization of the 1-brane will also give rise to so(32) spinor representations,
one of which is projected out by the Z2 gauge symmetry.

Now, it is know that even numbers of 0-branes can decay, i.e., are not stable [47–49, 58].
This is not true for 1-branes, but nevertheless we can show that they do not support
so(32)-spinorial states in their Hilbert space. Namely, for 2n =: N 1-branes the massless
fermions we need to quantize is χ(3) ≡ χi,α in (2.7), where i = 1, . . . , 32 is the vector index of
gB = so(32)B, and α = 1, . . . , 2n = N the gW = so(N)W vector index. The quantization of
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such a Majorana-Weyl fermion amounts to impose the anti-commutation relation

{χi,α, χj,β} = δijδαβ . (3.1)

By rearranging the indices (i, α) → I, I = 1, . . . , 32N , this can be brought into the canon-
ical form

{χI , χJ} = δIJ (3.2)

for a Clifford algebra over the vector representation 32N of so(32N). In fact, the existence
of this rearrangement is tied to the special subalgebra

so(k ℓ) ⊃ so(k) ⊕ so(ℓ) , k ℓ → (k, ℓ) (3.3)

for any integer k, ℓ. Thus, the quantization of χ leads to so(32N) spinors, which decom-
poses into so(32)B ⊕ so(N)W representations following the above branching. We must then
select the branched products with a singlet representation under so(N)W to find the gauge
invariant sector.

The branching rules follow from the general surjective projection map π : Λso(kℓ)
r →

Λso(k)
r ⊕ Λso(ℓ)

r between the root lattices associated with the above embedding. By linearly
extending it to the weight lattice Λso(kℓ)

w ⊂ Λso(kℓ)
r ⊗Q, which is in fact generated by roots

plus the spinorial highest weights ws, wc, we can then compute the branching rules for the
other representations. For our purposes of determining the (non-)invariance under the center
of Spin(32)B, it is easier to consider the induced projection

π : Z(Spin(32N)) = Λso(32N)
w

Λso(32N)
w

−→ Λso(32)
w ⊕ Λso(N)

w

Λso(32)
r ⊕ Λso(N)

r
= Λso(32)

w

Λso(32)
r

⊕ Λso(N)
w

Λso(N)
r

= Z(Spin(32)) × Z(Spin(N)) .
(3.4)

On the left-hand side, the generators for Z(Spin(32N)) = Z2×Z2 are the equivalence classes of
ws and wc. Then, the possible irreps of so(32)B⊕so(N)W that come from the decomposition of
the (co-)spinor are all in the same equivalence class of π([ws/c]) ∈ Z(Spin(32)×Spin(N)). The
so(N)W invariant representations must then be those which are mapped to 0 ∈ Z(Spin(N)).

A concrete representation of π is displayed in [59, eqs. (6.100), (6.104) with m = 16.].
The matrix there is presented in the Dynkin basis consisting of the fundamental weights
wk, k = 1, . . . , rank(g).5 As we only require the projection of the spinorial highest weights
ws = w32N and wc = w32N−1, these can be read of from the last two columns of the
matrices in that reference, which leads to the following equations (which in fact holds for
both even and odd N):

π(ws) = N w(32)
s ,

π(wc) = w(32)
c + (N − 1)w(32)

s + w(N)
v ,

(3.5)

5Recall that the fundamental weights wk are defined by a choice of simple roots αℓ of the algebra g, such
that wk · α∨

ℓ = δkℓ, where “·” denotes the inner product on the root space, and α∨
ℓ = αℓ

2αℓ·αℓ
is the ℓ-th coroot.

We numerate the simple roots in the standard way associated with the Dynkin diagrams: for g = so(2n) the
two “branched” nodes of the D-type Dynkin diagram are αn−1 and αn, and for g = sp(n) the long root is αn.
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where w(32)
s/c denote the spinorial highest weights of so(32), and w(N)

v = w
(N)
1 the vector highest

weight of so(N). All of these are order two elements modulo roots, so for even N , we have

π([ws]) = 2n[w(32)
s ] = (0, 0) ∈ Z(Spin(32)) × Z(Spin(N)) ,

π([wc]) = [w(32)
c ] − [w(32)

s ] + 2n[w(32)
s ] + [w(N)

v ] = [w(32)
v ] + [w(N)

v ] ,
(3.6)

where we used ws ± wc ≡ wv mod Λso(2n)
r . Since for even N , [w(N)

v ] ̸= 0 ∈ Z(Spin(N)), we
see that the requirement of so(N)W gauge invariance removes the second equivalence class.
This shows that for a stack of even 1-branes there are no so(32) spinors, consistent with
the claimed analogy to the 0-brane worldline theory.

For a sanity check, let us also discuss the odd N case. Here we have [w(N)
v ] = 0, but

N [w(32)
s/c ] = [w(32)

s/c ] ̸= 0, so (3.5) leads to

π([ws]) = [w(32)
s ] , π([wc]) = [w(32)

c ] . (3.7)

This is the same result as on a single 0-brane, namely that the quantization of the bifun-
damental fermions leads to two spinor representations of so(32)B. In this case, we must
again utilize the additional Z2 symmetry that is part of the worldsheet gauge symmetry,
and which projects out one of the two spinors.

5-branes

We now turn to stacks of N 5-branes of type I, which have a worldvolume gauge symmetry
gW = sp(N)W . The fermion field that carry a non-trivial gB = so(32)B representation
is again the bifundamental φ(3) ≡ φi,α, i = 1, . . . , 32, α = 1, . . . , 2N in (2.15). For the
quantization of this fermion, it is important to recall that φ is a sympletic-Majorana-Weyl
spinor, since the naive anti-commutation relation

{φi,α, φj,β} = ωijδαβ (3.8)

is not consistent due to the anti-symmetry of ωij = −ωji which is the invariant symplectic
tensor of sp(N)W ,

ωij =
(

0 116
−116 0

)
ij

. (3.9)

Instead, the symplectic-Majorana-Weyl condition effectively reduces the physical degrees
of freedoms associated with the pseudo-real representation (32,2N) to the real representation
(32,N) of so(32)B⊕so(N)W . It is tied to the special embedding sp(N)W ⊃ sp(1)W ⊕so(N)W ,
2N → (2,N), where the sp(1)W ∼= su(2)W relates the two real “halves” such that the
symplectic tensor of sp(N)W is given by ω = ϵ⊗ δ, where ϵ and δ are the canonical invariant
tensors of sp(1)W and so(N)W , respectively.

Thus, we end up with having to quantize the fields φi,α in the (32,N) of so(32)B⊕so(N)W ,
which amounts to impose the now consistent anti-commutation relation

{φi,α, φj,β} = δijδαβ with i, j = 1, . . . , 32 and α, β = 1, . . . , N . (3.10)
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These components rearrange into the vector 32N of so(32N), consistent with the existence
of the special embedding

so(32N) ⊃ so(32)B ⊕ so(N)W , 32N → (32,N) . (3.11)

This is now the same setting we quantized in the 1-brane case above, leading to the pro-
jection (3.5).

By the same logic, there are no non-trivial center-equivalence classes under so(32)B that
survive in the so(N)W ⊂ sp(N)W -invariant sector for even N . For odd N , the remaining
sp(1)W factor now plays the role of the O(1) ⊂ O(N) on the 1-branes, but in this case it
projects out both spinor equivalence classes in (3.7). To see this, consider, for simplicity, N = 1.
Then the (zero modes of the) fermions φ ≡ φi=1,...,32 create the so(32)B spinors when acting
on the Hilbert space vacuum. As symplectic Majorana-Weyl fermions, an sp(1)W doublet is
formed out of two copies of φi. Then an sp(1)W singlet is formed by contracting two doublets
using the symplectic form (i.e., epsilon tensor), leading to φiφj −φjφi = [φi, φj ] ≡ Sij , which
is a generator of the Lie algebra so(32)B, i.e., in the adjoint representation of gB.

3.2 sp(16) representations on Green-Schwarz defects in Sugimoto model

Let us now turn to the Sugimoto model. The procedure is almost identical, requiring
replacing orthogonal with symplectic algebras. Because this swaps the role of gauge and flavor
symmetries on the 5-brane, the analysis there will be slightly different than in the type I case.

1-branes

The relevant field χ3 ≡ χ iHeten (2.7) of on the 1-brane of the Sugimoto model is in the
bifundamental representation (32,2n) of sp(16)B ⊕ sp(n)W . The quantization of these Weyl
fermion χ ≡ χi,α amounts to impose the anti-commutation relation

{χi,α, χj,β} = ωijωαβ , (3.12)

where i = 1, . . . , 32 is the index for the fundamental of sp(16)B, and α = 1, . . . , 2n that of
sp(n)W , and ω is the invariant symplectic tensor of the respective algebras,

ωij =
(

0 116
−116 0

)
ij

, ωαβ =
(

0 1n

−1n 0

)
αβ

. (3.13)

By suitable rearranging the 32 × 2n possible values for (i, α) into a new index I = 1, . . . , 64n,
the anti-commutation relation can be brought into the canonical form

{χI , χJ} = δIJ (3.14)

for a Clifford algebra over the vector representation 64n of so(64n). This rearranging is
associated with the special branching

so(4mn) ⊃ sp(m) ⊕ sp(n) , 4mn → (2m,2n) , (3.15)

of so(4mn). Thus the Hilbert space of the 1-branes carry the spinor representations of
so(64n), whose decomposition along the above branching gives the possible sp(16)B ⊕ sp(n)W
irreducible representations.
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To compute these branchings, we use the concrete projection matrix π displayed in [59,
eq. (6.106)] with m = 16, whose action on the spinorial fundamental weights, ws = w64n and
wc = w64n−1 are again in just last two columns of the matrix:

π(wc) = w
sp(16)
15 + (n− 1)wsp(16)

16 + w
sp(n)
1 ,

π(ws) = nw
sp(16)
16 .

(3.16)

To understand this result, we recall the following basic facts about the weight system of
sp(n). First, given its Cartan matrix Cij = αi · α∨

j , the inverse Cartan matrix

(C−1)ij =

min(i, j) , j < n ,
i
2 , j = n ,

(3.17)

encodes in its rows the fundamental weights,

wk = (C−1)kℓ αℓ ⇔ wk · α∨
ℓ = δkℓ . (3.18)

From this, we see that[
w

sp(16)
15 mod Λsp(16)

r

]
= 1 ∈ Z2 = Λsp(16)

w /Λsp(16)
r ,[

w
sp(16)
16 mod Λsp(16)

r

]
= 0 ∈ Z2 = Λsp(16)

w /Λsp(16)
r ,[

w
sp(n)
1 mod Λsp(n)

r

]
= 1 ∈ Z2 = Λsp(n)

w /Λsp(n)
r ,

⇒ π([wc]) = (1, 1) ∈ Z(Sp(16)) × Z(Sp(n)) ,
π([ws]) = (0, 0) ∈ Z(Sp(16)) × Z(Sp(n)) .

(3.19)

This means that co-spinor of so(64n) cannot project onto any gW singlets. Instead, any
gauge invariant state can only arise in the decomposition of the spinor class. While this
analysis here does not show that such irreps actually do arise, the relevant consequence
is that any such irrep must also be invariant under the center of the spacetime symmetry
group Sp(16). This shows that the quantization of the effective gauge theory on the 1-brane
stack can only produce gauge invariant excitations that transform under the spacetime gauge
symmetry group GB = Sp(16)/Z2.

5-branes

We now turn to the spectrum on a stack of n 5-branes, which as the 1-branes in type I have,
in addition to the continuous gauge symmetry with algebra so(n)W , also a discrete Z2 factor.
Just as in the type I case, we must account for the symplectic-Majorana-Weyl nature of
the relevant field φ3 ≡ φ which is in the bifundamental representation of sp(16)B ⊕ so(n)W .
However, the difference in the Sugimoto model is that the sp(1) factor that doubles up the
degrees of freedom comes from the bulk symmetry gB = sp(16)B ⊃ sp(1)B ⊕ so(16)B, which
from the worldvolume perspective is a global rather than a gauge symmetry.

Keeping this in mind, we first proceed with the quantization of φi,α, with i = 1, . . . , 16
the so(16)B vector index, and α = 1, . . . , n the so(n)W vector index, by imposing

{φi,α, φj,β} = δijδαβ . (3.20)
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Rearranging again into so(16n) vector indices, we find the associated Clifford algebra, whose
representation space (which is a subspace of the Hilbert space carrying any gB-non-invariant
states) is generated by the spinor and co-spinor representations. These can be decomposed
with respect to the special embedding so(16n) ⊃ so(16)B ⊕ so(n)W analogously to (3.5), i.e.,

π([ws]) =
{

0 , n even,
[w(16)
s ] , n odd

}
, π([wc]) =

{
[w(16)
v ] + [w(n)

v ] , n even,
[w(16)
c ] , n odd

}
. (3.21)

Imposing so(n)W -invariance here gives certain so(16)B (center-equivalence class of)
representations {ρx}. To reassemble these into an sp(16)B-irrep R requires to build the
suitable so(16)B-irreps ry out of the ρx such that R →

⊕
y(sy, ry) under sp(16)B ⊃ sp(1)B ⊕

so(16)B. Again we find a simplification if we focus on the center-equivalence classes that
can arise from the projection

πB : Z2 = Λsp(16)
w

Λsp(16)
r

→ Λsp(1)
w

Λsp(1)
r

⊕ Λso(16)
w

Λso(16)
r

= Z2 × (Z2 × Z2) ,

1 = [32] 7→ ([2], [16]) = (1, (1, 1)) .
(3.22)

This means that in the branching R →
⊕

y(sy, ry), the so(16)B irreps ry must be either
in the trivial equivalence class (if R is in the trivial class), or in the vector equivalence
class (if R is in the non-trivial class).

Putting things together, we see first that for even n, the so(n)W -invariance condition
restricts to states which are in the trivial equivalence class under so(16)B, which in turn
means that the associated sp(16)B representations that can be constructed from these also
transform trivially under Z(Sp(16)).

For odd n, we must further make use of the discrete O(1) = Z2 symmetry that is part
of the gauge symmetries on the 5-brane stack. Just as on the 0- and 1-branes in type I, its
odd action on the fermion fields φi,α in the (16,n) of so(16)B ⊕ so(n)W means that the Z2
invariant subspace of the Hilbert space only contains (tensor powers of) one of two spinor
representations of so(16)B . Since the vector-equivalence class of so(16)B can only be obtained
by tensoring the two different spinors with each other, projecting out one of them means
that the Hilbert space does not contain suitable so(16)B representations to construct sp(16)B
representations in a non-trivial center-equivalence class, due to (3.22). Therefore, we find
that the 5-brane-stack’s gauge invariant states transform in representations of Sp(16)/Z2.

3.3 A brief look at 4-branes in the Sugimoto model

The analysis of odd numbers of 5-branes carry over also to the stable 4-branes of the Sugimoto
model, which in terms of K-theory charges [60] are the analogues of 0-branes in type I, by
virtue of Bott periodicity [41, 61]. Thus, while even numbers of 4-branes decay, a single
4-brane can give rise to stable 10d excitations. The representations under sp(16)B follow the
same construction as with 5-branes, because the worldvolume gauge symmetry is O(1) = Z2,
and the massless open string modes are bifundamental symplectic Majorana fermions. Their
quantization is analogous to the 5-brane setting, and leads to only sp(16)B-center-invariant
representations in the gauge invariant sector, further lending evidence to the 10d gauge
group Sp(16)/Z2.
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3.4 Evidence for duality to non-SUSY heterotic strings

Having the gauge group topology Sp(16)/Z2 opens up another interesting feature for the
Sugimoto model, namely, to be a potential dual to (one of) the non-supersymmetric heterotic
string theories (see also [62]). Again, we draw inspiration from their supersymmetric cousins,
where the type I string is famously S-dual to the supersymmetric heterotic Spin(32)/Z2 theory.

While there are various physical aspects that corroborate this duality [53], one concerns
the gauge group topology G of the g = so(32) gauge symmetry which is present on both
sides of the duality. As already mentioned above, the heterotic worldsheet description of
this theory requires a self-dual charge lattice. In more careful terms, this means that the
character lattice ΛG

c of the G gauge theory is the same as its cocharacter lattice ΛG
cc.6 As

the usual S-duality transformation exchanges root and character lattices with coroot and
cocharacter lattices, respectively, we see that the group structure Spin(32)/Z2 seen by the
D0-branes of type I is indeed the only possibility compatible with the S-dual heterotic theory.

Applying the same logic to the Sugimoto model, we first identify the “S-dual” gauge
algebra as so(33), since

Λsp(16)
r = Λso(33)

cr and Λsp(16)
cr = Λso(33)

r . (3.23)

Then, the putative gauge group Sp(16)/Z2 would be dualized to Ĝ = Spin(33) because

ΛĜcc
!= ΛSp(16)/Z2

c = Λsp(16)
r = Λso(33)

cr ,

ΛĜc
!= ΛSp(16)/Z2

cc = Λsp(16)
cw = (Λsp(16)

r )∗ = (Λso(33)
cr )∗ = Λso(33)

w .
(3.24)

While this algebra/group does not appear as the physical gauge symmetry of either of the
non-supersymmetric heterotic theories [63–66], these so(33) lattices encode the charges of the
Spin(32) heterotic string [29]. Namely, via the embedding so(33) ⊃ so(32) where the adjoint
decomposes as 528 → 496⊕32, the long so(33) roots gives rise to the gauge bosons of so(32),
the short roots become the spacetime tachyons in the vector representation. The additional
vectors in Λso(33)

w = ΛSpin(33)
c are in the equivalence class of the spinor representation, which

decompose into the sum of the two spinors of so(32); these are massive states in the Spin(32)
heterotic theory. The fact these states appear in the cocharacter rather than the character
lattice of the Sugimoto model suggests that there may indeed be a non-supersymmetric
version of the duality between type I and heterotic.

Clearly, a simple agreement of the lattices is far from a conclusive proof for the existence
of such a duality. One obvious question that needs to be addressed is how the distinction
between gauge bosons and tachyons in the heterotic model arises in this duality. A related,
more conceptual question is how the different types of vacuum instability — the tachyons in
the heterotic model and the running dilaton potential in the Sugimoto model — are mapped
onto each other. A fruitful direction could be to explore the duality in lower dimensions, where

6We are adopting the nomenclature where, for a simple Lie algebra g, the weight and coweight lattices, Λg
w

and Λg
cw, are duals of the coroot and root lattices, Λg

cr and Λg
r , respectively. An associated Lie group G is

specified by the (co-)character lattice ΛG
c ⊂ Λg

w (ΛG
cc ⊂ Λg

cw, with (ΛG
cc)∗ = ΛG

c ) with Z(G) = ΛG
c /Λg

r = Λg
cw/ΛG

cc

and π1(G) = ΛG
cc/Λg

cr = Λg
w/ΛG

c ; if G is simply-connected, then ΛG
c = Λg

w and ΛG
cc = Λg

cr. In the literature ΛG
c

(ΛG
cc) is also oftentimes called the “(co-)weight lattice of G”.
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one can obtain (at least perturbatively) stable Minkowski vacua [67, 68]. In fact, the so(33)
lattices appear more directly as an infinite distance limit in the moduli space which connects
all non-supersymmetric heterotic strings on an S1 [29], suggesting a careful analysis of circle
reductions of the Sugimoto model to shed more light the duality, and perhaps establish a
connection to earlier works on dualities between non-supersymmetric 10d strings [69, 70].

4 Bottom-up constraints for Sp(16)/Z2 gauge theories

In this section we explore anomaly inflow as a bottom-up constraint on 10d Sp(16)/Z2
gauge theories coupled to gravity. In the absence of supersymmetry, there is a priori no
restriction on the massless matter content of the theory aside from having only center-invariant
representations and the cancellation of all gauge anomalies with a Green-Schwarz mechanism
involving a 2-form gauge field. By the Completeness Hypothesis [71, 72], there must then
exist dynamical 1- and 5-branes charged under this gauge field, whose internal dynamics must
cancel the anomaly inflow. A putatively consistent spacetime chiral spectrum may therefore
be ruled out if no suitable defect worldvolume dynamics exists to match the anomaly inflow.

From a bottom-up perspective, the inflow specifies a characteristic polynomial In, n = 4, 8
for the 1- and 5-brane, respectively. The consistency condition is then that In can be expressed
as the anomaly polynomial of a sum virtual irreducible representations under the spacetime
gauge symmetry group (and the Poincaré symmetry along the defect). The physical intuition
is that the localized chiral degrees of freedom transform in this representation under the
spacetime gauge symmetry, which is a global symmetry on the defect. This applies also to
cases where the defect worldvolume theory has no weakly-coupled Lagrangian description, as
exemplified in the case of NS5-branes in the SO(16)2 non-supersymmetric heterotic string [30].

For this to be a practically feasible consistency condition, we must make certain simplifying
assumptions. First, due to computational limitations we can only consider a finite set of
different representations under the spacetime gauge symmetry. We then parametrize the
model via the net chiral numbers of spacetime fermions in these representations as well as
the chiral index of the virtual fermion representations on the 1- and 5-branes, such that the
inflow from the spacetime representations matches that of the virtual representations on the
branes. Furthermore, we allow for a contribution to I8 on the 5-branes coming from a 6d
Green-Schwarz mechanism; we assume that this contribution is the same as in the Sugimoto
model (2.22), and leave the study with more general possibilities for future works. Note that
this analysis does not depend on the worldvolume gauge symmetry, and only on the net
number of virtual chiral contributions in different spacetime gauge representations.

To begin with, we start with a general 10d spectrum containing singlets and gravitinos
as well as 2-index representations which are all invariant under the center of Sp(16). We
parametrize these their net chirality as

n1 singlets,
ng gravitinos,
n antisymmetric representations,

n symmetric representations.

(4.1)
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The spacetime anomaly polynomial is then

I12 = n1I12 1 + ngI12 g + n I12 + n I12 . (4.2)

The consistency of these models requires the Green-Schwarz mechanism to cancel the
anomaly, i.e., I12 must factorize. This is obstructed by a non-zero trF 6 term, which only
receives contributions from the symmetric representation. Therefore,

n = 0. (4.3)

Furthermore, the coefficient of trR6 must cancel, leading to

n1 = 495ng − 496n . (4.4)

At this point we must require that (4.2) factorize in the form

I12 = X̃4 ∧ X̃8 , (4.5)

where the tilde denotes that these factors will generically differ from their version in the
Sugimoto model. Indeed, X̃4 is a general 4-form of the form

X̃4 = 1
2
[
trR2 − β trF 2

]
. (4.6)

Terms like (trF )2 do not appear since odd powers of the field strength vanish for sp(n) algebras.
We find that the anomaly polynomial factorizes in three different cases. The first solution,

with ng = 0 and n = 0, has no chiral field content. The second case forces n = 0 and
β = 0, implying the absence of gauge-charged objects. In the third case which is physically
more interesting, spacetime anomaly cancellation occurs when

ng = n and β = 1 . (4.7)

This fixes the anomaly inflow onto the 1-brane to be the same as the Sugimoto model, see (2.4).
Thus, from an effective field theory perspective, any chiral number of anti-symmetric

fields seem to give a consistent 10d theory, since the resulting anomaly can be cancelled
by a Green-Schwarz mechanism. However, as we shall see now, consistent inflow onto the
charged defects can serve as a method to distinguish their consistency as a viable effective
theory of quantum gravity.

4.1 Constraints from brane anomaly

On the branes, we parametrize the chiral degrees of freedom in terms of their net chiral number
nR in the virtual representation R that can be singlets, fundamentals, and 2-index (anti-)
symmetric representations of sp(16). For simplicity, we just look at a stack of n = 1 branes.

For the 1-brane, where the anomaly polynomial I4 only receives contributions from these
virtual representations, imposing a consistent inflow matching I4 = −X̃4 leads to

32n + n1 + 496n + 528n = 24 ,

n + 30n + 34n = 1 ,
(4.8)
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which admit as solution

n = 1 + 2c1 ,

n1 = 504 + 208c1 + 512c2 ,

n = −17 − 8c1 − 17c2 ,

n = 15 + 7c1 + 15c2 .

(4.9)

The choice c1 = 0 and c2 = −1 corresponds to the spectrum of the Sugimoto model.
In order to extract further constraints on the set of theories under consideration we

require anomaly cancellation via inflow on the worldvolume of the 5-brane. The factorization
of the bulk anomaly polynomial (4.5) gives us the expression for X̃8, that, together with
the conditions (4.7), yields:

X̃8 = 1
384n

B
[1

4(trR2)2 + trR4 − trR2 trF 2 + 8 trF 4
]
, (4.10)

where nB denotes the chiral number of antisymmetric representations of Sp(16)/Z2 in the

10d bulk. The anomaly inflow with one 5-brane is of the form

−I8 = X̃8 + X̃4 ∧ Y4. (4.11)

Again, we impose the anomaly inflow to cancel the brane anomaly. This happens when

n = 1 , n1 = −2 , n = 0 , n = 0 , nB = 1 . (4.12)

This result is interesting from both bulk and brane perspective. The spectrum on the brane is
consistent with the 5-brane spectrum in the Sugimoto. Indeed, as we can read off from (2.15),
the net number of spacetime singlets degrees of freedom with n = 1 is exactly −2 since

2
(
n(n− 1)

2 − n(n+ 1)
2

)
= −2. (4.13)

Crucially, the brane analysis forces the net number of antisymmetric representations in
spacetime to be one. This implies a spacetime spectrum of the form

n1 = −1 , ng = 1 , n = 1 , n = 0 , (4.14)

which is the same chiral spectrum as the Sugimoto model.
In summary, we find that a consistent Sp(16)/Z2 gauge theory with massless chiral

fermions in up to rank-2 representations must have the same chiral spectrum as the Sugimoto
model if the charged defects participating in the Green-Schwarz mechanism also host only
up to rank-2 sp(2) representations.

4.2 Consistency of theories with higher rank representations

Following the same logic, we want to push forward our search for tentative Sp(16)/Z2 gauge
theories by further enlarging the set of possible representations in both spacetime and brane
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woldvolume. As odd rank tensor representations in spacetime are not invariant under the
center Z2, we restrict our focus to certain even-rank representations. Again, one could
in principle allow their presence on the worldvolume, thus exploring further possibilities,
but for simplicity we consider the identical sets for both spacetime and brane worlvolume.
The coefficients related to the traces in these representations that are crucial for anomaly
polynomial computations can be found in appendix B.

Our analysis starts with adding the rank-4 completely-symmetric representation

to the previous spacetime spectrum. By imposing the factorization of I12 and anomaly
cancellation via Green-Schwarz mechanism, we find that the presence of such chiral degrees
of freedom is an obstruction to the required factorization of the anomaly polynomial. This
implies that there are no consistent Sp(16)/Z2 theories with chiral fermions in the rank-4
symmetric representation in addition to fundamentals and 2-index representations.

The second possibility we want to consider is to add the rank-4 completely antisymmetric
representation

together with the spectrum (4.1). We find that the only non-trivial configuration to allow
for a spacetime Green-Schwarz mechanism requires

β = 4095
3071 (4.15)

in (4.6). However, this result is forbidden by the anomaly cancellation via inflow on the
1-brane. Indeed, even allowing all the higher rank representations considered in this section on
the worldvolume, there is no way to match the brane anomaly polynomial with the anomaly
inflow given by the spacetime solution. Once again, we conclude that Sp(16)/Z2 theories
featuring chiral rank-4 antisymmetric fermions are forbidden by anomaly inflow arguments.

We can also consider the rank-6 completely symmetric representation,

,

together with the representations in (4.1). This has no spacetime anomaly for

β = −2 and β = −4 . (4.16)

Both options would in principle allow a consistent cancellation via inflow on 1-branes, but
are forbidden by consistency on the 5-branes, at least with the 6d Green-Schwarz term (2.22)
from the Sugimoto model.

5 Conclusions

In this work, we focused on the role of 1- and 5-branes as a crucial bridge between the
consistency of anomaly cancellation and the global gauge group structure in the Sugimoto
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model. Starting from the Green-Schwarz mechanism, we demonstrated how the Sp(16)/Z2
gauge group naturally emerges. This insight not only solidifies the anomaly cancellation
mechanism but also opens avenues for exploring potential dualities with non-supersymmetric
heterotic string theories. Such dualities, if rigorously established, could provide deeper insights
into the landscape of consistent non-supersymmetric string models and their low-energy
effective descriptions. Furthermore, the bottom-up approach applied here demonstrates the
utility of anomaly inflow matching as a viable tool to constrain effective gauge theories
coupled to gravity without supersymmetry, though certain restrictive assumptions about
the worldvolume of the defects must be made.

Looking forward, several directions merit further exploration. One interesting question
concerns the worldvolume theory of the 5-branes in the Sugimoto model. Drawing inspiration
from the supersymmetric type I cousins, which are known to give rise to 6d little string
theories [73–76], it is intriguing to speculate whether the 5-branes of the Sugimoto model can
provide an explicit realization to non-supersymmetric versions of such exotic UV-complete
6d theories. If so, then the worldvolume anomaly found in section 2 along with the 4-form
Y

(S)
4 necessary for the 6d GS-mechanism (which differs from type I) may play a vital role

in their understanding.
Another exciting direction is to scrutinize possible dualities to non-supersymmetric

heterotic strings, which parallel the well-known supersymmetric S-duality between heterotic
strings and type I. We have provided evidence for such dualities, based on our results on
the global form of the gauge group in the Sugimoto model and analogous results (though
based on different methods) in non-supersymmetric heterotic models [29]. As highlighted in
section 3.4, this would-be duality needs to account for the tachyonic states present on the
heterotic side which, based on the supersymmetric intuitions, are expected to be mapped onto
“non-perturbative” instabilities in the Sugimoto model. A crucial step in further corroborating
this duality is therefore understanding the detailed relationship between the heterotic tachyons
and the running dilaton potential of the Sugimoto model.

Finally, the “uniqueness” of the Sugimoto model as the only consistent gravitational theory
within certain classes of anomaly-free Sp(16)/Z2 gauge theories may be a first tantalizing hint
towards “String Universality” or “String Lamppost Principle” [77–85] — that all consistent
effective quantum gravity theories have a string theory realization — also in the non-
supersymmetric landscape. With a better understanding of the charged defects developed in
this work, the Sugimoto model may be a fruitful starting point for exploring these ideas.
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A Characteristic classes

In this appendix we set the conventions and collect some useful formulae about characteristic
classes that appear in anomaly computations of section 2.
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First, we follow a wide spread convention of changing the normalization of the curvature
forms in comparison to [86] as,

F

2π −→ F ,
R

2π −→ R . (A.1)

Following this choice, the Dirac genus reads:

Â(M) = 1 + 1
22

1
12 trR2 + 1

24

[ 1
360 trR4 + 1

288(trR2)2
]

+

+ 1
26

[ 1
5670 trR6 + 1

4320 trR4 trR2 + 1
10368(trR2)3

]
+ . . .

= 1 − p1(R)
24 + 7p2

1(R) − 4p2(R)
5760 + −31p3

1(R) + 44p1(R)p2(R) − 16p3(R)
967680 + . . . ,

(A.2)

where the traces are in the fundamental representation, and we have used the Pontrya-
gin classes

p1(R) = −1
2 trR2 ,

p2(R) = 1
8
(
(trR2)2 − 2 trR4

)
,

p3(R) = − 1
48
(
(trF 2)3 − 6 trF 2 trF 4 + 8 trF 6

)
.

(A.3)

Under the decomposition TM |Σ = T Σ ⊕ NΣ of the tangent bundle on a submanifold Σ,
these classes decompose as

p1(R) = p1(N) + p1(R̃) ,
p2(R) = p2(R̃) + p2(N) + p1(N)p1(R) − p2

1(N) .
(A.4)

The Chern character is defined as

chR(F ) = trR eiF =
∞∑
k=0

ik

k! trR(F k) . (A.5)

For the anomaly computation on the defects, we also need the Chern characters for the
associated bundles in the (co-)spinor representations of the transverse rotation symmetry.
These can be computed easily following, e.g., [87]. For the D1 (with transverse so(8)T )
the result is

chs/c(N) = 8 + p1(N) + . . . , (A.6)

while in the case of the D5 (with transverse so(4)T ) we find

ch2±(N) = 2 + p1(N) ± 2χ(N)
4 + p2

1(N) + 4p2(N) ± 4p1(N)χ(N)
192 + . . . , (A.7)

and χ(N) is the Euler class. Here we have neglected the higher-degree terms because they
do not enter in the anomaly polynomials.

– 21 –



J
H
E
P
0
6
(
2
0
2
5
)
1
3
6

The Chern character of general representations can be deduced from the basic properties

chR1⊕R2F = chR1F + chR2F ,

chR1⊗R2F = chR1F ∧ chR2F .
(A.8)

Some useful formulae for (anti-)symmetric tensor products are

ch (F ) = 1
2
[
(ch(F ))2 + ch(2F )

]
, (A.9)

ch (F ) = 1
2
[
(ch(F ))2 − ch(2F )

]
, (A.10)

where ch ≡ ch . For the gauge algebras g = so, sp the vanishing of

trR F 2k+1 = 0 , (A.11)

in any representation implies that all anomaly polynomials that appear in this work only
have terms of degrees 0 mod 4.

A.1 Coefficients for rank-2 representations

Considering trR F 2, for the rank-2 symmetric representation we observe that

tr F 2 = −2 [ch F ]|4 = −21
2
[
(chF )2 + ch(2F )

]∣∣∣
4
, (A.12)

where we used the property (A.9). Thus, we obtain, for the symmetric representation

tr F 2 = (n+ 2) trF 2. (A.13)

An analogous calculation can be performed for the anti-symmetric representation[
ch F

]∣∣∣∣
4

= −1
2 tr F 2 = 1

2
[
(chF )2 − ch(2F )

]∣∣∣
4
, (A.14)

leading us to

tr F 2 = (n− 2) trF 2. (A.15)

In the same manner we will derive trR F 4 by noting that

1
24 trR F 4 = [chRF ]|8 .

Indeed, we find:

tr F 4 = 24 [ch F ]|8 = 241
2
[
(chF )2 + ch(2F )

]∣∣∣
8
, (A.16)

so
tr F 4 = (n+ 8) trF 4 + 3(trF 2)2. (A.17)

Analogously, for the anti-symmetric we have

tr F 4 = (n− 8) trF 4 + 3(trF 2)2. (A.18)
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In order to understand the bulk anomaly computations, it is useful to compute the coefficients
for trR F 6

tr F 6 = − 720
[
ch (F )

]∣∣∣∣
12

= −720
2
[
(chF )2 − ch(2F )

]∣∣∣
12
, (A.19)

resulting in:

tr F 6 = (n− 32) trF 6 + 15 trF 2 trF 4. (A.20)

For the symmetric representation, we have

tr F 6 = (n+ 32) trF 6 + 15 trF 2 trF 4. (A.21)

B Trace coefficients for higher rank sp(16) representations

For sake of completeness, it is crucial to illustrate the methodology that we employed
for computing the traces of the higher rank degrees of freedom employed in section 4.2.
Following the arguments in [88], we consider the graded Chern character of the exterior
algebra Λ(V ) = ⊕nΛn(V ) of a bundle V

ch(Λ(V )) =
∑
n

tnch(Λn(V )), (B.1)

the same can be done with the symmetric algebra S(V ) = ⊕nS
n(V ) if we want to compute

the traces related to symmetric representation. Both these algebras can be decomposed
as a product of line bundles ones, Λ(V ) = ⊗iΛ(Li) and S(V ) = ⊗iS(Li). The related
graded Chern characters are

ch(Λ(L)) = 1 + tec1(L) ,

ch(S(L)) = 1 + tec1(L) + · · · = 1
1 − tec1(L) .

(B.2)

Thanks to the multiplicative property of the Chern characters we can state that:

ch(Λ(V )) =
∏
i

(
1 + tec1(Li)

)
= det(1 + teF ) = etr log(1+teF ) ,

ch(S(V )) =
∏
i

1
1 − tec1(Li)

= 1
det(1 − teF ) = e− tr log(1−teF ) .

(B.3)

Equating the correct terms in the expansions of (B.1) and (B.3), is possible to compute the
relations for the traces of the representations employed in this work. They are presented
in the following.
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Rank 4 symmetric

tr 1 = n(n+ 1)(n+ 2)(n+ 3)
24 (B.4)

tr F 2 = (n+ 2)(n+ 3)(n+ 4)
6 trF 2 (B.5)

tr F 4 = (n+ 4)(n2 + 23n+ 96)
6 trF 4 + 3(n+ 4)(n+ 5)

2 (trF 2)2 (B.6)

tr F 6 = (n3 + 99n2 + 1556n+ 6144)
6 trF 6

+ 45(n2 + 21n+ 92)
6 trF 4 trF 2 + 90(n+ 6)

6 (trF 2)3 .

(B.7)

Rank 4 antisymmetric

tr 1 = n(n− 1)(n− 2)(n− 3)
24 (B.8)

tr F 2 = (n− 2)(n− 3)(n− 4)
6 trF 2 (B.9)

tr F 4 = −27n2 − 188n+ 384
6 trF 4 + 3(n− 4)(n− 5)

2 (trF 2)2 (B.10)

tr F 6 = (n3 − 99n2 + 1556n− 6144)
6 trF 6 + 45(n2 − 21n+ 92)

6 trF 4 trF 2

+ 90(n− 6)
6 (trF 2)3 .

(B.11)

Rank 6 symmetric

tr 1 = n(n+ 1)(n+ 2)(n+ 3)(n+ 4)(n+ 5)
720 (B.12)

tr F 2 = (n+ 2)(n+ 3)(n+ 4)(n+ 5)(n+ 6)
120 trF 2 (B.13)

tr F 4 = (n+ 4)(n+ 5)(n+ 6)(n+ 8)(n+ 27)
120 trF 4

+ (n+ 4)(n+ 5)(n+ 6)(n+ 7)
8 (trF 2)2

(B.14)

tr F 6 = (n+ 6)(n4 + 164n3 + 4871n2 + 48604n+ 155520)
6 trF 6

+ 5(n+ 6)(n+ 7)(n2 + 33n+ 212)
8 trF 4 trF 2

+ 5(n+ 6)(n+ 7)(n+ 8)
2 (trF 2)3 .

(B.15)
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