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ABSTRACT: Intersecting D-brane models and their T-dual magnetic compactifications pro-
vide an attractive framework for particle physics, allowing for chiral fermions and su-
persymmetry breaking. Generically, magnetic compactifications have tachyons that are
usually removed by Wilson lines. However, quantum corrections prevent local minima for
Wilson lines. We therefore study tachyon condensation in the simplest case, the mag-
netic compactification of type I string theory on a torus to eight dimensions. We find
that tachyon condensation restores supersymmetry, which is broken by the magnetic flux,
and we compute the Kaluza-Klein mass spectrum. The gauge group SO(32) is broken to
USp(16). We give arguments that the vacuum reached by tachyon condensation corre-
sponds to the unique 8d superstring theory already known in the literature, with discrete
B, background or, in the T-dual version, the type IIB orientifold with three O7_-planes,
one O7-plane and eight D7-branes coincident with the O7-plane. The ground state after
tachyon condensation is supersymmetric and has no chiral fermions.
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1 Introduction

Intersecting D-brane models and their T-dual magnetic compactifications remain an attrac-
tive framework for string theory compactifications to four dimensions with chiral fermion
spectra [1]. The rich structure of D-branes and fluxes provides an intuitive way to explore
the structure of string vacua with unbroken as well as broken supersymmetry [2, 3]. In
the absence of any hint for supersymmetry at the Large Hadron Collider, extensions of the
Standard Model where supersymmetry is broken at a high scale are of particular interest,
and magnetic string compactifications provide a theoretical framework for phenomenolog-
ical models like ‘split supersymmetry’ [4-6] or ‘split symmetries’ [7].

An intriguing aspect of magnetic compactifications is the connection between fermion
chirality and supersymmetry breaking [8], which occurs in compactifications of type I
strings on tori and orbifolds [9-11], and correspondingly in the related intersecting D-
brane models [10, 12, 13]. In this framework compactifications have been constructed that
come rather close to the Standard Model of particle physics [14-17]. A generic feature of
models with broken supersymmetry is the appearance of tachyons. In all known orientifold
constructions with broken supersymmetry they are removed by means of Wilson lines
that correspond to flat directions in the tree-level potential. However, in a representative



example, we recently showed that quantum corrections render these vacua unstable and
that the theory is always driven to the tachyonic regime [18], which represents a serious
challenge to the known models.

In principle, tachyonic instabilities are not necessarily a problem, and tachyon conden-
sation may even lead to vacua that are phenomenologically welcome. However, the process
of tachyon condensation is complicated [19-22]. In the following we therefore study the
simplest case in some depth, namely type I string compactification on a magnetized torus
to eight dimensions. The magnetic flux breaks the symmetry group SO(32) to U(16) and
produces two multiplets of tachyons. We find that their condensation breaks U(16) further
to USp(16) and restores supersymmetry, which is broken by the magnetic flux. We also
compute the Kaluza-Klein mass spectrum. Remarkably, this turns out to be consistent
with the unique 8d superstring theory that is already known in the literature. It has gauge
group USp(16) and contains a discrete By, flux background. In the T-dual version, this
corresponds to the type IIB orientifold with three O7_-planes and one O7 -plane, with
eight D7-branes required by tadpole cancellation coincident with the O7,-plane.

The paper is organized as follows. In section 2 we briefly discuss the magnetic com-
pactification to eight dimensions, its partition function, the tachyonic instability and the
effective field theory in eight dimensions. The symmetry breaking to USp(16) is explained
in section 3. Moreover, a Wilson line is considered that breaks SO(32) to U(16) rather than
USp(16), leaving supersymmetry unbroken. Tachyon condensation is discussed in section 4
and shown to lead to singular localized flux. Supersymmetry is unbroken and there are no
chiral fermions. As shown in section 5, the mass spectrum corresponds to a free theory
with twisted boundary conditions. In section 6 a brane description of the vacuum after
tachyon condensation is described, which is shown to correspond to the unique 8d USp(16)
in section 7. In the appendix, for the convenience of the reader, we recall flux quantization
on the torus in the symmetric gauge.

2 Magnetic compactification to eight dimensions

2.1 Intersecting D8-branes

Let us consider the simplest system in which tachyon condensation occurs: intersecting
D8-branes in type ITA string theory compactified on a toroidal orientifold with two com-
pact dimensions, a setup very similar to the magnetic compactifications to six dimensions
considered in [10]. Here the 10d theory is compactified on a torus to 8d Minkowski space
with real coordinates zo,...,x3 and complex coordinates z; = (xoy9; + iw34+2i)/2, i = 1,2.
The complex torus coordinate is z = z3, with the identifications z ~ 2z + 7R, 2 ~ z +i7R'.
An orientifold is obtained by dividing out the discrete symmetry QR(—1)f%, where Q is
worldsheet parity, Fy, is left-moving fermion number, and R is the symmetry of 72 under
the reflection z — z. The orientifold has two O8-planes along 8d Minkowski space, and the
xg-direction is invariant under R. The orientifold planes are localized at the fixed points
x9g = 0,7R'. Each orientifold plane has RR charge Qogs = —16 in units of a D8-brane
charge. A stack of N D8-branes requires a stack of N mirror D8-branes to satisfy the
reflection symmetry R of the compact space. The branes are wrapped around the 1-cycles



[a] and [b] of the 2-torus with wrapping numbers n and m, corresponding to the homology
class [II] = n[a] + m[b]. The homology class [II]" of the mirror brane is obtained from [II]
by replacing m by —m. The stack of N branes carries the gauge symmetry U(N), and the
RR tadpole cancellation condition reads

N ([T + [II]') — 16[TTos] = 0. (2.1)

For simplicity we restrict ourselves to the case n = 1. With [[Ipg] = 2[a], this implies N = 16.
The stack of branes leads to a tower of 8d N = 1 supermultiplets in the adjoint
representation 256 of the gauge group U(16). Branes and mirror branes intersect at an
angle determined by the wrapping numbers. The wrapping numbers we consider here are
(n,m) = (1,k) for the D8-branes and (1, —k) for their mirrors. At their intersection a
massless chiral 8d N = 1 fermion in the antisymmetric representation 120 of U(16) is
localized, together with massive fermions, vectors, scalars and tachyons, all in the anti-
symmetric representation. Their masses depend on the intersection angle 6 that breaks
supersymmetry, and their multiplicity is given by the intersection number [ that is related

to the wrapping number & by [10]
I=2k. (2.2)

The scalar masses of the antisymmetric tensors depend on the angle with the orientifold
plane. We restrict ourselves to small angles with respect to the orientifold plane,

tanf = kp ~ 0, p:%, (2.3)
1

where R and Ry are the two radii of the torus. In the T-dual picture small angles corre-
spond to large areas of the dual torus so that we are able to use a field theory approximation
to string partition functions.

At the intersection of the two stacks of branes and mirror branes one then has three
light scalars with masses [13]

dra/ ME = —2|0], 4ma’ M3 =2|0|, 4w’ Mz =2|6], (2.4)

where —7/2 < 6 < m/2. Clearly, the model has a tachyon with negative mass squared
M? = —kp/(2nd).

The intersecting D-brane model described above is T-dual to a type I compactification
on a magnetized dual rectangular torus 72 with the identifications

z~z+7Ry, z~z+imd /Ry. (2.5)

The area of the dual torus is 472a//p, and the angle 6 between the stack of branes and the
orientifold plane is related to a magnetic flux density f on the torus 72 [12],

tan® = 27d/gf , (2.6)

where g is a gauge coupling. Using eq. (2.3), this implies the quantization condition for
the flux density f,

g _
or | f=F. (2.7)



The mass spectrum of the intersection D8-branes is encoded in the magnetic deforma-

1

tion of the open string part of the type I partition function.” This is the sum of annulus

amplitude A and Moebius amplitude M, which can be compactly expressed in terms of
standard modular functions and SO(8) characters [2],

A:/wdw{m%—ssxcw+
0

5
Ta n®

ok [NQ (Vi — Ss)(2e7]7) + ]f(vg - 58)(—267|¢)] ez} (28)

2 1(2e7|T)n®
 dro N N RN N i
M=k [ T2 [N (T = S9)@erlr) + N(T - S9)(~2erin)] - (2.9)
0 T3 01(2¢eT|T)n
where for the annulus amplitude 7 = 4m2/2, whereas for the Moebius amplitude

T=1419/2+1/2, and N = N = 16. The hatted characters were defined originally in
refs. [23, 24]. The partition function contains the sum over string oscillator modes and
Landau-level modes, whose masses are inversely proportional to the area of the torus.
Their contribution to the one-loop effective potential V' = —A is obtained by considering
the 79 — oo limit of the modular functions. Changing variables from 75 to the Schwinger
proper time ¢ = wa/7a, the result for the second term in eq. (2.8) can be written as [18],

1.4 (gft
(o] o dt sinh (T)
V= dtV(t / -2 2.10

/0 () o< o t° sinh(gft) (2.10)
The integral has an infrared divergence at t — oo, where the integrand behaves as

1
V(t) o Egegft. (2.11)

This is the effect of the tachyon with negative mass square M2 = —gf.

2.2 Effective field theory in eight dimensions

Neglecting oscillator modes, the open string sector of the type I superstring becomes the
10d Super-Yang-Mills action with gauge group SO(32). In order to obtain the 8d effective
field theory it is convenient to start from the 10d Super-Yang-Mills action expressed in
terms of 4d N = 1 vector superfield V and chiral superfields ¢ [25, 26],

1 1 A__A 1 i ~ g N
S10 = /dlow{]; /d29 Tr [4WW + §5ijk¢ (aj¢k + m[gb],gbk])} + h.c.

513+ VRO + BV - g3, 317 (2.12)

(o ggw ) (o o)

1For simplicity, we drop the overall factor 1/(2(4m2a’)?).
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Here qu are chiral superfields, 4,5,k = 1,2, 3, V is a vector superfield and W is the cor-
responding field strength.? The hat denotes SO(32) matrices. 10d Minkowski space is
described by real coordinates xg,...,x3, complex coordinates z; = (xa42; + ix312;)/2,
i = 1,2 and 23 = z; complex derivatives are defined as 0; = 9/0z;, 9; = 0/0%;. For
simplicity, we consider compactification to 8d Minkowski space on a square torus 7?2 with
the identifications z ~ z + 7R, z ~ z +i7R.

It is convenient to write the SO(32) matrix valued fields in block form,® such that the
blocks transform with respect to the U(16) subgroup as adjoint or antisymmetric represen-
tation, respectively,

o Vo V2ovt 1t - 1
V-(\/EV_ —VT>’ V=vl, v =v*,
. , (2.13)
3= ¢t \/§§Z5'ZJr
Vg " )
In terms of these fields* the 10d Lagrangian reads
Lio = /d29 tr %WVWV + %W*W‘ - aijquﬁiajqﬁ’f
460,00+ Log 0t~ Vagot o ) | e
+/d49tr[q3i¢i+q;i+¢i++q;z’¢i
+ (V2(0i6' + 8i) — 916, ¢'] — 29(6' 6" — "6 ™)) V
+ (V206 + i) — 29(0'6™ — 6'6")) V™
+ (va( Z¢l++az¢ ) —29(6"" 0" — ¢ 6")) VT
4 ( 7,V+ J V ¢z] + fg(v+¢z+ (z_)lv)> (2.14)
‘ i i ity — 1t i
>< (aZV+ S0 VI+ Va6V = V)
+ (aiv+ _ %(d—)z'v+ + Ver_)iT Ve — (z_)z'VT))
v _ Y i il — i1 1T i
x(azv (V76 +6"VT —gTV Vcb))

+ (aiv + LWV + TV — GtV — VTq_S”)>
% (8ZV+ + E(QZ}ZV—F + V+¢2T . VQZSH_ _ QZ)H_VT)) ] )
2We use the conventions of [27], and we have dropped the WZW term that vanishes in WZ gauge,

V3 = 0. Our trace convention is Tr [T Tb] = kb, k= 2.
3For a recent discussion, see [18].
4For fields we use the notation VI =V, VT = V= V_, ¢" = ¢ etc. tr denotes the trace of U(16)

matrices with the convention tr [T*T?] = dus, see appendix A of [18].




Consider now a background field with constant magnetic flux (¢ = ¢), which breaks
SO(32) to U(16),

\2 21, (2.15)

and which is a solution of the equation of motion,

() =

0(0(¢) +0(¢)) =0. (2.16)

The background field leads to Landau-level type mass terms for charged fields. They are
most easily obtained by combining the magnetic flux with derivatives to annihilation and
creation operators [28],

0—gfz=—i2gfa ,  O+gfz=—iv2gfa_,

_ (2.17)
0—gfz=—i\/2g a+, 0+ 9fz=—i\2g9fa,
which satisfy the commutation relations
[ay,al] =1, [at+,a¢] =0, [ai,a;] =0. (2.18)

The relevant linear and bilinear terms of the Lagrangian (2.14) are (i,j = 1,2, ¢t = ¢%)

L10 D tr[/d29 14/ QQfEijgbiJ'_aT_gbj_ + h.c.
+ [d0(2(f — (66 + 676 — ¢TI~ gtE)V

B B (2.19)
—2i\/gf((a—¢™ +al NV + (ayd™ +aloT)V7)
—2gf(alV*tal V™ +a V=a,vh))
Expanding the charged fields in the standard harmonic oscillator mode functions,
t= Z gbrytjgn,] ) (ﬁi Z ¢n jfn,] ) ¢+ Z ¢ En,j )
Y . . (2.20)
= Z ¢n7j£n,] ) VT = Z Vn’jén,j ) Vo= Z n’jén,j )
n,j n,J n,J
which satisfy
ayéng =ivn &no1j, al&n,j =—ivn+1&u1,, (2.21)

0-&j=ivn &1y, A &y= =i+,



keeping only the zero mode of V, and integrating over the torus coordinates, one obtains®

/ d?05" \[291 (n + Deyjélt ¢ + hec.
+f d49<<2f —29) (9 én - ¢if¢fﬁ>)v
+ 2o (Vi t Ty, — VidE Vil +hec.)

Lg Dtr

(2.22)

—2gf(2n + 1)Vn+v,;>] :

Magnetic flux breaks supersymmetry. To find the mass spectrum one therefore has to
expand superfields in components,’

o= (0,0, F), V=(A,\D). (2.23)

The mixing term between chiral and vector superfields contains D-terms and derivative
couplings between Goldstone bosons and vector fields,

\@/d40(\/ﬁ¢§:—1 —Vn+1¢,,1)V,
= \}i(\/@?{_l —Vn+1¢,. ) D" —iv2n +1 9,11, A+, (2.24)

Here the Goldstone fields II™ and the orthogonal complex scalars %7, formed from the
complex scalars ¢ and ¢, are given by

1

- 7“1’ —
= 2(2n + 1) (Vndn 1+ Vit 16,4) -
- 1 T ‘

The vector bosons of the tower of Landau levels acquire their mass by the Stueckelberg
mechanism, and a shift of the vector bosons,

At Ak 4 0,11, . (2.26)

1

gf(2n+1)
cancels the mixings with the Goldstone bosons as well as the kinetic terms of the Goldstone
bosons. Finally, eliminating all F- and D-terms via their equations of motion, one obtains
the bosonic mass terms (i = 1,2)

Lh = —gftr| Y (2n+ 1)(AS A + 652 + |66 )

(2.27)
— oo P+ D @2n+3)1Z, %] .

5In the following we drop the index j that labels the ground state degeneracy. The multiplicity of states
is given by qg/(27) fT2 f = gk where g is the charge of the field. Since the charge of the antisymmetric
tensor is ¢ = 2, the multiplicity is 2k for k flux quanta.

5We use the same symbol for a chiral superfield and its scalar component.



The structure of this result is easily understood. The fields gbﬁli do not mix with the vector
bosons, and combining F- and D-term contributions, one finds that they get the same mass
as the vector bosons. The fields ¢f contain the Goldstone bosons for the tower of vector
bosons A# and an orthogonal tower of fields ¥ . Since the vectors mix with different
levels of the complex scalars, the fields ¥, are not mass degenerate with ¢&. Moreover,
the scalar ¢, is a tachyon.”

The fermion masses are easily read off from (2.22). Denoting the Weyl fermions con-
tained in the superfields ¢'*, ¢+ and VT =V by ¢+, ¢ and AT, respectively, one obtains

£{ Vol > (n+ Dtr eyt g + i AL + i Ay + he (2.28)

Again, the mass terms couple different levels of the Landau towers, and the four 4d Weyl
fermions ¢(1)+, 17[}8+, @Z;a and 5\6 form one 8d Weyl spinor with charge +1. All fields are
antisymmetric tensors of U(16) and have a multiplicity 2k for k& flux quanta.

The negative mass squared of ¢, in eq. (2.27) suggests that this mode will grow
exponentially with time after a small perturbation around the unstable extremum ¢ = 0.
At present it is an open question what the final state after tachyon condensation is like. Of
particular interest are supersymmetric vacua which can be analyzed by means of auxiliary
fields, allowing for background flux as well as Wilson lines. From eq. (2.14) one obtains

T = e (030 + S0k — Vag o) (2:29)
—F = eii(950" — V2907 0Y) (2.30)
~-F" = 5ijk(aj¢k+ - \/§9¢j+¢k) ) ( )

—2D = V2(0:¢" + 0;¢") — gl¢', ¢'] — 29(¢'" 6" — 6" '), (2:32)
—DF = V209" + 0i¢'") = 29(8'¢" — ¢'6"), (2.33)
=D™ =V2(0:6™ + 0i¢'") — 29(6™ " — 9" ). (2:34)

In a supersymmetric vacuum all auxiliary fields vanish, and vacuum field configurations

can be found by solving a system of first-order differential equations.

3 Symmetry breaking and Wilson line

The condensation of the antisymmetric tensor ¢, breaks U(16) to USp(16) [29]. To under-
stand this, it is convenient to consider the following decomposition of the SO(32) generators.
The generators of the unitary subgroup U(16) are hermitian matrices S +iA and those of
the coset SO(32)/U(16) are complex antisymmetric matrices A; + iAs, respectively. Here
S denotes real 16 x 16 matrices, and A, A; 2 are antisymmetric real matrices. They can be

"In [18] the case with magnetic flux in two tori was considered. The mixing pattern is then more
complicated, and by tuning the fluxes one can obtain two massless scalars instead of a tachyon [13]. The
masses in eq. (2.27) refer to mass eigenstates, contrary to the mass levels in Bachas’ string mass formula [8].
There the longitudinal components of the vectors and the tachyon would be counted as a tower of scalars
with masses gf(2n — 1), n > 0.



expressed as products of Pauli matrices and 8 x 8 symmetric (S’) and antisymmetric (A”)
maftrices:

S : oo ® S, o1 ® S5, ioo @ A, o3 ® S,

3.1
A oo A, oA, ioy ® S, o3 A (3-1)

Tachyon condensation removes the tachyon if the condensate cancels the flux contri-
bution to the D-term (2.32),

0=f1-g(¢7)(¢7). (3.2)

This is achieved by the expectation value

(07) = \/Zaz ®1 = \/;5'2. (3.3)

To find the remaining unbroken subgroup one has to determine the U(16) generators which
commute with this expectation value,

A N 0 0
¢,V:\/§< B _ >:0. 3.4
One easily verifies that (¢~) commutes with V for V = U, i.e., (¢ )U+UT(¢~) = 0, where

U: iog@A, o®8, 0a®8, o325. (3.5)

These matrices generate the group USp(16) [30]; the related matrices 62U are asymmetric.
The coset U(16)/USp(16) is generated by V = X, where

X: o00®8, icn®A, ica®A, iczxA. (3.6)
The matrices 62X are antisymmetric, and one has
(07)X =X"{o7). (3.7)

The tachyonic instability will lead to a condensate of ¢—, with a backreaction on the
flux ¢, and in general also on ¢*. Often times, it is argued that after tachyon condensation
the magnetic flux vanishes, and that also supersymmetry is restored. Hence, one might
think that the breaking from SO(32) to USp(16) can be realized by means of the vacuum

expectation value (vev)
N ¢1 V2069
(@) = ( AT ) , (3.8)

with O¢ = 0. For constant vev’s ¢, ¢ and ¢_, this corresponds to the choice of a particular
Wilson line.

Supersymmetric vacua are characterized by vanishing F- and D-terms. Assuming that
only one chiral superfield, gg?’ = ({5’ acquires a vev, all F-terms vanish automatically. The
requirement of vanishing D-terms corresponds to the first-order differential equations

9+ 00 — V29(@_ - — p10,) =0, (3.9)
(0 —V290)7, + (0 +V290)p_ = 0. (3.10)



For constant vev’s, ¢ = vg/v/2 and ¢+ = v4/v/2, eq. (3.10) becomes a constraint on the
vev’s,
VU = v_vy (3.11)
which automatically solves eq. (3.9), |vi|? = |v_|2
It is straightforward to compute the masses of fermions, vectors and scalars in a back-
ground of constant vev’s. For the quadratic part of the superpotential one finds, with

¢ = oy + o (4,5 =1,2),
I 2 (a9 10\ g
Wi o e [ 1[0 (067 + 116, )
:<—§@j/lﬂzm{¢ga¢g-+¢&(a¢§-+gu4¢f-—v¢”w) (3.12)

+26(0 — gro)¢!™ + glv- o™ — v )]

The Kaluza-Klein mode functions are given by
Am(2) = eMim=2Mum N — O (m 4 il) = M, . (3.13)

Introducing n = (I,m), with I > 0,m € Z or l = 0,m > 0, and 7 = (—I,—m), one has
A = Xn and
Oy = Mp\,, 0Ny =—Mpy\,. (3.14)

The mode expansion of a chiral superfield ¢ takes the form
b= o+ Y (Ighy + dAy) - (3.15)
n
Inserting this expansion into eq. (3.12) one finds
Wi = —ei5 3 tr |8 Myl + (S 0 S5 )M (& 637, 057)T | (3.16)
n

where the fermion mass matrix is given by

M,  —gv- gu+
M= | —gvy My + gug 0 . (3.17)
qu_ 0 M, — gvg
Its determinant factorizes as
detM; = M, (Mg — g% (v + 2v+v_)) . (3.18)

The matrix M describes the mixing of six antisymmetric tensors gbi]i and qﬁg(n, 1=1,2.

One eigenvalue is M), the other two are M, & g, /v + 2viv_. For vy = 0 this corresponds
to the standard spectrum of an Abelian Wilson line: for M, = 0, there is a pair of
massless chiral multiplets; otherwise, always four chiral multiplets form degenerate Dirac
mass terms. For vy # 0, there still is one pair of zero modes for M,, = 0. This is surprising,
since naively one would expect that the vev’s of the antisymmetric tensors ¢ break SO(32)

,10,



to USp(16), as discussed above, and all multiplets become massive. However, the massive
spectrum corresponds to an unbroken group U(16). We conclude that for any values vy, v
and v_ that satisfy eq. (3.11), the vacuum expectation value (3.8) represents an Abelian
Wilson line, just with different embeddings into SO(32). The scalar mass matrix is given by

2
ME = MiM;
M, 2 + 292’@2 —g(v—My +vi Myy) g(ve My +v* My-)
gt My e M) My PRl —etey |, (319)
g(vi My, +v_M,_) —g*vt v |M,—|? + ¢*|vg|?

where the relations vov* = v_v{ and |v4|* = [v_|? have been used, and M, = M, + gvy.
In order to verify that supersymmetry is unbroken one also has to evaluate the vector
boson masses. Analogous to the superpotential terms, the starting point is now

A g A~ A~ .
‘W*ﬁ[w’v] =

<8U FOX + g(us X~ —v_XT)  V2((0+ guo) X+ — gviX)éo ) (3.20)
V265((0 — guo) X~ + gv-X) —(0U + 90X + g(vs X~ — U_X+)>T .

Here we have introduced the fields
Vo =6,X", VIt=X"%6,, X =X1T, (3.21)

and we have used the relation (3.7), 62X7 = X&,. The part of the Kaehler potential
containing the vector-boson masses is given by

V2 V2

In the KK mode expansion (see eq. (3.13)) one has to make sure that the relations X = X
and X1 = X~ are satisfied, which yields

Ko = %/sz Tr Kaf/ + 94, V])T (af/ + 914, f/})] | (3.22)

X =Xo+ ) _(Xphy + X5)q) Xy =X],
n
XE= X5+ Y (XEN + X)), X =XF. (329
n
Inserting this expansion into eq. (3.22) one finds
Ko =23 tr [|[MyPU5U, + (X, X, XM (X, X, X)) (3.24)
n
where the vector-boson mass matrix indeed satisfies
M = MIM; = M%. (3.25)

A pair of massive 4d NV = 1 vector multiplets is mass degenerate with four 4d N/ = 1
chiral multiplets, corresponding altogether to eight Weyl fermions, six complex scalars
and a complex vector. These degrees of freedom form a massive 8d N = 1 multiplet.
The massless multiplet contains half the number of degrees of freedom. We conclude that
Wilson lines can break SO(32) only to U(16), but not to USp(16).

— 11 -



4 Dilute vs. singular flux

In the magnetic flux background discussed in section 2, only the fields ¢ ; are tachyonic

where j = 0,...,2k — 1 labels the degeneracy for k flux quanta. This suggests to search

for solutions of the equations of motion where only ¢, ; acquire a non-zero vev. Searching

for solutions with unbroken supersymmetry, we again consider the first-order differential

equations corresponding to vanishing D-terms, which now read ((¢g ;) = G2¢— j, v j = ¥;))
2k—1

06+ 00 —29 > Di05=0, (0+V29d)p; =0. (4.1)

Jj=0

First, we consider these equations on the covering space C. The equation for ¢; can
be solved with the ansatz®

1 B _
¢ =59 po=p=02"9, @i1=0, x=x, (42)

which leads to a second-order differential equation for y,
d0x = gf%(zz)Pe 29X (4.3)

After introducing polar coordinates, 99 = r~19,(rd,) + 7"_2862,, changing r to t = Inr, and
defining h = x — (b + 1)t/g, this becomes

O2h(t) = gpPe”29M1) (4.4)

A straightforward calculation yields the result
8 <|z| )90 (|Zo|)gc
h=1 — — 4.5
! n{szC wol) T\ ’ (45)
where C' > 0 and |zg| are integration constants. This yields for gx = gh + (b + 1)t,

B B|ZO|b+1 ﬂ gC+b+1 @ gC—b—1
gx‘ln{ c Kw) “(%) ‘ (1

Demanding that the solution is regular at z = 0 fixes the integration constant C' as C =
(b+1)/g. One then obtains for the fields ¢ and ¢

b+1 ’2‘2(b+1)
" V292 [P £ PO (4.7)
. b+ 1 b ‘ZO’b+1 )

g Jeo|2®FD 1 [+

One might think that the flux could somehow disappear in the process of tachyon
condensation. This would be the case if, by varying continuously a parameter, the solution

8Such an ansatz has previously been considered for zero-mode wave functions on a magnetized orb-
ifold [31, 32].
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interpolates between the magnetic field and the usual vacuum, with no magnetic flux and
no tachyon condensation. This is however not the case. For general integration constant
C' the classical solution is singular, so C' cannot vary continuously. The trivial vacuum
solution, with no magnetic flux, is of course also a solution of the D-term equations (4.1).
But it is an isolated solution, not connected by any parameter deformation to the classical
solution (4.7).

The constant zy defines a length scale that separates the complex plane into an inner
core, |z| < |z9| and an outer region, |z| > |z9|. For b = 0, one obtains in the inner core
|z| < |20| a constant flux density and constant expectation value ¢ (cf. eqs. (2.15), (3.3)),

_ iz 1z _ | 1z
¢_ﬂ(1+o<w>>, . g<1+0<‘20’2>>, (15

where f = 1/(g|z0/?). Note that for this perturbative solution in powers of |z|?/|zo|? the
D-term vanishes.

The radius |zp| plays the role of a regulator and the limit |z9| — 0 is of particular
interest. In this limit ¢ and ¢ are singular and from eq. (4.7) one obtains

b+1 9o 4b+1Dm
[ R (p % 72
V292 g

¢ = (Ag +iAg)/v/2 describes the vortex vector potential,

¢ — 6@ (z,2). (4.9)

2(b+1) x
Am == 6’””:1:3:3:3'

(4.10)

The flux vanishes everywhere except at the origin, and the localized flux density is given
by a line integral over a 1-cycle Co around the origin,’

g9 A=4r(b+1). (4.11)
Co
On the plane the flux is not quantized and therefore b can take arbitrary values. On the
torus flux quantization requires b+ 1 = k/2, k € Z, which will be discussed in the next
section. Note that a singular wave function'® ¢ o« §%/2 has previously been considered in
connection with the infinite flux limit on a magnetized torus [33].
Notice that for b # 0 the classical solution has no rotational symmetry around the core
z = 0. Also, while in the zero-size limit zy — 0 the solution has the same localized flux
interpretation for any b, in the opposite limit zg > z it does not correspond anymore to a
constant magnetic field unless b = 0. Based on the string theory intuition in section 6 and
on the analogy with instanton solutions, we believe that for a general magnetic flux, the
interpolation between a constant magnetic field and the localized flux should start from a
multicenter solution, with a different ansatz. We were unable to find explicitly the solution
but hope to come back to this point in the future.

9Since the charge of the antisymmetric tensor field is ¢ = 2, the factor 47 occurs instead of 2.
1OWe use the notation 8@ (z, z) = §(xs, x9).
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Figure 1. Vortex vector potential with singularity at (y1,y2) = (0,0) on a square torus covered by
four patches.

It is often assumed that tachyon condensation corresponds to the annihilation of two
branes such that the total magnetic flux vanishes. Our result is different. We find that the
total flux of the unstable state is still present after tachyon condensation, but it is squeezed
into a singularity. As we shall see below, this affects the boundary conditions of fields in
this vacuum and therefore the massive spectrum.

Finally, since this classical solution was obtained by ignoring the gravitational sector,
one might worry about the gravitational backreaction that could change it significantly.
However, the Yang-Mills classical solution is supersymmetric and its energy is zero. There-
fore the gravitational fields will not be excited and the spacetime geometry remains flat.

5 Massive spectrum for singular flux

In the previous section we have constructed a solution of the equations of motion for ¢
and ¢~ in the complex plane. Let us now consider the singular limit of this solution as
background fields on the torus. The gauge background ¢ corresponds to the vortex vector
potential depicted in figure 1. The field ¢~ is localized at the origin.

The vector potential can be expressed in terms of the singular function'!

k +1 —
Ayson) = it (B2 ) — R, ), (5.1)
Y1 — Y2

where k = 2(b + 1) is determined by the flux density (see eq. (4.10)). In the four patches
one has (see eq. (4.10))

(@ ALy, y2) = —0mAalyr,y2) s Aal(yr, y2) = Ay1,y2)

B AL (y1, 1) = —OmMp(yy2),  Ap(yy) = Aly,ye — 1), (5.2)
() AL(y1,v2) = —OmAc(y1,y2),  Ac(yi,v2) = Alyr — Ly2),

@) AL(y1,y2) = —OmAa(yi,y2),  Aayi,y2) = Ay — Lyo — 1).

"¥or convenience, we now rescale Ago — A1 2/(27R), 28,9 — 27 Ry12.
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The transition functions are easily obtained from egs. (5.1), (5.2) and in appendix A (A.2).
For example, for the patches (a) and (b) one has

(Omea) (y1,1/2) = g(Af (11, 1/2) = AL (11,1/2)) = —9(OmAa — Imhe) (1, 1/2),  (5.3)
which yields, up to a constant,

Apa(y1,1/2) = —g(Aa(y1,1/2) = Mo (y1,1/2))

Ly — i/2) (5.4)
=ikl = 2k arctan(1/(2 .
ikIn <y1 i arctan(1/(2y1))
The charged fields in the patches (a) and (b) are related by the transition function,
Gy (41, 1/2) = S, (y1,1/2)65 (1, 1/2) = e~ a2 g0 (5,1/2) (55)

For the singular solution the charged field is localized,'? ¢, (y1,%2) o 6'/2(y1,y2). Analo-
gously, in patch (b) one has ¢, (y1,y2) o 6Y2(y1, 45 — 1). Hence, in the singular limit the
field ¢~ vanishes in the bulk and the condition (5.5) is trivially satisfied. The same holds for
all boundaries between different patches, which means that the singular background fields
represent a solution of the equations of motion on the torus. The consistency condition at
the overlap of the four patches,

Sac(1/27 1/2)Scd(1/27 1/2)Sdb(1/27 1/2>Sba(1/27 1/2) = 671’27‘% =1, (56)

implies k € Z and therefore standard flux quantization also for the localized flux.

In order to obtain the massive spectrum of the 8d theory one has to shift in the
10d Lagrangian (2.14) the fields ¢ and ¢~ around the background fields (¢) and (¢™),
respectively, and keep the quadratic part of the Lagrangian, which reads

Lo > /&eu[(av — VgV OV — VgV (7))

+(ov = vagav + L)+ @)

(5.7)
< (v = Vagtav + ey v+ vT())
+ (V™ +V29(R)V )0V + V2g(e)V )|
With V = U + X, where U € USp(16) and X € U(16)/USp(16), one has
V) + 6OV =2X(G), UV e =o. 5:8)

Therefore U does not mix with charged fields, and defining (¢~) = d2¢, V- = X~ 9 and
VT =65XT, one obtains

Ly D /d40 tr[gUaU + (0X — V299X ™) (0X — V2gpXT)
+((0 = V2(0) X + V200 X) (0 — V29(8)) X~ +V2g9X)  (5.9)
+ (0 + V29(6) X (9 + V29(0) X ]

12We use the notation 8@ (z, 2) = 6(y1,y2).
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In the background gauge field (#), the charged fields X* are also defined in the four patches.
At the overlaps they are related by gauge transformations, for instance,

X (y1,1/2) = Spalyr, 1/2) X (y1,1/2) = eoalvr /2 X F(yy 1/2). (5.10)

The singular vector field defined in eq. (5.2) can be removed by a singular redefinition
of the charged fields

X (y1,y0) = 90 X (1 y) X (y1,92) = 9N WU X (g ), (5.11)

The new fields have trivial transition functions,'? e.g.,

X;-(yl, 1/2) = e—ig/\b(zn,1/2))(;-@17 1/2) = e—igAb(zn,1/2)+Z'Aba(yl,1/2)X;r(y17 1/2)

| A 5.12
:e—nga(yl,l/Q)X;(y1>1/2> :X;_(yl,l/Q). ( )

In terms of the fields X* the Lagrangian (5.9) becomes
Lo D / A0 tr[OUOU + (0X — V29’ X ) (0X — V297 X) (513)

+ (0XT + V209’ X) (0X ™ + V29¢' X) + X 0X ],

where ¢/ = pexp (iAp) is the redefined charged background field that is singular at the
origin O.

Except for the singular term at the origin, this Lagrangian describes free fields. Due
to the singular term, the equations of motion require that the fields X and X¥ vanish at
the origin. A basis of periodic (P) and anti-periodic (A) functions on the interval [0, 1] is
given by (m € Z),

(P) c(x) = cos (2mmax) , s(z) = sin (27me),
(A)  é(x) = cos (27r (m + ;) x> . 3(x) =sin (27r (m N ;) x) . (5.14)

From combinations of these periodic and anti-periodic functions one can form various
products that vanish at the origin of the torus. On the other hand, U has a zero mode and
its wavefunctions need not vanish at the origin. One natural way to achieve this is to assign
U an even parity under reflection of torus coordinates, whereas X, X* are assigned odd
parity. An example of mode functions for the four real fields U, X, X; = (X* 4+ X~)/v/2
and X = Z(X L ¢ ~)/V/2, exhausting all possibilities, is given by

U: cly)e(yz),  s(y1)s(y2),
X1 é(yl)s(y2) ) §(y1)c(y2) ) (515)
Xo: c(y1)d(y2), s(y1)é(y2),
X:ooe(y)s(y2), 3(y1)c(yz) -

13This is analogous to the transition from ‘twisted’ wave functions to ‘untwisted’ wave functions on a
magnetized torus, as discussed in ref. [32].
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Note that U is periodic, whereas X1, Xo and X satisfy twisted boundary conditions in
y1-direction, yo-direction and both directions, respectively. The mass spectra M,%lme2

in the four cases are given by

5 ) 1 2 1 2
U: mi+ms, X : m1+§ + m2+§ )
(5.16)

1 2 ) ) 1 2
X m1+§ +m5, Xo: mi+ m2—|—§ .
The boundary conditions (5.15) only represent an example. To determine them uniquely,
information beyond the Lagrangian (5.13) is required, involving interaction terms between
the fields and possibly also couplings to string excitations.

6 An alternative D9-D7 brane description

In section 4 we noticed that the classical solution with tachyon condensation has a singular
limit when the length of the core supporting the solution shrinks to zero size. The resulting
singular solution has a delta-function like flux, which in string theory has the natural
interpretation of a D7-brane. In the following we therefore recall the connection between
a magnetized D9-brane and a system of elementary D9-D7 branes in type I string theory.

In type IIB, a D9-brane with a magnetic field in its worldvolume generates a D7-brane
charge from the Wess-Zumino coupling

/CAJ:/bm+/@AF, (6.1)

where Cpi1 denote the RR (p + 1)-form fields and F' is the magnetic 2-form field. In
type I strings Cg is removed by the orientifold projection 2. This implies that the BPS
D7-brane of type IIB string becomes the non-BPS (uncharged) D7-brane of type I, see [34]
for more details of its construction. So let us start from the corresponding system of D9-
and non-BPS D7-branes in type I. The gauge group for the D9-branes and a number d
of D7-branes is SO(N)g x U(d)7, with N = 32 due to the RR tadpole condition in type
I. Whereas d could in principle be arbitrary since the non-BPS D7-branes have no RR
charge, only stacks with d < 16 are related to the magnetized D9-brane picture, as will be
explained below. The low-energy massless and tachyonic string spectrum, ignoring massive
string excitations, comprises [34]

o supersymmetric gauge multiplets (w, 1) +(1,dd) ,

o chiral fermions (1, d 7 ) g+ (1, d(d;l))L + (N,d)g ,

o complex scalar tachyons (1, d(dz_l) )+ (N.,d) .

The spectrum can be found in a systematic way from the partition functions [34], with the
light-cone SO(8) characters decomposed appropriately into products of SO(6) and SO(2)
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characters. Using notations and conventions of [2, 24], the corresponding amplitudes are
given by
N2 dTQ 1

Agg = > =3 (V602 + OgVo — SpS2 — 0602)P(1)P( )
0 2

dry 1
Az = / T2 <dd(V602 + OgVa — 5652 — CsC2)
0 7'2 77

d? + d?
+ ;L (0604 + ViVa — SgCy — 0632)> wihw®
dTQ 1
Ao = / (Nd(065'2 + V6Ca — C602 — SgV32) (6.2)
o 15 Oup®
+ NJ(O(SCQ + VeSo — SgO9 — CG‘/2)) )
N [=dr 1
1 dTQ 2 A A g
My =~ . F ((d+ d) (002 + V)

+ (d — CZ)(S@C’Q — CA'GS'Q))W(SDWSZ) ,

where Péi) and Wéi), with ¢ = 1,2 and a = 0,1/2, are the momentum and winding sums,
respectively.

The connection between the D9-D7 system and the magnetized D9-brane in type I can
be understood in the following way. Start with type I with an equal number of D9- and D7-
branes, with gauge group SO(32)9 x U(16)7. By one T-duality, one gets the type I’ string
with 16 BPS D8-branes, with wrapping numbers (1,0), and 16 non-BPS D8-branes with
wrapping numbers (0,1). The condensation of the bi-fundamental tachyon (N, d) breaks
the gauge group SO(32)9 x U(16)7 to the diagonal U(16). This can be understood as a
process of recombining the two D8-branes, with the recombined brane defined by a cycle
with wrapping numbers (1,1). At this step, this setup has the interpretation of intersecting
D8-branes in type ITA in eight dimensions, which T-dualized back to type I correspond
to a magnetized stack of 16 D9-branes, of minimum magnetic flux k£ = 1 (see left part of
figure 2).

Similarly, the more general case of magnetized D9-branes in type I with an arbitrary
flux integer k£ has the following description. One starts in type I with D9-branes and &
stacks of M coincident non-BPS D7-branes, k < 16, at different locations on the 2-torus.
The initial gauge group is therefore SO(32) x U(M)*. In the large torus volume limit, there
are tachyons in the bi-fundamental representation of SO(32) with all the D7 stacks, but the
scalars stretched between different stacks of D7-branes are massive. After one T-duality,
one obtains the type I’ string with 16 BPS D8-branes, with wrapping numbers (1,0) and &
parallel stacks of M non-BPS D8/-branes with wrapping numbers (0, 1). The condensation
of the bi-fundamental tachyons stretched between the D8- and D8/-branes break the gauge
group SO(32)g x U(M)* to SO(32 — 2M) x U(M). In this case the recombined branes
of gauge group U(M) have the wrapping numbers (1,k). After T-dualizing back to type
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I, one obtains 16 — M standard (unmagnetized) D9-branes and a magnetized stack of M
D9-branes, with magnetic flux k. The case of interest for this paper is when all D9-branes
are magnetized, i.e. M = 16.

The situation is conceptually similar to the D9-D5 or the D5-D1 brane systems first
worked out in [35, 36]. The D9-D5 system for example has three different but related
descriptions. In one of them, the k& D5-branes are seen as configurations of instanton
number k£ on the D9-brane gauge theory, in the limit where the instanton size goes to zero.
In SO(32) type I strings, the D5 gauge group is generically USp(2k), and the moduli space
coincides precisely with the one of the gauge theory instanton configurations in the SO(32)
D9-brane gauge group. The instanton size is a modulus in the supersymmetric gauge theory,
which can therefore be varied with no cost. For a finite instanton size, the D5-brane is
not dynamical anymore. In the maximal instanton-size limit, the physics is captured by a
smooth constant magnetic field configuration in the four dimensions transverse to the D5-
brane, of self-dual instanton type By = Bg, where By 2 = ki 2/v; are the constant magnetic
fields in the two tori of area v;.

In type I string theory, a D9-brane with magnetic fields in its worldvolume generates
a D5-brane charge from the Wess-Zumino coupling

/C/\eF:/Clo+/Cﬁ/\F1/\FQ, (6.3)

where F} o = Bj2Q, (Q being an Abelian generator of SO(32). The induced D5 charge
in this case is k = kiko. It is possible to write down explicitly the classical solution of
the D9-D5 system and check the interpolation between the zero-size instanton limit, with
D5-branes corresponding to a singular source in the limit, and the maximum size limit,
where the solution describes self-dual constant magnetic fields in the two tori [37].

The difference between the D9-D5 and the D9-D7 systems is that in the first case
the instanton size, equivalent to the D9-D5 hypermultiplet vev’s, is a flat direction due
to supersymmetry and the limit of small vev can be captured by an effective field theory
description. For the D9-D7 system, due to the stringy value of the tachyonic mass, the
process cannot be captured reliably by field theory. However, as we saw in section 4, for the
magnetized D9-brane description on the torus with minimum magnetic quantum number,
there is a similar classical solution parametrized by a parameter zp, which is similar to
the instanton size of the D9-D5 brane system. Indeed, in the limit zg — 0, the solution
describes a localized source and a localized vev for the negatively charged fields at the
origin of the torus, which are the D7-branes. On the other hand, in the large zy limit, the
solution becomes a constant magnetic field on the D9-branes, plus a profile for the tachyon
which approaches a constant in the zyp > R limit. This fits with the tachyon condensation
in the D9-D7 system above. In section 4, we constructed a classical solution for arbitrary
flux that has a singular limit for zyp — 0 corresponding to a localized flux, but we do not
know the classical solution interpolating from this singular solution to a constant magnetic
field. As we mentioned in section 4, such a solution could correspond to several localized
sources in the singular limit.

Finally, tachyon condensation in the antisymmetric representation (1,d(d — 1)/2)
breaks U(16) to USp(16). The final state is supersymmetric, so a natural question is the
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Figure 2. The left picture represents the type ITA orientifold with intersecting D8-branes. After
tachyon condensation and one T-duality the conjectured final theory on the right is a type IIB
orientifold with D7- and O7-planes where tachyon condensation changes one O7_-plane into an
O7,-plane.

string theory interpretation of it, if any. Fortunately, there is only one candidate superstring
in 8d, which does have gauge group USp(16), to which we now turn.

7 The 8d USp(16) superstring as magnetized type I superstring after
tachyon condensation

To our knowledge there exists only one eight-dimensional superstring theory that can be the
ground state after tachyon condensation. Its gauge group is USp(16), the group obtained
after tachyon condensation as described in section 4. This 8d string theory was first
constructed by Bianchi, Pradisi and Sagnotti [38, 39], and its geometry was understood later
on by Witten using a T-dual picture [40]. The theory has also a dual description in terms of
CHL strings [41, 42]. The original description [38, 39] makes use of the antisymmetric tensor
field Byp. This field is odd under world-sheet parity and therefore it is projected out by the
orientifold projection €2 in type I superstring. However, this still leaves the possibility to add
a quantized value %Bab € Z. The corresponding 8d theory is supersymmetric and, in the
absence of additional Wilson lines, it has gauge group USp(16) from the open string sector.

The T-dual version of the resulting theory has a particularly simple interpretation [40].
In the presence of the discrete background B, T-duality in two coordinates acts as
R — %, Ry — %. The T-dual of the standard SO(32) type I superstring turns the
original O9_-plane wrapping the torus into four O7_-planes at orientifold fixed points.
On the contrary, the T-dual of the USp(16) superstring turns the original O9_-plane into
three O7_-planes and one O7,-plane on the orientifold. While an O7_-plane has charge
(and tension) equal to —4 in units of a regular D7-brane charge, an O7-plane has charge
(and tension) equal to +4. The switch O7_ — O7, has the overall effect of halving the
RR tadpole and therefore the rank of the gauge group, a fact that requires addition of
only eight D7-branes. Furthermore, while D7-branes on top of an O7_-plane lead to an
orthogonal (SO) gauge group, D7-branes on top of an O7-plane lead to a symplectic
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(USp) gauge group. Therefore, the configuration with all the D7-branes sitting on top of
the O7,-plane leads to the gauge group USp(16). This configuration is depicted in the
right part of figure 2.

The open string spectrum is nicely encoded in the partition functions and it can be
worked out using standard methods. We choose the type I string description with discrete
value of Bgp, in which the cylinder and the Moebius amplitudes are given by

N2 (% dry Vg — 9
A= —/0 = 8778 : <Pél)+P§)) (P(§2)+P£2>) ,

2 TS (7 1)
N [ dry Vg — Sg K (1) (1)) (2) < (1) (1)) (2)} '
M = —/ — Py’ —P P — P, P P )
2 Jo W © )0 o )N
Here Péi) are the momentum sums
Pél) _ ana’(mﬂra)?/R? . q= e2mit ’ (72)

m;

where R; are the radii of the type I torus. Without the string excitations one obtains the

open-string partition function

d Vs — S (N+1)
A= [ (B (N0 g

0
LW - )< P(2)+P( >P<>+P§1)P§2>>> _
2 2

(7.3)
2

The 8d spectrum is supersymmetric and corresponds to the gauge group USp(NN), with
N = 16 fixed by the RR tadpole conditions. The field theory part of the spectrum can
be read off from eq. (7.3). It contains massless states and several massive towers of the
2-torus:

o one massless gauge multiplet and KK towers in the symmetric (adjoint) representa-
tion of USp(16), with masses

m2 m2
M2=—"14 2 7.4

o three massive gauge multiplets and KK towers in the antisymmetric representation
of USp(16), with masses
(mit+3)°® my o, mi (mat+y)? o (mit+g)®  (ma+3)?

MP=~—_20 4 2 2L 2l 2
T Tm TR m® TR I

where R, Ry are the two radii of the type I torus. It is remarkable that this spectrum
agrees with (5.16), the mass spectrum after tachyon condensation obtained in section 5
where, for simplicity, a square torus was chosen (R; = Ry = R).

The string vacuum just described is the only one preserving supersymmetry in 8d
with gauge group USp(16). It is therefore the only candidate for the endpoint of tachyon
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condensation in the magnetized U(16) 8d type I string. Hence, we are led to conjecture
that the two string vacua are equivalent. However, since the rank of the gauge group is
divided by two, the number of branes is halved in the process. In the T-dual picture,
we need to understand the surprising connection between tachyon condensation and the
conversion O7_ — O7,. While we do not have a full proof of the equivalence between the
two string vacua, the following facts appear to support our conjecture.

Consider type I string with magnetized D9-branes wrapped on a torus 72 with co-
ordinates y1,y2, and a magnetic field along a Cartan generator commuting with SU(16).
After T-duality on s, the magnetized D9-branes become a stack of D8-branes making an
angle tan @ = kR,/R; with the O8-planes, where R} is the T-dual radius. The tachyons
in the antisymmetric representation of U(16) are stretched between the brane with wrap-
ping numbers (n,m) = (1,k) and its image (1, —k)."* The corresponding wave functions
are exponentially localized at their I = 2k intersections, one at the origin and the others
depending on k (as an example, for £ = 1 there is a second intersection in the middle of
the torus, see the left part of figure 2). Suppose the tachyon is condensing at the origin.
Tachyon condensation corresponds to brane recombination. Here, the two cycles of the
branes and their images recombine into a single factorizable cycle (2,0), which is parallel
to the cycle wrapped by the O8-plane at the origin yo = 0. The corresponding D8-branes
have gauge group USp(16), as already discussed. The halving of the rank of the gauge
group can be related to the resulting wrapping number (2,0), which doubles the length
of the recombined D8-branes. Since half of the D8-branes disappear in the process, pre-
sumably the nature of the O8-plane is also changed, in a way that cannot be captured in
perturbation theory.'® If one now T-dualizes also the y;-coordinate, one ends up with D7-
branes localized at the origin of the dual torus (y1,y2) = (0,0), with gauge group USp(16).
The same T-dualities for the SO(32) type I string (with no magnetic field) would of course
lead to D7-branes with gauge group SO(32).

To shed some light on the conversion of one O7-plane, it is simpler to use the other,
singular limit in which the magnetized D9-branes are described by the D9-D7 brane system,
as described in section 6. In our case, we start with 16 non-BPS D7-branes in SO(32) type I
string, with gauge group U(16). As described in the previous section, there are two complex
tachyons in the spectrum, in the representations (32,16) and (1,120) of SO(32) x U(16).
After two T-dualities in y;, y2, we obtain a non-BPS D9-brane with gauge group U(16) and
a BPS D7-brane with gauge group SO(32), located at the origin of the torus. There are
also the standard four O7_-planes of the type IIB orientifold with the T-dual orientifold
projection € = QII(—1)¥, where II is the reflection (y1,y2) — (—y1, —y2) and (—1) is

14 As well known from the intersecting brane picture, the magnetic field background can be generalized to
arbitrary (coprime) wrapping numbers m and n [10]. If n > 1, the resulting gauge group for one magnetized
stack is U(16/n) and is consistent if 16/n is integer. The resulting effective field theory is more complicated
since in addition to antisymmetric representations of the unitary gauge group, of multiplicity m(n + 1),
there are also symmetric representations, of multiplicity m(n — 1). Both representations contain tachyonic
scalars, which also make the tachyon condensation discussion more involved. This is a very interesting
setup, which is however beyond the goals of our current paper.

15Taking into account the resulting gauge group USp(16), the torus in type ITA orientifold should become
tilted, and the D8-branes and the O8-plane should acquire the wrapping numbers (2, —1) [43, 44].
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the spacetime fermion number. The condensation of the bi-fundamental tachyon (32,16)
breaks the gauge group to the diagonal U(16). The condensation of the tachyon in the anti-
symmetric representation (1, 120) breaks the gauge group to USp(16) and halves the num-
ber of branes. What happens to the other eight branes, which disappear at the origin at the
torus? Checking the charges/tension of these objects, one notices the suggestive equality

Qo7, = Qor_ +8Qpr7. (7.6)

This leads to the conjecture that the eight branes disappearing after tachyon condensation
form a bound state with the coincident O7_-plane, the resulting object having precisely
the charge and tension of an O7,-plane! The orientifold conversion can be compared to
the Qos, = Qos_ + 1/2Qp3 needed in S-duality. While the 1/2 stack (or rigid) D3 has
no position moduli and, intuitively, can generate a bound state with the original O3_,
in our case the 8 D7-branes probably form a bound state with the O7_-plane due to
the tachyon condensation, and the corresponding open-string degrees of freedom become
massive in the process. It would clearly be of great interest to find further evidence for
this equivalence. However, this appears to be the only logical interpretation of the tachyon
condensation in the context we discussed. Finally, notice that the results of section 3
exclude the interpretation of a USp(16) type I vacuum in terms of non-Abelian Wilson lines.

8 Conclusions and open questions

Understanding the vacuum structure of intersecting D-brane models and their T-dual mag-
netic compactifications is of crucial importance for potential phenomenological applications.
In the interesting class of orientifold compactifications with chiral fermions, Wilson lines
have generally been used to remove tachyons. Since quantum corrections have been shown
to prevent local minima for Wilson lines, it is important to study tachyon condensation for
vacua without Wilson lines.

The goal of this paper has been to analyze the simplest case of tachyon condensation
which occurs in eight-dimensional type I string theory with magnetized branes wrapping a
torus. This setup is T-dual to type ITA orientifolds with intersecting D8-branes. We have
analyzed in detail the simplest case where in the type ITA description all 16 D8-branes are
rotated by the same angle, leading to the gauge group U(16) in the open string spectrum.
In this case a tachyon occurs at the intersection of the D8-branes with their images. We
have shown that after tachyon condensation the resulting gauge group becomes USp(16).
By analyzing the field theory condensation process, we have argued that the final string
theory should be equivalent to the unique known USp(16) superstring in eight dimensions.
The latter has the peculiar feature that, in a T-dual version with D7- and O7-planes, one
orientifold plane is of exotic type O7,, whereas the three others are standard O7_-planes.
We argue that tachyon condensation induces dynamically an O7_ — O7,4 conversion,
by generating a bound state of the O7_-plane with half of the D7-branes that naively
disappear in the condensation process. The result is supported by various arguments and
in particular by the equality

Qor, = Qo7_ +8Qp7,

yielding a consistent picture of a type IIB orientifold.
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The stable vacuum after tachyon condensation is supersymmetric and has no chiral
fermions. It remains a challenge to find intersecting D-brane models with broken super-
symmetry and chiral fermions.
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A Flux quantization

The torus 72 is not simply connected so that vector fields and matter fields are represented
by fibre bundles. The case of a monopole field on a sphere with constant flux density has
been thoroughly discussed in ref. [45], and homogeneous magnetic fields on a torus have
been considered in refs. [9, 32]. In these papers the vector potential for constant magnetic
flux was chosen in Landau gauge so that the torus could be covered with two patches.
Another convenient choice is the symmetric gauge [33] which requires four patches, for
instance the ones shown in figure 3. Here the vector potential is given by

f f 1 1
A =L Ay =L < - < -
(a) 1 592 2= Y1, O<yi <z, 0<yp<g
1 1
(0) Alz—i(ya—l), AQ:iyla 0<y1 <z, -<yp<l1
2 2 27 2 (A1)
/ f 1 1 '
() Ay Y2 Ao 2(y1 1), 2_y1<17 0_y2<2
1 1
(d) Alz—g(yQ—l), AZZg(?/l_l)a sSm<l, g<p<l,

leading to the constant magnetic field F = dA = fv, with v = dy; A dy». Each patch
overlaps with two other patches at two boundaries each, see figure 3.

The transition function that relates fields at the same point in the two patches is given
by [45]

¢f:Sfe¢e7 SfezeiAfey Sfe:Se_fla

; 1 A2
Al = A° + gs—lamsfe = A= e (4.2)

e

Given the vector fields (A.1) in the patches (a), (b), (¢) and (d) this yields the transition
functions

Moy 1/2) = Raeln 1/2) = L1, Aea1/2,0) = Aa(1/2,02) = D (A
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Figure 3. Vector potential for constant magnetic flux on a torus with four patches.

The consistency condition at the overlap of all four patches,
Aae(1/2,1/2)Aq(1/2,1/2)Aagp(1/2,1/2)Apa(1/2,1/2) = e 9/ =1, (A4)

implies flux quantization, gf = 2rM, M € Z. The transition functions at the boundaries
of the fundamental domain of the torus are trivial.

Starting at yo = 1/2 in patch (b) and going around the torus in ys-direction via patch
(b) and patch (a) until yo = 1/2 in patch (a), the vector field changes from A; = f/4 to
Ay = —f/4. This necessitates a non-trivial transition function Sy,, which in the literature
on magnetized tori usually occurs as twisted boundary condition (see, for example [33]),

Oy, y2 + 1) = Syt (y1, 1/2)b(y1, y2) = €TV 2y, o) . (A.5)

Analogously, one obtains for a lattice translation in y;-direction,

Oy + 1,y2) = S (1/2,y2) (w1, y2) = e 2120y, yo) . (A.6)

This means that the twist factors are given by the transition functions on the torus in y;-
and yz-direction, respectively.
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