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1 Introduction

In this paper, we shall study the effects of stringy corrections to gauge theory and gravity by
extracting effective field theory (EFT) actions involving such corrections to all orders alias
all-order EFTs. As these theories reproduce the string amplitudes with their characteristic
channel dualities, they are also sometimes referred to as highly symmetric EFTs. More
precisely, we shall focus our attention to all-order EFTs on worldvolumes of D-brane-anti-
D-brane (DD) systems in which all stringy modes have been integrated out save massless
gauge modes and tachyons. These models have a number of interesting applications ranging
from the study of tachyon condensation in string theory via open-closed string duality to
holography in non-BPS backgrounds and in high-energy limits.

String theory provides an ultraviolet completion of gravity by systematically adding
higher-derivative corrections to its low-energy approximation given by Einstein’s theory.
Its power relies on the fact that it intertwines two quantum theories in a nontrivial fashion
such that the stringy corrections to gravity can be organized into a double perturbative
expansion. Thus, viewing gravity as a quantum field theory with an S-matrix, its stringy
quantum corrections appear weighted by a string coupling constant gs, which one may thus
identify as h, while at each order in g5, the S-matrix elements are computed using a first-
quantized string described by sigma model on a two-dimensional surface, alias worldsheet,
of fixed genus, with its own coupling constant, often denoted by «’. Physically speaking, o/
sets the unit of length for the spacetime background metric, which yields an identification
of the Planck length as a combination of positive powers of g5 and ', which is arguably
one of the most exciting results of string theory.

Another remarkable feature of the double perturbative expansion, is that it admits a
natural extension so as to include non-perturbative effects by means of geometric objects
permeating the spacetime background, known as Dirichlet-branes, or D-branes. These may
be thought of in two dual fashions as either defects in spacetime, serving as sources for



stringy analogs of electric and magnetic fluxes, or defects on the worldsheet, serving as
sources for modified boundary conditions arising by means of two-dimensional analogs of
electric-magnetic duality rotations.

In this paper, we shall attempt to attain a deeper understanding of the o’-corrections
to gravity and obtain a more complete control of their all-order behavior by focusing on DD
systems. The basic motivation behind studying these systems is that the aforementioned
stringy dualities have so far been spelled out mainly in perturbative expansions around
supersymmetric string vacua, while supersymmetry is broken throughout the bulk of the
moduli space of string theory. To explore non-supersymmetric string backgrounds, DD sys-
tems are important tools as their underlying first-quantized descriptions remain tractable
and amenable to quantitative studies even in the absence of supersymmetry. The detailed
link between closed-string and open-string constructions originates from [1-9].

More broadly, in view of work on instabilities, and in particular on the importance
of non-BPS branes in the Swampland [10] and the related gravity conjecture! [11], one
would like to gather additional insights into supersymmetry breaking on time-dependent
backgrounds [12-22]. For instance, if we use the Sakai-Sugimoto model of DD systems [23—
25] to analyse spontaneous supersymmetry breaking in various holographic models [26-28],
the model will be granted as a probe if and only if the number of flavours is much less than
the number of colours, Ny < N.. Hence, we shall keep all tachyonic string states in both
worldsheet and EFT descriptions of the DD system.

In [29, 30], various authors have found tachyonic effective actions that also describe
the decays of non-BPS branes [31, 32]. Subsequently, in [21, 22|, it was argued how to
embed non-BPS branes and massless states into the EFT, whereby tachyon condensation
for brane-anti-brane systems can be discussed in great detail [33].

In the case of a single D-brane and a single anti-D-brane separated by a distance below
the string length, two real tachyon modes emerge in the EFT. In [34], the dynamics of
this system was analyzed using EFT methods, taking into account string loop divergences.
As applications of tachyonic EFTs, we would like to highlight brane production [35-43]
and inflation in string theory, which later on became important ingredients the context of
KKLT [44-46]. Various thermodynamic aspects of this system at finite temperature have
been studied, whereby the system gets stabilised and can be related to black holes, leading
to applications in AdS/CFT correspondence in string and M-theory [47, 48]. Properties
of DD systems facilitate stability analyses in the context of KKLT and the Large Volume
Scenario of string compactifications [49, 50]. Including D-brane sources [51], one may
furthermore consider DD bound states within the context of K-theory [52].

In the aforementioned context, where the dualities of the supersymmetric M-theory web
do not hold anymore, worldsheet Conformal Field Theory (CFT) methods are nonetheless
still available, and remarkably they suffice for constructing string corrections and new
couplings [53-63]. Proceeding with this program, all standard EFT methods of effective
actions for both non-BPS and BPS branes have been clarified with full details in [64].

!This conjecture confirms the presence of the light elementary electric and magnetic objects so that their
mass/charge ratio is smaller than the relevant ratio for macroscopic extremal black holes and hence allows
the decay of extremal black holes.



More precisely, the string corrections to DBI, Chern-Simons, Wess-Zumino effective actions
are derived from scattering amplitudes, as, to the best of our knowledge, at least in the
context of non-BPS branes, this approach does not introduce any ambiguities into «/'-
corrections, and one explores all-order coefficients of string corrections in the Type IIB and
ITA superstrings accordingly.

Finally, in the Conclusions we point to interesting similarities between the all-order
EFT Lagrangian for DD systems and the systems of matter fields coupled to topological
conformal higher spin gravities that have been proposed [65-67] as duals of bulk higher spin
gravity a la Vasiliev [68] in an attempt to refine the original holography proposal [69-72].
Motivated by this, within the context of the Frobenius-Chern-Simons (FCS) extension [73]
of Vasiliev’s higher spin gravity, we propose that the counterparts of DD systems are
contained as branches of fractional spin gravities [74].

The paper is structured as follows: we first concentrate on the DD system and explain
briefly the details on four- [75] and five-point functions. We then explore more hidden
symmetries in amplitudes of non-BPS branes. Having taken the selection rules [76], EFT
and other symmetries into account, we explore the expansion of the amplitudes and start
to exhibit all singularities of the type IIA and IIB string theories. This leads to the
construction of the all-order o/ higher-derivative corrections to two-tachyon and two-gauge
field couplings in the DD system as well.

This result shows that not only the structures of the higher derivative corrections but
also their coefficients are different from the ones of non-BPS branes, as we shall clarify in
detail in section five.

2 Highly symmetric D-brane-anti-D-brane EFT

The D,D,-brane system is constructed by (—1)Fr-projecting the two branes which yields
an unstable configuration containing tachyonic states. The resulting EFT of tachyons and
massless gauge fields is formulated in terms of a superconnection of a noncommutative

- A(1) *
1A = <ZA T ) ,

geometry [77-T79], viz.

BT iA®

where A and A@ are gauge fields associated to the D,- and 5p—brane, respectively, and

T = %(Tl +1T%) is a complex tachyon with normalization §. The resulting supercurvature

(2.1)
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where F() := dA®D —i AOA A® = L O gzapdab and DT := dT—i(AVT—T A®) = D, Tdz".
Using trivial Chan-Paton factors, such that F é? = 8aAl(f) —85,/15:) and D, T =090,T —i(A((ll) —

A((ZQ))T , and following [80, 81], the kinetic terms of the EFT action can be assembled into
a DBI-like Lagrangian, viz.

Sppr = — / o TS (V(T) \/— det(ngp + 2ma’ Fyp + 27ra’Da’TDbT)> , (2.2)



where V' is the Tachyon potential,

FY o 0 DT 0T
Fp:=[" 9 , D, T := N , T = , 2.3
“ ( 0o FY ¢ (D.T)* 0 T 0 (23)
and TrS denotes the symmetrized trace over mate. The EFT action also contains cou-
p—n+1

plings to the spacetime RR potentials packaged into C' := Y, (—i) 2 C, which can be
assembled into a Wess-Zumino term

Swz = iy / C A STy 27i7 (2.4)
E(pt1)

where STr is the supertrace. Indeed, setting the tachyon modes to zero, the WZ term

reduces to the Chern-Simons-like term [82-84]

Scs == Swzlr=0 = #p/ N Gl e%a/iF@)) ; (2.5)

B+
as expected by taking the naive sum of a separately supersymmetric D- and D-brane.

Comparison to disc amplitudes. Expanding the Lagrangian of (2.4), one derives
C ASTriF = Cpq A (FU — F2) (2.6)
CASTriF NiF = Cpg A{FOAFD — FO A F@}
+ Cp1 A =282 TP(FD — F®) 4 2i82DT A (DT)* | (2.7)
the resulting couplings can be matched to disc amplitudes computed using CFT meth-

ods [85]; for details, see for example [76]. To this end, the relevant open string vertex
operators for real tachyons and gauge photons carrying Chan-Paton factors A are given by

V}_l)(xl) = ¢~ #(@1) g'ik1 X(21) ) o9, (2.8)

ngo) (x2) = a’ikgw(:cg)eo‘/ikQ'X(m))\ ® o1, (2.9)

Vf(l_l)(ﬂfi;) = gap(xs)eO@3) @iks X(@3) \ @ g | (2.10)

VA (24) = €20 (8X“(x4) + a’ik-w(u)w“(m)) ed kXN @ T, (2.11)

where x; belong to the boundary of the disc and k; are worldvolume momenta obeying
k3 = k3 =0and k¥ = k3 = —m?, where m? = 2_0{1, is the tachyon mass-squared. The closed

string vertex operator for the RR particle is given by

VARD (2,2) = (PoH,M,)* e %2128, (2)e! 5P X (2 =00 25, () 5P DX D gy | (2.12)

2The nomenclature stems from the fact that Scs consists of couplings of the form f Co NdAN---NdA,
though since C),, comprises the pull-back %C’J\hm]\/fnd)(M1 A ---dXMn one may also think of Scg as
packaging worldvolume Quillen-Chern classes of a superconnection with components (A4, X M .) whose
extension by T thus deforms Scs to Swz.



where (2, 2) is a point inside the disc and p a massless spacetime momentum, and?

P_=11-A4"), (2.13)
m
H, = ﬁHm...unVM syt (2.14)

with n even and m,, = 7 in the Type IIA model, and n odd and m, = 1 in the Type IIB
model. Using the doubling trick, the disc amplitude is mapped by

XH(z) = DUX¥(2), "(2) = DLy (2), 6(2) = ¢(2), Sa(2) = Ma"Sp(2), (2.15)

where the matrices

—lo—p O +m
D= g My, = ——L2_y0 4% ()P 2.16
( 0 1p+1> ’ v T (2.16)

to an amplitude computed on the entire complex plane for a single holomorphic sector with
two-point functions

/

(X*(2) X" (w)) = — 0 log(= — w), (2.17)
/
v « v _
W)y (w)) = =50 (2 — w) b (2.18)
(p(2)p(w)) = —log(z —w). (2.19)
Letting u := —%/ (k1+k2)? and setting o/ = 2, the complete disc amplitude for the scattering
of two real tachyons and one RR particle on the Dpr-brane reads
TEDTOCD iy I'(—2u)
disc 1 = Tp2ﬂ'm‘1} (P_HnMp’Ya)kQCL, (220)
where p, is RR charge and M is chosen such that H,, = «Ho_, for p > 3 and n > 5.
In the limit v = —p®*p, — 0, the u-channel massless gauge field pole is reproduced in
the EFT as

At ueen = V(Cp1, AV)Gap(A)VH(AD, Ty, Ty)
+VUCy1, AP (A)VE (AP T, Ty), (2.21)

where Gg(A) is the gauge field propagator, and V,(Cp_1, A®) and V,(A® Ty, Ty) are
vertices read off, respectively, from the Chern-Simons coupling

ipp(2ma’) / "0 Tr (Cag...ap_20a, 1 (AL — AD)), (2.22)

ap ap
Ept1

and the DBI-term. Consequently, by matching the full EFT-amplitude to the disc ampli-
tude, the required contact terms are contained in

m=—1

ipp(2ma)? /E Cp1 ATr ( > em(d(DD,))" DTy /\DTQ) , (2.23)
p+1

3We raise and lower spinor indices using a charge conjugation matrix C*? and the conventions S* =

C*#85 and Sa = S?(C™1) o



which thus provide the desired EFT couplings of two real tachyons and one RR. potential
to all orders in o/.

In what follows, we shall include one gauge photon into the amplitude and exhibit the
resulting all-order bosonic four-field corrections to the Dpr—brane EFT.

3 From S-matrix to all-order EFT couplings

In this section, we contextualize our analysis by reviewing the five point function, which
also serves as a warm up for the computations of the new six point functions in the following
section.

At tree level, the string scattering S-matrix element on a Dpr—brane of two real
tachyons with momenta ko and ks, a gauge photon with momentum k1, and an RR particle
with spacetime momentum p is given by the disc amplitude [86, 87|

ACHTOTOCTY iy /dzdé haphiseta (2 — 2)~20HsH0=1 | 2042011 2u420-1/2

disc 2ﬁ
—x + |2|? x
x {(FCba)aﬁ - QW“by(Tc)aﬁ = 2" (")

P
beX — 1 a af
+ 27 ;(I‘ Jap ¢ (P nMp)™, (3.1)
where we have gauge fixed (x1,x2,x3,2,2) = (0,1, 00, 2, 2), and introduced the Mandelstam
variables
o 9 % 9 o 9
S = —5(/6‘1 + k?g) , b= —5(/{?1 + kz) , U= —E(k‘g + k‘g) . (32)

Note that for five point functions the integration over the position of the RR potential
vertex operator involves the prototype integral

//d%u ]2z — 2)°(z + 5) (3.3)

These integrals were computed for d = 0,1 in [88] and for d = 2 in [89] where the tricks are
explained in [89]. Including a normalization isx,/2v/2m, the final form of the amplitude is

TOTOACOCTY iy,

‘Adisc - 2m
. [/cga(w1/4><2§‘k3>+k3a<s+1/4><2§-k2>—£a<s+1/4><t+1/4>}) ,

(T (P 0 20,) (1) (o) (€9 T+ T (P WMy )T

where
MN(—u)l'(=s+1/4)T (=t + 1/ (-t — s —u)
MN—u—t+1/4)T(—t—s+1/2)[(—s—u+1/4)’

oaastu)—3/2 D(—u+1/2)0(—s — 1/A)T(—t — 1/4)D(—t —s —u —1/2
J = 9 2(t+stu)=3/2 P(—u—t+ /AT~ —s /9T (s —ut1/d) (3.5)

.= 272(t+5+u)71/2ﬂ_ (34)




Given the on-shell condition,

1
3+t+u:—papa—§. (3.6)

The EFT formalism, which provide the guide of generating massless singularities, implies
that k;.k; — 0, which yields the following expansion for CTT' A amplitude:

u—0, s, t— —1/4. (3.7)

In [86, 87], some tachyonic and massless singularities of the S-matrix are spelled out.
For p = n + 2, the amplitude has infinitely many massless poles, and for p = n there are
infinitely many tachyon and massless poles. It does have an infinite number of gauge field
poles in (s 4+t + u + 1/2)— channel poles as well.

As for the infinite collection of massless gauge poles for p = n + 2, the corresponding
string amplitude is

31
ATYTC _ o OWp  ap-a
A ~ -2 "Hag--aps

which are produced by the following sub amplitude in an EFT

k3ap_2k2ap_1£apl ’ (38)

Aprr = Va(Cpoz, AV, ANG i (ADWV,(AD, T, Ty) (3.9)

where the expansion of I around (3.7) is

1 oo o0
I: 2 - bn / t/ n+1 o P Itl n / t/ m 1
™ 77( " Z (s +t)" + Z cpnmu? (1) (s + 1) ) , (3.10)

n=-—1 p,n,m=0

where s’ = s+ 1/4,t' =t 4+ 1/4; the algebraic structure of the coefficients is represented
well by the first few ones, which are

2
0,02 = §7T2 In(2), co,1,0 = —14¢(3) , 0,03 = 8¢(3)In(2). (3.11)

Since the gauge field propagator has no correction, nor the couplings of two tachyons
and a gauge field, it is necessary to add higher-derivative couplings between the RR po-
tential two gauge fields, which can thus be determined to all orders, with the result

oo
1p(2ma’)? > by (o) Cpg AD™ ... D*"F A Dq, ... Dq, F . (3.12)

n=-—1

The infinite set massless poles can then be derived using the following data:

Wy___ W
V(AW Ty, Ty) = Ty (27 ) (ko — k3)p (3.14)

(1) (1) MP(27TO/)2 ag-p—3 1.9p—2 ¢Ap_1 = / n+1
Va(Cpz, AV A ):W%...%_mﬂ P3P Ny " by (ke k)™M, (3.15)
: n=—1



where k is the momentum of the off-shell gauge field. Indeed, it follows that all string poles
are reproduced in the EFT, and the final form of the EFT amplitude (3.9) is

/

1
ag-ap—31.9p—21.0p—1 #a R « i / Nnn+1
GQO"‘ap—laH P k;2 kg é- E bn E (5 +t ) .

29
et = 1 GO, Sy
: n=-—1

(3.16)
On the other hand for p = n, one explores the following string amplitude:

82:“ ao-ap—1a
AT — o ZH o Haou.ap_lj{kgat’(zg.kg) + hgas! (26 k2) — §as’t’}. (3.17)

Its first simple gauge field pole is reproduced by the following EFT amplitude:
Aprr = Va(Cpo1, A)Gop(A)VR(A, T1, T, AV) (3.18)

where the vertices and gauge field propagators, which can be read off from the DBI action
and CS term, are given by

Z.(Sab
Gap(A) = : 3.19
o(4) (27! )2T, (u+t/ + &) (3.19)

, 1 a--a

Va(Cpy, AY) = wp(27ro/)ﬁea0...apilaH 0-ap-1 (3.20)

1
Va(Cpoy, A®)) = —w,,(sz)ﬁeao...%,laﬂ%m%—l , (3.21)
Vo(AL, Th, Ty, AY) = 20T, (2ma’) & (3.22)
V(AP Ty, Ty, AY) = 2T, (21 )&y - (3.23)

On the other hand, tachyonic singularities are also produced by the following sub-
amplitude:

A=V(Cp 1, T, To)G(T2)V (T, T1, ALY, (3.24)

where we recall that the vertex of two tachyons and one gauge field has no correction as
the kinetic term of tachyon is fixed and the propagator receives no correction either; hence

V(Ty, Ty, AY) = T, (2ma’) (k3 — k)€, (3.25)
i
Ty) = 2
¢(T2) (2ra/)T,(s + 1/4) (3.26)
> 1
V(Cpor, T1, o) = (210! )11y Y bnﬁeaomap—w Hageayy (0/k1.k) " g (3.27)
n=0 ’

where ko, is the momentum of the off shell tachyon.

In order to derive all infinite massless poles, we need to obtain all-order o corrections
of two tachyons and two gauge fields in the worldvolume of brane-anti brane system and
to do so we start to properly address a six point function including an RR, two tachyons
and two gauge fields in the next section.



4 EFT couplings from six point functions

Having warmed up with the five point function, we now proceed by first computing the

S-matrix element for a closed-string RR state and two gauge fields and two tachyons on

the worldvolume of the DD system. We then factorize it in a specific limit over gauge field

poles that match to all orders in o’ with corresponding higher-derivative couplings of the

EFT of the DD system.

We start with the disk correlation functions

(I")ap = (: Sa(2) : Sp(2) : ¥ (w2) : ¥°(x3) : Y (24) 2)
(I8N ap = (: Salz) : Sp(2) : 4 (@1)0 (1) : ¥ (w2) : YO (ws) : ¥ (m4) ),
with the result
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where 25 = 2 = v + iy, 26 = 7 and z;; = x; — ;, and
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4 1356 24756
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(4.3)

(4.4)



where indices have been suppressed and we have defined the following tensor-bispinors:

Il = _2nadrcbe + 2nearcbd , ly = 2ndb1—\cae _ 2neb1—1cad’
13 _ 2ndcrbae o Qnecrbad’ Iy = 2nabrced’
I5 = 2n*Td lg = 2n"T?,

Iy = dntpbere — gpeagberd.
Iy = 4T — 4 pbpeerd.
lo = dnen®re — greepabpd.

Lo = dnfeneTe 4 apeapdre.

Iy = dnfoneerh — gpeapderd.

lis = _4ndanbcrd + 4neanbcrd.

The desired S-matrix element can then be computed, with the result

Ao(fl)Aw)A(fl)T(O)T(O)
= 2iTr (M AaAs\a) (P_H , M,)*P €1 €4

_1
X /dmldxgd:cgdmdxg)da:g Il’564 (3725«7326)7%

. ) 26 23 x24
Y (z(o/)Q Faphiae [pe < 54 ) 2k kS et
L1512 T16L12 x13%12 T14T12

(0 k1),

where
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)

in terms of the six independent Mandelstam variables

1
8:—<i+2k1-k‘3>, t:—2k‘1~k22, U:—<4+2k‘1~k§4),
= L 2k k‘) = (1 2k k) = <1+2k‘ k:)
u——<4+ 2 k3|, r=- 4+ 2R ] w= 9 37ha -

(4.14)

(4.15)

(4.16)

(4.17)

Since the amplitude has been written so that it respects SL(2,R) invariance manifestly, we

can fix the positions of three open-string vertex operator; we choose

x1 =0, 0<x2 <1, xg=1, Ty = 00,

~10 -

(4.18)



which brings the final amplitude to the form

1 1 1
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o d B
(1 —l’g) (—1 +IL’2)
z — |2

(2)

The total amplitude can be expressed in terms of the integrals

bl Flg(—a |2 +2? — x|zy2)] }Tr (MAoAsha) . (4.20)

1
Aps(ab,e,d| o, B | e) = /d%/ dz |1 — 2[92[P(z — )°(z + 2)"
0

x (1 —xz)%P |z — 2|, (4.21)

whose properties were described in detail in [90]. As explained in [90], one can work with
the soft limit of the six point function as 4ky - p — 1 which gives an analytic expression
for the amplitude, and some of the integrals can be found in appendix B of [88]. They are
subject to the on-shell condition

s+t+u+v+r+w=—pip, —1. (4.22)

In what follows, we shall determine quartic couplings in the EFT action by subtracting
EFT exchange graphs with massless poles from the TT AAC disc amplitude in the limit
where k;-k; — 0 for i # j. To investigate the structure of poles, we consider the correct
limit of the Mandelstam variables to set up the low-energy expansion where the correct

expansion is

1 1
t_>07 Savv_papa%_17 U}—>—§,
1 —0,r — ! +lu— E —0 (4.23)
5 u , T 1 u 4,7" s .
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where in the last line we took the averaged over the two limits and (4.23) is consistent
with momentum conservation, and conforms to the symmetries of the S-matrix. Note that
—i, we conform to the RR-tachyon two-point function, for which
PPy = i is a constraint.

in the limit —p%*p, —

Next, we derive the precise form of the all-order corrections to the couplings of two
tachyons and two gauge fields with exact coefficients in the worldvolume of the DD system.
We will then show that they reproduce the all-order gauge field poles in an EFT analysis.
By algebraic computations, we will also show that the corresponding existing proposal in
the literature is inconsistent.

The string amplitude is non-vanishing in the case of RR potentials given by C),_5, Cp_3
and Cp,_1. In the C,_5 case, the amplitude has just contact terms as follows:

64i2" 27

e}

N1 Nokuckgp&ieboakg €05 o (4.24)

where
[(—2u+ 3) I(-2t+1)
(-2t —2u+3)

Ny = 2—2(t+8+u+v+r+w)—1 (4‘25)

_F(—u—r—w)F(—t—v—7‘—1—l)F(r—s)F(—t—s—u—v—r—w)
N2 = F(—u—S—w)F(—t—s—UQ—i—%)F(_u_w_t_v_zr+%) . (4.26)

It is readily seen that the leading contact terms can be reproduced by the EFT couplings

»(2ma) / Z bu(a )" Cy_5 N\F ANF ADTy A DTy (4.27)
n=-—1
Other contact terms can be reproduced by properly adding higher derivative corrections;
for more details see [90]. The amplitude has infinitely many massless poles in the Cp_3
case, and there are infinitely many tachyon poles in the C,_; case, where, for the sake of
obtaining correct higher derivative corrections, it is sufficient to reconstruct the infinite set
of gauge field poles.
For p = n + 2, the amplitude is given by

81
AATTC,_1 __ Up agap—1a
A T V-2 Hao-+ap-a¥20y-28a, -
X (k’gau,(2§.k‘4) + k4a7',(2£.]{33) — gau’r’> N3N4 s (4.28)

where N3, N4 are the multiplications of various Gamma functions; for their explicit forms,
see appendix B of [90].

Having taken the proper expansion, one can show that all massless poles in the string
amplitude are given by

82/14]) 1 0 ap—1
a ‘Q aHa a k o o
\/%(1)—2)!(w’—i—r’—i—u’)6 o--ap-3K2a, 28ay 1
<k3aul(2£.k4) + kyor' (26 k3) — Eu'r > Z Ay (W 4 7")" ()™ (4.29)

n,m=0
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using momentum conservation in directions parallel to the branes, (k1+ko+ks+ks+p)* = 0,
and the Bianchi identity

P Hagoay €707 10 = 0. (4.30)

5 All-order two-tachyon-two-gauge field couplings

In this section, we determine the all-order part of the EFT Lagrangian on the worldvolume
of a DD system that is separately quadratic in gauge fields and tachyons, following the
procedure used in [91]* to compute the highly-symmetric four-tachyon vertices to all orders
in o in the non-BPS case; we shall then verify the result by comparing the resulting gauge
field poles against those of the corresponding string amplitude. Our results modify and
complete previous simpler proposals [86, 87], whose subtle shortcomings we shall thus begin
by highlighting before turning to the main part of this section.

Old proposal. The vertices V, (A, AW 1. T 5) stem from the part of the EFT Lagrangian
of the DD system that is separately quadratic in gauge fields and tachyons. In what follows,
we will first review the tachyon-two gauge field EFT couplings of non-BPS branes that have
been proposed in the literature [86, 87], and show that these do not reproduce the desired
string disc amplitude in the case of the DD system, after which we shall provide a remedy
in the form of a modified set of EFT higher-derivative couplings for this system. To spell
out the couplings, it is useful to define the quadri-linear higher-derivative operators®

Dy(E,F,G,H) := Dy, --- Dy, Dq, - - Do, EFD™ ... DGD" ... D | | (5.1)
D, (B, F,G,H) := Dy, --- Dy, Doy - Do, ED™ --- D FGD ... Db [T . (5.2)

The existing proposal for the EFT Lagrangian of DD systems consists of the leading
couplings

Tp(ma/)>TrS (m2T2F,“,F"“ + DT D, TF,, F*" — 4F“°‘Fa5D5TDuT> : (5.3)
at order (a’)% and where TrS denotes the symmetrised trace, combined with the higher-
order couplings

o

Liatir = —Tp(ma’) Y ()" (LE + LoEs + Lo + Loida) | (5-4)

n,m=0

4The S-matrix element for scattering of one RR particle and four tachyons on a DD-brane is given
in [91], and its relation to the Veneziano amplitude [92] is spelled out in there as well. Moreover, the all-
order corrections to fermionic couplings [93] as well as a power series representation of the corresponding
string amplitudes were obtained well beyond the factorized limit in [90].

°If D is a differential operator acting in an algebra of functions, then we use the convention D fg = (Df)g.
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where®

o = m2TrS (an,m[Dnm(T,T Fous F'"Y4 Dy (Fu, F* T, T))]
- b Do (T Fys T F¥)+- Dl (Fo T, F7 T)]—i—c.c.) , (5.5)
T <an,m[Dnm(DaT, Do Fyws ")+ D (Fos ", DT, Do T)
+ b [ Dy (DT Fpy, Do T, FYM) 4Dl (Fyuy Do T, F¥H, DOT)] +cc> (5.6)
mm_ _9Tyg ( Do (DPT, DT, ¥, Fiys)+ Dy (¥, Fo3, DT, D, T
+ by [Dp (DP T, FH, Dy T, Fog) + Dl (F*, D, T, Fog, DT +c.c.

)]
s = ~2158 ( 0l Don (DT D, T Fops F¥*) 4 Do F**. DT, D, T)
+b”vm[D;Lm(DBT7Fa57DNTaFMa)—i_D;"L (Fa,BvD TFMa DBT +CC)

Using [,OTIEAA, the EFT sub-amplitude
AGAATT = V(Cps, A, A)Gan(A)VP (A, A, T, T) (5.9)

contains the following infinite set of gauge poles

. 1 >
ippe™ P Hy o ay_sk1a,_581a,_ v E (@nm + bnm) (5.10)
m

— 2w + 7"+ w') im0
(™" 4 ) k3au’ (26 kg) + kgar! (26 k3) — Equ'r'] .
At zeroth order in o/, the residue is given by
4u'r'(ago + boo) = —r2u'r (5.11)

while the corresponding quantity in the disc amplitude is given by

2
doou'r’ = TWUITI = dpou'r’. (5.12)

Clearly, the old EFT proposal does not reproduce the string result. Indeed, this discrepancy
prevails at higher orders in the o’-expansion; for example, at the first order in o/, the EFT
residue is given by

2u'r’ (' + ") (a1,0 + ap1 + b1,0+ bo1) =0, (5.13)

6The first few Qn,m and b, ., coefficients are given by

2 7T2

[T

a1,0 =2¢(3), a0, =0, bo1=0b0=-((3)

ai,1 = ao,2 — —77‘(‘4/90, a,0 = —471'4/907 b1,1 = —71'4/180, bo,z = bzyo = —7l'4/45
ar2 = az;1 = 8¢(5) +47°¢(3)/3, ao3 =0, aso=8((5),

bos = —4C(5), bi2 = —8C(5) +21°¢(3)/3

ap,0 = —
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in disagreement with the string theory results, which reads
dyou'r' (0 + ") = 8(3)u'r' (u' + 1) . (5.14)
In other words, the proposed EFT coulings do not apply to the DD configuration at hand.

New proposal. An improved EFT Lagrangian for the DD system can be found using
the method of [91]; the sought for all-order expression for the DBI-SYM Lagrangian is
given by

7TO[

Lpp1 = —Tp(2ma’) ( 2|T)>+DT-(DT)* — 5 (F<1> FO 4@ -F@))) +T, (a3
" (;DT. (D) (FO-FO 4 F0). O ). )
27 gy (PO PO+ FO. @4 PR pi2)
- % ((D*T)*DgT+D*T(DsT)*) (F“)““FSB)+F<1>“°“FC§?+F(2>““F§?)) . (5.15)

at the leading order in the o/-expansion, and

LEEHA = —Ty(ma!) D (of)2FmHm(Ly™ 4+ L3™ 4+ L5™ + L™, (5.16)

n,m=0

to higher orders, where

L™ =m2TrS ( [ Dy (T, T FY) , FOYEY 4 Dy (), FOV T T%)]

* 1)v v k
— by [D) (T, Fﬁ),T PO “)+ng(F§V),T F@ve T )]+c.c.) , (5.17)

Lo =TvS ( Dy (DT, Do T FD, FO) 4 D,y (FD, FO DT, D, T¥)]

Yy Y uv

_bmm[D;«L (DaT F( ) DaT*’F(l)V,u)_i_D;L (F( ) D,T, F( )u,u,DaT* +CC)
(5.18)

L3™ = —2TrS (an,m[Dnm(DﬂT, DT, FOR B 4 Dy (FOR F) DPT, D, T)]

- bnvm[D;Im(DﬁTaF(Q)uaaDuT*yF(ilﬁ))‘f'D;lm(F( )ua D T F( l)ﬁjﬂ< —|—Cc)
(5.19)

nm * o 1 o *
L0 = _9TrS (amm[Dnm(DﬁT D,T* ), FOR) 4 D, (FL), FO# DPT, D, T%)]

— by [ Dl (DT, F), D, 1% FOR) D (F), D, T, FC >W,DﬂT*)]+c.c.) :
(5.20)
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where b, = by, and FO and F@) respectively, are the gauge field strengths on the
D-brane and D-brane. We note that unless the field strengths on the D- and D-brane are
treated separately, the EFT residues in the gauge channel cannot be made to match the
string results even to the leading order in o/.

The modification of the EFT Lagrangian proposed here can also be motivated by the
structure of EFT couplings on the DD system including fermions, viz. 12T D,T and
YD, T1p?~°T, found recently in [93].

Reproduction of gauge field poles. Let us consider again the EFT sub-amplitudes
with massless gauge fields poles, viz.

ASHTT =V, (Cpes, A, A Gy (A) V(A AY Ty, Ty) (5.21)
where, working perturbatively, the vertex V,(C,—1, A) and propagator G;(A) are given,
provided that one uses the following gauge propagator and vertices:

10ap
2ma!)? Ty (v +r'+w')’
 pp(2ma)?
(p—2)!

Gap(A) = (5.22)

oo
€ag-ay_1aH PR TP N by (o ke k)M, (5.23)

n=-—1

Va(Cp—3aAaA(1))

2 \2 " oo
VG(CP*&A?A@)) - _Hp((T(Qa)')eao"'ap—laHaomap3k2p2£ap1 Z bn(a,k2'k)n+1 ) (524)
b—2): n=-—1

where k is the momentum of the off-shell gauge field. Thus, the all-order form of the vertex
Va(Cp—s, A, AM)Y is determined from

oo
pp(27c/)* > by (o) Cg AD® .. D*F A Dy, ... Dq, F. (5.25)

n=-—1

To the leading order in the o/-expansion, we take the vertex V, (A, AW 7. T 5) from the
second line of (5.15), with the result

V(AW AW 1y 1) = 20T, () %ka [ (2k3 - €) + ' (2ky - €)] (5.26)

+ kgau'(2§.k4) + k‘4a7’/(2§./€3) — fau'r' ,

Vi(A®) AW Ty Ty) = 20T, (na )3 %ka [/ (2k3 - &) 4 o/ (2kg - )] + (5.27)

+ kzgau/(2§.k4) + k4a7‘/(25.k¢3) — §au/r’ ,

where k% is the momentum of the off-shell gauge field. Indeed, substituting the above
vertices into (5.21) reproduces the first massless singularity of (4.29).
Note that the correction to the vertex is read off by

[e.9]

o \"
— 20y S () Gt A (DD — P TP, (5.28)
n=0

which is the extension of the couplings that are given in (2.6).
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Proceeding to higher orders, we use the two-tachyon-two-gauge field couplings
from (5.16), which read

4iTp(o/)”+m(an’m — bmm)Tr ()\2)\3)\4Aﬁ) [((lﬂg'kg)m(kg'k4)n + (kg'kg)n(kg‘]m)m

(k‘l'k‘)m(kQ'k)n + (kg/{)n(kgk)m} [kgaul(2§.k'4) + k‘4a7“,(2§.k3) — fau'r’] y (5.29)

where k® is the off-shell gauge field momentum. The above vertices yield the following
infinite set of massless poles in the EFT:
1 [e.e]
n,m — bn m .
—2)!(u 4+ " +w') Z (an, m) (5.30)

n,m=0

. _agrrap—1a
81,upe P Hao-~~ap,3k1ap,2§1ap,1 (p

(™" 4+ ) [ksau! (26 kg) + kgar! (26 k3) — Eu'r']

which indeed agree with the massless singularities of the corresponding string ampli-
tude (4.29); for example, in the leading order, that is, for n = m = 0, the string amplitude
produces 4dg ou'r’, while at zeroth order in o/ the EFT yields

— 472
37T u'r’, (5.31)

which is identical to 4d ou/r’. At first order of o/, the string amplitude yields 4d; ou'r’ (v +
'), and in the modified EFT we obtain

16u’r'(a070 —boo) =

8u'r'(u' +1")(a10 + ap1 — b1o — bo1) = 32631 (v + 1) = ddy pu'r' (W' +1"),  (5.32)

in perfect agreement with worldsheet computations. One can check that the equivalence
holds to all orders. Hence, all gauge field poles of the DD system are reconstructed from the
proposal (5.16) for the all-order two-tachyon-two-gauge field couplings of EFT Lagrangian
in an exact and ambiguitiy-free fashion.

In particular, we have found that it is necessary to embed the mixed coupling

FO.p® (5.33)
into the tachyon-extended DBI-SYM action (5.15) to match EFT and string amplitudes.

6 Conclusion

In summary, using worldsheet methods, we have obtained the two-tachyon-two-gauge field
couplings in (5.16) of the EFT on the worldvolume of DD systems to all orders in o/.

Working perturbatively, whereby all kinetic terms remain uncorrected (to leading or-
der in gs), the massless and tachyonic singularities shed light on the structure of higher-
derivative corrections to couplings, and help in determining the exact coefficients of the
aforementioned couplings. In particular, we have found that already at the leading order,
the DBI-SYM action (5.15) contains F(1) F()-couplings in order for the EFT to be consis-
tent with the worldsheet.” We have also found that the Cj_1 A F' coupling of the WZ term
does not receive any higher-derivative correction.

"In previous works, it has been shown that qui(l) - D¢;(2)-couplings are required on the worldvolume of
DD systems for consistency between EFT and worldsheet descriptions [94].
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Let us comment on how our results may provide a guide along future directions towards
new ideas in the context of non-BPS branes.

Note that if one uses the ordinary trace effective action [95] instead of (2.2), the
resulting effective action cannot generate all-order singularities of the string amplitudes.

We note that the tachyon potential that we used is the same as in boundary string
field theory (BSFT), i.e.,

o T o
V(T'TY) = 14+ nd/m*T'T* + 5(71'()/77’L2TZTZ)2 +- (6.1)

where m% = —1/(2/) and T, is the tension of a p-brane. The expansion complies with
the first couple of terms of the potential V (|T|) = e™ ™ IT1* taken from BSFT [96, 97].

If one just uses the derived effective actions of this paper, one can precisely generate all
infinite singularities and contact terms of string theory. Indeed we also discussed that the
presence of new mixed couplings like F1) . F®) | as well as D) - Dp?) | are inevitable and
necessary to derive the actual and consistent results that are demanded when matching
string computations with EFT.

Combining EFT techniques with stringy symmetries [98], whereby the S-matrix must
be symmetric under exchanging s and ¢, and have massless u-channel poles, one learns that
all k;.k; — 0, and hence we revealed that the unique expansion (u — 0, s,t — —1/4) for
the five point function.

Carrying out the symmetrized trace in DBI action over ¢ factors, one finds

Lis <V(T"T")\/1+[Ti T[T Ti]) = (1—7TT2+7r2T4+--~> (1+7%+) . (62)

2 ’ ’ 2 24
Hence, the tachyon gets condensated at T' — oo, thereby the tachyon potential tends to
zero precisely.

It is natural to think of the all-order highly symmetric EFTs as counterparts to the
holographic duals of Vasiliev’s higher spin gravitys [65] in their turn thought of as consistent
truncations of FCS models; for a review, see [99]. The latter are formulated in terms of hor-
izontal Quillen superconnections on noncommutative fibered manifolds with star-product
local FCS action functionals in which all semi-classical nonlocalities have been incorpo-
rated into differential graded algebras. The differential graded algebras serve as natural
configuration spaces for noncommutative sigma models of Alexandrov-Kontsevich-Schwarz-
Zaboronsky (AKSZ) type [100]; Vasiliev’s higher spin geometries subject to boundary con-
ditions then arise on-shell as strict operator realizations of these algebras in representations.

The FCS models contain defects of co-dimension one in their turn containing differ-
ent sub-defects in various co-dimensions; thus, the FCS models serve as “grandparents”
for cascades of noncommutative gauge theories of AKSZ type. It is natural to expect
these cascades to induce chains of dualities of topological field theory type between sub-
algebras inhabiting the sub-defects, treated as objects of a geometric category, connected
by algebraic morphisms mediated by the theory inhabitating the parent defect, treated as
morphisms of the geometric category.
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In these schemes, Vasiliev’s theory plays the role of a parent theory arising in the
FCS model in co-dimension one in its turn containing different sub-defects in various co-
subdimensions. In particular, in co-dimension there are sub-defects harbouring fractional
spin gravity given by extensions of the original® fractional spin gravity of Chern-Simons
type [74] by unfolded conformal matter fields [65-67] arising in the noncommutative AKSZ
sigma model in zero- and two-forms in bi-fundamental representations of conformal higher
spin and color groups with topological gauge fields.”

Thinking of the FCS model as a tensionless analog of an open-closed string field theory,
with Vasiliev’s higher spin gravity and fractional spin gravity, respectively, playing role of
closed- and open-string sectors, the counterpart of open-closed string duality in the case
of a single stack of D-branes becomes the refined holography proposal involving developed
largely independently by Vasiliev [65] and Nilsson [66, 67], thus representing a morphism
from a single sub-defect to the empty set. By this reasoning, a simple proposal for a
tensionless analog of a DD system is thus a higher spin gravity model with two fractional
spin gravity duals, thus representing a morphism from between two sub-defect.

The derivative structure of cubic and quartic vertices of the DD EFT and of effective
Fronsdal actions for higher spin gravity are similar. Indeed, the cubic vertices only have
a finite number of derivatives for a given set of spins, while the quartic vertices are given
by all-order derivative expansions weighted by o/ and the cosmological constant in the
DD EFT and higher spin gravity, respectively. One may thus propose that there exists
a geometrization of the multi-linear Moyal-like couplings of the EFT at high energies by
extending its Quillen superconnection to that of a suitable fractional spin gravity theory
(including propagating SYM fields in its matter sector), and correspondingly switching
from the metric-like DBI-SYM plus WZ action to a dual noncommutative AKSZ action.
The resulting configuration spaces of strictly quantized differential graded algebras could
provide a framework for resolving classical singularities in SYM gauge theory; for related
results in higher spin gravity, see [101].
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