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ABSTRACT: We study d = 2 0A string theory perturbed by tachyon momentum modes in
backgrounds with non-trivial tachyon condensate and Ramond-Ramond (RR) flux. In the
matrix model description, we uncover a complexified Toda lattice hierarchy constrained by
a pair of novel holomorphic string equations. We solve these constraints in the classical
limit for general RR flux and tachyon condensate. Due to the non-holomorphic nature
of the tachyon perturbations, the transcendental equations which we derive for the string
susceptibility are manifestly non-holomorphic. We explore the phase structure and critical
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Two-dimensional string theory has been fruitfully used to explore problems for which we

lack the technical prowess and /or conceptual framework to address in more realistic, higher-

dimensional string theories. This has been made possible mostly by the matrix models
dual to the d = 2 bosonic (for a review see [l -[]) and Type 0 strings [fi, fi], which pro-
vide non-perturbative definitions for those theories. Of interest in the present article are



Ramond-Ramond flux backgrounds which were recently investigated using the matrix dual
descriptions in [fj]. In this work we further study non-trivial backgrounds in Type 0A string
theory by deforming the theory with an integrable set of momentum modes in the presence
of both RR flux (¢) and tachyon condensate (u).

Although the integrable structure of the d = 2 bosonic string has been thoroughly
explored (for example, in [[J—[Ld]), such structures for OA string theory are somewhat less
developed. The integrable properties of the 0A matrix model were first studied using the
Toda lattice hierarchy [[[7] in the early ’90s [L§], when it was known as the deformed
matrix model [[]. More recently this has been discussed by [Rd, R1]. Alternatively, fol-
lowing [RJ], perturbative techniques have been utilized to address momentum mode defor-
mations in [R3. A few of the lowest order correlators were computed and a pattern for
1 = 0 was discerned; summing the infinite perturbative series lead to an expression for the
0A partition function. As discussed in [L1] for the ¢ = 1 matrix model, this is equivalent
to solving the string equation constraining the integrable Toda lattice hierarchy. However
in all of these previous works, the authors studied limits where either ¢ — 0 or u — 0 to
obtain tractable results regarding the partition function or string susceptibility.

In contrast, we obtain transcendental equations for the genus zero string suscepti-
bility parameterized by non-trivial tachyon condensate, Ramond-Ramond flux and mo-
mentum mode perturbations simultaneously. To do so we take advantage of the complex
coordinate p + iq identified in [f] and introduce a complexified Toda lattice hierarchy.
This hierarchy is based on shifts of both the energy and angular momentum quantum
numbers of the single-fermion Hilbert space of the dual 0A matrix model description.
The utilization of the fermion angular momentum as a dynamical variable is reminis-
cent of the proposed non-critical M-theory [P4, R perspective on 0A string theory, al-
though we introduce it for purely mathematical ends. The complex nature of the inte-
grable structure provides an additional real constraint (string equation) on the operator
algebra of the theory, relative to previous integrability analyses. This additional con-
straint allows us to solve for the susceptibility equations in the dispersionless, i.e. classical,
limit.

This paper is organized as follows. Section 2 contains a review of the treatment of
integrable momentum mode perturbations to the ¢ = 1 matrix model. We introduce our
notation and philosophy here. In section 3, we address integrable deformations of the
0A matrix model. We show how the system is intractable when there is only one string
equation as a constraint. We then introduce the complexified Toda lattice hierarchy which
provides two such constraints. We solve this system in the dispersionless limit, obtaining
equations for the perturbed susceptibility. In section 4 we analyze the susceptibility equa-
tions, exploring the critical behavior and phase diagram of 0A string theory. We close with
section 5 wherein we include some preliminary results on perturbations which take advan-
tage of the holomorphic structure of the complexified Toda hierarchy. Finally, a number
of technical appendices are included to elucidate points made within the text as well as
providing an alternate derivation of the complex string equations.

While discussing the bosonic string and the ¢ = 1 matrix model, our units are such
units.

that o/ = 1. When discussing the Type 0 strings, we will use o/ = %



2. Integrable perturbations of the ¢ = 1 matrix model

Before turning to integrable deformations of 0A string theory, we will now provide a short
review of such deformations in the ¢ = 1 model, first studied in [[f]. The purpose of this
detour is to introduce our logic and notation in an example where we closely follow previous
analyses before moving on to a treatment of 0A where we will depart significantly from
prior work by other authors.

2.1 Chiral quantization and the energy representation

The ¢ = 1 matrix model is usefully described by a system of non-interacting fermions. The
operator algebra of these fermions is given by

[Z4,2-] =1,
(b, 6] = i,
(31,5} = 2. (2.1)

where € is the energy and 4 = % are light-cone coordinates in the single-particle phase
space. The commutator of Z4 with € indicates that these operators have simple expressions

in the energy basis, &4+ ~ e, To produce the correct commutator and anti-commutator
between 24 and Z_ requires the addition of certain dressing phases. Suitable energy

representations which reproduce all of the relations (R.1]) are

[24], = £STY2 () 0FLSE2 (¢) (2.2)
where @ is the shift operator
& = 'O, (2.3)
and S(e) is
1 .
S(E) — e—i7r/4 r (5 — ZG) = ez‘¢o(5) (2.4)
T (5 + ie) ’

which can be understood as the ¢ — —oo scattering amplitude for the fermions.!

Some comments on the representations above are in order. Although we use the term
“operator” to describe w, as well as using a hat, it should be made clear that in this text
we will use it exclusively in the energy basis as a shorthand for the derivative (R.3). Thus,
expressions containing @w will not be treated as operator statements but rather as basis
specific statements. One could, of course, adopt the alternative viewpoint that & is an
operator and (P.3)) is its energy representation, but we will not do so.

Additionally, we wish to mention that the energy basis for the Z4 operators is actually
somewhat subtle and depends on the sign of €. In studying the ¢ = 1 matrix model, one
considers only fermions with negative energy, which in perturbation theory are localized in
one of the quadrants of the xyz_ plane. The definitions (P.9) have been chosen to describe
the quadrant with x4+ > 0. Fortunately this subtlety will not occur for 0A where it is
necessary to consider both signs of e.

!See appendix A for more details on light-cone quantization and calculation of S(e).



2.2 Unitary transformations and the lax formalism

Consider some unitary transformation U acting on the system of fermions. We choose to
employ a passive transformation picture where the state kets remain unchanged and the
operators in (R.1]) transform as O — UOU!. In particular, we will label the transformed
operators as

ii = 0@;“771, (2.5)
M =UeU™ . (2.6)

As our notation suggests, these transformed operators are precisely the Lax and Orlov-
Shulman operators of the Toda lattice hierarchy when U is chosen appropriately. It follows
trivially that the commutators and anti-commutators (R.1)) are preserved by the unitary
transformation under consideration. This leads to

Lyle =N+ % (2.7)

In the context of the Toda lattice hierarchy, (R.7) are known as the string equations.
Unlike the usual treatment where separate M, are introduced and then equated as an
additional constraint, we posit only one Orlov-Shulman operator from the outset. Thus we
are studying the constrained Toda hierarchy, ab initio.

An integrable set of momentum mode deformations to the ¢ = 1 model are generated
by the transformations

Uy = e Znvo ben(E{t)) (F24) ™R Fid(@{t}) /21 Lo b (F2£)"/ T (2.8)

The t4, are real constants?, and the operators b and (]3 are unspecified functions which
vanish when all ¢1,, = 0. We will constrain the undetermined functions b and (5 such that
U+ = U_ = U. We understand U+ (UA',) to be the natural form of U acting on the Ty
(z_) operator. This is not to be confused with different bases; the expression U, =0U_
indicates an equality between operators, not that U, are different representations of the
same operator. Thus they are equal in any given basis.

The operators in (R.§) are of interest since they allow us to represent momentum mode
deformations to the worldsheet action in terms of transformations on the single fermion
Hilbert space. The operators (iuﬁi)"/ R are the single-particle representations of the matrix
model operators Tr(M =+ M )™ E which create states of Euclidean momentum % [Rg. In
the regions x4 — oo the operators Uy behave like

Uy ~ eFIOEN /200 st (£82)" (2.9)
demonstrating that asymptotically U, creates a coherent state of tachyons (plus some zero

mode). The factor with negative powers of Z4 is present to allow the equality of U+ and

U_.

2 Although we will be more general in our analysis, in order to produce real deformations to the worldsheet
action the signs of the ¢’s must be such that t, = —t_,, for all n. This will be true for the 0A theory as
well.



Now consider these operators in the energy basis. From (P.9), we have

[eizn>0tin(i5»‘i)n/R] = SF2 (¢) ¢! Lnzo tan@™ ™/ gE1/2 () (2.10)

€

and so find

{Ui] — i ns0 bn (@ {tHaTVE Fid(e{t}) /241 250 tn @™/ F g£1/2 (e), (2.11)

where we have introduced

¢ (6 {t})
bin (6 {t}) =

¢ (e {t}) + o (e),
bin (65 {t}) STY2 (€) STV/2 (e T in/R). (2.12)

Using the energy basis and the equivalent forms of the transformation U, we can make
explicit the connection of the above with the Lax formalism. We write

Ly = Uifviﬁf,
My = UreUgt (2.13)

It should be emphasized that the above is simply a rewriting of (2.§) and that
M =DM, =M_, (2.14)
which follows from the equality of U and both Us. In the e basis, we have

AR

[Mi} = WeeW !, (2.15)
€
where W are the dressings

Wy = el 2n>0 bin(6{tHoT R Fid(6:{t})/2 i o tan@*™/ 7 (2.16)

We wish to emphasize that the Wy, as functions of € and w, are basis specific expressions.

In order to solve the string equation (B.7), we first must have the expansion of the Orlov-
Shulman operator in powers of the Lax operators. There are two equivalent expansions
obtained by resumming the expansions of M in powers of & in the energy representation
in terms of the Lax operators

Mi:e:FZ”%"( Ai) +Zvin {t}( )n/R. (2.17)

n>0 n>0

The vy, (€ {t}) are undetermined functions which are in principle calculable. By intro-
ducing the functions v4j; we have not introduced any more unknown functions, but rather
simply reorganized the unknown b4y into the viy.



2.3 Dispersionless limit and solving the string equation

The above formalism is a compact way to record an infinite hierarchy of finite-difference
equations. These are obtained by expanding both sides of the string equation (P.7) in
powers of w, with all factors of @ moved to the right. Matching the coefficients to each
term in the series provides an infinite set of finite difference equations for the various
undetermined functions in the operators U. The most interesting of these functions is the
zero-mode ¢(e; {t}) which provides the density of states via p(e) = a%fe).

While the system of finite difference equations is in principle soluble, the study of these
equations is not technically practical. Firstly, there are an infinite number of such equations
and, secondly, even a finite set of finite difference equations is generally difficult to solve.
Instead we will take advantage of the simplification occurring in the “dispersionless limit”,
when the lattice spacing goes to zero [14, [[5, [3, [J]. In the fermion language, this is the
classical limit, 4~ — 0. Since we use i = 1 units this is accomplished by considering the
regime |e| > 1, which is the genus zero limit of the dual string theory. Since the Orlov-

Shulman operator scales as € and the Lax operators scale as /e, the string equation in this

regime is
M=L_L,. (2.18)
In this limit, the Lax operators are given by
Ly = e 9:0/2,41 <1 + Z avy (€ {t}) uﬁk/R) 4+ (2.19)
k>0

where the dots represent subleading terms in € and the hat on w as been dropped to indicate
it is now a classical variable. The functions a4 (€;{t}) are calculable from the functions
in the transformation U but we will shortly solve for them using algebraic constraints,
bypassing the need to ever know the precise form of the undetermined functions in U.
We now take advantage of the expansion of M in terms of the Lax variables (2.17). To
simplify matters, we consider the case where all the couplings vanish except t4, for some

particular n

t
MiZEZFnin

(£L)"F + Z v, (€) (£Ly)HE (2.20)
k>0

These two expansions will effectively provide two string equations, My = L_ L, constrain-

ing the ayy coefficients strongly. Substituting (R.19) into the above, we find

n/R
t
My = eF n;ne—naezﬁ/ﬂ%win/}% <1 + Zaik (6) w$k/R>
k>0

—k/R
+ Z v1g (€) e 10ed, Fh/R (1 + Z aty (€) ijZ/R> . (2.21)

k>0 >0

Now compare (R.21]) with

Ly =—e % <1 + Z atr (€) wk/R> (1 + Z a_ (€) wk/R> . (2.22)

k>0 k>0



Since the highest (lowest) power of w in My is w*™/ 1

, power matching in the string equation
implies a4+, = 0 if k& > n. Furthermore, upon examining other coefficients in the string
equation one can see all the constraints are satisfied for ay; = 0 for k # n.

+n/R

Bearing this in mind, we match the coefficients for the w terms in My = L L_

and obtain

tin (1o
e (€) = i%e(l n/2R)0ed (2.23)

which when substituted into the equation obtained from the w terms results in®

—8e¢ n? (1-n/R)dc¢ (T
el = ™ = it e (E - 1) . (2.24)
We wish to emphasize the importance of (R.24). This equation provides a transcendental
equation for the density of states, and hence the free energy, in the presence of momentum
mode perturbations. Our goal in the sections ahead is to obtain equations such as (R.24)
for the density of states in OA string theory perturbed by momentum modes.

As a quick consistency check of our method, we see that (R.24) produces the correct
density of states for the ¢ = 1 theory when there is no perturbation,

P = 5 900|  = =g houn (2:25)
For more details see, for example, [f]. A more non-trivial check is that (P-24), with n = 1
and a suitable redefinition of couplings, is precisely T-dual to the genus zero susceptibility
equation obtained in [J]] for the ¢ = 1 theory perturbed by winding modes.

The beauty of the procedure above is that there was never a need to know the undeter-
mined functions vig. We have only assumed that they are such that it is possible to match
the coefficients for the powers of w which we do not examine. The fact that knowledge
of the functions vy is irrelevant to obtaining the equation for the density of states is not
limited to the simple example above. Suppose that some finite number of couplings are
turned on, but that ¢4, = 0 for £ > N. Once again, a general argument indicates a4
vanish if & > N. Matching the coefficients for w*/® with 0 < k < N in M, = L,L_,
we obtain N + 1 constraints, none of which contain vyz. Similarly, examining the w=*/F
coefficients with 0 < £k < N in M_ = L, L_ leads to another N equations which do not
involve the vyg. Together, these 2IN + 1 constraints are sufficient to solve for J.¢ and
the non-vanishing a4r<y. We will find in the next section that the most straightforward
application of this method to 0A string theory will not be so tractable.

3. Integrable deformations of the 0A matrix model

We would like to perform deformations of the 0A matrix model analogous to those of the
previous section. This has been previously attempted [[§, 0, BT, BJ], but these authors
were only able to obtain solutions by setting u or g to zero. We will first demonstrate the
intractability of the most straightforward organization of the integrable structure of the

3 Although this result has been derived for € < 0, it can be derived formally for positive energy as well.



0A matrix model. Then we consider an integrable structure based on the 2+ 1 dimensional
perspective for the 0A matrix model eigenvalues. Through this viewpoint we are able to
find additional string equations which can be solved in the dispersionless limit with both

© and ¢ non-zero.

3.1 The O0A matrix model

It is well-known [H] that type OA string theory in d = 2 can be described by a gauged matrix
model similar to that of the d = 2 bosonic string. As is common with matrix models, the
singlet sector can be reduced to the dynamics of a many-body problem of non-interacting
fermions in 1 + 1 dimensions. The single-particle Hamiltonian is

. 1/, 2_1/4
50A25<p2_$2+q j2/>’ (3.1)

where we consider ¢ to simply be some parameter. Proceeding as in the ¢ = 1 model, we

'~

put the operator algebra into the light-cone form [R6]
[B+,B_} — 4ieoy,
[Bi,goA} — 492iB,,
{B+,B_} =2(2,+2—1), (3.2)
where
By =21+ (¢* —1/4) 272 (3.3)
We can easily obtain from (B.g) the following identity
BiB: = (éa£1)* + ¢°. (3.4)

We will hereafter drop the subscript “0A” on the energy.
From the algebra (B.3) we can find the energy basis representations

|Be| = 572(e, 00255 (e, q), (3.5)

€

where & is defined in (2:3) and S(e, q) is the scattering phase?

L (/2 (1 + |g| — i€))
L'(1/2(1+ |q| +ie))

3.2 Intractability of the 0A lax system

S (e,q) = 27 = eiP0(e0) (3.6)

Besides simplifying the 0A operator algebra the By play the role of momentum modes in
the free fermion representation of 0A string theory [Rf]. Thus, following the analysis for
the ¢ = 1 model, we wish to consider unitary transformations generated by powers of By
to implement momentum mode perturbations. However, we will see that a straightforward
application of this method will not lead to a solvable string equation in this instance.

4The attentive reader may notice that this differs slightly from the result in [E] This is due to our
somewhat different normalization of the fermion states. Note that the exclusion of the i'? factor in [E] does
not affect the calculation of the density of states, p(€) ~ ¢'(¢). See appendix E for more details.



For the 0A matrix model an integrable set of momentum mode deformations is gener-
ated by the unitary transformations

Uy = et 2n>0 bin (&0 {tH B T Fid(60,{11) /2,41 5 s ten BY (3.7)

Once again, (]3 and the b are some undetermined functions which vanish when all of the
couplings {t}, are turned off. As in the treatment of the ¢ = 1 theory, the operators (B.7)

are constrained by U+ — U_. In the energy basis these operators are given by

[Ui} — i X0 ben(6q {EHOTAE Fig(6q,{t})/2,00 3,50 tea®®>/ F g£1/2 (6,q), (3.8)

where we have introduced

¢ (e:q,{t}) = & (e:q,{t}) + do (e.q),
bin (64, {t}) = by (6;¢,{t}) STY2 (¢,q) STV/% (e T 2in/R, q) . (3.9)

We now define Lax and Orlov-Shulman operators as in the ¢ = 1 theory through
unitary transformations on the 0A operators

I:i = UiBiU:El,
My = UreUzt (3.10)

where once again we have MJF = M_ due to the equivalence of the unitary transformations
Us. In the energy basis these operators are represented as

(1] = Wiy,

[My], = WaeWg !, (3.11)
with the dressings given by
W = ¢ Tnso ban(@a{tHoT2/E Fig(6a,{t1)/24i Xpso ten@™ /1 (3.12)

Since this is simply a unitary transformation, the operator algebra remains intact so we
immediately get the string equation

A~ A ~ 2
fole = <M + z) +q?, (3.13)

which was also obtained in [I§, P]. This equation is perfectly correct but its use in reaching
the density of states is limited. The problem lies in the appearance of a quadratic power
of the Orlov-Shulman operator as we will see below.

In the dispersionless limit we take €,q > 1. The above string equation becomes

LiL_=M*+¢*, (3.14)

and the Lax operators can be expanded as

Ly = e 9et*2 (1 + Z ayy (e {t}) uﬁ%/R) . (3.15)

k>0



Once again, we examine a simple case where the only non-zero couplings are t.,, for some
n. The expansion of M in terms of the Lax operators is similar to (2.20)

It ~
M. =eF ”i”"m+§:%k LR, (3.16)
k>0

We examine the non-negative powers of Ly that appear in M2 (denoted Miz), since
only these will contribute to the coefficients in which we are interested

Anty,, n 2nto, I n—
Mi>:8+("7i) L %( RS SP ] vm)) (3.17)
k=1

Compare this with

LiL_=¢e 9% (1 + Z at (€) w‘Qk/R> (1 + Z a_g (€) ka/R> . (3.18)

k>0 k>0

Once again, matching of coefficients implies the a4y truncate. In this case we have 4n + 1
non-vanishing functions; 0.¢ and the a4y for £ < 2n. However, one cannot obtain a closed
set of equations for these variables. The vy, appear in the 2n + 1 equations one obtains
from examining the coefficients to w?*/% with 0 < k < 2n in L, L_ = Z\LQr + ¢2. This is
also true of the 2n coefficients of w™2/f with 0 < k < 2n obtained from the M_ string
equation. Examining more coeflicients will simply increase the number of vy involved.
One must then solve the whole infinite set of equations.

One can see that the origin of the above intractability is the appearance of the unknown
functions vy multiplying non-negative powers of Ly in the string equation once (B.17) is
substituted into (B.14). This would be alleviated were the string equation linear in the
Orlov-Shulman operator. We now turn to such a way of organizing the 0A system.

3.3 Flux and the complex basis

We have found that the Toda Lattice based on shifts of the single-particle energy do not
lead to solvable string equations. In fact, it appears as if we are missing information.
To remedy this, we recall that the one-dimensional Hamiltonian (B.J]) can be understood
as the effective radial Hamiltonian for fermions moving in a two-dimensional harmonic
oscillator [f]. In this description, the RR~flux is the angular momentum operator, §. In
terms of the Cartesian coordinates and momenta in the plane, the energy and angular

momentum are given by

€ =

(1 + p3 — 47 — 43) , (3.19)
q = T1p2 — T2p1 - (3.20)

>N |

It is convenient to complexify these operators

. p1 £ . ﬁQiﬂ?Q)
2y = +1 , 3.21
o= () (P (321

§=é+iqg, (3.22)

,10,



which obey the algebra
[24,2-] = 2,
[2-,9] = —2iz_,
[Z1,9] = 2iz4, (3.23)
where the bar above an operator denotes its Hermitian conjugate. Other commutators are

trivial or obtained by Hermitian conjugation of (B.23). For convenience we also record the
relation

N>

Ph, =g —i. (3.24)
B.9) by noting that

By =2%:%. (3.25)

We can obtain the previous algebra

—

Recalling that By are the vertex operators for momentum modes, it is evident that in the
complex coordinates we should consider unitary transformations generated by powers of
24 Z%4 to implement momentum mode deformations. This is done in the following section.

But first let us obtain the (e, ¢)-basis for the operators above.
2id

Define the shift derivative 7 = €2 with Hermitian conjugate i1 = €9 where
1 .
0= ayzi(ae—zaq),
~ 1
0=0;= 3 (O + 10y) . (3.26)

Examining the algebra (B.23), we see that 2, ~ 9 and 2_ ~ =1 will reproduce the com-
mutators with 7. To reproduce the final commutator and (B.24)), we dress the appropriate
power of 7} with the scattering phase®

(2,5 =S (o) STV (y,9),
2], =S w052 (y,9) (3.27)

with other operators defined by Hermitian conjugation and S (y, ) given by
1 .
S (y7 @) — 2—iRe(y)Z~Im(y) T (? (1 - Z%)) ) (3.28)
T (5 (1+ zy))
3.4 Complexified lax formalism

Now we act with some unitary operator, U, obtaining the complex Lax and Orlov-Shulman

opemtors6

Zy=Us. U1, (3.29)
Y =UqU Y, (3.30)

SWithout loss of generality we have assumed that ¢ > 0. For ¢ < 0, it is important that |g| appears in the
scattering amplitude dressing 7. However, this eventually leads to the same susceptibility equation (B.44)).

SNote that the algebra of all operators quadratic in the z’s is sp,. It may be possible to construct
generalized Toda lattices from other Lie algebras, building in and out Lax operators from the positive
and negative roots, and Orlov-Shulman operators from the elements of the Cartan subalgebra. Such a
construction is a subject for future research.

— 11 —



and similarly for their Hermitian conjugates. The algebra ([3.23) is preserved by the unitary
transformation as is, most importantly, the string equation

7.7, =Y —i. (3.31)

This is essentially a complexified version of the string equation for the ¢ = 1 theory.
To implement momentum mode perturbations we use the unitary transformations (B.7)
generated by B+. The y basis representations are easily obtained from (B.§) by noting that

&2 = i

{Ui] =i Xm0 ban (50D (1) T Fid 58 /241 S b (0) T g1/2 (y,7). (3.32)
vy

As with the previous examples we impose (7+ = U_ and define the transformed operators

Ze = Us2. UL, (3.33)
}Afi = Ui:l) Ui_l, (334)

A

where Y+ =Y_ =Y. The y basis expressions are given by

[Z,] =Wt (3.35)

Y,y

24| =Wt (3.36)
Y,y

[Ai] = W Wil (3.37)
Y,y

where the dressings are

W = e Zn>o bin(y,y;{t})(fzﬁ)$"/Re$i¢>(y7§;{t})/2ei w0 tan (7)) T (3.38)

By reorganizing the 7 expansions of the two equivalent forms of Y we find the expansions
of the Orlov-Shulman operator in terms of the Lax operators

- . 2k o k/RAK/R - o\ 5—k/R5—k/R
i:y:FZEt:thi/ A +) vk (9.9) Zs IRz MR (3.39)
k>0 k>0

In the dispersionless limit, we simply drop the hats in the above. The string equation
becomes
Yo=Z_7,, (3.40)

and the Lax variables have expansions

Z_ =%y (1 +) ak(y,7) (nn)k/R> : (3.41)

k>0
Zy =% (1 + Za-i-k(y,g) (Wﬁ)k/R> , (3.42)
k>0

and similarly for their conjugates. Conveniently and unsurprisingly, we obtain only powers
of 77 = w? in the expansion of (B.4Q).
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To be explicit, assume all 1 = 0 except tt,. The matching of coefficients once again
implies only a4, are non-vanishing. Since the vi; do not multiply positive powers of the
Lax variables in the string equation, we have few enough variables to solve the equations
imposed by matching of coefficients. We obtain

2 W (ouns
iy = iﬁnt;new‘ée*ﬁ(ad’*ad’) , (3.43)

+n/R

by matching the (n7) coefficients. The order (7777)0 coefficient matching then gives the

complex susceptibility equation

4 —
e7200 _y = ];12 tynt_ne” 7 (06+09) <(1 - %) 209 %e2a¢) . (3.44)

The above equation is perhaps more transparent when split into real and imaginary parts

An2t_pton n 2n
e —e %% cos ( 9q9) = T+ el =2/ R0 (E )COS( 9q9) ,

4n? t_n

ton (1oom
72+ (1=2n/R)9e9 gin (9,¢) . (3.45)

q—ea sin (04¢) = 7

The equation (B.44) (or alternatively the real and imaginary parts (B.45)) constitutes
the main result of our paper, as it contains the information necessary to extract the genus
zero susceptibility for OA string theory in the presence of momentum mode perturbations.
A few comments are in order. First, we would like to emphasize that (B.44) has been
derived in full generality, with both non-vanishing cosmological constant p and RR flux q.
To the best of our knowledge, this is the first instance in which a set of string equations have
been solved in a flux background. Second, we have arrived at these results by exploiting
the integrability of the 0A matrix model. We have found that perturbations to the matrix
model can be cast as a complexified Toda system, and have derived the string equations
constraining it. In the dispersionless limit, these string equations yield (B.44).

4. Analysis of the 0A susceptibility equations

We wish to analyze the complex susceptibility equation (B.44), with the goal of obtaining
the phase diagram of the system. Given the transcendental nature of the equation, this
is a difficult task. We begin by specializing to the case of no Ramond-Ramond flux and

perform an analysis T-dual to that of [[1]]. We find critical behavior which obstructs
smoothly moving through parameter space to the momentum mode condensate phase for
R > 2n. We then proceed to the case of non-trivial flux and explore the critical behavior
present there.

Before diving into the intricacies of these transcendental equations, let us digress briefly
to make some general comments. Firstly, the perturbation couplings ¢4,, must be such that
the worldsheet Lagrangian is deformed by a real operator. For the 0A theory, the unitary
transformations generating the momentum perturbations have the asymptotic forms Uy ~

it B/ . . . . . ; A ~ .
e=nB " which act on the single-fermion Hamiltonian as H — H F M%Bi/ B This
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translates, in the absence of flux, to deforming the worldsheet Lagrangian as

E — E - tnv?n/R + tanan/R' (41)

Given the form of the vertex operators V), ~ ePX

, we see that a real deformation requires
that ¢, = —t_,, =t for some real ¢. This is not expected to change in the presence of RR
flux. We will thus make the substitution ¢* = —t,t_,, hereafter.

Secondly, we will pursue a thermodynamic analysis of 0A string theory in what follows.
This can be accomplished with our susceptibility equations since d.¢(e) = 2mwp(e), where

p(€) is the density of states. The grand canonical partition function, with fixed g, is then

2= o [ dedo(Om(1+ ) (4:2)
T J—c0
It follows that
9l
8ﬂan = R/wdem
m
~ R/ de Ocp(€) , (4.3)

where in the second line, we have kept only the leading term as |u| — co. We thus arrive
at the genus zero expression for the susceptibility

1
X(1) = £0u I Z = 0ue(p). (4.4)
In keeping with this notation we will make the replacement ¢ = u henceforth.

4.1 Relevant perturbations at ¢ =0

We are studying in this paper deformations of the string worldsheet theory by tachyon
vertex operators of definite Euclidean momentum. In order to have an effect on the long
wavelength dynamics of the theory, and hence the semi-classical spacetime geometry, this
must be a relevant deformation in the sense of worldsheet renormalization group flow. This
consideration puts a bound on the radius of compactification that we consider.

Let us consider the bosonic string for illustrative purposes. Before gauge fixing the
worldsheet metric, the vertex operators we are considering are simply

V, = ePX, (4.5)

and have conformal dimension A = %2 in o/ =1 units. If V, = eX is to be relevant then
Ip| < 2. This same bound applies to the canonical ghost picture’” Type 0 vertex operators
at zero Ramond-Ramond flux in o/ = % units. To obtain the susceptibility equation (B.44)
for the 0A matrix model, we have considered perturbations with momenta p = i%". Thus,
for a given n, we have a bound on the Euclidean time radius, R > n. Although this has
been argued for the case of vanishing flux we will shortly see indications that this bound

should be extended to g # 0.

"That is, picture (—1, —1) for NS-NS operators and picture (f%, f%) for R-R operators.
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4.2 Scaling behavior of c =1

We begin by considering the scaling behavior in p of the perturbed 0OA theory with ¢ = 0.
One might expect perturbed 0A with no flux to be identical to the perturbed ¢ = 1
matrix model, and in this section we will highlight the similarities of these two theories.
In section [L.§ we will see that OA contains novel behavior resulting from divergences in the
g-derivatives of the free energy, even at strictly vanishing flux.

To explore the similarities between ¢ = 1 and 0A with ¢ = 0, it is most useful to use
the component form of the susceptibility equation. For vanishing flux, the second equation
in (B.49) is satisfied with sin (9;¢) = 0. When all of the t.,, vanish, cos (0;¢) = sign(u) at
large || and g = 0; we will assume this is so when the perturbations are non-trivial. Thus
the first equation of (B.45) reduces to

2,2
| = e %9 4 42; (1 - %") e1=2n/R)9u¢ (4.6)
This is identical to the result (2.24)) for the ¢ = 1 theory perturbed by modes with mo-
mentum p = :I:%”. This factor of 2 is accounted for by the fact that only perturbations by
By ~ (&+)? have been used in our treatment of the 0A theory. Our result () is thus
T-dual to that obtained through studies of the ¢ = 1 theory perturbed by even winding
modes [LT], [J].

We find that ([£d) can be expressed more simply by using the positive-definite dimen-

sionless parameter®
An? 5 an g

This variable replaces the perturbation coupling t? with a coupling that runs with the
worldsheet cosmological constant. Recalling that R > n for any relevant perturbation, we
see that the unperturbed theory is located at A = 0 by sending t> — 0 and |u| — oo.
Similarly, condensation of the momentum mode perturbation occurs as A — oo via the
opposite limits, t* — oo and |u| — 0. For R < n these limits break down, and the variable
A no longer has a clear limit in which the theory is unperturbed. Although there will not
be a bound from worldsheet relevance when we study g # 0, we will see a similar behavior
in the corresponding dimensionless variable.

To take advantage of the dimensionless variable we introduce the reduced susceptibility
X through

1 4n?
=0,p=x— —>-1 —t7 . 4.8
X =0ud =X 2(1_%)0g<R2 > (4.8)

Then (f£.6) reduces to

AT = X 4 (1 - %") el =2/ X, (4.9)

indicating that y is function only of A and R.

8The parameter A is a natural variable since, being linear in the coupling 2, it organizes the perturbative
expansion around the OA string without flux. Another natural variable, A=A 2(1-n/R) | is linear in |y|
and associated with the expansion near the theory with momentum mode condensate.
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4.3 Critical behavior of c =1

The critical behavior of ¢ = 1 string theory can be inferred from ({.9). We differentiate
this relation with respect to A and obtain

1 1 - -1
A 2(n/R-1)

eX o\ 2 —n/R)¥
e

L ——1 5 -1
- APE/R "X 1_ 2n 9 _ 2n e(1-2n/R)x _ Am .(411)
2(n/R—1) R R

oAX =

In the second line we have substituted the susceptibility equation into (§.10) to obtain a
relation for later comparison with the case ¢ # 0. As is clear from (f.10), dr ¥ has a pole

at a finite value of x
- 1 2n

- 1 2=

Xe= m/R—1) R

To confirm that this is critical behavior, we must check that the equation of state is satisfied.
Substituting ({.13) into (f.9), we obtain the critical surface in the A — R plane

n n\—1
ACQ("/R—U — o 1— 2 _ 11— =
s1gn R R R

Since A is positive definite, we see that there is no critical behavior for n < R < 2n; this
can also be discerned from ([L.11)). We discard the solution for R < n as the perturbation
is irrelevant in that region and solve (#.13) for A,

m, —2n/R n —2(1-n/R)
AR =[1-2" 2(1-2 m . 414
m=(1-%) " 2(1-3)] . R>om (4.14)

This cleanly divides the parameter space of the theory as can be seen in figure ([J). Thus,

log (4.12)

(4.13)

this critical behavior provides an obstruction to smoothly perturbing from the unperturbed
0A phase to the momentum mode condensate phase with R > 2n. Beyond this, for
A > A (R), there do not exist real solutions to the equation of state ([L.9).

Alternatively, let us plot the right-hand-side of ([.9) (call it f(x)) in figure (fJ). The
behavior described above is associated with a local minimum at Y = x., where f(x.) =

1
AZ™ED  Again, we find that there exist no solutions for A > A.(R). More generally, all

local extrema of f(x) will be associated with critical points since Onx ~ 1/(9% f).

The above critical behavior can be understood thermodynamically by recalling from
#4) that x = %32 In Z. Then, using (f.§), we see that A.(R) is the surface where there
is a divergence in

#InzZ \t’R ~ X |p - (4.15)

In the vicinity of this critical surface one has the behavior
3 —-1/2
Bz~ (A—A) 2, (4.16)

typical of pure d = 2 gravity, known sometimes as a ¢ = 0 model 7. The physical picture
of this phase transition is that the worldsheet field, X, associated with Euclidean time
freezes out by settling into one of the minima of the cosine potential in ({.1]).
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R/n

nNnNEZ- - — — - — — — —

Figure 1: The phase diagram for ¢ = 1 theory perturbed by momentum modes. For A = 0, the
system is in the unperturbed 0A phase, and for A — oo, in the momentum mode condensate phase.
For n < R < 2n one can transition freely between these two phases, whereas for R > 2n, there
will be an obstruction given by the curve A.(R), associated with the phase transition to ¢ = 0. For
A > A.(R), there are no solutions to the reduced susceptibility equation ([.g). The shaded region
for R < n is forbidden due to the irrelevance of the operators V., g.

0

X

n<R<2n

Figure 2: The right-hand-side of (@) is plotted as a function of x for two values of R, as indicated.

4.4 Perturbative analysis with non-trivial flux

Having analyzed the susceptibility equations at ¢ = 0, we would now like to study them
in the presence of RR flux. To gain some confidence in the veracity of (B.44), we perform
two consistency checks.

We first examine the limit of vanishing momentum mode perturbations; this is the
case studied in [§]. Solving (B.44) with #> = 0 we find

0ub(n) = 0+ )6 = — In(yg) = —3 0 (1 + 7). (4.17)
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which does indeed agree with the known result to leading order in u? + ¢>. We shall use
this expression for the unperturbed partition function as a boundary condition for the
non-linear PDE system (B.49).

We next utilize perturbation theory to expand about the solution ([.17). Through the
0A string/matrix model duality we expect that the worldsheet theory perturbed as in (1)
should be related to the perturbed matrix model free energy through

nzZ = <et+n7—2n/R_t7nT—2n/R> . (4.18)

In perturbation theory, the right-hand side is evaluated as a sum of tachyon correlators
in the unperturbed worldsheet theory. Through (f.4), we can then interpret d,¢ as a

generating functional for the tachyon correlators on the sphere

1
Oud = RTIZIMEZ = —SIn (42 + %) + R 12 o a2< R T ) (419)

m>0
In order to compute these correlators, we first eliminate d,¢ from (B.49),

2 2
e 20u¢ _ M q

[1—(2n/R —1) (4n%t?/R?) 6*2(”/R*1)‘9#¢]2 " [1— (4n?t?/R?) 6*2("/3*1)8#45]27

(4.20)

then expand 0,¢ in powers of t? around ([.17). In appendix [J we compute these tachyon

correlators to O (t6) and find that they agree with those calculated in [RJ]. This gives us
great confidence in our result for general flux and momentum mode perturbation.

4.5 Critical behavior in flux vacua

We are now in position to construct the d = 2 0A phase diagram. We are going to follow the
same strategy as outlined in the previous section, but in a flux background. Turning back
to the complex equation (B-44), we begin by rewriting it in terms of a complex dimensionless

variable 2.9 242
An2t dn~t
A=Al e AL a0em) (4.21)
This gives
1 - nicy s X X
A TR = 2% 4 o~ B (XAR) [(1 — %)&X - %e2x] (4.22)

where ¥ = 0¢ + 1n(47};2t2) is the complex reduced susceptibility. Of course, we will also
need the complex conjugate of equation ([.23).

Let us pause to make a brief point alluded to in section [} Just as in the ¢ = 0 case,
the relationship between the dimensionless parameter (f.2]) and the unperturbed theory
becomes ill-defined for R < n. In the absence of flux, it is understood that we must have
R > n so that the perturbation of the worldsheet Lagrangian by Vs, g is relevant. We
have no such worldsheet understanding with ¢ # 0, but we still have a breakdown in our
variables. This suggests that the relevance bound R > n may be extended for the case

with flux. Following this suggestion, we will only consider R > n in the following.
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To make the notation more concise, we find it useful to introduce the complex function
A = 215X~ FX, (4.23)

The complex equation ({.23) can be written in terms of A, A as the system

_ 1 _
é _ A 20=-n/R) — ( %)A %

A 1 _
A Aan TR —(1—2)A+ A

_ 7#71/}?, _ 1 n
<AA> — 'A 2(1—n/R) — ( E)A + —A (4.24)

As in the ¢ = 0 case, we identify the critical points from the divergences of the third
order derivatives of the partition function, or more precisely of the derivatives dpx and
OrX- Therefore one begins by taking a A-derivative of (.29) and its complex conjugate

1 1
A 2(1771/1%)*1 A 20-n/R)
1

A(1—2y

— —(2—%)A+%A}8A>Z+%<A+A>8Ai,
R

_ 1
n _ A 20-n/R) n.- n -
=—(A+ A ¥ —  —(2-=)A+=A Y. (4.2
0 R( + >8AX+[ e 2-%) +R}9AX (4.25)

This is a linear algebraic system for the two derivatives 98¢ and 9rd¢p. Therefore any
divergent (critical) behavior will be associated with the zeros of the discriminant

2- 4, + 24,

R R

Ac—m
'7 — (=)} A+ A)*=0, (4.26)

%

where the subscripts are meant to imply that (4.26) only holds on the critical surface.

To reiterate, the OA critical surface is constrained by (f.26), where A, A are defined
through ([.24). To obtain the critical surface we must first eliminate A., A. in terms of A..
and R. We proceed by combining (§1.26) and the first equation in (}1.24), and find that we
can solve for the critical A., A. from a quartic equation

(20—1)zp+4L1 o(32—2)22424L7 (2—1)22+16L} (v—2)2,—16L7 (L3 ,+L3,) =0, (4.27)
where
2 =4(x — D)Re(A), Ly =Re(A"Twm),  Ly=Im(A Twm),  z={428)

The powers appearing in the definitions of L5 are such that Ly ~ p and Ly ~ ¢ (with
proportionality factors depending on R, t).

Before studying the entire critical surface, let us consider the zero flux limit, Lo =
0, where we expect to recover the results of section [L.3. In this case we find that the

solutions to the quartic equation are given by Re(A.) = 2332—71, —2,-2,-2 %. The

degeneracy observed among the roots in this special case is only accidental. The first
(non-degenerate) root corresponds to the ¢ = 1 critical surface ({.14), as can be verified
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Figure 3: The left plot depicts a slice through the 0A critical surface with Ly ~ ¢ = 0. The inner
curve L1 = Lq(z) (closer to the z-axis) is the ¢ = 1 critical curve discussed in section @, where aiqﬁ
diverges, while the outer line is a new feature of the OA critical surface, where agqﬁ diverges. The
dotted lines indicate solutions of (B.45) where GZ(b diverges, but which are probably not accessible
from the unperturbed OA theory since they are completely enclosed by other critical surfaces. The
right plot takes L; = 0 and shows the dependence on the flux parameter Ls.

1
2

X

Figure 4: The left plot depicts the OA critical surface, with emphasis on the dependence of L; on
x. The right plot depicts the same surface, but from ”below”, which emphasizes the extent in the
L1 plane. To get oriented, compare the left 3d surface with the left cross-section in figure (E)
The ”tentacles” of the left surface continue all the way to = 0, where they collapse to the points
Ly =42, Ly =0. At = = 1, the surface collapses to a point at L1 = Ly = 0.

by comparison with (f.11). By expanding (f.24) around this non-degenerate root, while
keeping the RR flux zero, we can extract the divergent behaviour of 32(? ~ (L4 —LLC)*l/ 2~

(Re(A) — Re(A.))~Y2. This was expected, and it is in accord with ([L16).
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The second (degenerate) root is novel, and corresponds to a straight line, |Li| =
2(1 —z), where (92@5 diverges. The critical behaviour at zero RR flux is given by aggb ~
(L1 — L1c)~' ~ (Re(A) — Re(A.))"!. This clearly distinguishes ¢ = 1 perturbed by
momentum modes from 0A with ¢ = 0, and the same perturbation. In figure () we
include plots of the intersection of the OA critical surface with the Ly = 0 and L; = 0
planes.

The full OA critical surface is found by substituting the solutions of the quartic into
the remaining (second) equation of (.:24). This constraint defines a surface in the 3d space
parameterized by Ly, Lo and z, which were introduced in (l.2§). We used Mathematica to
generate the plots of the OA critical surface shown in figure (f]). We have plotted the 0A
surface in terms of the finite range variable z € (0,1) (i.e. R > n) and as a function of the
real and imaginary parts of the dual “Sine-Liouville” dimensionless parameter, Afm.
Note that L? + L3 — oo is the regime identified with the unperturbed 0A string theory.
The entire OA critical surface is symmetric with respect to the Ly = 0 plane as well as the
L1 = 0 plane. It is also closed.

The line L1 = Ly = 0 of figures (B) and (f]) is the momentum mode condensate (Sine-
Liouville) phase. Fixing Ly = 0 (as in the left plot of figure (fJ)) it would seem that the
critical surface obstructs a smooth connection to the unperturbed 0A regime |[L;]| > 1.
For z € (0,1) the obstruction includes the familiar ¢ = 1 critical curve (fEI4). The novel
(linear) component of the critical curve obstructs the entire range of 2 € (0,1). In figure ()
we see that, for the range x € (0, %) the obstruction can be avoided by taking advantage
of non-trivial flux Lo, while for = € (%, 1) the Sine-Liouville regime remains covered by
the critical surface. Note that this is precisely the opposite of the case in ¢ = 1, where
z € (0,1) is obstructed and x € (3,1) is not [I].

5. Outlook & holomorphic perturbations

There are a number of obvious extensions of the line of development presented in this work.
We have studied the perturbation of 0A string theory by momentum mode operators in
the presence of Ramond-Ramond flux. It would be of interest to address also the effect
of perturbing by winding operators when flux is present; some prior work in this direction
includes [R0, 1. Although of more technical difficulty (since the matrix model is no
longer in its singlet sector), such perturbations may shed light on the conjectured OA black
hole [B§). Also, the study of the integrable structure of 0B string theory with non-trivial flux
is of obvious interest. The analysis of winding and momentum mode perturbations in that
case would provide another probe of T-duality for Type 0 strings. All of these directions
would provide a more detailed picture of the vacuum structure of two-dimensional string
theory.

There is a more novel direction which is suggested by the complexified Toda lattice that
we have introduced. We have not fully explored this structure for we have only examined
240e

deformations by the momentum modes, which are given by By ~ e Formally, it is

natural to further exploit the complex nature of the system by studying perturbations which
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preserve the holomorphicity existing at vanishing perturbation [ff]. Such perturbations
involve the flux in a non-trivial way.

To make this more concrete, we consider the transformations

Oy = e Snmobin @GN T the) Fi(@@{D)/24he) (i Snotensl Tene) (51

for some complex parameters {t} and undetermined functions b and ¢ and where “h.c.”
denotes Hermitian conjugate. We will call these “holomorphic perturbations” since (f.1)
factorizes into an operator dependent only on § and /*! and one dependent only on g and
n*!. Thus, this is much like two decoupled copies of the transformation (B9) for the c =1
matrix model.

The string equation (B.31]) is the same under this transformation as when perturbed
by momentum modes. The expansions of the complex Orlov-Shulman operator in terms of
the Lax operators are now

5 . 2n_ zn/R .\ A-k/R

Y, =y9- fthf/ +> vk (9) Z4 " (5.2)
k>0

- . 2n . e

v o—g+ ﬁt,an/R i kzx)v_k () 2" ME, (5.3)

for some undetermined functions vi;. Combining the above expansions with the string
equation we obtain the holomorphic susceptibility equation

2
y—e 209 = <2£> bty 2/ 190 <% - 1) . (5.4)
Unlike (B.44), the above result does not mix d¢ and d¢ and so preserves the holomorphic
factorization of the unperturbed solution.

It is important to keep in mind that the physical interpretation of the holomorphic
perturbations is quite different from that of the momentum mode perturbations studied
throughout this work. In the absence of flux, perturbing by the matrix model operators
By has the clear interpretation of adding tachyon vertex operators to the string worldsheet
action; this can be generalized to a flux background since By still generate small defor-
mations in the Fermi sea at finite g. The holomorphic perturbations above are less clearly
interpreted, and perhaps should be understood as generating coherent states of D-branes
or discrete states. Alternatively, the interpretation may lie outside of 0A string theory
itself and require ideas from non-critical M-theory 24, BJ]. It would be of great interest to
understand the full physical interpretation of these perturbations and the complex Toda
structure introduced herein.
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A. Chiral quantization of ¢ = 1 matrix model
Here we will briefly review the chiral quantization of the fermion system dual to d = 2

bosonic string theory. Since these fermions are non-interacting we will make do with

single-particle quantization.

A.1 Operator algebra

Recall that the single-particle energy for the fermions in the ¢ = 1 matrix model is given by
L A
€= 3 (p° —2°%). (A.1)

The algebraic structure becomes clearer when we introduce the light-cone coordinates

T+ (ptz), (A.2)

1
V2

which obey the following closed algebra (note i = 1)

[Z4,2-] =4,
(b, 6] = i,
(31,5} = 2. (A.3)

The first commutator indicates that £+ are canonically conjugate, and the second that &4+
are “shift operators” of é. The third relation indicates that the Schrodinger equation is
first order in both the x4+ bases, which is a sizable advantage over the second order wave
equation in the position basis.

Using the above relations the Schrodinger equation can be expressed in either the x4
bases

i <xia,3i + %) U, t) = i0U (s, ). (A4)

Or for energy eigenfunctions, where W, (x4, t) = e~ ) (v),
1 .
(xiami ¥ 5) Yelzs) = i e(as). (4.5)

A.2 States and eigenfunctions

For a given energy, €, there are four states of interest which in ket notation are | ¢, in/out,
L/R). The notation is such that in refers to fermions moving toward the origin and out
refers to those moving away. The label L/R refers to which side of the potential the fermion
is localized on. The in (out) eigenfunctions are most conveniently expressed in the x_ (z)
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bases. They are as follows

(e_|e,in, R) = O(z_)"=

(x_|€in, L)y = (—x_)

<x+|EaOUt’R> = a(ahr) +

(ool coout, 1) = () EEL (A6
Ty|e€ ou =0(—xy)—F——. .
+ ) + o
The in and out states are not independent, but rather are connected by the change of
basis, x_ < z4.

We can see that the in eigenfunctions are delta-function normalized by inserting a

complete set of x_ eigenstates.

(€ in,a| e, in,b) = / dr_(€in,alz_){x_|e, in,b)

—00

= 0(€' — €)dap, (A.7)

where the Roman letters label L/R. Similarly, by inserting a complete set of x states, we

can show

(€',out,al e, out,b) = 6(¢' — €)0qp. (A.8)

It is also useful to consider parity eigenstates. Define

le,in, £) = (le,in, R) £ |€,in, L)),

Hg\H
[\

le,out,£) = — (| ¢, 0ut, R) £ | ¢, 0ut, L)), (A.9)

V2

where the third quantum number labels the parity eigenvalue.

A.3 Unperturbed scattering

Scattering in the unperturbed problem involves only a simple change of basis. We want

to compute (€', out,ale,in,b). This is easily done by inserting complete sets of states of
both z4. Note that in performing the calculations, one must use (zy|x_) = \/%eix”“

which follows from the canonical commutator [zy,z_] = i. We will also need use of the

integrals [29]

bZ o0
I(z) = — m/ dt sin (bt) 77"

SIHT 0

bZ o0
I'(z) = dt cos (bt)t* 1. Al
()= gz [, cos(t) (A10)
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The scattering is completely diagonal in the parity basis

(€ out, +|e,in,F) = 0,
1 i 3 €T
(€ out,+|e in, ) = — (6T+7 + e_T_T> ['|=—ie)d( —e)
V2

oy [1Fiem [T (5 —ie)
_ im/4 2 o
e T ie \| T (5 +i0) o(e" —e). (A.11)

To discuss the ¢ = 1 matrix model we consider only the parity odd states. Then we can

write the scattering as

le,in,—) = S(€)| €, out, —), (A.12)

where the bounce factor is defined as

S(0) = /A [1+ie=me |T (3 —ie)
L —ie=m \[ T (5 +ie)
1 B
i [T (2~ (A.13)
r (% + ie)

In the second line we have neglected terms of order ™, i.e. we consider large negative
energy with negligible tunneling. This is appropriate and indeed required in the ¢ = 1
model which is defined only by perturbation theory in ﬁ

The expression (|A.19) indicates the in and out states are not independent. In-
deed, ([A.13) appears to be the conventional relationship between scattered states, but
this is incorrect. Both |e€,in/out,—) are solutions to the time-independent Schrodinger
equation and so (A.12) is an equality valid at all finite times. That is, there is no implicit
insertion of the time translation operator evolving time from t = —oo to t = 400. To
eliminate this redundancy, define

le) = S7V2(e)| e, in, —) = SY2(e)| €, out, —). (A.14)
Then we have two equivalent expressions for the same state, given in different bases

+1/2(, o
w:c(xi) = (zyi|e) = %sign(mi)]xi\ilg_i. (A.15)

Even though we consider the ¢ = 1 theory where the fermions are localized on one side
of the barrier, to calculate probabilities one should still integrate over all x4, i.e. the
wavefunctions (A.15) are delta-function normalized on the whole interval x4 € R.

B. Chiral quantization of 0A matrix model

We reproduce here results from the appendix of [f] for our normalization differs in its ¢-
dependence. Consider now particles moving in a plane with a radial harmonic oscillator
potential which in Cartesian coordinates has the Hamiltonian

T,

€= (-l +p3—23) . (B.1)
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It is useful to apply chiral quantization as in ¢ = 1 to both degrees of freedom,

Bu, = pi &
4 = \/5 5

For future use, note that the kernel of this transformation is

91/4 pkin /8

(Ti| Ts4) = —a

exp 5

| 22 oy
F EZ F \/ixixjm + ’ , (B.?))

where we have chosen the phase in (B.J) so as to have a simple form for the inner-product

1 .
(zyile_i) = Von exp (T4 ;T i) - (B.4)

It is not as straightforward to compute the relevant inner products and wave-functions
as in the ¢ = 1 theory so we must go through a series of changes of variables. First,
introduce the conventional polar coordinates

&1 =fcosd, fo = Fsind. (B.5)
So that |z1,x2) are delta-function normalized, the kernel of this change of basis is
(x1,22|7,0) = Vad (x1 —1rCcos0)§ (zy — rsind) .. (B.6)

The momentum conjugate to 0 is the conserved charge § = Z1p2 — Zop1. It is also of use
to introduce polar coordinates in phase space via

Ty1 =rrcosby, Tiyo="7Tyxsinby. (B.7)

which have an integral kernel analogous to (@) The relation between conventional polar
coordinates and the phase space polar coordinates is easily derived to be

(r4,0+|7,0) = /dx1d962d$i,1dwi,2 (re, 04|zt 1,24 9)

X (x4, x4 2| 21, 22) (21, 2|7, 0)
eFim/4 2

2
= \/ 2774 exp [ii <% T V2rrycos (0 —601) + %)] . (B.9)

It is convenient to exchange 04 for the conjugate momenta g+

etin/4 22 o |
W\/Me]Fl(?JrT)/ dfei(a£0£4V2rrs cos(0-01))
27 0

+im/4;]q+] o 2
B %Meﬁ(?Jr%ﬁi@)qui\ <\/§T7°ﬂ:) ) (B.9)

<7479 ‘Tﬂ:a q:|:> -
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and then calculate

e~ im/24la-|—q+]

27 ]
roqilr g ) = 2 el )2 / d0eia-—a+)

2w 0
></ Tdre”QJ‘qH <\/§’I“’I“+) Jiq_| (\/57“7’,>
0
= 5q+q7i|q+‘w/r+r_J|q+| (ryr_) . (B.10)

We almost have all of the ingredients for the scattering phase. First we note that
the momenta conjugate to 71 must classically satisfy the Poisson brackets {ry,py} = 1.
Using x4 ; as the generalized coordinates and x_; as their momenta, we easily obtain
p+ = t€e/ry. When promoted to operators this is written

—_

€=4= (Aiﬁi +ﬁ:|:72:|:) R (Bll)

\V)

which yields the time-independent wavefunctions

1 e—
(rs| € infout) = pFie1/2, (B.12)

N V2T +

Finally, we compute the scattering phase by combining the results of this appendix,

00
<E/aq/’OUt|€’q’in> :/0 dT’,dT’Jr Z <€,aq/’OUt|T+anr><T+aq4r|’r*aqf> <T*Q*|€’q’in>

q+,9—
T (A4 q —
= 8,90 (€ — €') 27414 (f( al ~i€)) (B.13)
L (5 (1+ |q| +ie))
Thus the scattering phase is given by
T (3 (g i
S(e, q) = 274l (3( ol —i9)) | (B.14)
T (5 (1+ gl +ie))

C. An alternate derivation of the OA string equations

Consider the compactified, unperturbed, all-genus 0A partition function

o0 itR(p+iq)/2
an:—lRe/ dt - ¢ P , (C.1)
2 o t sinh(gz)sinh(t/2)

where we have neglected terms analytic in . Using the notation introduced previously,

y=pu+t+iq, 0= 8%’ we arrive at the functional equation

—4sin(9/(2R)) sin(0) In Z = In(y) (C.2)
where we have implicitly regularized the rhs of the above equation. Similarly, we find

—45in(9/(2R))sin(d) In Z = In(y) . (C.3)
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Following Kostov [[12], we will map these functional equations for the unperturbed
partition function into the complex string equation derived in section 3. First, we shall
identify the partition function with the 7(y, )-function of the complexified Toda hierarchy:
In Z = In(7).

Next, we recall that in the absence of perturbations, the Lax operators are simply
dressed complex shift operators

Z_=W_np'w Z, = W+77W_;1, plus the c.c., (C.4)

where the dressing functions, with the perturbations turned off are W, = eFid0/2 . More-
over, given that the scattering phase and the 7-function are related through

wmmzm{1£3@>, (©.5)

(1 + 35)
we derive
W_(p) _ 7(n+ 35 (C.6)
Wiln)  7(n— 95
which in terms of the complex variable y reads
W_(y.9) _ 7+ 359+ 37) )

Wiy, )  7(y— 359~ 25)

At this moment it is useful to also recall that the unperturbed partition function, and
therefore 7, enjoys a holomorphic factorization, already transparent from ([C.1). This fact
is a manifestation of the expression for the scattering phase, which factorizes holomorphi-
cally in a manifest way. Clearly, this property carries through to the unperturbed dressing
operators. We conclude then that the previous equation can be decomposed (up to nor-

malization constants) in

(C.8)

and its complex conjugate.

We have now gathered all the information we need to proceed with the derivation of the
string equations. To this end we now turn back to the functional-differential equation (),
which when integrated yields

_ Tyt sp+i9) (Y — 55 —0.7)
Y-z +59) 7Y+ 35 —1,9)

Y (C.9)
The latter expression, according to the previous discussion on the holomorphic factorization
properties of the unperturbed 7-function, reduces to

i

Tt g )7y~ gy )

. . C.
Ty —5p +0) 7y + 55 — 1) (C.10)
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In the next step we substitute ([C.§), to arrive at

- Wy +9) Wiy —4)

S W)W (y—i) (©1)
Equivalently, this equation can be written as
[W+(y)1W—(y)] nt [W— (y)1W+(y)} n=y—i
a|Waln) W) W W) =u i
(C.12)

Also, since (W_)"1W, = €0 it is a trivial statement that (W_)"1W y[(W_)"W,]"! =
y. Furthermore, based on the Toda hierarchy flow equations, it can be shown that the
operator (W_)~'W, is independent of the couplings t,,t_,. This means that (C.13) hold
in general. In fact, these equations constitute the constraint among the Lax and Orlov-

Shulman operators that we called the string equations
Z.7_ =Y +1i, Z Z,=Y —i. (C.13)

As highlighted by this derivation, the complex nature of the 0A string equations arises
naturally from the holomorphicity of the unperturbed partition function.

D. Comparison with low-order correlators

=

We here confirm the consistency of the complex susceptibility equation (B.45) with calcu-
lations of low-order tachyon correlators as stated in section [£4. To facilitate comparison

with [2J] we first introduce
2n

= — D.1
P=5 (D.1)
the momentum of our perturbations, so that (1.2() becomes
2 2
™2t — F S+ 1 . (D.2)
[1 — (p — 1)p2t2e_(p_2)8u¢] [1 - p2t2@_(1’—2)8u¢]
We then expand 0,¢ as
— ¢:110g(u2+q2)+zt2—ma (D.3)
S = (ml)” '
and solve iteratively for the a,,. Recalling ([.19)
Ou¢p =R '0%1og Z =R |0%log Zy + Z e 62 < on/R ";n/R>] : (D.4)
m>0
we can identify the coefficients in (D.3) with the tachyon correlators
= —R@i <’1;mT_";> . (D.5)
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We reproduce the first few correlators here, as predicted by (D.3):

(LT ) = R (P +) " -1+, (D.6)
_ 2
53 <7;,273p> — _op-! [p2 (12 + qz)(p 4)/2] [(p 12 (2p - 3) it
+ (18 — 22p + 7p*) p?¢® + (2p — 3) ¢*] | (D.7)

_ —4)/213
RATITE,) = —6R™ [p? (12 + )| [Bp—5) Bp— ) (p— 1) 4°
+3 (100 — 247p + 239p* — 106p* + 18p*) u'q?
+ 3 (=100 + 179p — 108p? + 22p°) 1i%¢* + (3p — 5) 3p — 4) ¢°] . (D.8)

We now wish to compare with the results of [R3], which quotes several A,, (see their
(3.11)?) defined through

(T T = (1% + %)™ A, (D.9)
These correlators <’]6’1;,7”TI’;,> , are related to <’Z;,7”TI’;,>, in both ¢ =1 and 0A, via
0 (T3 = (BT 7). (0.10)
This was first recorded in [B0] and exploited in [2J]. We thus obtain
RATIT) = 0 (12 + )™ A (D.11)

Using this expression and the A,, in [Rd] we see that our correlators match, up to an overall

normalization factor R.
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