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1 Introduction

‘Matrix theory’ or ‘matrix model’, the theory of N' = 16 supersymmetric SU(NN) gauged
matrix quantum mechanics, was proposed in [1] as a nonperturbative formulation of M-
theory. Genuine tests of the BFSS proposal, that is tests which are not guaranteed to work
solely by virtue of supersymmetric non-renormalization theorems, have been performed
using Monte Carlo methods in a regime where the matrix quantum mechanics is strongly
coupled. On the other hand the BFSS proposal can be understood within the framework of
gauge/gravity duality: the holographic dual of matrix theory is a lightlike compactification
of M-theory in an SO(9)-symmetric pp-wave background; moreover compactification to ten
dimensions leads to an alternative interpretation whereby weakly-coupled IIA string theory
in the near-horizon limit of N D0 branes is the holographic dual of SU(N) matrix theory.

The gauge/gravity correspondence thus allows one to probe the strong-coupling limit
of matrix theory using classical ITA supergravity in a conformal AdSs times S® background,



which is the near-horizon geometry of DO branes. This background can be thought of as the
uplift to ten dimensions of a domain-wall solution of an effective two-dimensional dilaton-
gravity theory. The latter theory is in fact a consistent truncation of IIA supergravity and
can thus in principle be used to compute correlation functions in the matrix model involving
the operators dual to the graviton and the dilaton, along the lines of holography for non-
conformal branes [2-5]. However since in two dimensions the dilaton and the graviton can
both be gauged away at the classical level, one expects that the corresponding correlation
functions should be trivial; we will see that this is indeed consistent with the results of the
present paper.

To go beyond trivial correlation functions one would need a two-dimensional consistent
truncation of ITA which keeps more fields than just the metric and the dilaton. Although an
effective lower-dimensional theory is not necessary for holography [6], it can help streamline
the holographic computations along the lines of holographic renormalisation [7—9]. Recently
a maximally-supersymmetric two-dimensional SO(9) gauged supergravity was constructed
in [10]. This theory is expected to be a consistent truncation of IIA supergravity on S%.
Subsequently in [11] it was shown that a U(1)* truncation of the full SO(9) gauge group
is indeed a consistent truncation of IIA, and the uplift to ten dimensions was explicitly
constructed. In particular the conformal AdSy times S® near-horizon geometry was re-
covered as the uplift to ten dimensions of a supersymmetric domain-wall solution of the
two-dimensional theory with sixteen supercharges.

In the present paper we will use the half-supersymmetric domain-wall solution of the
two-dimensional supergravity to compute correlation functions in the strongly-coupled ma-
trix model using the prescription of holographic renormalization. In particular we compute
two-point functions for the operators dual to scalars transforming in the 44 and the 84 of
SO(9).! Our results are in agreement with the two-point functions previously computed
both holographically, from the Kaluza-Klein spectrum of eleven-dimensional supergravity
on S8 [12, 13], and directly in the matrix model by Monte Carlo methods [14].

Furthermore we construct a half-supersymmetric ‘deformed’ domain-wall solution of
two-dimensional SO(9) supergravity which uplifts to an eleven-dimensional pp-wave with
symmetry broken from SO(9) to SO(3) x SO(6). To achieve this deformation we must
consider SO(3) x SO(6)-preserving profiles for the scalar fields that go beyond the U(1)%
truncation. As it turns out the resulting eleven-dimensional pp-wave is not of the form of
the holographic dual to the BMN matrix model [15] which preserves N' = 32 supersymme-
try;2 nor does it belong to the class of bubbling M-theory geometries of [19]. Rather we
will show that this SO(3) x SO(6) deformation should be identified holographically with a
vev deformation of the BFSS matrix model.

The scalar sector of the two-dimensional maximally supersymmetric SO(9) gauged supergravity con-
tains, besides the dilaton, scalar fields transforming in the 44 @ 84 of SO(9); its U(1)* truncation contains
the dilaton, four scalars coming from the 44 and four scalars from the 84 of SO(9).

2Tt is well-known that all pp-waves of eleven-dimensional supergravity preserve at least sixteen super-
charges. The maximally supersymmetric pp-wave [16] can be thought of as the Penrose limit of either the
AdS7 x S* or the AdSy x S7 background [17], while there are pp-waves with various possible fractions of
supersymmetry between N = 16 and N = 32 [18].



As in the undeformed case we use holographic renormalization to compute two-point
correlation functions of operators dual to the scalar fields in the 44 of SO(9). More precisely,
under SO(3) x SO(6) the 44 decomposes as (1,1) @ (1,20) @ (5,1) & (3,6); the three
distinct two-point functions that we compute in the present paper are those of operators
dual to the scalars outside the (1,1) singlet.> We have checked numerically that in the
UV-limit all three reduce to the two-point function of the 44 scalar computed in the
undeformed matrix model. This is consistent with the fact that the deformed domain-
wall solution reduces in the limit of small radial direction to the undeformed domain wall.
Equivalently it can be checked that the ten-dimensional uplift of the deformed domain-wall
solution is asymptotically conformal AdSs times S%.

The plan of the remainder of the paper is as follows. Section 2 discusses holographic
renormalization for the two-dimensional maximal SO(9) supergravity dual to the BFSS
matrix quantum mechanics. As a warm-up we compute one- and two-point functions for
the operators dual to the graviton and the dilaton and show that they are trivial as ex-
pected. We then extend the computation to one- and two-point functions in the scalar
sector, where we reproduce the expected field theory results for the corresponding opera-
tors. In section 3 we construct a half-supersymmetric domain-wall solution of supergravity
which breaks SO(9) down to SO(3) x SO(6) and is expected to provide a holographic
description of a corresponding vev deformation of the matrix model. We set up the holo-
graphic renormalization around this background and in particular compute the deformed
correlation functions in the scalar sector. Some future directions are discussed in section 4.
In appendix A we review the various holographic dualities of the matrix model and their
respective regimes of validity. In appendix B we review the ambiguity in the holographic
dictionary for scalar fields in a certain mass range which will be relevant for our model.

2 BFSS and holographic renormalization

In this section, we will employ the effective two-dimensional supergravity that describes
fluctuations around the DO-brane near-horizon geometry, and apply the procedure of holo-
graphic renormalization in order to extract one- and two-point correlation functions of the
corresponding operators in the dual matrix quantum mechanics.

2.1 Effective 2d supergravity and fluctuation equations

The two-dimensional maximally supersymmetric SO(9) supergravity constructed in [10]
describes fluctuations around the S® compactification of IIA supergravity. The full theory
carries a dilaton p and 128 scalar fields, transforming as 44 & 84 under SO(9). Here, we
will only consider its U(1)* truncation which apart from p and the U(1)* gauge fields carries
four more dilaton fields u, from the 44 and four axion fields ¢, from the 84 of SO(9). The

3This choice was made for simplicity, since the singlet would mix already at the quadratic level with the
operators coming from the other representations.



truncated action is given by [11]

_ 1 1/3 1 a a
L= —fe,oR—i- epza Ug OHug + 2€p Xy E;X 0u0”) (01¢")
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where we have defined X, = [], X, 2, the scalar kinetic term is defined via

1/6 —1/v/2 —1/v/6 —1/(2V/3)
—_ —2Auu _ |16 0 0 V3/2
X,.=e bUb A = U6 0 VaB -1V | (2.2)
1/6 1/v/2 —1/v/6 —1/(2V/3)

and the abelian field strengths Fy;,, =2 8[#‘43] couple to four auxiliary scalar fields y* that
can be integrated out from the action. The scalar potential of (2.1) is given by

1
Viw = p /9[8 (x Y XX 1T K, > + ip*/?’ZXf (Xo — 4X,) (¢")’

a<b
+2p7 43N " X2 X 2 (602 (¢ QZX <py +38 H¢b>
a<b b#a

+ - 0_8/3X <Z py“¢“+8H¢“> } (2.3)

as a fourth order polynomial in the scalars ¢®. The action (2.1) admits a half supersym-
metric domain wall solution, in which all scalars and gauge fields vanish and metric and
dilaton are given by

ds® = r7dt?® — dr? , p(r) = P2 (2.4)

This two-dimensional solution can be uplifted into type IIA supergravity as

21
ds?y =r~7/8 (7’7dt2 — (dr® 4 72 ng)) , ¢= 5 Inr, F=d (r7dt) , (2.5)
(with 10D dilaton ® and two-form flux F') and further to an eleven-dimensional pp-wave
solution [18, 20, 21]

ds?) = datde™ 4+ (1 —r ") (dz™)% = (dr? + 2 dQ3). (2.6)

In this section, we will compute correlation functions associated to the quadratic fluc-
tuations around the domain wall (2.4). Since scalars originating from different SO(9) rep-
resentations do not mix at the quadratic level, we will only need the truncated action (2.1)
of two-dimensional dilaton gravity coupled to one of the scalars X, and one of the scalars
¢®. We will denote these two scalars by y44 and yg4 respectively (referring to their SO(9)
origin), and collectively by y,,. Moreover, it will be convenient to go to a frame in which the
background metric of (2.4) becomes pure AdS which is achieved by rescaling the fields as
—1/5 4 49

2
t——-t, r—r - —p

v v- 2.7
5 9 I g# 25 g/J ( )



In this frame, and after Wick rotation to Euclidean signature, the action takes the canonical
form [4]

1

s=4 [EevIde? (R+ 8007 +C— e (Ou)P—n2i2)). (@)

with p = ¢7?, and the constants

6 16 126

=—= =—, OC=— 2.9

"= P 25 (2:9)

describing the dilaton-gravity sector. With these coordinates, the boundary of AdS is

located at r = 0 and the background (2.4) takes the form

ds® = 1dt2 + idr2 e =r® a=— (2.10)

r 4r2 7 ’ 20 ‘

The scalar couplings in (2.8) are characterized by the constants a, and m, which take

different values for the scalars in the 44 and 84, respectively:

8
ag =0, mil = £ Yaq = 6\/53:, with  Xj934 = e 2 ,
4 12 _

Let us note that the addition of scalar matter in (2.8) is the source of some technical

complications with respect to the standard treatment of the dilaton gravity sector [4, 5].

In particular the fact that the scalars yg4 arise with a non-vanishing relative dilaton power

agy prevents us from using the methods of [5] and translate the non-conformal holographic

problem into a pure AdS background in some suitable higher dimension. However, it is

straightforward to extend the analysis of [4] to the presence of additional matter fields.
The equations of motion follow from (2.8) and yield

0= (%,0,0) - w00 (2 1) (0,0) 0,0 - 2 007
ang
+ ‘ <auynauyn - ;gul/<ayn)2> )

0=~Vop+ ’yz (8¢)2 - C - mie“"d’yi ,

P06 - 800y + C - <1 + a")@“”‘ﬁ ((@9)? =m242)
Y Y
0=V*H (e(a"+7)¢ Ouyn) + m2elantNey, (2.12)

0=R-2

They respectively stand for: the traceless and trace part of Einstein equations, the dilaton
field equation, and the scalar equations of motion.
2.2 Asymptotic expansions

Following the procedure of holographic renormalization [4, 7-9], we first compute the
asymptotic expansions of all fields at the boundary » = 0. As an illustration, let us



first restrict to the dilaton-gravity sector, i.e. set all scalar fields other than the dilaton
to zero, in which case we reproduce the results of [4] for the (degenerate) case of the DO
branes. The fluctuation ansatz for metric and dilaton is given by

t 1
as? =T g 1 gpe

r 4r2
o=« lnr+/€(:r>.

(2.13)

with functions f(t,r), k(t,r) admitting a (fractional) power expansion in r near r = 0

ft,7) = fiot)+ o (1), K(t,r) = Ky (t) + o (1). (2.14)

r—0 r—0

According to the equations of motion (2.12), the functions f(¢,r) and (¢,7) are subject
to the non-linear partial differential equations

1 ! 1 — 1! " !
0= (/) + g R+ (1:2)(/-@)2,
0= (1 - i) k' + R — %f’f’lﬁc, (2.15)
0=2ayf +r2f" = (")) + i - %f‘lf'kwr <1 - 762> (7)? = 2f (L= rf )R,
0=4dr(s"+ (:4)2) + (Bay+2+2rf LK + f1 </< — %f‘lf'f% + (/%)2> +2f oy,

where dots and primes refer to 9; and 0., respectively. Closer inspection of these equations
shows that its solutions admit a fractional power expansion around r = 0

ft, )= fo)(t) +7 fi5)(t) +77 fse)(t) + ..,
K(t,T’) = Ii(o) (t) + T‘/ﬁ:(5) (t) + r? 5(50) (t) + ..., (2.16)

where 0 = % —ay = % denotes the first non-integer power in the expansion, whose co-

efficient is not determined by the equations of motion (2.15). In generic dimensions, this
coefficient carries the information about the two-point correlation functions of the asso-
ciated operators. In two dimensions (i.e. for the p = 0 branes) this structure is highly
degenerate. Specifically, the equations of motion (2.15) determine the coefficients (s,

f(5) as

5 1.2
w6) = 360 0
S5(.. 1, 1. . 5
fe)= 9 (’%(0) - §f(0) Jo)fo) + 18'%(0)) ) (2.17)

and constrain the coefficients (55, f(50) as

0= f50) + 2f(0)K(50) 5

. 14
0= K(50) T gﬁ(o)li(g,g) . (2.18)



The latter conditions imply the two-dimensional analogue of what in higher dimensions
expresses the diffeomorphism and trace Ward identities [4, 8]. In two dimensions these
contraints imply that there are no non-trivial correlation functions associated to the oper-
ators dual to f and k, respectively, as we shall discuss shortly. This is related to the fact
that in two dimensions the dilaton-gravity sector does not carry any propagating degrees of
freedom. In this case, the interesting structure is sitting in the scalar sector of the theory.
Let us thus repeat the previous analysis in presence of the scalar fields.

Consider first the action (2.8) with scalar fields from the 44 and the 84 of SO(9). The
equations of motion obtained from variation of (2.8) then imply a generalization of the
ansatz (2.16) to a fractional expansion of the type

f(t,r) Zf(o () + 15 fuy(®) + 7 fi5y () + 77 fy () + ..,
K(t,r) = Koy (t) +7 4/5 k) (t )+rm(5)(t)+r7/5/€(7)(t)+... ,
Yaa(r, ): :17(2)( )+ raEt)+...,
ysa(r,t) = P yy(6) + Py (t) + ... (2.19)

where x5y and y(3) correspond to the coefficients in the scalar expansion that are left unde-
termined by the equations of motion. The intermediate coefficients in the series expansion
are determined by the equations of motion to

1 2
K = 4 L(2)>
5 ., 1.9 1 20
Ks) = 55 0 Flo) — g€ Y
. 14 em3ro (- o4 .
AT = g RORm T T <3y<1)y<3> TYWY(E) +3y<1)y(3>*”~<0>)
1/, . ) .
— 7 5E@Te) +22@)de) T 5 T)TE)R0) )
5 2
foy =—1gf0 %) -
5/(. 1,.4;: . 5 . 1 %0 9
feor =14 (ff(m — 570 foko + 18“(0)) tEe ¢ Jovy:
80 8
foy = =2fokm — gzfo r@e) — 57¢ 7 foymye) - (2:20)

In absence of the scalar fields these expressions consistently reproduce (2.17).

2.3 Regularization and counterterms

On-shell action The central object for the computation of correlation functions is the
action (2.8) evaluated on-shell. Using the dilaton field equation from (2.12), the on-shell
Lagrangian reduces to

273
L|on—shell = 7v|detg|v(€w5¢>) 5 =1/ detg| %19 ((Dysa)? — m?y2,) . (2.21)

Note that no explicit scalar dependence on y44 appears in the Lagrangian. This is due to the
fact that these scalars appear coupled with the same dilaton power as the Einstein-Hilbert



term, cf. (2.8), (2.11), thus disappear form the action upon using the dilaton equation of
motion. Moreover, we need to add the Gibbons-Hawking term in order to take into account
the boundary of the background spacetime

/dzx\/detgleWR — /dQ:I:\/\detg\eWR—i-/ dsvVhe'? 2K . (2.22)
M M oM

Here h is the induced metric on the (one-dimensional) boundary and K is the trace of the
extrinsic curvature of the boundary that can be computed from a unit length vector n*
normal to the boundary

K =V,nt. (2.23)

Putting everything together, the full on shell action is given by

1 2
Son-shell = / dtvhe'? (K + én“auqb + f€%¢yg4 n“@uyg4> , (2.24)
2 Jom gl ol
where the boundary is located at » = 0. Because the integral diverges when r — 0, the
first step of holographic renormalization consists in regularizing the integral by introducing
a parameter € in order to control the divergences
Sreg = = dtvhe'? [ K + —n“8u<;5+ ——€e77 Ysa n“ﬁuy&; . (2.25)
2 JoaAds,r=e o Ty
Knowing the asymptotic behaviour of the fields near the boundary, the regularized on-shell
action (2.25) may be evaluated as a function of e. Let us recall that n* is a unit vector
(n*n, = 1) normal to the boundary

n*0, =n0, = 2r0,, (2.26)
and

f(tr’r)dt?, K=Vn'=—-1+rdlnf. (2.27)

h:

Inserting the expansion (2.19) in the action (2.25) leads to the different contributions
L 1 1
Vhe? = |fg)|!/2er T/ [1 + <2f<o>1f(4> + "v<4>> €5 + <2f(0)1f(5) + '%)) ¢
1.
+ <2f(0)1f(7) + :‘45(7)) 67/5:| + ...,
Kl = _14 1! 4 4/5 7 7/5
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2[4
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4 _2,. 2 4
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The most divergent term in this expansion comes from the determinant of the induced
metric times the dilaton and involves a global factor of e~7/5. The on-shell action can now

be expressed as a perturbative expansion in r = € up to terms vanishing when € goes to zero

1
Sreg = 5 /dt | foy|/2e"© (L(—7) P4 Li_gy e3P 4 Ly e /5 + Ligye® + 0(1)) ,

2 9

Lin=—1+ ‘;‘5 = - (2.29)
91, 4., 428
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91, 7.1 728 16 s,
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We note that there is no explicit dependence on the scalars (), (5, cf. the discussion
after (2.21). The dependence of the regularized action on these fields enters implicitly via
the metric and dilaton components (2.20).

Counterterms The first counter-term required for cancelling the most divergent contri-
bution in (2.29) takes the form of an exponential dilaton potential

Se1 = ;/dt\/ﬁeWﬁ (1 — mf) (2.30)

This kills the first divergent term in (2.29) and also modifies the sub-leading terms

1 1/2 _k 4 25 —-3/5
Sreg + Set1 = Q/dt | fop |25 © [5 (f( o @+ 72 "‘(4)) e
_ 23 4 2, _
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Moreover, f(5) and k) are related to the sources by (2.20). This corresponds to the
expansion of

f
(Vt8t¢) ‘T S;)) (/i(o) f f(O)Ku ) €+ 0(6) R

f (2.32)
(a¢)2 (0) ( )€—|—O( )
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and determines the form of the second counter-term
10
Set2 = /dtx/ﬁew<2 (V'oig) — —(aqs) )
(2.33)

Ty 1
1/2 _k -1 . —1 . -2 —2/5
= Q/dt\fm)\ e “”(‘ gf(0)> (’WO) — 5l ko + 2“(0)) e +o(1)



These terms cancel the f(5) and k(5) contributions to the divergent part of the on-shell
action (2.31). Upon furthermore replacing f4) and k4 by their expression from (2.20),
the resulting action reads

1 2 _ 1 _2, _
Sreg + Sct] + Setg = 3 /dt |f(0)|1/2€ﬁ(0) [_ Bxé) e3/5 _ ge 3 (o>y(21) 2/5

: (2.34)

_ 25 16 2,
* 5(f(0)1f(7) +W2”(7)) t35,¢ Ve + o)

From this expression we read off the last counterterms for the matter couplings

1
SCt3 = 5/dt\/ﬁe’y¢ y(244),
1
Sets = 15 / dtv/h eI R (2.35)
After renormalization by all counter-terms, the on-shell action is given by

Sren = Sreg + Set1 + Set2 + Setz + Seta (236)

1 o T — 203 4 2 _*o
= 2/dt]f(0)|1/2e © [5 <f(0)1f(7) + 72’9(7)> TET@%6) T 56 7 y(l)y(?))} :

and contains only finite terms in the limit ¢ — 0. Eventually, taking into account the
relation between f(7y and k(7 from (2.18), the renormalized action takes the final form

. 22 1 20
Srcn — /dt|f(0)|1/2€ (0) <—H(7) — 7x(2)$(5) — ge 3 y(l)y(3)> . (237)

2.4 Correlation functions

One-point functions From the renormalized action (2.37) we may now extract the one-
point correlation functions for the various dual operators by functional derivation. For the
operators dual to the dilaton and the two-dimensional metric, we thus obtain

<O (t)> 1 6Sren "’”(0) < 7 22 1672"‘%
K — = e ——K N — T . ’
| froy (£)[1/? 650 (£) 9" T T@TG) T g YY) .
2 dSren K(0) 7 22 1 20 ( ’ )
<Of(t)> = ’f(o) (t)‘l/Q 5f(_0)1(t) =e §KJ(7) + 4—5x(2)x(5) + ge YY) | -

Similarly, in the matter sector, we derive the following one-point correlation functions for
the operators dual to the scalars in the 44 and the 84 representation

1 0Sren o

(Oult)) = 1 7 Ty X 700 (239
1 5Sren K

(Os4(t)) = o €0/ g (2.40)

| foy ()2 0y (2)

~10 -



Two-point function The two-point correlation functions are obtained by further func-
tional derivative of the one-point functions. To this end, we first need to determine
the dependence of the ‘response’ functions {f7y, 57y, Z(5),y(3)} on the ‘source functions’
{f0)> 50)> T(2), Y1) }- This dependence is fixed by the requirement that the solution of the
field equations remains regular in the bulk. In absence of an exact solution of the non-
linear equations of motion, the two-point correlation functions can be computed from exact
solutions of the linearized equations of motion.
In the dilaton-gravity sector, linearizing the field equations around the background

f(t,T’) = 1—}—?7(75,7’),

k(t,r) =0+ k(t,7), (2.41)
leads to the set of equations
0 1 4 + " 0 N
— K = K
2/’7 Y )
0= 204777, + 21"77" + i — 2K ,
0=drk +(2+8a7)K +i+2av7 , (2.42)

whose general solution is provided by

5.
n(t, ) = n(t) + 5“(0)@)7" — 24775,

K(t,) = Koy (t) + Ar7/® (2.43)

with real constant A. Regularity in the bulk requires that A = 0 which translates into
f(r) = 0= K(z). As a result, all related two-point correlation functions vanish.

(Ox(t1)Ox(t2)) = 0 = (Oy(t1) Oy (t2)) - (2.44)

As alluded to above, this is a consequence of the fact that in two dimensions the dilaton-
gravity sector does not carry propagating degrees of freedom.

The interesting structure of correlation functions is situated in the matter sector. Lin-
earizing the scalar field equations (2.12) around the background (3.15) yields a linear
differential equation that can be simplified by taking the Fourier transform with respect

to time:
1

5 21 2 . -
i)+ (Sgan =3 )rihan) - {tr - mdinan =0 (245

For the scalars from the 44 and the 84 with the parameters given by (2.11), the asymptotic
analysis of this equation yields an expansion

Jazy(r,q) = r?/° (i‘(z)(Q) + 135 55 (q) + .. ) ,

Jsay(r,q) = v/ (gj(l)(q) + 125 g3 (q) + . ) , (2.46)

in accordance with (2.19).
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Let us first consider the scalar fields in the 44. The corresponding equation (2.45)
can be brought in a more canonical form by making the following change of variables and

redefinitions .
T=q \/;7 5(44) (Q7 ’F) = ’FA S(Qa f) ’ A= g ) (247)
upon which the equation becomes
P25 +7s — (7 + A\ —m?) s =0. (2.48)

This corresponds to the modified Bessel’s equation with parameter A2 —m?2 = % It
admits two linearly independent solutions which may be described by modified Bessel
function of the first kind I and the second kind K. The solution regular in the bulk is
given by

Yaay(q,7) = Fr/o Besselg (3/5,7), (2.49)

and we can infer its asymptotic development near r = 0 as

: D) bs D-2) o5 5D()
Jan(0.7) = ¥ <225’57“2/5+28/§’q6/5f+2~17/55q2”/5+r30<”/5> - (250)

Comparing to the general expansion (2.46) we find that

#5(q) o< ¢%/° #2(q) - (2.51)

Before proceeding with the computation of the two-point function, we should recall the
possible ambiguity in the assignment of conformal dimensions for the scalar fields discussed
in appendix B. The scalar fields in the 44 precisely live in the mass range that allows for
two different field theory interpretations. On the level of the present discussion, the two
different choices simply correspond to an exchange of the role of ‘source’ and ‘response’
function Z2(q) and Z5(q) [23].

Accordingly, the two-point function in momentum space is given by

(044(0)044(q)) o ¢/, (2.52)

and after Fourier transformation

1

1, 46/5\(y. o
(Oy(t1)Oy(ta2)) oc TF™(g7/7)(t1 — t2) ox it — 6126/

(2.53)

For the scalars in the 84, equation (2.45) turns into a Bessel equation (2.48) with
A= %, such that its regular solution is given by

Ysay(q,r) = 745 Besselg (2/5,7), (2.54)
with near r = 0 series expansion

_ NG r(-3 5T'(2)
y(g4)(q,r)=q2/5 ( (5) T1/5+ 5) q4/57“3/5+ 5 q2T6/5+rgo(T6/5) ' (2‘55)

23/5 27/5 12 23/5
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Thus, the first two coefficients in the expansion (2.46) are related by
5 1(q). (2.56)

Again depending on the choice of assigment A, the two-point function is thus given by

1
& [t — to[IEG/5)

i3(q) o ¢*

(Og4(t1)Oga(t2)) o< TE~ (g™ (ty — o) (2.57)

2.5 Comparison to the matrix model

The dual field theory is the super matrix quantum mechanics, obtained by dimensional
reduction of ten-dimensional SYM theory to one dimension, where it is of the form [24]

Lyqu = tr {(Dt X*?2 4! Dyt — %[X’“, X2 - 1%, z/;f[x’f,w} , (2.58)

with SU(V) valued matrices Xk 4! in the corresponding vector and spinor representations
of SO(9). This model itself has been proposed as a non-perturbative definition of M-
theory [1]. The gauge invariant operators dual to the supergravity scalars in the 44 and
the 84, respectively, can be identified via their SO(9) representations

9
Ou o< T;H = ]1V<tr(xi X7) — éaiﬂ' Ztr(Xka)> ,
k=1

1 ) .
Osy o Jiji Ntr([XZ, X7 x*) | (2.59)

The behaviour of these operators in the matrix quantum mechanics has been studied in [14]
by Monte Carlo methods. Their result shows precise agreement with (2.53) and (2.57) if we
select A_ for the 44 scalars and Ay for the 84 scalars, respectively. Only this assignment
will correspond to a supersymmetric field theory dual. This result also agrees with the
linearized Kaluza-Klein analysis of [12] (where the issue of the AL ambiguity was not
discussed). In the next section we will use the full non-nonlinear effective theory in order
to compute correlation functions for deformations of the model (2.58).

3 Deformed BFSS model holography

In the following section we will construct a half-supersymmetric ‘deformed’ domain-wall
solution of two-dimensional SO(9) supergravity which, as it turns out, uplifts to an eleven-
dimensional pp-wave with SO(3) x SO(6) symmetry. We will see however that the resulting
eleven-dimensional pp-wave does not belong to the class of bubbling M-theory SO(3) x
SO(6) geometries of [19]. In particular, contrary to [19], our eleven-dimensional pp-wave
background has vanishing four-form flux and is consistent with the analysis of [25]. From its
asymptotic behaviour we conclude that it describes a vev deformation of the BFSS matrix
model. In sections 3.2, 3.3 we then use holographic renormalization as developed in the
last section to compute around this solution two-point correlation functions of operators
dual to the 44 scalar fields which decompose into

44 — (1,20) @ (5,1) @ (3,6) , (3.1)
under SO(3) x SO(6).
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3.1 SO(3) x SO(6) domain wall

In this section, we determine the half-maximal BPS solutions of the maximal two-
dimensional supergravity (2.1) that preserve an SO(3) x SO(6) C SO(9) subgroup of the
gauge symmetry. A simple ansatz for such a vacuum solution is provided by exciting the
scalars

Xipgz=e ", Xq=¢e", (3.2)

and setting the axion fields ¢, to zero. The SO(3) x SO(6) symmetry can be easily seen
from the embedding of the U(1)? truncation (2.1) into the full SO(9) theory [10], where
the SL(9)/SO(9) coset space is parametrized by an SL(9) valued scalar matrix V. In the
U(1)* truncation this matrix is diagonal

Y =diag (X, 7, X% x0T XY X XX X)) (3.3)

With the ansatz (3.2), it takes the form

6“/2}1 0

6%x6

V ) 3-4
< 0 e ]I3><3> ( )

which preserves an SO(3) x SO(6) subgroup of the SO(9) gauge symmetry. The two-
dimensional bosonic effective Lagrangian (2.1) becomes

1 9 3
L= —ZepR + g¢P (Opx)(0"x) + §€p5/9 e 2% (8 +12e3% + 7)., (3.5)

In the following we will construct BPS solutions in this truncation of the theory. We stress
that the U(1)* truncation (2.1) is presumably not the bosonic sector of a supersymmetric
theory but can be embedded into the maximally supersymmetric SO(9) theory of [10],
which allows to discuss BPS solutions of the latter. The full theory has 16 gravitinos,
16 dilatinos and 128 fermions. Vanishing of their supersymmetry transformations in the
truncation (3.2) implies the Killing spinor equations

1
4

' 3
02 =2 up) 1l + o 20 4 2e7)

7
0= aMEI + Wuaﬂ%cﬁej + 12 ip_2/9(62$ +2e77) WEI )

)
0= (@ua) el = Sp 20 —e )l (3.6)

for the Killing spinor €/, I = 1,...,16. Here, wuo‘ﬁ is the spin connection and 7, denote
the SO(1,2) gamma matrices. Apart from the SO(9) invariant solution (2.4) for which
x = 0, these equations admit a unique non-trivial solution. Part of the diffeomorphism
invariance can be fixed upon identifying the scalar  with the radial coordinate, after which
the solution takes the form

pla) = e3 (e — 1) ds3 = f(a)%d? — G(a)2da?, (3.7)
with the functions

()T Gla) = Se(E )T, (38)
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up to coordinate redefinitions. The associated Killing spinors are given by
(2) =a(z) €, with ~lel = —iel | (3.9)

and a function a(z) that is obtained from integrating the first equation of (3.6). This
confirms that the background preserves sixteen supercharges, i.e. has the same number of
supersymmetries as the SO(9) domain wall (2.4). Since z is non-vanishing in the bulk, this
deformation breaks SO(9) down to SO(3) x SO(6). The Ricci scalar of the two-dimensional
metric (3.7) takes the following form

5

R = 8 e 2 (eﬁx —12¢%* — 4) ,
_ 275 2 _ _? 4x x
such that R = + O (z%), R = e +10e” 4+ o(1) . (3.10)

It is well defined on the interval x € [0, +oo] in contrast to the metric and the dilaton
which are singular at = 0.

Higher-dimensional interpretation. Although the geometry of the solution (3.7) may
be obscure in this parametrization, its interpretation becomes clearer in eleven dimensions.
Its uplift to ten dimensions can be performed using the embedding of SO(9) supergravity
in type ITA supergravity [11]. The resulting solution of the type ITA bosonic equations of
motion takes the form

dsly = p POAT/Bds3 — pl/A AT/ ( dp® + e (1 — p?) dQ3 + 1 dQ§> :

er(1—p?)
o = élog (p—7/4A—9/8) ,

3
F = 2p5/9 (fl(l’) + HQ fg(l‘)) g9 — §p (*gdx) AN d(,LLQ) =dA;, (311)
for metric, dilaton and two-form flux, where

O§M2§17 A562:1:_1_’“2(6—:5_621’)7
1

filz) = —%e%(e% +6e7"), folx) = —i(e_x — €2%) (47 4 ). (3.12)

This solution allows straightforward uplift to a purely geometric solution of the D = 11
Einstein equations according to

3 7/2 2 2 3z
e’ —1 1-—
ds?) = —2dtdz — ( ) d? — g0z - L5402
(1 _ :u2) 691‘ + /1,26636 6393 —-1 63:0 -1
9csch? (32) (1 — 2u2 + coth (22 1—p?)e3 + p?
32 (1—p2)(e3* —1)
Eventually, this expression can be considerably simplified by the following coordinate trans-
formations
1— :U'2 u2€3x
2 2 _ + _
T3_63$_17 7’6—m7 X —t:l':(t‘i_z), (314)
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upon which the metric becomes
ds?, = dz dx™ — H(rs,re)(dz™)? — (dr% 4+ r2dQ3 + drg + 1 ng) , (3.15)
where the function H(rs3,rg) is given by

(I+~y—r3—13)° (1+7+7°3_7%) —
V2yrs 7
v = \/(1 —1—7"% —1—7"(25 + 2r¢)(1 +r§ +r§ — 2rg) . (3.17)

H(rs,rg) =

(3.16)

Remarkably (but necessarily for consistency) H(rs, r¢) satisfies the Laplace equation AH =
0 on the Euclidean space E?. Consequently the metric (3.15) represents a pp-wave solution
of eleven-dimensional supergravity [18]. Just as the domain-wall solution (2.6), it is a
purely gravitational solution in eleven dimensions.

From the ten-dimensional point of view the solution can in fact be interpreted as the
near-horizon limit of a distribution of D0 branes with SO(3) x SO(6) symmetry, similarly
to the multi-centered solutions of [22] for D3 branes.* To make the form of the distribution
explicit, note that H(rs, rg) in (3.16) takes the form,

H(ra,1e) ~ (1= 18)75 4 O(ra) (319)
This suggests that the DO branes are localized at r3 = 0 in three of the nine transverse
dimensions, while they follow a distribution given by

o(re)={ 1~ )78, <l (3.19)
6 0 , g > 1 ’ ’

in the remaining six transverse dimensions. Indeed it can be checked by a direct calculation

that V3
15

H 7"3,7”6 /d9 y3 Ye6 s 3.20

( (i) 7= (320)

where the position vector Zg in the transverse directions splits as Ty = T3 + Tg with

r3 = |f3‘, e :— |f6’

Operator vs. vev deformation. Let us consider the 1/2-BPS solution (3.7). After
going to the Fuclidean signature and making the following Weyl rescaling

4/9

Guv — P77 Quv (3‘21)

and coordinate change (z = r2/ %), one recovers the metric of an asymptotically AdS space-
time coupled to a dilaton:

d82 = f(r)th2 + §(T)2dr2 ,

g(r) = g:v_?’/Q e (e® —1)71,  f(r)=3%4 egx(63$ — 1)/, (3.22)

4We are grateful to the referee of JHEP for bringing up this point.
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Indeed, up to some global numerical constants, in the limit (r — 0) one recovers the dilaton
coupled AdS background (2.10)
dt?  dr?

r F—9/10

ds? ~ — 4 — t,r) ~
2,50 7 4r2 7’ plt.) r—0

(3.23)

In this frame where the metric is asymptotically AdS, the near boundary behavior of the
scalar field z(r) allows to identify whether the gauge theory dual to the 1/2-BPS solu-
tion (3.7) corresponds to an operator deformation or a vev deformation of the undeformed
BFSS matrix model [9, 23]. Recall that the correct near-boundary asymptotic form for a
scalar ¢ propagating in the AdS;1; bulk which is dual to a dimension-A operator in the
boundary CFT is given by:

(b:rde(pS_i_..._FrAng—i—... . (324)

Via the AdS/CFT dictionary ¢; is the source for the CFT operator dual to ¢, while ¢,
is its vev (unless the conformal dimension A is in the critical interval which allows for an
interchange of the interpretation, as reviewed in appendix B).

If instead of an AdS44q bulk we have an asymptotically AdSgy1 geometry which is
supported by a nontrivial profile for the bulk field ¢ above, we can have two possible
scenarios corresponding to two different deformations of the gauge theory:

d—

e Operator deformation: this corresponds to an asymptotic behavior ¢ ~ 42, near

the boundary.

e Vev deformation: this corresponds to an asymptotic behavior ¢ ~ r®p, near the
boundary.

With the general expansion of the active scalar field from (2.19)
yaa(r,t) = r2/5 T(o)(t) + 1 (t)+... (3.25)
we find that around r = 0, the background (3.22)
x(r) = r?/? (3.26)

corresponds to the first term in (3.24). However, as we have discussed after (2.59) above,
the BFSS matrix model corresponds to the opposite choice A_ of conformal dimension for
the scalar fields in the 44. L.e. the role of source and response in (3.24) are exchanged and an
asymptotic behavior (3.26) of the active scalar field implies the holographic interpretation
as a vev deformation. We conclude that the holographic dual to the background (3.7)
corresponds to a vev deformation of the BFSS model [9]. A domain wall with opposite
boundary behaviour on the other hand would describe an operator deformation of the BFSS
model such as the BMN matrix model [15]. The corresponding gravitational background
presumably requires also non-vanishing axion fields. In the following, we will compute
correlation functions in the deformed matrix model from the gravity side and interpret
them in the light of the gauge/gravity correspondence.
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3.2 On-shell action and renormalization

The procedure to compute holographic correlation functions around the background (3.7)
is the same which we have followed in section 2 for the correlation functions of the BFSS
model. As the first step, we will compute the effective action that describes scalar fluctu-
ations around the background (3.7).

3.2.1 Effective action

We will study fluctuations of the full SO(9) supergravity around the background (3.7). To
this end we consider the SL(9) valued matrix V. Its fluctuations are most conveniently
expressed by a parametrization

1
V= Vbackground (H9><9 + X + §X2 +.. > s (327)

where Vpackground corresponds to the matrix (3.4) evaluated on the background solution,
and X € sl(9) carries the scalar fluctuations. Since the background breaks SO(9) down to
SO(3) x SO(6), the fluctuations organize into irreducible representations of SO(3) x SO(6):

44 — (1,1) @ (5,1) @ (1,20) @ (3,6) . (3.28)

The perturbations x5 1) and z(; 59y are already captured by the U(1)* truncation (3.2) and
obtained by setting

Xig=e %020 X3 = 272020 X, = 2276 (3.29)

In contrast, the fluctuations in the (3,6) do not sit within the U(1)* truncation so that
their description requires the full SO(9) theory. We will not consider in the following the
perturbation in the singlet (1, 1), since its interaction with the metric fluctuations leads
to rather non-trivial non-diagonal couplings in the action. The resulting Euclidean action
quadratic in the scalar fluctuations (3.28) is given by

1 9 3
S = —/da:2 e < - E'OR + S¢P (Opx) (0" x) — §€p5/9 e 2% (8 4 12637 4 67)

1
+ = ep(@x(571))2 +e p5/9 e®(e3% — 6) :U%m)

2
1 —2T X
+ 3 ep(@x(mo))Q — ep5/9 (2e7% + 3e )x%mo)
1 6721
+ 5 ep((?x(gﬁ))z —ep?? ?(3 + 5 + 2€%7) :1:%376)> . (3.30)

As we have seen above, the renormalization process is more easily done after the Weyl
rescaling (3.21) upon which the dilaton enters the action as a global factor. In this frame,
the effective action becomes

1 4
S = 1 /d2$ ep <R + 5(0_150)2 - g (8ux)(8“$) + 26_290(8 +12e% + eﬁw)
—9 (8;5(571))2 -2 (690(1,20))2 -2 (325(3,6))2 —4e" (e’ — 6) 37%5,1)

+4(2e7% 4 3€%) ) 9g) + 26727 (3 4 be” + 2e77) x%&@) . (3.31)
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The associated equations of motion are given by

3
0=p1Vap— = e 28 + 1263 + %) — ZFl(ZE) z?,

2 ,
i€l

. 1 4, 1 5\ 9 1 )

0=p"|VuOup— 59WV3p) — 5" 0upOyp — iguu(ap) +3 0,x0,x — ig,w(ﬁx)
1
+ ZZ (G”aci&,a:i — 2gﬂy(8xi)2> ,
el

0=R+ gp_2(8p)2 - gp_lvap — g(ax)Q + ge_zx(S + 1237 + €67)

- 2; ((axiﬁ - Fi;f”) xf) , (3.32)

and
0=p"'V(poz) — 2672‘%(4 —3e37 — 07y ¢ L Z Fl(z)2?
3 ) el ' .

1
0=p1V(pox;) + 5 Fil@) @i, (3.33)
with I = {(5,1), (1,20), (3,6)}, and the scalar functions

Fis1) = —4e(e* —6), Fag0) = 4(2e7% +3e"),
Fi3g) = 2 2(3 4 5e” + 2¢°), (3.34)

which capture the interactions of the scalar fluctuations with the background z(¢,r)
from (3.22).

3.2.2 On-shell action and renormalization

Again, the effective action (3.31) is most conveniently evaluated on-shell using the dilaton
field equation. As in (2.24) this leads to a contribution located at the boundary of the
asymptotically AdS spacetime background (3.22),

1 4
S— 2/ dt /7] <9n“8up+pK> . (3.35)

In the following we will treat the different irreducible representations of the scalar fluctua-
tions separately since they do not mix at the quadratic level. Accordingly, we parametrize
the fluctuations of the gravity sector as

f@tr) = folr) 1+ fi(t, 7)),
p(t,r) = po(r) (1 + pi(t, 7)), (3.36)

where fj, and p, denote the background (3.22) and the fluctuations {f;(t,r), pi(t,r)} are
functions of the scalar fluctuations x; and vanish at the horizon. No source is turned on in
the dilaton-gravity sector. The equations of motion for the scalar fluctuations x; are given
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by the last equation of (3.33) and indicate that a power series expansion in r of the solution
should begin with 72/ or r, cf. (3.25). Moreover evaluation of the on-shell action (3.35) on
the background shows that the dilaton and extrinsic curvature terms diverge as

VA W Oup ~ r L A p K~ TR (3.37)

—0 r—0

Thus we only need to determine the power series expansions up to order r7/5 with all the
other orders vanishing in the renormalization process. The equations of motion further
constrain the expansions to

filt,r) = (O r® + fioy(0) O + fay(0) 7P+
pit,r) = pay () + pey (1) 7 + pary () TP+
i(t,7) = @i(2) (1) 12/ + @iy () 1Y+ 2y5)(0) 7+ . (3.38)

Explicitly, the coefficients are related by

fay(t) = agm;2)(t)?, Fio)(t) = ag m2) (1),
peay(t) = by w2 (1), p(6)(t) = bg zi2) (1),
11440
Ti(a) () = dazi(a) (1), p)(t) = ——5— i) (Dzi5) () = fin) (1), (3.39)

with the numerical coefficients given by

a4 b4 d4 ag b6
i=(5,1) —% —35] —3360 | 847000 | 1524600

3.40
i = (1,20) —19£ —35| 4200 |—1001000{—1801800 ( )
i=(3,6) —% —35|—12180| 3003000 | 5405400

for the different scalar fields. In particular the coefficients z;9)(t) and x;s)(t) are left
undetermined in the expansion and should be interpreted as a source and response for the
correlation functions.

We can now evaluate the on-shell action and renormalize the divergences. The di-
vergences occurring in the on-shell action (3.35) in the limit € — 0 are canceled by two
counter-terms

_2 9 1y 2 4
Scﬂ—g/”dtvlh!( 5P 5P 5P :

2
S =g [ dt/IHl(nr ot w2 %) it (3.41)

which correct the dilaton coupling and the scalar potential, respectively, with the numerical
constants given by

4 2
K1 = § (9@4 + 4b4) , Ko = ﬁ (27@6 + ay (9 — 36 d4) +4 (3 bg + by — 4d4b4)) . (3.42)
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Consequently, the renormalized action is given by

Sren = lim (Son—shell + Sctl + Sct2)
e—0

X /dt <$z(2) (t):Ez(g)) (t) + ﬁllﬁ P(7) (t)) . (3.43)

This expression for the renormalized action is in complete analogy with (2.37) so in principle
one could have guessed the result. Nonetheless, it is interesting to see that the renormal-
ization process developed in [7-9] straightforwardly works in all cases. In the last step, the
coefficients x;(2)(t) and z;(5)(t) should be related by imposing regularity of the solution in
the bulk in order to find the two-point functions by derivation of the action.

3.3 Correlation functions

The computation of correlation functions now proceeds completely in parallel with sec-
tion 2.4. Let us focus on the scalar two-point functions. They will be generated by the
following action

Stren ¢ /dt Li(2) (t) Li(5) (t)

o /dq Ti2)(q0) Ti5)(q) , (3.44)

where the functions of the momentum ¢ stand for the coefficients of the Fourier transform
of z;. Regularity in the bulk imposes a relation between these two coefficients

Ti5)(q) = Ci(q) T42)(q) , (3.45)

in analogy with (2.51). The two-point function will be given by
(0i(0)04(q)) o C(q), (3.46)

where the plus, minus sign in the exponent should be chosen depending on whether the
source is identified with Z;9)(q), T;(5)(q), respectively. In accordance with the discussion
of section 2.5, the source in the deformed BFSS model should be identified #;)(g); this
then corresponds to selecting the minus sign in (3.46).

In the following subsection the function Cj is determined for each scalar perturbation.
Unlike for the correlation functions in the undeformed matrix model, we can no longer pro-
vide analytical solutions to the scalar fluctuation equations but have to resort to numerical
methods to determine the functions C;.

3.3.1 Analytics

The scheme for calculating the two-point functions is now well defined, cf. section 2.4.: the
first step consists of solving the equations of motion for the scalar perturbations linearized
around the background (3.22). After taking the Fourier transform with respect to time,
we are left with an ordinary second order differential equation in the radial coordinate r.
There exists a unique solution that is regular in the bulk (i.e. falls off sufficiently fast as
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r goes to infinity). The power series expansion of this regular solution near the horizon
r = 0 allows to compute the ratio
Z;(5)(q
Cilq) = =2 ) : (3.47)
$i(2)(£])
which describes the two-point function of the dual operators. For computational conve-
nience, we will make the change of variable and field redefinition

u=\e3r*?) 1, Fi(u) — u? Z(u) . (3.48)

The fluctuation equations then translate into

q2 u3

- 2 (2u?—1 » ~
0= &5 () + a\ w1 (51 (u) — CESIE T(5,1)(u) (3.49)

5 2 /2u?2 -1\ _ 2u4—q2u?’—2~
0 = &} 59)(u) + " <u2+1> T(1,90) (u) + TP Z(1,20) (1)

~ 2 (2u? -1\ _
0= 36 (u) + 0 (ug 1 ) (3,6 (1)

2u® — ¢?ud — dut — 11u? — 5+ 5(u® + 1)1/3u2 + 5u?(u? + 1)1/3 .
U2 (U2 n 1)3 x(3,6) (U) 5

_l’_

for the different species of scalar fields. All solutions admit an expansion

Zi(q,u) = a(q) + Bl v* + o (u?), (3.50)

u—0

at u = 0 (corresponding to r = 0), and the ratio (3.47) is given by

Ci Bla) (3.51)

a(q)
3.3.2 Numerics

Unlike for the undeformed matrix model, where the regular solution of the scalar fluctua-
tion equations could be found in analytical form (2.49), the equations (3.49) can only be
solved numerically. In order to directly extract the ratio (3.51) of series coefficients in the
expansion around u = 0, we implement a procedure similar to [26, 27]. To begin, let us
introduce another function

1 dx
=7 —— .52
y(a,u) = 5g,0) + 55 (@ ), (352)
whose power expansion around u = 0 goes as
y(gu) = alq) + Bl@)u+ o (u?). (3.53)
u—0

For each perturbation, the corresponding equation of motion for ¢ can be solved numerically
for given initial conditions at u = 0. Let y; and y2 denote the unique solutions with initial
conditions

{12100)=1,41(0)=0},  {22(0) =0, y5(0) =1}, (3.54)
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respectively, then the unique solution ys regular in the bulk (when u — 4o00) may be
written (up to a global normalization factor) as a linear combination:
_ _ 5y _ 14 2@ 3
ys=11 +6(Qy2 =14+k(@Qu+ o (v’)=1+ u+ o (u’). (3.55)
u—0 a(q) u—0
Since y; and yo both have the same asymptotic behaviour in the bulk while the combination
ys vanishes, we may read off the quotient 3(q)/a(q) from the limit

Cz' X 7’8((]) = — lim ﬂ

a(q) u=o0 g3’ (3.56)

which can be calculated numerically for each value of ¢q. A first numerical check suggests
that the three ratios

Ci1)> Caze s Cae) s (3.57)
behave like ¢%/ for large values of q. More precisely, for large ¢, these ratios can be fit by
a function

Ci = a; +biq“, (3.58)
with
a(5,1) = 1727 b(571) = 037, C(571) = 119,
a(1,20) = 1.29, b(l,QO) =0.37, C(1,20) = 1.20,

(1(3’6) = —18967 b(3,6) = 080, 0(3,6) =1.20.

In figure 1, we have plotted the normalized ratios

o1 T (5)(q) o
’r‘z(Q) - bz (jz @) (Q) z) ) (359)

in log-log scales, and compared them to the power law ¢%° of the undeformed BFSS
model (2.52). Asymptotically in ¢ we find complete agreement, in accordance with our
interpretation of the model as a deformation of BFSS.

4 Discussion

We have computed two-point scalar correlation functions in the strong-coupling regime of
the BFSS matrix model. The calculation was performed holographically, using as gravi-
tational dual a half-supersymmetric domain wall of the two-dimensional maximally super-
symmetric SO(9) gauged supergravity of [10]. This two-dimensional domain wall uplifts to
a conformal AdS, times S® geometry which is the near horizon limit of N DO branes; a
further uplift to eleven dimensions gives an SO(9)-symmetric pp-wave. Our results are in
agreement with those of [12-14].

Furthermore we have constructed a ‘deformed’ half-supersymmetric domain wall which
uplifts to an eleven-dimensional pp-wave with broken SO(3) x SO(6) symmetry. We have
argued that this deformation corresponds holographically to turning on an operator vev
in the matrix model, and we have used the deformed domain wall as gravitational dual in
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Figure 1. Numerical plot of C; for the operators dual to the scalar fields (3.1).

order to perform a holographic computation of two-point scalar correlation functions. As a
consistency check we have verified numerically that in the UV-limit all correlators reduce to
those computed in the undeformed BFSS matrix model. This is in accordance with the fact
that in the limit of small radial direction the deformed domain-wall solution asymptotes
the undeformed domain wall. In principle, similar deformations may exist preserving other
maximal subgroups of SO(9). We have chosen SO(3) x SO(6) since these correspond to
the symmetries of the well known BMN operator deformation. However, the corresponding
supersymmetric domain wall turned out to be related to a vev rather than to an operator
deformation of the BFSS matrix model. Indeed, one may expect that the geometry dual to
the BMN matrix model also requires non-vanishing profiles for the axion fields, c.f. [19, 28].

The holographic methods of the present paper can be straightforwardly extended to
compute matrix model n-point functions with n > 2, which could then in principle be
checked independently using Monte Carlo methods directly on the matrix quantum me-
chanics side. Another possible direction would be the computation of correlation functions
in the background of black hole solutions, which corresponds holographically to matrix
quantum mechanics at finite temperature. It would also be very interesting to apply these
methods to a background which is holographically dual to an operator deformation of the
BF'SS model, such as the BMN matrix model of [15]. We plan to return to these questions
in the future.

A Holographic duals of matrix quantum mechanics

In this appendix we review, following closely [29], the different holographic dualities of
the matrix model and their respective regimes of validity. Matrix theory is obtained from
weakly-coupled ITA string theory with N DO branes in the limit:

gs — 0, [, =fixed, (A.1)
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1
where [, is the string length, gs is the string coupling and [, = ¢l is the Planck length.
The near-horizon metric of N DO branes is given in the string frame by

2 T 7z 2 r 772 2 2 102

7o

provided we identify ro = N lp [30]. In particular we have:

7
M:e% :N%lﬁr_ , (A.3)

[SIEN

Iy
where R(r) is the eleven-dimensional circle, ® is the dilaton, and we have taken the limit
gs — 0. The r-dependent string scale is given by

ls(r)y=1le” 3, (A.4)
_1
and is obtained by promoting ls = gs ®l, to a local equation by replacing g, by e®. Com-
bining (A.3), (A.4) we get
3
= Nillr 1. (A.5)

The geometry becomes stringy in the region r < I5(r), in which case the N D0 IIA metric
cannot be trusted. Hence we must have r > [5(r) for the metric to be valid, which leads
to the bound r < Nélp .
A second condition is obtained by the requirement that R(r) < l,; at distances R(r) 2
l, the geometry becomes eleven dimensional and the eleven-dimensional uplift must be used
instead of the ITA metric. Taking (A.3) into account this leads to the condition r > N %lp.
To summarize, the DO brane metric of ITA is a valid description in the region®

N7l, < r < Nil, . (A7)
Note that we must have IV > 1 for the inequalities above to make sense.

e The ‘Maldacena limit’

The decoupling limit for N DO branes is given by [2]:

Iy =0, U=— =fixed, ¢2, =2 = fixed . (A.8)

[ ;3

Via the holographic correspondence matrix theory is then dual to the ITA supergravity
solution for N DO branes, provided the latter can be trusted, i.e. provided (A.7) holds.
In order to compare this bound to the corresponding regime of validity given in [2],

"We may compare with the regime of validity given in [14] by introducing a local Yang-Mills coupling
g%M(r) = %12 which is obtained by replacing gs by €% in ¢%,; = gsl5>. Similarly we define a local "tHooft
coupling A(r) = g%, (r)N, in terms of which the bound (A.7) reads

wl—

AF) 73 <1< A(r) 3N (A.6)

This is the same as the bound (1.2) of [14] provided we identify A(r), r here with X, |t — ¢'| in [14].
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note that at an energy scale U the effective coupling of the Yang-Mills theory is
given by
2 =gt yNU? (A.9)
Jeft = 9y M : :

2
Moreover we have r = g 4* N %lp, as follows from the definitions of g, U; inserting

this expression for  in (A.7) we obtain
1< g% < N7, (A.10)

which indeed agrees with [2]. Note that this implies that N must be large and that
the Yang-Mills theory must be strongly coupled in order for ITA supergravity to be
a good dual description.

At first sight the limit (A.8) looks different from (A.1). However comparing dimen-
sionless quantities, we see that in both cases g, — 0 and 7/l, = fixed. In either
description we have a duality between matrix theory and ITA supergravity with N
DO branes, provided we are in the range given by (A.7) or, equivalently, (A.10) [29].

Uplift to eleven dimensions and BFSS

The uplift of the N DO brane metric of ITA to eleven dimensions gives the metric

NI
ds? = dztdz™ + ~ 152 (dz™)% 4 ds*(RY) (A.11)

with periodicity 7 ~ 2T+ R, 2~ ~ 27 — R, where z = 27 +2 is the M-theory circle.
Performing an infinite boost along the (¢, z) directions gives the pp-wave background

NI
ds® = dedx™" + 7"7RI’)2 (dz™")* 4+ ds*(RY), (A.12)
in terms of the boosted coordinates z* = t' + 2/; R’ is the boosted eleventh-

dimensional radius, so that the Lorentz boost factor is infinite, v = R'/R — oo with
R’ fixed. Hence the periodic identification now reads: % ~ 2™, 27/ ~ 2™ — 2R/,
i.e. the compactification circle is lightlike.

As already discussed, the description in terms of the eleven-dimensional metric (A.11)
can only be trusted at distances R(r) > [, which leads to the condition r < N %lp.
An additional condition comes from the observation that the uplift (A.11) describes
a smeared metric, i.e. one that possesses translational invariance along the eleventh-
dimensional circle parameterized by z. At distances r < R(r) this description breaks
down, which leads to the condition r > N %lp.

To summarize: the lightlike compactification of eleven-dimensional supergravity in
the pp-wave background (A.12) is a valid description of matrix theory in the region

Nsl, <r < N7l . (A.13)
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B Ambiguity Ay
Consider a KG equation of the form
ViZ -M?Z=0, (B.1)

for a bulk AdSgy1 scalar field Z dual to a dimension-A operator in the boundary CFT.
The near-boundary analysis relates m? to A via

A(A —d) = M?, (B.2)

with d = 1 in our case.

It is known [31] that for m? in the range

d? 9 d?

_Z<M <_Z+1’ (B.3)
there are two different AdS-invariant quantizations of the field Z, i.e. the Lagrangian for
7 gives rise to two different quantum theories in AdS. These two bulk quantum theories
correspond to two different CFT’s on the boundary, one for each root of A in (B.2).
Typically one of the dual CFT’s will be supersymmetric while the other will be non-
supersymmetric [23].

For an AdSs metric (after euclidean rotation to the hyperbolic two-plane) given by

1 1
2 _ 2 2
it can be shown that an equation of the form
% (r‘s@uy) = —m?rly, (B.5)
becomes equivalent to (B.1) upon setting
_ =% 2 _ 2
y=r 272, M*‘=-m"+0600-1). (B.6)

We will apply the latter formula to determine M? in the two cases corresponding to the
scalars in the 44 and the 84, respectively. From (2.12), we deduce that

e the scalar y(44) is obtained for § = —1%, A= —% which gives M? = 0.11.
e The scalar y(g4) is obtained for § = —1%, A= —% which gives M? = —0.09.

Hence both our examples of scalar fields are in the ambiguous range and we will need
further criteria to determine the dictionary to the boundary theory.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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