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We present an infinite class of 2+1 dimensional field theories which, after coupling to semi-holographic
fermions, exhibit strange metallic behavior in a suitable lahgéimit. These theories describe lattices of
hypermultiplet defects interacting with parity-preserving supersymmetric Chern-Simons theori€g wifhx
U(N) gauge groups at levelsk. They have dual gravitational descriptions in terms of lattices of probe M2
branes inAdSy x S7/Z;, (for N > 1, N > k°) or probe D2 branes iddSy x CP? (for N > k> 1,N <«
k5). We discuss several challenges one faces in maintaining the success of these models\atifinlteling
backreaction of the probes in the gravity solutions and radiative corrections in the weakly coupled field theory
limit.

Introduction Local quantum criticality, an invariance un- since this is not protected from renormalization group flow.
der rescaling of energies that leaves the spatial momenta fixed, A third goal has been to clarify when and how locally crit-
has been invoked as a potential explanation of interestingcal behavior can occur in a higher-dimensional & 2 di-
phases seen in a variety of condensed matter systems [1]. Oagensional) quantum field theory. Local criticality is a rather
leading approach for explaining the anomalous transport progexotic property, which needs to be better understood. By
erties of the strange metallic phase, the marginal Fermi liquigjefinition, it entails quantum mechanical degrees of freedom
(MFL) [2], involves a locally critical sector of spin and charge propagating independently at every point in space, not sup-
fluctuations, coupled to a Fermi sea. pressed by gradient terms. On the other hand, in higher-

In general, the theory of non-Fermi liquids is still in its dimensional quantum field theories, the ultraviolet physics
infancy. One recently developed method of obtaining con-contains itinerant fields which propagate in all directions, with
trolled models of non-Fermi liquids uses holography. Thegradient terms in their Lagrangian. Even if one begins with a
study of fermion probes in black brane backgrounds withsector of localized degrees of freedom (like the defects we
AdS, x R? near-horizon geometries [3-6], or equivalently thestudy), which in itself exhibits local criticality, this sector
semi-holographic prescription of [7], readily gives rise to non-generically mixes with the itinerant fields through interaction
Fermi liquid behavior. In the latter approach, free fermionsterms. These can, and generally would be expected to, induce
are mixed with fermionic operators from a largédocally  gradients. Yet surprisingly, among holographic gravity sys-
critical sector, dual to fermions living imldS>. A distinct  tems dual to very strongly coupled field theories, one often
holographic mechanism realizing non-Fermi liquid transporffinds solutions withAdSs symmetry (using either the AdS-
arises on probe branes in Lifshitz backgrounds [8]. Reissner-Nordstrom (RN) black brane, or the world-volumes

Much of the work on the holographic approach to non-of appropriate probe branes [11] as we shall do here). These
Fermi liquids has so far been at the level of 4d effective AdSsolutions are common because they are not terribly hard to
gravity theories, with the scaling dimensions of operators irpbtain, whether by the relatively prosaic matter of stabilizing
the dual field theory appearing as free parameters (masses b extra dimensions of string theory or by stably embedding a
bulk fields). It would be useful to have microscopic dual pairsprobe brane along aAdS; slice. However even in the large-
where the field theory dynamics giving rise to local critical- NV approximation of a gauge theory wifki colors, strong ef-
ity is visible in a conventional field theoretic Lagrangian, andfects of the itinerant fields are included, so this is a nontrivial
the scaling properties of the non-Fermi liquid can be predictedesult of gauge/gravity duality.
by the concrete dual field theory instead of being parameter- Therefore, we wish to begin an analysis of whether this
ized as unknowns.[28] One goal of our work is to provide anemergence of local criticality is only an artifact of the extreme
infinite class of such theories where it is natural to obtain prestrongly coupled limit where the gravity description is appro-
cisely the scaling dimensions required for marginal Fermi lig-priate, or whether instead a similar mechanism exists also at
uid behavior. weaker coupling and finité/. In the second part of this note

A second goal has been to remedy one of the residual dave discuss the interaction between impurities, which is a fi-
fects in the models of [4]; there, the precise nature of the nonnite IV effect but becomes important at low energies. In some
Fermi liquid depends sensitively on the Fermi momenkgm  cases this spoils the local criticality, but in others this may
(since the dimensions of the relevant fermionic operators desurvive to the IR.
pend onkg). In the models we describe here, the relevant The brane systeminstead of obtainingldSs in the near-
scaling dimensiom\ which (with the right value) gives rise horizon limit of an AdS-RN black brane, a setup which incurs
to marginal Fermi liquid behavior, is independenkgf. This  various instabilities, we choose to obtain théS; regions on
allows an arbitrary shape of the Fermi surface, a useful featurihe worldvolumes of lattice defects, aslin|[11, 12]. A variety of
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field theoretic toy-models suggest that lattices of defetts-  the near-horizon region of the system of M2 and Meanes is

acting with itinerant electrons could be a reasonableistart described more accurately using different variables imssof

point for strange metal phenomenology (see €.9..[13-15]). type IlA string theory with D2 and D2branes on a nontrivial
Such lattices can be implemented in various ways, differinggeometry with background 2-form gauge flux.

in their symmetries and in the quantum numbers of the oper- The field theory The field theory on the M2 branes in

ators in the theory. The model of |[11] involves a lattice of de these geometries has been studied in great detail [17]. A

fect fermions interacting with the 44 = 4 supersymmetric general 3d supersymmetric Chern-Simons theory with at leas

Yang-Mills theory, and is engineered by intersecting D3 and\V = 2 supersymmetry has an action including the tefms [18]:

D5-branes (with the D5-branes wrappidgSz x S* regions

in the near-horizomdSs x S° geometry of the D3-branes). [ 5 Kk 2 3 = s

The supersymmetry preserved by that lattice model is some- 5= /d o ETr(AAdA+§A J+DuiDE gictipin Dyt

what unconventional (allowing e.g. purely fermionic défec 16m2 . N

representations); therefore we will mostly focus on a déffe = =2 (0T} 0:)(0;Th;0;) (9 Tk, Tk, ok)

lattice system which is 2+1 dimensional and enjoys a more 4 _ _ 8T - -

powerful supersymmetry algebra for some values of our dis- — (¢ Tk, 9:) (T, ¥;) — = (iTk, ¢:)(6;Th, ¥5) -

crete parameters. This, however, entails extraneous kmoson (4)

degrees of freedom at the lattice sites, and the examples con

taining only fermions on the defects can be analyzed sityilar HereT; are the generators of the gauge group in representa-
In the most symmetric case, the brane configuration wdion R, and the scalarg; and fermions); are superpartners

study is given, in M-theory, by M2 and M&ranes: in a chiral multiplet. These terms arise from integrating ou
the scalars and fermions of the massive vector multiplet and
012345678910 flowing to the deep infrared limit of the theory.
M2 X X X (1) The field theory on our M2 branes is a special case of this

theory, with gauge groups(NN) x U(NN) appearing at lev-
els+k. The ‘t Hooft coupling of this theory iv/k and so

. . . is large in the holographic limits. The matter fields are
Here, anx denotes a dimension wrapped by the given bran? ur t?i-fundamentalgfieﬁjﬂl » and By , in the (N J\_‘fﬂ)sand

stack, blanks denotes dimensions where the given branes are . . o .
9 . El, N) representations respectively. In addition to the basic

localized at a common point, and :: denotes dimensions i . ) ; !
) . o . supersymmetric action written above for these fields, we add
which the given branes are individually localized but form a .
anN = 3 superpotential

lattice. In this configuration, the two stacks intersechgla
lattice in the 1-2 plane.

Our family of theories will depend on two parameters:
andk. N denotes the number of M2 branes in the stack above; . ) )
the M2 branes are equally spaced in a square lattice, and tHderea,b = 1,2 and the superpotential has been written in
lattice spacing is the only scale in the problem (so it ddesn’@ manifestlySU(2) x SU(2) symmetric manner. The full
constitute a new parameter). The second parameteses as  Symmetry of the field theory is in fact enhanced ta5an(6) x
follows. We consider &, orbifold which acts as follows on U (1) (with the baryonid/(1), acting with charge-1 on the

M2 x [ x X

21 i
W = ?e“be“bTr(AaBdAbBb) : (5)

the four complex coordinates transverse to the M2s: A and B fields), and the theory with these choices enjoys an
enhancedV’ = 6 supersymmetry [17].[29]
Gt % = Toig1 +iTaige, z— etz i=1.4. (2) The probe M2branes give rise to localized degrees of free-
dom; in the type IlA string theory limit of the brane con-
The set of M2 branes wrap the locus [16] struction these arise from strings stretching between the D
branes and a lattice of probe D&anes. In the simplest case
21 =20=0,23 =24 . (3) of k = 1, these are hypermultiplets, with the fermions trans-

forming as spinors in the dimensions transverse to bothdsran

and their orbifold images undéi(2). Hor= 1 this embedding  (and the bosons transforming as spinors along 1234). The in-
is equivalent to the one if](1). We treat even and bdym-  frared Chern-Simons theory is more difficult to analyze di-
metrically, defining the orbifold action to identify point&  rectly, since the appropriate type 1B brane construction i
different, mirror branes (rather than taking tjiIgQ element volves non-perturbative ingredients. However, by general
to identify points on the same brane in the casen). ing the methods o1 [17] one can obtain a plausible hypothe-

The global symmetry of the M2-brane theory is partially sis for the spectrum [16], in which defect hypermultiplats a
broken by the orbifolding and the presence of the bi®dbes; added to both gauge groups. One reason that this is plausible
from SO(8) x SO(2) to SO(6) x U(1) x Z4 for k = 1, is that the dual probe branes respect parity, which in the fiel
and down taSU(2) x U(1)? x Z, for k > 1. The Z, factor  theory exchanges the gauge group factors. The bosonic quan-
here represents the symmetry of the lattice. At ldtgsuch  tum mechanical degrees of freedg, andQl,g at each site
thatk® > N > 1), it follows from the analysis in [17] that transform as followsQ); transforms in theV of theith U(N)
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gauge group (and is a singlet under the other), w@ilérans-  dimensionsA of scalar operators localized at the lattice sites
forms in the conjugate manner; these also transform asigpinoin our construction, to the masses of scalar KK modes arising
under the Lorentz group in the 1234 directions. Each bosom the M2 brane world-volume action, via the formula
is accompanied by a fermion partner so there are also defect
fermionsy 2, X1.2; these do not transform as spinors in the M catized = A(A = 1) . (8)
1234 directions, but do in the remaining directions. Starti o .
from the ABJM theory, the defect probe branes preserve 8 suthe fermionic spectrum may be inferred by supersymmetry.
percharges in the special casekof= 1, and more generally We briefly d|scus§ the calculation in the simplest case,
they preserve 4 supercharges [16]. We expect a similar spe@- = 1. The fluctuations of the transverse _scalars to a given
trum of localized degrees of freedom on the defects fokall M2’ brane (ther! = 2°,2°, ., 2'° directions in space) are all
While the overall system preserves at least 4 superchargéglated by ar5O(6) symmetry, so we may focus on a single
in all cases, the superspace structure is unconventiodal afcalar. The M2brane wraps amdS; x S' geometry. The
we have not been able to find a packaging in the standargictuations can be expanded in Fourier modes onthelf
superspace arising in 44 = 1 supersymmetry. (For in- We !etr denolte the radial coordinate idS, and focus on
stance, from the IIB brane configuration used to obtain thétatic fluctuations, then
N = 6 theories in [17], supplemented by our defects as i
in [16], it is clear that there are no spatial directions glon ox! (r, ¢) = Z‘le’l(r)e " ©)
which one could T-dualize to obtain a higher-dimensionad th !
ory with a convenf[ional superspace; either the probe _branq;éith ¢ the angular coordinate on the wrapp®d The result-
or the ABJM conflgl_Jranon |tself_breaks the needed hlgher-Ing Laplace equation fafz”(r) reveals that
dimensional translation symmetries). However, the coggli
of the A4;, B; fields to theQs andQs can be inferred by the ) 1 2
following logic. Under translations of the M2 branes along M =7 + n
the 34 directions, the@, Q degrees of freedom should re-
main massless, while other motions should separate the M2¥hich corresponds to scalar operators of dimension
and M2s and giveQ,Q a mass. In a standard way, one 11
can identify motion in the transverse space to the M2 branes A==+ - (11)
with (eigenvalues of) appropriate gauge-invariant coritpss 2 2
of the A, B fields. First, we identify motion in the 34 direc- The lowest operator in the tower, with= 0, gives a sextet
tions with A; By + A2 B>. Then, we expect component cou- of scalar primaries witi\ = 1/2; its Fermi partner is a quar-
plings localized at the defects depending on the otherdali®a  tet of A = 1 fermionic defect operators. We will see in the
in A;, B;; these are of the form next subsection that thid = 1 multiplet of fermionic op-
erators plays an important role in obtaining semi-holograp
AS — /dt Z (A1 B1— A2 B2)Q; >+ (A1 Ba— A2 B Qs 2 descriptipns of marginal Fermi liquids. N
- There is also a second tower of operators, arising from fluc-
6) tuations of the M2 branes along the two transverse spatial
directions to their worldvolume iold Sy, i.e. thez!? direc-
tions in [1). The tower arising from these fluctuations is dis
tinguished from the tower above by global quantum numbers.
For example, the fluctuations in thelS directions transform
under theSO(2) rotation symmetry of the:!:? plane (which
is broken toZ, by the lattice), and are singlets under the
SO(6) global symmetry discussed above, while the fluctu-
with XM corresponding to the real and imaginary parts ofations in thex® 10 directions transform non-trivially under
A1B1— AsBs, A1 Bo+ As By anda;, 8 spinorindices running  SO(6) but areZ, invariant. While this second tower contains
over the directions transverse to both the M2s and thesM2  some fermionic operators @ = 1/2 which would be dan-
The dimensions of the fields determined from their ki- gerous if they coupled to the semi-holographic fermionshsu
netic terms at weak coupling al2(Q) = A(Q) = —%, couplings can be forbidden by tH#0(6) x Z, symmetry in
A(x) = A(x) = 0, andA(A) = A(B) = i. Gauge- a“natural” way (in the sense of the renormalization group).
invariant composite operators can be formed from thesesfield The spectrum for highdr may be most easily inferred from
We will shortly compute the dimensions of low-lying defect the k = 1 case by the following logic. We can obtain the
operators at strong 't Hooft coupling and large N using thehigherk brane configurations b¥;. orbifolds of appropriate
gravity side of the correspondence, and then comment on tHattice configurations omdS, x S7. The orbifold action is
field theory description of these operators. free on theS” (the fixed point atz; = 0 in C* is removed
Computation of operator dimensions using holograpldy  in the near-horizon limit), and therefore, all of the lovirig
standard extension of the holographic dictionary relabes t modes in the orbifold theory arg; invariant modes in the

(10)

+ [(A1B2 + A2B1)Qi)?

with similar couplings taQ,. For the fermions, there are re-
lated couplings

AS = / dt X°T XXM N? (7)
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original £ = 1 theory. Correlation functions of the dual op- This two-point function is fixed by the scaling symmetry of
erators will enjoy large N inheritance from the parént 1 the LC theory to b&f(w) = caw? ! whereA is the di-
theory, similarly to the theories discussed|in/[19]. (New de mension ofO*" (and, importantlyG(w) ~ ¢ w log(w) in the
grees of freedom that might be introduced by the orbifolding degenerate cask = 1).

analogous to twisted states in string theory, are very massi  The correction term in the denominator &, will domi-

in the supergravity regime, due to the free orbifold actigh) nate the low-frequency behavior& < 1. Unitarity allows
simple analysis following this logic implies that the spact  any A > % and this scaling dimension is a free parameter
is the same for alk > 1; so in particularA = 1 fermionic  in the general approaches of [4, 7]. The marginal Fermi lig-
operators arise in these theories (and any lavdermionic  uid behavior of|[2] appears in the case that the dimension of
operators from the second tower can rendered safe as abov@! is precisely 1. Therefore, the question is, are there natu-
by using global quantum numbers). A careful discussion ofal circumstances in which the theafy,- (A4, B, @, Q) has a

the KK spectra of these theories, and the matching with opetteading fermionic operator ak = 1 which can couple te?

ators in the dual defect field theories, will appeat in [20]. The theories we have constructed above naturally come
Coupling to semi-holographic fermionsThe theory we with defect operators oA = 1, as indicated by our calcu-
have constructed above is locally critical in the lafgdimit. lation of the KK spectrum on the probe KMBranes. It is in-

Thatis, because the probe M#tanes wrapidS; slices of the  teresting to consider where these come from in field theory

AdS4 geometry, the excitations of the bulk fields localized onlanguage. The field theory has gauge-invariant operators of

the probe branes can be classified by the quantum numbersitfe form

a locally critical quantum theory, and the correlation fiioas ~ N . .

of the operators dual to localized bulk excitations (coregut 0:Q1Ax2, 0:Q2Bx1, 9Q1BX2, 0:Q24%1 - (16)

using the standard AdS/CFT dictionary) obey the conssaint(as well as related quartets of operators of the schematit fo

following from local criticality. These are precisely celd- {4y, --- andy; 49,Qs, - - -). These havel = 1 at weak

tion functions of operators involving defect fields in theatlu  coupling, and are good candidates for the duals of the probe

field theory. defect operators we computed on the gravity side (arising in
Now, we couple the defect field theory we have constructeghe tower of fluctutations of the Mdranes along:® " +19).

to semi-holographic fermions, following![7]. Namely, if we Suppose that upon extrapolating to strong coupling (aelarg

call the full action of the lattice system above (InClUdlng”D N)' the Weak-coup"ng dimensions of these Operators are in-

the bulk gauge theory and the defect fieldg), we consider  deed protected, i.e. that the weak-coupling engineering di

the theory with mensions of the fields correspond to their scaling dimession
~ under the locally critical scaling governing the defecttsec
Stotal = Src(A, B,Q, Q)+ in the probe limit. Then, assigning appropriate global quan
i tum numbers te, one can choose one of these as the lowest
Z / dt ¢; (105,70 + pdy.y +tr)er dimension fermionic operator thatan couple to in the local-
LI ized sector.
e Z/dt (6305 + Hermitian conjugate) . (12) Return_ing to the dual gravitational des_cription, we can see
- that the idea above does work at least in the probe approx-

imation. By appropriate choice of global quantum numbers
In (12), we are coupling a normal theory of a weakly coupled(under theZ, lattice symmetry and the (subgroup &fD(6)
Fermi surface (governing the excitations of thiermion) to  preserved by the brane configuration), one can guarantee tha
the strongly coupled locally critical sector, through tlei€  no lower A operators from the second tower of fluctuations
pling constany mixing c with (in any natural theory) the low- in the previous subsection infect the leading-orelégrmion
est dimension fermionic operat6¥, that has the right quan- correlators[(I4) after coupling to the large N sector. We-con

tum numbers to couple i@ clude that we can work directly in the probe limit and obtain
Using largeN factorization, it is then easy to show that the a marginal Fermi liquid by identifying?”" with the lowest

g = 0 Green'’s function of the fermion fermionic operator in the first tower of defect fields complte

1 above. This hag\ = 1, and as emphasized in the introduc-

Go(k,w) ~ (13)  tion, this dimension is independent of momentum.
Backreaction Up until now we have ignored the backre-

action of the impurities on the itinerant fields, and therefo

w — vk — kp (k)|

is modified to ' :
on each other. Thus we have been studying the dynamics of a
G (k. w) ~ 1 14 single impurity interacting strongly with itinerant field¥he
g( ’w) 2 ) ( ) . . i .
w — vk — kr (k)| - g2G(k,w) gravity side exhibits the successes it does because the prob
where branes each wrap afidS- region, and the symmetries of lo-

cal quantum criticality are manifest, even including thgHhy

i I nontrivial field theory interactions that are re-summed!gy t
Gw) = /dt 0] (1057(0)) . (15)  tree-level gravity solution.
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At scales of order the lattice spacing the backreaction is @onsider moduli corresponding to the contraction of this ci
1/N effect, but at lower energies it must become importantcle. Thus we represetst’ as a circle ove P, with radius
The scale symmetry of the itinerant fields, which the impurit F for the fiber circle and3 for the base. The action becomes
system inherits, acts on the spatial coordinates. At eegrfi
order N~1/2 times the fundamental scale the number of im- S = /dQI <—T2F36 +A*T*FB' — A*T*F° B
purities in a scaling volume is of ordé¥, and the effect of N2 A2
the impurities on the itinerant fields and on each other can no —NjA%F — 276)
longer be neglected. Do these effects inevitably genemte c FB
rections to the action which destroy the locally criticahbe-  One now finds that there is no physical extremum; the con-
ior — is the behavior seen in the gravity regime a peculiaritytraction of the fiber is not stabilized.
of very strongly coupled larg&/ theories, which would not Nevertheless, there are brane systems that realize the so-
extrapolate to any more realistic systems — or can it be rolution (I8). Consider a system with several kinds of im-
bust in some circumstances? And, if locally critical bebavi purity brane, with different orientations in the transwers
survives to the far IR, how do the operator dimensions therspacetime. If the configuration of ¥ branes is suffi-
relate to those we have found at higher energy? ciently uniform and isotropic, the spherical Ansatz will he

Staying in the limit of strong 't Hooft coupling, good approximation.[30] Such a configuration will necessar
gauge/gravity duality transforms this field theory quastito  ily break supersymmetry (for supersymmetric configuratjon
the problem of finding the supergravity solution with baekre at least with\ > 2, there will always be an unstable fiber
action. This can still be a challenging problem, but one cartircle). It is also necessary to stabilize the angular corfig
get insight from a simple energetics argument. We start withration, for example by taking a sufficiently symmetric config
the M theory brane configuratiohl (1). We are looking for anuration, and by keeping relatively nonsupersymmetric ésan
IR geometryAdS, x R? x X, which we will for convenience far enough apart to avoid tachyons. With the scaling (18) the
compactify toAdS, x T? x X . We study this with the Ansatz typical transverse distance between the branes is largar th
X = S7, averaging the energy density of the impuriy the M theory scale, so one expects that the latter difficulty
branes over the compact dimensions. Hefl’, andS be the  may be avoided. Although with a symmetric distribution ther
respective radii of the three factadsiS, x 72 x S7. The ef-  should be a solution of the equations of motion, it may be an
fective action dimensionally reduced to 1+1 dimensiond is ounstable saddle point; with the lack of supersymmetry there

(19)

the form is no a priori guarantee against disallowed tachyons. With-
N2A2T? out having addressed all the possible instabilities, sbimgt
S = /d% (—T257 + A?T%S% — NjA2S — %) that might benefit from further model building, we simply¢ak
17) from this construction the lesson already noted that kfta-
We work in units where the M theory scale is one, and ignorevors contribute to producing local criticality on the grgvi

. . side.
order one coefficients. The respective terms come from the . . .
As an aside, the absence of supersymmetric solutions could

curvatures ofddS, and.S”, the2’-brane tensions, and the 7- .. . :
N ; also be anticipated from another point of view. We are look-
form flux from the 2-branes. In other situations it would be.

. . .~ ing for solutions where the color branes remain localized in
natural to Weyl transform to an effective potential, bussthi L . : . .
: : . . ; . the 3-4 directions in which the impurity branes are extended
is not possible forddS,; instead we directly extremize with

: o In Refs. [22] it is shown that these do not exist for branerinte
respect tol in addition toT” ands sections of spatial dimension 0 (as here) or 1. The inteapret
One finds that there is an extremum (with physically ac- P ’ P

. . tion was that the scalar fieldg on the intersection are spread
ceptable positive values for the moduli) such that : . . .
out on their moduli space due to low-dimensional quantum

A~ S~ NQI/G, T ~ N;I/Q/Né/?’. (18) effects, which implies that the brane intersection delaeal
and theAdS IR region disappears. In nonsupersymmetric sys-

The radius S is parametrically the same as for the pure M2ems, masses will generically be generated for these scalar
system. The density of defectsi&, /7% = N22/3. In the appendix we analyze an impurity system that has no

What is happening is that the lattice defects provide a forc&uch impurity scalars.
acting against the contraction of the two spatial dimersion  Orbifolding by Z,; does not affect the energetics, and so the
hence helping to drive the system towards a fixed point whergliscussion above can be applied with — Nk, giving in M
the bulk modes are locally critical. In the probe approxima-theory units
tion, t_he itinerant fi(_elds r(_atained _their_relativistic sogl and A~ S~ NYSES R~ Nl/ﬁ/k{)/ﬁ’
each independent impurity was invariant under a scale-trans /2 )\r1/371/3
formation leaving its position fixed. Here there is a common T ~ Ny "Nk (20)
locally critical scaling of the whole geometry. and in string units

This result is encouraging, but we should improve the
Ansatz. We have averaged the action of héranes over A~ S~ NVRRVR g~ NYRJEPE,
the S7, but in fact they are wrapped on a circle and we should T ~ NJY2/NVARHA, (21)
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The same applies if the orbifold actidd (2) is replaced by onalo not appear with a dimensionful coupling, and the starting

acting only on two complex coordinates 4, generating the (bulk) Lagrangian has no dimensionful parameters. It is in-

brane configuration teresting to contrast our expectations for radiative ativas
arising from the two approaches.

012134567889 Starting from the 3dV' = 8 Yang-Mills theory with hy-
D2 xx x (22) Permultiplet defects, and following the techniquesiof [25]
D6 X X X|X X X X is easy to write a superspace Lagrangian. The problems with
D2 X XX finding a 4dV = 1 superspace do not arise in this perspective;

the additional complications of the ABJM brane construttio
with N color D2-branes and D6-branes. This is a nice exam- [17] are not present, and one can straightforwardly T-deali
ple, having a weakly coupled conformal point f¥p < Ng to find anA/ = 1 presentation. In terms of the brane con-
(as in Refs.|[23]) and amdS, dual description forN, > struction with D2 branes wrapping-? and D2 branes wrap-
Ng [24]. The radiusS and couplingy, are parametrically the pingz34, itis convenient to perform the T-duality is along the
same as for the pure D2-D6 system. In particular one se€g 8, 9 directions and to treat those as the spatial directions of
that the condition that the radius be large (in string urigs) the N = 1 field theory, withz!:? being internal dimensions.
N> > Ng, and that there then is a weakly coupled IIA dual The bulk action is
for N < N§ and an M-theory dual foN, > N§. The
density of defects i&V}/T2 = N/2Ny/?. ] 1

Even if we find a supergravity solution, there isageneralar- S = — /dtd?x TT[/ d29§WaWa

gument that suggests that the local critical scaling capest 93 -
sist indefinitely into the IR. The scaling would imply a degsi + €% i (050% — (65, 8k]/3V2) + h.c.

f stat 5 + &' '
of states +2/d49(\/§al+¢l)e‘v(—\/§8i+¢i)ev +9'e Ve

p(E) = AS(E) + B/E (23) + WZW term . (24)

per energy (and exponential in the volume). The first term is
the widely noted zero-temperature entropy. If only thisrter Here,dy — du1 + i,z, while 9.5 — 0, and(¢) = gi. W,

is present, the Hamiltonian in the critical sector is zeharé is an SU(N) gauge field strength superfield, whité s the

'S o dyna/mlcs (eg. a dlme2n5|on 1 operator V\./OUId have %ectorsuperfield. In 3d/" = 4 language, one should think of
correlator_é (.t) rather _thanl/t )- So the? ter IS neces- ¢1,2 as the scalars in a hypermultiplet apiglas the complex
sary, but its mtegra_ll _dlverges, so local criticality m_ukma/s . adjoint scalar in the vector multiplet. In Wess-Zumino gaug
break down at sufficiently low energy. In the gravity descrip the WZW term vanishes. The fields in the above action can be

tion, the densityB comes from bulk states, and so is of order . . . . .
1/N?2. Thus the breakdown takes place at exponentially Smalrterpreted as follows: D2 gauge field Wilson lines alorig

. o nd D2 motions along®* are packaged is; »; D2 motions
ms m m 1/2 _ 121
scales, which seems more promising than Afre’/* break alongz>-% are contained is; and the vector multiplel” has
down scale of the probe approximation.

) ot 7,8,9

Ref. [8] identified a specific breakdown mechanism,ee components consisting of, anda"=".
whereby the scaling exponents of the spatial directiongwer The hypermultipletd?, which transform in the fundamen-
shifted (at all scales) from 0 t&(1/N), thus rendering the tal of SU(NV), have localized actions
density of states convergent. This is a rather special ptppe
of the system studied there. More generally, local critical
ity might persist until the finite density of states per vokim Z/ dt / d*0 (ngVnﬁ; + Hp,e V" H,)
forces it to break down. n

Backreaction at weak couplinglt is encouraging that we P
have found possible stable systems with the desired IR prop- - / d*0 Hy¢3,nHy — hec.. (29)
erties, but the gravity methods are still only controlledain

peculiar limit, from the field theory perspective. Here we-di he ind he latti . ndsubscri
cuss some related issues in direct analysis of the dual fiel§h€ indexn runs over the lattice sites, amdsubscripts on a

theory. We start with the field theory corresponding to thebU|k_ field simply inFiicate .that the figld 'S to be evaluated at
rane sysin([22) T s i~ supersymmero o DSt e St TS e e el e o
Yang-Mills theory, with defect hypermultiplets. In sucleth o ' L '

ries, with a Maxwell action, the conformal symmetry thatwil 9'V€" the correspondence W"Fh fields above, can be seen to
emerge in the IR is far from manifest. A second approach, vignass up the defect hypermultiplets.

the Chern-Simons theories of [17], has been the one we've Integrating out the auxiliary)-field in the gauge multiplet
followed in the bulk of the paper. The IR conformal behavior generates inter-defect interactions. For simplicity wauon

of the bulk theory is much clearer here, as the gauge fieldthe Abelian (V = 1) case; defect hypermultiplet scalars are



denoted by). Then the couplings of the auxiliary field are:  that at least the most obvious dangerous cross-coupliisgs vi
ible from the Yang-Mills perspective, dat characterize the

1 1 5 - hysics of the IR fixed point theory coupled to hypermulti-
Sp=— [ dt d®z (=D* —2v2(¢,0'D + 'O, D Py P y coup yp
b g3 / * (2 V2A(en +9°0D) plet defects. Especially in the cases= 1,2, where the full

— . 1 12 5 model enjoys enhanced supersymmetry, non-renormalizatio
+é1¢1) + 9 Z D (| l” = [mal”) - (26) theorems strongly constrain the possible generation af fou
" fermion cross-coupling terms (see for instance [26]); con-
Integrating outD, the action becomes: straints on higher multi-fermion terms are less obvious. It
would be most interesting to push this analysis further, and
Sp = iQ / dt d*z (—2[0' 2, + 0,22+ |2, — {|?) (27)  constructsystems of defect fermions interacting witfeitamt
93 fields where local criticality can be seen robustly direfithm
where we've defined field theoretic arguments.
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This makes it seem unlikely that the local criticality of the

gravity regime can survive to finit& and coupling, where a .
field theory analysis should be reliable. However, it is impo Appen(_j|x. The 3.5 ngt&”ﬂ , ,

tant to remember that our starting point here has been the 3d 10 Pegdinletus consider a variantof the construction of [11]
N = 8 Yang-Mills theory, and this UV Lagrangian is valid VN0 studied the brane configuration

only far from the IR fixed point which we know governs the

The|¢|? term in [2T) exhibits cross-couplings betweensthe

physics on the N M2 branes (even at finkg. 0123456789
To get an alternate perspective, we can also try to com- D3 XX XX (31)
pute the inter-defect corrections arising from coupling th D5(G) X & 5 | X X X x X

defect hypermultiplets to the doubled Chern-Simons theory
which captures the fixed-poir_wt physics. _In fact, a simple toy As before, an x indicates a direction in which the given bsane
model al_ready llustrates th_e Important d|ﬁerenpe betwibe are extended, and:aindicates a direction in which they are in
Chern-Simons defect theories and the Yang-Mills defea-the

ries. An Abelian Chern-Simons gauge field coupled to defec%l.lfmlce conflgurgtlon. The 3._5 intersections @k 1 dimen-
. . Sional, representing defects in the dual gauge theory.Hi®r t
fermionsy,, would be governed by an action

system, with 8 ND directions, only fermions live on the inter
sections, which is very natural for the intended applicatio
S = / dt d*z [Ag(0: Az — 0:A.) — A (v Az — D Ag) In the limit that the 5-branes are probes, the D3-branes gen-
@) ; erate anddSs x S° spacetime, with each 5-brane wrapped on
+ Az(00 Az — 9:40) + Z 07 (2 = 2n)xnAoxn) - (30) anAdS, x S* subspace. However, the spatial directions con-
" tract in the IR of theddSs geometry, so the 5-brane density
One can see directly that integrating adi will not gen-  diverges there and their backreaction cannot be negleéted.
erate a dangerous inter-defect coupling here, as it is a nomarge vV, the backreaction becomes a large effect at energies
propagating field. Thel and B fields do propagate, but these Which are parametrically small compared to the latticeescal
couple to the defect fields only quadratically as in EGSL}6, 7 (as noted in [11])..[32]
and so do not generate tree level corrections. We are looking for an IR geometr§dS, x R? x X, which
A full field-theoretic analysis of the radiative correct®on we will for convenience compactify tddS, x T3 x X. We
to the ABJM theory coupled to hypermultiplet defects is be-study this with the AnsatZX = S5, averaging the energy
yond the scope of our work. It will be interesting to see todensity of the 5-branes over the compact dimensions. A, et
what extent the absence of induced inter-defect couplipgs a T', and.S be the respective radii of the three factatdS, x
plies in the full model; the simple computation above sutgies 72 x S°. The effective action dimensionally reduced to 1+1



dimensions is of the form theories and supergravity,” Adv. Theor. Math. Phg,231
(1998) [Int. J. Theor. Phy$8, 1113 (1999)]
[arXiv:hep-th/9711200].
(32) [10] E. D’Hoker, P. Kraus, “Magnetic Brane Solutions in AUS,
W(; work in UH#S where tfrl]e string length is one, anolf i9n0fhe JHEP0910, 088 (2009).[arXiv:0908.3875 [hep-th]];
order one coefficients. The respective terms come from the . L
. E. D’Hoker, P. Kraus, “Charged Magnetic Brane Solutions in
curvatures ofddS, andS®, the 5-brane tensions, and the RR g. g L
5-form flux, and domt distinguish between pure D5-branes AdS (5) and the fate of the third law of thermodynamics,
and a mix of D5s and5s. In other situations it would be nat- JHEP1003, 095 (2010).[[arXiv:0911.4518 [hep-th]];
ural to Weyl transform to an effective potential, but thisiat A. Almuhairi, “AdS; and AdS Magnetic Brane Solutions,”
po;siblg forAd%‘i inste_?_d weh direr?tly ex_trerrrw]ize with respect [arXiv:1011.1266 [hep-th]].
to A. One readily verifies that the action has no stationary — . L
. - . 11] S. Kachru, A. Karch, S. Yaida, “Hol hic Latt ,
points for finite values of the modul, T', S, gs. This analy- 1] achru i arc aida, “Holographic Latticesnrs
sis precludes addsS, x T3 x S° solution in the case that the and Glasses,” Phys. Reb81, 026007 (2010).

s /d% T3P N APT3S% N A2S'  N3AT®
B 92 92 gs 55

5-branes are oriented in many directions on$figaveraging [arXiv:0909.2639 [hep-th]].
to a symmetric source. [12] S. Kachru, A. Karch, S. Yaida, “Adventures in Holograph
One way of understanding the absence oflais, solution Dimer Models,” [arXiv:1009.3268 [hep-th]].

in the infrared in this case is that thé = 4 super Yang-Mills
sector has a line of fixed points, parameterized by the strin
couplinggs. The additional lattice branes source this mode ~ Fermi-liquids,” Physica C Vol. 185-189, 134 (1991).

and altogether there are not enough independent forces to fi%4] S. Sachdev, “Holographic metals and the fractionalizermi
gs, T, S, and A. If we include electric and magnetic flavors, liquid,” Phys. Rev. Lett105, 151602 (2010).

these can fixy,. _Havmg _done this, amdS, solution fixing [arXiv-1006.3794 [hep-th]].

the other moduli does arise.

&13] A.E. Ruckenstein and C.M. Varma, “A theory of marginal

[15] S. Sachdey, “Strange metals and the AdS/CFT
correspondence,” J. Stat. Medi911, P11022 (2011)
[arXiv:1010.0682 [cond-mat.str-el]].
[16] M. Ammon, J. Erdmenger, R. Meyer, A. O'Bannon and T.
[1] P. Gegenwart, Q. Si and F. Steglich, “Quantum critigailit Wrase, “Adding flavor to AdS(4)/CET(3).” JHEBB11 (2009)
heavy fermion metals,” Nature Physi4¢s186 (2008). 125,
[2] C. M. Varma, P. B. Littlewood, S. Schmitt-Rink, E. Abrahs, [17] O. Aharony, O. Bergman, D. Jafferis and J. Maldacena6N
and A.E. Ruckenstein, “Phenomenology of the normal state of superconformal Chern-Simons-matter theories, M2-branes
their gravity duals,” JHER810 (2008) 091.
[18] D. Gaiotto and X. Yin, “Notes on superconformal
Chern-Simons-Matter theories,” JHBPO8 (2007) 056.
[19] S. Kachru and E. Silverstein, “4d conformal field thesrand
strings on orbifolds,” Phys. Rev. Le80 (1998) 4855.
[20] K. Jensen, to appear.
[21] C. Nunez, A. Paredes, A. V. Ramallo, “Unquenched flaxor i

Cu-O high-temperature superconductors,” Phys. Rev. Gatt.
1996-1999 (1989).

[3] S. S. Lee, “A Non-Fermi Liquid from a Charged Black Hole:
A Critical Fermi Ball,” Phys. Rev. Y9, 086006 (2009)
[arXiv:0809.3402 [hep-th]].

[4] H. Liu, J. McGreevy and D. Vegh, “Non-Fermi liquids from
holography,| arXiv:0903.2477 [hep-th].

[5] M. Cubrovic, J. Zaanen and K. Schalm, “String Theory,
Quantum Phase Transitions and the Emergent Fermi-Liquid,”
Science325, 439 (2009)/[arXiv:0904.1993 [hep-th]].

[6] T. Faulkner, H. Liu, J. McGreevy and D. Vegh, “Emergent
guantum criticality, Fermi surfaces, and AdS2,”
arXiv:0907.2694 [hep-th].

[7] T. Faulkner and J. Polchinski, “Semi-Holographic Fermi
Liquids,”larXiv:1001.5049 [hep-th].

[8] S. A. Hartnoll, J. Polchinski, E. Silverstein and D. Tong
“Towards strange metallic holography,” JHEB04, 120
(2010) [arXiv:0912.1061 [hep-th]].

[9] J. M. Maldacena, “The large N limit of superconformal €iel

the gauge/gravity correspondence,” Adv. High Energy Phys.
2010, 196714 (2010)/[arXiv:1002.1088 [hep-th]].
[22] D. Marolf, A. W. Peet, “Brane baldness versus supeciie
sectors,” Phys. Re60, 105007 (1999). [hep-th/9903213].
[23] T. Appelquist and R. D. Pisarski, “High-Temperature
Yang-Mills Theories And Three-Dimensional Quantum
Chromodynamics,” Phys. Rev. 2B, 2305 (1981);
T. Appelquist and U. W. Heinz, “Vacuum Stability In
Three-Dimensional O(N) Theories,” Phys. Rev2h 2620
(1982);
T. Appelquist and U. W. Heinz, “Three-Dimensional O(N)


http://arxiv.org/abs/0809.3402
http://arxiv.org/abs/0903.2477
http://arxiv.org/abs/0904.1993
http://arxiv.org/abs/0907.2694
http://arxiv.org/abs/1001.5049
http://arxiv.org/abs/0912.1061
http://arxiv.org/abs/hep-th/9711200
http://arxiv.org/abs/0908.3875
http://arxiv.org/abs/0911.4518
http://arxiv.org/abs/1011.1266
http://arxiv.org/abs/0909.2639
http://arxiv.org/abs/1009.3268
http://arxiv.org/abs/1006.3794
http://arxiv.org/abs/1010.0682
http://arxiv.org/abs/1002.1088
http://arxiv.org/abs/hep-th/9903213

[24]

[25]

Theories At Large Distances,” Phys. Rev2l 2169 (1981). 055 (2002)./[hep-th/0101233];

S. Ferrara, A. Kehagias, H. Partouche and A. Zaffaroni, N. R. Constable, J. Erdmenger, Z. Guralsilal,, “Intersecting
“Membranes and fivebranes with lower supersymmetry and branes, defect conformal field theories and tensionlesgstt
their AdS supergravity duals,” Phys. Lett431, 42 (1998) Fortsch. Phys51, 732-737 (2003). [hep-th/0212265].
[arXiv:hep-th/9803109]; [26] L. Alvarez-Gaume, D. Z. Freedman, “Geometrical Stauet
J. Gomis, “Anti de Sitter geometry and strongly coupled gaug and Ultraviolet Finiteness in the Supersymmetric Sigma
theories,” Phys. Lett. B35, 299 (1998) Model,” Commun. Math. Phys0, 443 (1981).
[arXiv:hep-th/9803119]; [27] S. Harrison, S. Kachru and G. Torroba, work in progress.
R. Entin and J. Gomis, “Spectrum of chiral operators in [28] Other approaches to a microscopic constructiod@b, duals
strongly coupled gauge theories,” Phys. Re\c8) 105008 include Refs.|[9, 10].

(1998) [arXiv:hep-th/9804060]; [29] In the special casds= 1, 2, the supersymmetry is further
O. Pelc, R. Siebelink, “The D2 - D6 system and a fibered AdS enhanced tdV" = 8 and the global symmetry t60(8).
geometry,” Nucl. PhysB558, 127-158 (1999). [30] Such smeared sources have been studied in|Ref. [21].
[hep-th/9902045]. [31] There is also a log-divergent same-site kinetic terncivive
N. Marcus, A. Sagnotti, W. Siegel, “Ten-dimensional believe can be cancelled by a renormalization of this Kéhle
Supersymmetric Yang-mills Theory In Terms Of potential.

Four-dimensional Superfields,” Nucl. Phy224, 159 (1983); [32] Note that the lattice breaks all the conformal symnestiof

E. A. Mirabelli, M. E. Peskin, “Transmission of AdSs: the embedding geometry of each defect is invariant
supersymmetry breaking from a four-dimensional bountiary, under a differeniSO(2, 2). The fully backreacted solutions for
Phys. RevD58, 065002 (1998)! [hep-th/9712214]; a single stack of D5 defects will be discussed_in [27].

N. Arkani-Hamed, T. Gregoire, J. G. Wacker, “Higher
dimensional supersymmetry in 4-D superspace,” JIGE3,


http://arxiv.org/abs/hep-th/9803109
http://arxiv.org/abs/hep-th/9803119
http://arxiv.org/abs/hep-th/9804060
http://arxiv.org/abs/hep-th/9902045
http://arxiv.org/abs/hep-th/9712214
http://arxiv.org/abs/hep-th/0101233
http://arxiv.org/abs/hep-th/0212265

