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e Lifshitz points, gravity duals

e AdS/CFT with null deformations

e zT-compactz = 2 Lifshitz systems

e z7-noncompact: anisotropic Lifshitz systems

[see also AdS/CFT cosmo singularities: hep-th/060210X0063, Das, Michelson, KN, Trivedi
arXiv:0711.2994Awad, Das, KN, Trivedi arXiv:0807.1517Awad, Das, Nampuri, KN, Trived

Related work:Hartnoll,Polchinski,Silverstein,Tong; Donos,Gaurttlet
Gregory,Parameswaran, Tasinato,Zavala; ...
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AdS/condmat and Lifshitz systems

Interesting to explore holography with reduced symmetries
Generalizations of AAS/CFT to nonrelativistic systems

— holographic condensed matter, ...
Son; Balasubramanian,McGreevy; Adams et al; Herzog et alddtena et al; . ..

Lifshitz points arise in magnetic systems with antiferromagnetic

Interactions, dimer models, liquid crystals, ...

Symmetries t, x;-translations, x;-rotations,

scaling t — \*t, x; — Ax; [z: dynamical exponent].
Landau-Ginzburg actiorz(= 2): S = [d3z((0:p)? — k(VZp)?).
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dx%—ker
i

- Kachru,Liu,Mulligan

Lifshitz spacetime: ds? = —f%i +
Scaling: ¢t — Nt, x; — A\x;, r = Ar [z = 1:AdS).
[note: smaller than Galilean symmetriesy. Galilean boosts brokeén

Solution to 4-dim gravity withA < 0 and massive gauge field ~ f—ﬁ

(or alternatively gauge field + 2-form: dualize to gétmass)
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Lifshitz points in string theory

Previous attemptsz.g. Lig x M9~ or Liy; x M~ as a solution in
string or M-theory, supported by extra fluxes in the comppats (incl
warping)(Li,Nishioka, Takayanayi— various basic violations.

z = % Lifshitz solutions from D3/D7-constructiong\eyanagi,Li, Takayanapi
necessarily anistropic, require scalar that breaks sgalfmmetry.

Other solutions: geometry Lifshitz bdtg. scalar breaks symmetry.
Various interesting suggestionsHartnoll,Polchinski, Silverstein, Tong

Alternative way to realize = 2 Lifshitz [Balasubramanian,KN
rT-DLCQ of relativisticN'=4 SYM —
z = 2 nonrelativistic (Galilean) 2+1-dim system.

Gauge coupling? () varying in lightlike x*-direction —
breaksz T -shift reducing to 2+1-dim Lifshitz symmetries.
Concrete bulk realization: null deformations 4S5 x S° (more
generally,AdS x X) sourced by lightlike scalak(g. dilaton in |IB).
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AdS null deformations and Lifshitz

ds%ys = =z |—2dzTdr™ + do? + ;w? (04 @) (dz)?] + de; + dQZ.

Lightlike dilaton: & = ®(z*) (also 5-form). PMNT,ADNTADNNT]
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AdS null deformations and Lifshitz

ds%, . = ﬁ[—Qd:ﬁLdaj‘_ +da? + 2w (04 @)% (da™)?] + dw + dQ2.
Lightlike dilaton: & = ®(z*) (also 5-form). [)I\/INT,ADNT,ADNNT]

¢ = const i.e. g+ =0: DLCQ .+ of AdS In lightcone coordinates

— nonrelativistic, Schrodinger (Galilean) symmetries
[ GoldbergerBarbon et glMaldacena et &l

Regardz~ =t (time), ™ = compact coordinate ¢(, ~ (/)2 > 0).
Strictly: ™ = const = null surfaces andc~ = const surfaces spacelikggC — < 0).
Symmetries.x—, x;-translations,z;-rotations, z = 2 scaling

T =t — Nt z; = M\r;, w—  \w (z compact, no scaling).
T compact= lightlike boosts broken.
Galilean boostsr; — z; —v;z™, 7 — T — %(2112-332- —vixT):
broken byg. .. Also brokenz = 2 special conformal symmetry.

Nontrivial z*-dependences> » = 2 Galilean broken to Lifshitz.

Lifshitz-like systems andA d .S null deformations, K. Narayan, CMi p.6/22



AdS null deformations

dss, .. = ﬁ[—2dw+dx_ + dz? + %w2(8_|_<1>)2(d:c+)2] - CZU—; +dQZ, ©=(zT).

e The coord. transfmnw = re~ /2, = =y — wif/ :

ds? = %Q[ef(ﬁ)(—Qdachdy_ +dx?) + dr?] +dQE, ®(aT),
with the EOM constraint R, = £(f')*— f" = 3(®')?. (DMNT,ADNT)
e Function-worth of solutions, for an$(z ™).
Can replaces® — X° (Sasaki-Einstein).

These solutions can in fact be generalized to a large farhgploitions
with axion-dilaton, 3-form field strength turned onofos,Gauntle}.

gives

e Preserve half lightcone supersymmetry.

e There also existldS, x X7 null deformations in M-theory, with
scalar arising from the G-flux oX “: presumably dual to lightlike
deformations of Chern-Simons (ABJM-like) theories amson
M2-brane stacks. SimilarlyldS~ solutions likely. Also, null
deformations ofddS; exist in WZW models.
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Dual field theory, correlators
ds? = ﬁ[—deerx_ + dz? + %wQ(CI)’)Q(der)Q] + C’lUJL; +dQ2, & =d(x2T).
(OMNT) d = 4 N'=4 super Yang-Mills theory with gauge coupling

lightlike-deformed asg? ,, (%) = e®@") — DLCQ ,+.

Boundary metrials? = lim,, o w?ds? manifestly flat. Lightlike (chiral) deformatios>
NO nonzero contraction exists involving metric and couphione (onlyo & nonvanishing)

= various physical observables. §. trace anomaly, anomalous dims) unaffected.

2-point correlation function operators) dual to massive scalays
[In conformal coordsis? = T%[ef(er)(—Qdaﬁdy_ +da?) 4+ dr?), A= [ef@Ddgt
/ zt zt’ = I = AN —A 1
S ~ [d3xd3x’dxtdat’ e3F@7)/2e3F (@) /2 p(at B)p(axt’, &) (m)1 (CGELE
(AZ)?2 = —2(AxT)(Ax™) + Zizl’z(A:ﬁi)Q, A=24++V44+m?.

P . +
Azt < Az~, Az approximate 2 ~ A —of | /(@) 1]

(O@)O@) ~ @y . and (O(O(X)) ~ x5

Agrees with equal-time 2-pt fn &f + 1-dim Lifshitz theory «Lm).
Equal time correlator®2 + 1-Lifshitz = 2D Eucl. CFT Ardonne,Fendley,Fradk)n

Calculation difficult in form withg 4+ # 0: scalar wave eqn not straightforward to solve.
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Bulk z = 2 Lif , from dim’nal redux

ds? = Ly [—2dwtde— + do? + Lw?(®)2(dat)?) + 44 4 d02, & = B(zt).
Naive, standard Kaluza-Klein reduction alang as:
ds* = gmndr™dz" = G datdr” + Gaq(x? + Aydab)?
_ = 2
— L [Jw(@)2(det)? — 2datdeT] = ()2 [dat — )2 - T

2

Long-wavelength bulk 4-dim metricus? = 22 00 4 4o du?

Remnani{®’)#, nontrivial z*-dependence: not standard KK-redusx.
“Minimal” off-shell metric ansatz containing above metric

ds? = —N?(zT)K?(s")dt?* + W(dafr + N?(z)A)? + ﬁ(als’)2
N(z™T) controlsgy+ componentz~ =t and s* = z¢, w.

Kaluza-Klein gauge fieldd = Aqg K dt (purely electric,A; = 0).
On-shell solution:g;; = —N?K?2(1— A2) =0, N= 2%, K= .

w

Want off-shell lower dim eff. action: calculate 5d Ricci Braaction
for scalar®, retainK (s*), Aq(s*) independently (separate lower dim
gauge field from metric). Eff actionrs> lower dim metric.
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Bulk z = 2 Lif , from dim’nal redux

ds? = —N?(zT)K?(s")dt? + m(d:ﬂjL + N2 (zT)A)? + ﬁ(ds"')2

= RO = R@ _2(NN" + (N)?) +%F02i +2(NN" + (N)2) A2,
with  R® = - Z(w?0? K — wiu K + 3K) .

Suggests lower dim spacetime isds? = —K?(s")dt? + ﬁdsi2 .

dac%—kdwz
2 "

- 5 1 oo 2 dt?
On-shell solution:N = &, K=—-%5, = Lify: ds® = T wE + w

Gauge field mass from scalar kinetic terms agrees with that fower
dim system: —lgt+(0,®)2 - —IN2(1 - A2) (@) +... = IN?(®)2AZ.
Consistency: 5-d system is on-shell solutiofaf Ap + Ao aiTK)Q = %,

[from [00]-component], admitting solutiork’ = ﬁ, A=—dt

Naive dim redux ha®’, disappears here — perhaps surprising.
Nontrivial z*-dependence complicates Wilsonian separation-of-scales
argument:. mixing with other modes?

e.g. turn on KK vector potential;dx*. No conclusive result here for consistent dim’nal
reduction: therR(®) has extraneous factors 8f(z ) appearing in analogous calculation.

Harder to interpret lower dim system.
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Scalar probes of Lifshitz

Long wavelength geometry seen by bulk supergravity scalar?
Scalar actiort = G% [d°z /=g g"" 0,00, : restrict to modes with
noz-dependenceife. 0L = 0) =

o [ S L (9 0)2 4w L(0ip) *+w? L(Dup)?]

= & [ L2[-w(09)? + w?(9;p)? + w?(Duip)?]
L: compactification size.G4 = T5 4-dim Newton const.

L
[ dxt ()2 X

72
Lifshitz backgroundds® = —fu—’f S df;

Rescaler™ — ' = — scalar action in 4-dim = 2

Eqgn of motion: 4-dim Lifshitz geometry arises on scalesearg
compared with the typical scale of variation (compactifmatize),
i.e. effectively settingd’ ~ const.
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Recap: x"-compact,z = 2 Lifshitz

Lightlike deformation— break Galilean symmetries Lifshitz.

AdS5 x S° — null deformations with lightlike dilaton— DLCQ ,+:
ds? = ﬁ[—2dw+dx_ + dz? + in(CI)’)Q(dx"‘)Q] —- OZJU—; +dQZ, ©=d(zT).
Symmetries: =, x;-translations,z;-rotations,
z=2scaling z— =t — \t, z; = \z;, w—  w (zT compact, no scaling).
d = 4 N'=4 super Yang-Mills theory with gauge coupling
lightlike-deformed asg? ,, (%) = e®@") — DLCQ ,+.

2-point correlation function: operat@ dual to massless scalar

(O@:)0)) ~ smmyzs » A (OBOF) ~ x5 -
Agrees with equal-time 2-pt fn & 4+ 1-dim Lifshitz theory &Lm).
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T-noncompact, anisotropic Lifshitz

ds* = 25 [—2dztdz™ + da? + Jw? (@) (dz™)?] + dw 4 dQZ,
P =d(QxT), () parameter of mass dim one.
Symmetries: time:~-translations, spatiat;-translations/rotations
(z T -translations broken by nontrivialt-dependence), and anisotropic
Lifshitz scaling w — \w, z; = \z;, = — Mz—, a7 = Xzt
ie. z=2 {x;,x” )} T — NaT, oz — Ay,
=00 {zT, 27} 7 —= N, ot — A\,
In addition, dilaton®(Qz ) acts aspatialz™-potential

2 2
[Recallz = 0 Schrodinger systemsis? = —dt? + % +dﬁ§lg+dr .

Different from present context:~ = time since const— surface is
spacelike— crucial forz = oo scaling, and broken Galilean boosts.]

Also recall D3-D7 anisotropic Lifshitz systems + radialleca (Azeyanagi,Li, Takayana)yi and

dilatonic Lifshitz-like black branesfoldstein,Kachru,Prakash, Trivedi
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Linear dilaton, anisotropic Lifshitz

ds?® = %[—2d:c+d:c_—|—d:13,?—|—w2@2(d:c+)2]—I—C,ZLUL;, d = Py+2Qx™.
Now metric also hag™-translations: linear dilaton acts as spatial
zT-potential. Reminiscent of Liouville-like walls ia= 1 string

theory.

z = 2 Lifshitz-like induced metric ore.g. D5-brane probe wrapping
constz ™ hypersurface (and? € S°)? Difficult to realize since
constz™ hypersurface is null. Might be interesting to study D-brane

probes in these geometries.

Dual gauge theory: d=A/=4 SYM theory living on flat spacetime
(flat boundary metric), with gauge coupling

gors () = e®(@") = 027" (with g5 = e®0).

rT — —oo: weakly coupled gauge theory.

Consistent: string frame metrits2,,. = ¢®/2ds? degenerates here,
highly curved.
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Linear dilaton, Lifshitz, correlators

ds? = ﬁ[—de"‘da:_ + dz? + w?Q?(dz™)?] + OLJL;, b = Py +2QxT.

2-point correlation function, operators dual to bulk scala

Scalar mode functiong(z) = etk—= " +ikiz'+ik 2™ R(y) | with

radial equationw?9,, (ﬁawR(w)) — (k2 + Z—j — wQQQkQ_) R(w) =0,
B2 = 2k k_ +k2, a=-"20= A=24VitmZ=2+v

Can be solved in terms of conf.hypergeom.fns: pick growlgteon, demanding regularity in
interior. Also note forQ = 0, this should reduce to AdS lightcone calculatia (<, (kw)).

. A — 2 1% 2
Bulk-boundary propagator: a = 2>+ — = = 2t 4 zug—k_> c=A—-1=v+41.

G(ki ki, k—,w)=N(k) gikiz! +ik_aT ik wAeO”UQU(a, c, —20w?) .

Momentum space 2-point correlation fns:
r(ltry k)
(V g Z) <O(k)0(—k)> ~ —VQVQVF(_V) 2 4iQk_

I 1—v k2 )
W) rigr4 )

v=2 (A=4) (O(k)O(=k)) ~ 2
(k7 — 2k k)? + 4Q%k?) (log(iQk—) + (3 + " 37=)),

Reminiscent of 2-pt correlation fns Kachru,Liu,Mulligan but also differences—
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Linear dilaton, Lifshitz, correlators

A =4 (O(R)O(=k)) ~ (k2 =2k k_)? +4Qk2) (log(iQk_) + (3 + Sk

[Consistent with Lifshitz scaling{z =,z ", z;) — (\2z2—, X021, \x;).]

[ForQ — 0, () — log(): recover AdS 2-point correlation fi log k2.]

To gain some insight, note:

(k2 — 2k k)2 +4Q%k? = (k2 —2(ky —iQ)k_)(k? —2(ky +iQ)k_)
Effectivex™-momentum shift:k,. — ki £1Q (eib+7" — eik+aT Q)
— reminiscent of Liouville-like wall inc = 1 string theory.

Also, fork; = 0: (k7 — 2ki1k_)* +4Q%k% — (k5 + Q%)k2,

i.e. effective mass-gap im™-direction.

Free SYM: s = = ( +)TrF2 5 [d4z e~ 2@ [(9,4;)2 — 2(04 A;)(0- A;)].
Wave modesﬁ“ﬂx”@’“ v ikiet k2 4 9(k, +iQ)k_ =0, i.e

2
ki = —2%’_ T-momentumk,. nonzeroj.e.

generic waves move along' -direction due to dilato:*-potential.

19 v—
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Aspects of some solutions

P’ = 2Q tanh(Qx ™), i.e. & = Py + 2logcosh(Qx™T),

ds? = %[—Qdaﬁdaj_ + dz? + w?Q? tanh?(Qz ) (dzT)? + dw?).
vt — foo: giy ~ (D)% — Q7 rt —0: gy ~0.
Akin to “junction” of two Lifshitz-like systems joined togdleer with
%-sizedAdS-Schrodinger-like core about™ = 0.
() large, core shrinks, “junction” becomes sharper.
SYM gauge couplingig? ,, = e® = g; cosh?(Qx"), x*-potential for
charged dyonic states (varying D-probe tension).

¢ = cosh;gQaﬁL)7 = g + tanh Q™
2 CC'+ 2
ds* = L [—2dxtdz™ + da? + w? Ci}ﬁ(@a?ﬂ + dw?].

Largex™ : ¢, — 0, Schrodinger-like.
xT = 0: earlier linear dilatonic system, Lifshitz-like behaviou

Interpolating solutions with radiab-dependence?
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Linear dilaton, non-geom DLCQ

_¢0

X=L x=2L

Compactifyz-direction? Linear dilaton nat™-periodic.
Piecewise linear dilaton® = &, + 2Qx", z* € [0,L],
®=d(L)—2Q(zt — L), zte][L,2L),
[Einstein metricds? = —5 [—2dzTdz™ + dz? + w?Q?(dz™)? + dw?] smooth.]
(2 T) continuous, not periodic: note S-duality symmetry;+ —%, i.e. ® — —P,

® periodic upto S-duality ifb(z™ + L) = —®(x™), i.e.
®(L)=—-®(0) = Py+2QL =Py, ie g,=eP0 = QL

Asymptotic string coupling fixed by this non-geometric cionstion: large string corrections?

Lightlike deformations ofAdS5 x S°: no nonzero contractions (ondy ® nonzerog™+ = 0),
likely no higher derivative corrections. Also preservel basy.

Also note: dilaton bounded, no singularities anywhere.t@@st withe. g. F-theory, elliptic fiber
degenerations, 7-brane sources, ...

Lower dim Lifshitz symmetries— lightlike structure in 5-dim, possibly controlled corriects.

= non-geometric construction for dus=4 SYM too.
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Solutions with lightlike axion

Lightlike axion: co = co(z™).

ds? = %[—2daz+da3_ + dx? + w?(0yc)?(dz™)? + dw?] + ds?.
Linear axion configuration:

ds* = 25 [—-2datda™ + da? + w?Q*(dz™)? + dw?] + ds?

co = cg +2Qx™.
With z™-direction compacticy — co + 2QL asz™ — = + L:
equivalent tor — 7 + 1 shiftif QL = 3.

D3-D7 interpretation? Axior+ #-angle in dual gauge theory.

Possibly solutions with nontrivial axion-dilaton exisbto
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AdS, Lifshitz and M-theory

ds?* = 5 (Gudatdz” + dr?) + 4dQ%-, G4 = 6vol(My)+ Cd® A Qs.
C normalization const, X’ Sasaki-Einstein 7-manifold admitting
harmonic 3-fornt2;. Scalar®(z*): no natural interpretation in
11-dim, arises from 4-form flux after compactification.

® = const, G, =nw = usualAdS, x X' solution.
Effective 3-dim system: R, = 30,90,®, 0® =0.
3-dim gravity gy, n trivial: dynamics driven by scalar.

Null: ds? = %[—Zdaﬁdaj_ + da? 4+ Fw?(®")*(dz™)?] + duw?

w2

Dim’nal reduction=- 2 + 1-dim bulk z = 2 Lifshitz spacetime

Field theory duall + 1-dim strongly coupled theory, dim’nal redux of
null deformation of Chern-Simons theories on M2-brane®aiaal
(CY 4-fold) singularities. ABJM generalizations ... Expdurther.
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Other AdS Lifshitz-like solutions

e AdSs null deformation lifts to (11-dim) M-theory. Similar to earlier

solution: ds? = =2dade_fdirdu? | ()2 (gt = \/g#
Note: nox*-dep in metric, KK-reduction standard, gives= 2 Liy
and gauge field.

M-theory lift: AdSP¥ x CP? x St x ST supported by G-flux.

Boundary theory: unclear, possibly M5-brane dual.

e Anisotropic radial Kasner-like solutions
ds® = %Q[dﬂ — r2Podt? + 57 r?Pi(dat)?] + dQ2, e® =r?,
2
Po + Zq;pz' = 0, p(Q) + Zzsz — %'
With nontrivial scalar® (« # 0): static solutions with spatially
anistropic Lifshitz-like scaling, except scalar breakalsg symmetry

(=0 = po,p; =0).

e Time-dep AdS (cosmological) solutions with Lifshitz-like
symmetries.
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Conclusions, open questions

e AdS null deformations— dim’nal redux— z = 2 Lifshitz

(for AdS5) dual to DLCQ ofN'=4 SYM with varying coupling.

e zT-noncompact- spatially anisotropic Lifshitz-like systems with
dilatonz ™ -potential. Interesting structure in holographic conaia.

¢ Finite temperature? Fermions?

e Interesting radial dependence of scalar/metric: holdgaRG flows
betweenAdS-lightcone (Schrodinger), Lifshitz, ati,, — Li.,?
Holographic superfluid ground states?

e Further exploration of field theory dual to Lifshitz:
N =4 SYM with lightlike varying coupling, DLCQ ...

e Further exploration ofAdS4 solutions:1 4+ 1-dim field theory dual
possibly deformation of Chern-Simons theories on M2-bsaate
singularities (generalizations of ABJM .. .).

Lifshitz-like systems andA d .S null deformations, K. Narayan, CMi p.22/22



	vspace {2mm} Lifshitz-like systems\ [1mm] and $AdS$ null deformations
	vspace {-6mm} AdS/condmat and Lifshitz systems
	vspace {-6mm} AdS/condmat and Lifshitz systems
	vspace {-4mm} Lifshitz points in string theory
	vspace {-5mm} $AdS$ null deformations and Lifshitz
	vspace {-5mm} $AdS$ null deformations and Lifshitz
	vspace {-5mm} $AdS$ null deformations
	vspace {-6mm} Dual field theory, correlators
	vspace {-5mm} Bulk $z=2$ Lif$_4$ from dim'nal redux
	vspace {-5mm} Bulk $z=2$ Lif$_4$ from dim'nal redux
	Scalar probes of Lifshitz
	vspace {-5mm} Recap:  $x^+$-compact, $z=2$ Lifshitz
	vspace {-5mm} $x^+$-noncompact, anisotropic Lifshitz
	vspace {-5mm} Linear dilaton, anisotropic Lifshitz
	vspace {-5mm} Linear dilaton, Lifshitz, correlators
	vspace {-5mm} Linear dilaton, Lifshitz, correlators
	vspace {-5mm} Aspects of some solutions
	vspace {-6mm} Linear dilaton, non-geom DLCQ
	vspace {-5mm} Solutions with lightlike axion
	$AdS_4$ Lifshitz and M-theory
	vspace {-5mm} Other $AdS$ Lifshitz-like solutions
	vspace {-4mm} Conclusions, open questions

