arXiv:1306.6654v1 [hep-th] 27 Jun 2013

Higher Spin vs. Renormalization Group Equations

Ivo Sachs Arnold Sommerfeld Center Ludwig-Maximilians University, Theresienstrasse 37, D-80333, Munich, Germany

ivo.sachs(at)lmu.de

July 1, 2013

Abstract

We present a variation of an earlier attempt by Douglas et al. to relate renormalization group equations to higher spin equations with the aim of uncovering more of the structure underlying the AdS/CFT-correspondence. We work with a scalar field theory in 3 dimensions. In this case we show that the linearized renormalization group equation can be mapped to the Vasiliev higher spin equations for a certain subset of couplings. We analyze obstruction to map non-linear terms to the Vasiliev equations and discuss the renormalization group interpretation of higher spin gauge transformations.

1 Introduction

In view of possible generalizations of the AdS/CFT correspondence away from conformal fixed points and, perhaps more importantly, deriving it from field theory, an interesting idea is to think of it as a geometric realization of the renormalization group (RG) flow (see eg. [1, 2, 4, 3] for a various attempts in this direction). Douglas et al. [5] proposed a formalism to construct higher spin equations that reproduce the Wilsonian RG-equation for a non-local mass term in a free field theory. This idea was recently extended in [6] to include interactions.

In this note we consider a simpler, more restricted model, consisting of a scalar field theory in 2+1 dimensions. After a short review of Polchinski’s form [7] of the Wilsonian RG-equation we then consider the RG-flow for local, quadratic, higher derivative couplings. We map the linearized RG-flow of these coupling to the nonpropagating, auxiliary sector of the free Vasiliev HS equations (see [8] for a review) on four-dimensional AdS-background. This mapping turns out to be a straight forward consequence of the simple relation between the 3- and 4-dimensional HS-algebras in the twistor representation [9]. The fact that the HS-fields are non-propagating should be expected due to the first order nature of the RG-equations.

Next we consider the representation of HS-gauge transformations on the RGequations. While we are not able give an interpretation of generic HS-gauge transformations we will analyze some simple examples in detail. In particular, we will see that while HS-gauge transformation do not leave the action invariant in general, the RG-equation transforms covariantly with respect to such transformations.

Finally, we analyze whether non-linear terms in the RG-flow can be described by interacting HS-equations of motion. One outcome of this analysis is that in a systematic expansion on the HS-side the non-propagating spin fields describing the linearized RG-flow will source the physical, propagating HS-sector at the first non-linear order. While these modes do not have a obvious interpretation of the running coupling constants they arise naturally in the HS-AdS/CFT duality [10, 11]. Hopefully this observation will be of use in deriving the AdS-dual from field theory.

2 Polchinski Equation

We start with a single scalar field in d = 2 + 1 dimensions. Following the conventions of Osborn [12] the Polchinski equation, expressed in terms of dimensionless coordinates, momenta and fields takes the form ( ∂ ∂t + Dφ · δ δφ ) S_t[φ] = 1 2 δ δφ S_t[φ] · G · δ δφ S_t[φ] − 1 2 δ δφ G · δ δφ S_t[φ] . (2.1)

Here, S_t[φ] is basically the interaction part of the Wilsonian effective action, at cutoff scale t = − ln(Λ/Λ_0), expressed in terms of the couplings and dimensionless fields Λ^δφ(xΛ) := ϕ(x). S_t[φ] is essentially local, meaning that the non-locality has an allorders Taylor expansion for small p^2 (see e.g. [13]). The UV-regularized propagator, K(p), enters through G(p) = K^′(p). Finally, D is the dilatation operator which acts on φ as Dφ(p) = −(p∂_p + d − δ)φ(p) , (2.2) where δ is the canonical dimension of φ. Expanding S_t in the fields and couplings we can, in principle, extract the renormalization group equations. To illustrate this we set the right hand side of (2.1) to zero which is justified in the linearized approximation for a quadratic action and neglecting the cosmological constant. For instance, for S_t = m^2 ∫ φ(p)φ(−p) eqn (2.1) then gives ( ∂_tm^2 − 2m^2(d − δ) ) ∫ φ(p)φ(−p) − m^2 ∫ (p∂_pφ(p)φ(−p) + φ(p)p∂_pφ(−p)) = 0 . (2.3) Using δ =^{d−2}_2 for a scalar with canonical kinetic term and performing a partial integration on the last term we recover ∂_tm^2−2m^2 = 0. The marginal deformation in 2+1 dimensions is S_t = λ ∫ φ(p_1) · · · φ(p_6)δ^3(p_1+· · ·+p_6) with Dφ·^δ_{δφ} S_t = 2(d−3)S_t.

We should note that in this case the second (quantum) term on the r.h.s. of (2.1) acts as a source term for lower order couplings. Similarly, for S_t = g^{ab} ∫ p_aφ(p)p_bφ(−p) we get ( ∂_tg^{ab} − 2g^{ab}(d − δ) ) ∫ p_aφ(p)p_bφ(−p) (2.4) −g^{ab} ∫ (p_ap∂_pφ(p)p_bφ(−p) + p_aφ(p)p_bp∂_pφ(−p)) = 0 , which, upon partial integration amounts to ∂_tg^{ab} = 0. More generally, for interactions of the form S_t = g^{a1···an} ∫ p_{a1} · · · p_{an} φ(p)φ(−p) , g^{a1···an} = g^{(a1 ···an)} (2.5) eqn (2.1) yields (∂_tg^{a1 ···an} + (n − 2)g^{a1 ···an} ) ∂ ∂g^{a1 ···an} S_t[g_t, φ] = 0 . (2.6)

As long as S_t is quadratic in φ this is exact in the linearized approximation up to the cosmological constant, Λ which due to the second term on the r.h.s. of (2.1) can receive a contribution proportional to g^{a1···an} . On the other hand, the dilatation operator D acts trivially here. In the linearized approximation we then get

∂_tΛ = − 1 2 δ δφ G · δ δφ S_t[φ]|_{φ=0} . (2.7)

In what follows we shall concentrate on the RG-flow of the traceless subset of couplings of the form (2.5), first in the linearized and classical approximation. In this case we will show that the RG-equation (2.1) is equivalent to a free HS-equation on AdS_4. Following [9] we note that the dilatation operator D which is part of the conformal algebra in 2 + 1 dimensions has a Weyl star-product realization in terms of quadratic products of (y^−_α , y^{+α}) satisfying [y^−_α , y^{+β}]_∗ = δ^β_α. In particular, D = 1 2 y^{+α}y^−_α and P_{αβ} = iy^−_α y^−_β , (2.8)

where P_{αβ} is the translation generator, whereas

L^α_β = y^{+α}y^−_β − 1 2 δ^α_β y^{+γ} y^−_γ , and K_{αβ} = −iy^+_α y^−_β (2.9)

represent Lorentz transformations and special conformal transformations respectively. We then replace g^{a1 ···an} (t)p_{a1} · · · p_{an} by g^{(n)}(t) ≡ e^{−2t}g^{a1 ···an} (t)(γ_{a1} )^{α1β1} · · · (γ_{an} )^{αnβn} y^−_{α1} y^−_{β1} · · · y^−_{αn} y^−_{βn} . (2.10) We should mention that expressing p_μ in terms of the twistor variables (y^−_α , y^{+α}) is one-to-only for light-like momenta. However, this does not mean that the momenta in (2.5) are restricted to be light-like since we merely use the twistors to represent the action of the dilatation operator on g^{a1 ···an} . For g^{(n)}(t) the l.h.s. of (2.1) is then equivalent to D_tg^{(n)}(t) ≡ ∂_tg^{(n)}(t) + [D, g^{(n)}(t)]_∗ (2.11) In particular, the linearized RG-equation for this class of couplings around a fixed point becomes D_tg^{(n)}(t) = 0.

3 Linearized RG flow as HS equation on AdS

We would like to identify the equation D_tg^{(n)}(t) = 0 with the linearized HS equation of motion on AdS_4. To do so we first express P_{αβ} in terms of 4-dimensional spinor variables through [9]

P_{αβ} = iy^−_α y^−_β = 1 4 (iȳ_α + y_α)(ȳ_β − iy_β ) (3.1) → i 4 ȳ_{α̇}ȳ_{β̇} − i 4 y_αy_β + 1 4 ȳ_{α̇}y_β + 1 4 y_αȳ_{β̇} .

This suggests that the 3-d coupling g^{(1)} corresponds to a combination of a spin 0 and a spin 1 field from the four-dimensional HS point of view. Next we express D in terms of 4-dimensional spinor variables, D = 1 2 ϵ_{αβ} y^{+α}y^{−β} = 1 8 ϵ_{αβ}(y^α − iȳ^α)(ȳ^β − iy^β ) = 1 4 ϵ_{αβ}y^αȳ^β → − i 4 (σ_2)_{αβ̇} y^αȳ^{β̇} (3.2)

We now want to compare (2.11) with the HS equation [14]

dC + W ∗ C − C ∗ W = 0 (3.3)

where W = W_μdx^μ is an HS gauge potential and C is the field which we would like to identify with the coupling constants describing perturbations of the RG-fixed point. The integrability condition for (3.3) reads dW + W ∗ W = 0. The form (3.2) of the dilatation operator D picks the AdS_4 solution to this latter equation, that is

W_0(x|Y ) = (e_0)_{αβ̇}y^αȳ^{β̇} + (ω_0)_{αβ} y^αy^β + (ω_0)_{α̇β̇}ȳ^{α̇}ȳ^{β̇} (3.4)

where (in Poincaré coordinates)

e_0(x, Y ) = 1 4i dx^μ z (σ_μ)_{αβ̇} y^αȳ^{β̇} , ω_0(x, Y ) = − 1 4i dx^i z ((σ^{iz} )_{αβ} y^αy^β + (σ̄^{iz} )_{α̇β̇}ȳ^{α̇}ȳ^{β̇}) .

Our conventions for the 4D sigma matrices are (σ_μ)_{αβ̇} = (1, ⃗σ)_{αβ̇} , (σ̄_μ)^{α̇β} = (1, −⃗σ)^{α̇β}. The 3D gamma matrices are then obtained by deleting the matrix with space-time index μ = 2, ie. (γ_a)_{αβ} = (1, σ_1, σ_3)_{αβ} . Identifying t = ln z we then see that expression (3.2) for D is identical with (W_0)_t(x|Y ). Thus the tree-level, linearized RG-flow (l.h.s. of (2.1)) is identified with the HS equation [14]

∂_tC(Y |x) + [(W_0)_t(x|Y ), C(Y, x)]_∗ = 0 , (3.5)

where C(Y |x) is given by g^{(n)}(t) is as in (2.10) but expressed in terms of 4-dimensional spinor variables using

4(γ^a)^{αβ} y^−_α y^−_β = (γ^a)^{αβ} (ȳ_αȳ_β − y_αy_β − iȳ_αy_β − iy_αȳ_β) = −i(γ^a)^{αβ} (ȳ_αy_β + y_αȳ_β) + ϵ^{abc}(γ_{bc})^{αβ}(ȳ_αȳ_β + y_αy_β) → −i(σ^a)^{αβ̇} y_αȳ_{β̇} − i(σ^a)^{α̇β}ȳ_{α̇}y_β + ϵ^{abc} ( (σ̄_{bc})^{α̇β̇}ȳ_{α̇}ȳ_{β̇} − (σ_{bc})^{αβ}y_αy_β )

= −2i(σ_a)^{αβ̇} y_αȳ_{β̇} + 2i ( (σ^{za})^{α̇β̇}ȳ_{α̇}ȳ_{β̇} + (σ^{za})^{αβ} y_αy_β ) , (3.6) and we defined γ_{αβ} =^1_4 [γ_a, γ_b]. In order to verify the other components of the equation (3.3), i.e.

∂_aC + (W_0)_a ∗ C − C ∗ (W_0)_a = 0 (3.7)

we then observe that (3.6) is proportional to (W_0)_a in (3.4). This then implies that (3.7) is satisfied so long C(x|Y ) does not depend on x^a, ie. C(x|Y ) = C(t|Y ).

To summarize, (3.5) is the tree-level linearized RG-equation for the couplings g^{(n)} around a conformal fixed point while (3.7) encodes translation invariance.

Note that in (3.5) and (3.7) the commutator [(W_0)_a, C]_∗ rather than the twisted commutator (W_0)_a ∗C −C ∗(W̃_0)_a with f̃((x|y, ȳ) ≡ f(x|−y, ȳ) enters in the equation for C(x|Y ). This means that C(x|Y ) is a non-propagating (auxiliary) field. This is to be expected since the RG-equation is a first order rather than a second order equation. A similar observation was made in 3-dimensional HS theory considered in [15]. In this case, the mass parameter is directly related to the value of some of the auxiliary fields.

To make the relation between HS- and RG-equations complete we should also consider the Vasiliev equations involving the auxiliary spinor connection, S(Z, Y, k, k̄) = s_αdz^α + s_{α̇}dz^{α̇}, that is [14] S ∗ S = −idz_αdz^α(1 + F (B) ∗ κ) − idz_{α̇}dz^{α̇}(1 + F̄ (B) ∗ κ̄) S ∗ B − B ∗ S = 0 (3.8) dS + W ∗ S − S ∗ W = 0 Here, Z = (z^α, z_{α̇}) is pair of auxiliary twistor variable z^α with [z^α, z^β]_∗ = −2iϵ^{aβ} and dz^αdz^{α̇} = −dz^{α̇}dz^α are anti-commuting differentials. The field B(Z, Y |x) is such that B(Z, Y |x)|_{Z=0} = C(Y |x) and otherwise determined by the Vasiliev equations. F (B) is so far an arbitrary function and κ = kK where k is a Kleinian with the property kf(z^α, dz^α, y^α, z^{α̇}, dz^{α̇}, y^{α̇}) = f(−z^α, −dz^α, −y^α, z^{α̇}, dz^{α̇}, y^{α̇})k (3.9) and K = e^{izαyα} is an inner Kleinian for the ∗-product with the properties f(y, z) ∗ K = f(−z, −y)K , and K ∗ f(y, z) = Kf(z, y) (3.10) To 0-th order in B, the first equation in (3.9) is solved by S_0 = z_αdz^α + z_{α̇}dz^{α̇}. With this second equation implies that B is independent of Z at leading order (which is the case). To 0-th order in B the last equation is then again identically satisfied. On the other hand, for non-vanishing F (B) this equation implies a correction to W to which we will return below.

4 Gauge Transformations

A complete understanding of how to represent arbitrary HS gauge transformations in RG equations is still lacking. We can nevertheless develop some intuition by considering examples. The HS gauge transformations are of the form [9] δW (x|Y, Z) = dϵ(x|Y, Z) + [W, ϵ]_∗(x|Y, Z) (4.1) δB(x|Y, Z) = −ϵ(x|Y, Z) ∗ B(x|Y, Z) + B(x|Y, Z) ∗ ϵ(x|Y, Z) . Let us first assume that ϵ = ϵ(y^α, ȳ^{α̇}). In that case (4.2) reduces to

δg^{(n)} = [g^{(n)}, ϵ]_∗ , δW = W ∗ ϵ − ϵ ∗ W . (4.2)

In order to obtain a 3-dimensional interpretation of δg^{(n)} we should express y^α and ȳ^{α̇} in terms of y^{±α}. For instance, if we take ϵ = b^a(t)K_a where K_a is given by (2.9) expressed in 4D spinor variables, this then amounts to

g^{(n)} → g^{(n)} + 2(g · b)^{(n−1)}D + 2i(g^{[a}b^{b]})^{(n−1)}L_{ab} , (4.3)

which can then be realized in field theory as lower dimensional, momentum dependent couplings in S_t. In (4.3) symmetric (Weyl) ordering is understood. This transformation does not leave S_t invariant, generically, although some terms may vanish. For instance, for n odd S_t does not not depend on g^{(n)} as we already noted. Similarly, the Lorentz term on the r.h.s. of (4.3) vanishes again in S_t for n odd while the dilatation term does contribute a coupling with n even. The connection, on the other hand, transforms as

D → D + ∂_tb^aK_a − b^aK_a (4.4)

Clearly, W_0 +δW is no longer of the AdS-form, not even modulo coordinate transformations which are parametrized by ϵ(x). Nevertheless, (2.11) transforms covariantly by construction. Explicitly,

[D, δg^{(n)}] + [δD, g^{(n)}] = 2n(δg)^{(n−1)} − 2(ḃ · g)^{(n−1)}D − 2i(ḃ^{[a}g^{b]})^{(n−1)}L_{ab} (4.5) and ∂_tδg^{(n)} = 2(ḃ·g)^{(n−1)}D+2i(ḃ^{[a}g^{b]})^{(n−1)}L_{ab} +2(b·ġ)^{(n−1)}D+2i(b^{[a}ġ^{b]})^{(n−1)}L_{ab} . (4.6)

Since ġ^{(n)} = −ng^{(n)}, (2.11) is satisfied without using further properties of S_t. If b(t) satisfies the RG-equation then δD in the connection D in (4.4) is invariant so that (2.11) in its original form is valid for g^{(n)} as well as δg^{(n)}. It is interesting to note that the RG equation displays an o(3, 2) even if the action parametrized by {g^{(n)}} is not conformal. Of course, we have only considered the linearized flow so far.

As an example of a z-dependent gauge transformation we take ϵ = K as in (3.10). Then δB = −K ∗ B + B ∗ K or, equivalently

δg^{(n)} = −K ∗ g^{(n)} + g^{(n)} ∗ K = −K(z, y)g^{(n)}(z^α, ȳ^{α̇}) + g^{(n)}(−z^α, ȳ^{α̇})K(z, y) (4.7)

Remember that g^{(n)} was independent of z^α in our construction but this is not a gauge-invariant statement. Since there is no interpretation for z^α in 3-dimensions I suspect that the correct interpretation in 3 dimensions is to set z^α = 0. Thus δg^{(n)} = 0.

5 Adding the Inhomogeneity

Let us finally return to the r.h.s. of (2.1). For a free field theory the quantum term on the r.h.s. can only contribute to the cosmological constant which we already discussed and which is not part of the higher spin spectrum. Let us now turn to the first term on the r.h.s. of (2.1) ( fig. 1). In [5] it was suggested to include this term in a redefinition of W_0. In our context this term contributes terms of the form ∫ φ(−p)g^{a1 ,··· ,am} g^{b1,··· ,bn} K^′(p)p_{a1} · · · p_{am} p_{b1} · · · p_{bn} φ(p) (5.1) to the r.h.s. of (2.1). In x-space this sources a non-local coupling through ∫ d^3xd^3y ∂_tg^{μq ···μn+m} (x)(∂_{μ1} · · · ∂_{μm+n} φ(y))φ(x + y) = (5.2) ∫ d^3xd^3y g^{μ1···μn} g^{μn+1 ···μn+m} K^′(x)(∂_{μ1} · · · ∂_{μm+n} φ(y))φ(x + y) , where x is the coordinate in the 2 + 1-dimensional field theory. Taking the symmetrized, traceless part of both sides this amounts to D_tg^{(n+m)}(t, x) = K^′(x)e^{−2t}g^{a1 ,··· ,an} (t)g^{an+1 ,··· ,an+m} (t)γ^{α1β1}_{a1} · · · γ^{αn+mβn+m}_{an+m} y^−_{α1} · · · y^−_{βn+m} For the sake of simplicity let us make the assumption (unjustified in practice) that K^′(p^2) has a convergent series expansion of the form K^′(p^2) = K^′(0) + O(p^2). Then the local higher derivative coupling g^{(n+m)} receives a non-linear contribution from D_tg^{(n+m)}(t) = K^′(0)e^{−2t}g^{a1 ,··· ,an} g^{an+1,··· ,an+m} γ^{α1β1}_{a1} · · · γ^{αn+mβn+m}_{an+m} y^−_{α1} · · · y^−_{βn+m} . (5.3) In order to see if the r.h.s. of (5.3) can indeed be implemented in (3.5) by a linear correction in W one ought to solve the Vasiliev system perturbatively. After a series of steps, identical with those in [14] this amounts to solving

dW_1+W_0∗W_1+W_1∗W_0 = i ( f_1e_{αβ̇} ∧ e^α_{γ̇} k ȳ^{α̇}ȳ^{γ̇} C(0, ȳ|x) − f̄_1e_{αβ̇} ∧ e^{β̇}_γ k̄ y^αy^γ C(y, 0|x) )

where we expanded F (x) = f_1x + O(x^2) in (3.9) and k is the Kleinian. Note that W_1 is linear in the (outer) Kleinians k and k̄. Since there is no object in the 3- dimensional field theory that has a natural identification with k this suggests that W_1 cannot be realized in field theory as a modification of the dilatation operator D in (2.1).

To continue we expand the HS-equation as a power series in k and k̄ through the Ansatz C = C^{(0,0)} + kC^{(1,0)} + k̄C^{(0,1)} + · · · (5.4)

We then get at O(k)

dC^{(1,0)} + W̃_0 ∗ C^{(1,0)} − C^{(1,0)} ∗ W_0 = C̃^{(0,0)} ∗ W_1 − W_1 ∗ C^{(0,0)} (5.5)

In particular, C^{(1,0)} is in the twisted adjoint representation and thus represents a propagating physical higher spin field in AdS_4. For instance if we take C^{(0,0)} to be the spin 0 coupling, i.e. C^{(0,0)} = e^{−2t}m^2 then the r.h.s. of (5.5) vanishes.

The solutions to the homogeneous equation (5.5) are recognized as giving rise to the bulk-boundary propagators in the HS/O(N) model duality [11]. There relation to the RG-equation for the couplings g^{(n)} is, however, less clear. All we can say at present is that if the relation between the RG-equation and HS-equations persists beyond the linear level, then these propagating modes are sourced at the first nonlinear approximation.

6 Discussion

In this paper we found the classical linearized RG-flow for couplings that are quadratic in the fields can be mapped to the free HS-equation of motion the auxiliary, nonpropagating sector on an AdS background. The fact the auxiliary sector is related to couplings in the RG-equation seem physically sensible since the RG-flow is a first order flow. Although our derivation was done for a scalar field in 2+1 dimensions other types of fields can be treated on same footing. Generalizations to other spacetime dimensions should also be possible but the 3-dimensional case is particularly intuitive due to the simple relationship between 3- and 4-dimensional twistor variables. On the other hand, generalizations to cubic or higher couplings to not seem to fit naturally into HS-system. Perhaps they can be included upon extending the minimal HS-system as suggested in [6].

In view of the usefulness of the connection displayed here the problem of including non-linear terms is clearly key. In our attempt of including these we faced two interesting complications. First at second order in the HS-system the linearized couplings source propagating higher spin fields in the physical sector. It is thus not possible to truncate the system to the non-dynamical sector. On the other hand, there is no natural interpretation of these fields for the RG point of view. Understanding how these modes fit into the latter might provide valuable insight into the structure underlying the AdS/CFT correspondence. Perhaps this related to unfolding [9].

A second observation concerns the cut-off propagator in the Wilsonian RG-flow. Since this function is to a large extent unspecified in field theory we are faced with an extra functional dependence in the non-linear RG-flow which the HS-system does not seem to be able to accommodate. Perhaps the huge gauge freedom of the HSequations helps to remove this ambiguity. But this is not obvious.

Understanding these issues appears to be a key point in establishing a precise relation between the non-linear RG-equation and Vasiliev’s HS equations. Alternatively, we can of course always included the non-linear terms of the RG-flow as an inhomogeneity on the r.h.s of the Vasiliev equations. This will break HS symmetry explicitly but perhaps this is to be expected [16].

pq .

Figure 1: lowest order correction to g^{(n)}, n = p + q from the r.h.s. of (2.1)

Acknowledgements: We would like to thank O. Hohm for early collaboration and many helpful discussion throughout this work, M. Vasiliev for his comments on an earlier version of this note as well as N. Boulanger and S. Konopka for helpful discussions. This project was supported in parts by the DFG Transregional Collaborative Research Centre TRR 33, the DFG cluster of excellence Origin and Structure of the Universe as well as the DAAD project 54446342.

References

[1] E. T. Akhmedov, “A Remark on the AdS / CFT correspondence and the renormalization group flow,” Phys. Lett. B 442 (1998) 152 [hep-th/9806217].

[2] J. de Boer, E. P. Verlinde and H. L. Verlinde, “On the holographic renormalization group,” JHEP 0008 (2000) 003 [hep-th/9912012].

[3] I. Heemskerk and J. Polchinski, “Holographic and Wilsonian Renormalization Groups,” JHEP 1106 (2011) 031 [arXiv:1010.1264 [hep-th]].

[4] E. T. Akhmedov and E. T. Musaev, “An exact result for Wilsonian and Holographic renormalization group,” Phys. Rev. D 81 (2010) 085010 [arXiv:1001.4067 [hep-th]].

[5] M. R. Douglas, L. Mazzucato and S. S. Razamat, “Holographic dual of free field theory,” Phys. Rev. D 83 (2011) 071701 [arXiv:1011.4926 [hep-th]].

[6] L. A. Pando Zayas and C. Peng, “Toward a Higher-Spin Dual of Interacting Field Theories,” arXiv:1303.6641 [hep-th].

[7] J. Polchinski, “Renormalization and Effective Lagrangians,” Nucl. Phys. B 231 (1984) 269.

[8] M. A. Vasiliev, “Higher spin gauge theories: Star product and AdS space,” In *Shifman, M.A. (ed.): The many faces of the superworld* 533-610 [hepth/9910096].

[9] M. A. Vasiliev, “Holography, Unfolding and Higher-Spin Theory,” J. Phys.

A 46 (2013) 214013 [arXiv:1203.5554 [hep-th]].

[10] I. R. Klebanov and A. M. Polyakov, “AdS dual of the critical O(N) vector model,” Phys. Lett. B 550 (2002) 213 [hep-th/0210114].

[11] S. Giombi and X. Yin, “Higher Spin Gauge Theory and Holography: The Three-Point Functions,” JHEP 1009 (2010) 115 [arXiv:0912.3462 [hepth]]; S. Giombi and X. Yin, “The Higher Spin/Vector Model Duality,” arXiv:1208.4036 [hep-th].

[12] H. Osborn, D. E. Twigg and , “Remarks on Exact RG Equations,” Annals Phys. 327 (2012) 29 [arXiv:1108.5340 [hep-th]].

[13] O. J. Rosten, “Fundamentals of the Exact Renormalization Group,” Phys.

Rept. 511 (2012) 177 [arXiv:1003.1366 [hep-th]].

[14] M. A. Vasiliev, “More on equations of motion for interacting massless fields of all spins in (3+1)-dimensions,” Phys. Lett. B 285 (1992) 225.

[15] S. F. Prokushkin and M. A. Vasiliev, “Higher spin gauge interactions for massive matter fields in 3-D AdS space-time,” Nucl. Phys. B 545 (1999) 385 [hep-th/9806236].

[16] J. Maldacena and A. Zhiboedov, “Constraining conformal field theories with a slightly broken higher spin symmetry,” Class. Quant. Grav. 30 (2013) 104003 [arXiv:1204.3882 [hep-th]].