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The complete structure of N = 8 supergravity is presented with an optional local SO(8) 
invariance. The SO(8) gauge interactions break E7 invariance, but leave the local SU(8) unaffected. 
Exploiting E 7 × SU(8) invariance and using explicit lowest order results, we first derive the complete 
action and transformation laws. Subsequently, we introduce local SO(8) invariance and prove the 
consistency of the theory. Possible implications of our results are discussed. 

1 .  I n t r o d u c t i o n  

Already  some years ago, supergravi ty  was in t roduced in an a t tempt  to fuse gravity 
with mat te r  interact ions in a consistent  fashion [1] (for a general  review of the 
subject,  see ref. [2]). The  largest ex tended supergravi ty  theory  is based on one 
irreducible multiplet  of N = 8 supersymmetry ,  in which the graviton is naturally 
combined  with particles of lower spin. This multiplet  is unique in the sense that  it 
is the only N = 8 supermult iplet  containing maximal  spin 2. Hence ,  the in t roduct ion 
of " m a t t e r "  multiplets of low spin fields is not  possible in this f ramework .  This is 
just one  aspect  of the restrictive power  of supergravi ty  which makes  it such an 
outs tanding candidate  for  a unified descript ion of e lementa ry  particles and their 
interactions• Local  supe r symmet ry  natural ly combines  particles of different spin 
and implies gravitat ional  interactions.  The  balanced decompos i t ion  in bosons  and 
fermions  has a softening effect on its qua n tu m divergences,  thus offering hopes  for 
a consistent  q ua n tum  theory  of gravity and a solution to the so-called hierarchy 
p rob lem in e lementa ry  particle physics. However ,  its main p rob lem is in making  
contact  with low-energy p h e n o m e n o l o g y ;  a l though several a t tempts  have been  
made  to show that  "superunif ica t ion"  is a viable idea, the dynamical  s t ructure of 
these theories  is not  at all unders tood ,  which hampers  the construct ion and investiga- 
tion of specific unification scenarios. 

The  initial const ruct ion of N = 8 supergravi ty  was based on tedious o rde r -by-  
order  calculations of the lagrangian and t ransformat ion  rules which revealed all 

• 1 generic terms, such as a Pau l i -moment  coupl ing and spln-~ contact  interact ions 
which are absent  for N ~ < 4  [3]. However ,  a complet ion of these results was 
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identities of sects. 3 and 4 are useful to derive some of  the higher-order structures, 
but our result (5.11) indicates that these higher-order terms do not take a particu- 
larly simple form. 

Finally, it is worth pointing out that the various identities derived in sects. 3 and 
4 are also sufficient to find the correct commutator algebra of supersymmetry 
transformations when acting on the boson fields (again ignoring terms of  higher 
order in the spinors). We found the following results: 

[~(T/), ~ (e ) ]  ~ i j ,  k l  = 2~l.~Oi.t~ij, k l  , ( 5 . 1 3 )  

[6(r/), 6(e)] Vu a = 2 D , ~  a (5.14) 

+ 2V/2~:(~rliD2i]ktF-ab kl + h.c.) Pub , 

[5(r/), 6(e)] Aui] = 2~UFuu i] 

4X/2 3 1 . t ( E z t T k l g k 7 7 1  _ ~ 2 k l  ~ m q n  , ~ i j ,  k l  E * m n ~ - , , 1  +h.c.)  (5.15) 
K 

with 

~U = ~ i ~ a ~ i  + g i T l s ~ i  " 

Notice the presence of  an extra local Lorentz transformation in (5.14) and of an 
extra abelian gauge transformation associated with the central charge in (5.15), 
both modified by non-polynomial terms. This is consistent with the results obtained 
for SO(N) supergravity with N < 4. 

Appendix A 

To establish our notation and for the purpose of  convenience we list a number of  
7-matrix identities, as well as some relations for self-dual tensors. We use local Lorentz 
indices a, b .... = 1, .., 4, and the Pauli metric ~?ab = diag (+, +, +, +). All our results 
apply to the case of four spacetime dimensions only. 

The Dirac 7-matrices satisfy the following relations 

Ta Tb + ,,/b,),a = 2rlab , 

(,),a)+ = ,) ,a,  (A. 1) 

")'S = 7 1 7 2 7 3 " / 4  • 

The generators of Lorentz transformations in spinor space are proportional to o ab, 
defined by 

0 ab = l ( ' ) ' a T b  - -  T b T a ) .  (A.2) 

It is straightforward to obtain the following identities from eqs. (A.1) and (A.2): 

Bernard’s bad influence:
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Gauged N = 8 supergravity emerges from spontaneous compactification of eleven-dimensional supergravity on the ric- 
mannian S 7. This is the only non-trivial compactification scheme preserving fidl supersymmetry. The four-dimensional 
theory admits a spontaneously broken solution describable as a compactification on the parellelized $7; supersymmetry is 
completely broken and the local SO(8) group is reduced to G2. 

It is well known that four-dimensional gravity, Yang-Mills interactions and matter fields may originate from a 
higher-dimensional theory of pure gravity [1 ]. This prospect for unifying matter and the fundamental interac- 
tions including gravity is also offered by supergravity, so it is a natural idea to combine these two approaches. 
This is even more so because supersymmetry puts restrictions on the number of possible space-t ime dimensions. 
The maximal dimension for which one can balance bosonic and fermionic degrees of freedom with highest spin 
two is eleven. Supergravity in eleven dimensions has been constructed some time ago [2], and it is thus possible 
to study spontaneous compactifications of this theory, i.e. solutions of the eleven-dimensional equations of mo- 
tion for which the ground state corresponds to a product space of a four-dimensional space-t ime M 4 and a com- 
pact seven-dimensional space M 7 

M 11 ~ M 4 ® M  7. (1) 

The equations of motion restrict M 4 to a flat Minkowski or to an Einstein space. For M 7 there are more options. 
The well-known hypertorus T 7 solves these equations trivially and its zero-mass sector corresponds toN = 8 super- 
gravity in four dimensions [3]. However, one may envisage other possibilities, either directly motivated by pheno- 
menological considerations [4] or inspired by more formal arguments. An example of the latter is the sphere S 7 
[5,6] whose striking mathematical properties fit in a surprising way into the structure of the eleven-dimensional 
theory. This paper is devoted to a study of supergravity in which the seven extra dimensions are compactified to 
different geometries of S 7. 

In general, compactification induces supersymmetry breaking. Therefore, we shall first prove that the eleven- 

1 Chercheur I.I.S.N. 
2 Supported in part by the Belgian State under the contract A.R.C. 79/83-12. 
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t t . where we have introduced new fields ~u and ~m; this redefinition is the same as for the reduction on T 7 [3]. 
Note that at the linearized level there is no need to distinguish between curved and flat indices. The field redefi- 
nitions in the bosonic sector are not so straightforward. First, we re-express the metric tensor in eleven dimen- 
sions according to 

gMN(X, y)  = g~)N(X, y) + hMN(X , y),  (7) 

where - , ,v - -  -g!0!(x,Y ) = g(~(x) is the usual background metric in an anti-de Sitter space, and g(Om)n(X,y ) = g(Om)n(y ) is the 
metric on $7 ; moreover, g(u0m ) (x, y )  = 0. The necessary field redefinitions which lead to diagonal kinetic terms are 
then given by 

, 1 ( 0 )  , m  huv(x,Y) = huv(x,Y) - 5g'~v (x)h m(X,y), hmn(X,y ) = hmn(X,y ). (8) 

Observe that the first formula is nothing but the usual Weyl rescaling to lowest order. 
It turns out that this redefinition is not sufficient to completely remove the mass-mixing between gravity and 

the other fields, because Fuvpo does not vanish in the background. To ensure complete decoupling, we must also 
expand the three-index auxiliary gauge field A /avp 

Auvo(x , y) = a(u~o(x ) + (1/3 !) euvoo t°(x, y)  (9) 

and redefine its fluctuation according to 

,u +~V'2 'u ,m tu;u(x,y )= t ~(x) my[h u ( x , y ) -  h m(X,y)]. (10) 

In this way, gravity indeed decouples from all scalar excitations; thereby states of higher consciousness are pro- 
moted to the ultimate vacuum. 

The next step in our construction is the harmonic expansion of  all relevant fields on S 7. Since the four-dimen- 
sional lagrangian is recovered from the eleven-dimensional theory by integration over S 7 

• ~O(4)(X) = f . t2( l l )(x ,y)gl /2dy (1 l )  

s 7 

it is clear that the zero mass-sector of  the theory is determined by suitable eigenmodes of  the corresponding dif- 
ferential operators on S 7. We shall prove that these modes are related by supersymmetry and that the particle 
spectrum o f N  = 8 supergravity emerges. In general, it is very difficult to perform such an eigenmode expansion, 
but in this case there are two circumstances which facilitate our construction. Namely, i t  was proposed in ref. [6] 
to employ covariantly constant spinors on S 7, and this observation turns out to be the key to the construction 
of  the relevant zero-modes on S 7, because these can be represented as products of  covariantly constant spinors 
(this possibility has also been explored by the authors of  ref. [6]). There are two kinds of  covariantly constant 
spinors which we denote by r/+ / and r//_. They provide a basis for the solution of  the integrability condition (3) 
and satisfy the equations 

(1) m +1  I - ~m7 F,n)~+Cv) = 0, I,. . .  = 1, ..., 8 (12) 

and are nomaalized to unity, i.e. + 1 

~I (Y)~J+(V) = 41_ (v)~?J (y) = 8 IJ. (13) 

It is important here that the SO(8) indices I, J, ... belong to the spinorial rather than the vectorial representation 
of  SO(8) (otherwise, the 8 X 8 matrix ~//would provide an equivalence transformation between the two inequiva- 
lent representations). The second crucial observation is that the supersymmetry transformations allow one to de- 
duce how the spinors should occur in the solutions. These transformations are 

*1 In our nota t ion,  if/~= (rt/)?. 
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The SU(3) × U(1) invariant stationary point of N = 8 supergravity is described in some detail. 
This vacuum has N = 2 supersymmetry, and it is shown how the fields of N = 8 supergravity may 
be collected into multiplets of SU(3)xOsp(2, 4). A new kind of shortened massive multiplet is 
described, and the multiplet shortening conditions for this and other multiplets are used to 
determine, by the use of group theory alone, the masses of many of the fields in the vacuum. The 
remaining masses are determined by explicit calculation. The critical point realizes Gell-Mann's 
scheme for relating the spin-½ fermions of the theory to the observed quarks and leptons. 

I. Introduction 

The potent ia l  of  gauged N = 8 supergravity [1] has six critical points  which break 
the SO(8) gauge group down to a group con ta in ing  SU(3) [2]. The first is the trivial 
critical po in t  with SO(8) symmetry;  the cor responding  ant i-de Sitter (ADS) vacuum 
preserves all eight supersymmetr ies  [3], and  the fields of the N = 8 gauged theory 
are massless. ( In  this paper  we will always be consider ing  the maximal ly  symmetric  
AdS vacua.)  The SO(7) + and  SO(7)-  vacua  are discussed in some detail in [4-6], 
all the supersymmetr ies  are broken  and all the fields, except the gravi ton and the 
21 vector fields of the gauge group, become massive. The mass matrices are given 
in ref. [4]. The G2- invar ian t  vacuum has N = 1 supersymmetry,  with a massless 
N = 1 gravi ton mul t ip le t  and  fourteen massless N = 1 vector mult iplets  t ransforming  
in the ad jo in t  of  G2. The remain ing  fields form massive N = 1 multiplets .  The SU(4) 
invar ian t  vacuum breaks all the supersymmetry  and  only the graviton and  the fifteen 
gauge fields remain  massless. Fur ther  details of  the G2 and  SU(4) -  critical points  
may be found  in [6, 7]. It is the purpose  of this paper  to describe in detail  the only 
remain ing  SU(3) - invar ian t  critical point ,  having in fact an SU(3) x U(1) symmetry,  
and  discuss some of the propert ies of the cor responding  ant i-de Sitter vacuum.  

It was no ted  in [2] that  in the SU(3) x U(1) - invar ian t  AdS vacuum there were two 
unb roken  supersymmetr ies  t ransforming u nd e r  the U(1) factor of S U ( 3 ) x U ( 1 ) .  As 

t Work supported in part by the US Department of Energy under contract DEAC 03-81-ER40050 and 
the Weingart Foundation. 
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may be found  in [6, 7]. It is the purpose  of this paper  to describe in detail  the only 
remain ing  SU(3) - invar ian t  critical point ,  having in fact an SU(3) x U(1) symmetry,  
and  discuss some of the propert ies of the cor responding  ant i-de Sitter vacuum.  

It was no ted  in [2] that  in the SU(3) x U(1) - invar ian t  AdS vacuum there were two 
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Abstract. We extend the previously constructed linear system for N = 16 super- 
gravity in two dimensions by including the unphysical gravitino degrees of 
freedom. This theory has a residual N = 16 "superconformal" invariance that 
can be bosonized to local E 9 transformations. The modifications to the linear 
system described here suggest a further extension to an infinite hierarchy of 
fields and associated gauge transformations related to E 9. 

1. Introduction 

It has long been known that when one dimensionally reduces a supergravity theory, 
the resulting theory often has a symmetry under a large, non-compact group [1]. 
This symmetry acts non-linearly, but it can be linearized by the introduction of a 
local gauge symmetry with respect to the maxiaml compact subgroup, H, of G 
[2]. To accomplish this one introduces unphysical fields that can be gauged away 
by using the local H-invariance; the original physical theory is thus recovered by 
passing to a gauge slice. One particularly interesting aspect of this occurs when 
the supergravity theory is reduced to two dimensions. There one finds that G 
becomes an affine Lie group, G ®, and H becomes an infinite dimensional subgroup, 
H ® [3-5]. The field equations of a supergravity theory reduced to two dimensions 
are, for the bosons, those of a non-linear a-model based on a coset G/H. The 
equations of motion of the fermions are also non-linear as a consequence of the 
four-fermi terms intrinsic to higher dimensional supergravity theories, and the 
nonlinear couplings to the scalars. In spite of this apparent difficulty, some, and 
possibly all, such models are completely integrable by virtue of the large, affine 
Lie group symmetry, G ~. This was shown for maximal supergravity in [5], and 
in this paper we will briefly describe a number of models that can be obtained by 
consistent truncation. 
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We investigate several aspects of the embedding of gauged N = 8 supergravity into d = 11 
s~pcrgravity and give the full nonlinear metric ansatz for this-embedding. This allows us to 
rederive the solutions with SO(7) ÷ and SU(4) symmetry directly from the critical points of the 
d = 4 theory as well as a new solution with G 2 invariance and N = 1 supcrsymmetry. We discuss 
the geometrical aspects of our results and their implications for the interpretation of spontaneously 
broken solutions. 

1. Introduction 

Simple  supergravi ty  in eleven dimensions [1] is an at t ract ive candida te  theory for 
the u l t imate  unif ica t ion of  fundamenta l  interactions.  Owing to the presence of a 
three- index an t i symmet r ic  tensor gauge field in that theory, spontaneous  compact i f i -  
ca t ion  to four  d imensions  occurs natural ly [2] and leads to effective d =  4 field 
theories  with or wi thout  residual supersymmetries  (recent developments  of  the 
subject  have  been reviewed in ref. [3]). The effective d =  4 theory consists of  a 
" m a s s l e s s "  sector coupled to infinite towers of massive fields which are usually 
ident i f ied  with  the coefficient  funct ions in a suitable ha rmonic  expansion about  the 
g round-s t a t e  solution.  For  the calculat ion of mass spectra and their group theoretical  
c lassif icat ion,  it is sufficient to carry this expansion to lowest non-tr ivial  order.  On 
the o ther  hand,  it has been realized recently that an analysis of the non- l inear  effects 

* Supported in part by the US Department of Energy under contract no. DE-AC-03 81ER40050, and 
by the Weingart Foundation. 

29 



Gauged supergravity in five dimensions 
1985:  Why construct this theory?



Gauged supergravity in five dimensions 
1985:  Why construct this theory?
Murat: “It is the last maximal theory left to do… ” 



Gauged supergravity in five dimensions 
1985:  Why construct this theory?
Murat: “It is the last maximal theory left to do… ” 
Larry (George Mallory): “Because it is there!”



Gauged supergravity in five dimensions 

Nuclear Physics B272 (1986) 598-646 
North-Holland, Amsterdam 

C O M P A C T  AND N O N - C O M P A C T  G A U G E D  S U P E R G R A V I T Y  
THEORIES IN FIVE D I M E N S I O N S *  

M. GONAYDIN 

University of California, Lawrence Livermore Laboratory, Liuermore, CA 94450, USA and 
Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA 

L.J. ROMANS 1 and N.P. WARNER 2 

California Institute of Technologt', Pasadena, CA 91125, USA 

Received 3 December 1985 

We give a detailed construction of gauged N = 8 supergravity theories in five dimensions with 
Yang-Mills gauge groups SO( p, 6 - p )  (p = 0,1,2, 3), physical global symmetry SU(1,1), and local 
composite symmetry USp(8). The scalar potentials are studied and several critical points are found 
for the SO(6) and SO(3, 3) theories. Those of the SO(6) theory are related to compactifications of 
the chiral N = 2 theory in ten dimensions. We discuss truncations of the SO(6) theory and give an 
independent discussion of the relevant N = 2,4,6 and 8 anti-de Sitter supermultiplets. 

1. Introduction 

N = 1 supergravity in eleven dimensions [1] and chiral, N = 2 supergravity in ten 
d imens ions  [2] can be viewed as fundamenta l ,  in that it appears that all other 
max imal  supergravity theories can be obta ined from them, directly or indirectly. If 
one  d imens iona l ly  reduces the N = 1 theory in eleven dimensions on a circle to ten 
d imens ions  the result is the non-chiral  N = 2 supersymmetric  theory in ten dimen-  
sions [3]. If one reduces either of the N = 2 ten-dimensional  theories on a -torus down 
to n ine  or fewer dimensions,  the result is the maximal,  ungauged supergravity in the 
respective d imens ion  [4, 5]. On the other hand,  d imensional  reduct ion of eleven- 
d imens iona l  or chiral, ten-dimensional  supergravity on topologically non-tr ivial  
mani fo lds  does, in general, result in distinct supergravity theories. In  other words, 
trivial d imens iona l  reduct ion does not  preserve the differences between the funda-  
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However:

To reduce to lower-dimensional gauged 
supergravity one needs to make a 
consistent truncation to a greatly 
reduced subset of fields and perturbations

⇒  The lower-dimensional consistent 
truncation may only capture a limited
sector of the essential physics
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The three-dimensional gauged supergravity needed for 
black-hole microstructure: requires hypermultiplet scalars

Complete with new uplift formulae for: 
Three-dimensional hypermultiplets 

          Six-dimensional tensor gauge fields 
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Superstrata: What does back-reacted microstructure become at strong coupling?

Coherent states of open strings carrying left-moving momentum
⇒  Six-dimensional (1,0) supergravity coupled to anti-self-dual tensor multiplets.
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The BMPV black hole

  AdS3     ×          S3

Vacuum
Following Strominger,  Vafa 

Add pure momentum, QP to 
the vacuum state … 
Ignore details of how the momentum is 
actually carried by supergravity fields



The BMPV black hole

  AdS3     ×          S3

Vacuum

⇔   Ensemble Average over details of momentum charge

Following Strominger,  Vafa 

Add pure momentum, QP to 
the vacuum state … 
Ignore details of how the momentum is 
actually carried by supergravity fields



The BMPV black hole

  AdS3     ×          S3

Vacuum

Back-reacted Geometry

×

⇔   Ensemble Average over details of momentum charge

Round S3

Following Strominger,  Vafa 

Add pure momentum, QP to 
the vacuum state … 
Ignore details of how the momentum is 
actually carried by supergravity fields



The BMPV black hole

  AdS3     ×          S3

Vacuum

Back-reacted Geometry The Black hole - BTZ geometry

AdS2 × S1

AdS3 

×

⇔   Ensemble Average over details of momentum charge

Round S3

Following Strominger,  Vafa 

Add pure momentum, QP to 
the vacuum state … 
Ignore details of how the momentum is 
actually carried by supergravity fields



Precision Holography

  AdS3     ×          S3

Vacuum

Back-reacted BPS Geometry + Momentum Excitations



AdS2 × S1

AdS3 

Precision Holography

  AdS3     ×          S3

Vacuum

×

Back-reacted BPS Geometry + Momentum Excitations



AdS2 × S1

AdS3 

Precision Holography

  AdS3     ×          S3

Vacuum

Encode details of Momentum carriers

Anti-self-dual tensor fields
Six dimensions

Three dimensions
Hypermultiplet scalars

×

Back-reacted BPS Geometry + Momentum Excitations



Precision Holography

  AdS3     ×          S3

Vacuum

Encode details of Momentum carriers

Anti-self-dual tensor fields
Six dimensions

Three dimensions
Hypermultiplet scalars

AdS3 cap

AdS2 × S1

AdS3 

The superstratum:  
Black-hole-like throat looks like 
a capped BTZ geometry

×

Back-reacted BPS Geometry + Momentum Excitations

Deformed S3



Precision Holography

  AdS3     ×          S3

Vacuum

Encode details of Momentum carriers

Anti-self-dual tensor fields
Six dimensions

Three dimensions
Hypermultiplet scalars

AdS3 cap

AdS2 × S1

AdS3 

The superstratum:  
Black-hole-like throat looks like 
a capped BTZ geometry

×

Back-reacted BPS Geometry + Momentum Excitations

Deformed S3

Holographic dictionary with states of the D1- D5 CFT verified to high precision 
These geometries are indeed dual to some of the supersymmetric microstates 
counted by Strominger and Vafa…. 



Precision Holography

  AdS3     ×          S3

Vacuum

Encode details of Momentum carriers

Anti-self-dual tensor fields
Six dimensions

Three dimensions
Hypermultiplet scalars

AdS3 cap

AdS2 × S1

AdS3 

The superstratum:  
Black-hole-like throat looks like 
a capped BTZ geometry

Back-reacted BPS Geometry + Momentum Excitations

For the simplest superstrata the 
Deformed S3 is handled by the 
magic of consistent truncation …  

Holographic dictionary with states of the D1- D5 CFT verified to high precision 
These geometries are indeed dual to some of the supersymmetric microstates 
counted by Strominger and Vafa…. 
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Gauged Supergravity in Three Dimensions

❖ Included the extra anti-self-dual tensor multiplets
    ⇔  extra hypermultiplets in three dimensions

❖ Uplift formulae for hypermultiplet scalars
    ⇔  tensor gauge field fluxes

Vast families of superstrata can be constructed directly in six dimensions 
… why do we need this (very restricted) three-dimensional formulation?

❖ Determined exactly which gauged SO(4) N = 4 supergravity is 
the correct one for black-hole microstructure 

=  Momentum wave carriers



Finding Non-Extremal Microstrata
Mayerson, Walker and Warner,  arXiv:2004.13031 
Ganchev, Houppe and Warner, arXiv:2107.09677
Ganchev, Houppe, Giusto and Russo, arXiv:2112.03287
Ganchev, Houppe, Giusto, Russo and Warner, to appear
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★ We have to solve the equations of motion numerically/perturbatively:  
   Much easier in (t,y,r) than in (t,y,r,θ,ψ,ϕ) all together

★ Microstrata will decay into graviton multiplet excitations

Using AdS3 boundary conditions effectively 
puts it in a box and stabilizes against decay
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2× S1

AdS3 microstrata can be made time-independent: 
Non-extremal microstates in equilibrium with their “Hawking radiation”
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2.7 The three-dimensional supergravity: summary and comments
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where m denotes mAB, and
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The equations of motion following from (2.40) are given explicitly in Appendix E.

The bosonic theory has three parameters: the gauge coupling, �0, a scale parameter, ↵, and

a “signature,” " = ±1. In Appendix B, we discuss two scale invariances of the action that can

be used to set |↵| = 1 and �0 = 1. We will, however, retain these parameters.
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YµAB ⌘ �B Dµ�A � �ADµ�B . (2.41)

The covariant derivative is defined on upper and lower SO(4) indices as
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The equations of motion following from (2.40) are given explicitly in Appendix E.

The bosonic theory has three parameters: the gauge coupling, �0, a scale parameter, ↵, and

a “signature,” " = ±1. In Appendix B, we discuss two scale invariances of the action that can

be used to set |↵| = 1 and �0 = 1. We will, however, retain these parameters.
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where m denotes mAB, and
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The equations of motion following from (2.40) are given explicitly in Appendix E.

The bosonic theory has three parameters: the gauge coupling, �0, a scale parameter, ↵, and

a “signature,” " = ±1. In Appendix B, we discuss two scale invariances of the action that can

be used to set |↵| = 1 and �0 = 1. We will, however, retain these parameters.
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where m denotes mAB, and

YµAB ⌘ �B Dµ�A � �ADµ�B . (2.41)

The covariant derivative is defined on upper and lower SO(4) indices as
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The equations of motion following from (2.40) are given explicitly in Appendix E.

The bosonic theory has three parameters: the gauge coupling, �0, a scale parameter, ↵, and

a “signature,” " = ±1. In Appendix B, we discuss two scale invariances of the action that can

be used to set |↵| = 1 and �0 = 1. We will, however, retain these parameters.
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where m denotes mAB, and

YµAB ⌘ �B Dµ�A � �ADµ�B . (2.41)

The covariant derivative is defined on upper and lower SO(4) indices as
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The equations of motion following from (2.40) are given explicitly in Appendix E.

The bosonic theory has three parameters: the gauge coupling, �0, a scale parameter, ↵, and

a “signature,” " = ±1. In Appendix B, we discuss two scale invariances of the action that can

be used to set |↵| = 1 and �0 = 1. We will, however, retain these parameters.
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Simplify the problem even further using the “Q-ball/Coiffuring trick”

e.g.  𝟀1 + i𝟀2 = 𝞶(r) e i (ω 𝛕+ n ψ) Only scalars are time and angle dependent: 

Maximally supersymmetric vacuum: 𝟀A = 0,  mAB = δAB 

Hypermultiplet scalars: 𝟀A
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and these gauge fields drop out of the action entirely.
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where m denotes mAB, and

YµAB ⌘ �B Dµ�A � �ADµ�B . (2.41)

The covariant derivative is defined on upper and lower SO(4) indices as
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The equations of motion following from (2.40) are given explicitly in Appendix E.

The bosonic theory has three parameters: the gauge coupling, �0, a scale parameter, ↵, and

a “signature,” " = ±1. In Appendix B, we discuss two scale invariances of the action that can

be used to set |↵| = 1 and �0 = 1. We will, however, retain these parameters.
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Simplify the problem even further using the “Q-ball/Coiffuring trick”

Phases cancel in energy-momentum tensor and in currents 
      ⇒  Metric and Maxwell fields can be restricted to functions of r alone

e.g.  𝟀1 + i𝟀2 = 𝞶(r) e i (ω 𝛕+ n ψ) Only scalars are time and angle dependent: 

Maximally supersymmetric vacuum: 𝟀A = 0,  mAB = δAB 

Hypermultiplet scalars: 𝟀A
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where m denotes mAB, and

YµAB ⌘ �B Dµ�A � �ADµ�B . (2.41)

The covariant derivative is defined on upper and lower SO(4) indices as

DµXA = @µXA � 4 �0 eAµ
AB

XB , DµX
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A
� 4 �0 eAµ

AB
X

B
, (2.42)
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1
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. (2.43)

The field strengths are given by

F
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The scalar potential is:
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2
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+ �
2
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�
mAB

�
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2 �A�B
�

�
1
2mAAmBB

�i
.

(2.45)

The equations of motion following from (2.40) are given explicitly in Appendix E.

The bosonic theory has three parameters: the gauge coupling, �0, a scale parameter, ↵, and

a “signature,” " = ±1. In Appendix B, we discuss two scale invariances of the action that can

be used to set |↵| = 1 and �0 = 1. We will, however, retain these parameters.
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Scalar fields,  mAB (inverse mAB)  and 𝟀A, coupled to gravity and SO(4)  KK 
Maxwell fields, AAB = - ABA,  from the S3 fibration

The Three-Dimensional Action Mayerson, Walker and Warner,   2004.13031 

Simplify the problem even further using the “Q-ball/Coiffuring trick”

Phases cancel in energy-momentum tensor and in currents 
      ⇒  Metric and Maxwell fields can be restricted to functions of r alone

e.g.  𝟀1 + i𝟀2 = 𝞶(r) e i (ω 𝛕+ n ψ) Only scalars are time and angle dependent: 

   →  Many new non-extremal/non-BPS solutions

Maximally supersymmetric vacuum: 𝟀A = 0,  mAB = δAB 

Hypermultiplet scalars: 𝟀A
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Solve:  Perturbation theory and Numerics
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Important results

• Precision holography maps microstrata onto non-BPS 
combinations of left + right-moving momentum states
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D5

• Normal modes of oscillation of microstrata have 
frequencies that depend non-linearly on the amplitudes 
of the states

• Frequencies of modes of oscillation of microstrata decrease monotonically 
below supersymmetric values:  Binding energy increases as supersymmetry 
breaking becomes larger … 

• Non-extremal microstate geometries exist as stable 
gravitational solitons … and examples can be constructed
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Next Steps … 

• More complicated multi-mode states: transition to chaos in detail

• Couple to flat space … 

and compute Decay/“Hawking radiation” as a tunneling process … 

Flat Space 

AdS3 × S3

Flat Space 

BTZ × S3 = 
AdS2 × S1 × S3
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Final comments

• Three-dimensional gauged supergravity is providing a 
powerful new approach to the holographic  
construction of non-BPS black-hole microstructure 

P

D1

D5• Non-extremal, non-supersymmetric microstate 
geometries exist, and can be constructed:  microstrata

• Non-BPS excitations exhibit the physics one expects:  Binding energies, 
chaotic spectra …  

• Gauged supergravities have been an amazingly powerful tool 
in constructing higher-dimensional supergravity solutions
Especially for holographic gravitational duals

and have known CFT duals:  Non-extremal Black-hole microstructure

• The construction of microstrata in AdS naturally leads to time independent 
solutions …
providing a route to computing the decay as “Hawking Radiation” into flat space 
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