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(based on: P.H., "M-Theory a5 a Holographic held Theoly,
hep-th (4712120 ]

Since 1225: Ongoing search for non- perturbative
formulation (or understanding) of
cruani‘um M-theofy.

M-theofy seems unlike apything else (e.g, not a shing

theory), on the face of it

Some things we enow:
% it has an eleven-dimensipnal super- Bincaré uacuum,
descrived at low energies by Md superganty (wnique)
% it is micscopically parify-invariant (if ore believes
in consisteney of heterotic EaxBe)
#t Hooft: _
¥ the q.tanh.un theory diould be holographic (if me.m’"‘d
belices that statistical interprefation of SBHMexE‘a
(holograply at A=0)
"r‘ol:graphcc. field theory " :

a ical approach (cf. Londauls ferwi liquid Yreony)
grg fo ety symmely princples (in some. "winimal" condext
F would notusally gree low-en. (dD sepengravity +holeg

Surprisingly  (or maybe nst? - f . 6CD! ble Within



It twms ot that this phenomenclogical theoty of holography
con be formulsted in a solfing thet generalizes the ihijn
G‘F i qumhtm Sﬁmy MOt s gH= mfm;‘rﬂh::’ind )

Startng fem Md gauge theory with AdS gauge growp,
we will ague that this theory has a regime described
at (ow enemjes by Md supeyrevity Of Cremmer, Schede, dulia.

In the procese (which gererdlizes 24 graviy), we encownler
Sevefal sunprises -

Madh's principle

Chem-Simons  gauge theofy in Md , when expanded near
any of its obvicus sclutions, does not exhibit converdional
propacating effective deai‘ee.s. of freedowm.

To find o regime that does have 2 conventional effective

field H\a?f_q descriphon , e hore to intoduce & large number

I'f parl'ﬁlﬁ- (dc&-tﬂbEd in the Chem-Smons formulation !ﬂ_v‘-j

first quantized World-lines ).

A large wumber o‘f partons s pheeded to sustain

=} mam:-emph:al&; I'GUHE Hpa.c.eﬂhme_, (: Mach's F““‘:'-F"E>

Due fo this relation betoeen parfons ond spoce-time am}f

the ﬂm:rf, s ."Ol@f-:lphit: >
% N scsles like fhe sres, parions effectisdy 40-dimencional ;
% \ou—en. supegrarity bresks dom when Belerdein bound shaaled.




AdS opuge H‘I-EDI:H m 11 dimensions

Field theory on H-dimensional manifold UL (=RxT* mostly)
with coordinales  xM, M=o, .10.

Gouge field: a onefom Ai.l in the agjoint of gge grwp g
Gauge symmetry:  Yang- Mills
JAB - DME-E

No dynamical or backgourd metric intwdiiced 3
diffeomorphism  jwariance fequited.

Exta ammelty imposed: Parity.

The most genera) (polynomial) Lagrangian win fhese symmetvies:
& eum of Chem-Simons detms

£=%z (upm
Aisar'dimhﬁﬂﬂﬂ'ﬂjanmpurﬁs'aiml ionless
AW =Ty (Faua®)y  Gff ~ Ty (ArdAnadA )

Resse defioston: (o = 3w 1@'&&41# -



il " L '?l.u‘i'['iﬂ' reshricked. b&] Fﬂ'l‘ltll inVEY i ance -
Fo: X'= -x"  not a gymnetn ( fou- -fon)
P-21
and we have 1o choose 2 nontivial T ackon on Plge grasp.
Choice of the cpuge group

Supefsymmetric eHenson of arfi-de Sifter n eleven- dimensions.
Anti-de Sifter: Fi: "}."IB ' |

CPaJAB) - JasBs> = Sapp,.. ashs

Minimal supersymmetic exdension with 22 superchanges :
l‘afdmﬁ- inbreduction g extra beegne dmae Tl(:q,,_,qE
van Hollen & Van Reeyen

2

0%p(4132) .

However, his ts not parity inaviand |
Minimal exiension compalible with parify:

J . DAwialFé ;
8ot Bl (64 supeharges ; of Tmim}ahéﬁ)

Kﬁ!*—”‘-‘l‘ » r= 569,10

e (2132) x05p (4122) (super Lorerte i #44 dinensions)



The theopy is fnﬁna!.ﬂ defined \E_LJ pacth ir‘n.'fegmh
An =V + 501R e + 2 BLN G, a,

+ P Ra + M Qy -

.,( M Eicﬂt/\
Jc::}%h m;:gh &ﬁ Lagrangian compatible
Equations of mdtion:

FAFAFAFAF =0 .

Theofy is Toplogical n fhe sense that no metric is inoduced

okl “local” degrtes freectom ) haveyer, no ator and
perturbation fheory 'HG:NJ‘HCIE-GILE. aﬁ:al’r‘a‘;uhs. EF:% free field p

Srateqy:
Instead of quanhizing pon- perturbatively fhis microscopic theoy,
we look for 'a vegime with  wacoscopically \ame space-time

described by convertion) effective I:m.-w -ﬁnlclﬂ\g
with particle-lhe excitations:

first, onsider flat eleven-dimersioral space-tme n the fheow.



LEFBE LNLESES

We want toidentify Vi in A= ViP4t. as vielben,
To get the dimensions nighty infocluce . mass ale M, Wrie

."'lh‘ ME.’I,‘..,I‘FI:;\ + ...

the vielbein

Tlat space: B =00 .

Rizeles with ecenario:

. flat space does not slve Elp&ﬂhﬂﬁﬂfw}

. de Sitter does, but has no low- :
descip Mﬁmﬁ ﬁmmhcn‘;?‘ﬁddmﬁ%% Hechoe
(we are not ivteresfed  in such mﬂwa:)

g s 2 free dimensionles paBmcer in fheony ;

no such paramekeos in M—they !
Resolved When We inheduce matter  Macwecopic, large universe
wil) require large ¥ 4 “partons” : Mach's principle.

nterpretation f M
m Va..aV ~ 4

j EA.. AE ~ LT:: j L=|'~"I"' ﬁﬂlﬂigﬁc 2
o M {m*ﬁc&mumm&h@




Madi's principle: Inioducing pariens

EOM in tems of the Riemanmnian cutvature R = dw + wAW :
(R+VAV)> =0

Adwits AdS a5 8 sdufion , bWt not Minkowsu space.

Ap can naturally couple to priides ( through Wilson tﬂﬁ).

magine N parfides in a cerfain represertation R of § °

g

Their presence wil show up effectively i BOM theough
a sure (cutert) :
(R+ VAV’ = &3

Mictoopcaly, J would be 3 (LieG-wlued) fen-Tofw
given by a EI.]-IH- o) Bb?&huhw N ﬂ']o E{E)MM
ocalized on N @ndurs Cy - Cn -

Viean field arsatz :
At Torg unsclengths (o be sdf- ereistertly deterwined )

wan & 5-funchons. fepaced y 3 Vemogeneose Ty assue
e i 2 daceof R suon that "

4h A ha ¢
= J"'- E- l'i‘lE' 1‘!‘4"* o
J!mm cNM P 1




Then:
¥ Flat Minkowslii space-fime is a solution of mean-field BM;

¥ The (hen-%mons aupling (in flbnf oF the irreducible fem in £)
Is quartized and related to N: -

é‘l ~ N.
One con 22k what o the effective low-encmy theoy near
Minkouelsi space. .
We will cee that (for N (amd):
E Mp - 1
me
— AAS Chem-Siuons in Wean Jrald

=7
, - supeqgrauty

Inctications frat Pﬁl'f‘bﬁ are  (suger) Bi"ﬂl!idﬁ: Fi'f"dd:"-::rf”rm
% porors tuin aut B be effectivdy fO-dwencicnal ;
¥ individual parfore cary E~M
ﬁmmW E~], ‘mdcad.u\‘-ﬁ-z:d')

Supersnglelon fiels treony ?



LOW ~-ENERGY EFFECTIVE FIELD THESRY W H DMENSIONS

T —

Fluctustions hear Flat Md epace-time:

e - et «1 .
Lagrangjan
3 2541
1 M 5
N -‘.Q:-g ;2—_:::} 2'5-1" ( >E.t"c| J‘t”E .-'1 AE E'-IAR*ME&T ﬂR
o S(M“E""“""E + M? en.aeaR + .. -rMEAEA..n@

At Yow- erergies - Keep the Tnslein- Hilbert lesm.
That iderifies the bu-eneay  Prancl et mass

MP’"% ' N'WM

9
Hfective Lagrongion:
L=-M S(EA"AE&R + g%ﬁﬁﬁ EA-.I reaRaAR
+#34|m3- eA Ae + fﬂ(éﬂ‘_néq))
Limit OT validsly:

RAB('{B EB‘%",
bwlographic

This will ke inerpreled in derus & aphic principle ,l



Holography

Two argmnaﬂg:
4. The rumber of partons scales Like the area:
_ Mp
dnaracteristic size of ystem:
i N Va
SUouRding
m;“' 0 \ O ares of h!mm,.w.rf;.w
Mp\1 9
V=) ~

Emrﬂﬂfrnme:dum at low Eﬂ-EIBIE.E carned. ﬂn\'ﬂ ’(H the.
Parhn!:

The number of degrees of freedom scales Like the area;
the heai‘g IS ho‘I-DSfth..c

Dramatic reduckon of microscopic
in m:nﬁm to arq conventional !ciel‘ef»d}f fheovy,
(super) gravty, or am (edtice theon,



2. TThe low-eneqy supergravily goproximstion bresks dcun
precisely when the Bekenslein bound on enemy fentopy
in @ giwen lume of space is saturoted.

To see that, let's calculate the enemy of anfiguations that
sahorate the conditon of validihy of low-en. supegravily,

x

Rap = ;JHEE,

Enengy-momentum density:

T~ Hg eA...reaR

E}Hﬁl E ~ H: S:»“z'o ea. Aeak

Enengy ¢ wnfiguation sahusrbng the bound
y

q Mo
Enﬁ LY Mp M‘:ﬁ- S E M. H‘E
[#
———
Volume , ~1;'5.—,

M;:‘r_i_ VY
Eummﬁqﬂ - o

0
M\
B ~ M(FD)
Thie is plessely the mass of Shwarzschild black hoe
wih  Shwnrzscnld radine  Rs = =M1



Low - eneqgy diffeomo rpnisms

The microscopic. theofy is invariant under gauge Hansformatons ,
in parbicular under "gauge translations" = the gauge
hransformations Hat correspond to "Ba -

£ = eMB + eMBas t -

d‘f’&ﬂ: Q‘IE
Gauge translations do net act like diffeomonphisms.

On the other lhand, the low-en. effective 'l'theoﬂ (valid in the
regime Where curvature is sufficienily small) is NOT invariant

wder gauge tenslations ; rather, gauge translafions are
eﬂ’ecﬁu;loj replaced oy diffeomorphisms at (o enemjes.

ln more defail :
Rescale chames,
m=Wf, Bt = M2
o that PA hes the Wrma.-m'mhhemm to
daffeomotphisms.
The microsfopic symmefty dg
8y - TR G et

[ﬁ;ﬁﬂ . %%‘3 Jps t ..



Gm 'h"a H‘Er'i'Dﬁl'iﬂﬁm ]

£ = AP +... =FAP +...
A A
dimension 2e00 Ain SO

Gauge Handatiors on e ﬁﬂhml%rar@am
Okeff = Mp ESEﬁ-.AenR

o~ H: gE:n.. ADEAR

~ - N:I g Zen.. neaTak +0
(we are using e first-order -ﬁ:»l.ml.q.nj

eﬁmﬁw}g wp‘iamd ‘Pj diwinat

SHll, the full micwstopic theory 15 3:23& nvariart under

gouge transiations.  How © T possible
!

ag'RhB = E%‘q ELHTE] microscopicaly-

6@'( Hgg kE*E Eh-ﬁEanR) it

YE,
s - In he effech
r ME S F!;E en.. nen0gRAR ﬁwﬁ.m
is absert
~ HQ@ Yea. ATaR . ;miaﬂ“‘ﬂ



Low-enefgy supersymmetty

Rescaled charges:
e - ~
KA.,..AT =M K"tr-ﬁlr j Qfm - M"ﬁig_& _

The low-eney symmetiy oyoup -
Gnirackon of 0Sp (113D x 0%p (113D)  (Formaly M=0)-

This dgebra has 61 superhages, 32 of them (Ax)
are centval. -

This alogbfa = he lnidden supergop” of HMd supeErEViY,
discovesed ll_lj D' Auria, Fre j van Niewwenhuizen .

Origin of e abelian thiee-form Gane of fd supegmvity:
At low enemgies, C oppers 85 2 comprite field mase
out of three gpuge felds:
C ~ #,l_'?_;_, "ﬁ‘(ﬂﬁﬁmk)
This has fo e odd under parity, and fherefore each Jefim
on the RHS will contain either B,,‘:“"‘""‘ or My
Micrecopic candidate fx C:
the Ohefn-Simore thiee-jorm
wC ~ &?3(91‘}{1’# odd under m:rf.all P;:?_g-:,-h

Term in the Lagiangian: {t"h'ﬂ'
Smg.admg,ﬂdw_g, S HE _(CAG,-\G



