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Abstract

This dissertation reviews the formulation of supergravity and supermembrane in eleven
dimensions and discusses the dimensional reduction to ten-dimensional superstring theory.
We start by giving the actions of eleven-dimensional supergravity and the ten-dimensional
type II supergravity. Following this, we describe the classical M2-brane solution to the
11d supergravity. The M2-brane action is introduced as the source term of the 11d super-
gravity. Additionally, we discuss the x symmetry and demonstrate that the constraints
of preserving x symmetry are equivalent to the equations of motion of 11d supergravity.
Finally, we present how the 10d type IIA superstring action can be obtained from the

M2-brane action through double-dimensional reduction.
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1 Introduction

M-theory remains a conjecture of a consistent interacting quantum theory in eleven dimensions
that gives rise to the five different types of superstring theories via various compactifications.
These five superstring theories are related via different dualities. The low-energy limits of
these superstring theories give rise to five kinds of supergravity theories. This M-theory is
postulated to be the ultraviolet (UV) completion of the eleven-dimensional supergravity, a
theory that contains the massless graviton, gravitino, and gauge fields, meanwhile preserving
supersymmetry. Despite the massless fields, one encounters extended, non-perturbative objects
known as "membranes" in M-theory. Notably, these encompass the M2-brane and the M5-

brane, coupling to the gauge field, either electrically or magnetically.

Supergravity is a locally supersymmetric theory that contains massless bosons and fermions
with spin less than or equals to two [1]. Supergravity in eleven dimensions is special because
there is only one possible consistent 11d supergravity theory [2]. Such uniqueness can be
attributed to the constraints that the space-time dimensions impose upon the maximum number

of supercharges allowed for a supergravity theory.

In ten dimensions, there are five types of supergravities that satisfied the constraints of
supersymmetry. Of these, the type II supergravities are the most interesting since they are the
maximally supersymmetric gravity theory in ten dimensions. The construction of a maximally
supersymmetric supergravity needs two Majorana-Weyl supercharges. The one that has oppo-
site chirality is categorised as type IIA supergravity, whilst its counterpart, having the same
chirality, is classified as type IIB supergravity [3]. The other three consistent supergravity

theories fall beyond the primary scope of this essay.

Due to the non-renormalisation theorem, a gravity theory in dimension greater or equal
to four is not UV-complete, meaning that such theory remains a low-energy effective theory
of some underlined UV complete theory at the quantum level. The full theory of superstring
consists not only of the massless modes presented in the low-energy effective theory but also of
higher dimensional extended objects, strings and branes, and the massive modes of extended
objects that decouple from the theory as we approach the low-energy limit. Since string theory
is believed to be UV finite, we consider superstrings as the UV completion of the ten-dimensional

supergravities.



It was shown that type IIA supergravity can be obtained via dimensional reduction from
the 11d supergravity [4]. This relation between type ITA superstring theories and the ten-
dimensional supergravities has encouraged us to consider the eleven-dimensional M-theory as
the UV completion of the 11d supergravity. We postulated that M-theory plays a role as the

origin of all the superstring theories and make it a potential candidate for quantum gravity.

Analogous to the essential role that the one-dimensional string plays in superstring theories,
the two-dimensional extended object, the M2-brane, is considered to behave similarly within
M-theory [5,6]. This proposition gained considerable support upon the discovery that the
M2-brane action, when wrapping on a circle, could indeed result in the superstring action [4].
It is now believed that 11d supergravity admits a consistent UV completion where the stable
M2-brane plays a critical role [7-9]. However, it is still unclear how the UV completion of the

eleven-dimensional supergravity is formulated.

This dissertation will review supergravities and the M2-brane. We will start in section 2 by
giving the action for supergravity theories in eleven and ten dimensions. The local supersym-
metric transformations and classical field equations will be presented. The supergravity theories
are then consistently truncated to the bosonic sector, which has a pure bosonic solution. The
Killing spinor equation should be satisfied for the solution to preserve the supersymmetry. In
section 3, we will solve for the classical solution to the equations of motion of eleven-dimensional
supergravity. Under the effect of the M2-brane source, the space-time will be deformed from
the flat space. We will present the general p-brane ansatz with worldvolume ISO(1, p) isometry
and isotropic transverse space. Then, we will solve specifically for the eleven-dimensional super-
gravity. The solution will be obtained by utilising the Killing spinor condition and substituting

the ansatz into the equations of motion.

Section 4 will demonstrate the M2-brane action as the source term of the eleven-dimensional
supergravity theory. We review the bosonic membrane action in flat space and its generalisation
in curved space. Then, the superspace formulation of the supermembrane will be introduced.
We will introduce the x symmetry to preserve supersymmetry of the supermembrane action.
It plays a crucial role in relating supermemrbane and supergravity. For example, we will see
that the k£ symmetry demands the M2-brane action to have an eleven-dimensional supergrav-
ity background. The origin of x symmetry from the Green-Schwarz superstring will also be
discussed. Finally, we will give the M2-brane action in a flat space background and present

various classical solutions in different supergravity backgrounds.



In the last section, we will review the Kazula-Klein dimensional reduction from eleven-
dimensional to ten-dimensional supergravity. Then, we will show how we obtain the superstring
action from the M2-brane action through double-dimensional reduction, where we simultane-
ously compact one dimension in the worldvolume and the target space. We will also introduce
how the Weyl invariance of string theory emerges from the three-dimensional diffeomorphism of
the M2-brane worldvolume. Finally, we briefly discuss the dilaton term in string sigma model,

which arise from the dimensional reduction of the metric.



2 Supergravity

Supergravity theories contain supersymmetries and gravity but without particles with spin
higher than two. Hence, there are only limited types of supergravity in a given dimension.
In ten dimensions, there are five different types of supergravity theories. Each of them is the
low-energy effective theory of a ten-dimensional superstring theory. Those superstring theories
can transform into each other via duality. The supergravity theory in eleven dimensions is
more special since there is only one consistent supergravity theory, which is believed to be the

low-energy effective theory of the so-called M-theory [1].

We will focus on the eleven-dimensional supergravity and the ten-dimensional type II super-
gravities. In this section, we will roughly review the construction of supergravity theories. The
supersymmetric transformation and the equations of motion of supergravity theory in eleven
dimensions will be discussed. Then, we will introduce the type II supergravity in ten dimen-
sions as the low-energy effective theories of type II superstrings. We will also determine the
bosonic sector of the supergravity theories by consistent truncation and present their residual

global supersymmetry by introducing the Killing spinors.

2.1 Construction of Supergravity Theory

There are four ways to construct supergravity theories. The first one is the Noether method,
the most often-used method. It was first used in 1970s to construct the N=1 D=4 supergravity
in its on-shell [10,11] and off-shell [12, 13] formulations. Later on, this method also played an

essential role in constructing D=11 supergravity [1].

The second method is constructing the supergravity theory via the superspace [14]. Su-
pergravity in the superspace description is similar to the usual general relativity. Using the
supervielbein and the spin connection, one can build a supergravity theory invariant under
super-transformations. As usual, one constructs the covariant derivatives and then defines
standard quantities of torsion and curvature. The key problem of supergravity’s superspace
formalism is finding which part of the torsion and curvature should be set to zero under the
constraint of the Lorentz tangent space group. This method was first carried out in 1970s on

N=1 D=4 supergravity [15,16].



The third method of finding supergravity theories is by gauging certain space-time groups.
For example, by gauging the super Poincaré group, one can find the N=1 D=4 supergrav-
ity theory [17,18]. However, theories that involve gravity are not necessarily gauge theories.
Therefore, it is necessary to introduce constraints to address this aspect. This method pro-
vides the first algebraic proof of the invariance of supergravity theories [17| and is also used in

constructing the conformal supergravity theory [19].

Finally, with a given higher-dimensional supergravity theory, one could obtain a lower-
dimensional supergravity theory through dimensional reduction. Dimensional reduction in-
volves compactifying some dimensions on circles and suppressing the dependence of fields on
those dimensions. Since supergravity theories in higher dimensions are generally simpler and
easier to study, we can construct low-dimensional supergravity theories from high-dimensional

ones, which can be easily constructed using the methods above.

2.2 D=11 Supergravity

The D=11 Supergravity was initially constructed by E. Cremmer, B. Julia and J. Scherk to
study the extended O(n),n = 1,...,8 supergravity [1]. It gives the lower dimensional super-

gravity by dimensional reduction.

The eleven dimension is the highest dimension for the supergravity theory, which means
a theory with spin two or less [2|. This follows from the irreducible representations of super-
symmetry, and there is no consistent interaction for particles with spin higher than 2 in four

dimensions.

In a four-dimensional theory, one can construct superspace with N Majorana supercharges,
each having four real degrees of freedom, making it 4N supercharges. The anti-commutation
relations of these supercharges form a Clifford algebra with N pairs of operators that raise
and lower helicity by % Conventionally, one chooses the raising operators to annihilate the
vacuum. Hence, starting with the vacuum of helicity two and acting with lowering operators
on it, one obtains the physical states with helicity ranging from 2 down to 2 — (N — 2). With
the constraint that we cannot have particles with spin higher than 2, the maximum number
of supercharges allowed for a four-dimensional supergravity theory is 8, which corresponds to

4 x 8 = 32 spinor degrees of freedom.



When considering supergravity theory with D > 4, one can examine the four-dimensional
theory obtained through dimensional reduction, which satisfies the constraint we just men-
tioned. Dimensional reduction involves compactifying the extra dimensions on a manifold and
decoupling the fields from those dimensions. The simplest approach is compactifying on a
torus, the most basic compact manifold. This process preserves supersymmetry, thereby keep-
ing the number of supercharges unchanged. Hence, for a given dimension to potentially admit

supergravity theory, that dimension must have a spin representation of dimension 32 or less.

The spinor representations for a given dimension include Dirac spinor, Weyl spinor, and Ma-
jorana spinor. In even dimensions D = 2k, each of these representations has the following real
degrees of freedom: 2! for Dirac spinor, 2* for Weyl spinor, and 2* for Majorana spinor. For
odd dimensions D = 2k+ 1, one can incorporate the chirality matrix T', = (—¢)*~ 17Tt ... TP~!
into the set of gamma matrices of D = 2k to form the odd-dimensional Clifford algebra, thereby
maintaining the dimensions of the spinor representations. However, it is not possible to have
a Weyl spinor in odd dimensions. Therefore, the highest dimensional supergravity theory is in

D = 11 with one 32-component Majorana spinor, an D = 11, N' = 1 supergravity.

The field content can be fixed via on-shell dimensional analysis. One could assume there
exists a massless spin-2 gravitational field which is the traceless symmetric tensor representation
of SO(11 — 2), and one Majorana spinor gravitino. The degrees of freedom of graviton is thus
(11—2) x (11 —1) — 1 = 44. The dimension of Majorana gravitino is (11 —3) x 2° = 27 = 128.
For a supersymmetric theory, the bosonic degrees of freedom must match the fermionic degrees
of freedom. A three-form gauge field is the right we need, as it has degrees of freedom of
3:(11—=2) x (11 —3) x (11 —4) = 84. Hence, the field content of D=11 supergravity comprises a
graviton g,,,, a Majorana gravitino v,,, and a 3-form gauge field A,,,m,m,, with 44, 128 and 84
degrees of freedom respectively. The graviton (metric) is usually written in terms of vielbeins

a _ a, b
€m S Gmn = MNgp€m Cn -

The Lagrangian of the D=11 dimensional supergravity is given by,

! € e - 1 .
=55 [ d" 0 — Py F™me — S 1D, Q4 Q)
Sll 21%%1 Zz <6R( (eﬂ/’)) 48 mi 4 277& (2( —+ )) Q/}p
1 " T ~
_ @6 (77Z)m1rm1--~m61/1m2 + 12¢m3Fm4m5¢m6) <Fm3-~m6 + Fm3~~~m6> (2.1)
+(12)46 1 11le~--m4Fm5"'m8Am9m10m11)

where F' is the field strength of gauge field A,
le‘..m4 - 4a[m1Am2m3m4] (22)
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and F is defined by,

Fm1...m4 = le...m4 + 31;[m1 Fmgmgwmd (23)

The spin connections are given by,

~ 1- n
Qmab = Qmab - anrmab p% (24)
~ ~ 1 - _ _
Qmab - Q,(gzlb(e) + §(¢mrbwa - ¢mra¢b + ¢bpm¢a) (25)

A (0 . . . . . . . .
where anib is the torsion-free spin connection expression in terms of the vielbein,

. 1 1
Q(O) ——e " (amebn - anebm> - §€bn (ame‘ln - aneam)

mab 9a
1 (2.6)
- éeapebq (Opeqe — Ogepe) €,°
And the covariant derivative is defined by,
1
Dm(Q)¢b - (am + _Qmabrab)qu)b (27)
and,
1
[Dm’ Dn] = _ZRmnabFab (28)

The hatted objects are corrected with a higher order of xi; so that their variations under
supersymmetry do not depend on the derivative of the supersymmetry parameter dyse. This

property is referred to as being "super-covariant".

The action of 11D supergravity is invariant under the local supersymmetric transformation:

1
5€ma = §€F“¢m
3_
5Am1?ﬂ2m3 = _Zer[mlmzwms]

Here we defined the supercovariant derivative D,, as,

~ 1 1 ~
D,, =08, +-Q %4 _—_ (T m-na_ gsmupnzmsna)p 2.10
+ 4 mab + 288( m m ) 1...M4 ( )

where I'* = e, is the gamma matrix in vielbein basis, and the gamma matrix with n

multiple indices represents n gamma matrices anti-symmetrised [+ = Tlm  T™al - There

is also the usual local gauge symmetry for gauge field,
6Am1m2m3 = Sa[mlAQOg,] (211)

where the gauge parameter A,,,,, is a 2-form.



The last term in action, which is the pure gauge field coupling term, is the Chern-Simmons
term. The Chern-Simmons term is a topological term and contains many interesting properties

which have not been discussed here yet.

We also noticed only one coupling constant in the D=11 supergravity action, the gravita-

tional constant 1, which has a dimension of mass—%/2

9/2

. Thus we can define Planck’s mass m,,
by k11 = my One could scale the field with the coupling constant, which also scale the
action by the correspondent factor. With proper scaling, we can set the equation of motion at
classical level to be independent of k11, meaning that gravitational constant x1; has no classical

effect.

2.3 D=10 Supergravity

In this section, we discuss the supergravity theory in ten dimensions, where we have Majorana-
Weyl spinors, which possess only 16 degrees of freedom. As mentioned, a supergravity theory
can only be constructed based on a supersymmetry algebra with fewer than 32 supercharges.
Consequently, there are two types of supergravity theories: N = 2 and N’ = 1, corresponding
to two Majorana-Weyl spinors or one, respectively. The former is type II supergravity, which

has 32 supercharges, while the latter is type I supergravity, with 16 supercharges.

We are interested in the dimensional reduction of the eleven-dimensional supergravity the-
ory. All the supersymmetries are preserved when we perform the dimensional reduction on
the 11-dimensional supergravity theory by compactifying the eleventh dimension on a circle.
Hence, we result in a 10-dimensional supergravity with 32 supercharges, which should be a type

IT supergravity. Hence, our main focus would be on the type II supergravity theories.

The type II supergravity theories are the low-energy effective theories of the type II su-
perstring theories. The spectrum of superstring theory includes an infinite number of massive
modes, which generally decouple from the theory in the low-energy limit. Consequently, as we
flow down the energy scale, only the massless modes of the string theory remain, giving rise to

the spectrum of the type II supergravity theory.

Before moving on to the effective theories of superstring theory, let us first review the
effective action of string theory. The o-model for bosonic string moving in a background with

its massless modes that contains a general metric g¢,,,, an anti-symmetric B,,, field, and a



dilaton ¢ is given by,

1

4o/

I =

/d%ﬁ (V7 0;2™ 02" g (@) + €7 0,2 0; " By () + o/ R(7) ()], (2.12)

where 7;; is the metric on the world sheet of string. The condition for this action to be quantum
Weyl anomaly free is that all beta functions vanish. Such condition happens to be the equations

of motion of the string effective action given by,

Ig = / dPx/Ge 2 [(D —26) — go/ (R — 1—12Hmanm"l +4V%p — 4 (v¢)2> +0 (0/2)}
(2.13)
where H,,pmm = OmBn + 0n B + 0,Bm,. For flat space to solve this action, the constant term
D — 26 must vanish. This reflects that the critical dimension of the bosonic string is 26. In the

superstring theory, a similar NS-NS sector arises with the constant term replaced by D — 10,

1
Ig = / dOzvGe ?? {R — EHmanm"l +4V,,0V™ ¢ (2.14)

indicating that the critical dimension of superstring theory is ten.

From the chirality of the two Majorana-Weyl superalgebras, type II supergravity can be
classified into two theories: type ITA and type IIB. These theories possess opposite chirality and
the same chirality, respectively. Among them, the supercharges for type IIA supergravity can
be combined to form a Majorana spinor with 32 components. Therefore, one might naturally
assume that by dimensional reduction from 11-dimensional supergravity, type ITA supergravity

is obtained. In fact, this is how type IIA supergravity was initially discovered [20-22].

The field content of type IIA supergravity contains a graviton g¢,,, written in vielbein e, *,
a dilaton ¢, a 2-form NS-NS gauge field B,,,, a 1-form R-R gauge field A,,, and a 3-form R-R
field C,,,, and fermionic fields gravitino g, and dilatino A“. The index m here represents the

world index of the ten dimensions.

Starting from the 11-dimensional supergravity action, we can perform the dimensional re-
duction to obtain the action for type IIA supergravity. The detailed discussion of dimensional
reduction is given in Section 5. The resultant ten-dimensional action can be separated into

bosonic sector and fermionic sector,

SIIA:SﬁA+SfIA (215)



With proper field redefinition, the bosonic sector is given by,

1 1 m 1 mimom
Sfia =gy [ % {e (B 50,0076 — Lo Hpn,
1 A A 1
_4_86—% Fromamam F70 — 2”30 leszmlmz) (2.16)
3 mi--mio
+m€ Fm1m2m3m4 Fm5m6m7m8 Bmgmlo }
where
lemg = 28[m1 Amg]a
Hm1m2m3 = Sa[ml Bm2m3]7 (217)
Fm1m2m3m4 = 48[7711 Cmgmgm;ﬂa
Fm1m2m3m4 = Fm1m2m3m4 + 4A[m1 Hmzmgmd .

Notice that the dilaton coupling is not uniform in this frame, called the Einstein frame. We

can rewrite the bosonic action via the Weyl-rescaling on the metric,

g9 =5 g%) (2.18)

mn

to put it into the string frame where the dilaton coupling is uniformly e 2%,

Sira =%§O "'z {e [e_2¢ (R(g“)) — 40,00 ) — %HmlmzmHmlm?m«%)
" (_iﬁ P 2 Fr i F mm)} (2.19)
48~ AT 4 mima
3

mip--mig
€ Fm1m2m3m4Fm5m6m7msBm9m1o} )

TIx (12
We can see that the NS-NS sector, which is multiplied by the factor e~2?, matches with the

effective action of string.

The fermionic part is given by,

1 1- 1- 2
SI}}A :KJ_Q /dmxe {_ﬁwm1rmlm2m3Dm2¢m3 - 5/\le)m/\ + %)\Fllrm1rm2¢mlam2¢

10
1

\/ij\l-\llrml Fmg...m(jd)ml

1 - -
+ g5 (‘wmlrml“'mwm — 12g"OTTT

_ 1 _ B
+%)\F11Fm3"'m6)\> Fmg,..ms _ ﬂe_% <wmlrllrm1...m5¢m2 _ 6¢m3F11Fm4wm5 (220)
_ 1 B B
= VR i, Ham = 36 ¢ (P 207D

3 < S+
S+ Fm3m4¢ml _ _)\F11Fm3m4>\> Fm3m4 + quartiC terms in fermions} ;

NG 4

where the covariant derivative is defined with the usual spin connection. However, in the up-

coming section, we will focus on the bosonic part when solving the classical equation of motion.
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We achieve this by setting all fermions to zero and imposing the Killing spinor conditions.

Therefore, there is no need to be concerned about the fermionic sector.

Type IIB supergravity possesses two Majorana-Weyl spinors with the same chirality as the
superalgebra. This theory includes a 4-form R-R gauge field Cy,,,pq, which has a self-dual 5-form
field strength F,,,, s = *F, ms. However, such a field does not admit an action [23], thereby
preventing the construction of a supersymmetric action for IIB supergravity. In addition to
the 4-form gauge field, the bosonic fields of type IIB supergravity encompass a graviton g,
expressed in terms of the vielbein e, a dilaton ¢, a 2-form NS-NS gauge field H,,,, a 2-form

R-R gauge field C,,,, and an O-form R-R gauge field y. Within the fermionic sector are two
left-handed Majorana-Weyl gravitinos 1), and two left-handed Majorana-Weyl dilatinos A.

Thus, in the superstring theory, we encounter field strengths ranging from rank 1 to rank 5.
By utilising the e symbol, we can determine the dual field strengths with ranks 6 to 9, taking
into account that the rank 5 field strength is self-dual.

2.4 Classical Equations of Supergravity

The classical solutions always have vanishing fermionic fields. Therefore, when discussing clas-
sical solutions, one may focus only on the bosonic part of the action by setting the gravitino
to zero. We will discuss how to obtain such a simpler action through consistent truncation in

later section.

Supergravity theories are, in general, graviton coupling to scalars and different ranks of
gauge fields with additional fermions. The bosonic part of a general supergravity action in

D-dimension is:

1 1 1
Spy /ﬁﬁw<3—5mw@¢—§: EWW%MWJW“WJ, (2.21)

" 2Kkp?2 2 X n!

where Frny.mn, = niﬁ[mlAmQ._,mni] and e is the determinant of vielbein e};. The constant xp is
related to the gravitational constant Gp via 2k% = 167Gp. The constant a;, which controls

the coupling of a scalar field with gauge fields, is negative by convention.

The equation of motion are obtained by varying with respect to g,.,, the gauge fields A,

11



and the scalar fields called dilaton ¢,

1 I . Mg,
Rmn 25 m¢8n¢ + Z 2. ni!e l¢ X (TL,Fm anQm"z
) i (2.22)
n; — mima,
~ 5= ngnle...mniF ),
8m (\/__geammez"'mni) — 0, (223)
1 a; a; m1msa---Mny,
\/—__gam (V=g0"¢) = > T @ Py g, F™ 7™ = 0, (2.24)

i

For the supergravity theory in eleven dimensions, the bosonic part of the action is the

graviton couple to a 3-form gauge field, with a Chern—Simmons term,

1 11 1 mi--m. 1 mi-mil
SllB = ﬁ%l dxe (R - @lewmz;F 4) + WG Fm1~~~m4Fm5~~~msAm9m10m11
(2.25)
or written concisely in,
S L [ (rR-Lp —|—1F/\F/\A (2.26)
= zre - — = .
e 9k2) 48 6

Adding the Chern—Simmons term only modify the equation of motion of the gauge field by

%eml”'m“le...mFms...mg. Then, the equation of motion of D=11 supergravity are,

1 1
Rmn — ﬁ (me2m3m4an2m3m4 - Egmnle..‘mlemlmle) 3 (227)
mmimoms 1 mi---mi1
8m (GF ) —+ @6 Fm4---m7Fmg---m11 =0 (228)

We also have the Bianchi identity for gauge field strength F',

dF =0 (2.29)

2.5 Residual Supersymmetry

Supergravity action is invariant under any supersymmetric transformation parameterised by

the spinor €. The general form of the local supersymmetric transformation is given by,

0.B ~ €F,
(2.30)
0" ~ Oe + Be,

where B and F' stands for the bosonic part and the fermionic part, separately [24]. We will
only interested in the pure bosonic solution in the later section when we solve for the classical

solution, since the only macroscopic fields we observed in nature are bosonic fields.

12



Killing spinors are related with special classical solution of the equation of motion of su-
pergravity. Specifically, there are only a subset of spinor e that leave the solution unchanged
under the supersymmetric transformation. And these subset of spinors are known as Killing

spinors.

The Killing spinor is analogous to the Killing vector. Killing vectors are vectors that pa-
rameterise the diffeomorphisms that kept the metric unchanged. It describes the preserved
global symmetry of the solution. Similarly, Killing spinors are spinors that characterised the

preserved global supersymmetry of a solution.

In order for the action to respect the local supersymmetric transformation, all supersymmet-
ric variations should vanish after we substitute in the classical solution of equation of motion.
As we mentioned previously, the classical solution, also referred to as background, usually has
vanishing fermionic part. While the supersymmetric transformation of bosonic vectors is typi-
cally proportional to some fermionic fields that vanish in the classical solution, the requirement
for a Killing spinor is primarily related to the supersymmetric transformation of the spinor

fields that is independent of spinors in the theory.

In our case for D=11 supergravity, we take the bosonic solution of the field equations. The
supersymmetric variation of the gravitino does not vanish unless D,,e = 0. Hence, setting the
fermionic parts to zero breaks the local supersymmetry of the solution. However, we can still
preserve the global supersymmetry by demanding the supersymmetric variation of the gravitino
to be vanished, which defines Killing spinors. Therefore, the Killing spinors in 11-dimensional

supergravity are given by:

- 1 1
Dpe = |0m + = T + —= (L, — 8T, | € = 2.31
€ 0 4 mab 288< m 85m ) 1.4 | € 0 ( 3 )

which ensures the vanishing of all supersymmetric variations. Given the Killing spinor, the rest

of the bosonic solution will be constrained and are parameterised by certainn constants.
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3 M2-Brane Solution of Supergravity

In this section, we solve the equations of motion of the supergravity theory. We start by making
the brane ansatz with a d-dimensional worldvolume and a spherical symmetric transverse space,
which captures the effect of a M2-brane on the supergravity space-time structure. Then, using
the Killing spinor condition and field equation of the gauge field, we can determine the metric

and the gauge field as the solution to the equations of motion of supergravity.

3.1 Brane Ansatz

To solve the field equations, we make an ansatz that preserves a certain amount of unbroken
supersymmetry. For simplicity, we demand that the ansatz admits ISO(1,p) x SO(D —p — 1)
symmetry, where we assume the isotropy of the (D —p—1) dimensions that are transverse to the
(p+1) dimensions [25]. This can be viewed as a (p+1)-dimensional hyperplane embedded in D-
dimensional space-time. Additionally, one can think of it as the worldvolume of a p-dimensional

extended object.

Therefore, we make an (p + 1) - (D — p — 1) split of the coordinate ™ = (z*,y*), where
m = (0,1,..., D —1) indices split into two ranges: i = (0, ..., p) representing the worldvolume
that admits ISO(1, p) isometries, and s = (p+1, ..., D—1) representing the isotropic transverse

direction to the worldvolume. The ansatz of metric that respects the above symmetry is,
ds* = 2 daidatn; + PO dytdyty (3.1)
where r = /Yy, is the radial coordinate in the transverse space.

The ansatz for scalar dilaton ¢ is not used in the D = 11 supergravity solution, but we also

gives it here:

¢ = o(r). (3.2)

The ansatz for the gauge field is more complicated as we have to consider two different
cases related to each other by duality. The first case is the (n — 1)-form gauge field A. The
Maxwell one-form vector potential couples to the worldline of a charged particle, which is a
O-dimensional extended object. Analogous to that, the (n — 1)-form gauge field should couple

to a worldvolume of a (p = n — 2)-dimensional extended charged object. The charge arises from
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the analogue of applying Gauss’ law to the field strength F' of A. Furthermore, we can relate
the worldvolume dimension p+ 1 to the (n — 1)-form gauge field it couples to viap+1=mn—1.

This ansatz is referred to as the "electric" ansatz for the gauge field:
Ay oiny = €y, €717, (3.3)

with all other components set to zero. The term "electric" refers to the analogy between this
ansatz and the electrical coupling of the Maxwell gauge field to a charged particle. Equivalently,

given this ansatz in terms of the field strength,

Fel

S11 .. lp—1

= Ny, 057" (3.4)
with all other components set to zero.

The other way of coupling the d-dimensional worldvolume to gauge field is by considering
the dual field strength *F. The Hodge dual of an n-form F'is a (D — n)-form. By the same
analogy, the gauge field corresponding to this field strength * /" will couple to the worldvolume
of a (p = D — n — 1)-dimensional extended charged object. In principle, one could invert *F
to obtain the gauge field, but it turns out the solution would be non-local. Hence, we express

this ansatz using the related n-form field strength F"

A V. (3.5)
T

S1...8n

where the magnetic charge \ is an undetermined integration constant. This ansatz is referred
to as the "magnetic" ansatz in contrast to the previous "electric" ansatz. In eleven-dimensional

supergravity, this ansatz corresponds to the M5-brane, which is not our main focus here.

3.2 M2-Branes Solution

The general solution to the Mp-brane solution for D-dimensional general supergravity theory
is given by [26],

ds? = HD-95 dz'da!n;; + H® 75 dy*dy (3.6a)
+1, electric

—1, magnetic

H(y) =1+ fkd (3.6¢)

15



where d = p+ 1 and d = D — d — 2 with C(r) satisfied the relation given in (B.23),
c 2

= —. 3.7
VAH (3.7)
The integration constant £ is related to the magnetic charge A\ via,
A
k= \/—T)\. (3.8)

2d

where this relation comes from the analysis of the magnetic brane. The detailed discussion of

general solution to supergravity is given in appendix B.

After considering the general case, we now focus on a specific solution involving a 3-
dimensional extended object corresponding to the 2-brane solution in D = 11 supergravity.
The eleven-dimensional supergravity theory is widely recognised as the low-energy effective
theory of the "M-theory," which gives rise to the concept of "M-branes." Hence, this particular

2-brane solution is commonly referred to as "M2-branes."

By employing the ansatz of ISO(1,d—1) x SO(D —d), specifically ISO(1, p) x SO(D—p—1),
we can substitute D = 11, d = 3, p = 2, and n = 4 into the ansatz for the gauge field and the

equations of motion. It is worthwhile to restate the ansatz for clarity:
ds* = 2 dyidatn; + P dytdy' sy (3.9)

where i = (0,1,2), and M = (3,...,10). Following from this ansatz, the 3-form gauge field,

which electrically couples to the M2-Brane worldvolume, is given by,
Ay igis = €irigin€ ", (3.10)
and in terms of the field strength, it takes the form,
Ftirigis = 4€5,055,000¢°. (3.11)

Using the equations of motion obtained earlier, we can derive the equations of motion with the

variable S = e734+“(C’. The Einstein equation (2.27) now takes the form,

A"+ 3(A)? +6A'B + ZA’ _ 2 (0'2) ¢-04+2C

1
B// + SAIB/ + 6 (B ) + BB/ 3A (0/2) —6A+2C (312)
T
6B//+3A//_6A/B/+3<A/)2_G(B/) _QB/ 3A (012) —6A+42C
r T

Notice that the scalar dilaton vanishes in this case, resulting in the equation of motion for the

dilaton (B.9) being trivially satisfied. And, the equation of motion of the gauge field becomes,
V20 + (C'—3A" +6B")C' = 0. (3.13)
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Since the scalar coupling constant a is zero, A is determined to be 4. Consequently, according

to Equation (B.23), the relationship between A, B, and C' is given by:
34=—6B=C (3.14)

Additionally, we will arrive at the same relationship by requiring the solution to be supersym-

metric, which will be demonstrated by solving for the Killing spinor in the upcoming section.
Substitute all the field contents’ ansatz into the field equation of gauge field, we obtain,
Vie @ =0 (3.15)

And the general solution to this Laplacian equation is given by,

k
e “ =1+ 5 (3.16)
Then, the M2-brane solution is given by,
N2 L\ 1/3
ds® = (1 + T’_G) dz'dz?n;; + (1 + ﬁ) dy*dy'és,
(3.17)

o !
Aiji = €ij (1 + E) ;

where all other components of the 3-form gauge field and other field contents are zero. Since
the transverse part of space-time is isometric, it is convenient to write them in the spherical

symmetric form,
=23 k\'?

By taking the » — 0 limit and discarding the constant 1 in the brackets, we obtained the near
horizon metric,

rd i 1
ds? = k'3 (de da’n;; + ﬁdr2 + dQ?) : (3.19)

By substitute p = k'/2/2r? we can see immediately that the geometry near r = 0 has an

AdS, x 8™ geometry,
ds® = 1p13 i(d datn;; + dp?) + 4dQ23 (3.20)
A more rigorous analysis can give rise to the full picture of the entire space-time. Like the

Schwarzschild metric, the metric of M2-brane solution has a singularity at » = 0. However,

one can calculate the space-time curvature from the curvature components to show that this is
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actually a coordinate singularity. This coordinate singularity corresponds to a horizon. Hence
we can extend through the coordinate singularity into other region of the space-time. By

changing the parameter r to R,

kl 1
o RORE (3.21)
(1 - RS
we rewrite the solution into the form,
o 1
ds® = [RZ (dz'dzin;;) + Zk1/3R2dR2} + kM3d0z
1 - _
k(= BT ] R R (- BT - 1] a0 (3-22)

3
Aijk: =R €ijk-

As we approach the » = 0 horizon, which is now the R = 0 horizon, the metric tends to,

S 1
ds® — [32 (dz'dzn;;) + Z—Lkl/?)R‘QdRZ} + kY302, (3.23)
where ()7 is the volume of the unit sphere in 7 dimensions. We can further write the metric in
the bracket into the standard AdS metric form by letting p = — k; 1/36
ds® — L1 | 2 (datdain, + dp?) + 4d02 3.24
= 5 pQ(:c wni; + dp®) + 4dQ; (3.24)

once again we obtain the standard form of AdS, x S”.

Thus we conclude that the near horizon M2-brane space-time geometry is AdS, x S7 as
R — 0, while become flat space as R — 1. This metric only covers part of the entire space-time.
We can proceed through the horizon and approach a true singularity as R — —oo. However,

unlike the Schwarzschild metric, this R — —oo singularity is timelike [26].

One may notice that the solution to the Laplacian equation (3.15) is a linear differential
equation. Hence, any linear combination of solutions can solve the equation, and e~¢ takes the

form
k
| E —_— 3.25
e + i (7"—7“1-)6 ( )

where 7; specifies the position of each membrane. Thus, the single membrane solution can be
generalised into the multi-membrane solution to the supergravity equation of motion, which is

given by,

—2/3 1/3
k o k
ds® = <1 + Z —(7’ — r-)6> dx'dx’n;; + <1 + Z —(7" — r-)6> dy*dy' o

-1
k
o (”Zm) |

(3.26)
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The reason for that we can perform linear superposition on membrane solutions is due to the
no-force condition [25]. It states that the gravitational attraction between two widely separated
membrane is exactly cancelled by an equal and opposite repulsive form from the contribution
of the anti-symmetric tensors, which is to say that the gravitational force is cancelled by the

electric force between two separated membranes, allowing us to linearly stack them together.

3.3 Killing Spinor

As mentioned earlier in Section 2.4, we discussed the pure bosonic solution to supergravity,
truncating all the fermionic terms. In order to determine the number of preserved supersym-
metries in this truncation, we need to analyse the Killing spinor given in Equation (2.31). Since
Equation (2.31) is linear in the Grassmannian parameter €, the anti-commuting identity of € is

not relevant for solving the equation, so we can treat it as an ordinary commuting object |26].

To solve the Killing spinor in the p-brane background, we need to choose a basis for the I'

matrices. Considering the I' matrix in (2.31), we can define them in the vielbein basis,

{Ta, Do} = 7ap- (3.27)

where 7,4, is the Minkowski metric. We can express the usual I' matrices in terms of the world
coordinates by using the vielbein as I',,, = T'ye,,’. Additionally, we can perform a 3 — 8 split on

the I matrices, separating them into components for D = 3 and D = &:
L= (7 © g, 1(2) @ Biy) (3.28)

where 7; and ¥j; are the Dirac matrices for D = 3 and D = 8, respectively. Here, X9 =

Y3+ Xy forms the chiral projection operators %(1 + ).
The spinor parameter can also be split as:
e=ec®mn(r) (3.29)

where ¢ is a constant SO(2, 1) spinor, and n(r) is an SO(8) spinor that is isotropic. The SO(8)

spinor 7(r) can be further decomposed into chiral spinors using the projection operators.

Plugging in the gauge field solution, spin connection, and the I' matrices, the supercovariant
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derivative can be written as:

. 1 1
Di == 8@ - 5’7¢6_A2M8M€A29 - 6’7¢€_3A2M6M€C,
A 1 1
Dy = O + 777 (BB = BV8y) dve” — o™ (By =Y = BV8y) Oye Ty (3-30)
1
— ge’?’AaMeCFg.

We substitute the supercovariant derivatives into Equation (2.31) and solve for the Killing
spinor conditions, obtaining;:

34=—6B=C (3.31)

which is the same condition for determining the M2-brane solution. Additionally, we find:
n(r) = noe”s¢ (3.32)
where 7y is a constant SO(8) spinor, which is a chiral spinor given by,
1
5(1 + X))o =0 (3.33)

This reduces the number of supersymmetries by half, indicating that half of the rigid super-

symmetry is preserved in the M2-brane background.
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4 M2-Brane Action

We have seen that the supergravity in ten dimensions is the low-energy effective theory to
the ten-dimensional superstring theory. Analogue to that, the eleven-dimensional supergravity
might be related to some supermembrane theory. Bergshoeff et al. [5] constructed such action

for the supersymmetric M2-brane that known as the supermembrane action, which is given by,
2 1 / iJrmar b 1 / 1 111213 A Ag As
S = T2 d f _5 _77 E’L E] nab + 5 _7 + 66 Eil Eig Eig AA3A2A1 : (41)

The action contains the Polyakov version of the 2-brane action terms and a Wess-Zumino
term involving the super 3-form. We will explain this action in the following sections. For such
action of M2-Brane in eleven dimension background to preserve supersymmetry, the space-time
background has to satisfy certain constraints, which turns out to be the equation of motion of the
eleven-dimensional supergravity [4,5]. This constrain coming from demanding supersymmetry is
inherited from the kappa symmetry in the Green-Schwarz superstring action, which was inspired
by the kappa symmetry preserved in the action of Brink-Schwarz superparticle [27]. In this
section, we will demonstrate the formulation of the supermembrane action, and demonstrate

the close relation between the super-M2-brane action and the eleven-dimensional supergravity.

4.1 M2-Brane as a Source of Eleven Dimensional Supergravity

We can view the supermembrane action as the consistent source term of the supergravity. In
the section 3.2, we have found the M2-brane solution for 11-dimensional supergravity, and we
have also seen that the solution does not cover the entire space. To make this solution valid
within the entire space-time, we have to introduce the source term [25]. For example, we can
add a delta source at r = 0, therefore modify the key equation of solving for the M2-brane
solution (3.15) into,

Vie ™ = 6kQ:0%(y) (4.2)

where Q)7 is the volume of a unit seven-sphere S”. The similar effect also applies to the Einstein

equation.

Therefore we give the combination of pure supergravity (2.1) and the action for superme-
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mbrane (4.1),

1 1
S=—— [ d"%z [e (R — Ele...mle'"m“) +

mi-mil
5 € le~--m4Fm5~~-msAm9m1om11
2K,

(12)°
1 g 1 1 ...
+ Ty / d’¢ {—5\/—_77”8,-)(%]-)(%@ + 5\/—_»y + 66“’2’3&-1Xm18i2Xm28i3Xm3Am3m2m1]
(4.3)
Once again, we consider only the bosonic terms by setting all the fermionic fields to zero and
discard the Grassmann odd coordinate dependence. The formulation of the supermembrane

action will be discussed in the following subsections.

With the source term included, the equations of motion get modified. The Einstein equation
are enhanced by the matter tensor from the source term,

1
R, — §gmnR = 55, Tyun, (4.4)

where Ty, now being,

1 1
“%len :E (me2m3m4an2m3m4 - Egm”le'“mlemlwmél)

4.5
T [ A6V TNI0X,0,X,6 (@ - X) "
The field equation for the 3-form gauge field is given by,
O (e Fmmimamsy 4 T52eml"'m“Fm...m7Fm$...m11 o)
— 22T, / Peerizing, Xm, Xm0, X6 (v — X).
And the membrane field equation is given by varying X™,
0 (V=177 0; X" gn) + %\/—_vvij&X”an”ﬁmgnp )
+éei1i2isailxnai2xpaigxqanpq =0 |
Then, the solution to the X™ field equations is given by,
Xi=¢, i=0,1,2
(4.8)

X*=0, s=3,...,10.
Substituting this classical solution into the field equation of gauge field, one obtained the

source-enhanced version of (3.15), which is given by,
V2e ¢ = 262, Tu0% (). (4.9)

Comparing this with (4.2), the relation of tension in supermembrane action and the gravita-

tional constant is given by,

k=——.
37

(4.10)
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This solution can also be generalised to N-membrane solution as mentioned in (3.26). Then

the constant £ and tension 75 of 2-brane will scale with the factor N as

(4.11)

4.2 Bosonic p-Brane Action

In order to construct the super-p-brane action, we should start with the simplest bosonic brane
action. The bosonic p-brane action in D-dimensional space-time is given by the Nambu-Goto

action,
S=-T, / dPtie/— det hy; (4.12)

where £ are the coordinates on the worldvolume, and h;; is the induced metric on the world-

volume defined through the metric on the flat target space 9,,,,

We can also deduce the same equation of motion via the Polyakov action by introducing an

auxiliary metric v;; (&),

1 y 1
S = Tp/def (—5\/—77”82-Xm8jX"77mn +—(p— 1)\/—7) . (4.14)

2

The special conformal case p = 1, where the cosmological term vanishes, is the string theory

case that we are familiar with.

We can generalise this action to formulate the bosonic part of p-brane action in the curved

space-time by changing 1,,, — gmn. This is the Howe-Tucker form of p-brane coupled to gravity,

1 hy 1
S = Tp/dpﬂf (_5 A0, X7 0; X G + 5(p — 1)\/—fy> : (4.15)

The equation of motion of X™ is given by,
VI (0:0;X™ — (1) X™ + QL (9)0: X"0;XP) = 0 (4.16)
where ij (7) and Q77 (g) are the Christoffel connections of 7;; and g, respectively.
The field equation of v;; is give by,
Yij = 0;: X" 0; X" G- (4.17)
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We can substitute the field equation of v into the equation of motion of ™ to obtain the same
equation of motion for X™ that we determined from the Nambu-Goto form action generalised

into curved space-time,

S = —Tp / dp+1£\/— det (&Xm@X”gmn) (418)

demonstrating that (4.18) is equivalent to (4.15) at classical level.

4.3 Supermembrane Action

With the bosonic membrane action in hand, we can extend to superspace to construct the

supermembrane action. We start with the formulation of the coordinate Z* for the superspace:
ZM = (X™ ") (4.19)

with the Grassmann even coordinate X™ and Grassmann odd coordinate 8*. We also define
the supervielbein F,,4(Z) analogue to the vielbein. Indices M are the world indices with
M = (m,p), and indices A are the tangent space vielbein indices A = (a, ). We also define

the pull-back of the supervielbein from the superspace to the worldvolume,
EA = (0,2M) Ey? (4.20)

The gauge field that the super-p-brane couple to must also be the super-(p + 1)-form gauge
field Ay

pt1-Are

Superbranes can be classified into various types. Those which dynamics are fully determined
by the worldvolume of the superbrane itself are called the simple superbrane. There are other
types of superbrane that have gauge fields in its worldvolume. For example, the D-brane requires
a vector field A, in its worldvolume in addition to the superspace coordinates. However, the

later is beyond the scope of this dissertation.

The M2-brane is a simple superbrane, making it easy to formulate. The general simple
superbrane action can be written in two parts: the kinetic term and the gauge coupling term.

The kinetic term is the supersymmetric generalisation of the bosonic p-Brane action,

1 y 1
Sk = Tp/dp“f |:_§\/_’7'7UEianbnab +5 =DV (4.21)

We notice that the summation of the target space metric is only over the Grassmann even

indices, a feature of the superspace formalism [16]. The second part, namely the gauge coupling
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term, contains the coupling to the background fields,

At A, (4.22)

1p+1 p+1---A1

1
These two parts are related by the x symmetry, which matches the number of bosonic and
fermionic degrees of freedom. This k£ symmetry is inspired by the £ symmetry in the superpar-
ticle action [28|. The k symmetry also constraints the number of p one can have in a given D

dimensional space-time. We will discuss these in detail later. For now, we will adapt the result

that the value of p must satisfy [29],
1
D—p—1= anmN, for p > 2, (4.23)

where n,,,;, is the minimum degrees of freedom of spinor in D dimensions, and N is label for
supersymmetry. Apparently, the M2-brane has D = 11, p = 2, n,,;, = 32 and N = 1, which

satisfied the constraint.

Combining all together, we obtain the general action for the super-p-brane [5]:

1 g 1
S = Tp/dp+1€ |:_§\/__7’7ZJEianbnab + E(p —1v—y
1 (4.24)
11...0p 41 E Aq . E Ap+1A
o Bt By, M A

which is the generalised supersymmetric action for (4.14) plus super-gauge field coupling term

pt1---A1

(Wess-Zumino term.) At p = 1, this supermembrane action reduces to the Green-Schwarz

superstring action, as seen in the later section.

The equation of motion of the worldvolume metric ;; gives rise to the so-called embedding
equation,

Vij = BB oy = 0,X™0; X" gy (4.25)

The supermembrane action is manifestly target-space supersymmetric. Therefore, the
bosonic and fermionic degrees of freedom should match to satisfy the supersymmetric con-
dition. However, this is not the case as we considered initially. For example, in the case of
D = 11, p = 2 supermembrane, the bosonic target-space coordinates take 11 values, while the
Majorana spinor in eleven-dimension has 32 spinor degrees of freedom. We should also consider

the gauge symmetry in the worldvolume.

The three-dimensional worldvolume diffeomorphism invariance is given by,

J

u

(3)ZM = UiaiZMa
(4.26)
Ou@Yij = Uiy + 200" v
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which should be subtracted from the number of bosonic degrees of freedom, leaving only 11—3 =
8 bosonic degrees of freedom. On the other hand, the Majorana spinor satisfies the first-
order equation of motion on the worldvolume, rather than the second-order equation of motion
satisfied by the bosons. Hence, we expect that the spinor degrees of freedom will match twice
the bosonic degrees of freedom. Even though we considered all the bosonic gauge symmetries
and the order of field equations, there is still a discrepancy of a factor of 2. This difference can

only be resolved by introducing the fermionic gauge symmetry, also known as the x symmetry.

The k symmetry is a fermionic gauge symmetry generated by a Majorana spinor k%, which is
both a tangent space spinor and a worldvolume scalar [30]. The transformation parameterised

by k* has a projector that reduces the number of degrees of freedom by half [31].

The transformation rules of the x symmetry for general super-p-brane action are given by,

SE® =0,
(4.27)
B = KP(14+T)%.
where dE4 = §ZME A, A = (a,a) and T'%; is given by,
a (_1)d(d4_3) 11...09 a1 aq «
[ = N1 B, B (o ag) s (4.28)

where d = p + 1 is the worldvolume dimension, and I', are the Dirac matrices in the vielbein

basis. The choice of I'“3 is made such that it satisfies the equation
I g = 03, (4.29)

provided that the equations of motion of the action are satisfied. Consequently, the operators
%(1 + I')*5 become projection operators. As a result, kappa symmetry implies that we can
gauge away half of the fermionic degrees of freedom E“. This is why the term "fermionic gauge
symmetry" is used. With such fermionic gauge symmetric, we can match the physical bosonic
and fermionic degrees of freedom in eleven-dimension, and therefore demonstrates the manifest

supersymmetric.

Several constraints must be satisfied for the super-p-brane action to admit x symmetry [31].

The field strength F' = dA should satisfies,

Faap+1...a1 =0

Faﬁ'yap_l...cu =0 (430)
(—1)Pta+)E-2)

Faﬂap...al = 2p| (F(l1-..ap)aﬂ
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The superspace torsion is given by,
1
T4 = dE* + EPQ(g)p" = 5EBEOTBCA (4.31)

where Q(g)p* is the connection one-form on the curved target space. The constraints on the

torsion are then given by,

Nea Ty a — 07
T) (4.32)

O(AIB — Faaﬁ.

We noticed a remarkable consequence that these constraints imply the equations of motion
of a maximally supersymmetric supergravity theory, e.g. D = 11 supergravity or D = 10 type
IT supergravity. Therefore, the background is demanded to be the corresponding maximally

supersymmetric supergravity for the supermembrane action to be supersymmetric.

4.4 Green-Schwarz Superstring in Flat Superspace

Before we move on to solve the supermembrane action, it is convenient for us to look at the
superstring action. We will provide a covariant description of type ITA superstrings in the flat

space background by combining the global super-Poincare invariance and local x symmetry [27].

The Green-Schwarz superstring action is generalised from the Brink—Schwarz superparticle

action. The covariant action for massless superparticle is known as,

1
S = 3 /dTelEmEnnmn (4.33)

where E™ = 0,X™ — i0y™0.60, and e is the square root of the one-dimensional metric. The
dotted variable stands for taking the derivative with respect to the worldline parameter 7. The
superparticle action is invariant under the global supersymmetry transformations parameterised

by a constant Majorana spinor € [32],
OX™ =iel™f, 00 = e, (4.34)
and a hidden local k symmetry given by [2§],
SX™ =i00™80, 60" =i(T,,)E™KY,  de = —4ed 0"k, (4.35)

where £, is an arbitrary function of 7.
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Given the Brink—Schwarz superparticle action, it is natural that one may think of general-

ising it to the superstring action, which is given as,

S=T / N/ =V E " E - (4.36)

Considering that the type IIA superstring has two Majorana-Weyl fermions 6, % of opposite

chirality and each with 16 components, the pull-back of supervielbein E;™ is given by,
E™ = 0,X"—i(0"(T"),w0:0" + 6*(I'"),,0,6*) . (4.37)

as we only interested in the bosonic part. However, this action does not admit the x symmetry.
We restored this symmetry by introducing an extra term in the action,
1 -
S=T /d2§< - 5\/__7'71JEim jnnmn
(4.38)
— €19, X™ (élrmajel — §2Fm8j02) + eijﬁll“m@i@l@QFm@jQQ).
This action is invariant under both the global supersymmetric transformation and local

symmetry transformation.

4.5 The M2-brane in D=11 Flat Superspace

Section 4.2 shows that the eleven-dimensional supergravity is a consistent background of the
supermembrane in the eleven-dimensional target space. The flat space is a trivial solution to
the field equations of eleven-dimensional supergravity and thus can be chosen as the background

where the supermembrane moves in [31].
The flat space supervielbein in D = 11 is given by,
Eyv® = (05", —t(T") W), En®=1(0,9,%). (4.39)

As stated in section 4.4, we will not distinguish contracting between a and m. Then, E;* is
given by,

EiA == ((%Xa - ié’”(Fa)pg@-@”, 8¢0a) (440)
We eliminate the 3-form gauge field and obtain the super-2-brane action in flat background
[33,34],

1 . 1
S :T2/§3 {—5\/—77”@@ " ab + 5\/—_7
X (4.41)
i€ T 040 (Ej“Ekb B T"0,0 — geraajeerbake)l .
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Notice that this supersymmetric action is similar to (4.33) and (4.38). So, it is natural that one
consider this action as a further generalisation of the Green-Schwarz Superstring action that

admits the local € supersymmetry and local k£ symmetry.

The equations of motion, after integrating out the 3-form gauge field A, with respect to 7%,

X" and 6 are given by,

Yij = Ei" B, (4.42)
0; (\/ _P)/P)/ijEjm) + eijkEi"('J?jéanake =0, (443)
(1 =T E"Tnd;0 = 0, (4.44)

respectively. The I' is given in (4.28) taking p = 2.

The flat space admit the super-Poincare symmetry, which generators are momentum P™,
angular momentum M™", and super charges (). The canonical momentum K™ = 8875 is given
by,

Km— 2 {\/_’YOJE + €%F (E + Grnae) T 0; 9] (4.45)

We can further integrating over £'¢2 to obtain the conserved momentum P™, which is given
by,
1

Pm=_— 5 detade? [\/‘ Y E;™ A €%k (E + er”ae) or,™0; 9} (4.46)

Similarly, we can also obtain the conserved angular momentum M™", which is given by,

’LTQ

M = / de'dg’ [XmK”—X”Km— —2 /=M BPOT, "0 + 82 €9 B2 B 40T T )

—i—%EOU (Eip + %H_I‘Paﬁ) (6TT™"00T 0,6 + éFmanee_rqaﬂ)}
(4.47)

The rest of the supercharges Q* are determined to be,

T . : m v % m n v
Q== / de' de? [M =B (D)0 — €9 B 5™ (Ui )0

41 (i

= (E ™y erma 9) (T ), 0787 0;0 + (T™)*,6" 0T, 0;0)

(4.48)
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4.6

Classical Solutions of M2-Brane Action in Flat Superspace

Unlike string theory, we cannot choose a particular gauge to put the equations of motion of

the M2-brane into linear form, making it impossible to find the general solution. However, we

can find specific classical solutions in a particular background [31]. The fermionic solution is

always solved by 6 = 0; therefore, the equation of motion is reduced to that of the bosonic

membranes. For a classical solution to the bosonic membrane with fermionic terms set to zero,

one can verify the condition S = 0 to check if the solution is supersymmetric, like we did

in section 3 for the supergravity action. We present here some stable classical solution in flat

space:

(1)

String Solution. We can perform a double dimensional reduction to compactify one di-

mension on a circle; the ansatz is given by,
XW=¢ 0=X"=0, m=0,...,9, (4.49)

resulting in a flat ten-dimensional background (Mink);o x T"'. We will discuss in detail the
double dimensional reduction in section 5. Then, the theory reduces to a ten-dimensional

superstring theory, and all the string solutions will solve the equations of motion of the

M2-brane.

Static Toroidal Membrane. We can further perform a double dimensional reduction,
namely wrapping around a torus, to reduce to a nine-dimensional superparticle theory.

The ansatz are give by,
X0=¢ X'=¢ 92X"=0, m=0,...,8, (4.50)

The extended object has reduced to a massive point particle, whose mass is given by the

energy on the toroidal membrane. The equation of motion of the particle is given by,
X" =X +p"e, pP=m’ (4.51)

Spherical Solutions. A spherically symmetric solution of M2-brane was first founded
by Dirac when solving for the static model of membrane carrying electric charges [35].
There is no static solution without the presence of electric charge; however, a periodically

pulsating membrane solution is valid, similar to the pulsating string solution of string
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theory [36]. The solution is given by,

XV =¢% X'=p(€")sin&! cos €2, X2 = p(€%) sin &' sin €2,

(4.52)
X™ =0, m=3,...,10.
where p(£°) is solved from the equation,
o1 4 4
Pt (ho—p") =0, po>0 (4.53)
0

Pancake Membrane. Kikkawa and Yamasaki initially propose this solution as a solution
of an open membrane propagating in a Minkowski space-time with dimension greater or
equal to 5 [37]. The solution for the M2-brane in the eleven-dimensional background can
be written as,
X0 — ¢l
X! + iX2 — €1€z‘w§07 X3 + iX4 — 5261@0’ (4'54)
X"=0, m=>5,...,10.

This solution describes a disk spinning in the five-dimensional space-time.

The spinning disc solution is an open membrane solution that breaks the supersymmetry.
Hence, we considered only the closed membrane solution to avoid the issue [31]. For
consistency, the open membrane solution was generalised to the closed membrane solution

by identifying the boundaries of two copies of the disc-like membrane [38].

One can perform the semi-classical quantisation by fluctuating around these classical solu-

tions [6].

4.7

p-Branes as Solitons

We have introduced the supermembrane action as the source term of the 11d supergravity;

nevertheless, there is another interpretation of supermembranes as solitons. The solitons are

the topological defects in quantum field theory [39], leading to the non-perturbative effects of

the theory. The p-brane can be viewed as the solitons that solve the equations of motion of the

corresponding quantum field theory [40].

The soliton approach of supermembranes was through the effective action for the extended

solitons of supersymmetric field theories. It was first noticed that the effective action of the
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D =6, N =1 abelian supersymmetric gauge theory is the Green-Schwarz covariant superstring
action in four-dimensional space-time [30]. Such a solution to the gauge theory is referred to
as the soliton. Later on, the generalisation of this superstring theory inspired the construction
of the supermembrane action. It was argued that certain types of membranes correspond to
solitons of some supergravity background [41]. The types of supermembranes are listed as the
H,C, R sequences, which are sequences of p-branes in D-dimensional target space-time [29].
It was also postulated in the same paper that the O sequence, which contains the string in
10d supergravity and 2-brane in 11d supergravity, would present the same property. Later
studies have shown that these extended objects include the o-model source and hence are not
solitons [25,42]. However, the super-five-brane was proved to be the soliton solution to the 11d

supergravity, but it is not our main focus here [43].
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5 Dimensional Reduction of Supergravity and M2-Brane

It was shown that the D=10 type IIA supergravity can be obtained from the D=11 supergravity
by dimensional reduction [20]. It is also known that we can deduce the action of type IIA su-
perstring from the action of supermembrane in D = 11 supergravity background. However, we
have seen that the extended object in D=11 supergravity is a two-dimensional membrane, not
the one-dimensional string. Hence, to match the dimensions, one must reduce the worldvolume
dimension from three to two and the target space dimension from eleven to ten. In this section,
we will show how we derive the D=10 type IIA supergravity from the D=11 supergravity via
the Kazula-Klein dimensional reduction, and how one can obtain the superstring action from

the supermembrane action via the double dimensional reduction.

The string theory has thought to be special due to the Weyl symmetry that only presents
when p = 1. It is not obvious that the Weyl symmetry van emerge from the double dimensional
reduction from the M2-brane theory that does not admit Weyl symmetry itself. We will see that
the Weyl symmetry does arise from the residual symmetry of the three-dimensional worldvolume

diffeomorphism after dimensional reduction.

5.1 From D = 11 Supergravity to D = 10 Type IIA Supergravity

In this section, we rewrite the index convention for clarity: the hatted indices run over all eleven-

dimensional coordinates, and non-hatted indices run over all ten-dimensional coordinates.

To carry out the dimensional reduction, naturally, we can separate ten space-time coordi-

nates from the original eleven dimensions,
g™ = (2™y), m=0,...,9. (5.1)

The dimensional reduction is to compactify the eleventh dimension on a circle S, which means
that the eleventh coordinate is identified as y = y + 2w R.. Then, we can represent the periodic
dependence of the eleventh coordinate by its Fourier modes. For example, for a field ¢(z™) in
eleven dimension, it can be expressed as,

$a™) = G2, y) = (™) + Y " (x™) (5.2)
n#0

where # = 4. Thus, one field in eleven dimensions will correspond to an infinite number of

ke

fields in ten dimensions, as n can take any possible integers. However, the non-zero modes,
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where n # 0, will be massive in ten-dimensional space-time due to their momentum in the

compactifying eleventh dimension. Such massive particles are called Kaluza—Klein particles.

Such massive particle looks troublesome. However, one could see that the momentum of
such massive modes is inversely proportional to the radius of the compactifying s=dimension
R.. Hence, as we take the R, — 0 limit, such modes become infinitely massive and entirely

decoupled from the theory, with only the massless zero modes left.
The general form of metric that is reduced by one dimension is given by,
ds3, | = e*%ds? 4 e 2D (qy 1 A, dz™)” (5.3)

where ¢ is a scalar field and

1
= \/2(d -2 (5.4)

The choice of the constant oy ensures that the action after dimensional reduction takes the
canonical form without the extra exponential of ¢. Substituting d = 10 into this general

expression, we find the decomposition of the eleven-dimensional metric,
ds?, = eé‘bdsfo + e 3% (dy + Apda™)? (5.5)
And the metric is given by,

(11) eéqsgmn + 6_%¢AmAn Ame—%qﬁ (5 6)
I = An€*%¢ 67%(]5 :

Or, we can write in terms of the vielbein,

1 2
eiz%e,, e 3%A,

0 e 5? 0 e3®

CED

“ (5.7)

where a runs through 0 to 10 and a runs through 0 to 9. We use the local Lorentz symmetry
to set e,* = 0. To obtained the pre-factor factor from compactifying on the circle, we integrate

out the eleventh dimension,
27 Re
/ dy\/ gps = QWRCG_%(b (5.8)
0

With the vielbein given above, we can deduce the dimensional reduction of the Einstein term

in the action,

1 1
/duxe(u)R(g(H)) = ZWRC/dIOxe(IO) (R(g(lo)) — §am¢am¢> - Z;e—gd)Fm”an) . (5.9)
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where F,, = 20,4, is the field strength of A,,. Notice that the e on the LFS is of the
eleven-dimensional vielbein while the e on the RHS is the ten-dimensional. One can check that

these terms match those in (2.16).

Then, we consider the dimensional reduction of the gauge field term 4—88F,§1111}'m4F (I)rin..ha
The 3-form gauge field A3 can be divided into two ten-dimensional objects, one with the

circle direction y and one without,

AN — (€ Bun) (5.10)

mAp
where we take Af;,ll)lo to be B,,, and Aﬁ% to be Cyyp to agree with the convention in type ITA

supergravity. Therefore, the 4-form field strength Fj,;54 decomposes into,

11
FOY = 30 Byl = Honp

mnpl0 (511)
13 T(nlnlz)?q = 40 Crpq) = Finnpg
and written on vielbein basis,
(11) 5
Fa1a2a310 =€ 12¢Ha1a2a3 ) (512)
Félligagazl = €_§¢ (Fal...a4 + 4A[a1 Ha2a3a4]) = Fa1a2a3a4
Then we got,
1 (11) (11)a;...aq 1 —2¢ (101020304 4 —34 arazas
@F&L..&AIF = Ee 3 Fa1a2a3a4F + 4_86 6 Ha1a2a3H (5].3)

Substituting back the vielbein, we obtain the dimensional reduction of the gauge field term,

/d11$6(11)iF(11) F ()i

48 mi...Mmy
1 - - 1
- 27?Rc/d10$6(10) (4—86_é¢Fm1...m4Fm1mm4 + ﬁ6¢Hm1_,_m3Hm1'“m3)
(5.14)

Finally, the Chern-Simons term can be transformed easily considering that the antisymmetry

of the wedge products,

Y AR AAYY = F'O AR A B (5.15)

Putting everything together, we derived the dimensional reduction of the D = 11 super-

gravity action on a circle,

1R, 1 1
SlO = 27;2 /dloxe(lo) (R(g(lo)) - §0m¢>3mgb — 16_%¢Fm1m2Fm1m2
11
1 _l¢ n [T ..My 1 o} mi...m3
—@6 2 Fm1...m4F — EG Hm1m3H - (516)
+ /F4 N EFy N By
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which is precisely the bosonic part of the action for type ITA supergravity. Thus, we have
obtained the D = 10 type IIA supergravity from the D = 11 supergravity.

5.2 Double Dimensional Reduction

One can obtain an action of the type IIA superstring coupled to an N = 2, D = 10 supergravity
background from the action of supermembrane coupled to an D = 11 supergravity background
via double dimensional reduction [4]. The notion of "double" comes from the fact that we
simultaneously compact the worldvolume and target space-time on a circle to reduce dimension,
which reduces the target space and worldvolume dimension by one. We can also see that the
conformal symmetry of string theory arises from the dimensional reduction process as the

residual symmetry of the three-dimensional diffeomorphism [44].

Following the dimensional reduction on the supergravity action, we move to the dimensional
reduction on the action of the supermembrane coupled to the supergravity background. The

action is given in (4.1). We will first work on the pure bosonic sector given in (4.3).
Also, we can do the two-one splitting for the worldvolume coordinates,
g =(,p), i=0,1. (5.17)
and also for the target space coordinates,
XA = (x00m y) (5.18)

Then, we can choose the partial static gauge choice such that p =Y. Several ansatz were made

for the double dimensional reduction to be carried out. We demand that,

0,X™" =0 (5.19a)
9py;; =0 (5.19b)
Oy gimn = 0 (5.19¢)
By Amip = 0 (5.19d)

Then, a suitable choice of ten-dimensional components from the eleven-dimensional fields is

given by,

on + €22 AL A, Ae??
OV T (5.20)
" A, e? e
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Using the embedding equation (4.25), we determine the induced metric on the worldvolume

after dimensional reduction,
(5.21)

where v;; = ¢;j = 0, X™0; X" gy, is the induced metric ion the world-sheet in ten-dimensional

target space, and A; = 9;X™A,,. We determine that,
3 2
det (7%(5 )> = det (712 )> (5.22)
since v is a three-by-three matrix.

Recall that the membrane field equation is given by (4.7), by substituting the ansatz above,

we reduce the dimension to ten,

. 1 -
ai (\/__’waanngmn) + imvzjaananpamgnp

3 (5.23)
+66“22’361-1X"@iQX”&,J,YanplO =0
Using (5.19), we have only 0,y # 0. Therefore, the membrane field equation becomes,
- 1 -
ai (\/ _Pyﬁy”anngmn) + 5 V _’Y’YZ]aananpamgnp
. (5.24)
+§€Z]aananpHmnp =0
where H,np = Frnpio is the 3-form field strength from dimensional reduction of Fipp. We
notice that (5.24) is just the equation of motion of the action,
1 g 1 ..

with respect to X™. This action describes a one-dimensional string coupled to the type ITA

supergravity background.

Consequently, dimensional reduction reduces the eleven-dimensional membrane to a ten-
dimensional string, eliminating the cosmological term /—7. It also changes the Wess-Zumino
term from being coupled to a three-form into being coupled to a two-form. The other field
contents in the type IIA supergravity, Cp,,p, Am, and ¢ are decoupled from the bosonic sector

but will still couple to the theory in the fermionic sector.

The double dimensional reduction differs from conventional Kaluza-Klein dimensional re-
duction by making the partial gauge choice p = Y, which means we compactify the target space
and worldvolume on the same circle. The ansatz (5.19b) indicates that we discard the massive
modes on the worldvolume in the reduction. Such truncation of massive modes is proved to be

consistent with the membrane and the background supergravity [45].
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5.3 From Supermembrane to Superstring

We have discussed the dimensional reduction of the bosonic part of the eleven-dimensional
membrane action coupled to supergravity. Likewise, we can perform dimensional reduction
on the full supermembrane action in superspace [4]. For simplicity, we eliminate the auxiliary

metric by writing in the Nambu-Goto form of action,

- L iitep Avgp Awpp A
S — T; / d3f [— \/— det (E;“Ejb%i,> + 66 12 BEglAl E22A2E%3A3AA3A241 . (526)

Similarly, we separate the eleventh dimension of the bosonic sector,
ZM = (X™Y,0") = (ZM,Y), (5.27)

All 32 supercharges are preserved under the dimensional reduction from D = 11 to D = 10,

hence all the Grassmann odd coordinates are preserved. We imposed the same ansatz,
9,2 =0 (5.28)
and identify p = y as in the bosonic case.

Then, the Kaluza-Klein ansatz of the supervielbein is given by,

EMa EMa EM10

(1) A _
E Mo a « 10
Ey Ey Ey

(5.29)
EMa EMQ+AMXQ CI)AM

0 X P
where E)* and E® are the components of the ten-dimensional supervielbein Ey4, Ay is the
superspace U(1) gauge field. & and x* are superfields. The leading orders of them are dilaton

¢ and dilatino \“, respectively. As we did for the vielbein, we imposed local Lorentz symmetry

to set BV, @ = 0.
The gauge fields A, p decomposed into,

ABY = (Cywp, Bun) (5.30)

where we have identified Ag\?}, p=Cunp and Ag\ljj)vy = Bun-.

Substituting all the reduced ten-dimensional fields into the supermembrane action (5.26)

and setting 0 = 0, we obtained the action of superstring that coupled to a supergravity
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background,

1 ..
510 — T /d2§ (—\/— det Eianb'f]ab + EElJaiZMajZNBNM) . (5.31)
where all constants are absorbed into T} = 27 R.T5.

We can determine the x symmetry after dimensional reduction. Substituting the K-K

ansatz, the transformation law in ten dimensions is determined to be,

52m =0, .
5.32
67% = P (1 4 TUO)o,,
where I'19 is determined from '™ via identifying as = 11,
o 1 ijma a 11 1)\
(LU0, = =B E (Tl T8) s
(5.33)

1 . «a
= ipmp. (F(ll) F(H)>
2\/_—76 J ajaz™ 11 B

which is equivalent to the one obtained from the general expression (4.28) since I' (0 = 1o
for a =1,...,10. The compact coordinate y also transformed under the x symmetry,
b, = —k® (1 + TN 54, (5.34)

Hence, to maintain the partial gauge choice y = £, a worldvolume diffeomorphism of
u® = (0,0, k(1 + T4 4,) (5.35)

must be made.

5.4 Weyl Invariance from the Three-Dimensional Worldvolume Dif-

feomorphism

Now we consider the symmetry of the theory after dimensional reduction. The superstring
theory should have Weyl symmetry on the two-dimensional world sheet. However, with the
ansatz given in (5.19), the worldsheet only admits a two-dimensional diffeomorphism with no

further residual local symmetry. The diffeomorphism parameter is given by,

u(?’)%(fl,EQ,p) _ (U(Q)i@l,g?)’o) (5.36)

It was shown that the Weyl symmetry can arise from the residual three-dimensional diffeomor-

phism invariance by imposing the appropriate form of Kaluza-Klein ansatz [44].
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The reason we do not retain the Weyl invariance is that we put the theory in the partial

gauge p = y. Instead, we can release the gauge choice by setting 0,y = 1, or equivalently,

y=p+ f(,¢" (5.37)

where f is an arbitrary function. Now the diffeomorphism parameter Ul is given by,

u®iEL €2 p) = (u@i(er, €2), uP (€1, €2)) (5.38)
and the residual symmetry group is the two-dimensional diffeomorphism
O @™ = uro ™
(5.39)
Sy iy = uFOkvij + (0" + (05u*) s
with additional residual symmetries given by,
O™ = uP0,2™ =0
duey = w0,y = u” (5.40)
SurYy; = (Ou”),5 + (O5u”)7,;

Those residual symmetries yield the transformation law of f,

0f (e, 6%) =u(&, &%) (5.41)

Then, we modify the decomposition of the worldvolume metric to be depended on f(£°, &1),

—f(€%¢Y A, 2¢" (2 (2. o2¢
e i+ €2 GiG; Gie
(3) _ -2 Vi : (5.42)
& G;e* 2

while the decomposition of the target space metric g5 is kept the same as in (5.20). We can

determine that relation of the determinant of the induced metric is given by,

\/ — det %»(;) =ely/—det 7%(;) (5.43)

considering that ;; is an 2 X 2 matrix, from which we can further determined that,
5up%-j = Up’}/ij. (544)

Thus, u” plays the role of the Weyl symmetry factor e? under the Weyl transform +j; = e®;;.

Substituting the embedding equation we can also determine ~,;, G;, and ¢/,
¢ =0,
Gi = 0ix" Ay + 0i f, (5.45)

Yij = ef (0;x™0;x" Gmn) -
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5.5 Dilaton Dependence of Type II Superstring Theory

The ten-dimensional type II supergravity theory presents an NS-NS sector multiplied by the
tree-level factor e=2? while the R-R sector is not. Studying the dilaton coupling to the R-R
sector from the view of the worldsheet would provide a clear understanding of the dilaton

dependence of higher order terms as we go beyond the effective theory [46].

The conjecture was made that the R-R fields have an extra e? factor that cancelled the
tree-level dilaton coupling. Therefore, the dilaton dependence vanishes in the kinetic term in
the superstring action while the presence in the Weyl anomaly beta function, which has the

standard form of R + D?¢ + H? + ‘32(;5(F[%] + F[i}) =0.

Studying the eleven-dimensional origin of the dilaton will help us understand the nature of
dilaton dependence. As mentioned in the previous section, we can obtain the D = 10 super-
gravity from the supermembrane coupled to the D = 11 supergravity via double-dimensional
reduction. The origin of the dilaton is the (11,11) component of the D = 11 metric; the R-R
one-form gauge field is the (11,m) vector in the D = 11 metric, while the RR three-form gauge
field is from the (m,n,p) component of the D = 11 three-form gauge field. We consider only
RR fields coupling terms obtained from the Wess-Zumino term, expanding in the field contents
to the leading order gives the following expression,

%EEEAl A o (5.46)

— _geili‘ﬂ'sa;ZMEMdaijENba,;ZPEP& (0725) 5+ - --

From the double dimensional reduction we obtained the ten-dimensional Wess-Zumino term,
the leading order is an NS-NS gauge coupling term while the O(6?) order term is an R-R

coupling term, which is given by,
1 i m npn 1 1 s
§e¢ejd-:c 0;x"0 gFmpFnFP + 5gg Ll 1l (THPe,, — 8TMP§5) 1 6. (5.47)

Similarly, the Nambu-Goto term in the supermembrane action after double dimensional reduc-
tion and expanding in the higher order of 6 of superfields give rise to a parity-even R-R gauge

fields coupling with the same e? pre-factor.

The existence of the e? factor of the R-R form gauge fields after double dimensional reduction
is consistent with our conjecture of the extra e? factor made previously. One can also determine
that for higher kth order coupling terms of R-R gauge fields in type ITA superstring effective

k+n—2

action, the extra factor would be el )% where n is the genus on the string worldsheet.

41



Other than the pre-factor of e?, the type II supergravity also admit a dilaton term that

takes the form,
/ 6/ HOR () (5.48)

This term does not present in the classical analysis in our previous discussion in double di-
mensional reduction. In fact, this term can be regarded as arising from quantising the mem-
brane [47]. In the same paper, a conclusion is also presented that this construction of dilaton

term only works with critical dimension, which rules out the non-critical supermembrane.
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6 Conclusions and Outlook

In this dissertation, we delved into the fundamental concepts of the M2-brane. We reviewed how
the M2-brane couples to 11d supergravity and how it reduces to superstrings in ten dimensions.
We began by introducing supergravity in eleven dimensions and type II supergravities in ten
dimensions. The discussion then proceeded to the Killing spinor condition for the pure bosonic

solution that admits global supersymmetry.

Subsequently, we derived the classical solution of supergravities. In particular, we solved
the M2-brane solution of the eleven-dimensional supergravity by employing the brane ansatz,
which features an isotropic transverse space and a worldvolume recognising a three-dimensional
diffeomorphism. For detailed calculation, readers are referred to Appendix B. This section also
highlighted that the M2-brane solution possesses a horizon at » = 0. The geometry near the
horizon is AdS, x 87, and we demonstrated that we can extend the metric to the entire space-
time by introducing the M2-brane source term. We also mentioned the possibility of stacking

multiple M2-branes.

The next segments of this dissertation presented the action for the M2-brane in eleven di-
mensions, followed by the derivation of the classical solution to the M2-brane action. Firstly,
the bosonic p-brane action in flat and curved backgrounds was given. The generalisation of
the bosonic brane action into the supermembrane action was illustrated. Then, the x symme-
try was introduced for supermembrane action to match the bosonic and fermionic degrees of
freedom. We noted that the requirement of the supermembrane action admitting x symmetry
is equivalent to the equations of motion of the eleven-dimensional supergravity, demonstrating
the close relation between them. We described Brink-Schwarz superparticle and Green-Schwarz
superstring action to discuss the x symmetry further. Classical solutions of the M2-brane ac-
tion in flat space were also discussed. Finally, we ended this section by discussing the soliton

interpretation of supermembrane.

In the last part, we discussed the dimensional reduction of supergravity and the M2-brane.
First, we introduced the Kaluza-Klein reduction of the 11D supergravity to 10D type II A
supergravity by compacting one spatial degree of freedom on a circle. The decomposition
of field components into lower-dimensional fields was illustrated. Then, using a partial gauge
choice, we compacted both the target space and worldvolume of the M2-brane action, obtaining

the Green-Schwarz superstring coupled to the supergravity background. We verified that the
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x symmetry is preserved in the dimensional-reduced superstring theory. Moving to the Weyl
symmetry exclusive to string theory, we established that with an appropriate gauge choice, the
Weyl symmetry can be revived from the residual symmetry of the worldvolume diffeomorphism
for the M2-brane action. The final point of discussion centred on the dilaton dependence in type
IT superstring theory and the dilation term emerging from the quantisation of the membrane

action.

The exploration of the M2-brane and M-theory remains an active and evolving area. Over
the past several decades, various properties of the M2-brane have been discovered, providing
us strong confidence that it is the fundamental object in the proposed M-theory. Moreover,
the role of the M2-brane is important in formulating a consistent quantum gravity theory in
eleven dimensions. Notably, the M2-brane in M-theory is not a straightforward analogue to
the fundamental strings in string theory. This complexity arises because the M2-brane is non-
perturbative, making it difficult to quantise. Nonetheless, a way to approach a quantum theory
is through semi-classical quantisation, which is to study the fluctuation around the classical

solutions [6,48,49].

Moreover, the advancements in the AdS/CFT correspondence give a new way to study the
M-theory. Specifically, the ABJM theory, which is a gauge theory, is postulated to be the
dual for M-theory on AdS; x S7/Z;, [50,51|. Delving into these topics will offers insights into

properties of M2-branes, extending beyond the scope of this review.
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A Notation Convention

In this essay we use the following conventions:

9mn = (_7+7"'7+)7 (Al)
€012 — 6012 = —]., (AZ)
{r™ 1"} = —2n™" (A.3)

We label the indices with the following rules:

(1) In the bosonic case: We split the coordinate in to (p+1,D-p-1) form: 2™ = (2%, y*). The

transverse coordinates labelled by indices s when discussing the membrane ansatz.

(2) In the supersymmetric case: The M for the superspace coordinate Z | and can be divided
into Grassmann even coordinate ™ and Grassmann odd coordinate 0*, M = (m, u). The

supervielbein E,,* with tangent space supervielbein indices A = (a, ).

(3) In world-volume formalism: The worldvolume coordinates £ with worldvolume indices 4.

And target space coordinates are labelled by the corresponding superspace indices.

(4) In dimensional reduction: The hatted indices are the indices of higher dimensions, while

the lower dimension coordinates are labelled by un-hatted indices.

B Solving for the M2-brane Ansatz

With the ansatz for all the field contents in hand, we can insert them into the field equations
to solve for the p-brane (a p-dimensional extended object) solution. Using the vielbein, we can
obtain the Ricci tensor, which is needed for later analysis. The differential one-form is given
by e™ = e, ™dxz™. Similar to the space-time indices, the tangent space indices also split as

m = (i,s). Substituting the ansatz, we obtain the vielbein basis:

et = eA(T)d:ciéf, el = eB(T)dyS(Sf. (B.1)

The spin connection 1-form w¥ = w,?da’ can be obtained from the torsion-free Cartan
structure equation,

det + wij Ael=0. (B.2)

45



The spin connection is determined as following,

w4 = 0,
wit = e~ B, A(r)et (B.3)
wit = e BWHY,B(r)et — e P50, B(r)et.

The curvature 2-form R™, can be determined via the equation:

n —

R™, = dw™, +w™, A WPy (B.4)

From the curvature 2-form, we can obtain the Ricci tensor, with the non-zero terms given by:

. 1+1
RU :_nij€2(A_B) (A//+d(A/)2+dA/B/+ (d+ )A,>

r
. 2d + 1
Ry =— 0y (B” +dA'B' +d(B')" + vl g, £lA’) (B.5)
r r
_ys’gt (CZB//_'_CZA//_2dA/B/_+_d(A/>2_CZ(B/>2_gB/_C_lA/>7
r r r

where d = p + 1 represents the worldvolume dimension, d = D — d — 2, and prime denotes the

derivative with respect to r.

Then, we can substitute the curvature components, Ricci tensor, and the gauge field ansatz

into the Einstein equation:

. d+1) d
A" +d (A +dA'B (—A’:—52 B.6
Fd () + L 2(D — 2) (B.6a)
. 2d + 1) d d

B" +dA'B + d(B')? (—B’ A= T 92 B.6b
+ +d( )—i_ r +7“ 2(D —2) ( )

TN " I "2 7 "2 d / d / 1 N2 1 2
dB" + dA" —2dA'B' +d(A")’ —d(B)’—-B' ——-A +§(¢>) _55 (B.6¢)

T T

where the first equation is derived from R;;, the second is from the dg sector of Ry, and the
third one is from the ¥4* sector. The S term on the right-hand side (RHS) of the equations is
given by,

(e%“‘b*dA*C) C’ electric: d=n—1,¢ = +1
A (e%a¢*JB> pd-1 magnetic: d=D —n—1,¢=—1

when considering the graviton coupling to the n — 1-form gauge field. We can also determine

the equation of motion for the gauge field:

V2C + (C" = dA' + dB')C" = 0. (B.8)
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where V2 is the Laplacian in the transverse space {y™}, and for the dilaton:

¢" +dA'¢ +dB'¢ + ¢ = —=caS? (B.9)

2

d+1), 1
r
where ¢ = +1 for the electric or magnetic ansatz.

One may notice that the left-hand side (LHS) of the dilaton’s equation of motion bears a
resemblance to the Laplacian of the isotropic field ¢ in the transverse space:
d+1
+ P
r

Vg = ¢ & (B.10)

As we will see in the later section, in order to preserve supersymmetry, the solution should
satisfy the following condition:

dA' +dB' = 0. (B.11)

Substituting this constraint into the equations (B.6) and (B.9) and using the Laplacian, we

obtain:
VA = Lbﬂ (B.12a)
2(D—2)"" '
Vi = —%ga&a, (B.12b)
d(D - 2) (A”?) + %J (¢%) = %CZSZ, (B.12c)

where we have eliminated B from the equations [52].

We can deduce from equation (B.12a) and (B.12b) that the ansatz for gauge field and dilaton

admlt a linear relation:
—ca(D -2
¢ = —ga(cz )t (B.13)

For simplicity, we introduce a new notation A:

= A ——. B.14
a D3 (B.14)
Then, we can write (B.12¢) in terms of A:
Ag”?
2
hence the equations of motion become one equation of ¢ only:
A
V24 =¢? =0 (B.16)
2a
and can be further simplified into the form of the Laplace equation:
2052 —
Vie2? = 0. (B.17)
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This Laplace equation can be easily solved with the assumption that the transverse space is

isotropic
1 <
D_—d_lar <7‘D_d_1(9,«6£¢> =0 (B].S)
r
by the solution
By ko K

where the boundary condition is set to 0, i.e. ¢, = 0, for asymptotically flat solution. The
integration constant x is set to be positive to ensure there is no naked singularity at finite 7,
like the mass M in the Schwarzschild metric. Apply the same flat boundary condition on A
and B, using (B.13), we can obtain the expression for A in terms of H,

—2d

e = Ho-23 (B.20)
Recall we have the constraint dA’ + dB’ = 0, we can also express B in terms of H,

B — goons (B.21)

We can obtain the relation between C' that determined the gauge field and A that determine
the metric via equation (B.7) and (B.15),

-V Ae—%adn—i-dA
a

0,eC = ¢ (B.22)

where we have used that a is negative when taking the square root. One can also check that
this solution satisfies the equation of motion of the gauge field (B.8). In electric coupling case
where ¢ = 1, we can rewrite (B.22) by absorbing proper coefficient into the derivative,

2 )
Oy’ = ——0,e 299 (B.23)
VA

Thus, collecting all the terms, the Mp-brane solution for D-dimensional general supergravity
theory is given by,
ds? = H 95 didain,; + HO-95 dy*dyts, (B.24a)
20 +1, electric
e¢ =Hsxax ¢= (B24b)
—1, magnetic

H(y)=1+—, (B.24c)

with C(r) satisfied the relation given in (B.23),

C 2

VT (B.25)
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