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ABSTRACT: We derive an exact operator bosonization of a finite number of fermions in
one space dimension. The fermions can be interacting or noninteracting and can have an
arbitrary hamiltonian, as long as there is a countable basis of states in the Hilbert space. In
the bosonized theory the finiteness of the number of fermions appears as an ultraviolet cut-
off. We discuss implications of this for the bosonized theory. We also discuss applications
of our bosonization to one-dimensional fermion systems dual to (sectors of) string theory
such as LLM geometries and ¢ = 1 matrix model.
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1. Introduction

The recent study by Lin, Lunin and Maldacena [fl]] of a class of half-BPS type IIB geometries
in asymptotically AdSs x S° spaces, offers an excellent laboratory to explore aspects of
quantum gravity. In the boundary super Yang-Mills theory, the corresponding half-BPS
states are described by N free fermions in a harmonic potential [—[]. At large N, there
is a semiclassical description of the states of this system in terms of droplets of fermi fluid
in phase space; LLM showed that there is a similar structure in the classical geometries
in the bulk. The semiclassical correspondence is already remarkable in the sense that it
exhibits a noncommutative structure of two of the space coordinates [fl, fl]; however, finite
N effects, corresponding to fully quantum mechanical aspects of bulk gravity, open up more
interesting questions [fi]. While it has been shown that semiclassically small fluctuations of
the droplet boundaries correspond to small gravitational fluctuations around the classical
geometries [fil, {7, B, at finite N only those fluctuations of the fermi system which have low
enough excitation energy compared to N can be identified with gravity modes propagating
in the bulk (we will elaborate on this in section [l.2.1]). Excitations with energy comparable
to or higher than N do not correspond to gravitons but to non-local objects in the bulk,
namely giant gravitons or dual giant gravitons [f-[[I]. Even more remarkable is the fact
that the fermi partition function can be mapped onto the partition function for giant
gravitons or dual giant gravitons [[[J] alone, without involving any low-energy gravitational
degrees of freedom at all. This seems to suggest that, at least in the half-BPS sector, the
bulk geometry has a nontrivial structure at a small enough length scale whose precise value
depends on N, and that below this length scale gravitational phenomena in the bulk are
described by degrees of freedom that are quite different from the degrees of freedom that
characterize low-energy gravitational fluctuations. In such an interpretation, low-energy
gravity modes would be “composites” of the microscopic degrees of freedom. This provides
a motivation to look for an exact bosonization of the finite N fermi system, which should
provide the “right” variables to describe bulk gravity consistent with such a structure.
Bosonization of a system of finite number of fermions is an interesting problem in
its own right, with many potential applications in quantum field theory as well as in
condensed matter theory. For this reason the problem has received attention for more
than half a century now. Approximate solutions have long been found in case of free
nonrelativistic fermions near the fermi level [I3] where the fermion density turns out to
be the spatial derivative of the bosonic field. This bosonization becomes exact when the
fermions are relativistic and are infinite in number [[[4, [[§]. In the case of free nonrelativistic



fermions in an inverted harmonic oscillator potential in one space dimension, arising in the
context of ¢ = 1 matrix models, approximate bosonization in terms of fermion density
gives rise to the massless boson of two-dimensional noncritical string theory (usually called
the “tachyon”) [L6-[L9). An exact bosonization of fermions in an arbitrary potential in
one space dimension was found in [R0, PI] in terms of the Wigner phase space density of
the fermions, but the bosonic variable satisfies an infinite dimensional nonabelian algebra
(W-infinity), instead of the Heisenberg algebra, and it satisfies a quadratic constraint;
the approximate bosonization in terms of the position space density can be derived from
it. Recently it has been noticed [B, f, B2, [l, [J] that the spectrum, and consequently
the partition function, of N nonrelativistic fermions in a harmonic oscillator potential
(discussed in the previous paragraph) agrees with that of a system of free nonrelativistic
bosons which are infinite in number but each of which moves in an equally spaced N-
level system (similar to harmonic oscillator energy levels with an upper cutoff). Indeed
the fermionic spectrum also agrees [[J] with that of a second bosonic system with a finite
number N of particles, each moving in a harmonic oscillator potential. These two bosonic
spectra represent those of giant gravitons [J] and dual giant gravitons [0, [[1] respectively.

In the present work, we derive an exact operator equivalence between a system of N
fermions in one space dimension and two different bosonic systems satisfying the usual
commutation relations (Heisenberg algebra). The two bosonic systems are reminiscent
of giant gravitons and dual giant gravitons, but they appear in bosonization of fermions
moving in any potential. Perhaps the most remarkable effect of having a finite number of
fermions is that it gives rise to fuzziness in coordinate space in the bosonized theory. This
fuzziness can be seen directly in the bosonized theory and arises because N provides a high
energy cut-off on the basic bosonic degrees of freedom. It can also be seen by reformulating
the bosonized theory as a theory on a lattice with spacing given by 1/N. In the LLM
context, what this means is that for finite NV we have a direct derivation of the appearance
of a short-distance cut-off in the bulk string/gravity theory, at least in the half-BPS sector.
This is consistent with what we expect from stringy exclusion principle [P3]. Earlier works
on the appearance of graininess on the gravity side of AdS/CFT correspondence are [P4-
B).

This paper is organized as follows. In the next section, we first give the rules for our
first bosonization which maps the system of NV fermions to a system of bosons each of which
can occupy a state in an N-dimensional Hilbert space Hpy. The finiteness of the number
of fermions reappears in the bosonized theory as finite dimensionality of the single-particle
Hilbert space. Consequences of this for the bosonized theory are discussed in section fJ. In
particular, we argue that the quantum phase space of the bosons is fuzzy and compact.
Actually finite N is responsible for graininess even in coordinate space. This is seen more
directly in a lattice formulation of the bosonized theory, with lattice spacing 1/N, which is
also discussed in this section. Section B also includes a detailed discussion of the bosonic
phase space density. In the LLM context, the bosonic density as a function of the phase
space has the appearance of a rugged circular “cake” with an approximately fixed diameter,
confirming the interpretation of the bosons as giant gravitons. This is to be contrasted
with the fermionic phase space density which looks like droplet configurations. Section [ is



devoted to a detailed discussion of this and other aspects of application of our bosonization
in the LLM context. In particular, we argue that at finite NV, the LLM gravitons must
be fuzzy in an essential way. Section [j describes the second bosonization. The essential
difference with the first bosonization is that the number N now appears as an upper limit
on the total number of bosons. Application of our bosonization to the ¢ = 1 matrix model
is briefly sketched in section . Some details of computations are given in appendices [
and [§. In appendix [J we discuss an important byproduct of our bosonization, namely
the bosonization of N fermions in a finite (K) level system and the resulting bosonic
construction of representations of U(K), which is different from the well-known Schwinger

representation.

2. The first bosonization

Let us first set up the notation. Consider a system of NV fermions each of which can occupy
a state in an infinite-dimensional Hilbert space H ;. Suppose there is a countable basis of
Hy:{|lm),m =0,1,...,00}. For example, this could be the eigenbasis of a single-particle
hamiltonian, h|m) = £(m)|m), although other choices of basis would do equally well, as
long as it is a countable basis. In the second quantized notation we introduce creation
(annihilation) operators v, (1) which create (destroy) particles in the state |m). These
satisfy the anticommutation relations

{¢ma¢;rz} = Omn (2.1)

The N-fermion states are given by (linear combinations of)

fros ) = b 0l (0)p (2.2)

where f,, are arbitrary integers satisfying 0 < f; < fo < -+ < fn, and |0)r is the usual
Fock vacuum annihilated by t,,,m =0,1,...,0c0.

One can create any of the states |fi,..., fny) from the state |Fy) = |0,1,..., N —1) by
repeated application of operators

Properties of ®,,,, and related operators, including the Wigner and Husimi distributions,
are listed in appendix B

We will map the above fermionic system to a system of bosons each of which can
occupy a state in an N-dimensional Hilbert space Hy. Suppose we choose a basis {|i), i =
1,...,N} of Hy. In the second quantized notation we introduce creation (annihilation)
operators a;r (a;) which create (destroy) particles in the state |i). These satisfy the com-

mutation relations
la;,al] =6,  ij=1,...,N (2.4)

A state of this bosonic system is given by (a linear combination of)

(@)t (aly)™
ril--ory!

|1, ...,rN) = |0)p (2.5)



2.1 The bosonization formulae

The bosonization formulae are written most economically using the notions of operator
delta and theta-functions. These are defined for any operator O as follows:

27
5(0) = /0 % exp(i00), (2.6)
and -
0,(0)= 6(0-m), 0_(0)=1-06,(0). (2.7)
m=0

Furthermore, we will also need to introduce the following operators:

1 1
o) = ————ay, a}; = ali (2.8)

aLak +1 aLak +1

These operators have interesting properties. In particular, the following relations are useful

in obtaining the bosonization formulae given below.

ok UT:L ol o, =0 aTak—l. 2.9
k k +\0

Since delta-function operators of the form §(} " , a;;i ai;, —p) will appear quite often in

the formulae given below, we give an alternative, more familiar, expression for it in terms of
more elementary operators. First recall the following representation of the operator |m)(n|
in a harmonic oscillator Hilbert space with raising (lowering) operators af(a):

1
|m)(n| = calmelagn . (2.10)

vm!n!

where :: represents normal ordering. This implies

1
§(a'a —n) = |n)(n| = i atme=a'agn (2.11)

which can be used to write
n n
0> afar,—p)= Y. []daf,ar — ) (2.12)
i=1 Tgyt e, =pi=1

1 Trk “‘r — n i T
— . 1,.,. kn Zi:lak,ak' ky . Tkn .
= g Tl Ay, a " e iy, ap " -

Tyl Tk, !

Tkyt Tk, =P

Similarly, one can give alternative definitions of the operators §(3> "2 ¢,J[,L¢m) which

m=mi
appear extensively in egs. (P.17), (B-1§) below. We first note the identities
S(hn) = 1= lthn,  S(lon — 1) = ltn. (2.13)

These identities enable us to write the following alternative expressions for some fermionic

delta-functions:

5> wham) = [[ 0@hwm) = [ 1 —vhwm). (2.14)

We are now ready to describe the bosonization formulae.



2.1.1 Fermionic representation of bosonic oscillators

We will first define the bosonic creation and annihilation operators in terms of their action

on the states of the fermion system. We have, on a general N-fermion state (R.2),

al [fisee N = VN1 — Ik [ Fis oo PNk FN—kt1 + Loy fv + 1),
k=1,...,N—1

aly [fr,oo i) = VI LI+, 1), (2.15)

Thus, a;rg moves each of the top k fermions, counting down from the topmost filled level,
up by one step. Similarly, the action of a; is to move each of the top k£ fermions down by

one step:
ak |f1s- o IN) = NNkt — INok = L 1o PNk Ik — 1oy fv — 1),
k=1,... N—1
ay [fi, )= ViA=L = 1), (2.16)

The reasoning that led us to these expressions for the bosonic creation and annihilation op-

erators has been explained in appendix [A.]. Here we simply mention that these definitions
of the bosonic creation and annihilation operators satisfy the oscillator algebra (B.4). The
reader can find a proof of this in appendix [A.2 Note that the state |Fy) =0, 1, ..., N —1)
is special since it is annihilated by all the annihilation operators ax, £ = 1,2, ..., N.
Therefore, as expected, |Fp) is the oscillator vacuum state |0) 5.

One can also give operator expressions for the oscillator creation and annihilation

operators in terms of the fermion bilinears. We have,

aL = Z vmip —mg (¢In0¢mo)(¢jn1+1¢m1) e (w:nk+1¢mk)

Mp >Mp—1 > >MQ

mi1—1 mo—1 mg—1
><6< 3 wiﬂwm) 5( 3 wmm>---5< 3 winwm>

m=mgo+1 m=m1+1 m=my_1+1
&9
x5< > wgno, kE=1,2,...,(N—-1) (2.17)
m=my+1

and

Z vy + 1 (wlnlJrlwml) o (’l/};I:nN+1,l/}mN)

MmN>my—_1>-->mq

mo—1 my—1
><6< 3 winwm)---5< 3 w%)

m=m1+1 m=mpy_1+1

x5< 53 ¢g¢m>. (2.18)

m=mpy-+1

aly

The annihilation operators are obtained from these by conjugation. These expressions

look complicated, but it is easy to see that when acting on a generic fermion state (R.9),



because of the operator delta-functions, only that term in the sum survives for which my =
SNy me—1 = fN-1,..., mo = fy—k in (R17) and my = fn, my—1 = fN-1,..., M1 = f1
in (R.19). This reproduces (B.15). One can similarly reproduce (2.16) from the action of
conjugates of (R.17) and (R.1§) on the generic fermion state (B.9).

Note that the bosonic oscillators are mapped into combinations of fermion bilinears,

(-3). This is because we are interested in a fixed fermion number sector of the fermion
Fock space.

2.1.2 Fermion bilinears Miﬂqbn in terms of bosonic oscillators

The inverse map gives fermions in terms of the bosonic oscillators. Since the total number
of fermions is conserved, this bosonization map can only relate fermion bilinears to the
bosonic operators. The generic fermion bilinear is 1/);51 ¥n, where m, n =0, 1,---, oo, but
it is sufficient for us to obtain a bosonized expression for the bilinear for m > n only.
The bosonized expression for m < n can be obtained from this by conjugation. Before
going to the most general expression (see (|A.§)) we will first describe the relatively simple
expressions obtainable for (i) for small values of (m — n) and arbitrary N, and (ii) small
values of N and (m —n) any positive integer. We list below expressions for a few examples
of both kinds.

N =1: This is the simplest case. Here there is only one creation (annihilation) operator,
a (a). We have,

Y1 ap, = d(a’a —n)
Uy U= o™ 8(ata —n) (2.19)

N =2: In this case there are two creation (annihilation) operators, a]i (a1) and a; (a2).

The bosonized expressions are now more complicated than for NV = 1 case, but still man-
ageable. We have,

b = 5(01611 + a£a2 -n+1)+ 5(a£a2 —n)

m m
Vi o= o] d(afar+afas —n+ 1)+ 07" 0} 04 (alar — m) 6(afaz — n)
m—2
—o_ 1
- Z JJ{m " oyt a;rﬁ 5(@1@1 —71) 5(a£a2 —n) (2.20)
r1=0

Arbitrary N: In this case relatively simple expressions exist only for small values of
(m —n). We give below expressions for m =n, n+ 1 and n 4 2.

N N
Pl by = Z(S(Zazai—n—i—N—k)
k=1 Ni=k

N
¢L+1 Y = JJ{ 5<Zajai—n+N—1>

i=1

N-1 N
—i—ZJk U;LJFI 9+(a;2ak—1) 6( Z agai—n—}—N—k—l)
k=1 i=k+1



N
2
w;rH—Q Py = JJ{ 5<Za1a,~—n+N—1>

i=1

=

-1

N
2
+ UI%J;LH 9+(a2ak—2)6<z ajai—n%—N—kz—l)
i=k+1

i
I

N-1 N
— Oh_1 0']1;+1 9+(a;271ak,1 -1) 5(a£ak) 5( Z a;rai —n+N-—k-— 1)
k=2 i=k+1
N
_0; 5((1{@1) 5(2 a;rai —n+N— 2> (2.21)

i=1

Bosonized expression for the generic bilinear for arbitrary N is rather complicated and not
particularly illuminating. It has therefore been relegated to the appendix and is given in
3.

To check the validity of the bosonization formulae, we need to check that the (W)
algebra (B.{), expressing the commutation relation of fermion bilinears, works out. The
W algebra (B.6) works out for N = 1, 2 if one uses the bosonized expressions (2.19)
and (R.20). The first case is somewhat trivial. However, the second case is nontrivial and
the satisfaction of the algebra (B.6) requires delicate cancellations, as we have shown in
appendix [A]l. We have not yet completed a check of the algebra for general m, n in the case
of arbitrary N because of the complexity of the relevant formula, (A.§). However, because
of the nontrivial way in which it checks out for N = 2, we are confident that it will also
check out for arbitrary N. Moreover, as proved in appendix [A], the algebra works out for

arbitrary N for small values of (m — n).

2.1.3 The bosonized hamiltonian

Let us now discuss the bozonization of the hamiltonian. Before discussing the most generic
case (R.29), let us first ignore the fermion-fermion interactions. Let £(m), m = 0,1,2,...
be the exact single-particle spectrum of the fermions in that case (£(m) are the eigenvalues
of the matrix E,,, of (R.2§)). Then, the hamiltonian is given by

H="3" &(m) (2:22)

m=0

Using the bosonization formula (B21)), a bosonized expression for the hamiltonian can be
easily worked out:

m=0 k=1 i=k
N N
= ZE(N - /<:+Zaja,~>. (2.23)
k=1 i=k

The first equality above follows from the first line of (R.21)). Notice that, in general,
the hamiltonian will not be quadratic in the bosonic creation and annihilation operators.



Nevertheless, the bosonic states (R.§) diagonalize the hamiltonian because it only involves
the occupation number operators.

For most potentials, the exact spectrum £(m) of the single-particle hamiltonian is un-
likely to be known. However, what we need for the purposes of bosonization is any countable
basis, which could be provided, for example, by a part of the single-particle hamiltonian h
that is exactly diagonalizable. Thus, suppose, h = hg + hq such that lm), m=0,1,2, ---
is a countable eigenbasis of ho with eigenvalues £y(m). Note that we do not require hy to
be small compared to iLQ. Then, we have

o0

H = Z <5o(m)5mn + <mmlyn>> INETS
m,n=0
N N ') R
=) & (N — k4 Zaj%) + > (mlhaln) ¥f, v (2.24)
k=1 i=k m,n=0

Given hy, the matrix elements (m|hi|n) can be easily calculated. Typically these matrix
elements will not be diagonal '. Thus, to obtain the bosonized form of the hamiltonian,
we will need to use not only the bosonized expression for the fermion bilinear in the first
of (£.21)), but also the expression ([A.§) for the general bilinear zp;ﬂl . It follows that in
this basis the hamiltonian (R.24) is not automatically diagonal. The “law of conservation
of difficulty” is operative here; the problem of finding the exact fermionic single-particle
spectrum has reappeared as the problem of diagonalizing this bosonic hamiltonian!

Let us now consider a few special cases in some detail to illustrate how our bosonization
works in practice.

Fermions in a harmonic potential. A drastic simplification occurs in this case since
this potential gives rise to an equally spaced spectrum, namely £(m) = ¢; m + c2. In
this case, an exact expression for the bosonized hamiltonian can be worked out and it
corresponds to a bunch of simple harmonic oscillators (see (2.23)):

N

Hequalfspacing =C Z k a};ak + Hvac; (225)
k=1

where Hyoe = G N(N — 1) + coN is the energy of the fermi ground state.

Free fermions on a circle. In this case the single-particle spectrum is given by £(n) =
en?, ¢ = 272h%/mL?, where m is the mass of a fermion and L is the circumference of the
circle. The novelty here is that except for the ground state, each of the levels is doubly
degenerate. We will consider this case in some detail since it illustrates the generality of
our bosonization. Moreover, this example is among the rare exactly solvable cases with a

nonlinear spectrum.

The allowed values of m, n depend on the system under consideration. For example, let ho be the
harmonic oscillator hamiltonian and h; a quartic anharmonic piece. In this case, the matrix element
(mlh1|n) vanishes unless |m — n| < 4.



The normalized single-particle eigenstates (assuming periodic boundary conditions) are
Xan(T) = % et2mna/Lp —0,1,2, ... (xo(z) = \% is non-degenerate). The mode ex-
pansion of the fermion field will involve the corresponding annihilation (creation) operators
Vin (@tn) To make contact with our bosonization, we introduce the following identifi-
cations: Yo,_1 = 1;+n and g, = 1;_” for n =1, 2, ... (¢ corresponds to the constant
mode xo(z)). This identification maps the two fermion modes corresponding to each of the
degenerate single-particle levels to two consecutive modes in an auxiliary fermion problem
which our bosonization technique can handle. Using this mapping we can now transcribe
all the bosonization formulae to this case. In particular, the bosonized hamiltonian can be
obtained as follows:

[e'9)
Hcircle =cC Z n2 |:1/}Irn w-l-n + win w—n:|
n=1

N oo
=c Z Z n2 |:1/};n_1 ¢2n—1 + w;n ¢2n:|

k;lnoiol N N
= czzn2[5<2azai—2n+1+N—k> +5<Za1ai—2n+N—k>}
k=1n=1 i=k i=k

N N 2
_ ¢ t 1 N—k—i—Zf\i ajai
= Z};[N—k+§aiaz+§<l—(—l) =k (2.26)

The second equality above follows from our mapping of the degenerate levels to odd and
even level of the auxiliary fermion problem and the third follows from the first of the
bosonization formulae in (R.21]). As an example, let us compute the energy of the vacuum
state using the bosonized hamiltonian. On the vacuum state, the oscillator term vanishes.
We get

N 2
Haae 05 = 5[0k L (1) s (227
k=1
For N even, the eigenvalue becomes 2¢[1% + 22 + - - 4+ (N/2 — 1)?] + ¢(N/2)?, while for N
odd we get 2¢[12+22 +--- + (%)2] These are precisely the correct energy eigenvalues of
the N-fermion ground state in the two cases. One can similarly check that the bosonized
hamiltonian in (R.24) correctly gives the energy eigenvalues for excited states.

For small fluctuations around the Fermi vacuum, one can define a semiclassical limit in
which the standard relativistic boson emerges as low energy excitations. These excitations
coincide with the ones created by the af-oscillators. Details of this calculation will be
presented elsewhere.

Notice that the fermionic hamiltonian (first line of (-26)) is manifestly invariant under
n — —n, for any given n. It is reflected as degeneracies in the spectrum. This manifest
symmetry of the hamiltonian is lost in the bosonized form (last line of (R.26)), although
of course the bosonic spectrum does display the appropriate degeneracies. For example,
consider N even. In this case the fermi ground state is doubly degenerate since the single
fermion at the top can occupy either of the two degenerate states labeled by n = £N/2. In

,10,



the bosonic language, this pair of degenerate states is |0) 5 and aJ{ |0) . Similarly, for N odd,
the fermi ground state is unique, but the first excited state has four-fold degeneracy. The
corresponding four degenerate bosonic states are aJ{]0> B, a{2]0> B, a£]0> p and ag aJHO> B-
There will be a maximum of 2V degenerate states in the most general case. It is an
important problem to understand in a more systematic way this realization of the symmetry
structure in the bosonic theory. This would open up the possibility of applications of our
bosonization to problems in higher than 1 space dimension. For example, in 3 space
dimensions in a potential with spherical symmetry, one can proceed as above and give
some assignment of degenerate angular momentum states to the auxiliary fermion problem
2. The important issue would then be to understand how rotational symmetry is realized
in the bosonized theory. A systematic analysis of this is clearly very important, but is
beyond the scope of the present work.

2.1.4 Interacting fermion models

Our discussion so far has been confined to noninteracting fermions for which the full hamil-
tonian is a sum of single-particle hamiltonians. The generic many-fermion hamiltonian is

of the form

1
Hp = 5 Enntbtn+ > Vintehtontthy + - (2.28)
m,n m,n,l,r
where Ey,, = E  and Vi, . .. satisfy appropriate relations to ensure hermiticity of Hp

. By using our bosonization formula ([A.§) we can get the bosonic version of Hp in terms of
the a,af. (Similarly we can write down a second bosonized version, in terms of b, b using
the results of section [j.) It would be interesting to work out the properties of these bosons
for fermions with a Coulomb interaction, for example, and compare with the standard
collective excitations.

3. General properties of the bosonized theory

Let us now explore some consequences of our bosonization. We will first comment on the
finite dimensionality of the single-particle Hilbert space.

3.1 Single particle: quantum phase space is fuzzy and compact

A finite-dimensional single-particle Hilbert space Hy is equivalent to a noncommutative
or fuzzy compact phase space (for reviews on fuzzy spaces, see, e.g. Bg, Bd]). E.g, if the N
states |i) are the first IV states of a simple harmonic oscillator:?

ol
=210, i=0,1,2,...,N—1, al0)=0

i = =) 0

. ; 1 t 5 A A

h=h alatg ), [a,a'] =1, hli) = i+3 hli) . (3.1)

20ne could choose an assignment by switching on a small magnetic field that breaks rotational symmetry.
The original problem is recovered by letting the magnetic field go to zero after bosonization is done.

SWe will use a, af to denote the lowering/raising operators of the single particle Hilbert space of a
harmonic oscillator (as against as;, aj which are particle creation and annihilation operators).
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then the phase space corresponds to a fuzzy disc (see e.g. [B(] and (B.4) below.) Similarly,
if the N states are the 25 + 1 states |j,m), m = —j,...,+j of a rotor then the phase space
is a fuzzy sphere [B1]].

The fuzziness or noncommutativity of the quantum phase space M follows from the
existence of a finite A, irrespective of whether N is finite or infinite(the infinite-dimensional
Hilbert space of a one-dimensional particle corresponds to a plane with noncommutative
coordinates [z, p] = ih). See section [B for more.

The compactness of M follows from finite N. Intuitively, when the states |i) are,
e.g., “energy levels” of a bounded hamiltonian, the N Bohr orbits occupy a finite area
of the phase space. A more precise construction goes as follows [B0]. Consider Hy as a
subspace of an infinite dimensional Hilbert space Ho,. For definiteness we will consider
the case of the harmonic oscillator, given by (B.1]), the generalization to other cases being
straightforward in principle. The quantum phase space can be defined in terms of the
algebra Ay of operators on Hp, which themselves can be defined from operators on Ho

using a projection operator:
O — Oy = Py O Py = (i|01/)[i)(j| € An, i,j=1,...,N

Py =Y il (3.2)

Of course, the map O — Op is many-to-one. In terms of the phase space (Husimi)
representation of operators (see appendix B), (B.4) reads

O(z,2) = On(2,2) = Pn(2,2) *x O(2,2) * Pn(2,2) (3.3)

where the star product is the Voros star product. The operation on the r.h.s. essentially
turns the support of (’)(z, 2) into a compact one of an approximate size

2= Nh (3.4)

with an exponential tail ~ exp[—72?/h]. This can be seen by noting that Py(z,2) =
I'(N +1, %)/F(N + 1) has the above fall-off property.

Note that the truncation to an effectively compact phase space does not depend on
taking any semiclassical limit. It is clear that the support of Oy(z,z), irrespective of
the original O, will be confined to r < rg. The geometry of the quantum phase space is
therefore that of a disc. We have proved this result here for the harmonic oscillator, given
by (B-1)), but similar results hold for other finite dimensional Hilbert spaces.

Another way to see the appearance of the fuzzy disc is to compute the Husimi dis-
tribution for any basis of states in Hy. For the harmonic oscillator example (B.J)), using
(B.5) we see that the Husimi distribution in state |j) is concentrated around r = \/j,j =
0,1,2,....,N — 1. The state of the maximum size, with j = N — 1, has an approximate
radius 7g. The existence of the maximum size of the Husimi distribution can be easily
proved for an arbitrary linear combination of the basis states by a simple generalization of
the above argument.
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Coherent states in Hy. There is another useful basis of states for Hy, the modified
coherent states (see, e.g. [B9], eq. (4.16)) defined using the projection Py (see (B.2))

PN’Z>
2, N) = s
|| P2l

which, for the harmonic oscillator example, (B.1]), becomes

1 ok k
Ny=— - = (a0 3.5
where Expy[z] = ivzfol :}“;—I? The modified coherent states satisfy completeness relations
/dQZe_ZQIZ,NMz,N\ = Py. (3.6)

The Husimi distribution (regarded in the full phase space of Ho) of any |z, N) is

ef‘w|2

H, n(w, ) |Exp y[@2]]°. (3.7)

- Expy||z|?]

which falls off exponentially beyond |w| = VN irrespective of the specific z (it has a peak
around w ~ z if |z| < V/N).
In terms of the modified coherent states, the Husimi distribution in a state |1), defined
in (B.9)), gets modified to
H(z,7,N) = |(z, N[$))[” (3.8)

“Fuzzy” coordinate space. It is interesting to note that at finite N (and finite i) even
the coordinate space is “fuzzy”. This is in the sense that, for any ‘polarization’ (z,p) of
the phase space, localization in x (Az = 0) requires Ap = oo, which is impossible for a
compact phase space. More precisely, the wavefunction §(z — ) cannot generically be
built by superposing a finite number of wavefunctions y;(x) = (x|i), i = 1,..., N. Indeed,
the projection in (B.2) implies that |z) is replaced by the state |z)y = Py|z) which has
the following position-space wavefunction

(law) =Wl le) = > xi Wi() (3.9)

i
This approaches §(x — y) only in the limit N — oc.

3.2 Second quantization: the bosonic phase space density

Let us define the following second quantized field

N N
o) =D aiile). ¢l(x) =3 alxi(@) (3.10)
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Figure 1: The bosonic phase space density (Wg(x,p)), in the state (@), as a function of the (z, p)
plane. In the LLM example, this corresponds to the density of giant gravitons in the (z1, z2) plane.

The bosonic Fock space state (R.7) then has the wavefunction

(1, oy xpf|T1y ooy TN
> e ot I 11
= Xo(1)(Ti) Xo(2) (@) - Xo(N) () (3.11)
oc€Pys M! =1 i=r1+1 i=ri+ro+-+ry_1+1

where |z1,..., zn) = [, ¢ (1) 10), M = ry + - + ry. Just like |z) is outside the
single-particle Hilbert space Hy, the basis |x1,...,zps) is outside of the Fock space built
out of states (R.5). The more appropriate wavefunctions are products of |x)y as in (B.9).
Nevertheless, (B.10) is a useful definition to have.

The second quantized (Wigner) phase space density is given in terms of (B.10) as (cf.

(B.10))
Wao.p) = [ dn ™ 6i(a +n/2) o(a ~n/2) (312)
The expectation value of W (z,p) in the state |ry,...,ry) is easily computed:
N
(Wp(x,p)) =Y riWi(x,p), (3.13)
i=1
where
Wite,p) = [ dn €™ xilo = /2) xi (o + /2 (3.14)

represents the Wigner density for the individual state |i). The semiclassical picture of

(B.13) for a typical state is described in figure [I.
For the harmonic oscillator example, one can use (B.5) to evaluate (B.13). The plot
of (B.13) in the (x,p) plane looks like “a rugged circular cake” with a maximum diameter
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ro given by (B4) and with circular ridges of heights r; at radii ~ /i. For states which
are arbitrary linear combinations of (R.5) the phase space density still has the shape of a
rugged cake of the same maximum diameter rg, but with the circular ridges generically
replaced by dips and bumps not necessarily maintaining the circular symmetry.

In the context of LLM, these plots depict the density of giant gravitons in the (z1, z2)
plane (see section [.1]).

Another way of seeing the “rugged cake” is to compute

N r; A N r; A
<Z%,...,271,1,2:%,...,Z7%2,Z{V,...,Z7{\]7V‘7“1,...,T'N> ~ Sym[HH(z})leXp— [ZZ ]25]2/2]

i=1j=1 i=1 j=1
(3.15)
which shows that there are ry, particles at radius vk for each k = 1,..., N. The notation
“Sym” represents symmetrization over all the 2’s.
A more appropriate second quantized phase space density is (cf. (B.1(]))
Hpn(z2) = ¢(2, 2, N)¢! (2,2, N)
$(2,2,N) = ai{z, Nli) (3.16)

i=1

which are finite N versions of ([B.10).

3.3 Lattice interpretation

Another, perhaps more appropriate, description of the coordinate space is in terms of a
finite lattice. An easy example is when Hp is built out of the first IV levels of a harmonic
oscillator (see eq. (B.1])). Consider the radial polarization of the phase space where the
angle ¢ is the coordinate and the hamiltonian r2/2 = —id/0y is the conjugate momentum.
The ultra-violet cut-off in energy or the radius (see (B.4)) implies that there is a finite
lattice cutoff in ¢ (this, together with the infra-red cut-off coming from the compactness
of ¢, gives a finite lattice, as appropriate for a finite dimensional Hilbert space Hy). Thus
¢ takes discrete values ¢, = pe, € =2n/N, p=0,1,...,N =1, ¢, = ¢usn = @, + 2.
The associated ‘position eigenstates’ |¢,) are defined as discrete Fourier transforms of the

basis states in (B.1]):
N
o) = Y e F R — 1) (3.17)
k=1

The lattice description of the coordinate space is more appropriate than the continuum
description since with a continuous variable ¢ the associated states |¢) are typically outside
of Hy. In contrast, |p,) are all in Hy, by definition.

The second quantized field operator ng(ng) = qSL, which creates a particle on the uth
site, is defined by

N
Z e*ZWWM{“‘a;C (3.18)
k=1

O

2l
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Its conjugate, ¢,, destroys a particle on the uth site. It is easy to show that these field
operators also satisfy the harmonic oscillator algebra

[$us¥fl =1 i p=v mod N
=0 otherwise. (3.19)

In terms of these field operators, the N-level lattice hamiltonian may be obtained from
(2.23) by using the following relation:

ol ¢ (3.20)

N B N-1 N-1 r 2% (u—)k _ i% (u—v)
i N—-k+1 1 eN enN

Salu =T Y gty ¥

i=k pu=0

M#V:O 1 — ei%(u_y)

The hamiltonian is essentially the charge @1, see equation (B.22) below. Notice that the
second term in the above equation gives rise to long-range interactions on the lattice.
Our lattice models inherit higher conserved charges from the underlying free fermion
system. There are exactly N conserved charges, which arise due to the conservation of
the individual energies of the non-interacting fermions. It is more usual to write these

conserved charges as
Qn = Z{S(m)}" T/JIn (L (3'21)
m=0

Here n is any positive integer, but the number of independent charges is only N since the
values of these charges in any N-fermion state can be expressed in terms of only the N
independent energies of the occupied levels. In the lattice formulation of the bosonized
theory, these charges translate into the operators

N N-1 N-1  j2m(,_ 2w
N—k+1 1 ezN(;L l/)k_ezN(u V) n
Qn=) JE(N -kt —— oot~ > T Ol dv
N N 1_ %)
k=1 u=0 nF#v=0
(3.22)

By construction these higher charges exist for any potential in which the fermions are

moving. In particular, they also exist for fermions moving in a harmonic oscillator potential,
which is relevant for the half-BPS sector of N' = 4 super Yang-Mills theory. This raises the
possibility of some connection of our lattice models with the integrable spin-chain models
of N = 4 super Yang-Mills theory 4 which have been a recent focus of study in connection
with AdS/CFT duality. What this connection might be is not clear to us, but investigating
this possibility could be worthwhile.

We end this section by mentioning that an explicit expression for the lattice hamilto-
nian can be given for an equally spaced spectrum of the form £(m) = ¢; m + ¢o. This is
relevant for the half-BPS sector mentioned above. The hamiltonian turns out to be

N-1 N-1
C C . T
Hequalfspacing = EI(N"i_l) E ¢L ¢u+ 51 § {1 —1 cot N(M - V) ¢L ¢V +HV&C (323)
p=0 pFr=0

4See, for example, the paper by Beisert and Staudacher [@] for a summary of the current status of the
subject and for references to recent literature.
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where Hy,e = G N(N — 1) + caN is the ground state energy. This hamiltonian has long-
range interactions. Moreover, unlike in the case of standard SYM spin-chains [BJ], here
there can be multiple excitations at any site since the variables at each site are harmonic
oscillators. Whether the reformulation of the half-BPS sector as the spectrum of this lattice
hamiltonian has any new insights to offer remains to be seen.

3.4 More on second quantization

In view of the lattice interpretation of coordinate space, it may be appropriate to introduce
discrete Wigner /Husimi phase space distributions [B4] Wg(i, j), Hg(i,7) in both the first
and second quantized formalism (the precursors of this concept are (B.§), (B-16))). We will
not go into the full details here, but consider only the diagonal elements which turn out to
be

Wg(i,i) = ®p(i,i) = ala; (3.24)
Using (£:21)), we can relate these to z/);rﬂ/)n which, when evaluated on wavefunctions of the
form (2-3), get related to the fermionic Wigner density W (z, p) (see (B-g), also footnote ),

(Wr(z,p)) =Y (Whvon)Wa(w,p) (3.25)

Here W,, are the single-particle Wigner distributions. For the corresponding states (R.H)
we find (see (B.13))
(Wa(x.p)) = (ala;)Wi(z,p) (3.26)

i

Combining all this with (2:2]) we get for these special states (monomials of the form (2.3))

N N
(We(,p) =33 <6 <§j Wp(i,i) + N —n— k) > Wo(,p) (3.27)

In case of (B)), (W), (Wr) for these states are functions of only z2 + p? (“circular config-
urations”) in which case we get a relation between the bosonic and fermionic phase space
densities

(We(r)y=>_ Y6 (Z {/[dr’KWB(r’»Wi(r’)} +N-—n-— k) Wa(r)  (3.28)

n k=1 i=k
where we have taken the semiclassical limit to perform the average inside the d-function.
In the next section, we will interpret this as a relation between the LLM metric and
the giant graviton density.

3.5 Action for Wpg

For noninteracting fermions, the second quantized action for the fermions is given by the
Kirillov coadjoint orbit action written in terms of the Wigner phase space density W B0,

B1. B3, B, B °

S[WF] = sympl[WF] + Sham[WF],

°In these references the notation u(q,p) was used in place of Wr(q,p); notations in this paper are
explained in appendix .
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dqd
Ssympl - /dt ds / 7P WF((] p,t,s) *w {atWFaast}MB7

dqd
Sham = /dt Hp = /dt/ﬂ Wr(q,p,t) *w h(q, p) (3.29)

Here the action is written in the first order form, similar to the single-particle action
[ dt (pg—H (p,q)), with Wr(q, p) itself playing the role of the phase space coordinates (p, q).
The notation “sympl” denotes the symplectic form (pq) term and “ham” denotes the hamil-
tonian term. The variable s denotes an extension of Wr(q,p,t) to Wg(q,p,t,s), devised
to enable us to write down the symplectic term. The physical trajectory is parametrized
by t at some s = sy and the equation of motion is independent of the s-extension because
the symplectic form is closed. See [B3, f, { for details.

Using the bosonization formulae in section P and appendix [] one gets an action for
the bosons in terms of Wg(gq, p). For equally spaced fermionic levels we can use (B.2§) to
get an action of the form

dqd
S[WB] sympl WB /dt/ q°p WB q p,t) *w hB((Lp) (330)

where hp is an equally spaced finite-level (N) hamiltonian. The symplectic form can be
explicitly written down, though we will not do so here.

4. Application of our bosonization to LLM

Review. As discussed in the Introduction, [B, f] made the observation that a half-BPS
sector of NV = 4 super Yang Mills theory is described effectively by a theory of free fermions
moving in a simple harmonic oscillator potential. The semiclassical fermion phase space
is described by droplets of uniform density in two dimensions. Ref. [fl] uncovered such a
droplet structure also in the corresponding sector of type IIB supergravity in asymptotically
AdS5x S° spacetimes. It was noted in [J, B, [Z] that states of the fermion theory should have
a bosonic description in terms of giant gravitons, since the latter are known to correspond
to operators of the Yang Mills theory which can be written in terms of the fermions [H.
The identification between the fermionic and the bosonic states was explicitly stated in [[[2]

as a one-to-one map

|f15"'>fN><_>|T1,"'>TN> (41)

where

rN = f1,
Tp = fN—k+1 — fn—k — 1, k=1,2,... , N—1 (4.2)
This maps the fermionic hamiltonian

o0

Hr =Y (n+1/2)¢} v, (4.3)

n=0
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with excitation spectrum given by E = Zévzl(f r — k + 1), to a bosonic hamiltonian
N
Hp— N*/2=Hpg = iala; (4.4)

=1

with excitation spectrum given by E = Z]kvz1 kri. A few examples of the map (f.2) are

Fo)=(0,1,...,N = 1) —[0)p
Yol Fo) = |1 2,. ,N> — a0}
Bkl o) = 12,3, N +1) H(< )2/V2) 05
U Ul tedol Fo) = 11,3, N, N +1) = alaly 1]0)5 (4.5)

The second equation assigns a single hole at the lowest level (costing energy N) to a single
bosonic particle at level N. The 4th equation assigns two holes at levels 0 and 2 (total
energy cost 2N — 1) to two bosonic particles, at levels N and N — 1.

The rationale behind the map ({.9) is as follows. A fermion configuration can be
specified in terms of holes created in the Fermi sea. The idea is to regard a hole (together
with the upward shift of the Fermi sea to make space for it) as a bosonic excitation.
The correspondence between giant gravitons and gauge invariant operators suggests an
identification of these bosonic excitations with giant gravitons.

Our operator map and Exactness of the Bose-Fermi equivalence. The above
rationale of treating a hole as a boson is somewhat intuitive, so let’s see how it holds in
specific examples. Consider the second equation of ({.§). Here the hole corresponds to the
excitation A}LV =dyng = ¢;r\,1/)0, which satisfies the algebra (see (B.6]))

[An, AY) = vlvo — vivn (4.6)

This evaluates to 1 on |Fp) but not in general. Indeed these operators are related to the
fermion phase space density which satisfy the W, algebra but not satisfy the Heisenberg
algebra.

This might seem to suggest that ([EJ) may not hold operatorially [Bd], that is, the
“hole” operators may not satisfy the usual bosonic commutation rules, after all. On the
other hand, it is also known [[[J] that with this map the fermionic and bosonic partition
functions agree. The only way to settle which possibility is realized is to try to see if
one can deduce operator maps from (7). The operator maps described in this paper
(section P, appendix [A] and section ff) indeed precisely fit the bill 6. The precise bosonic
excitation is more complicated than the naive guess of (@) and is such that it does satisfy
the Heisenberg algebra. Indeed the Heisenberg algebra is implied by the the fermion
anticommutation relations (and vice versa) and the bose-fermi equivalence is exact.

SWe first deduced the operator map for the LLM system, but as mentioned in section E, they hold for
fermions moving in an arbitrary potential and even in the presence of fermion-fermion interactions
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4.1 Giant graviton phase space density

The exact bosonic operators a;, a;-r are clearly related to creation or destruction of giant
gravitons [B, B, [, [, f]. To see this in detail, we now come back to the bosonic phase
space discussed in the earlier section.

The correspondences with the last section are:

1. The states |i) € Hy correspond to giant gravitons in energy eigenstates.

2. The modified coherent states |z, N),|z| < N describe a giant graviton state localized
near the point z.

3. The giant graviton energy levels are equally spaced, as in the harmonic oscillator
example (@) Thus, the phase space density of giant gravitons (i.e. the density of giant
gravitons in the (z1,2) plane)” has (see eq. (B.13) and below) the geometry of a rugged
cake®, as discussed in section B.3 (see figure ). Such a geometry (with heights r; at radii
~ ﬂ) accords with the picture of r; giant gravitons moving in the é-th orbit. This adds to
the evidence that the bosons a;, a;r indeed represent giant gravitons.

4. Arbitrary LLM ‘droplet’ geometries correspond, in a one-to-one fashion, to the
“rugged cake” geometries of giant gravitons. It is interesting to note that the giant gravitons
never leave the original circular region ([3.4) representing AdSs x S°, even for arbitrary
LLM geometries.

5. For circular configurations, the giant graviton phase space density in the semiclassi-
cal limit is directly related to the fermion phase density via (B.2§). Because of the relation
between the fermion phase space density and the LLM metric, (B.2§) also expresses the
LLM metric in terms of the giant graviton phase space density in the semiclassical limit.
Section 1.9 will discuss the finite N version of this relation where we will write down exact
expressions for gravitons in terms of the oscillators a;, a;[.

Remarks: a. The bosonization formula in section [l automatically incorporate the fact
that although multiple fermions cannot occupy the same energy levels, the giant gravitons
can. In the simple examples like (f£.5), where the r.h.s. of the third line describes two giant
gravitons in the N-th orbit, the equivalent fermionic description on the lL.h.s. describes a
spreading out. In general such effects are encoded in the operator maps.

b. In [J], only non-overlapping giant gravitons were considered, and agreement found
with the W-action (B.29). When overlapping giant gravitons are considered, the data
consist of not only the centres of mass of the giant gravitons, but the “heights” (how many
on top of each other). It would be an interesting exercise to obtain (8.30) from considering
such overlapping giant gravitons.

"The identification of the (z1,22) plane of LLM with the phase space of half-BPS giant gravitons was
made in [ﬂ]

8There is a subtlety, however, about the origin of the “cake”. The giant gravitons at the “North pole”
have zero energy. If we are not interested in keeping track of the total number of giant gravitons, we can
choose to ignore all such giant gravitons and therefore ignore the harmonic oscillator ground state. Our Py
(see (@)) will therefore consist of the states |i), ¢ = 1,2,..., N. The formulae in the last section will have
to be correspondingly modified, and in this convention, the rugged cake will have a “dip” in the middle.
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4.2 LLM gravitons and our bosons

Consider the single trace operators of the boundary theory. In the fermionic realization,
these operators correspond to [

m—i—n
eI _ZU ST ¢n+mzpn, m=1,2,...,00 (4.7)

It is easy to check that [ﬂiﬂ, ﬁ;&] =0 = [Bm, Bn], but that |G, ﬁ;&] % Omn- In fact, in terms
of our bosonic oscillators which do satisfy the standard oscillator algebra, (R.4), the single
trace operators have complicated expressions, involving creation as well as annihilation
operators. The operator expression, which can be obtained by using the bosonization for-
mula, ([A.§), is quite messy, but the corresponding “single-particle” state, which is obtained
by acting on the fermi vacuum, has a simple enough expression:

N
1 |Fo) = 2(—1)"1 \/QM(%V:“:;&V"E' 7 B (m =) aof" " af, 10)5

% ai™ [0) 5. (4.8)

We see that even a “single-particle” state has in general many excitations of our elementary
bosons. For m < N, because of the theta-function the sum in the first term on the right-
hand side of ([.§) terminates at n = m. So in this case the highest energy creation operator
that appears on the right-hand side is ab, and it appears by itself. If m < N, the leading
term on the right-hand side in 1/N expansion has an overall factor of N m/2  which is
the correct large-N normalization for a single trace operator. We thus begin to see how
the usual picture of collective excitations arises in the large-N limit for low-energy states.
On the other hand, for any m > N the highest energy creation operator that appears
in “single-particle” states is a}r\, and it appears together with other excitations. This is a
reflection of the fact that a single trace operator in the boundary theory of higher than
Nth power of a matrix is not independent since it can be rewritten in terms of products

of lower traces. Let us now explain the above comments in greater detail.

4.2.1 Fuzzy gravitons
From ({.7) we get

N
BlIFy) = \EaII%

61 7o) NN+ 1)

)B + 5 f(ab 0)

o N +m—n) n
B 1B) = (-1 \/Qm(ﬁn_*gw"ln)! " ol 05

I

!

I
=
=
=

!
=

S
o
(=]

2N)!
+ \/2N+1(N(_|_ 1))!(N . 1)! aJ{NJFl |0>B- (4-9)
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Consider the first equality. Taking inner product with |z) on both sides, we see that

(18] | Fo) = \/§<Z\a110>3 ~ zexp|—|z[*/2] (4.10)

This is the wave-function (in the coherent state basis) of the “graviton” of unit energy. The
“graviton” of energy m < N, always has a single particle component ~ 2™ exp[—|z|?/2].
These correspond to the gravitons wave-functions of [B7]. For m > 1, however, they also
have multi-particle components, e.g. for m = 2, there is a two particle component with
wavefunction (21,22\((1{)2]@3 ~ z1z9exp[—(|z1|> + |22/*)/2]. For m > N there are no
single-particle components of the wave-functions.

Remarks: 1. It is easy to see from ([.9) that “gravitons” of energy > N do not exist
T

as single particles and are composed of multiple a; modes of lower energy. This suggests
that the existence of an infinite number of gravitons, a hallmark of commutative gravity,
is only an approximation valid in the large N limit. For finite IV, the oscillators ai,a;r,
which are by definition /N in number and hence independent of each other, provide a more
appropriate basis to describe the geometry.

2. Finite number of independent metric fluctuations is an indication of noncommu-
tative geometry. Thus, e.g., metric fluctuations on a fuzzy sphere will involve spherical
harmonics only up to rank proportional to the radius of the fuzzy sphere.

3. Formulae such as (B.4) suggest that the large N limit involves nonperturbative
effects of the form exp[—1/h] ~ exp[—N].

4. At finite NV, superscript effective action should receive interesting corrections from
the “compactness” of the phase space which is captured by the difference between the
Moyal star product and the ordinary product appearing in the W action (B.29) [f, fj and

the corresponding structure in the Wp action (B.30).

5. The second bosonization

Consider a second system of bosons each of which can occupy a state in an infinite Hilbert
space Hp. Suppose we choose a basis |m),m = 0,...,00 of Hp. In the second quantized
notation we introduce creation (annihilation) operators b}, (by,) which creates (destroys)
a particle in the state |m). These satisfy the commutation relations

(b, bL] = O, M, =0,...,00 (5.1)

A state of this bosonic system is given by (a linear combination of)

©o T\ng
11 (b) lvac) . (5.2)

|
k0 ng:

Now consider the subspace of the Hilbert space spanned by states with the restriction
Y oreonk = N. We label a state of this type by |s1,s2,...,sy) where s; are non-increasing
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set of integers representing the energies of N bosons. In [[[J] a map between these states
and the fermionic states was proposed

SN_il—>fi+1—i, i:O,l,...,N—l (53)

The rationale behind this map was to regard the “particle” excitations (which correspond
to dual giant gravitons) as bosons. In the following subsection we describe the operator
equivalence of this system with the N-fermion system.

5.1 The map between fermions and ‘dual-giant’ bosons

Let us start by rewriting the Hilbert space of the fermion system into a disjoint union of

subspaces spanned by states with a fixed number of particle excitations.

HE) = U HD) (5.4)
where H( )k = Span{|0, 1, . — 1, fe+1,---, JN) ¢ fea1 # k}. The operator that distin-
guishes the states belonglng to diﬁerent subspaces H,gF) isv:=3% 12, b;ibk which translates
to

[e'¢) N k-1
)= blby=N-— Z 1T ¢hom (5.5)
k=1 =1m=0

Further, define

k=1 l:O P Jj=k—-1
00 k—1 k

fp=§jk6<§jwj¢z p+1>5 > vl —p . (5.6)
k=0 i=0 j=0

and

k=0 i=0 J=0
oo -1 oo N oo

D SUSE S D) DRl I o &
k=1 =0 \i=k m=p \j=k—1

forp=1,2,...,N. The corresponding 1/1;2 and blp’s can be obtained by taking the hermitian
conjugates. Since we are to keep the total number of particles fixed we only consider the
operators of the type b;rcbm. Using eq. (b.1]) we have

[bhbims Bibg] = Smpblbg — G1gblbm (5.8)

which is again a W.-algebra. We want to find the operator correspondences between
operators of the kind bme on the bosonic side and ¢£¢m type operators on the fermionic

,23,



side. We present below the expressions of these operators for the special cases of N =1, 2.
The generalization to arbitrary IV is a lengthy but straightforward exercise.

For N = 1, we can associate bme with Q,Z)};Q/)m (and bkb;rn with 20y, — ¢k¢iﬂ) and the
algebra (p.§) follows immediately.

For N = 2 case we first seek operators blzbo (bgbk) which create (annihilate) a particle

excitation that takes a state in H,(f) to one in Hﬁﬂl (Hgll to one in H,(f)). To find these

let us observe that each state of the subspace HI(CF) is a linear combination of states with k
excited bosons (and N — k in the ground state) |s1, s2,..., Sk, Skr1 = 0,...,sy = 0) with
k < N. The operator bLbo excites a particle from level-0 to level-k. This operator takes
|s1 = 0,...,sy = 0) to |s;1 = k,s2 =0,...,sy = 0). Similarly it takes [s1,0,...,0) to
|s1,k,0,...0) if £ < sy or |k,s1,0,...,0) if s; <k and so on.

We find the following expressions for b;rgbo and bgbk:

bibo = V2L, 1 65 +

k—1
f f

Z U1 Y0V Vh—t41 0 f, g4

=1

_‘_ e}
+ ¢k¢0 ( E 5]52*]?7[71 + ﬂékfzﬁ*l)] 519717
=1

T —_ ot T T
bobm = 1 ¥m41 0, g, 41 091+ [% Vi ViV Ofmmr (L= 0y 1)

—{—1,[)8 T’Z)méfl—m (1 —{—\/56];2_];1_1)] Op_9 (59)

for k,m > 1. The general operators of the type b;bm can be generated out of the above
ones using

bl by = Skm bbo + [bLbo, hbrm]. (5.10)
The fermion bilinear operators turn out to be:
Olbr = (O + 0k—1) 05 + Ok + Ok, 1) o1 + (Oh—sp + kg1 1) 552 (5.11)
and

1
Ul = Eb}bo k105 + (b1bo (1 — 85,)% + bl b1 64, 1) 691

1-2
+<bL+1bk6k_§2 (1 = O—sy) + b} br—1 055, 1 <1+ NG 6k_§2_1>> 852,

0p

1 1-+2
T _ Tooptp2
¢k+n¢k - \/5 [b;rlbo Ok—1+ bn,1b1b0 <1 + \/5 5n2> Ok

bzﬁn,l bp—10k—3-1+ <Z bl bo 65, —n—141
1—2

_|_

n—1
+ Dby bo b b1 Gy i
=2
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1
= ((b]_1)%b0 by—2 8,5, + 62, _nb], bo) 5k] dp—1

S

o
A+ [bF 4y Dr1 Gmsy -1 + <Z bh 4 Ok 05y k141
=2

n—1
+ Z bLJrn,l bJLJrn,l bktn—1—1bk Okn—s5,—1-1
1—2

+%(bzt+n br 0, —k—n + (blt;—i—n—l)Q bkyn—2 bk Opyn—2,-2) 5k§2] 0p—2 (5.12)
for n > 2. The 5’s in these expressions are the same as the operator delta functions d (O)
used for the first boson in section fJ. Similar expressions hold for 1/);21/)/,34_”.

The fact that the N-fermion system is equivalent to two different bosonic systems
implies that the two bosonic systems are also equivalent to each other [ (see [Bg also).
As in case of the first boson, one can represent various states in this bosonic system by
specifying the corresponding phase space densities. One expects that the phase space here
is the same as that of a harmonic oscillator (i.e, R?) with the total number of particles
being equal to N. Since they are bosons, each Planck cell can again be occupied by more
than one particles.

Bosonized hamiltonian. We will consider, for simplicity, bosonized expressions for non-
interacting fermion hamiltonians of the type (R.29). The bosonic hamiltonian, for the N = 2
system, is

o] N—-1
Hp =Y " E(k)[(8k + 0k=1) 0 + (0 + Ok—s,—1) S—1 + (Oh—sy + Oh—sy—1) dp—a] — > _ E(k)
k=0 k=0

(5.13)

where o = > "> | bILbn =N-— bgbo. The expression for general N is given in ([.4). Bosoniza-
tion of (R.2§) a la the second bosonic system can also be worked out.

6. Applications to ¢ = 1 matrix model

In this paper we will only report some preliminary observations on ¢ = 1. Detailed results,
the full import of which are yet to be understood, will be presented elsewhere.

As emphasized before, our bosonization formulae do not depend on the choice of a
specific fermion hamiltonian. It can thus be applied to the ¢ = 1 model for which the
fermion hamiltonian involves an upside down harmonic oscillator potential:

1 Z? o,
He = S elin =5 [ @ i) im0
Here £(n) are the eigenvalues of the hamiltonian h = [—%% — 2% + A?] with an infinite

wall at z = +A [Bg. The spectrum £(n) and the corresponding eigenfunctions can be
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explicitly evaluated in terms of parabolic cylinder functions. In the scaling limit N —
00, 3 — 00, N/ — A%/(27) one can obtain the following WKB estimate for energy levels
close to the Fermi surface:

Flog(V23A) (62)

For the first system of bosons, we get a bosonized hamiltonian using (2.23). In the scaling

E(N +m) — E(N) = em + O(m?), c

limit and for states close to the fermi level in the fermionic description (corresponding to
bosonic states involving a small number of low energy bosonic excitations), the hamiltonian
(2.23) becomes, after a simple calculation using (B.2):

N N N
Hp =~ CZ Z agai + const. = CZ k:altak + const. (6.3)
k=1 i=k k=1

We will shortly remark on the relation of this hamiltonian to that of the known relativistic
boson. The hamiltonian in terms of the second system of bosons can also be written down

(generalizing (f.13) to arbitrary N):

N [e%S) k
Hy =30 (Z blby — k) S €y + N —p) — E(N = p)] . (6.4)
k=1

n=1 p=1
where 8, is defined in (B.6).

Remarks: 1. D0 branes:

(a) The bosonic operators d, = b;rlbo correspond to creation operators for D0O-branes
in two dimensional bosonic string theory (D0 branes in two dimensional string theory were
first described in the matrix model language in [0, {1]). This can be verified as follows.
In the fermionic language, dl, acting on the fermi sea kicks the fermion at the fermi level
up by n levels; such an excitation represents a DO brane at the energy level N 4+ n”. Note
that the number of df excitations in any state of the bosonized theory is bounded by N,
but the individual energy level of such an excitation is unbounded above (see section [),
as expected of DO branes.

(b) A localized D0 brane corresponds to an appropriate linear combination of dl’s so as
to form a single-particle coherent state. Such D0 branes are unstable and the corresponding
“tachyon potential” [AJ] is described by the DO brane hamiltonian (f.4). The “bottom”
of the tachyon potential is, of course, given by the “vacuum” state annihilated by all the
dp,n =1, .., 00 oscillators (in terms of the b, b! oscillators this state is (b;r))N |vac), by |vac) =
0,n =0,1,...,00). The energy difference AE between the initial energy and the bottom

9The occasional statements that DO branes in 2D string theory correspond to fermions are somewhat
loose. Taken literally, they would imply that DO branes cannot be created in a fixed-N theory, at least
before the double scaling limit. A more appropriate picture (emphasized in, e.g., [@]) is that DO branes are
to be understood as fermion-antifermion pairs, since kicking a fermion from the fermi level upwards is such
an excitation. Our representation of the DO brane in terms of the bosonic dn,d!, oscillators is a precise
formulation of this idea.
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of the potential can be easily computed using (p.4), and for a DO brane described by dJIL,
AE =&(N+k)—E(N).

(c) The hamiltonian (f.4) describes a nonperturbative interacting hamiltonian for DO
branes, thus playing the role of a hamiltonian for open string field theory.

(d) The d-oscillators are composites of the b-oscillators and do not have simple Heisen-
berg commutators. Although [dl,, db] = [dm, dn] = 0, [dn,db] = blboSmn — bluby. Tt will
be interesting if this represents interesting statistics among D0 branes.

2. Holes: The operators a;r represent bosonic excitations corresponding to creation of
holes (analogues of the LLM giant gravitons). In the finite N theory these are again related
to DO branes, just as for LLM the giant gravitons provide a dual description of the dual
giant states (see section []). It will be interesting, however, to understand these statements
in the double scaling limit, where these holes are distinguished from the “particles” and
represent some new states [£3]. This may provide some nontrivial hints about the double
scaling limit as well as the new states.

3. Tachyons: 1t is interesting to understand the double-scaled limit of our bosonization
formulae to find the relation of these bosons with the tachyon of two-dimensional string
theory. This problem is similar to the problem of connecting the graviton to the a- and
the b-oscillators in the LLM case. It turns out that for small fluctuations around the
Fermi vacuum, the hamiltonian (f.J) as well as the creation/annihilation operators (a;-r, aj)
coincide with those for the well-known relativistic [[[6], [, [9, [[§] bosons and hence get
connected to the massless closed string tachyon in the double-scaled limit. Details of this
will be presented elsewhere.

7. Discussion

We list below the main results and some comments:

1. We have found exact operator bosonizations of a finite number of fermions which
can be described by states in a countable Hilbert space.

2. There are two systems of bosons. In the first system of bosons, the number of
bosonic particles is not constrained but each bosonic particle moves in a finite dimensional
Hilbert space, the dimensionality being the number of fermionic particles. In the second
systems of bosons, the number of bosonic particles has an upper bound which is the number
of fermions and the single-particle Hilbert space is the same as that of the fermions.

3. In the LLM example, the first kind of bosons correspond to giant gravitons in the
and the second kind of bosons correspond to dual giant gravitons.

4. In the ¢ = 1 example, the second kind of bosons correspond to unstable DO branes.
The interpretation of the first kind of bosons, which represent holes in the Fermi sea, is
not clear.

5. The finite number of bosonic energy levels in case of the first bosonization implies
a fuzzy compact phase space (equivalently, bosons on a lattice). In the LLM case, it has
the important implication that finite rank of the boundary SYM theory corresponds to NC
geometry in the bulk, where the fundamental quanta describing such geometry are giant
gravitons rather than the perturbative gravitons.
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6. The description of ¢ = 1 in terms of a finite number of bosonic modes suggests a
similar NC structure, although whether it survives in the double-scaled limit, and if so in
what form, remains an open question.

7. The system of fermions on a circle, described in section [, is closely related to
the problem of formation of baby universes as described in [i4]. It would be interesting to
investigate whether in this example also our bosons are related to microscopic gravitational
degrees of freedom, as in the LLM case.

It is interesting to speculate whether the NC geometry in the LLM example is a
property only of the specific half-BPS sector of type IIB theory or if it is more general.
One of the points of emphasis in this paper is that a finite number of modes in the bulk
can imply noncommutative gravity. Whether this feature survives in the full theory is an
important question that needs further investigation.

One of the intriguing aspects of our exact bosonization (the first system of bosons) is
that the symmetries of the fermion system (even the number of spacetime dimensions) are
rather intricately hidden in the bosonic theory. Although at first sight this feature may not
appear to be particularly welcome, it may hint at a more abstract description of spacetime
in which the latter is a derived or emergent concept. In this context, it might be useful to

study the application of this bosonization to fermion systems in higher dimensions along

the lines briefly outlined in section B.1.3.
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A. Details of computations: the first bosonization

In this appendix we have put together details of some of the computations summarized in
the main text. We will begin by explaining in the first subsection how we arrived at the
first bosonization described in section B In the second subsection we will give proof of the
algebra (B.4) for the oscillators which are defined in (B.1§) and (R.16) by their action on

arbitrary fermion states. In the third subsection, we will give an expression for the general
{

nim Yn, in terms of the bosonic oscillators and indicate some details

fermion bilinear,
of its derivation. In the fourth subsection we will prove that this expression satisfies the
Woo algebra for small values of m for arbitrary N. Finally, in the last subsection we will
use the expression for the bilinear for N = 2 to prove that it satisfies the W, algebra for

arbitrary m.

A.1 Origin of the bosonization formulae

Here we will describe the steps involved in deducing the bosonization formulae given in

section ] from the map ({.). Consider first the action of oscillator creation operators a;i
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for k < N on a general fermi state. We have,
a;rg [f1,. o, [Ny = aL 71y ey Thy e oo, TN
= \/rk—l—l]rl,...,rk+1,...,rN>.
= VIN-k1— Ik 1o Ik PNk 1 AN+ 1) (AL

The first and last equalities above follow from the state map (f.9) and the second follows

from the definition of the creation operator. Similarly, for a}rv we get

a;rv|f1,...,fN>: a;rv|r1,...,TN>
= Vvry+1|r,...,rv + 1).
= Vh+1[i+1.. fn+1) (A.2)

These are exactly the expressions given in equation (R.15). Expressions for annihilation
operators can be obtained similarly and these coincide with those given in (R.16).

Consider now the fermion bilinear w;ﬂl . Let us first set m = n. Acting on a general
fermion state, we get

OF Y [ f1s. ) = O(fe —n) [f1,-, IN)

k
5<ZTN_k+i+k— 1 —n> |71y TN)
1=1

N
5(2@ ai—i—N—k—n) |f1oeeos ) (A.3)

i=k

I
M= [0 T

i

1

The first equality is a simple consequence of the fact that ¢,T1 1y, Kkills the state unless
one of the fermions is occupying the level n. The second and last equalities then follow
from the state map ([L.9). The last expression coincides with the first line of (2.21)). The
bosonized formula for the general bilinear given below in (JA.§) can be obtained by similar
manipulations of the state map. The calculation is essentially elementary, though longer

and more tedious.

A.2 Proof of the oscillator algebra
Let us consider the first of the equations in (R.15). Applying a;, | < k, on both sides of

this equation and using (R.14), we get

aal, [fro. o ) = VInoker — Inek @l ek Pk + 1 1)
= V(Inokir — SN (FNcisr — fno— 1) %
|frseo s Nk Nkt + Lo v+ L g, ). (A)
Reversing the order, starting with the first of the equations in (2.16) and applying a creation

operator on both sides, we get

afai | fro Ny = NI — v =1 a1 v v = 1 = 1)
= V(fvoks1 — Fvoi)(Fvoier — fnvo — 1) X
|f1a---afN—k,fN—k+1‘|‘1,---,fN_[+1,fN_l+1,...,fN>, (A5)
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The right-hand side of this equation is identical to that of (A.4). It follows that [a;, a;rc] =0
for [ < k. One can similarly prove this for [ > k. For [ = k, however, we get

aral |fi,o o IN) = VIN—br1 — TNk @k [ f1s s PNk SNk + Lo, fv 4+ 1)
= (fN-kt+1 = fn-k) |1, N, (A.6)

and

alar, |1, Y = Ikt — Inok =1 @l |1y Nk N1 — Ly fv — 1)
= (IN—kt1 — vk = 1) [frooo o ) (A.7)

If follows that [ak,aL] = 1. Combining with the above result, we see that our bosonic
operators satisfy the standard oscillator algebra [a;, aL] = 0.

A.3 Derivation of the bosonized expression for generic fermion bilinear

We will first give the bosonized expression for the fermion bilinear and then indicate the
key steps in its derivation. The expression given below is valid only for m > 0. The
expression for m < 0 can be obtained from it by conjugation. We have,

N-—1
T _ m _t ™ mlrk TmQT’“TkTr’“Ll
Uppm Un = E Ok Ok41 9+(akak— E : O O Opq1
k=1 Te= =0

X 9,(a;r€ak —m+1) 9+(a271ak_1 + a;iak —m+1) 6(&}[3&11g —TE)

kzl Z Z Z mJZ“rkm

j=2 Tk—j+1=07g—j42=0 =0
T m*]*lfzizlrkfjjti Th—jt1 T Th—j+1 g1 _fTh-1
XOp i1 k—j+1 Ok—j42 Ok_1 Of
J
o s i o ;
X O Opy1 0 E:ak—jﬂ‘ A—jti — M+ ]
i=1

J
X 64 <Z a};'_j_i_i Ag—jri — M+ j> H§:15(a;t_j+i A—jyi = Th—j+i)
=0

> > m—1—k=YF_ 7 r T
k TATRT 2=1T 1 Th— k—1
+(-1) ZZUI Yot o o Uch

r1=0 re=0

+1
X o ol (Z ;@i —m + k) fid(alai — ;)

><5<Z ajai—n—i—N—k—l)

i=k+1

+ol™" <Zaal—n+N—1> (A.8)

=1
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Let us now explain the main steps in the derivation of this expression. Consider the action
of the fermion bilinear on a generic state. The result is zero unless the level n is occupied,
that is

N
Dhim Un 1y IN) = Y dnp O oo Oh Wl Wl 0l I0)R
k=1
(A.9)

Furthermore, the right-hand side above vanishes unless the level (n 4+ m) is unoccupied.
Assuming this is the case, we must consider several possibilities, depending on the exact
value of m. This is done by rewriting the above equation as follows:

N—1 fr41—1
Ui Un 1 ) =D by, [ D Spmt 0wl ol vl j0)e
k=1 I=fr+1
frg2—1
T T T Tt T
B Z 6fk+mvl T’Z)fl ¢fk—1 ¢fk+1 T’Z)l T’Z)fk+2”' ¢fN|0>F
I=fk41+1
_l’_ ..................
o0
N—k
DN D St ¥, W U, Yy Wl (0)
I=fn+1
+ Oupy U Wb Wl [0V R (A.10)

The first term in the square brackets above corresponds to the possibility that (n +m) =
(fr +m) lies between (fr + 1) and (frx+1 — 1), the second term to the possibility that it
lies between (fr+1 + 1) and (fgs2 — 1) and so on. The term outside the square brackets
corresponds to kK = N, that is to the possibility that n = fy. We can write the above
equivalently as

N—1 fr41—1 R ~
Vhm Yo 11 IN) = ) Gug [ > Sprmalfi = iy feer = fror,
k=1 I=fr+1
fri =1 for1 = ferts - v = )
frg2—1 B B
- Z Oppami |1 = f1, oo fom1 = fr—1,
I=fry1+1

fro = frrt foo1 =1 frqo = frsos oo v = )

+(_1)N_k Z 5fk+m,l ‘f~1 - f17 o 7.fk71 = fkfla

I=fn+1
fr = forts fovr = fraor s v = fvs v = 1)

+ 5an ‘f~1 - fla"' 7.fk71 = fkfla.fk = fk+17
frorr = frvas s vt = I, fv = fv +m). (A.11)
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Using the state map ([.9), the right-hand side can be re-expressed in terms of the bosonic
oscillator states and the oscillator numbers that refer to them. We get,

wLer wn ‘f17"'7fN>

N-1 k

= Z (5(2 TN—k+i — N+ k— 1> |:(9+(7“Nk — m) X
=1  Niel
|T1 =71, ., TN—k—1 = "N—k—1, TN—k = I'N—k — M,

TPN—kt1 = "Nkl + M, TN_kt2 = T"N—k+2 *** ;TN =TN)
—(9_(7°ka —m + 1) H—I—(Tkafl +rN—g— M+ 1) X
|71 =71, TN—g—2 = "N—k—2 TN—k—1 = "N—k—1 + "N— — M + 1,

TNk =M —2—TN_k, ’N—k+1 = "TN—k4+1 T 'N—k + 1,

FPN—k42 = TN—k42 *** ,TN =TN)
+ ..................
N—k
+( 1)Nk0_<z ri—m—l—N—k) X
=1
N—k
=Y ri—m+N—k fo=r1,...,FN_p="N_ko1,
=1
TN—ktl = "Nek+tl + "Nk + L, PN _j42 = TN—k42,---, TN =TN)
N
+5<ZT1—H+N—1> ’7:1 :T1+m7 fg :r27'--7fN:TN>- (A12)

i=1

Now, using the bosonic creation and annihilation operators it is easy to re-express every
bosonic state appearing on the right-hand side above in terms of the state |ry,...,ry) to
which the fermionic state |fi, ..., fx) corresponds under the state map (f.2). This results
in the bosonized operator expression for the fermi bilinear which is given in (A.§).

A.4 Proof of W, algebra for small values of m for arbitrary N

Consider the bilinears 1/);2 +1 ¥n and 1/);2 42 Yny1. From the W, algebra (B.6), we get

[0 4o Ynit, )41 n) = Uy i (A.13)

It is clear from this equation that we can generate bosonized expressions for ¢L +m Yn for
any m merely from the knowledge of bosonized expression for ¢L 41 Yn by using the W
algebra. However, here we will use the expressions given in (R.21) for m = 0, 1 and 2,
which are special cases of (A.§), to compute the commutator and verify that the result
agrees with the right-hand side.

To compute the commutator we will need to use the following identities, in addition
to those given in (R.9):

g(ajar) of = ol glafar +1),  glafar) or = ok glafar — 1) O (afar — 1),  (A.14)
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where ¢ is any function of the number operator. We are now ready to do the computation
using the second of (R.21)) in the commutator. All terms in the commutator involve products
of two delta-functions and several vanish because these are incompatible. The surviving

terms are
[0 o Va1, ¥y U]

N N
:UJ{ 5<Za1ai—n+N—2> UI 5<Za1ai—n+N—1>

i=1 i=1

N N
—i—ai 5<Za3ai—n+N—2> o1 ag 9+(a]£a1 -1) 5<Za3ai—n+N—2>

i=1 1=2

N N
—01 O'; 9+(a]£a1 -1) 6(2&3% —n+N—2> UJ{ 5<Zagai —n—|—N—2)
i=2 i=1

N-1 N
—|—Zak 0,:+1 9+(a2ak—1) 5( Z ajai—n+N—k—2>
k=1 i=k+1

N
X O J};H 9+(a;2ak—1) 6( Z ajai—n%—N—kz—l)
i=k+1

N-1 N
_ Zak J;LH 9+(a;2ak—1) 5( Z a;-rai—n—i—N—k—l)
k=2 i=k+1

N
X Ok_1 U;L 0+(a;;_1ak,1 -1) 5(2 a;rai —n+N—k— 1> (A.15)

i=k
The first term comes from the commutator of the first term in the bosonized expression
for the bilinear. The next two terms come from the cross-commutator between the first
term and k = 1 piece of the second term (which involves sum over k). The last two terms
are from the commutator of the second term; this survives only when the same k& is picked
from the two sums or if the k’s differ by 1. Further simplification requires the use of the
relations (A.14), (£.9) and 6, (a'a — 1) = 6, (a’a) — §(a’a) = 1 — 6(aTa). The result is

precisely the expression on the right-hand side of the of the last of (2.21)).

Another test of the W, algebra comes from the use of the bosonized expression of the

fermion bilinear conjugate to 1/);2 +1 ¥n- We have,

+ N
Y hny1 = <¢L+1 T,Z)n> =0 5(2 a;rai —n+ N — 2>

i=1

N-1 N
+Zakﬂa;5(z azai—n+N—k—2>. (A.16)
k=1 i=k+1

From the W, algebra we see that

(05 1 s 1] = S (W) 1 D1 — 0L ). (A.17)
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Using the bosonized expressions in the commutator, we get

81, ¥ Pr4a]

N N
= nl{0+(a1a1 -1) 5<Zajai—n+N—2> —5<Za1a,~—n+N—1>

i=1 i=1

N
[0+(a2+1ak+1 -1) 5< Z aiai —-n+N-—-k— 2)
i=k+1

)

-1
=1

N
k

—04(afay — 1) 5( i ajai—n+N—/<;—1>H (A.18)

i=k+1

Now, let us replace 64 (a'a — 1) by the equivalent expression (1 — d(afa)) in all the three
places. All the terms containing double delta-functions mutually cancel, except the one
coming from k = (N —1) of the first term in square brackets. But this has two incompatible
delta-functions and so vanishes. The result for the right-hand side is

N N N

5n12[6<2a1ai —-n+N—k-— 1) — 5<Zagai —n+N— k>}, (A.19)
k=1 i=1 i=1

which is precisely the bosonized expression one gets by using the first of (R.21]) in the the

right-hand side of ([A.17). We see that for this test to work out, delicate cancellations

between various terms were required.

A.5 Proof of W, algebra for all m for N =2

For N = 2, bosonized expressions for the bilinear for all values of m have been given in
(2.20). This is the first nontrivial, yet calculationally manageable case. We have checked
that in this case the W, algebra is satisfied. Here we will indicate the main steps in the
calculation. Like in the above calculations, delicate cancellations between various terms in
the commutator are required for the algebra to work out, as we shall see.

We will be interested in the commutator

WLm wna wlTer 1/11] = 5l+p,n w;rerer ¢z - 5n+m,l ¢L+m+p wna (A.20)

for m > p > 0. Other cases can be treated similarly.

There are three terms in the bosonized expression for the fermion bilinear given in
(2.20). It is easy to see that the self-commutator of the first two terms reproduces the
first two terms required by the bosonized expression for the right-hand side of (JA.2(). To
prove that the bosonized expressions satisfy the (jA.2(), we then need to show that the self-
commutator of the third term, together with all the cross-commutator terms, reproduces
the required third term on the right-hand side. The self-commutator of the third term
works out to be

UJ{mip O';p O (p+l—m—1) 6(@1@1 —n+1+1) 6(@5@2 —1)
—o" Pl 0 (pHl—m—n—1) 0 (m+n—1—-1)
><6(aJ{a1 —l+n+1) 6(@5@2 —n), (A.21)
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while the cross-commutator of the first two terms gives

o P agm O (p+l—m—-mn—-1)—0,(l—n—m—1)]

><6(aJ{a1 —l+n+1) 6(&5@2 —n)

—ol" P el 0_(n—p—1-1)8(alay —n+1+1) §(alas —1). (A.22)
The contributions in (|A.21]) and ([A.22) are very similar and can be combined. Thus the
first term of ([A-21]) can be combined with the second term of (A.22) using 0, (p +1—n —

1)=0_(n—p—1—1) = —6py1,. Simplifying in this way gives the net combined contribution

~Spm o] o} dalar —p+1) d(afaz — 1)
+Omang oy ¥ ng 6(&1@1 —m+1) 5(a£a2 —n), (A.23)

Finally, the cross-commutator between the first two terms and the third term gives

p—2
m-+p—2—r r1+1
G o™ ot ol el - ) aafan 1)
r1=0
p2 2 +m1
—4—T T m
+0mtn, Z JJ{p gtm a; ' 5(aJ{a1 —ry—m) 5(a£a2 —n)
r1=0

~me e, (A.24)

Notice that by changing the summation variable from 7 to (r1 + m) in the second term
in the first square brackets, we get a summand that is similar to the first term, but with
a summation range for the new variable from m to (m + p — 2). This nicely combines
with the first term in the second square brackets to give an overall summation range for
r1 from 0 to (m + p — 2), as is required if W, algebra is to be satisfied by the bosonized
expressions. To be precise, the summation range in the first term in the second square
brackets is from 0 to (m — 2) only, so the contribution for r; = (m — 1) is missing from the
extended summation range. Fortunately, the terms in (A.23)) precisely supply this missing
contribution. Taking this into account and simplifying, we find that the net result of the
commutator calculation is
m+p—2
Sy D ol o o Salar — 1) B(abay — 1)
r1=0
m-+p—2
+0m 4, Z UJ{miji%h oyt Jghﬂ 6(&1@1 —r) 5(a£a2 —n). (A.25)
r1=0
This is exactly the third term in the bosonized form of the right-hand side of (|A.2()). Hence
we have proved that our bosonization satisfies the W, algebra for N = 2.

B. Quantum phase space distributions and star products

Some assorted references carrying more detailed versions of formulae in this appendix

are [[F, BY, pd, i, Bd, B3, 18, B4, 9.
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B.1 Single particle

Consider the (infinite-dimensional) Hilbert space of a particle in one dimension, carrying a
representation of the Heisenberg algebra [Z, p] = ih. The Wigner phase space distribution
of the particle in a wavefunction [¢) is given by

W(g,p) = /dn e /M it (g = 1/2) V(g +1/2) = (Bdaplt), Gap = FT (B)

There are other choices for the phase space distribution, e.g. the Husimi distribution, given

by

! gl
H(Z,E) = ’<ZW}>’2 — / dg d;: W(q/7p/)e—zin[(q/—Q)2+(P/—P)2]’ Zz=q+ip (BQ)
T

Using Wigner phase space distribution one can define a map between operators and func-

tions, with an associated star product:

0 Ou(4,p) = Tr(Ogay), wmw:/@@%@mW@m

AB — Ay(q,p) % Buw(q,p) = % =9 9%)( A, (¢,p)Bu(d . P)ld = 4,0 =p
(B.3)

The inverse map O, — O corresponds to Weyl operator ordering of the function O,,. The
above star product x,, is called the Moyal star product.
The corresponding definitions for Husimi distribution are

0= 0(2) = (:1002), (w10l) = [ dadpOn(a.p)H(a.p)
AB v Ap(z,2) #p By(z,2) = M09 =029 (4 (2. 2)B, (2, Z))| =2  (B.4)

where xj, is called the Voros star product.
Example of the harmonic oscillator (B.1]):

The Wigner and Husimi distributions for the wavefunction |j),j =0,1,..., 00, are
(—1)j _ ¢’+p? 2(]92 + q2)
W T N el Y guit L. )
i(a,p) n n Ly( 7 )
1 2, 9
(s 5) — —lzl?) |27
Hj(z,2) = 27Th(j!)6 |z (B.5)

B.2 Second quantization

Fermions: Consider a system of N fermions, as in section .

The operators ®p,, = iy, (see eq. (B-3))) satisfy the W, algebra [DMW]
[(I)mna q)m’n’] = 6m’n(I)mn’ - 6mn’q)m’n (BG)

®,,., are the basic operators in any one dimensional fermion field theory in a given fermion

number sector. A basis free notation is

D= Bpnln)(m| (B.7)
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The second quantized Wigner phase space density WF(q, p) is a linear combination of ®,,,,
Wila.) = Tr(®g,,) = [[dn e ™" 61— 0/2) wia+ /2 (B5)

The expectation value of Wp(q, p) in the fermi state (2.3) is the sum of the single-particle
distributions, >, Wy, (¢,p). The second quantized Husimi phase space density H r(q,p)
is given by

Hp(z,2) = Tr(®[2)(z]) = Y ¢hvn(m(2)) Xn(2), xn(2) = (zn) (B.9)

m,n

Bosons: The second quantized phase space distributions for bosons are given by similar
formulas,

Wa(q,p) = Tr(®pgqep) = /dn e= PR 6T (g —n/2) (g +n/2), P = Blb;li) (]

Hp(z,2) = Tr(®|2) qu ¢i(xi(2))"x3(2), xi(2) = (2[0) (B.10)

C. New bosonic oscillator representation of U(K)

We begin by noting that the W, algebra (B.6), generated by w;rnwn, m,n=20,1,...00, has
the following nested subalgebras

U1) CU2) cU®B) - € We (C.1)

where the subalgebra U(K), K = 1,...,00 is generated by the finite ¢;£,L¢n, m,n =
0,1,..., K—1. The structure constants in (B.f) are easily seen to be the structure constants
of U(K).

The representation of the subalgebra U(K), provided by ]:f\f , defined as the Hilbert
space of N fermions in the first K levels m =0,1,..., K — 1, is the rank-N antisymmetric
tensor representation (dimension XCy).

We will bosonize .7-"]{? and its operators, using (@) and its special cases and in the
process will obtain novel'® bosonic representations of U(K).

We will start with the simplest examples of small V.

C.1 The N =1 example

Here .7:]{? = HX, the single-particle Hilbert space of fermions, truncated to the first K
levels. We rewrite the equations of (B.19) involving the first K of fermionic oscillators. For
n=0,1,...,K -1,

zpiﬂ/zm =P, = 5(aTa —m)
Phabn = (61" "By, m>
U by = Pp(a)"™, m <n (C.2)

10different from Schwinger representations where the generators are bilinears in bosonic oscillators.

,37,



Here P, = |m)(m|, the projection operator. a,a’ denote a1, aJ{ and o, o' are defined as in

3.

Now, although a, a', and consequently o, o', are infinite dimensional matrices (Heisen-
berg algebra can only have infinite dimensional representations), the operators on the r.h.s.

of (C.3) have the matrix form (in the basis (% |0))

A0
(20 cs

Since the operator map (R.19) ensures that algebra of fermion bilinears is reproduced

where A is a K x K matrix.

by the bosonic expressions, the right hand side of ([C.2) provides a bosonic representation
of U(K). We will consider some explicit, small K, examples below.

The case K = 2: bosonic representation of U(2) or SU(2). For K = 2 ®,,,, generate
the U(2) algebra. The bosonic versions of the generators are Py, P,a’Py, Pya. These
correspond to matrices of the form ([C.J), where A is a 2 x 2 matrix, assuming the following
values, respectively

1 1
B (0 A= (YY), am— (YY) ma— (VY (C.4)
00 01 00 10

These provide a bosonic construction of the spin-1/2 representation of SU(2) (Py + P;
represents the trace part of U(2) algebra).

K = 3: bosonic representation of U(3) or SU(3). (C.2) now gives the following
bosonic generators of U(3): Py, Py, Py, al Py, %(aT)Pl, (a")? Py, Pya, %Pla, Pya®. Py+P+
P, represents the trace part and the rest provide the fundamental representation 3 of SU(3).
The matrix representations are of the form (IC.3) with A equal to standard 3 x 3 SU(3)
matrices.

For general K (N = 1) we get a bosonic construction of the fundamental (dim K)
representation of SU(K).

C.2 The N = 2 example

The relevant bosonization formulae are (R.20). The bosonic Hilbert space is a linear com-

tym (gl yn
bination of states |mn) = %]0@ Let us define projectors P, = |mn)(mn| =

5(aJ{a1 - m)é(agag —n).
We will start with examples of small K. The first non-trivial case is K = 3, for which

£20) gives

o o o
Yo = Po,ts = Poo+ D P, ]t = Por + Pio+ Y P
m=0 m=1

= = m=0

o o o
Yo = 0108 D P, oo = (0103)% Y Pom — 04 Poo, ¥l = o Po + 010} > P
m=0 m=0 m=1
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The bosonic operators are infinite dimensional matrices, but are of a triangular form (cf.

€3)
A A

where A is a 3 x 3 matrix, corresponding to the subspace Hs = Span{|00),]01),]10)}.
The matrices A can be worked out and they correspond to an irrep. of SU(3) (viz. the
representation 3).

C.3 Bosonization of N fermions in a K-level system

We will now give the result for general NV, K which is straightforward to derive:

e The bosonization formulae (A-§) can be applied to bosonize N fermions in a K-level
System.

e The bosonization formulae (A.§) give a novel bosonic construction of the general
rank-N antisymmetric tensor rep of SU(K) in terms of N bosonic oscillators.
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