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1 Lie Algebra

Lie Algebra: A vector space g equipped with a binary operation known as the Lie bracket
] g0 (1)
such that VX,Y,Z € gand a,b € Ror C
[aX +bY, Z] = a[X, Z] + b]Y, Z], (X, Y] = -[v, X], XY 2+ Y (2, X)) + 2, X, Y] =0, (2)

the latter of which being the Jacobi identity. Given a set of generators (basis) for the Lie algebra, {); }, typically normalized
by tr[AgAs] = dap/2, the Lie bracket between them is

[)‘aa )‘b] = fabc)‘cv (3)

where f,° are the structure constants of the Lie algebra.

The algebra is an abstract concept, and is more grounded through representations in the form of matrices. It is often
the case that these representations act on vector spaces external to g; the adjoint representation, on the other hand, is a
representation which furnishes the intrinsic structure of g:

adx : g g, adx Y = [X, Y] (4)
Hence, ad : g — gl(g), where gl(g) is the set of all linear maps from g to itself. This can be seen from the Jacobi identity,
[>‘7ﬁ P‘ja )‘k” + [)‘ja [)‘kv )‘1]] + [Aka [)‘la /\JH

0=
— [P‘jv )‘k]) /\l} = [)‘j’ [/\k7 AZ]] - [)‘k’ [/\j7 )‘1]]

5
— ad[)\j,)\k] )\’L - [)\j7 ad)\k >\Z] - [>\k7ad/\j >\Z] ( )

ad)\j ad)\,C )\2 — ad)\k ad)\j )\i7

such that
[adAj,ad,\k] = ad[A_Mk] = fj]g ad/\i (6)

which is nothing but (3), albeit in terms of a representation. Clearly, the adjoint representation is the identification of the
generators of the algebra with the associated structure constants.

Lie Group: A group' G that is also a smooth manifold, i.e. has a continuous, differentiable structure. The group
operations are necessarily smooth maps, allowing for the description of infinitesimal transformations. The local structure
of a Lie group is encoded by its associated Lie algebra, which is simply the tangent space at the identity. As such, G is
generated from g by the exponential map, exp: g — G.

The structure constants encode the local structure of the Lie group, as the Baker-Campbell-Hausdorff (BCS) formula

exp(X)exp(Y) = exp <X+Y—|- %[X,Y] + T12[X’ (X, Y]]+ %[Y, Y, X]] —l—) , (7)

which represents infinitesimal group multiplication near the identity, depends explicitly on f, S through the commutator.
By taking an exponential map of the adjoint action (4), we deduce the Lie group adjoint action

Adexpx © g9 Adexp x = €9, (8)

1Closed set with a binary operation satisfying associativity, identity, and inverses



Explicitly, on members Y € g

1 1
AdeprY =Y =XVe X = Y+ [X’Y] + ?[X7 [XvYH + g[X7 [Xv [Xva T (9)

By defining group elements through U = exp X € G, the connection with unitary transformations in quantum mechanics
is evident.

Example: su(2)
The Lie algebra su(2) is the set of 2 x 2 traceless Hermitian complex matrices known as the Pauli matrices o; =
(01,02,03). Obeying the normalization convention, the generators are half of the Pauli matrices. Any element of su(2)
can be written as X = in;0;, where n; € R3. Every element of the Lie group SU(2) can be written as an exponential
of the algebra

U = exp(ifn;o;) = cos(0)I + isin(f)n;o;, (10)

where ||7;]] = 1 and 6 € R. The Pauli matrices obey
[0, 05] = 2ies;kok, (11)

so the structure constants are f;;r = ig;jx [5, 6].

Dual Space: The dual space g* to a Lie algebra g is the set of linear functionals on g, {u}, such that
pw: Xeg—(u,X)eR. (12)

This allows us to define an associated coadjoint action on elements of the dual space g*, ad, such that (u,adxY) =
—{ad% p,Y) for p € g* and X,Y € g.? Explicitly,

ady : g" = g", ady p = [X, ul. (13)
This generates a group coadjoint action
Ad:pr : g* = g* AdepX = ead}7 (14)

with similar properties to the group adjoint action, except now p € g*:

" ad* _ 1 1
Adcprp’ =€ dX/u‘ = GX/,LG X = /L+ [Xvﬂ“] + g[Xa [X,[L]] + ?[Xa [Xa [X,/L]]] +e (15)

Lie Algebra of Canonical Transformations

Good references for this section are [3, 8]. Define a 2d phase space of canonical coordinates, (x,p). General elements of the
Lie algebra of canonical transformations g are phase space functions F(x, p), to be identified as observables (Hamiltonian,
angular momentum, etc.). Elements of the dual space g* should be that which when associated with an observable result
in a physical quantity (like an element of R, say). Naturally then, elements of g* are phase space distribution functions
f(x,p) with an associated scalar product

d.’I? d
tr = [ Wﬂx,p)ﬂx, D), (16)

interpretted as the expectation value of the observable F' in state f. The Poisson bracket is given by
{F,G} = VxF -VpG — VpF - ViG, (17)

which T define to be the Lie bracket (adjoint action) on g. Observables are taken to be elements of g since they generate
dynamics through Hamiltonian flow,
oF 0 oF 0

X :77—77:—F
r Op; 0x; Oxz; Op; { ’ }

(18)

2This sign ensures that (u, Ady Y) = <Ad*U o, Y> for group action. This is in the same spirit as ensuring the trace operation has the cyclic
property tr[FeV Ge=V] = trle=U FeV G].



where Xp is the Hamiltonian vector field for the observable F' (not necessarily the Hamiltonian). For a Hamiltonian H,
we have

OH OH
i = Xpz; = ) i = Xupi = —5—, 1
@ HTL= G P HD s (19)
which are just Hamilton’s equations. It is evident from this construction that Xpf = —ady f; as example, take a
Hamiltonian H = e(p) + V(x) € g, where since
ady f={H, f} = VxV - Vpf —Vpe(p) - Vxf, (20)
then
d 0 ) A 0
4 = l+x~vxf+p-vpf: / + Vpe(P) - Vxf — ViV - Vpf
dt ot ot (21)
IR
ot a

which is the Boltzmann equation! This appearance makes sense, the Hamiltonian generates time evolution through
Xpf=—adyf.

Aside: The Boltzmann equation (BE) is useful in the determination of transport/response properties with its incor-
poration of collisions between particles. This is done with a collision integral (9 f)con, such that

atf + Vpé?(p) ! fo - va . fo = (atf)coll' (22)

in the absence of collisions, (9 f)col=0, this is the Liouville equation. In solid-state physics, it is common to use the
relaxation-time approximation (0;f)con & —(f — fo)/7. Here, 7 is the relaxation-time, or characteristic timescale for
f to relax to the equilibrium distribution fj [2]. Notice here how the equilibrium distribution is the input; the Fermi-
Dirac or Bose-Einstein distributions are not ”derived” from this equation. The BE plays a key role in semi-classical
transport theory, and use to derive responses like conductivity o (through Kubo formula), thermo-electric coefficients,
etc. The BE makes use in Fermi liquid theory as the equation describing the evolution of the quasi-particle distribution
function f(x,p,t) in phase space.

In the absence of collisions, df /dt = 0, and we arrive at the Liouville equation
Ouf =ady f. (23)

All of these results are valid in the semi-classical picture. Properly quantized dynamics are described by the Moyal algebra,
which limit to the Poisson algebra when i — 0.



2 Moyal Algebra

2.1 Second-Quantized Approach

I will first show how the Moyal algebra arises from the algebra of fermionic bilinears. This is the second-quantized approach
introduced in [8], providing a connection to microscopic fermions and more natural for the development of the theory.
The reason for working with such a generator is that it makes clear the generation of particle-hole excitations to the FS
and how the FS deforms. It is often convenient to work in c.0.m coordinates, defining

o =5 (00 (e D) (x-3) o x- 2o (5 ) =

for the purposes of realizing the algebra. In anticipation of working on a phase space, I introduce the Wigner transformation
of the generators

T(x,p) = / &y T(x,y)e®, T(qy) = / dx T(x, y)e'™. (25)

Note that T'(q,y) is the Fourier conjugate to T'(x,p) on the base (phase) space, where I have defined Fourier transforms
through

d?qddy X -
T = T THAX Y 26
(x,p) / an) (q,y)e "M™e (26)
Basically, the base phase space is accessed by doing a Wigner transform over the relative coordinate, while the conjugate
phase space is accessed by doing so over the c.o.m coordinate. Note that 77 (x,p) = —7T'(x,p) is anti-Hermitian.

How do I know that these generators form an algebra, and what are the structure constants of such algebra? The first
step to showing this is by proving

qd-y—-q-y

) >T(q+q’,y+y’)7 (27)

(). T y")] = 2ein
i.e. that T(q,y) is closed. This is shown in detail below.
Proof of Closure of Fermion Bilinears (27): Here,
= [ ad iax _ L[ gy (it (x4 Y _) Ly (x= L) gt (x4 L)) eiax
T(q,y) /d xT(x,y)e 2/dx<1/) (x+2)1/)(x 2) w(x 2)1/} (X—|—2))€ , (28)

which allows me to write the commutator as

[T(a.y). T(d,y")] = —i / dlod®s' [t (x+2) o (x- L)~ (x= L) vl (x+ ),

T y/ y/ yl —I- y/ i L (29)
/ J r Y ) r_ ) ! J iq-xX ,iq X
w(x+2>z/)<x 2) 1p(x 2>’(/J (x+2>}e e .
It is easy to show for anti-commuting fermions that [z/J;r (8 gb]:wl] = j’kwj P — 51-,11#};1/}]-. It follows that
i y Y i Y Y\ ot y oY
o e Do) () (=) bt (90 (x-3)

y' y
— 6x+y/2,x/7y//2’¢1‘ <X/ =+ 2) w (X — 5) .



The commutator in (29) expands to four commutators, each of which are identical (30) by anti-commuting fermions.
Hence,

[T(a,y), T(d,5)] = - / d"0d"s (x—y 2 vy 29T (x+ 3 ) ¥ (xf - -‘g)

!

y y iq-x iq -x
- 5x+y/2,x’—y'/27/}T (X/ + 2) (0 (X - 5) )6 Txerd

= —/ddav(e‘iq,'(ery,)/zi/JJr (X + %) (U (x - % - yl)
— ety 2t (x + Y y') ¥ <x _ X) )ei(q-&-q/)-X_
2 2
In the first term I shift x — x 4+ y’/2, while in the second term I shift x — x —y’/2. The bilinear is then the same in
both, and can be pulled out:

! /
T(qy), T(d,y")] = —/ddx (cHay' s/ _ gmitay'—a'n)2) yt (x LY 7; y ) " (X _y J; y ) pilata’)x

. / p— , .
— <qy2qy> (—iT(q+d,y +y)) (32)

. (d-y—q-y
= 28111 (2) T(ClJrq/,YWLY,)a

where I note the Wigner transformation (25).

The commutator relation (27) can be Fourier transformed back to the proper basis of generators T'(x, p),

/N, iax iq - x _—ipy —ip’y’
(2m)¢ W[T(X,p),T(x,p)]eq el X g=ipy o—ip"y

d,.d
= 2sin (q’ A y') / d“wd de(X7p)ei(Q+q’)'xe*i(y+y’)~p
2 (2m) (33)

dddddd/dd/ v —q- v . . . I
- (277)(1/ (;ﬂ)dp (;ﬂ)dp {Sin (q . 2 = ) ' 1Xe! A X eTIPY TR Y

X [26x,x’6p,p’T(X7 p)] .

/ d?zddp déx' dp’

The sine can be viewed as a differential operator acting on the four exponentials by making the replacements q — —iVy,
q = —iVyx,y = iVp, and y' — iVp,
/ ddl‘ddp ddx’ddp’
(2m)®  (2m)?

d?zdp dix'ddp’ Ve Vo=V Vor\ sne crr . o
_ d 2 X P X p iq-x _ 1q ‘X ,—Iip'y,—tP Y , , 4
(2m) / Gni (20 [s ( 5 > e'd*e e e } X [20x x 0pp T(x,p)]  (34)

B / ddxddp dd$/ddp/

[T(X, p), T(X/7 p/)]€iq'x€iq/'x/e_ip'ye_ipl‘y,

@m)d  (2r)?

. P ——; . S VX-V/—V,(/-V
eiaxeia X o=ipy o=ip"y'  9(9m)d gin ( = p) [/ Op.p (%, )]

where I noted that the sine operator is self-adjoint in the second equality. Matching the integrands, I find

(7). 70 p)] = 2(2) s (V522 VR Y 5T, (3)

which provides an identification of the structure constants of the Moyal algebra. From the basis of generators, any general
element Op € g can be written

dfﬂ d
Or = / %F(x, p)T(x,p), (36)



and so the Moyal Lie group, say G, then consists of elements

d.’l? d
exp(0r) = oxp ([ T e pITGp) ) €. (37)

where Op € g is an element of the Moyal algebra. The commutator (35) is then written

d.]j d d .1 jd
00 06] = | Gt s PO pIGK ) [T(x9). (.0

dydny J! dp! v Vo — Vs - Vp
= / WWF(X7P)G(X/7p/) X 2(27T)dsin (v v 9 v V ) [5x,x/6p7p/T(X7 p)]
de' d . ;) — . ’
- / d ddpdd:c’ddp’ 2F(x, p)sin ( Ve Vo~V Vs ) G(x',p)| 0xx'0pp T (%, P)
(2m) 2 (38)
Ay v Vp—V,- Vi
7/d(27rd) 2F(x,p) sm(g v 5 V¥ )G(va) T(x,p)
dyddp
- / d( Cg {F, G} (x.p)T(x.P)
= O{F,G}]u?
where
{F,G}n = 2F sin <%x.€p;%p'€x>G (39)

is known as the Moyal bracket, oftenly denoted by {{F,G}} instead.

Aside on the Moyal Bracket: Restoring factors of h, the Moyal bracket limits to the Poisson bracket in the
semi-classical limit 7 — 0,

hm{FG}M—hm Fsm( % ? % ? >G=F($x~€p—%p-?x)6’

— {F,G}.

(40)

When A is absent, the semi-classical limit is written Vy - V, < 1. The Poisson algebra is not a subset of the Moyal
algebra, it is rather a truncation of the bracket. Defining the Moyal product, *, through

F%G=Fexp (;(%x-?p—%p-?x)) G, (41)

permits a re-expression

{F,G}M:%(F*G—G*F):%[F,G]* (42)

of the Moyal bracket, making it reminiscent of a commutator. This structure is a consequence of the Moyal product
being the equivalent of operator multiplication in phase space. In essence, the Moyal algebra expresses the fact that
phase space is non-commutative: [, p] # 0.



For what follows, if elements of the Moyal algebra are F(x,p) € g, then I define group action through the operator

U(x,p) = exp(—iF(x,p)). This ensures that

Adzf:exp(fiF)f:U*f*U_l = f_Z[F7f]*+

is an expansion in Moyal brackets, without additional factors of . On the dual Moyal algebra, then, I can define

ad*Ff:{Faf}M7

such that Ady,,_;p) f = exp(adp)f =Ux fxU~', and adr G = {F, G} is the Lie bracket.

2.2 First Quantized Approach

(43)

(44)

The Moyal algebra can also be derived from the first- quantlzed picture, where instead of representing operators A by
fermion bilinears, we denote them as @ such that A = ¢! (i[al) ¢;. This is the approach followed by Yuxuan’s work [14],
which I intend to focus on for a majority of these notes. As the commutator of two bilinears is also a bilinear, this is just
as natural of a representation, and connects nicely with the derivation of the bosonized action from the coherent state

path integral. The Wigner function for some first-quantized operator @ is given by the Wigner transformation

a(x,p) = /ddy <X—% ’X-i— )2,> Py (Wigner)

(45)

which is analogous to that of (25). The inverse operation, known as the Weyl transformation, is straightforward to derive,

2 2

x+x' |y ip-(y+x—x')
2 +2>e

x + x’ /dd x+x' yl.
a| —— = — =la
B P Y B B

d%p x +x , diydip /x+x y
— ip-(x—x') _ / _ Y
/(%)da( 2 ’p)e @ 2 2|

/
X+x +y>eip,y

m)?
<x—|—x X+X +y>6(y—|—x—xl),
2 2
x +x' ip-(x—x')
— (x|a|x') = (27T)d a 5 ple . (Weyl)

A simple relation is the trace of the product of operators

~ dydd
tr[ab] = / Wa(x, p)b(x,p),

which is nothing but the inner product between their Wigner functions. This is also straightforward to show,

ddxddp ddxddp d ad 1 / y y y' y'
P a(x x — ip(y+y') <x _ Y A‘ DA _ Y x4+ L
/ (2m)d alx, p)blx. P) / (2m )ddydye 21 41* 2><X 2 2>

- [t e=3ape ) e Y3
:/ddzddz' (2|7 (2|blz) = trfab] D

What is perhaps less straightforward to show, is that

b

if ¢= [673} then ¢(x,p) = a(x,p) xb(x,p) — b(x,p) * a(x,p) = i{a(x,p),b(X,p) } nr,

(46)

(47)

(49)

i.e. the Wigner function of the commutator of two operators is (i times) the Moyal bracket of the their associated Wigner

functions. This is shown in detail in below.



Proof of (49): From the Wigner representation (45), we have that

c(x,p):/ddy x—fab‘x—&— > —{a < b}
(50)
_ d ., id Y
—/d zdy x 2\a|z>< |b|x+ > —{a < b},
after inserting a completeness relation. I will now replace the two brackets with their Weyl representation (46),
dp’ dép'! e L x z-y/2 x z+y/2
dd dd zp-y ip’-(x—y/2—2z) ip"' - (z—x—y/2) fint Ny = 1"
c(x,p) = / (2m) e e al5+—o P 5T P
—{a < b}
dp’ dép! » / » ” x z—y/2 X z+y/2
_ dd dd zp-y i(p+p') (x—y/2—z) i(p+p") (z2—x—y/2) et Nyl = "
/ z 7(2 )2d e e a 2+ B yP+P 2+ 9 P+ P
—{a < b}
ddp/ddp// ., o x u x u’
_ d d ip - (x— p’ - (u—x
—/dudulwep( u)ep (u )a<2+2,p+pl)b<2+2,p+p”>—{a<—)b}7
(51)

where the second step followed from the shift p’ — p’ + p (likewise for p”) and the last step followed from the
substitution u =z —y/2, v’ =z + y/2 (unit Jacobian). Using the fact that

f(x+%0,5 +yo0) = exp(xo - Vi) exp(yo - Vy) f(%,¥), (52)

I find

< , d ! Jd I . , o
c(x,p) = a(§,p) {/dduddu d(gc;;z exp (ip’ - (x —u’)) exp (ip” - (u — x)) 53)

x exp ((u/2) - V&) exp (p’ - V§) exp ((u'/2) - V%) exp (p” - V2) } b <g7p) —{a < b},

where the superscript of the gradient operator is the function it acts on. I can now collect exponentials and perform

the integrations,
u/
7p /ddu exp 2 V“) /ddu’ exp (Z-Vi)

X / v exp (ip’ - (x —u' —iVE)) / gjf_))/; exp (ip” - (u —x —iV})) ] b <§7p) —{a < b}

c(x,p)

(2m)?
- 7p /duexp 5 V“ /ddu exp(u Vi)6(X—u'—iV;)é(u—x—ng)}b(;ap> (54)
—{a < b}
. b _ 8 a
—a(%,p) [exp <(X+2Np) | Vi) exp ((XQNP) . vi) [8(%p) - {a e 0)
—a(5p) e (5 92) [ (5 (V3 Vo = v2-98) ) Jen (5 - 92) 8 (3.p) — a0,
where from (52), I can shift the coordinates of a,b by x/2, resulting in
c(x,p) =a(x,p exp( (% ? % ? )) —{a < b} (55)

= a(x, p) *b(xvp) - b(xvp) *G(X, p)’ U

as desired!



3 Bosonized Action From Coherent State Path-Integral

This section is covered in the appendix of [14], and in these notes I will expand on the details. Denote the ground state
[F'S) as a spherical Fermi sea filled up to the chemical potential, i.e. |[FS) = [], clT( |0). Excited states consist of
T

particle-hole excitations, which are generated by fermion bilinears ~ ic)c; acting on |FS),

) = exp(igijcier) [FS) = U |FS). (56)

Here, |[U) is a coherent state in the many-body Hilbert space,® and ¢ is an arbitrary function to be eventually identified
as the bosonic degree of freedom. The space of all such coherent states |[Uf) is known as the orbit of |F'S) under action of
the Moyal group.

The coherent state describes, through the function ¢, the collective low energy rearrangement of particle occupation
near the Fermi level (like a deformation of the FS shape). From a microscopic point of view, this fluctuation of occupation
is mediated by particle-hole (quasi-particle) excitations. As a way of characterizing the space of states, I will develop a
coherent state path integral for the bosonic field ¢ governed by some prescribed Hamiltonian H. This naturally provides an
alternative (field-theoretic) formulation of Landau’s Fermi liquid theory in its description of the F'S and its quasi-particle
structure, and the two should agree in certain limits.

3.1 Derivation

Good references are the textbooks [1, 9], which derive the coherent state path integral for spin degrees of freedom. The
Haar measure, dif, assigns an invariant volume to locally compact Lie groups, and consequently defines an integral for
functions on them. Since the Haar measure is invariant under left and right multiplication of fixed group elements®, then
for U,U' € G,

i (/dmw <U|) - /dmu’m | = /du\u/(u/)*uﬂ(u’)*u\ - (/dmw <U|) i (57)
and the quantity [ dif [U) (U| commutes with all other group elements. From Schur’s Lemma®, I deduce the identity
1= [ . (55)
which is useful for construction of the path integral
> AN
Z= <uF|e*ZHAt|uZ«> ~ lim <up| (I - ng) uz-> : (59)

where e = At/N is used to break the path into N steps. Inserting the identity (58) between each copy of (I —eH), I will
be left with terms of the form

Ui | (I = ieH) |Uy) = UssrlUy) — Uy | (ieH) |U;)
=1+ Ui Uy) — UilU;) — Uy | (ieH) |U;)

~onp (o (Mo =) Gy ) )

€
where j — j + 1 corresponds to a time shift ¢ — ¢ + €. Hence,

Z— Jim / ]ﬁ:dujexp (e(<“f+1'“f><“j'“j> — U] D) uj>>)

N—oc0 e

/ DU(E) exp ( /t (@) - @) ) |u>)> (61)

~ /Du(t) exp </t<U| (—at —z‘H) IU>>

3Note that {|i/)} is an overcomplete basis, with (U|U) = 1, UU') # 1.
41t is left-invariant by definition, and also right-invariant if the group is compact.
5An operator A is proportional to the unit identity iff A commutes with all the representation matrices of an irreducible group representation.

Q




where DU = limy_,00 H;-\:()l dU;, and the last approximation followed from an IBP. In terms of the |FS) ground state,
this can be rewritten in the form
- /Du(t) exp (/(Fsal (fat iH)zZ|Fs>> , (62)
t
as quoted in [14].

Sandwhiched between the ground states is
-1 (—at - zH) U =U"Y (=0 + U~ (—iH)U. (63)

The general elements (operators) in the Lie algebra of fermion bilinears are by definition represented as linear combinations
of the generators cTcJ, such that A = cTalj ¢;. This means (63) is an expansion of commutators of fermion bilinears, and
the trick is that for any two bilinears A and B,

[121 B] [c ik Cl, C| bljcj] = a;bijlc; c;wc;rcj] = a;iby; (5le ¢ — 5l-jc;rck) = c;raikbkjcj — c;rbljajkck
= cf (aibr; — birar;)c; (64)
= cl[@, bije;,
where @ are first quantized operators such that A = c (i|al4) ¢;. This means that
UM =il = —icleyje; — [igijele;, —iclena] + O((¢5)7) = cf {_iar [ig, i8] + - } e
_ Y (65)
=cle; [U_l(—i?)U}
) L)
ij

where I defined U = exp(iq/ﬁ\), and noted how in this representation the fermion operators can be freely moved around. For
term with the time-derivative, I must be careful; note that

1 . o

9,0 = / du 17 (9,0)e0", (66)
0

for some operator O [9]. This means that

Utou = exp(—i@jcicj)at exp(—iqﬁijcjcj) = exp(—i@jczcj)/ du exp(i(1 — u)@Jc ) I(i@t@j)cj exp(iu(bijcicj)
0

1
/ du exp(fiugbijc;rcj) cj(i@tgbij)cj exp(iugbijc;rcj)
0
1
= / du {c}(i@t(bij)cj — u[i(bklczcl,iatcﬁijclcj] + .- }
0
= (Zat¢lj)
{&(zd)

Lidher, cl[i0id)c5])| +

1

5 e

[i6. o @}*'“]%
’ (67)

where the last step follows from (64).° At this point I can back track through the same steps inside the brackets, just
without any fermionic operators this time. I can immediately deduce

Ul =c! [e*ia’@teiﬂ ¢ =c, [ —“to,U Lj ¢, (68)

ij

which is a lovely result. Inputting these results into the partition function (62) above, I find the action

S— /<FS| cle; [Fs) [0, - 0] (69)

ij

61 also could’ve quoted the Wikipedia result e~ XdeX = dX — % [X,dX] + --- where d is the differential operator [12].
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Defining the one-particle density matrix for the Fermi surface ground state [J?o]jz‘ = <FS|Cch\FS>, the action can be

written as a trace over first quantized operators,

5= [u[R010 -80) = [ [R0 6000 - 7). (70)
t t
where [f] ji = [ﬁfoﬁfl]ij is the one-particle density matrix for the coherent state.
The first trace can be evaluated from the result e=*deX = dX — %[X ,dX]+ -+, in which case
DS aNT > oy Lo~ o0
tr [ /o0 @00 ] = tr [fo ((z@t)(w) — 5166, (10:)(i9)] +- )} , (71)

which can be simplified by noting that trace of a product of first-quantized operators is the inner product of their Wigner
functions (47), and the Wigner function of a commutator of first-quantized operators is (i times) the Moyal bracket of the
associated Wigner functions (49):

PO ~ drdip ) ) [ . .
tr [fonl(iat)U} _ / d(zﬂd) (fo( ) ((z@ﬁ(zé(&pi)) - 5{zgz;(x,p,t), (i0;)(ip(x, P, t)) } s + - )> -

d.%‘
_/d< Cgp (fo(P)U(x.p.t) ! %i0U (x. p.1))

where U(x,p,t) = exp(i¢(x, p,t)). Similarly,

dIL' d
e = / d d (D). (73)

where

f(x,p) = Ad; fo(p) = U(x,p) * fo(p) » U(x,p) "

1 (74)
= fo(p) = {¢(x,p), fo(P)}ar + 53{d(x, P). {&(x, P), fo(P)}arkas + -,
and ¢(p) is the Wigner function of €.
I conclude with the action
dxd? 1.
5= [ @t (eI p. ) #i0U (x.p.t) = Fx.p)(P) (75)
exactly as that quoted in the appendix of [14]. In terms of inner products, the action can be written
S = Swzw + Su, (76)
where
SWZW :/dt<f0(p)7U(xapat)_l*iatU(vavt)>v SH = _/dt <f(x7p)a‘€(p)> (77)

This is done for non-interacting fermions. In the presence of interactions, Sy contains an additional term composed of
Landau parameters (LPs) for the Fermi liquid [14]. Yuxuan does not include LPs in his work [14], in which he develops
the bosonized theory in weak field, but he does include them in [11] in an in-depth analysis of the dHvA effect.

3.2 Quantum Boltzmann Equation

The equation of motion for the action (76) should be the (quantum) Boltzmann equation, limiting to the semi-classical
Boltzmann equation (22) as h — 0. Noting that

(fie) = (Adyr fo,e) = (fo,Ady-1¢) = <fo,U71 *5*U>, (78)
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then the action can be re-expressed as
S = /dt (fo, U % (i0y —ex)U) <= 0:55:/dt<f0,5[U*1*iat | —6[U 1t xexU]), (79)

and the implication is the assumption of stationary action. I will determine the variations by shifting the dynamic operators
under Moyal group action U — U’ = e* x U, for a = a(x, p,t) € g assumed to small. This follows the steps taken in [3],
albeit with Moyal algebra instead of Poisson algebra.

Computing Variations: The first term of the action shifts under U — U’ as

U %idU — (e*+U) " %i0(e* xU) = U ' xe % (i0e® « U + e* % idU) = U~ % iU + U~  x e=® % i0ye® x U
=U " %idU +6 [U ' %i0,U],

(80)
where I made use of the fact that (UxV)~! = V=1« U~! and identified the variation
U %ig U] =U " * (e %i0e®) U =U"" (iata - %[a,i@ta]* + O(a3)> *xU (81)
=U"' %idiax U + O(a?),
to linear order a. The same can be done for the second term of the action,
U lxexU — (2+xU) " xex(e®+U)=U"x(e*xexe®)xU=U""x(e— [o,e]x + O(a?)) U (82)
=U 'xex U+ [U " xexU],
where
U xexU] = U x[a,el, U+ O0(c?) (83)

= U~ % (—i{a,e}um) *U + O(a?)
is the variation to linear order in «.

The stationary action condition 0 = &S becomes
0= /dt o, U™V x (i0har + i{a, e} ar) x U = /dt (f, e + {o, ebar) = /dt((f,am —{f,ad. a>)
_ / dt( —(0uf.0) +{ad? f.0) ) (34)
- [t —ad: £,

where I recalled my definition of the coadjoint (44), noted its defining property (f,ad. o) = — (ad} f, @), and used IBP to
write (f, Ora) = — (0¢f, ). This relation must hold Ve, and so

0=0uf —adl f <= |0uf =adZ f = {=, fIu | (85)

which is the quantum Boltzmann equation.” In the semiclassical limit, the Moyal bracket becomes the Poisson bracket,
and I find the semi-classical Liouville equation (23).

"It’s really the Liouville equation, since I omitted interactions.
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3.3 Gaussian Action in the Semiclassical Limit / Momentum Space 2-Point Function

In this section, I will expand the bosonized action (76) in the bosonic parameter ¢ to Gaussian order in 2d, assuming
free fermions ¢ = ¢(|p|) and the semi-classical limit i — 0. Note that the one-particle density matrix fy is simply
fo(p) = ©(pr — |p|), indicating a filled spherical Fermi sea of radius pr. For the Wess-Zumino-Witten term, I find

2xd?p 1
Swaw = [t (o0 wiow) 2= [ I g (106 - 5 Gioionion ) + O

= [ (6.6} + o)

where I replaced Moyal brackets with Poisson brackets, and noted that the term linear in ¢ is a total time derivative (since
fo is time-independent). Expanding the bracket and using IBP,

(86)

d2 d’p . . )
Swow = = [ At (Vb Vb= Vo V) + 0(6)

d2 d*p
— 5 [ T (Vo (V) — V- (faT0) + O (87)
_ ngcd2 3
- 5/ ( ) ¢vpf0 x¢+0(¢ )a
where since
Vpfo = VpO(pr — |p|) = =4(Ip| — pr), (88)
after defining 7 = p/|p| to be the unit vector normal to the FS; I find
2
Swow =~ [ GG (- V) + O, (59)

for the WZW term. Note that I used the delta function to collapse the radial momentum integration, leaving just an
integration over the angular variable § = tan~!(p,/p.) and picking up a factor of pr from the measure.
In a similar manner, the Hamiltonian term takes the form

2!17 2
S = /dt(fo, LyexU) 2% d( d) fo <s+{¢7s}+ {¢>,{¢>,€}}>+0(¢3) (90)

In terms of an action in the parameter ¢, the ¢° term is a constant shift and will be neglected. For the linear term, note
that

{b.€} = V¢ Vpe — Vpo - VxE = £'(|p))n - Vo), (91)

where I noted that since ¢ = £(|p|), its gradient is radial. When combined with the factor of fy, the linear term is a total
derivative in space and can be dropped. The result (91) can be substituted into the remaining quadratic term, giving

/d : xdzpfowf’(lpl)ﬁ-Vx¢>}+0(¢3)

=5 [ UG fo V6 Ty (£ (pl)i- V) = Ty Vo (0D - V)] + O) (92)

/dtd%dz[ (DDA - VbV - (JoVx) + foe' (D)) Vit - Vi (i - V)] + O(6)
9 (271_) x 0Vx 0 P x x )

where the third equality is a result of IBP over momentum on the first term, as well as pulling out the factor of £'(|p|) in
the second term. Expanding the momentum derivative in the first term and replacing with (88),

2 2
S =5 [ 4G [~ 2 (RDA(p] = pr)(7 - Vad)? + fod (B3P0 Vi Vo0
+ fo'(Ip < Vd)| + 0(6") (93)
PF d?xdb

=5 | 4o £ (pr) (it - Vi) + O(¢%),
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where the second and third terms canceled by swapping Vp, - Vx¢ = Vi - Vp¢ in the second then performing an IBP over
space.
Combining both terms, the bosonized action (76) to Gaussian order in the bosonic parameter ¢ is

N d?xdf .

5= 2 (271—)2 (’fl ’ VX¢) (¢ +vpn - Vx¢) + O(¢3) (94)

in the semi-classical limit, where I noted vp = &’(pr) when (|p|) = |p|?/2m. This is precisely the leading order Gaussian
action quoted in [3, 8], albeit without Landau parameter interactions. The momentum space 2-point function (¢¢’) (w, q)
follows naturally from this action. Note that d; — w, and Vx — —q under a FT, giving

_ipe [, dadf
2 (2m)?

—ipF

ol a) @~ vri @l = [ dradt 0| T @) - vei- ] 0 (09

S =

where inverting the kinetic operator gives [3]

i(27m)2 -0
(66 (w,q) = 0" 06=8) (96)

pr N-q(w—vpn-q)

which can be used in diagrammatic expansions.
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4 Coupling to Gauge Fields

4.1 Gauge Invariant Action

In this section, I will ensure local U(1) gauge invariance of the action (79)

S:/dt<fo,U*1*(iat—e*)U>. (97)
This will be done by noting that group action under U(1) shifts U — U’ = W x U = exp(iA(x,t)) * U, where W =

exp(iA(x,t)) depends only on spacetime. If A = A(¢), the transformation would be global. As I prove below, gauge
invariance is upheld by the minimal coupling procedure

i0p — 10y — eAgx, e(p) > e(p+eA), (98)
in which case the gauge invariant action is
S = /dt<f0,U’1 * (10, — eAogx)U) — /dt (fo,U ' xe(p+eA)xU), (99)
and the gauge field A, must transform through
W lxA,+W=A, - éaﬂx (100)

Note the definition 0, = (9}, Vx). There really isn’t anything novel with this standard approach, aside from elevating
matrix products to Moyal star-products. The logical next step is to pick a suitable gauge, which I will do in the next
section.

Proof of Gauge Invariance: Let U — W x U in minimally coupled action (99),
g = /dt fo,U *(i&‘t—er*)W*U>—/dt(fo,U’l*W’l*e(p+eA)*W*U>
- /dt fo, U™t %i0,U) + /dt {fo, U k(W % iOW —eW ™' % Agx W) x U) (101)
- /dt<f0,U_1 * W xe(p+eA)«WU).
Note that, to leading order in A,
W % i0,W = exp(—i)) x i0; exp(i)) = i0:(i)), Wl Agx W = Ay — %8,5)\, (102)

where the second relation is a consequence of the choice in transformation (100). Putting these two together, I find
that

W xidW —eW x Ag+x W = -0\ —edg—e (—i@g) = —eAy, (103)

and the second integral of (101) can be combined with the first. For the dispersion term, I have

1
Wl xe(p+eA)x W = exp(—i\) xe(p + eA) x exp(i)) = ¢ (P +VxA+eA—e (Vx)\)> (104)
e

=c(p+eA),
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where under the transformation I noted

exp(—i)) x f(p) x exp(iA) = f(p) + [—iA, f(P)l« + O(\) = f(p) + {\, f(P) I + O(X)
T f(p) + Yk Vpf(p) + 00 (105)
= f(p+ Vx)),
with the extra term being cancelled by the shift in A (100). Inputting these results into (101) makes it clear that S
is U(1) gauge invariant.

4.2 Gauge Choice / New Coordinates

I now utilize the gauge freedom and choose the most convenient gauge for studies of magnetic fields in quantum systems
- the symmetric gauge.

A():O, Azf

gx X 3, (106)

where x is NOT the 2 direction, but rather the spatial coordinate. This gauge preserves the rotational symmetry about
the B-field direction, and allows me to choose a different basis for the phase space coordinates,
R =1%(p —eA) x 2, k=p+eA, (107)

where 1% = 1/eB is the magnetic length, R is the guiding center coordinate (like the center of the cyclotron orbit), and
k is simply the mechanical momentum (encodes the cyclotron motion). Note that R is not explicit in the gauge invariant
action (101), which will be important later in the analysis of the action. The coordinates are defined this way by nature
of their Moyal brackets,

{Ri, R]}M = Eijl2B7 {k‘l, k‘j} = —€ijl§2, {Ri, kJ} = 07 (108)

which are still canonical.
Most importantly, the (R, k) basis uncouples the Moyal star product,

b A = B
FxG=Fexp (223(8R X 8R)) ® exp (—22(81( X 31{)) G = F xg %G, (109)
without any cross terms between k and R, which I prove below.

Proof that Moyal Bracket Uncouples in New Coordinates (109): Since A = —gx x 2, then I can write

1 1
R=-(xx2)x2+px2=—24+1px3 k=p— —(x x 2), (110)
2 2 22
where I used the fact that (x x 2) X 2 = —x when x - 2 = 0. From the chain rule, I get that
JR ok 1 1
8,(:811'74-81('*Z—*8R+72(ak><2?),
ox ox 2 205
JR ok (111)
apzaR%‘f‘ak%:—lQB(aRXé)'i‘ak,
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and

S

x.
Q|

ko]

I
o
| —

Tt — (5 x z)) (BB x 2+ Bx)

2 202,
1%« - ARV & S 90U SR 1 <« =
:76R.( RXZ)—*aR-ak—f(akX2)~( RXZ)+72(8kXZ)-(Q)k
2 2 2 202,
1%« 3 W le =2 1e = 1 < . 3
:?aR( RXZ)—iaRak—iakaR‘FW(akXZ) k>
B
(112)
< — 1 1
B, 3,(:(—123(8sz)+ ak)-<—2 R+212(3kx5))
B
12 « 1< 1 < 1 «
:ﬁ(aRx2)~3R—78k-3R—7(6Rx2)~(3kx2)+—28k-(3kxé)
2 2 2 202,
1% < W 1< = 1< 3 1 « 3wz
:g(asz) R_EakaR_iaR k+Wak( kXZ).
B

where I used the vector identity (A x 2) - (B x 2) = A - B. When these two are subtracted, all cross terms between
k, R cancel, leaving just

%x?p—%p?x:@(gR.(ﬁsz)—(ngz)ﬁR)Jr ! ((Brx2)- Fu—Bi- (Fux2)

2 202
- %%R-(ﬁRxé)—ng-(ﬁk x 2) (113)
=Z- éngﬁR—Bakxak},

where I replaced 1% = 1/B (for e = 1), and used the triple-product identity to rearrange things. The Moyal star
product can now be expressed as

. 5T
F*G:Fexp(;(gx-gp—gp-gx)>G:Fexp<l;-[B%Rng—B%kxgk]>G

: : (114)
= Fexp <2ZB<5R X 311) ® exp (—ngk X 31() G, O

where the separation of the exponential is valid because Jx and Ogr commute.

We can now rewrite phase space functions as F(x,p,t) — F(R,k,t), and the inner product between them is becomes

21,72
1P = [ e TRAFRK) (115)

in the same way as the original phase space variables (x,p). The gauge invariant action (99) can be written in (R, k)

basis as

sz/dt(qo,w*lm*katm (9, (116)

where fo, f, U are all functions of (R, k), and f = U xRr *i fo *r U ~!. Note that ¢ = (k) only.
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4.3 Dealing with Star Products / Noncommutative Representation

In order to make analytic progress, we need a way of truncating (or dealing with) the star products *gr,*kx. Note from
their definitions (109) that the justification of truncating either product depends on the magnitude of the field B, which
we are assuming is weak. This is no issue for *y, as

B

“ c
B x O~ o ~L <1 (117)
ke w

since we are dealing with low energy fluctuations to the F'S in weak magnetic fields. For xg, however, ff the characteristic
length scale of spatial fluctuations is L, then the argument to xg is

S x T %—B ~1 (118)

in the low energy (long wavelength) limit at low field. This means we need to treat xg differently. The trick in treating
*R is to take a page out of the study of noncommutative field theory by making the replacement of the local guiding
center coordinates R by Hermitian operators R which obey commutation relations consistent with the Moyal bracket of
coordinates R, R

[Ri, Rj] = ieijlB. (119)
This is done in practice by introducing the Weyl symbol (or Weyl transformation) for some general phase space function
F(R) [10]. If the Fourier conjugate F(q) to F'(R) is given through

d’R :
F(q) = F(R)e'aR 12
(@ = [ §o R (120)
then the associated Weyl transform is
R d2q o= d2Rd2q . o~
FY(R) = F *lq'R:/ F(R)e'dR-R), 121
®) = [ 5itFlare e R (121)

Note how I redefined the Fourier transform slightly, separating the factor of (2)? onto both the Fourier and inverse-Fourier
transforms, and introducing factors of the magnetic length. As I will show, factors of % are convenient since they appear

in commutation relations for the R variables.®
Now, why is it helpful in dealing with xg to work on a noncommutative space? This is through the relation

/ d®’R Fi(R) *r F5(R) g - - - *r Fu(R) = 27l tr [Flw R)F)YR)---FY(R)|, (122)
which I elaborate on below.
Idea Behind Relation (122): For two functions,

d’Ryd*q,d* Ry d? . &) 5 &t
tr[Fy g I g :/ 1 ((;171)4 228 By (Ry) Fy(Ry)e't R~ R)giaa (Ra-R), (123)

Note from BCH formula (which truncates naturally to leading order) that

s =~ l3
el RemiazR — oy (—i((h +a2) R— ZTBQM X Q2> . (124)

Then perform the trace over f{, or integrating over them as coordinates, getting d(q; + q2). Then, the other term
is simplified by replacing q; — —iVR, and is practically xg. After using the above delta function, do the remaining
integration over q to get §(R; — Ra) and the answer falls out. The 27l% pre-factor is a consequence of the convention
(120).

8This is the same reason for why in typical stat-mech, [z, p] oc & results in factors of 1/ in the phase-space differential.
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It is also helpful because the R coordinate does not appear explicitly in the gauge invariant action, a consequence of
magnetic translation symmetry which I will discuss later. I will first rewrite (116) by expanding out the inner product,

S = /dt% (fo(R,k)iU (R, k) *r kO, U (R, k) — f(R,k)e(k)) . (125)
In order to apply (122), the entire integrand should be written as consecutive xg products, and for that I will appeal to
/dzR FR)GR) = /dQR F(R)*r G(R), (126)

which I prove below.

Proof of the Integral Relation (126): From the definition of xg,

/d?RF R) *r G(R /d2RF )eXp( BaRxﬁ) R)

2qd?q ~, ~ _ il
/d2 2ql 2 F(q)G(d') exp (—Z(q+(1’) ‘R — TBq X q’) :

(127)

where I replaced 5‘ R — —tq and 8 R — —iq’ upon substituting the Fourier transforms. The integration over R can
be performed, giving a factor of (27)26(q + q’) that results in

2 d?q ~, |\~ il% d?q =,  ~
d"RFR)*r G(R) = [ — F(q)G(—q)exp 5 4 xq| = = F(q)G(—q). (128)
B
Fourier transforming back, I find

/ PRF(R) xg G(R) = / T G 7 F(R)G(R)eia®-R) _ / d*Rd*R! F(R)G(R')(27)%6(R — R')

9. 72\2 1—4 7
(2nl%) Iz (2m) (129)
:/dQRF(R)G(R),
as desired.
This allows me to write
Pkd’R 1
S=[dt (22 (fo(R, k) *r iU " (R, k) xr *k0:U (R, k) — f(R, k) *r £(k))
(130)

—/dtdzkt [f ~(K)US 5 10Uz — fr (K) (k)]
= 27rl]§2 JoR g *kWtUg — JrlX)E )

where I redefined the notation for the Weyl transform of F(R) as Fg, for brevity and to align with the work [14]. Now
that the integration over R and star product xg is buried in trace over operators, I will redefine in terms of the k subspace.
Let the inner product (f,G), be defined through

(109,609), = [ 5755 00600, (131)
giving the simple form
S = /dttr (o Un" e i00Ug ) — (2] (132)

where I made the dependence of € on k explicit to highlight the fact that it is independent of R.
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To be perfectly clear, the dynamic operator is Ug = exp (i¢ﬁ(k, t)), and the orbit of the one-particle distribution
function of the ground state is

fa(k,t) = Ug % fo g (k) % Ug ' = exp (idg (k. 1)) %ic fo g % oxp (—idg (k1)) = fo 5 + [idg, fo gla + O(9%)

L. (133)
= fo’ﬁ - {¢ﬁ7 fovﬁ}k + O(¢ )a

also known as the one-particle density matrix for the coherent state. Here, the bracket {F, G}y is defined through

1
{F,G}x ==(Fxk G —G*, F)
! (134)
1 B B
= - (Fexp (—12%1( X 5)]() G- Gexp (—12%1( X 3]() F) s
)
which limits to the Poisson-like bracket
semi. 1 1B 1B

in the semi-classical limit.

4.4 Magnetic Translation Symmetry

I now need a way to perform the trace over noncommuting operators R in the action (132). To do this, I note that in
the presence of a magnetic field, the original translation symmetry is broken, as the Bloch momentum is replaced with
the proper mechanical momentum k = p + eA. Now, I have a magnetic translation symmetry with an operator defined
through [14]
i
%

#(d) = exp < (d.R, — dyﬁm)> . (136)

All #(d)’s commute with the Hamiltonian, allowing me to use the eigenbasis of #(d) to evaluate the trace. I will first
elaborate on some aspects of magnetic translation symmetry.
It’s important to note that the ¢(d) do not necessarily commute with themselves,

1

(4 IRy~ 0+ IR = g x 1) ) =esp (—p ( x ). ) Mli0), (137)

3
212, 2

71)7(1) = exp (— .

B

where I used the BCH formula. We want the symmetry group to be abelian, as that allows us to form simultaneous

eigenstates between any two tA(l) This means the lattice translation symmetry is broken into a discrete subgroup defined
by the condition

I, x Iy| = 2713 <= Bl x 15| = ®. (138)

Having chosen the smallest (n = 1) case (138), the vectors 1; o define a magnetic unit cell which encloses a single magnetic
flux quantum @y = 27, and the associated region in momentum space is known as the magnetic Brillouin zone, in which
Bloch-like states can be defined [4].

I am free to assume that the two 1; live on a torus with lengths L; = M;|l;|, and 1; L 15 (since k-space is periodic
I can just wrap it into the 1mBZ). Any general linear combination of 1;’s can be written as 1 = njl; + nola, where
n; =1,2,--+  M;, which defines the set of magnetic translation operators T = {tA(l)} for the torus. The Bloch states may
then be written in the usual manner”

R o 27'('77,1 N 27'('712 “

K) = KR o), T4 20y, (140)

9The zero momentum state satisfies [7] R
(1) =¢£(1)[0), (139)
where £(1) = 1 if £(1/2) € T and £(1) = —1 otherwise. Choosing £(1) = —1 for the case that #(1/2) ¢ T ensures that #(1)i(1), gets a factor of
(=1)2 =1, as it should since translating half of Z(1)#(1) is just translating by #(1), which is an element of T by assumption.
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where the K are Bloch momenta in the (first) mBZ, the total number of which being equal to the total flux quantum in
the system (or total number of magnetic unit cells)

B(M1M2|11 X 12|) _ BL1L2

# of Bloch momenta = M My = = Ny. (141)
2 (I)O
The |k) are eigenstates of the magnetic translation operator (1),
£1) [K) = ¢(k)e™ K) | (142)

which is easy to show by expanding |K) in terms of the zero-momentum state, commuting operators through the BCH
formula. They subsequently form an orthonormal and complete basis for the non-commutative manifold R, and the trace
over non-commutative coordinates can be replaced by

ol ]= Y (K[ |K), (143)
in the action (132), giving
5= Y [ ] [{fog Ug i) — (e 200)] K. (144)
KemBYZ

Now, since the Hamiltonian has magnetic translation symmetry, and the distribution function fg(k,t) is given from
fo & (k) under Hamiltonian evolution, fg (k,t) should also possess a magnetic translation symmetry. Without prescribing
an explicit Hamiltonian, I can constrain the orbit to possessing this symmetry by

H SR (e EH (1) = fr(k 1), (145)
which in turn places constraints on both f; g (k) and ¢g (k,t). From (142),

(K|falK') = (K[ fai (K) = CHONK|f{K') = (KIfgK') = (K|fz]K) ok xc- (146)
since £(k)? = 1. From an expansion of (133), it follows that

(KIfy 10 K ) = Foxc(k H)orc (K|Ug (k, DIK') = D (K, 1) i (147)

Here, %7K(k, t) is simply the expectation value of foﬁ(k, t) in the Bloch state |K), and similarly for Uk. So, as a matrix
in the K basis, even though ¢z has Ny x Ny independent components, magnetic translation symmetry constrains the
number of relevant modes to be Ny. If all were included, I would be over-counting the number of modes, and would derive
an incorrect (non-extensive) free energy.

4.5 Effective Action / Windings

By inserting completeness relations into (144) and noting that all expectation values are diagonal by nature of the magnetic
translation symmetry, I find

s= 3 /dt [<f0(k),z7};1 e i@tﬁK> - <fK,5(k)>} , (148)

KcmBZ

where I used the fact that for a fixed chemical potential (size of the FS), fo does not depend on the Bloch momentum K
explicitly. It just depends on the dispersion £(k), which in the semiclassical limit is fo(k) = O(u —e(k)) = O(kr — [K|).
Under the dynamic operator Ux = exp(i¢k), the action (148) expands to third order in ¢k as

S = Z /dt <fo, —fK — %{fﬁK,é{)K} - %{QZ)K? {¢k. ok }}+ - >
KEmBZ (149)

£ 5 [ (f= o b + 3o s foh) — o fone (o fal}) 4+ <010

KemBZ
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where I replaced qz~5 — ¢ and dropped k subscripts on inner products and Poisson brackets. Note that q~5K is a compact
boson (defined mod 27):

ok (k,t) = o (k,t) + 2m, (150)

so we must be careful in capturing winding configurations in the action. This can be seen by an IBP on the following
Poisson bracket,

A2k d2k
(AP, éxc}) = / el (P o) =~ / L fon o, ox
B

d*k

d2 A’k 151
= Beij/ (8k f@k ¢K)F—|—B€U/7_2fF6kiakj¢K ( )
27rlB 2mly
Ak d?k
= F BfF
/2 o U0} +/2ﬂ FFoh % et

—({f.¢ox}, F) + B(f, Fox x Ox¢x)
where the curl of a gradient is nonzero when the function it acts on is multi-valued (has winding configurations). This is

precisely the same treatment taken in analyses of vortices of the XY model. I will now analyze each term individually,
breaking apart winding terms from non-winding terms. This is done in Section 4.8, and the full action takes the form

Sep = Z/@aﬁhz ¢'L +wcae¢z:| ,

—;/dt[<f0,</3i> - <f0>B(3k x Ok i) (;@ + é{¢i7¢i} +- >> (152)

— (B0 x 800 (6010} — 160 (6111} ) 200

where for notational purposes I noted that since there are IV different Bloch momenta K in the mBZ, we have N4 bosons
which can be instead labeled by some index i € [1, Ng]. Here we have Ny uncoupled and identical actions, and this
degeneracy already sheds some light towards the presence of Landau level physics. I labeled the Floreanini-Jackiw action
Sep as such because it describes Ny species of chiral bosons in momentum space with angular speed w,. In position space,
Sep describes the edge state of an integer quantum Hall state with Chern number Ny, which is a similar picture to the
semi-classical notion of electron’s moving around the FS in the presence of a magnetic field. This implies that cyclotron
motion can be viewed as edge states of a Chern insulator in momentum space.

To finish up this section, I will make a simplification of the winding action by imposing winding configurations of ¢,
which I take to be ¢ ~ pf. These configurations contribute to

/de Do = 2P, (153)

In analogy to the XY model, I will define a path 9% which circles a k-space vortex and defines an oriented area Y . This
allows me to write

2mp = AE dog - O = /2da- (O X Oxp) < Ok X Ok = 2mpd (k). (154)

In Sy, this has the consequence that all terms with Poisson brackets vanish, due to disjoint support, leaving just
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Ny
Scb = — Z/%iea%bi [¢z +wca9¢i} ;
=t (155)

Ng 9
dtd*k . B .
Sw = ; / RO (—cm + 5 (B x akqbi)@)

as the fully simplified action S = S¢, + Syw. The action S, is defined differently than [14], as they assume 6 is measured
clockwise.
4.6 Quantum Oscillation

Following the approach used in [13], I will derive the zero-mode action by taking the first two terms in the mode expansion
of ¢, which is just ¢ = q + pf. This results in

e o or o[ 2
:/dt <_2;;?Cj+m_?p2> (156)

where I have defined the Fermi surface area A. This is precisely the action for a particle moving on a ring with a unit
radius (¢ ~ ¢+ 27), in the presence of a magnetic flux A/ B penetrating the center of the ring [14]. By evaluating the path
integral explicitly, one can show that the topological 8-term (proportional to ¢) gives rise to an oscillatory component of
the free energy with period (in 1/B) of 27/ A.

4.7 Summary of the Gauge Coupling Section
e Introduce magnetic field by making the action locally U(1) gauge invariant.

e Most common choice is symmetric gauge, with coordinate basis (R, k). Conveniently, x = xg*) uncouples.

e To get effective semi-classical action, are justified in weak magnetic field to truncate xi, but xgr must be done
differently. Action doesn’t explicitly depend on R via magnetic translation symmetry, so we elevate R — R to non-
commutative coordinates and choose the eigenbasis of the magnetic translation symmetry operator for the manifold
of R. This is sketched by

/%ijRl(”')H“ﬁ[”']H > (KiK. (157)

KemBZ

There are Ny such K; in the mBZ, where N is the total number of magnetix flux quanta through the system (or
L.L. degen.) Invariance under magnetic translation symmetry ensures that matrix elements of ¢, fo, f in the K basis
are diagonal.

e Now truncate xx. To get ”proper” action, need to use IBP to get derivatives onto fy. Since q; is a compact variable,
total derivatives cannot be dropped and constitute a winding term. The non-winding action describes Ny flavors of
chiral bosons with angular speed w. in momentum space.

”cyclotron motion <= edge states of momentum space Chern insulator”
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4.8 Derivation of Chiral Boson and Winding Actions
WZW Term
Through a use of (151), the WZW term of (149) becomes

Swzw = — Z /dt [ fo,gbK <fo, {¢K,¢K}> - % <fo, {{¢Kaqi>x},¢k}> 4. }

KemBZ
Z /dt[ {fo, Pk }, ¢K> <{fo,¢K},{¢K,¢K}>+"} (158)
KemBZ
Kezm:BZ/dt [ an¢K <anB(8k X Okdk) <;¢K + é‘WK»QgK} +- >>] )

where the second term is only non-zero if winding configurations are present. Continuing naturally,
{fo, o} = =Bk fo X 0ok = Bo(|k| — kr)i x Oxdx

159
= 2501~ ke)nn 1)
F

where I used fo(k) = O(kp — |k|), and 7 || k so that 72 x Ok = Jg/kF is the angular gradient at the FS set by the delta
function. Note that I am leaving implicit a direction Z. This gives

d’k B 1. 1 . "
KemBZ
1. ] . (160)
- > / 2 o0 [2¢K<9> I COR ) F A
KemBZ
where I defined for the time being
1, 1 .
Stow=- > [a { fordc) <fo,B<ak X Oeic) (2¢K + 2 {om dac) 4 )>] (161)
KemBZ
as the contribution to the winding term from Swzw. As a final note, it is easy to see that
: . . 1 . . 1 4.
{¢K<9),¢K(9)} = —Bak¢K(9) X akd)K(G) =-B |:8k|7’b + 699:| ¢K(9) X [8kn + 8@9:| q/)K(@)
kp kr (162)
= O7
which also means all other higher-order terms vanish, giving in the semi-classical limit a very simple action
dtdf
SWZW = — Z /7¢K 80¢K(9)
KemBZ (163)

- > /dt [ f07¢K <fO7B(8k x Ok¢k) (;‘bK + é{¢K,¢K} +- )>] )

KcmBZ

The first term is off by a minus sign to Yuxuan’s work [14], because they assume the 6 angular variable is measured
clockwise.
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H-Term
The Hamiltonian part of the action (149) is
= 3 [t tonc b 209) = § (o fone o) 2010) + g (e Come me ) 4| (1o
KemBZ

where I dropped the (fy,e(k)) term since it is of order ¢° and is a shift to the energy. Note further from (159) that
{ok, fo} x 0(|k| — kr)OppK, so the first term is a total derivative in 6 (as € = £(k)). This further simplifies things to

-y /dt [— ({{ok, fo}, ok} e(k)) + é (Hox. {9k, fo}}, ok}, e(k)) +] ’ (165)

KemBZ

where I reordered some brackets after dropping the total derivative. Flipping the Poisson bracket through (151), I find

- X a5 o b (et ench) = g o (Gnc Fol) (09 -
KemBZ
(166)
+ dt ( Bok x Ok | {0k, fo} — - {¢ Aok, fo}} ) e(k)
Kgn:BZ/ < k X Ok K( K K> 1PK ) >
where the second term contains all of the winding contributions. The first term can be simplified by (159), giving
Su= 3 [t (et 31209} g owthond (K. 0n) £
b3 [ Bocx duonc (How o)~ oo o)) ) )
KemBZ (167)
= > /dt Do Pk (0 { {e(k), K(9>}—(15{¢K(9),59¢K(9>}{5(k)a¢K(9)}+"}
KemBZ
+ dt ( BOx x Okdk | 5{0k, fo} — {¢>{¢7f}},(k),
KGZH;BZ/<1(><1<K( K> Jo KK0>5>
Note importantly that
{0k (0), 09K (0)} =0, (168)

for the same reason that (162) vanishes. Due to the nesting of this bracket (168) in all higher order terms not written
explicitly, I find they also vanish. Fundamentally, this results in a non-interacting EFT in contrast to the interacting
EFT without the magnetic field [3], and is a consequence of the independence of the cyclotron frequency on |k|. For
non-parabolic dispersion, this situation will likely change.

This leaves just leading term. Defining the cyclotron frequency as w. = B/m, for a parabolic dispersion

{609, (0)} = 1 -Bue(k)|,_ Qe 0)i x 0 = ~weDoinc(0)z, (169

and I conclude

/ it % o, (06 (0))?

KemBZ

ey dt<Bakxak¢>K( (6. o} — o, fone o}}) 209 )

KemBZ

(170)

The second term is off by a minus sign to Yuxuan’s work [14], but since this term drops out after imposing explicit winding
configurations, the sign is irrelevant.

25



References

Alexander Altland and Ben D. Simons. Condensed Matter Field Theory. Cambridge University Press, Cambridge,
UK, 2 edition, 2010.

Neil W. Ashcroft and N. David Mermin. Solid State Physics. Cengage Learning, 1976.

Luca V. Delacrétaz, Samuel E. Korenblit, and Subir Sachdev. Nonlinear bosonization of fermi surfaces: The method
of coadjoint orbits. Physical Review Research, 4(3):033131, 2022.

Eduardo Fradkin. Field Theories of Condensed Matter Physics. Cambridge University Press, Cambridge, UK, 2
edition, 2013.

Eduardo Fradkin. Quantum Field Theory: An Integrated Approach. Princeton University Press, Princeton, NJ, 2021.

Herbert Goldstein, Charles P. Poole, and John L. Safko. Classical Mechanics. Addison-Wesley, San Francisco, CA,
3rd edition, 2002.

F. D. M. Haldane. The origin of holomorphic states in landau levels from non-commutative geometry and a new
formula for their overlaps on the torus. Journal of Mathematical Physics, 59(8):081901, 2018. Published August 17,
2018; arXiv:1806.00876.

Umang Mehta. Postmodern Fermi Liquids. Springer Theses. Springer, Cham, Cham, Switzerland, 2024.
Subir Sachdev. Quantum Phases of Matter. Cambridge University Press, Cambridge, UK, 2023.
Richard J. Szabo. Quantum field theory on noncommutative spaces. Physics Reports, 378(4):207-299, 2003.

Yuxuan Wang. Bosonized theory of de Haas—van Alphen quantum oscillation in fermi liquids. arXiv preprint, Jun
2025. 31 pages, 2 figures; published June 25, 2025.

Wikipedia  contributors. Baker-Campbell-Hausdorff  formula. https://en.wikipedia.org/wiki/
BakerCampbellHausdorff_formula, 2025. Accessed: 2025-06-19.

Mengxing Ye and Yuxuan Wang. Berry Phase and Quantum Oscillation from Multi-orbital Coadjoint-orbit Bosoniza-
tion. arXiv preprint, December 2024. version also on SciPost submitted March 2025.

Mengxing Ye and Yuxuan Wang. Coadjoint-orbit bosonization of a fermi surface in a weak magnetic field. arXiv
preprint arXiv:2408.06409, 2024. arXiv:2408.06409v2 [cond-mat.str-el].

26


https://en.wikipedia.org/wiki/Baker–Campbell–Hausdorff_formula
https://en.wikipedia.org/wiki/Baker–Campbell–Hausdorff_formula

	Lie Algebra
	Moyal Algebra
	Second-Quantized Approach
	First Quantized Approach

	Bosonized Action From Coherent State Path-Integral
	Derivation
	Quantum Boltzmann Equation
	Gaussian Action in the Semiclassical Limit / Momentum Space 2-Point Function

	Coupling to Gauge Fields
	Gauge Invariant Action
	Gauge Choice / New Coordinates
	Dealing with Star Products / Noncommutative Representation
	Magnetic Translation Symmetry
	Effective Action / Windings
	Quantum Oscillation
	Summary of the Gauge Coupling Section
	Derivation of Chiral Boson and Winding Actions


