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Abstract

We develop an effective field theory for a multi-orbital fermionic system using the method
of coadjoint orbits for higher-dimensional bosonization. The dynamical bosonic fields
are single-particle distribution functions defined on the phase space. We show that when
projecting to a single band, Berry curvature effects naturally emerge. In particular, we
consider the de Haas-van Alphen effect of a 2d Fermi surface, and show that the oscilla-
tion of orbital magnetization in an external field is offset by the Berry phase accumulated
by the cyclotron around the Fermi surface. Beyond previously known results, we show
that this phase shift holds even for interacting systems, in which the single-particle Berry
phase is replaced by the static anomalous Hall conductance. Furthermore, we obtain the
correction to the amplitudes of de Haas-van Alphen oscillations due to Berry curvature
effects.
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1 Introduction

The quantum oscillation of magnetization in the presence of an external field, or the de Haas-
van Alphen effect (dHvA) plays an important role in modern condensed matter physics in
characterizing the Fermi surface of gapless fermionic systems, which is commonly used to
experimentally probe the size, shape, [1] and Berry phases [2-17] of the Fermi surface (FS).

For non-interacting systems, the dHVA effect can be obtained by summing over contri-
butions from all Landau levels. An alternative, somewhat more intuitive way to understand
the dHVA effect comes from a Bohr-Sommerfeld quantization of the semiclassical wavepacket
moving around the FS, leading to oscillations as a periodic function of Agg/B [18-20]. From
this picture, an important outcome is that, for a multi-orbital system, the Berry phase y accu-
mulated around the FS enters the dHvA oscillations as a phase shift [2,14,21], such that the
free energy contains the components

Fy =Akcos[k(%+y)], kez,

from which the magnetization M = —JdF /9B is obtained.

On the other hand, the effect of Berry curvature on the amplitudes A; has not been ex-
plicitly addressed. Furthermore, the Berry-phase induced phase shift has only been obtained
using a single non-interacting wave packet. A natural question is how the phase shift y should
be interpreted and renormalized in the presence of interaction effects. For interacting sys-
tems such as Fermi liquids and non-Fermi liquids, it becomes necessary to analyze this effect
in a many-body field theory. However, traditional field-theoretic techniques can be clumsy in
treating dHvA. First, due to the essential singularity in the B dependence of magnetization,
dHvVA cannot be obtained in regular linear (or nonlinear) response theory; instead one needs
to directly evaluate the free energy [22], which for a general lattice system is nontrivial to
solve beyond the semiclassical regime [13,23-25]. Second, for interacting systems, especially
in 2d, the fermionic self-energy by itself contains oscillatory parts, whose closed-form expres-
sions are not known [22,26,27]. It is thus highly desirable to develop an low-energy effective
field theory in which Landau level physics near the Fermi level naturally emerge, and in which
interaction effects can be further incorporated.

To this end, we develop a bosonization approach to study Berry phase effects in dHvA
of a multi-orbital metal. As recently shown [28] using the method of coadjoint orbits [29]
for higher-dimensional bosonization [29-38], an additional advantage of bosonization is that
it reduces the problem of dHVA from one of field theory to one of quantum mechanics. In the
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bosonic theory, the base manifold is the phase space of single particles and the target manifold is
the single-particle distribution function f («, p) (where f is a matrix for a multi-orbital system)
under canonical transformations, i.e., the coadjoint orbit. While in this work we focus on free
fermions, the interaction effects can be incorporated in the form of Landau parameters or
coupling to bosonic collective modes [29], without going beyond Gaussian level, which is a
major advantage of bosonization.

We focus on 2d systems with a fixed chemical potential u (e.g., via gating) in a weak
magnetic field (B < kf,, kr being the Fermi wavevector). We derive the multi-orbital bosonic
theory from coherent-state path integral for the fermion bilinear field faﬁ = 626/5. We couple
the theory to an external magnetic field, and subsequently project this action via a gradient
expansion onto a single band with a FS (see Fig. 1), and analyze the Berry curvature effects to
leading order in B. We show that the Berry curvature modifies both the Poisson bracket and
phase-space integration measure [25,39].

By perturbatively expanding the action, we obtain a bosonzied theory of Nj chiral bosons
¢;, where Ny is the Landau level degeneracy, in momentum space parametrized by the an-
gle 6. As we recently pointed out in [28], the dHVA effect comes from an additional total
derivative term in ¢;(6) in the action. While not entering the equation of motion, this term
becomes a topological 8-term upon mode expansion, and has a nonperturbative effect on the
quantization of energy. For multi-orbital systems with a single FS, we show that the Berry
phase y enters the 6-term, and thus leads to a phase shift of dHVA oscillations. Remarkably,
we argue that this holds even for interacting systems. We provide a non-perturbative proof
relating the static Hall conductance o'l to y, and hence the phase shift in dHvA. Moreover,
our field-theoretic approach allows for the calculation of the amplitudes A, of dHvVA for all
oscillatory components, and we obtain a Lifshitz-Kosevich-like formula [19] for A;, which is
modified by Berry curvature effects.

2 Bosonized action for a multi-orbital system

For a non-interacting multi-orbital system, one can derive the bosonized action using coherent-
state path integral [28,40-43]. As a general feature for bosonization, interacting effects can be
straightforwardly incorporated [29]. Defining the ground state of the many-body Hamiltonian
as |£2), we consider a coherent state given by |I{) = U/ |Q2), where U = exp(iqbia’jﬁ Cz-acj/i) is
parametrized by a bilocal field ¢, js that depends on both coordinates i, j and orbital indices
a, B. The I4’s, forming a Lie group, will be the target manifold of the field theory. Their action
on the the ground state |Q2) is known as the coadjoint orbit [29]. By standard derivations, the
path integral is

7 f wexp[ J de @i (_at_m)Mm], W

where DU is the product of the Haar measure of the Lie group taken at all times, and % is
the multi-orbital noninteracting Hamiltonian. The operators in the action can be expanded
in terms of nested commutators of fermion bilinear operators, which can be represented by
first-quantized operators. The action then becomes S = f dt Tr[ﬁ) U~ tia,U —fl/-l\ ] where fo

and f are one-particle density matrices for the ground state and the coherent state, defined
respectively as fo ipiq = (Qlc,cip|Q) and fig;q = (Ulc! cjplU). Further, here U and H
are first-quantized counterparts of { and %, i.e., U = !¢, with (ia| ab\ljﬂ) = ¢jq,jp and the
elements of H are given by H = cl.J"aHia, ipCjp- The trace over single-particle operators can
be alternatively expressed as phase-space integrals over Moyal products [28, 44] of Wigner
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Figure 1: Illustration of the FS from a multi-orbital system, marked by the thick red
line, enclosing a Fermi volume and a Berry phase.

functions, which leads to

dxd ~ —~ ~
s=| dtZ LT[ fy(a,p) « U (@, p, 1) xi8, U, p, 1)
@n)?

—f(z,p)~ H(z,p)] )

—— ——> ~ ~ ~
where x = exp[i(afcap— 8p3m)/2] is the Moyal product, and U(x,p), f(x,p) = U(x,p) *

fo(a:,p) « UY(x,p), and H(x, p) are the Wigner functions of the corresponding operators,
which are defined via, e.g., U(x, p) = f dyePY(x—y/2|U|x+y/2). All these Wigner func-
tions are matrices in orbital space, over which the trace is taken in Eq. (2).

3 Band projection in a weak magnetic field

Without loss of generality, we consider a 2d multi-orbital metal with a single closed FS, skectched
in Fig. 1 in the presence of a magnetic field. For weak fields, we have Ba% < 1 (where q is
the lattice constant), and following the Peierls substitution, the Hamiltonian can be written as
H(z,p) = H(m = p+ A(x)), where 7 is the kinetic momentum. As a low-energy effective
field theory (EFT), we can project the theory onto a single band |v,.) [45-47]. Since H(=) is
treated as a Wigner function instead of a quantum operator, the proper multiplication operator
is » (which satisfies associativity), i.e., the energy eigenstate is given by H « |v) = |v) » €, with
(v] * |v) = 1. The effective action is

Surt = f W« (Fyw T w18, T—F «H) = 1v). @)
t,z,p

Here (v, | *ﬁ,(ﬂ-) = fo(m) * (v, |, where fy(7) = 8(er — e(m)) and the low-energy fluctuations
are restricted to intra-band ones: (u| « U » [v) = U§,,. (See Appendix A for more details.)
For low-energy physics, we will expand our theory around the FS. Thus, for a closed
FS, one can ignore the BZ boundary and take the continuum limit. In this situation, as
pointed out in Ref. [28], it is convenient to work in the (R,7) coordinates of the phase
space, where R = (x —m, /B,y + 7, /B) is the guiding center, as the theory is R-independent
due to magnetic translation symmetry. In this situation, the Moyal product simplifies to x =

4
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eXp|:—i(B /2)<6’_,r X 3_,:] [28]. Noting that |v) is not the eigenstate of H via matrix multipli-

cation, let us assume instead H |vy) = €, |vy), where (vo|vy) = 1. We can expand |v) as
[vo) +16v) + O(B?). We have 1 = (v| x |v) ~ (vo| * [vo) + 2Re (vy|6V) + O(B?) = 1 —BQ/2 +
2Re (vg|6v) + O(B?), where Q(7) = i (v, (3: X 8_7: [vo) is the Berry curvature. We see that
Re (vo|65v) = BQ/4+ O(B?). In the weak field limit, O(B?) terms are suppressed by B/k?, and
can be safely neglected (which we do hereafter). Knowing the expansion of |v), we can then
expand the projection of H [23,48]

(v|* H(m) * |[v) = 2Re (vo| H|5v) + (vo| x H * |vp)
= ¢eo(ny —BA,,n, + BA,)—M(m,,m,)B. 4)

Here M(w) = —% (Vovol [H(w)—e(m)] x |V ,vy) is the spontaneous orbital magnetic
moment, first obtained in a gauge invariant way using semiclassical wave packets [6], and
A(m) =i(v| 9, |v) is the Berry connection. We can thus define the modified kinetic momen-
tum as

ke, =m,, FBA,,, (5)

and the effects of Berry curvature enters through a Jacobian J = 1 4+ B} present both in the
integration measure and in the Moyal product. Note that while it is tempting to treat A(x)
and A(p) as components of phase-space gauge fields, a direct minimal coupling procedure
(x,p) = (x— A,p+ A) is not correct (see Appendix A.3 for the complete analysis).

After the band projection, the action becomes

s:J (1+BQ) [ fo(k)U ' xio,U— f xe(k)], (6)
t,R.k

— —
where x» = exp[—iB O % 0, /2(1+ BQ)} in the new coordinates, and the effective dispersion

is given by
e(k) =€y(k)— M(Kk)B. 7

The action (6) agrees with a recent effective field theory phenomenologically obtained from
single-particle symplectic mechanics [39]. However, the spontaneous moment contributes a
“Zeeman energy" —M(k)B to the dispersion, which cannot be obtained using the methods
there, and has to be assumed to be implicit in e(k). Notably, the saddle point of this action
yields 0,f (R, k,t) = {f(R,k, t),e(k)}y, where {F,G}y; = —i(F * G — G » F) is the Moyal
bracket [28,42,44] and can be approximated by the Poisson bracket

{EG} T +B9k)

(6, taken with R fixed); indeed, the corrections due to Moyal product comes at O(B?), an
even higher order than the Berry curvature effects. Further defining X = x + A(r), using the
chain rule we have in (X, k) coordinates (see also Appendix A.3)

1+ BQ(k)

o f( X,k t)= , 8
where v = Ji.e and J,f is taken with X fixed. This is precisely the collisionless Boltzmann
equation in the presence of Berry curvature and magnetic field. The 1+ BQ) factor was first
obtained from wavepackets [25], and has been shown to follow from band projection [45,46,
49,50], although as can be seen in Appendix A.3, our derivation using (R, k) coordinates is
significantly more straightforward.
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The phase-space field can be expressed as U(R, k) = exp(i¢ (R, k)), where ¢ ~ ¢ + 21
is a real compact field. We expand the effective action up to quadratic order in ¢, and drop
higher-order terms, which are irrelevant perturbations. When ¢ is single-valued, the quadratic
action in the weak field limit reads

s J dek(1+BQ){¢ o)} (6 — {e(), 6}). ©

Further, as shown in Ref. [28], due to magnetic translation symmetry, the integral over non-
commutative (phase-space) coordinates R can be converted to a sum over Ny magnetic Bloch
states in the magnetic Brillouin zone (mBZ), where Ny = BL?/27 is the Landau level degener-
acy: we have de/(ZTtB_l)... =Trg... = ZKlEmBZ (K;|...|K;). In addition, it suffices [28]
to only include in the path integral over ¢ (R, k) that are invariant under magnetic translation,
e, (K| p(R,k)|K;) = ¢;(k)5,;.

Let us assume the FS is isotropic, and show the analysis for anisotropic FS’s in Appendix
B. In terms of ¢;(k)’s, the effective action is given by S = Zfljl (Sep + Sw), with

SCb:fdth 9o Pi (d’l 1+BQ 9¢)

2
Sy = J dud kfo(k)[ B+ L@ x )qbl], 10

where the cyclotron frequency w. = Bv(kg)/kp and Qg = J, x Alj—i, are taken on the FS. The
Sl ¢i(0, t)] term directly follows from Eq. (9), where 0 parametrizes the tangential direction
along the Fermi surface. It describes a chiral boson propagating in 1d momentum space [51].
The S, [¢;(k, t)] term, commonly neglected in literature, is nonzero when ¢; contains winding
configurations [28], and is topological (depending only on the winding numbers). As is well-
known [52], topological terms do not enter the equation of motion (8), but they do affect the
quantization of the theory.

4 Mode expansion and quantization

We perform a mode expansion for the compact field ¢; as

¢:(0)=q;+p;0+ "%, 0 e[—m,m),
éw |

where q; =~ q; + 27, and p; is a winding number. For p; # 0, the U; = e!%¥ field has a
singular (vortex) configuration in k, which requires an extension of the coherent states |/) in
the path integral [28]. The physical meaning of p; is the extra occupation number at a given
K;. Indeed, from

=J(1+BQ)(ei¢i*f0*e_i¢i—fo)z—J %P (11)
& g 2T

we see that adding p; # O configurations for each K; ensures that the system is in a grand
canonical ensemble (as it should for a fixed u).

To quantize S,, we need to extend the mode expansion into the Fermi sea, but since the
term is topological, the specific form of extension does not matter [28]. The action splits into
a Fock sector and a zero-mode sector, S, [ ¢ ]+ Sl @] = Srock [@n] + SzerolP>q]- As shown in
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Ref. [28], Sgocx is responsible for specific heat and Landau diamagnetism for T > ., which
we will not discuss here.
The zero-mode action can be written as

_ _E_L) @ z]
Szero[p:q]—Jdt[( 7B 2m q+pq r°l, (12)

wherey = fk fo(k)Q(k) is the Berry phase around the FS, and the effective cyclotron frequency
for a generic FS is [25] (see Appendix B)

w.(B,Q2) = B < L > 5 (13)
2ng(ep,B) \14+BQg /s
where g(ep,B) is the density of states obtained from (7), and (...)ps denotes an average over
the FS for anisotropic cases.
Interestingly, the action (12) exactly maps to that of a quantum mechanical problem of
a charged particle moving on a ring enclosing a flux, where the first term is a topological
O-term [52]. At a finite temperature 1/f, the partition function is

_ _ﬁ@c( /, Ars L)Z
Zyero = Zexp[ Pt | (14)

p'EZ

We clearly see that this result is periodic in Apg/B + ¥ mod 27 at low-temperatures, and
becomes non-oscillatory at T > &, when the summation can be replaced by integral. This is
precisely the origin of dHVA.

5 Modified Lifshitz-Kosevich formula

The oscillation of orbital magnetization in an external field can be obtained by evaluating
the free energy of the zero-mode partition function, F,,. = —T log Z,.,,. Using the Poisson
resummation formula,

o0
Foe =—NpTlog[ 142 cos(nA)q"

n=1

oo
=—2NsTRe Z log(l + qzm_leiA) + non-osc.

m=1

where q = exp(—ZcmT/cBC) and A = Agg/B + v. In going to the second line, we used a
property of the Jacobi theta function 65(A/2,q) [53]; see Appendix C for details. Expanding
the log in the second line and performing the summation over m, we obtain

(15)

B o (—)* cos [k (Aps/B +71)]
FOSC_N(I)T; k sinh(27m2kT /@,)

A key modification to previous results [12,13] is that &, in the oscillation amplitude is non-
linear in B, due to both Berry phase and the magnetic moment. For T > @, expanding in the
exponent in B, we get for the amplitude:

24T
A o< exp(—;T)exp(AzT). (16)
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The additional A, term can be directly tested in 2d materials with strong Berry curvature on
the Fermi surface. While the same result could be obtained via semiclassical wavepackets [13,
23-25], it has not been given explicitly. Moreover, our systematic procedure of expanding in
B and in ¢ allows for obtaining higher-order corrections. For example, we show in Appendix
C.1 that including ¢ terms in the action lead to a small temperature-dependent phase shift
in dHVA for non-parabolic bands, which was recently reported in 3d metals [54].

The periodicity and phase shift in (15) is rooted in the topological 6-term in (12), and
survives even for interacting systems such as Fermi liquids and non-Fermi liquids [29]. While
the Luttinger theorem [55-57] ensures the physical meaning of Agg, a natural question is that
of y beyond single-particle physics.

6 dHvVA and the anomalous Hall effects

The canonical quantization of S, + S,,, from the ~ ¢ terms therein, leads to the Kac-Moody
algebra [28,57,58]

[4,(0),,(6)) = —-5'(6 — 6), (17)

where n;(0) = —09y¢,;(0)/2m is the density of electrons with magnetic momentum K; (see
Eq. (11)).

For a system without Berry phases, this algebra was used [57] to obtain a nonperturbative
derivation of the Luttinger’s theorem. In our context, let’s set N = 1 and consider the braiding
algebra between “translation" operators generated by kinetic momentum 7r:

’]Al‘x,y = exp(i Zﬁﬂnx’y),
™

where N, is the particle number operator and we set lattice constant @ = 1. From ba-
sic quantum mechanics (see Appendix D), ’ﬁ‘x’ﬁ‘y'ﬁ‘;l’f[‘;l = e?™ [57], where v is the fill-
ing fraction of the band. In the low-energy limit, the lattice translation operators become
’]AI‘x,y ~ exp{i f@ n(6) [kF;x,y(O) iBAy,X(G)]}, where we have used (5). Together with (17),
up to O(B?) corrections, the same braiding algebra evaluates to (see Appendix D)

I exp[i% ; 15—;] (18)
where y = 35 A - dk is the same as that in (12) via Stokes theorem. Relating the right band
sides, we get 4% v = Agg+By = Ad + (35 Aps +7)B, where Ay is the zero-field Fermi surface
area corresponding to the Luttinger theorem, and the dz.Apg term is due to the spontaneous
magnetization in Eq. (7). The linear charge response to a B field can be related to the static
(anomalous) Hall conductance via the Streda formula [39,59]:

d opA
OH(q—>0,w=0)=—v =1 5B7Fs
dB|g—y 4m? 4n?

(19)

This result has been long known for free fermions [25,60], and recently proven perturbatively
for interacting systems via Green’s functions [61]. Our non-perturbative derivation, only tak-
ing input from low energies', applies even for interacting systems such as Fermi liquids and
non-Fermi liquids [61,62]. We prove the applicability to interacting systems in Appendix D.1.

1A priori one cannot use v = f fo(p)dp/4m? except for free fermions.
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From (15) and (19), we get for a generic interacting system

[e%e] .AO
Fo= ZAk cos [k (f + 4nzaHﬂ , (20)
k=1

Thus, the phase shift in dHvA should precisely match the static anomalous Hall conductance,
which can be extracted from spatially-resolved transport [63].

7 Discussion

The key result of this work, Eq. (15), takes a similar form of the Lifshitz-Kosevich formula,
with two important differences. First, the renormalized cyclotron frequency @, in (13) is non-
linear in B, leading to a modified temperature dependence. Second, the phase shift y applies
beyond the single-particle Berry phase for free fermions. We note that unlike the phase shift,
the amplitude A, in general receives additional corrections from interaction effects, which we
will address in an upcoming work [64]. Finally, it would be interesting to extend our results
to 3d systems.

Acknowledgments

We would like to thank Aris Alexandradinata, Jing-Yuan Chen, Andrey V. Chubukov, Luca V.
Delacrétaz, Dominic Else, Eduardo Fradkin, and Dmitrii L. Maslov for useful discussions. We
especially thank Leon Balents for helpful discussions on band projection via a gradient ex-
pansion. YW is supported by NSF under award number DMR-2045781. MY is supported by
a start-up grant from the University of Utah. We acknowledge support by grant NSF PHY-
1748958 to the Kavli Institute for Theoretical Physics (YW and MY), where this work was
partly performed.

A Band projection procedure for general phase space coordinates

In this section, we generalize the band projection procedure discussed in the main text (Eq. (4))
to a general set of phase space coordinates. We show that while the action derived in Eq. (6)
of the main text remains the same using different choices of phase space coordinates, proper
coordinates can be chosen to simplify the calculation. Furthermore, the procedure can be read-
ily applied to electromagnetic responses, and to the leading order in the gradient expansion,
the electromagnetic responses only depend on the Berry curvature and the orbital magnetic
moment.
The Moyal product in a set of phase space coordinates {£'} with i = 1,2, .., 2d reads

ih s =
F*G=Fexp Ewgaglaa . (Al)

where w; is the symplectic 2-form for the phase space coordinates £&. One may express

Eq. (A.1) as a gradient expansion with terms that are increasingly irrelevant for the low-energy
effective field theory (EFT). To keep track of the order in the gradient expansion, we have in-
troduced a dimensionless parameter # in Eq. (A.1), which we will set to one at the end to
compare with the results in the main text, whereas the Planck constant and unit charge is set

9
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to one from the start. Ultimately, the gradient expansion is justified not because # is small, but
because B/ k% < 1. Under this convention, we have B = Egz, where {5 is the magnetic length.

Below, we consider d = 2, and define w = p+ A, R = Z%(p— A) x 2. For coordinates
{x,¥,px,py}, {x,y, 7y, 7y} and {R,,R,, 7y, 7, }, w reads, respectively,

0 0 1 0 0 0 1 0 0 1/B 0 0
0 0 0 1 0 0 0 1 —1/B 0 0 0

Tp _ T, _ Rm _
@ 1 0 oo @ -1 0 0 -B|" @ 0 0 —B
0 -1 0 0 0 -1 B 0 0 0 B 0
(A.2)

Note that Eq. (A.1) is exact for {x, p}, {x, 7}, and {R, 7} coordinates, but its validity to all
orders in the Moyal product has not been studied well for generalized phase space coordinates
projected to a single band, like Eq. (A.19) we define below.

The multi-orbital coadjoint-orbit action reads

5= [ args nlh©- T €0 @ 0E0-fe0-E] 0
where we have used vdetw = 1 from Eq. (A.2). Here, we take Eq. (A.1) and (A.3) as the
starting point, and derive the effective action projected onto a band with a Fermi surface
for a generic single particle Hamiltonian H(&). In particular, in the weak magnetic field limit
(Ba(z) < 1), we choose the gauge such that a multi-orbital Hamiltonian that couples to external
electromagnetic fields can be written as H() = H\O(p + A)+Ay(x) = I/‘I\o(ﬂ') + Ap(x), where
VxA=Bz2,—-VA,=FE

A.1 Star diagonalization

As a notational convention, we use V to denote a matrix V in orbital basis. Under the Moyal
star product, we define a unitary transformation V(&) » V(£)' = V(£ ) V(ﬁ) =1 such that a
Hermitian matrix H(&) is star-diagoanlized [47,65], defined as E=V«H«+V* Asthe Moyal
product is associative, the coadjoint orbit action Eq. (A.4) can be written as

f dt oy a0 0+ 0T, 0-FE0-FQ]  (a4)
where fAO’d &)=V fo(&)+ VT, U, (&) =V« U(&) » VT. Note that while ﬁ),d and & are diagonal
(defined as the band basis), U, and fv are not diagonal in general. However, the off-diagonal
terms should be fast oscillating for band gap much greater than the EFT cutoff, and will be
ignored hereafter. Projecting the action to the band (indexed by “a") at the chemical potential,
the action reads

J 0 foal® * USHE )% 10U, a(€, )= Upa(€, ) * fo o6, 0+ UTI(E O % £,(6)]

(2m)?

(A.5)
where fj,,U, 4, f, 4 and &, are the diagonal “aa" elements of the corresponding matrices in
the band basis. In the (R, ) basis, and for Hamiltonian H(¢) = H (ﬂ') we can equate the
expressions in the main text with expressions here by fo(7) = fo,, U = U, 4, €(m) = &, and
Eqg. (A.5) can be equivalently expressed as Eq. (4) in the main text. At first sight, it is equiv-
alent to the coadjoint orbit action for a single band Hamiltonian. However, note that £,(§) is
obtained from the star diagonalization of H, which is different from the “band dispersion" ob-
tained via the usual matrix diagonalization. To relate the two, define a unitary transformation
V, that diagonalize H, i.e. V,H VJ = 5'0, such that

‘7 = (1 + V]_ + ‘72 + ..)‘70, where Vn ~ O(ﬁn). (A.6)

10
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Similarly, £ = 50 + Z:il c‘j’n where gn ~ O(f"). As V, and 50 encodes all information in H, V,
and gn (n = 1) can be determined order by order in terms of \70 and c‘j’o given the symplectic
2-form w.

This procedure has been introduced and applied in earlier studies [65] in terms of {x, p}
coordinates. Below, we apply the procedure for a set of generic phase space coordinates {£}
and obtain the leading order terms in the gradient expansion, i.e. \71 and 51-

Using V+V =V «V =1and VOVJ = VOVJ =1, we find

—~ e 1A o~ —~
Vi+V) + Ew”AiAj =0 (A.7)
where .
-Ai - lVOagz VO' - All (A8)

is the non-Abelian phase-space Berry connection, satisfying (&’i;l\j) - (8]-;1\1-) = i[.;t\i,;l\j]. The
last term in (A.7) is Hermitian, and thus \71 can be expressed via Hermitian and anti-Hermitian
parts as

~

T R
v, = —lZwUAi,Aj + ), where y}‘ =-)). (A.9)

The correction to the energy eigenvalue, éA’l can be obtained by expanding E=VH+VT
to the leading order in i. We have

—~ o~ ih .= —~ ih ..e&—— "\ ~. ~ 5

where we have made use of the associativity of the Moyal product. The left/right arrowed
derivatives act on all terms to their left/right until stopped by an unpaired left/right square
bracket. At order f, we find

P | SN

& =&+ &V + " (1A Vo(3H)V, + A& A; — iVo(8.H)V, A;)

j

o aor R~ 4 ih . ~r— 2 ih o
=V1& + &V, — EO)U{Ai, (3;€)}s + Ew”{Ai, [Aj; 50]}+ + Ew”Aié’OA
27 o=~ ih i~ a o~ ~a
=[.&] - AL (G} + o (A8 + EgALA —2 A8, A;) (A.11)
From the first to the second line, we have used V,(3,H )VJ = 8i§0—i [.Zl, SAO]. From the second
to the third line, we have used Eq. (A.9). The dispersion projected to band “a" can be read off

from the corresponding diagonal element. Noticing that [371, EAO] is an antisymmetric matrix,
we have

£y =Ep o —he' A1(3,E, ) + ihw’j (AAEy + E A — 288, )™ + O(h%)
=Eoa — MW T AX(8;€) 1) — éhwii [— (A& A)™ + iaﬁ;mgo,a] +O(H?)
—Eoq(E + Tl A;) — %mﬂ (Bval (H — E0.0) | 8va) + O (A.12)

To be concise, we have defined in the last line the intra-band (Abelian) phase-space Berry
connection as A; = ;l\?“ and A = //Iaa. Eq. (A.12) is the main result of this subsection. It
shows that there are two contributions to the dispersion at #i order. The second term on the
RHS of the first line shift the coordinate &', the third term modifies the spectrum. Below, we
discuss two applications. First, we consider coupling the theory to an external perpendicular
magnetic field. Second, we consider the effect of both magnetic and electric field.
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A.2 Coadjoint orbit EFT in an external magnetic field

In {x, 7} or { R, 7} coordinates, the Hamiltonian reads H(¢) = H(w = p+A). From Eq. (A.2),
the modified dispersion up to order # reads

Eq(m) =&y qo(my hBAn.,n +hBA, )+ (BVI(H Eo.a) X x |0,v,) + O(?). (A.13)

Noting that the 7, , component of the phase-space Berry connection is just the momentum-
space Berry connection in the main text, this is precisely Eq. (7) we derived in the main text
(after setting the expansion parameter i = 1). As was shown in the main text, the new
coordinates in the first term lead to modified Jacobian and Moyal product, which is written in
terms of the Berry curvature.

In the {x,p} coordinates, we expect the same result. However, the calculation is more
involved. The modified dispersion up to order # reads

Ep+A)=E(p—HA, + A(x +1A,))

i ~ & —~ \aa .
—Eh{ > - (4,64, +l@ml¢4pl€0,a]—(a:<—>p)}+(’)(7‘I2)

I=x,y

=E0a(p— A, — 2 (@ +1iA,) X 2)

1 —~ =~ —~ \aa .
—Eh{ > (A6, +laml.,4pl€0,a]—(w<—>p)} +0(12)

[=x,y

=Eoa(p+A—hBA, x 2)+ %B (Bpva| (H—Ep0) x |3pva) + O (A14)

By definition,
Ay =iU(p+ 402,V (p+ A) (A.15)
Ap, =iVo(p+ A3, Vs (p+ A) = A, (A.16)
To obtain the last line in Eq. (A.14), we have used ;t\ = i\708 ‘7"r = 1V08 V |p+A ‘2;‘} =
—SeiAp = —5eAr, and 9, 4, By, A, 5 =2 Ua,, Ap, =—5€ii0n Ar,

It is stralghtforward to check that Eq (A. 13) and (A.14) are equ1valent up to (’)(h) How-
ever, from this exercise, we see that in a homogeneous magnetic field, the calculation can
be done more conveniently in the {x, 7} or {R, 7} phase space coordinates as long as the
symplectic 2-form is properly chosen as in Eq. (A.2).

A.3 Semiclassical Boltzmann equation in external electromagnetic fields

In this subsection, we demonstrate the band projection procedure in the presence of an addi-
tional static electric field, which is useful for, e.g., transport. In the presence of both electric
and magnetic field, the Hamiltonian in Eq. (A.4) reads

H(&) = Hy(w) +Ao(x), where E=—V,_A,, BE =V, x A (A.17)

For simplicity, we use the {a, 7w} phase space coordinates. As the potential term Ay(x) is diago-
nal in the band basis, the only nonzero phase space Berry connection is A, = iVy(m)3,V, (),

where \701/-1\0(11')\78' = gband,O gives the spectrum in zero magnetic field. Following Eq. (A.12),

12
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the modified dispersion to band “a" reads

Eq =Eoq — T Ai(8:E0.0) - irml’f (—(AEoA)™ +i8.A;0,0) + O(R)
—Ehandoa(m —HBA, x £) +Ag(z + HA,) + —— inB > (v, |(H = £0.) % |85va) + O(2) (A.18)

The first and second term in the last line shows that the phase space coordinate is shifted by the
Berry connection, the third term is the energy shift from spontaneous orbital magnetization,
same as Eq. (7) in the main text. Note that there is no energy shift due to coupling with
electric-dipole for free fermion model when choosing the static electromagnetic U(1) gauge,
though interaction effects can introduce electric dipole terms [39, 66].

To further simplify the expression, we can define the new phase space coordinate as

k=m—hBA,x2, X =x+hA,. (A.19)
The modified dispersion in Eq. (A.18) can be expressed as
Ea(X, k) = Epand,0,0(k) + Ao(X) —RBM(K) + O(?), (A.20)

where M is the spontaneous orbital magnetic moment. The symplectic 2-form in the {X, k}
basis to the leading order in f reads

0 o 1—HBQ 0
_hQ 0 0 1—HBQ
X,k _ 2
@ = 21+ hBO 0 0 _B(1—nBa) | TOM)
0 _1+HBQ B(1—hBQ) 0
0 A2 1 0
1 |-m0 o0 o 1
=—— + O(? A.21
Tvmal -1 o o —p|TO®) (4.21)
0 -1 B 0

We remind Q(k) = ieijakiAkj =1 (0, v,| X |9 V,) is the single band Berry curvature. We see
that indeed the Berry curvature is analogous to a k-space magnetic field, although we caution
that w*-* cannot define the Moyal product for X, k, because careful treatments of higher
order gradient expansions in / are needed. Nevertheless, w*** defines the semiclassical Pois-
son bracket, by expanding Eq. (A.1) to order #. Plugging it into the semiclassical Boltzmann
equation &, f (X, k) + {f (X, k),E,(X,k)} = 0, we reproduce the Berry curvature effects on
semiclassical Boltzmann equation [67]

af + (v(k)- Oxf + E - 8,f +Bvo(k) x 8f + HQE x dxf) =0 (A.22)

1
1+ aBQ(k)

where v(k) = 0, (Epand,0,0(k) —ABM(k)). Setting E = 0, we obtain the semiclassical Boltz-
mann equation for cyclotron orbits, i.e. Eq. (8) in the main text.

A.4 Gauge invariance

Note that the star- d1agonal1zat1on and projection procedure should leave all phy51cal observ-
ables invariant up to a “star" gauge transformation [36, 65], which reads V — V' = G) «V,
where @g is a diagonal unitary matrix such that ©, 62; = @g@; = 1. Under this transfor-
mation, the star-diagonalization of H becomes & = V« H+ V' — & = V'« H « V'T, where &
remains diagonal but in general £ # £.
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kx

Figure 2: Orthogonal coordinates for a generic FS, denoted by the red thick line.

However, all physically observable effects are expressed in terms of the Berry curvature
Q and the orbital moment M, which are indeed gauge invariant. To show it (at leading or-
der in f in our procedure), we note that the gauge transformations of Vn (n=0,1,2,..)
can be obtained perturbatively using V « V1 = 1, and we find V, — \70’ = @g\70, Vv, -
\71’ = @ng(%; — ga)ij aieng@; The gauge field A transforms correspondingly as Ao A =
i@g aic?); + @)g&-@;. The transformation for VO and A is reminiscent of the usual non-Abelian
gauge transformation. It is then straightforward to show that both the Berry curvature for
the projected band, written as Q o< ¥ 9;A;, and the orbital moment of the projected band,
written as M o< —%ﬁwii [— (;l\l-go;l\j)aa + iaiZ;?aeo,a] are invariant under the “star" gauge
transformation.

B Anisotropic Fermi surfaces

In the main text, we focused on the simple case with an emergent isotropy near the FS. In this
section we consider the general situation of anisotropic Fermi surfaces.

In this situation, polar coordinates for k space are no longer useful. Instead one needs to
use a proper curvilinear coordinate system for each dispersion relation e(k), which we sketch
in Fig. 2. A natrual choice for the radial coordinate is proportional to e(k) itself, which is a
constant on the FS. The second coordinate 6 € [—m, 1} acts as an angular variable on each

contour. For simplicity of the Moyal bracket x = exp[—iB(é’—,c X 5,; /2(1+ BQ)], we choose the

second coordinate to be orthogonal to e(k). The phase-space integration measure of (e, 6)
can be seen from the well-known relation

dkudky dedf g(e, 6 B.1
Az T edb g(e, 0)... (B.1)

where
f dbg(e,0)=g(e), (B.2)

is the density of states determined from the dispersion e(k) (not including corrections from

14
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Berry phases. [25])
One particular useful choice of 6 is such that the distinct modes in the mode expansion

$:(0)=q; +p;0 + Tin ”’é, 0 e [—m, m), (B.3)
22 Vi
are orthogonal, e.g.,
T
f d0g(ep,0)e ™ ~ 5. (B.4)
-7

Obviously, such a choice requires g(ey,8) to be a constant, i.e., g(er, 0) = g(er)/2m. This
can be done as long as the FS is away from van Hove points. We denote the angular variable
6 of this specific coordinate system 6. We emphasize that this is not to be confused with the
polar angle from I' point of the BZ.

In the (€, 8) coordinates, the phase-space integration measure and the Moyal star product

is given by
dk,dk
f Y (1+BQ)... =J dedd (o)1 +B)... (B.5)
21B
B 9.x9
l X 0g
FxG=F S E— B.6
* EXP[ an gle)1 —|—BQ)] (B.6)
In this coordinate system, Eq. (??) of the main text evaluates to S,, + Sg,, where
d@dt B
S == 0 B.

Focusing on the (g, p) modes of (B.3), integrating over 6, and incorporating contributions
from S,,, we obtain

A . . @,
Szero[p:q]:Jdt[(_ﬁ_ﬁ)q"kpq_?lﬁ], (B-S)
where B .
V. = B.
@ 2ng(eF)<1+Bsz(e)>Fs’ ®9)

which is Eq. (13) in the main text. There g(ey) is denoted as g(ep, B) to emphasize its depen-
dence on B due to orbital magnetic moments.

C Derivation of the modified Lifshitz-Kosevich formula

In this section, we detail the derivation of the modified Lifshitz-Kosevich formula from bosoniza-
tion. We start with the part of the free energy from the zero modes

oo
erro=—Nq>Tlog[ > e‘ﬁ‘I’C‘“A/Z”)Z/Z} (eRY)
p:—OO

where A = Agg/B + y. Using the Poisson resummation formula, it can be rewritten as

F,ero =— N3 T log |:J dx e POLHA2m/2 22[ dx e PocLe+a/an)/2 cos(Znnx)]

NgT 2nT
2 (B

oo
—N¢Tlog|:1 +2Zcos (nA) e_Z”Z“ZT/‘DC] (C.2)

n=1

15
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Only the second term contains oscillation in A, which is denoted as F,,. in the main text.

Note that from the definition of the Jacobi 8-function [53]

03(z,q)=1+2 ) q" cos(2nz), lql <1,
n=1

A
Fosc = _N<I>T10g|:93 (E:q)]a

A 2m2T
A——FS+}/, q=exp(— TE )
B D)

C

we can rewrite F.. as

where

It is well-known that the Jacobi function 65 has a product representation [53]:

65(z,q) = l_l(l —q*") l_[ [1+2¢*cos(22) +q*"2].

n=1 n=1

Using this, discarding nonoscillatory terms, we get

Fose =—NgT Z log[1+2¢*" " cos(A) + q*" 2]
n=1

oo
=—2N4T ReZlog[l + qZ“_leiA] .
n=1

Expanding the log and summing over n, we obtain

0o 00 )
Fose =2Ng T Rez Z T (Zn—l)kelkA

qk

1—q

1k=
=)
k

Mx

=2N3T % €0s (kA).

=
Il
_

Using (C.5), we get

ZA cos[ (—+ )] where A = )Ny T
Fose k Y k kSiHh(ZTCsz/C_Uc).

This is the modified Lifshitz-Kosevich formula, Eq. (15) in the main text.

C.1 Effects of ¢> terms in the action

(C.3)

(C4)

(C.5)

(C.6)

(C.7)

(C.8)

(C.9)

In the main text, we expand the bosonic action up to quadratic order. For a parabolic dis-
persion, it was shown [28] that the action at ¢> order vanishes. However, in general for a
lattice system such cubic terms do not vanish. In the main text, we argued that these terms
are irrelevant perturbations, and hence only lead to higher-order corrections. In this section
we demonstrate this by perturbatively evaluating the free energy with these terms. Without

loss of generality, we assume the FS is isotropic.
At cubic order, the additional term in the action is [28]

S®[¢] Jdtd k{¢l,f0}{¢l){¢1;€(’€)}}
Ke BZ
— dtd6 @ / B_2 -
_KiGZmIBZJ 12”[ k :|k:kF kF(89¢l)
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For dHvA, we focus on the winding term p6 in the mode expansion (B.3). This leads to
(neglecting Berry curvature terms, since we are looking for leading order corrections) the
zero mode cubic action:

k) / B2 Ao—)z
S® [p q]= dt[L] —pd="C| depd, C.11
rarolP>q] J K e, 6ka - p (C.11)

where by dimensional analysis A is an (1) number. For dispersion e(k) o< k%, A > 0 when
a>2,A<0when a=2.
Together with the S,..,[p,q] in Eq. (??) of the main text, we get after integrating out q:

_ Ba.( , AV, BAGT( , AN
Zzero—Zexp[— 5 p+ﬂ + - p+ﬂ .

p'EZ F

From the fermionic perspective, for parabolic dispersion, the Landau levels are equally spaced,

and &.(p’ + A)?/2 is exactly the energy cost of adding p’ particles of momentum K; to the

system [28]. With this insight, the physical origin of the cof(p’ +A)3/ep term is clear: it is due

to the fact that the Landau levels are not equally spaced for a generic dispersion. The cubic

term in the exponent is suppressed by w./€ep ~ Bk% < 1, and can be treated perturbatively.
Using Poisson resummation formula, the free energy is

=2

» 2 BAD AN o
Foepo =—NpTlog{ | dxe Pox+a/zm/2q L ¢ (x + —) 1+ ZZcos(Znnx)
€r 27 —
~ Ad)z [ele)
=—N¢T10g{J dy e Pocy*/2 (1 + ﬂ—cy?’) |:1 + 22cos(2nny —nA)]}
€F

n=1
NgT 27

— 2o

C

s A(I)C 6nm 8n37173 . _ZHZTEZT/&—)
— N3 T log 1+ZZ cos(nA)+ — sin(nA) [e < b

n=1 €F /jd)c /52653

(C.12)

We see that the leading-order contribution from ¢?> terms, which correspond to Landau
level spacing variation, is temperature-induced phase shifts to all the cos(nA) terms in the
last line of Eq. (C.2). For T < &,, this correction is negligible. Indeed, when temperature
is much smaller than the Landau level spacing at the Fermi level, dHVA is insensitive to the
spacing between higher/lower Landau levels. For &. < T, a regime the oscillation ampli-
tude is exponentially suppressed, this phase shift is of order (Agg/B)(T/€er)?, i.e. it leads to
a temperature-dependent effective Fermi surface area Agg(1 + sgn(A)O(T /er)?). The same
effect in 3d has been reported in systems with small € [54]. This effect is distinct from the
phase shift due to Berry phase effect, which is independent of T and B. Furthermore, as long as
T < y/€r ., this phase shift is much smaller than that due to the Berry phase (as y = O(B°)).
Therefore they can be safely neglected for purposes of the current work.

D Relation between dHVA phase shift and anomalous Hall conduc-
tance

In this section we provide a more detailed derivation relating the dHvA phase shift to the
anomalous Hall conductance ofy. As we discussed in the main text, the key ingredient of
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the proof is a UV/IR matching of the braiding algebra. We consider the “translation" operator
(setting the lattice constant a = 1)

t,, = exp(iZNﬂ.ﬂ:x’y), (D.1)
™

and evaluate the braiding algebra 'f[‘x']AI‘y’]AI‘;l']AT;l.
In the UV (lattice scale), we have

N
’]AI‘x’y = exp(i Z ﬁi;x’y), (D.2)
i=1

where N is the total particle number and 7; is the first-quantized kinetic momentum operator
for the i-th particle. Using the fact that [7,, 7, ] = —iB, and the fact that BL? = 2m (since
Ny = 1), we obtain

N .

A A A TA 271 ;

T, 1,11 = l_[eXp(—L2 ) = e, (D.3)
i

where v=N/L>.
In the IR (low energy limit), the translation operator is represented by operators that act
near the FS. We have

T, ~ exp{i L 7(0) [ k.., (0) iBAy,x(e)]}, (D.4)
where k., , are the components of the Fermi momentum and we have used
kyy =7y, FBA, . (D.5)
Via the Baker-Campbell-Hausdorff formula e?efe™e 8 = e[AB]... we then have

A

o, 1 =1, exp{—J [A(0), A(6")] (kp..(6) +B.A,(6)) (kF;y(G’)—BAX(G’))} (D.6)
6,6’

Applying the Kac-Moody algebra

[/(6), /(6)] = 2—5'(0 - 6"), (D.7)

and integrating by parts we get

’ﬁ‘x’ﬁ‘y'ﬁ‘;l’f[‘;lzexp[ i j((kF;x(9)+BAy(0))d(kF;y(G)—BAX(O))]

2n
:exp[ﬁjg kF;x(O)dkF;y(O)] exp[;—i§A(6)~dkF(9)], (D.8)

where we have kept only O(B) terms in the exponent, and integrated by parts again in the
second factor of the last line. Preforming the integrals, we get

A A
T 1, T = exp[i% + i—], (D.9)

which is Eq. (??) of the main text. Matching UV with IR, i.e., (D.3) with (D.9), using the
Luttinger theorem and the Streda formula, we arrive at Eq. (19) of the main text:
o i IpArs
4n2  4n2

ol (g—0,w=0)= (D.10)

18



479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

497

498

499

500

501

502

503

504

505

506

507

508

509

510

5

pudy
-

512

513

514

SciPost Physics Submission

D.1 Validity in the presence of interaction effects

In the main text, our derivation for dHvA is explicitly performed for free fermions, and in the
non-perturbative derivation above and in the main text, we have made use of Eq. (D.5), which
in turn is obtained from free fermions. However, one can generalize both derivations to a
Fermi liquid by incorporating Landau parameters and by interpreting (k) and y as dispersion
and Berry phase of long-lived low-energy quasiparticles. Furthermore, the relation between
the phase shift in dHvA and o™ can also be applied to non-Fermi liquids. In fact, our argument
can be made without referring to the Hamiltonian, interacting or free, at all!

To see this, we note that both the argument of the cosine terms in the Lifshitz-Kosevich
formula (Eq. (15) of the main text) and the Kac-Moody algebra, which was used to compute
o!, come from the three ~ d) terms in Sy, + S, (Eq. (10) of the main text.) These three
terms are not independent from each other, but are derived from expanding the first term
of the nonlinear action (Eq. (6) of the main text), which is a Wess-Zumino-Witten (WZW)
term [28,29]. Note that, being a first-order time-derivative, this term does not depend on the
Hamiltonian, and is thus robust against interaction effects. Without any information from the
Hamiltonian, one can rewrite the WZW term in kinetic momentum 7r coordinates as

SWZW:J fo(m,BYU™Y(t, R, w) xi3,U(t, R, ), (D.11)
t,R,mw

where fy(7,B) equals O or 1 on either side of the Fermi surface, specified by @ = 7z (B).
Repeating our derivation in the main text, we get for the zero mode action (cf. Eq. (12) of the

main text)
™ (B
SyerolP,q] = f dt K—AFS( ))q+pq— : } (D.12)
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where Af (B) is the area of the FS in (7, 7,) coordinates in a magnetic field, and for the
braiding algebra (cf. Eq. (18) of the main text)
R [.AES(B)]

T Ty T = exp| i Py

(D.13)

Eq. (D.12) gives the phase shift in dHVA, and Eq. (D.13) gives the anomalous Hall conductance,
and thus the two quantities are directly related.

Note that all of the above are done without explicitly referring to the Berry phase and the
spontaneous magnetic moment; only the size of the FS in (7., 7, ) coordinates, which is well-
defined even for non-Fermi liquids, matters. Of course, the amplitude A; of dHvA does depend
on the Berry phase and the spontaneous moment separately, as we showed in the main text.
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