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De Haas—van Alphen effect under rotation
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We explored the interplay between magnetic field and rotation in the de Hass—van Alphen oscillation.
The effect is found to be reduced because of the reweighting of different angular momentum states within
the same Landau level by rotation energy. The implications of our results on high energy physics and

condensed matter physics are discussed.
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I. INTRODUCTION

The experimental activities for recent years regarding
the polarization [1-7] and chiral magnetic effects [8—10]
in off-central relativistic heavy ion collisions promoted
theoretical research interests in a rotating thermodynamic
system in a magnetic field [11-18]. The same physical
conditions are also present in a neutron star [19-22]. One
of the interplays between magnetism and rotation, the
Barnett effect (or Einstein—de Haas effect) [23-25] has
been considered in hydrodynamic modeling of the colli-
sions. In this work, we examine another interplay between
magnetism and rotation, i.e. the de Haas—van Alphen
effect [26,27] in a strongly degenerate rotating Fermi gas.
Though purely theoretical at the present stage, the
implications are expected to shed light on the magnetic
properties of the quark matter core, if it exists, in a neutron
star and/or the Quark Gluon Plasma (QGP) droplet
generated in the RHIC STAR fixed target experiment,
where the quark density and temperature are toward the
strong degeneracy. The conclusion may also be tested
directly in condensed matter physics.

The de Haas—van Alphen (dHvA) effect in a strongly
degenerated system of charged fermions is the conse-
quence of filling discrete but highly degenerate Landau
levels in a magnetic field. The degeneracy of each Landau
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level is proportional to the transverse area of the system
with respect to the direction of the constant magnetic field,
and the degeneracy per unit area is proportional to the
magnitude of the magnetic field. The spacing between
successive Landau levels also increases with the magnetic
field. When the system is static, all degenerate states
within a Landau level are equally probable to be occupied.
Varying the strength of the magnetic field will cause a
large number of fermions (proportional to the transverse
area) to jump between different discrete Landau levels,
resulting in oscillatory dependence of the thermodynamic
functions and transport coefficients on the magnetic field.
Among them are the magnetization and magnetic suscep-
tibility that correspond to the first order and second order
derivatives of the thermodynamic pressure calculated in
this work with respect to the magnetic field. Since its
discovery in 1930 [28,29], the de Haas—van Alphen effect
has been serving a powerful tool to detect the Fermi sea of
electrons in metals. The theoretical derivation of the de
Haas—van Alphen effect in a nonrotating system in terms
of the Landau gauge can be found in many textbooks,
e.g. [30,31] for nonrelativistic fermions and in [32] for
relativistic fermions.

When the system is in rotation, the thermodynamic
equilibrium is established under a nonzero macroscopic
angular momentum. The equal distribution of different
angular momentum states within a Landau level is offset by
the nonzero angular velocity with higher angular momenta
more favored than lower ones, which amounts to lifting the
degeneracy of the Landau level. The dHVA oscillation is
thereby expected to be reduced by rotation. Consider a
cylindrical volume of radius R in a constant magnetic field
parallel to its symmetry axis, designated as the z-axis,
the states of each fermion are characterized by the
z-component of the momentum ¢, the z-component of
the angular momentum M, and the radial quantum number

Published by the American Physical Society
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of the wave function n(> 0). A Landau level corresponds to
M > 0, the cyclotron motion in classical picture, and is
characterized by n. All M > 0 within the same Landau
level are degenerate up to M ~ eBR? when the center of the
cyclotron orbit reaches the boundary. When the cylinder is
rotating about the z-axis at a constant angular velocity
(> 0), the angular momentum states within the same
Landau level but with different M are no longer equally
favored because of the Boltzmann factor e®/” in the
ensemble of a macroscopic angular momentum. On the
other hand, the requirement of subluminal linear speed on
the boundary limits the radius of the cylinder R < 1/w,
and the ideal thermodynamic limit R — oo cannot be
reached. The degeneracy of the Landau levels is always
finite, proportional to the transverse area of the cylinder. We
shall take the thermodynamic approximation by retaining
the leading term in power in 1/R in the thermodynamic
pressure, keeping in mind @R = O(1)," and a sharp cutoff
in the summation over angular momentum states within a
Landau level is introduced to take care of the finite size
effect of the spectrum. Consequently, the implication of the
rotation in the dHVA oscillation depends on the size of the
system and the angular velocity. As we shall see, the dHVA
is completely suppressed for typical parameters appropriate
in a neutron star but may lead to an observable effect for a
cold and dense QGP fireball created in a future RHIC
project. For a strongly degenerate nonrelativistic electron
gas, the reduction of the dHVA is detectable in a rotating
metallic sample.

This paper is organized as follows. In Sec. II, the dHVA
term of the thermodynamic pressure of a rotating ultra-
relativistic quark gas is calculated and its implications are
discussed. The same effect for a nonrelativistic electron is
examined in Sec. III. Section IV concludes the paper.

II. ULTRARELATIVISTIC FERMI GAS

A. Solution of Dirac equation in cylindrical coordinate

For a massless fermion of electric charge e in a constant
magnetic field B = BZ, the Hamiltonian in chiral repre-
sentation reads
|

1 n!

T (n+m)!

e

(N1

)(anS (?)

for M > 0, and

H = —ig- (V- ieA)
—ig - (V — ieA) 0
= - . (M)
0 ic-(V—ieA)

where the vector potential
Bx7.

A= (2)

N —

We adopt the circular gauge instead of the Landau gauge
for the convenience of investigating a Fermi gas rotating
about the z-axis. As the fermions of opposite chiralities
have identical spectra, we shall focus on one of them with
the Hamiltonian in what follows:

-

H = —ic- (V —ieA), (3)
and the eigenvalue equation Hy = Ey. For the ansatz
of the two-component wave function y in cylindrical
coordinates, i.e.

citihe\
m:(f e ) (@

glp)e 2

we have the equations for the radial functions f(p) and g(p)

af(p) - i(d% A eBp) 9(p) = Ef(p) 5

—i(d% - MT‘é %eBp)f (p) = a9(p) = Eg(p)

where g and M are the eigenvalue of the momentum and total
angular momentum in the direction of the magnetic field
with M = +1/2,+3/2,.... Equation (5) can be solved
in terms of the generalized Laguerre polynomial L}(z),
and we end up with the normalized wave function [33]

eB(E+q) o1 i
SSRLBL (L) em? e

g“(elf_q) é’m+1Ll’n+1 (é‘)ei(erl)(/)

n—1

'In this case the kinetic energy of rotation grows with the volume, such as other extensive thermodynamic quantities.
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( ) 1 n! ¢
)(rquS 2 (n+|m’)

for M <0, where (=1eBp?>, m=M-1/2, n=
0,1,2,..., and s = £. The corresponding eigenvalue of
energy is E = sE,y, with

\/2neB + ¢* for M >0

Ean - . 8)
V2(n+|m|)eB+¢*> for M <0

Care must be exercised for the case n = 0 of the solution
(6) because of the nonexistence of L} !and the singularity
at £ = —q. For E = £¢q, Eq. (5) becomes

©)

A normalizable solution exists only if £ = ¢ and reads

2m+1

- 1
Yo (F) =~ (eB)Fpnenies ¢(0) (10)

with s = sign(q), which implies the up (down) mover for a
positive (negative) energy solution. The wave function (7)
corresponds to the classical motion along the cyclotron
orbit and the upper M > 0 spectrum on the right-hand side
(RHS) of (8) constitutes the entire set of Landau levels and
is responsible for bulk magnetic properties including de
Haas—van Alphen effect to be discussed below in thermo-
dynamic approximation. The wave function (7) and the
spectrum (8) are specific to the cylindrical coordinates and
are subleading in the thermodynamic approximation as we
shall see below.

B. Thermodynamic pressure

The Hamiltonian of a massless fermion field in a
magnetic field is given by

P=_
n=0,M>0,g>0

4 1I1<1 4 e P q2+2neB+Mw+ﬂ))} + Z

n#0,M>0,g

+In (1 + eV q2+2(n+M+%)eB—Mw+/4))} ’

e Iml | i
VEEOEL e

melfn b ML"”‘_l i(m+1)g oldz (7)
VR o L (©)e

where H is the single particle Hamiltonian (3) and the field
operator

l//(;:) = Z”nM(Q) (aan)(an+ (?) + blM—q)(an— (?))’

nMgq
(12)
where
0(q) forM>0andn=0
mnla) = { . E)
1 otherwise
We have
H= Z’/IHM an anaan + banban)‘ (14)

nM.q

Correspondingly, the fermion number operator
Q:/fWW

- ZnnM

nM.,q

an Appmg — bZquan)’ (15)

and the angular momentum projection operator

- 0o 1
J, = /d3rl//T<—l£+26 >z//

= ZrlnM

nM.q

bszqban)' (16)

anaan

Consequently, the thermodynamic pressure at temperature
T and chemical potential u of a system rotating about the
z-axis with an angular velocity (> 0) is

[ln(l + e—/}(|q|—Mw—;4)) _|_1n(1 + e—/i(|q|+Mw+ﬂ))] _‘_Z Z |:1n<1 + e Al /q2+2neB—Mw—;4))

n#0,.M>0,q

S [in(1 4 e AV b))
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where we have switched the sign of M of the lower branch
of the spectrum (8) for clarity. For a cylinder of radius R
and length L, the spatial volume Q = 7R?L,

S ()= [ a9

nM,.,q

As stated in the Introduction, the ideal thermodynamic limit
is prohibited because of the requirement v = wR < 1.
Instead we shall take the thermodynamic approximation
for sufficiently large R by sorting the terms according to
its power, keeping in mind that @R = O(1). For a finite R
summation over M is limited. It follows from Egs. (6) and
(7) that the square of the wave function for large M and
finite n is peaked at the maximum of p"! exp (—1eBp?),
which gives rise to p> = 2|m|/(eB). When this p becomes
comparable with R, the finite size effect will distort the
spectrum (8). Therefore, we introduce a cutoff for the
summation over M, i.e.

1
M<M, = {EeBRZ] > 1, (19)

with [- - -] truncating its argument inside its integer part. As
will be shown below, this cutoff reproduces the dHvVA
effect derived from the Landau gauge in the absence of
rotation. Without solving the boundary value problem near
the boundary, we assume the uncertainty M, = O(1) of
the cutoff.

Assuming strong degeneracy, x> T, the antiparticle
contributions may be ignored2 and we end up with

dqz
P=—— In 1_|_e_/j ‘Q‘ Mao—p) )
2
7R M>0
+72 m? E ln(l +e—ﬁ(\/q2+2neB—Mm—ﬂ))
7R - ﬂn>O,M>O

dq 242(n De -,

2” nM>0

(20)

where the contribution of the lowest Landau level has been
isolated from higher Landau levels because of different
integration domains of g. The summation over M in the
third term of (20) converges in the limit M, — oo and

To be cautious, let us examine whether the combination £ =
\/q2 +2(n+M+43)eB—-Mo in the last term of (17) can
become negative and compete with y for large M. For the maxi-
mum M(=M,), &> 2M.eB - M. w=~eBR(l—-v/2) > 0.
The approximation of dropping the antiparticle contribution
appears safe.

thereby does not contribute to the thermodynamic limit,
and we are left with the Landau level terms only, i.e.

T [«dg
pP—_—_ N In(1 + e Plal-Mo—p)
zR2 Jo 471% ( )
B @ Z In(1 + e—ﬂ(\/q2+2neB—Mco—y))
”Rz —o0 27 n>0,M>0
1
=— P (21)
2 M> s
7R A;)
where

w0 d
P, — T/ 4_‘11n(1 + el
0

oodq
+T/ 4
_00271;

with uy =y + Mo.

ln(l + e—/i(\/ c/2+2ne1.’3—/4,|,,))7 (22)

C. de Haas—van Alphen oscillation

As the standard derivation of the de Haas—van Alphen
(dHvVA) effect, the summation over the Landau level index
n can be carried out with the aid of the Poisson formula

Zf(n) = /oof(n)dn + ZReZ/mf(n)e””l"dn_
n=0 0 = Jo
(23)
We have
Py = Foy +2Re Y Fuy, (24)
=1
where
o ) ) -
Fiy = T/ Z_q/ dne™" In(1 + e—ﬂ(\/m—,w))_
—e0 27 Jo
(25)

The dHvVA oscillation resides in the second term of (24),
and we shall focus on it.
Transforming the integration variables from ¢, n to ¢, €

with € = \/g* + 2neB, we find, via twice integration by
part with respect to e, that

FlM - IIM ‘|‘ HIM ‘|‘ IH[M (26)

for [ > 0, where

BT [«
I,M:ie—/ dgln(1 +

AU 27
e P, (27)
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(i)

My = 417721\/7/ eﬁ a—mm) 4 1° (28)
and
=552 i "o (15
X[e”fe‘/j‘Tﬂil]/ dge™is", (29)
with
$(z) = / " dxe®. (30)
z

I;); 1s imaginary and thereby does not contribute to (24).
Assuming the condition

T < VeB <y, (31)

the leading terms of 1I;), and IIl;;, can be worked out, and
we obtain that

el [m <\/%/w> +%y5 - iﬂ, (32)

with yz = 0.5772... the Euler constant (see Appendix A
for the derivation), and
([:BMM Z)
e

(eB):T

I, = - o , (33)
: +M,
4 /2 ginh 2® (e*;g @)
where the integration formula
00 eeria TQ

d = 34
/_oo ! (ef+1)> sinh za (34)

and the asymptotic form

#(2) :2izei12+ --for z > o

(35)
have been employed to reduce III,,. The dHVA oscillation
stems from III;;. Summing over M, we end up with
the dHvVA term of the thermodynamic pressure under
rotation, i.e.

cos [i—’g (u+Mw)? - ﬂ

-1 20 T (M.
0 sinh ZETE M)

(36)
In the absence of rotation, @ = 0, Eq. (36) becomes

i 2 _ =«
Ccos LB,LL :|

(37)

in agreement with the expression derived from the
Landau gauge.

Equation (36) can be further simplified at zero temper-
ature, i.e.

PdeA ==

Assuming @ < v/ eB, the rapid convergence of the infinite
series with respect to [ enables us to approximate the
summation over M by an integral. Consequently

(eB) [wiMo 1S4 1 In , =«
PdHVA:_iL‘,ﬂARZw ; dx;lzzlﬁcos E}C —Z
(eBE 1 [ [In Iz (lx N (T,
=————» — |Ci M -Ci|— Si| — M, -Si|—
8v27*R*w lzzl: P2 (,u +Mew)® ' eB'u ol eB (u+ M) ! eB'u
(eBf & 1 |sin (Z}/ﬂ E) sin ( (u+M.w)? 4)
— — , 39
~ 8 R0 217/2 u? (u+ M) (39)
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where Ci(z) and Si(z) are cosine and sine integrals and
their asymptotic forms for z > 1, i.e.

, (40)

are employed in the last step. If the maximum rotation
energy M .o dominates, i.e. M .w > u, the second term of
(39) can be dropped. we have

(eBR 1 . [Ix p3
M -=, (41
87[5/421?20)12:1:[7/28 eBH 4 (41)

and the uncertainty of M, does not contribute.

P dHvA

D. Numerical estimates

As pointed out in the Introduction, the rotation will lift
the degeneracy of states within each Landau level and
thereby reduce the de Haas—an Alphen oscillation. In this
section, we shall estimate the amount of reduction using the
parameters appropriate for two realistic rotating ultrarela-
tivistic fermion systems in a magnetic field, the quark
matter core, and a QGP droplet at high baryon density.
Since the Fermi gas approximation of these two systems
tends to be poor and the condition of the latter system is
highly transient, we are not attempting to model the two
systems. The significance of our result below is only in the
sense of the order of magnitude. For the ultrarelativistic
system, we shall use m, = 140 MeV as the scale of the
chemical potential and temperature and m2 = 10'® G as the
scale of the magnetic field. The dimensionless ratio
Payya/Po under different conditions will be plotted in
the rest of this subsection, where P, = u*/(24x?) is the
thermodynamic pressure in the absence of a magnetic field
and rotation.

1. The quark matter core of a neutron star

The radius of a neutron star is of the order of 10 km, and
we assume a quark matter core made of light flavors of
smaller radius R with a chemical potential of several
hundreds of MeV, i.e. a few times of pion’s rest energy,
m,. The magnetic field inside a neutron star can reach as
high as 10" G, i.e. 1.4 x 1073m2. Even for the fastest
spinning neutron star, PSR J1748-2446ad, when the angu-
lar velocity is 716 Hz, the linear speed at the boundary of
the core is v ~ 0.015 <« 1 (in the unit of the speed of light).
Consequently

2 —-16
U u mz 10
L <1, 42
M.w m, eB R(km)v (42)
Y ~22x100 M (43)

VeB VeB

20}
1.x10 ”2=10m
5.x10721}
o
a
= 0 AA A A
< 7 Y
5 wR =0.060
51072} '
— wR =0.045
-1.x10720F R =0.030
15x10- 20T WR=0015 .
0.4 0.6 0.8 1.0
eB/m%
FIG. 1. The dHVA oscillation with respect to the magnetic field

when 7 = 0. Here, m, = 140 MeV, the chemical potential
u? = 10m2, and the radius is R = 1 km.

for a typical neutron star. The approximation underlying
(41) is thereby justified, and we estimate

3.86 x 10716

PdeA - 2 ~
~ u(MeV)R(km)v’

_TdwA 2 (44)
PdeA ||w:0 ﬂRU

leading to a huge suppression of dHVA oscillation.

The thermodynamic pressure at > = 10m2 and zero
temperature versus magnetic field 0 < eB < 0.01m2 is
plotted in Fig. 1 for several linear speeds at the boundary
of the rotating cylinder of ultrarelativistic Fermi gas whose
radius is comparable to a typical neutron star. As a
benchmark, the thermodynamic pressure in the absence
of rotation is displayed in Fig. 2. The effect is suppressed
by 17 orders of magnitude.

2. A cold and dense QGP droplet

The suppression of dHVA in a neutron star may be
attributed to its large size. Let us switch to the parameter
values appropriate to a cold and dense QGP droplet where
the suppression of dHvA oscillation with the angular
velocity becomes modest. The dHVA term of the thermo-
dynamic pressure of Eq. (39) for R = 10 fm versus the

0.004 w=0

AN

0.002

€ 0.000 .;AVAL\A R RS
T paasa i Ry
& -0.002 =20 i
— p _15m
-0.004
_— y —10m
0008} _ 2 5.2
0.2 0.4 0.6 0.8 1.0

2
eB/m7,

FIG.2. The dHvA oscillation with respect to the magnetic field.
Here, o = 0 and T = 0.
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0.0005
€

< 0.0000
I
<

-0.0005

0.0 0.2 0.4 0.6 0.8 1.0
eBIm?.r
FIG.3. The dHvA oscillation with respect to the magnetic field.

Here, T = 0, we fix the chemical potential y> = 10m2, and the
radius is R = 10 fm.

1.x10-18 .
p#=20m?,
5.x10~19
< 0
< ~—
l% — T=56MeV
-5.x10-19 —— T=54MeV
— T=52MeV
-1.x10-18 — T=50MeV
0.80 0.85 0.90 0.95 1.00
eBIm";r

FIG. 4. The dHvA oscillation with respect to the magnetic field.
Here, we fix the chemical potential x> = 20m2, R = 0.01, and
the radius is R = 10 fm.

magnetic field at fixed chemical potential and temperature
is plotted for several angular velocities including @ = 0 in
Fig. 3. The same equation at fixed chemical potential and a
nonzero angular velocity is plotted for several temperatures
in Fig. 4. The dHvA without rotation, Eq. (37), at the same
chemical potential and the same set of temperatures is
plotted in Fig. 5 for reference. Notice that the suppression

4.x10718
?=20 m%
2.x10718
Y
<
z 0
< — T=56Mev =~
— T=54MeV
_ -18
2.x10 — T=52Mev
— T=50MeV
-4.x10718
0.80 0.85 0.90 0.95 1.00
eBIm?,
FIG.5. The dHVA oscillation with respect to the magnetic field.

Here, we fix the chemical potential p> = 20mZ, and @ = 0.

of dHVA with temperature becomes milder with @ # 0. The
selection of the size and the magnetic field is motivated by
the conditions of the current heavy ion collisions in RHIC
and LHC.

While the RHIC STAR fixed target experiment is
expected to generate QGP of lower energy and higher
baryon density, i.e., closer to the density axis of the QCD
phase diagram, there may still be a gap to meet the
condition of the cold and dense QGP described above.
Even if it did, the rapid expansion would hinder the
observability of the effect because of nonequilibrium. So
our discussions here are highly speculative.

ITII. NONRELATIVISTIC FERMI GAS

The Hamiltonian of a nonrelativistic electron in a
constant magnetic field reads

1

2m,

.
H=- (V —ieA)? + 5098 (45)

with the vector potential

- 1 N
A= 532 X T, (46)

where wp = eB/m, is the cyclotron frequency and
o, = diag.(1, —1). The spectrum in cylindrical coordinates
can be found in many textbooks of quantum mechanics and
is given by

2
q m—|m| 1 1
Enmqa = 2—”16 + <n + 2 +§> Wp + EUCUB, (47)

where ¢ is the momentum along the z-direction,
n=0,1,2,..., are radial quantum numbers and
m=0,=+1, £2,...,-£M, are the z-component of the orbital
angular momentum and ¢ = =+ labels spin projections. The
corresponding wave function reads

n'eB

Iml & m ilm
Tan g Il €L @), (48)

l//r1mqa(7) -

In a cylinder of finite radius, the thermodynamic approxi-
mation limits the azimuthal quantum number as (19), i.e.

1
|m| < m, = {EeBRZ} > 1, (49)

with an uncertainty m, = O(1) as in the ultrarelativistic
case. The Landau levels correspond to m >0 and are
labeled by n.
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A. Thermodynamic pressure and dHvA

For a free nonrelativistic electron gas, the dHVA can be
extracted using the same Poisson formula (23) as in most of
the textbooks of solid-state physics. Here we adopt a more
elegant approach via Mellin transformation [31].

The thermodynamic pressure of the electron gas in a
rotating cylindrical volume of radius R and length L reads

= Y PG, (50)

where
= Zln < —e ﬁEqnmrf> (51)
n 4,0

with @ > 0 the angular velocity and
,, = e Plutmo), (52)

The case of strong degeneracy corresponds to ¢, < 1. The
Mellin transformation of the function P,,(¢) with respect to
¢ is given by

0(s) = / ® dce P (0)

0

— L Ze_sﬁ(Emnqn_%o—w) (53)

Lssinxs
n,q.,o

for 0 < Res < 1. The last equality follows from integration
by part and the formula

P s—1
/ dx > ” (54)
0

X+ 1 sinzs

For the same reason as in the relativistic case, the
contribution from m < 0 is subleading in the thermody-
namic approximation, and we focus only on the branch
m > 0 of the spectrum. We have for m > 0

_spa® 1 1
Q ( E e 2me E e~ (n43)spog—sosp(op—w)
Ls sin zs —

#T  coshisp(wp —w)

(55)

T 32 |
A3/ sin s sinh 5 spwg

where A= +/2x/(mT) is the thermal wavelength. It
follows from the Mellin inversion formula that

T(mowp)'* &

Jt B
P = 2o 2 e = =g —
m=0 =1

Without rotation, @ = 0, the well-known dHvA formula

sin (21& —law _ E) — sin (yﬂ + lnw _ & + 217"”(-50)
wp @p 4

Ims
o:s=]
2InT .
®.5=—I|
wp
° ® * ) L * 4 >
Re s
FIG. 6. Contour integration [31].
c+ioco dS
Pa0) = [T 00 (56)
c—ioo i

with 0 < ¢ < 1. The integrand on the complex s-plane
consists of a branch cut running along the negative real
axis, poles along both real and imaginary axes, i.e.

2lzT
s =1, s = " i (57)
Wp

with [ = 0, =1, £2, .... Closing the contour from the left as
shown in Fig. 6 for { < 1, we find

Py($) = 1, (&) +1L,,(8). (58)
where I, is the integral around the branch cut and II,,, stems
from the poles along the imaginary axis. The former
contributes to the Landau diamagnetism and Pauli para-
magnetism along with the Barnett effect, and the latter
gives rise to dHVA oscillation. Summing up the residues of
the poles within the contour, we end up with

2T [wg N1 2§17°T  lnw
m (é’m) 2 T ; 13/2 CSC o COS o

21
X COS |:7ﬂ(ﬂ + mw) - z:| .
wp 4

(59)

Summing up the orbital angular momentum, we obtain that

@p

(60)

3/2 ainh 22T i Lz
[ s1nh—wB sin 7%
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)32 & 21 2T 21
T(m a)B i w_r
Parivalo—o = Z Pz wg T ( wp _Z> o
recovers. At zero temperature, Eq. (60) becomes
- n ) (27t

dAIT=0 = T d TR 2 0y 13/? sin Z2

— B
(m wB)S/Z i . 21,,;, . 2dnm.w\ sin 2np = ’ (62)

l7/2 T4 wpg wp 4

where the approximation @ < wp is made for the typical
parameters in condensed matter physics. This expression is
to be compared with the zero temperature limit of (63), i.e.

o (meap) PN 1 2ap =w
PdHVA'a}:O__f;lSTCOS w—B_Z . (63)

At this point, it is interesting to compare the non-
relativistic dHvA and the ultrarelativistic dHvA. As shown
in Eq. (47), given ¢ and o, the nonrelativistic Landau levels
(m > 0) are equally spaced while the spacing between
successive ultrarelativistic Landau levels in the upper
spectrum on the RHS of Eq. (8) decreases with increasing
n. Since the dHVA is sensitive to the energy levels around
the chemical potential x4, the amplitude of the oscillation is
expected to be independent of y in the nonrelativistic case
but decreases with u in the ultrarelativistic case as reflected

in the large u suppression by sinh ZI’ZBT” of (37) in the latter
case. When rotation is turned on, the effective chemical
potential increases with the angular momentum quantum
number. Consequently, the nonrelativistic dHvA appears
less vulnerable than the ultrarelativistic one.

B. Numerical estimates

The electron gas in a good metal at room temperature,
T ~ (1/40) eV, can be well approximated by a free Fermi
in the strong degeneracy limit. The chemical potential is
1-10 eV, which makes /T ~ 40 ~ 400 > 1 and the zero
temperature approximation works well. For a magnetic
field up to a few Teslas and an angular velocity in Hertz, we
have

H
w/wg ~557 x 10712 a];((TZ))

(64)
justifying the approximation made in (62) for mechanical
rotation achievable in the laboratory. The same condition
also makes the contribution of the uncertainty in the
angular momentum cutoff m,. to the phase of the oscillation
in (60) and (62) negligible.

The dHVA oscillation is expected to be significantly
reduced when the largest rotation energy m.w within a
Landau level exceeds the spacing between successive
levels, wg. With R in centimeters, the linear velocity of
the circumference v = wR in terms of cm/s, it follows from
(49) that

m.w

~ 0.43Rv, (65)

Wp

independent of the magnetic field.

Parallel to the ultrarelativistic case, the dimensionless
ratio Pgyya/Po of a strongly degenerate electron gas
versus magnetic field for a long cylinder of radius
R=1cm at T =0 is plotted in Figs. 7-9, where Py =
(2m,u)>?/(152%m,) is the nonrelativistic pressure at B =
0 and @ =0. The magnetic field varies in a small
neighborhood of 1T and the angular velocity is taken such
that the RHS of (65) is of order one. The dHVA effect
without rotation, Eq. (63), for different chemical potentials
is shown in Fig. 7 as a benchmark. The parallel setup for
®wR =2 cm/s, Eq. (62), is shown in Fig. 8 with similar
profiles. More important is Fig. 9 where dHVA at different
R is displayed. The suppression of the oscillation by
rotation is evident and should be observable by measuring

the magnetization and/or magnetic  suspectibility
1.x10"11
5.x10712
Yy
< 0
I
Ny — u=4eV
-12
-5.x10 — p=3eV
— u=2eV
_ -1
1.x10 — p=1ev
1.00000 1.00002 1.00004 1.00006 1.00008 1.00010
B(T)

FIG. 7. The nonrelativistic dHVA oscillation with respect to the
magnetic field when 7 =0 and @ = 0.
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2.x10712

wR =2cm/s
1.x10~12}

PgaHva/Po
o

— u=4eV
— u=3eV

-1.x10712f
— u=2eV
— u=1eV
_2.x10-12Ls . . H=1 . .
1.00000 1.00002 1.00004 1.00006 1.00008  1.00010
B(T)
FIG. 8. The nonrelativistic dHvA oscillation with respect

to the magnetic field when 7 = 0. Here, we fix @R = 2 cm/s and
R=1cm.

2.x10°13 p=5eV
° 0
]
<
>
5 13
a -2.x10 — wR=6cmis
— wR=4cm/s
-4.x10713 — wR=2cmis
— wR=0
1.00000 1.00002 1.00004 1.00006 1.00008  1.00010
B(T)

FIG.9. The nonrelativistic dHVA oscillation with respect to the
magnetic field when 7' = 0. Here, we fix the chemical potential
u =25 ¢eV and the radius is R =1 cm.

(derivatives of the thermodynamics pressure with respect to
magnetic field) of a rotating metallic cylinder.

IV. CONCLUDING REMARKS

Let us recapitulate what we presented in the preceding
sections. We examined the robustness of the de Haas—van
Alphen effect in a strongly degenerate Fermi gas under
rotation. We derived the analytical formulas for dHvA
oscillation for a long cylinder rotating about its axis under a
constant magnetic field parallel to the axis in the ultra-
relativistic limit and nonrelativistic limit. As the macro-
scopic degeneracy (proportional to the transverse area) of
Landau levels is offset by the rotation energy of states of
different angular momentum within each Landau level. The
amplitude of the oscillation is reduced. The amount of
reduction depends on the angular velocity @ and the radius
of the cylinder R, and the oscillation is expected to become
insignificant for sufficiently large @ and R. The ultra-
relativistic dHvA appears more vulnerable than the non-
relativistic one because of decreasing Landau level spacing
with energy.

Applying the ultrarelativistic formula to estimate dHvA
with typical parameters of a neutron star, and with typical
parameters of a cold and dense QGP droplet, we noted that
the dHvVA oscillation is completely suppressed in the
former case and remains in the latter. The nonrelativistic
formula, on the other hand, showed that for a typical
electron gas in a good metal, the variation of dHvVA
oscillation with angular velocity appears detectable, via
magnetization and/or magnetic susceptibility.

As self-criticism, our approximation of the finite size
effect by introducing the maximum angular momentum
within a Landau level in (19) and (49) may be crude.
Possible contribution from edge states [17] has not been
considered. Limited by the analytical tractability, the
cylindrical shape of the system is not suitable to model
a neutron star or a QGP droplet. Though the effect is
expected to remain for a Fermi liquid, the interaction in
quark matter may modify significantly the quantitative
prediction. In this sense, our result is very preliminary.
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APPENDIX
For > T, Eq. (56) can be approximated as

1 eB [ru r 2 s eB
Oy~ —51/— dge™"esd g =—=1,
M =521\ in A e ¢<\/ qu> 2in P
(Al)

where

K . 5 K . 2 o .2
J= / dxe ™™ ¢p(x) = / dxe ™ / dée’s  (A2)
0 0 X

with K = /&4, Introducing & = xt, we find

K ) © . 1 © iK*(2=1) _ 1
J —/ dxe‘”‘zx/ dte’™ = —,/ dtezi
0 1 2i 1 -1

= —le /Do dte’®(*=D¢1n =1 ,
2 1 t+1

(A3)

where the last equality follows from integration by part.
Introducing z = 2 — 1, we have
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TR Sy g
J:——K{/ dze® YT (A4)
4 0 Vi+1+1

If follows from the Jordan lemma that the integration path
can be rotated to the imaginary axis on the z-plane, and we
end up with

VIFiy—1

i e 2
J=——K2/ dye X In—o—x—. A5
o DM W)

4

For K > 1, we have

i 0 P A 1 T
Je—tr2 [T ayerm =L (mek) + = T
4 ‘A ye iy 2<M )+2”>+8

(A6)

This gives rise to the RHS of (32).
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