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Abstract

Knowledge of the chemical potential is essential in application of the Fermi—Dirac and
the Bose—Einstein distribution functions for the calculation of properties of quantum
gases. We give expressions for the chemical potential of ideal Fermi and Bose gases
in 1, 2 and 3 dimensions in terms of inverse polylogarithm functions. We provide
Mathematica functions for these chemical potentials together with low- and high-
temperature series expansions. In the 3d Bose case we give also expansions about 7g.
The Mathematica routines for the series allow calculation to arbitrary order.
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1 Introduction

The properties of ideal Fermi and Bose gases are the starting points for the understand-
ing of the low-temperature behaviour of a broad range of physical systems, including
electrons in metals [1,2], the helium liquids [3,4] and systems of trapped gases [5].
Associated with these is interest in systems of lower dimensionality including graphene
[6], helium films [7] and ultra-cold atoms in quasi-1d and quasi-2d traps [8].

The properties of ideal quantum gases are expressed, conveniently and succinctly
in terms of the so-called Fermi—Dirac and Bose—Einstein functions. And essential to
this is knowledge of the chemical potential [9].

Traditionally Fermi—Dirac and Bose—Einstein functions have been found from
tables and power series expansions. The 1938 paper by McDougall and Stoner [10]
gave extensive tables for fermions and there was a discussion of the corresponding
functions for bosons by London [11], with series expansions given by Robinson [12]
and generalized by Clunie [13]. A consolidated treatment of these functions is found
in Pathria [14].

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10909-
019-02228-0) contains supplementary material, which is available to authorized users.

B Brian Cowan
b.cowan@rhul.ac.uk

L Millikelvin Laboratory, Royal Holloway University of London, Egham, Surrey TW20 OEX, UK

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10909-019-02228-0&domain=pdf
http://orcid.org/0000-0003-2495-272X
https://doi.org/10.1007/s10909-019-02228-0
https://doi.org/10.1007/s10909-019-02228-0

Journal of Low Temperature Physics (2019) 197:412-444 413

The problem with the McDougal—Stoner tables and the above treatments was that
the functions were given for different values of p/kT which made for difficulties
finding the chemical potential . In 1974 Betts [15] published tables of (reduced)
chemical potential as a function of (reduced) temperature for 3d fermions and bosons;
at that time, it was a heroic achievement of minicomputer programming. Ebner and
Fu [16] gave useful series expressions for 3d fermions and analytic expressions for 2d
fermions. Also they produced extensive tables [17], sadly now unavailable.

A further provision of series expansions for fermions was by Hore and Frankel
[18] who gave expressions for the intermediate quantum region. These series were
expanded about z = 1 where z is the fugacity. Expansions in the intermediate region
for both bosons and fermions have been given by Sotnikov et al. [19].

The advent of symbolic mathematics software such as Mathematica has revolu-
tionized the way Fermi—Dirac and Bose—Einstein calculations may be carried out.
Such software can perform series expansions, reversion of series, symbolic integra-
tion, numerical integration to arbitrary precision and general symbolic manipulation.
Moreover Mathematica “knows of” a large number of the “special functions” and
their properties. Also it has inverse function support.

The Fermi—Dirac and the Bose—FEinstein integrals may both be expressed in terms
of the polylogarithm functions, once the chemical potential is known. In this paper
we provide Mathematica functions to obtain the chemical potential. From these it
is then straightforward to evaluate properties of Bose and Fermi gases. For refer-
ence we include the classical (Maxwell) gas. Of course at low temperatures such
a gas is un-physical; it violates the third law of thermodynamics. But at high tem-
peratures the way that the Bose and Fermi gases deviate from the classical is
instructive.

2 General Methodology
2.1 The Polylogarithm Functions

The expectation value of an extensive function of energy Q(¢) is given by

O=a) O n(e), (1)

where the sum is taken over the single particle energy states and « is the factor which
accounts for the degeneracy of the particles’ spin states. This is 2 for electrons (spin
S = %); more generally, it will be 25 + 1. Here n(e) is the Fermi—Dirac or the
Bose—Einstein distribution function

1

nE) = T 1 g

@

where a is understood to be +1 for fermions and —1 for bosons. Classical parti-
cles also can be accommodated by taking a = 0. We may refer to such particles as
“maxwellons”.
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The distribution function involves the chemical potential u, and so, this must be
known before any later calculations. A key result of this paper is the provision of
Mathematica functions for evaluation of the chemical potential for free fermion and
boson gases in one, two and three dimensions.

In the thermodynamic limit Eq. (1) usually may be converted to an integral

= f (e) g(e)n(e)de, 3)
0

where g(e) is the energy density of states. Since Q(¢) and g(¢) are often proportional
to powers of ¢ we require to evaluate thermodynamic integrals of the form

o0 o0 nd o nd

n _ e _ n+1 X dx
/8 n(e)de = / T T g (kT) /—equ Ta 4)
0 0 0

where z = e*/*T is the fugacity. These integrals are related to the polylogarithm
functions Lig (z) [20,21]:

o0
xsfl )

/ex —1 +1dx = —I'(s) Lis(—2)

0

oo
xs—l )

/exz—l . dx = T(s)Lis(2) 5)

0

oo

xs—l
/ _—ldx = F(S) Z.
0

The Maxwell case has been added for completeness.
We see that the thermodynamic integrals in the Bose and the Fermi case are thus
given in terms of the polylogarithm functions:

g"de

/m —KT)" 1T 01 4 1) i (—e/T)

0

o0 nd
& & .

/ EWAT — 1 = +*T)"'T(n + 1) Liyg1 (+e*/5T) (©6)
e"de el /KT
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@ Springer



Journal of Low Temperature Physics (2019) 197:412-444 415

It then follows that the calculation of thermodynamic functions of ideal Fermi and Bose
gases boils down to the evaluation of polylogarithm functions—once the chemical
potential is known.

2.2 Common Energy Scale

When discussing fermions it is customary to use the Fermi energy as a convenient
energy scale. This is the energy of the highest filled state at 7 = 0. Such a definition
is clearly not applicable to maxwellons and to bosons. But it would be convenient
to have a common energy scale applicable to particles whatever their statistics. In
3d the Fermi energy e and the Fermi wave vector kg = (2mep)'/?/h are given by

2 (6mr N 2/3 672 N 173
EF < > ,kF=(——> . @)

"o\ a v a V

The Fermi wave vector is a measure of the inverse particle spacing. And this measure
is appropriate in the discussion of maxwellons and bosons. In this spirit we shall
introduce a characteristic wave vector, which we call the quantum wave vector kq, and
relate this to a quantum energy gq = hzkczl /2m. This would be the Fermi energy in the
case of fermions. In 1, 2 and 3d this is

B /7 N\?
““am\al -

27 h? N

v 2d 8)
am A
R (6x2 N\**

=_(L_) 3d
2m a V

We note that Betts [15] uses different definitions for Bose and Fermi characteristic
energies; this can be confusing.

2.3 Density of States

The (energy) density of states for free particles in one, two and three dimensions is
(22]

gle) = L (T)me*l/z 1d

wh\2

Am
ST 2d ®
v Qm)2%12  3q
= awo |
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In terms of the quantum characteristic energy these may be expressed

©) IN 1 1d
8&)=5—
2 o (ggg)!/?
N1
. 2d (10)
3Nel/?
=54 3d
or, generally, in d dimensions
dN ,_
gle) = EES(d 22 gdl2. (11)

We note that for atoms trapped in a harmonic trap the density of states is proportional
to £?72; then, polylogarithm functions of different orders (usually integer) will be
needed in the thermodynamic limit.

3 Chemical Potential and Fugacity

The number of particles in the system is given by
oo
N:a/g(a)n(e)de. (12)
0

However, the density of states g(¢) is proportional to N so that N cancels and Eq. (12)
leads to an expression for the quantum energy

a2 _
g/ =

\SRIRSH

o0
/8(d_2)/2n(8) de. (13)
0

This gives the quantum energy in terms of the chemical potential and the temperature.
By inverting this relation we may find the chemical potential as a function of the
quantum energy and the temperature.

For the Maxwell, Fermi and Bose cases Eq. (13) gives

ed? = (kT)Pr (1 +d/2)e"" Maxwell
= —(kT)’T(1 +d/2) Ligja(—e"*T)  Fermi
(kT)YYT (1 4 d/2) Ligp(e*/*T) Bose. (14)
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In terms of the quantum energy we shall introduce the reduced chemical potential p*,
defined as

W= p/eq; (15)

and this will be expressed as a function of 7, the reduced temperature1
T =kT /eq. (16)

The fugacity is expressed interms of T as z(t) = et @/, Using ourreduced variables,
Eq. (14) become

T2 = T +d/2)z0) Maxwell
=-I'(1+d/2)Ligy(—z(1)) Fermi (17)
= T[(1+d/2)Ligpn(z(r)) Bose.

Then, from inversion of these equations, z(7) is given by

1
()= —— 7742 Maxwell (18)
ra+44ds2)

-1

-l —d)2 .

= L1d/2 [—F(l a2 T :| Fermi (19)
1

_ —1 —d)2

= +le/2 |:—I‘(1 ) T i| Bose (20)

and then p*(t) by

1
* =tln{—— 7792 M 11 21
w(t)y=tln F(1+d/2)r axwe 2n
—1
=thn{-Li;}, | ———— 7792 Fermi (22)
2111 +d/2)
1
.1 —d/2
=7ln +L1d/2 [mf /:|} Bose. (23)

Mathematica routines for these functions (Fermi and Bose) are given in Appendix A.

4 Functions and Their Series Expressions

Details of the calculation of the low-temperature and high-temperature series are given
in the appendices. Associated Mathematica Notebooks are included in Supplementary
Information, allowing evaluation of these series to arbitrary order.

A key point about the Mathematica calculations is that while Mathematica pro-
vides the InverseFunction command used in the chemical potential and fugacity

! We note that our w*(7) is equivalent, in the Fermi case, to Ebner and Fu’s [16] ¢ (7).
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expressions, the InverseFunction provision does not extend to symbolic series
calculations. For this reason we have to perform the series expansion first and then

obtain the inverse by reversing the power series.

In this section below we summarize the results of these calculations. We shall use
the Mathematica functions of Appendix A to create plots of the chemical potential and
the series approximations given. A Mathematica notebook creating the plots below is

given in Supplementary Information MOESM1_ESM.nb.

4.1 Maxwellonsin 1d

In Eqgs. (21) and (18) we put d = 1 giving

2
*(t)=rtlo —1_1/2> ,

2
(7)) = —=17 2,

4.2 Fermions in 1d

In Egs. (22) and (19) we put d = 1 giving

. 2
ug(t) =7ln {—Lll/l2 [—ﬁr 1/2“,

. 2 _
zr1(7) = —Lll/]2 [——T 1/2] .

JT
Chemical potential—low-temperature series

2 7T4 77.[6

bd
ph@ =1+—t*+ —tt+ —104...

12 36 144

Chemical potential—high-temperature series

2 2 9-4v3
pi () = T log <ﬁfl/2> + \/;[1/2 + Q +

3
4(5&—4J6+3)

(12v2-48v3+71) |

1
+ 373/2 172 372

The first term is the Maxwell chemical potential.

(24)

(25)

(26)

27)

(28)

(29)

The 1d Fermi chemical potential, together with low-T and high-T approximations,

is shown in Fig. 1.
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Fig. 1 Fermi chemical potential in 1d. E is the exact result Eq. (26), L is the low-temperature approxi-
mation: the first two terms of Eq. (28), M is the Maxwell expression Eq. (24), H is the high-temperature
approximation: the first two terms of Eq. (29)

Fugacity—low-temperature series. Since zg1 (t) diverges as T — 0 there is no simple
low-temperature power series. But the low-temperature behaviour can be expressed as

2 4 2887 + 7°)
SEPAVLS PR T 2 (— 34 30
zZri(1) = e { t T st Toses T (30)

with the limiting low-temperature behaviour
zr1(0) ~ €7 31

Fugacity—high-temperature series

7 1 2*/21 8(3—x/§)

zm(f)=ﬁm+ w7 T332 T

(32)
4(15v2 - 10v6+6) |
* 3 at
The first term is the Maxwell fugacity.
4.3 Bosonsin 1d
In Egs. (23) and (20) we put d = 1 giving
* 1 2 _ip
up(t) =7tln Lll/2 ﬁr , 33)
2
R N I V)
z1(7) = L11/2 [ﬁt ] . (34)
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Fig.2 Bose chemical potential in 1d. E is the exact result Eq. (33), L is the low-temperature approximation:
the first two terms of Eq. (36)

the first term of Eq. (35), M is the Maxwell expression Eq. (24), H is the high-temperature approximation:

Chemical potential—low-temperature series

1 1
M (D) = =7 =

I 4
gy )
+167T

3
_n5/2§(%)T5/2 _ 16;(%)271313
(=4 =20 (1)) 72+
ee 5 ¢ (5 T
where ¢ () is the Reimann zeta function.

(35)
Chemical potential—high-temperature series
5 5 (9-4v3)
ug(x) = tlog <—r_1/2> — \/jrl/z 4+ —
JT 7 37 (36)
4(5v2-4ave+3) | (12v2-48v3+71)
B 373/2 12 372
The first term is the Maxwell chemical potential.

T
is shown in Fig. 2.

The 1d Bose chemical potential, together with low-7" and high-7" approximations,
Fugacity—low-temperature series

2 5/2 1
T bd 2
mi(r) = 1— " Tg(%)rm -5 (6n3§ (1) - 4:14) 2+ (37)
Fugacity—high-temperature series
o 21 22 3(3-V3) 4
I = —="97 ~ - 32 372
JTT Tt 37 T (38)
4(15v2 - 10v6+6) |
— 3 = 4+
The first term is the Maxwell fugacity.
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4.4 Maxwellons in 2d
In Eqgs. (21) and (18) we put d = 2 giving

Win(@) = —7In(v), (39)

1
() = = (40)

4.5 Fermionsin 2d

In Eqgs. (22) and (19) we put d = 2 giving

Wiy (7) :rln{—Lill (-%)} (41)

- 1
zr (1) = —Liy! (—;>. (42)
But since Lij(—z) = —In(1 + z), it follows that in 2d explicit expressions may be
obtained. Thus:
1y (T) = TIn(e!/" — 1), (43)
(1) =e'/T — 1. (44)

Our Eq. (43) corresponds to Eq. (1) of Ebner and Fu.

Chemical potential—low-temperature series There is no series in ascending powers of
7, but the following series of exponentials follows from Eq. (43) at low temperatures.

1 1
ph (@ =1-1 {e—l/f e e } . (45)

Chemical potential—high-temperature series

N 1 11 1 1
[,LFZ(‘[)——‘L'Iog(‘C)—i-E-Fﬂ;—%?4‘"', (46)
corresponding to Eq. (2) of Ebner and Fu. The first term of Eq. (46) is the Maxwell
chemical potential.
The 2d Fermi chemical potential, together with low-T and high-T approximations,
is shown in Fig. 3.

Fugacity—low temperatures. Since zpy(t) diverges as T — 0 there is no simple
low-temperature power series. But in the spirit of Eq. (45) and writing zgy(7) as

tr(r) = ¢!/ (1= e7V7) (47)
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. ~10f
SN T =kT/eq
™20 -15F
M™ H
—0.5" . -20t

Fig.3 Fermi gas in 2d. E is the exact result Eq. (43), L is the low-temperature approximation: the first two
terms of Eq. (45), M is the Maxwell expression Eq. (39), H is the high-temperature approximation: the first

two terms of Eq. (46)

we may regard the two terms in the brackets as a terminating low-temperature expan-

sion, with the divergent

zra(1) ~ e (48)
giving the limiting low-temperature behaviour.
Fugacity—high-temperature series
@w=tpsl il L L1 (49)
N=—-4+-5+-5+——F+-——=
ST T e T T 0
The first term is the Maxwell fugacity.
4.6 Bosonsin 2d
In Eqgs. (23) and (20) we put d = 2 giving
* —1 1
Mg (7) = Tln (Lij It (50)
(1
zB2(7) = Li| =R (51)
But since Lij(z) = —In(l — z), it follows that in 2d explicit expressions may be
obtained. Thus:
Mgy (t) = TIn(1 — e/, (52)
() =1-e/". (53)
In 2d we have the special results
g (T) = ppa (T) — 1 (54)
zB2(7) = zr2(7) /(1 + zR2(7)), (55)
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Fig.4 Bose gas in 2d. E is the 0.5¢
exact result Eq. (52), L is the W) |
low-temperature approximation: -
the first term of Eq. (56), M is -
the Maxwell expression Eq. (39), -0.5¢
H is the high-temperature
approximation: the first two -1.0p
terms of Eq. (57)
-1.5f
-2.0~

manifestations of May’s theorem on Fermi—Bose correspondence in 2d [23]. We note
that May’s theorem holds only in the thermodynamic limit; it breaks down for finite
systems [24].

Chemical potential—low-temperature series There is no series in ascending powers of
7, but the following series of exponentials follows from Eq. (52) at low temperatures.

1 1
Ui (T) = —1 {e_l/r + Ee_z/r + ge_3/r +--- } . (56)

Chemical potential—high-temperature series

1 1

1
Hia(r) = —Tlog (1) = 5 + 7=

- 4. 57
24t 288073 + (57)

The first term is the Maxwell chemical potential.
The 2d Bose chemical potential, together with low-7" and high-7" approximations,
is shown in Fig. 4.

Fugacity—low temperatures There is no low-temperature series for the fugacity, but
we may regard the expression for zp>(7), Eq. (53), as a terminating low-temperature
expansion:

ma(r)=1—e /"

+ no higher terms, (58)
with low-temperature limit zg2(0) = 1.

Fugacity—high-temperature series

I 11 11 11 11

WO =y aten T ue Tt &9
The first term is the Maxwell fugacity.
4.7 Maxwellons in 3d
In Eqgs. (21) and (18) we put d = 3 giving
N 4 1
ay3(t) =7ln (ﬁﬁ) , (60)
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Fig.5 Fermi gas in 3d. E is the
exact result Eq. (62), L is the
low-temperature approximation:
the first two terms of Eq. (64), M 7= kT/fq
is the Maxwell expression NG 15 20
Eq. (60), H is the
high-temperature _1F \\
approximation: the first two AN
terms of Eq. (65) of \ L
MONE
4 1 61
M3(T) = mm (61)
4.8 Fermions in 3d
In Eqgs. (22) and (19) we put d = 3 giving
wia(t)y=tIin{—Li;} |- 4 732 (62)
F3 32| T3 /% ,
4
I i O —3/2
zp3(7t) = —Lig), |: 3ﬁr } ) (63)
Chemical potential—low-temperature series
2 4 6 8
T b4 247 16291
() =1——12— —¢*— 0 — TAJNEP 64
#r3 (0) 12 80 25920 777600 + ©4)
Chemical potential—high-temperature series
4 1 1 /21 16V/3-271
L@ =th|—=—5 N2 T T e 2
#rs () <3ﬁr3/2)+ 3V 12 gix 2 | ©5)
4(15v2 - 16v6+18) |
* 24373/2 TET

This equation corresponds to that given by Ebner and Fu after their Eq. (3). But their
equation has a typo. The first term of Eq. (65) is the Maxwell chemical potential.

The 3d Fermi chemical potential, together with low-T and high-T approximations,
is shown in Fig. 5.

Fugacity—low-temperature series Since zp3 diverges as T — 0 there is no simple
low-temperature power series. But the low-temperature behaviour can be expressed

as
2 4 1 37.[4 7.[6
T L S (NN I B 66
zp(t) =e { PR 3(80+3456>T+ } (66)
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with the limiting low-temperature behaviour
zr3(1) ~ !/ (67)
Fugacity—high-temperature series
oo 4] 42 1 16(9—4~/§) L
)= ——=—75 — -
< 3Jr 3?2 9n 13 24373/2 1972 68)
8 (45v2— 406 +36) |
* 7297216 e

The first term is the Maxwell fugacity.

4.9 Bosonsin 3d

In three dimensions bosons can undergo Bose—Einstein condensation. When this hap-
pens the chemical potential will be zero and the fugacity will be unity. We denote the

reduced Bose temperature by 5.

In Egs. (23) and (20) we putd = 3 to give u* and z when t > 7g. Then the reduced

chemical potential and the fugacity are given by

ugs(t) =0 T < 71p
4
1 —3/2
=tln{L13/2[3ﬁr /“ T>1B
zp3(7) =1 T<TB
4
= Li3_/12 |:3ﬁf3/2] T > TB.

The Bose temperature 7 is the zero of ©*(7) of Eq. (69), that is,

7 = (3ﬁ

-2/3
_7f_€(%)) ~ 0.436....

Chemical potential—low-temperature series

Up3(t) =0 T <1B

_ @) e-w?

167T B
27¢ (3)° (¢ (3) ¢ (3) +27) (x — 78)?
+ : 6Zﬂ2 2 2 + e T > TB.

B

(69)

(70)

(71)

(72)
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(TR

ik g 7= kT/eq ()

2.0

~0.5F iy
Lok ~0.05}

oI

-1.5
-0.10f

-2.0

-2.5 —-0.15%

Fig.6 Bose gas in 3d. E is the exact result Eq. (69), L is the low-temperature approximation: the first term
of Eq. (72), M is the Maxwell expression Eq. (60), H is the high-temperature approximation: the first two
terms of Eq. (73)

An expression equivalent to the first term of the series is given by London [11]; the
author thanks Bill Mullin for drawing his attention to this.

Chemical potential—high-temperature series

‘) =1l 4 1 1 /21 164/3-271
D=thhl—F—s)—z/—F5 —————7
HB3 3w 32 3V 2 8lr 12

4(15v2 - 16v6+18) |
a 2437372 et

(73)

The first term is the Maxwell chemical potential.
The 3d Bose chemical potential, together with low-T" and high-7" approximations,

is shown in Fig. 6.

Fugacity—low-temperature series

zB3(1) =1 t=m
%) (rw
=1- 167 < B )+
N Ge (M@ +1 -5\’
+9§(2) (34(2)42(2)"' ) <T TB) +- <t (7D
64 B

Fugacity—high-temperature series

41 a1 16(9-4v3) |

w0 =320 or 243732 92 735)
8 (45v2 — 406 +36) |
B 7297216 P

The first term is the Maxwell fugacity.
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Fig.7 Chemical potential in
three dimensions—Fermi, Bose w(7)
and Maxwell cases

5 Chemical Potential Plotsin 1, 2 and 3d

We now use the Mathematica functions to create plots of the chemical potential in
one-, two- and three dimensions. These will contrast the differences and similarities
of the Fermi, Bose and Maxwell cases.

5.1 Three Dimensions

The temperature dependence of the 3d chemical potential is shown in Fig. 7. At
high temperatures the Fermi and Bose chemical potentials tend towards the classical
Maxwell behaviour, Eq. (91/92),

oy — e (] 1\/31
W=t gmmn ) tayy ot

o 1 /2 1
—MM(‘L’)+CI§ ;m“r

becoming equal as T — oo. (Recall a = +1 for fermions, —1 for bosons and 0 for
maxwellons.)

At low temperatures the fermion u*(t) - last — 0 (u(T) - epas T — 0).

Upon cooling, bosons in 3d undergo BEC at the Bose temperature tg where the
chemical potential goes to zero. Just above the Bose temperature u*(t) increases
quadratically in (t — ), while below the Bose temperature p*(7) is identically zero.
There is a discontinuity in the second derivative of ©*(r) at T = 7. We shall in
the following sections see that there is no BEC for d < 3; this is an example of the
Mermin—Wagner theorem [25]. Then there is macroscopic occupation only at 7 = 0.

The maxwellon chemical potential increases from zero as the temperature increases
from zero, with a nonzero slope; this is a violation of the third law of thermodynamics,
which requires o /07T — Oas T — O.

(76)

5.2 Two Dimensions

The temperature dependence of the 2d chemical potential is shown in Fig. 8.
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F S
“(r) el 2 3 4 0-10 M
S = S ! . .
SR S ~T p— w(r)
—lf NN 0.05
—92 RN
_3 NG 0.1 0.2 0.3 0.4 0.5
0.0 S
4 \\\ S e S 7= kT /eq
_5t \\ O F \\\
\\ M —0.05 ‘s\B
—6F ‘B ~

Fig.8 Chemical potential in two dimensions—Fermi, Bose and Maxwell cases

At high temperatures the Fermi and Bose chemical potentials, Eq. (91/92), tend
towards the classical Maxwell behaviour

1
w*(t) = —tlog (r) tag+-

1 (77
= uhi(D) Fag +---
but they never actually get there. In 2d we have the May’s theorem result
Wa (D) = iy (1) — 1, (78)

and at high temperatures, the Maxwell u is midway between those of the Fermi and the
Bose cases. In other words, in the high-temperature limit the Fermi chemical potential
is £q/2 higher than the Maxwell value and the Bose chemical potential is £4/2 below.

At low temperatures the Bose chemical potential goes to zero. There is no BEC,
so w is zero only at zero temperature. But the low-temperature p is “very flat” (see
Fig. 8 right plot); it is as if the 2d bosons are “trying to” condense. We shall see in
Sect. 5.3 that there is certainly no BEC in 1d. But here, in 2d, we might say that BEC
is “marginal”.

The low-temperature Fermi chemical potential is similar to the Bose case, just
shifted up by &q.

The Maxwell chemical potential increases from zero as the temperature increases
from zero with nonzero slope, in violation of the third law of thermodynamics.

we 5 10 15 20 (r)
() B h . e S T
\\\ ..... r= k’T/Eq 1.0 e T F
—5F RN
NG 0.5F
—10f N L T =kT/eq
15} NG 0-0 TGS 1.0 \175\2.0
20 F \‘\\\ —0.5F Tl M
—25 N ~1.0Ff R
SO M RN

—30¢F B st ~~.B

Fig.9 Chemical potential in one dimension—Fermi, Bose and Maxwell cases
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5.3 One Dimension

The temperature dependence of the 1d chemical potential is shown in Fig. 9.
Athigh temperatures the Fermi and Bose chemical potentials, Eq. (91/92), are going
in the same direction as the Maxwell case: the Fermi above and the Bose below

2 12
1:10g<—1:_1/2 +a,/ =P+
Jr b
* 2 1/2
Ha() +a e

but as the temperature increases the Fermi and Bose curves move further away from
the Maxwell. The fractional deviation (M;B(r) — 3y (1))/ gy (t) does go to zero as
T — 00.

The low-temperature Bose chemical potential goes to zero as t2. There is not even
a hint of BEC; the macroscopic occupation of the ground state occurs only at 7 = 0.

The low-temperature Fermi chemical potential has an interesting form. As the
temperature increases from zero u increases a little before turning over and decreasing.
This is not a violation of the third law since o /0T — 0as T — 0.

The Maxwell chemical potential increases from zero with nonzero slope as the
temperature increases from zero, in violation of the third law of thermodynamics.

w* (1)
(79)
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A Mathematica Functions for Chemical Potential and Fugacity

A.1 Mathematica Functions

The Maxwell chemical potential and fugacity expressions in 1, 2 and 3d: Eqgs. (24),
(25),(39), (40), (60), (61) are straightforward; they do not require special Mathematica
functions. The 2d Fermi and Bose chemical potential and fugacity expressions also
are straightforward; although they do not require special Mathematica functions, these
are given below for completeness.

A.1.1 Fermi Chemical Potential in 1d

This is given by Eq. (26):

L () =tln {—Li]/l2 [_%7—1/2“

T
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with Mathematica implementation

muFld[tau_] := tau InverseFunction[Function([zz,
-(Sqgrt[Pi]/2 PolyLogl[l/2,-Explzzl]l)]l]lltau”(-1/2)]

A.1.2 Fermi Fugacity in 1d

This is given by Eq. (27):

. 2
Zr1(1) = —Lll/lz [—ﬁf 1/2}

with Mathematica implementation

zFld[tau_] := InverseFunction[Function|z,
-(Sgrt[Pi]/2 PolyLogl[l/2, -z])]ll[tau” (-1/2)]

A.1.3 Bose Chemical Potential in 1d

This is given by Eq. (33):

ppi(r) =tln {Lil/l2 [%1_1/2:“

T

with Mathematica implementation

muBld[tau_] := tau InverseFunction[Function|[zz,
(Sgrt[Pi]l/2 PolyLogl[l/2, Explzzll)l]l[tau”(-1/2)]

A.1.4 Bose Fugacity in 1d

This is given by Eq. (34):
. 2
zp1(1t) = Lll/l2 [ﬁt 1/2:|
with Mathematica implementation

zBld[tau_] := InverseFunction[Function]|z,
(Sgrt[Pi]/2 PolyLogl[l/2, z])]] [tau”™ (-1/2)]

A.1.5 Fermi Chemical Potential in 2d

This is given by Eq. (43):
U (T) = tln(e'/™ — 1)
with Mathematica implementation

muF2d[tau_] := tau Log[Exp[l/taul-1]
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A.1.6 Fermi Fugacity in 2d

This is given by Eq. (44):
() =/ — 1

with Mathematica implementation
zF2d[tau_] := Expl[l/tau]-1

A.1.7 Bose Chemical Potential in 2d
This is given by Eq. (52):
Wiy (t) = Tin(l — e 1/7)

with Mathematica implementation
muB2d[tau_] := tau Log[l-Exp[-1/taul]l

A.1.8 Bose Fugacity in 2d

This is given by Eq. (53):

pa(t) =1—e /7

with Mathematica implementation
zB2d[tau_] := 1l-Exp[-1/taul

A.1.9 Fermi Chemical Potential in 3d

This is given by Eq. (62):

. 4
Ml”é3(t)=tln{—L13/12 |:—3ﬁ7,' 3/2]}

with Mathematica implementation

muF3d[tau_]:= tau InverseFunction[Function[zz,
-(3 Sgrt[Pi]/4 PolyLogl[3/2,-Explzz]l]l)]]
[tau”™ (-3/2)]
A.1.10 Fermi Fugacity in 3d

This is given by Eq. (63):

. 4 _
0=y e]

with Mathematica implementation

zF3d[tau_] := InverseFunction[Function[z,
-(3 Sagrt[Pi]l/4 PolyLogl[3/2, -zl)]l]lltau™ (-3/2)]
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A.1.11 Bose Chemical Potential in 3d
This is given by Eq. (69):

up3(t) =0 T < T

4
=7ln {Lig/l2 |:3\/ET_3/2:|} T > 18,

3 —2/3
B = (45(%))

where

with Mathematica implementation

muB3d[tau_]:=If[tau>(3 Sqrt[Pi]/4 PolyLog[3/2,1]1)"(-2/3),
tau InverseFunction
[Function [zz, (3 Sqgrt[Pi]/4 PolyLogl3/2, Explzzll)]l]
[tau™ (-3/2)1,0]

A.1.12 Bose Fugacity in 3d
This is given by Eq. (70):
zp3(1) =1 T <71

. 4 _
=L13/]2 |:3ﬁr 3/21| T > 1B

with Mathematica implementation

zB3d[tau_] := If[tau>(3 Sgrt[Pi]/4 PolyLog[3/2, 1]1)"(-2/3),
InverseFunction[Function[z, (3 Sqgrt[Pi]/4 PolyLogl[3/2, zl)]]
[tau”™ (-3/2)]1, 1]

A.2 Implementation Notes

The calculations ford = 1 andd = 3 canbe relatively time-consuming as these involve
the evaluation of inverse functions. However, in the d = 2 case the evaluations will
be much quicker. In order to make comparisons I timed the evaluation and plotting
of each function over the range 0 < t < 2. The timings, in seconds, are given in the
table below.

d [ ZF I B

1 5.13 42.9 21.2 (4.28) 3.59

2 0.0145 0.0427 0.0918 0.0323
3 2.34 23.13 2.64 1.31
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Clearly these depend on the computer and software (I used a MacBook Pro (Retina,
Mid 2012) with 16 GB of RAM, under macOS High Sierra version 10.13.6, running
Mathematica 11.3.0.0). The relative timings are significant.

For fermions in 1 and 3d we see it is approximately ten times faster to evaluate the
chemical potential than the fugacity. In these cases, if the fugacity is required, it is
better to evaluate the chemical potential and obtain the fugacity from z = e=*"/7.

For bosons in 1 and 3d it is faster to evaluate the fugacity. Indeed numerical eval-
uation of ,uE (7) can give (erroneous) small imaginary contributions because of the
accumulation of round-off errors. The number in the brackets for the timing of the 1d
Bose chemical potential corresponds to the time for evaluating and plotting the “real”
part of u*.

B High-Temperature Expansions

The high-temperature expansions are able to accommodate the Fermi, Bose and
Maxwell cases together, indicating how they tend to the same value in the T — oo
limit. Moreover, in what follows we shall treat the dimensionality d as a variable. It is

instructive to keep d general at this stage and then specify it at the end. Alternatively
d could be set now, whereupon the following expressions are much simplified.

B.1 Quantum Energy

We start from Eq. (13) for the quantum energy:

dj2 _
Eq =

l\)l&

o
/s(dfz)/zn(e) de

d [ £97D/2ge
/es/kT T, 1 g

in the high-temperature case, it is preferable to work, initially, in terms of the fugacity
Z.
Upon changing the variable of integration to the dimensionless x = ¢/kT we have

o0
d [ x94=2/2dy
42 _ (o d/2_/— 20
D (80)
0
or
1 47
R da-2)/2,,x -1 —1
rd/2_2/x (e'z7" +a)”  dx. (81)
0
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Here 7 is the reduced temperature. This is the starting point for the Mathematica series
calculation.

B.2 Series Expansion

At high temperatures n(¢) is small, and so, z is small. We expand the bracket factor
in powers of z

(exz—1+a)—1=e—xz_ae 2X22+a e 3XZ3_6136’_4XZ4+"' (82)

in terms which Eq. (81) becomes the series

0 00
d/2 {Z/exx(d2)/2 dx _az2/672xx(d72)/2 dx—+
T

0 0

- - (83)
+a2z3fe*3xx(d*2)/2 dx _a3z4/ef4xx(d72)/2 PR }
0 0
The integrals are straightforward
o
—mx .(d=2)/2

/e mx dx = d/zl"(d/Z) (84)
0

so that

W—E(/) ZW+GZ3d/2 @z gt (85)

B.3 Fugacity

)2

Equation (85) is a series for 1/7%/“ in powers of z. We invert this to give a series for

z in powers of 1/7%/2:
@ 1 Lo 2742 ] e (274 —3742) N
z(t) = a — +a
FA+d/2)zd? T 1+d/2)* C+d? 270
+a3 2—3d/23—d/2 (_5 X 2d +5x 3d/2 + 6d/2) L
r(+d/2)* 72d
In the Maxwell case (a = 0) we find
1 1
M(T) = (87)

T (1+d/2) i
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corresponding to Eq. (18), withd = 1,d = 2 and d = 3 cases corresponding to
Egs. (25), (40) and (61).

Thed = 1,d =2 and d = 3 cases of Eq. (86), fora = 1 and a = —1 (Fermi and
Bose) correspond to the high-temperature series, Egs. (32), (38), (49), (59), (68), (75).

B.4 Chemical Potential

The Maxwell (reduced) chemical potential MKA(‘L’) =tlnzvm(7) is

.o 1 1
pLM(T) =7ln {F(Td/z)m} (88)

corresponding to Eq. (21). In expressing the high-temperature power series for Fermi
and Bose gases it is convenient to write the chemical potential as the Maxwell chemical
potential plus the Fermi/Bose correction.

Thus we shall examine the high-temperature expansion of ©*(t) — uy (7). Now

1 (T) = pyy(v) = tln (2(2) /2m(1)). (89)
The ratio z(t)/zm(7) is

2—d/2 1 2(21—d _ 3—d/2) 1
a az ta 7 a T
C{+d/2)td/ C{a+d/p)- t
32—3d/23—d/2 (_5 X 2d +5x 3d/2 + 6d/2) 1
3 3d)2 e
I(14d/2) T

z2(0)/zm(t) =1+
(90)

+a

The logarithm of this series multiplied by 7 then gives the u series

2742 1-d2 | 2 3x27-2x377) |,
r(1+d/2) 2T (14 d/2)?
3273d/237(1+d/2) (3 X 2d+2 _ 3d/2 (3 % 2d/2 4 10))

I (1+d/2)>

W () = uy () +a

[1-3d2 o

—da

oD
or, writing u,(t) explicitly

1 1 2-d/2
w()=rtln +a 142
T +d/2) td2 T (1+4d/2)

,(3x 279 —2x37972)
2T (14 d/2)?
32—3d/23—(1+d/2) (3 « 2d+2 _ 3d/2 (3 x 24/2 4 10))
r{+d/2)>

+a 1—d

1342

—da

92)
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Thed = 1,d = 2 and d = 3 cases of this equation, fora = 1 and a = —1 (Fermi and
Bose) correspond to the high-temperature chemical potential series, Egs. (29), (36),
(46), (57), (65), (73).

B.5 Mathematica Calculation

This Mathematica calculation is given in the Notebook MOESM2_ESM.nb in Sup-
plementary Information. These are the steps.

To perform the Mathematica calculation of the high-temperature expansions we
start from inverse temperature integral, Eq. (81):

oo

1 d [ x{d=2/2qx
2/

rdi2 = ezl a ©3)

0

1. Expand the denominator in the integrand in powers of the small z.
2. The integration is then done term by term on the expansion.
3. This gives 7~¢/? as a power series in z.

4. This series is “reversed” to give z as a series in (decreasing) powers of 7%/2.

C Fermi Low-Temperature (Sommerfeld) Expansions

The low-temperature Fermi expansions procedure was pioneered by Sommerfeld [26].
We shall follow the intuitive treatment of Reif [27], based on the observation that the
derivative of the Fermi—Dirac distribution is sharply peaked at low temperatures.

Asin the high-temperature case we shall keep d general at this stage and then specify
it at the end. Alternatively d could be set now, whereupon the following expressions
are much simplified.

C.1 Fermi Energy

We start from Eq. (13) for the quantum energy:

djp2 _
&g " =

IR

o0
/ s(d_z)/zn(s) de.
0

Since here we are restricted to fermions only we shall revert to the terminology ¢r.
We integrate by parts:

o0
o0
2 = st - / e1/2 1/ (e) de. (94)
0
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Here n’(¢) is the derivative of the Fermi—Dirac distribution function with respect to
energy and we note that the first term vanishes so long as d > 0.

Now 7’ (¢) is sharply peaked about ¢ = . We transform the variable of integration
tox = (e —w)/kT:

o0
ex
ell? = / o )z(M + kTx)¥dx, (95)
— /KT

and then, only small values of x will contribute to the integral. This means that “neg-
ligible error” will be introduced by extending the lower limit of the integral to —oo.
Thus we are making an approximation for the Fermi energy integral:

o0

dj2 _  dp2 e’ d/2

ep =1 f—(ex+l)2(1+ka/u) dx. (96)
—00

We call this a Sommerfeld integral.
Upon dividing both sides of this equation by (kT)?/? we have an equation in reduced

variables
i —d/2  \42
T = < ) / P 1)2 (1 + —x) dx. 97

This is an expression for t in terms of 7/u*. We shall invert this to obtain 7/u* in
terms of 7, and from this, obtain x* in terms of .
Equation (97) is the starting point for the Mathematica series calculation.

C.2 Sommerfeld Expansion

The Sommerfeld expansion then follows by expanding the rightmost bracket of
Eq. (97) in powers of x and integrating term by term.

2T e d [ exd
—d)2 _ T e X e x ax T
= (— o ta | aels) Tt
w* (ex ) (e* + 1= \u*
oo

(98)
d(d 2) / e*x2 dx 2
— ) +.-- %
( ])2 w*
These integrals are pure numbers. Denote
e*x" dx

I, = — 99
n (ex + 1)2 ( )

—00
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so that

—d/2 _ 2
T—d/2=<L> ,0+§,]<L>+M12<L> ... oo
w* 20\ 8 w*

The integrals I, are given in terms of the Riemann zeta function ¢ (n):

I, =

{(2 —22"M¢(m)n! neven (101)

0 n odd.

Since only the even n terms contribute to the series I shall remove the odd terms of
Eq. (100) and include a further term, giving

—d/2 2 2
-2 _ (2 l+dd-2= (2
‘ (u) { @2 \F)

Tt r\*
+d(d—2)(d—4)(d—6)% (E) +

(102)

Then we take the —2/d power of this, so that

(L 1—d—2—2 - 2— d —2)(d*—35d +94 —4 - 4+
‘ <,u*) { ( )12 (,u*) ( ) )1440 (,u*)
(103)

or

T A ) = o\*
_ <E>—(d—2)ﬁ (M_) D350+ (7) o (104

C.3 Chemical Potential

Equation (104) is series expression for 7 in powers of 7/u*. We reverse this to give
the series for t/u* in powers of t:

2 7.[4

e — T [@-D) ST+ A D@ —5d 43T e (105)
so 1/u*is
1 7?2 P
Pl 14— 2)Br2 +(d — 2)(d* — 5d + 34) 144Or4 +.. (106)
We take the reciprocal of this series, to give
* m? 2 7t 4
wTy=1-U- Z)Et —(d—-2)d—-6)d—-9) 144()1 + e (107)
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The d = 1 and d = 3 cases of this correspond to Eqgs. (28) and (64). We note
immediately a problem for d = 2; in this case, there is no power series in T (see
Sect. C.5).

C.4 Fugacity

The fugacity may be expressed as z(tr) = e* (D/T. From Eq. (107) we see that
w*/t — oo as v — 0 so z will diverge and there is no low-temperature power series
expansion. But (u* — 1)/7 remains finite as T — 0 and so e ~D/T = o#*/Te=1/T —

ze~ /T will have a low-temperature power series expansion. This gives
@=eV 1—@-n Tt @—2? et (108)
T)=e¢e —d-2)—t -2 1"+ .
¢ 12 288

The d = 1 and d = 3 cases of this correspond to Egs. (30) and (66).
Again there is a problem for d = 2; right from Eq. (102), there appear (d — 2)
factors in the expansion coefficients (see Sect. C.5).

C.5 Errors in the Sommerfeld Expansion

Landau and Lifshitz [28], in treating the 3d Fermi gas, note that the error introduced in
the Sommerfeld procedure, whereby the lower limit of the integral is extended to —oo
involves neglecting “exponentially small” terms. These terms are negligibly small so
long as the Sommerfeld series does not terminate. However, for even d the series does
terminate, and then, these exponential terms can dominate. Indeed when d = 2 we
have the Sommerfeld approximation u* = 1; there are no powers of t. Fortunately
in 2d we have the exact result, expressed as the series of Eq. (45). This shows the
“neglected” exponential terms. There is a further discussion of the errors in Sachs [2],
p. 165.

C.6 Mathematica Calculation

This Mathematica calculation is given in the Notebook MOESM3_ESM.nb in Sup-
plementary Information. These are the steps.

To perform the Mathematica calculation of the low-temperature expansions we
start from the Sommerfeld expression for 7~4/2, Eq. (97):

—dp % x a2
742 = X f ¢ 1+Lx dx.
w (e* + 1)2 w*
—0oQ

1. Expand the rightmost bracket in powers of the small 7x/u*.

2. The integration is then done term by term with the expansion, giving a series in
*

T/u*.
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3. The integral series is raised to the power —2/d and multiplied by t/u* to give t
as a series in t/u*.

4. This series is “reversed” to give a T/u* as a series in t.

5. Finally this series is divided by 7 and we then take the reciprocal; this gives the
series for u* in powers of 7.

Note: Mathematica looks after the I, integrals automatically. Actually it cannot do
the general (symbolic) n case, but for each numerical integer value it is happy.

D Bose Low-Temperature Expansions: One Dimension

The starting point for this calculation is the d = 1 case of Eq. (17c¢), that is,

1 .
i I'(3/2) Liy 2(2), (109)
from which it follows that 7t is
4 . _2
T = ;(LII/Q(Z)) . (110)

D.1 Series Expansion

We are interested in the behaviour at small . At 7 = 0 we have z = 1 (all particles in
the ground state) and then as t increases from zero, z decreases from 1 towards zero.
So at low temperatures z — 1 is a small quantity so we shall (or at least Mathematica
will) expand t in powers of this:

2(6¢ (3)" +)

= DY+ =L =D+

8¢ (3)
75/2
2 (~82 (4)° —3me (3) +4nc (1))

77/2

4
T = —2(2—1)—
T (111)

-1+,

where ¢ () are Riemann zeta functions.

D.2 Fugacity and Chemical Potential

This expansion is reversed, to give z as a power series in T:

ot sy s e (1)2) 22
) =1 rt— P () 4 g (n—6r (1))

e (m (e )+ (4~ 2 (1)) 4

(112)
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corresponding to Eq. (37), and then, the chemical potential ©*(t) = v lnz(7) is

wi(r) = —%nzrz — %ns/zg (%) /2 — in3§ (%)2 4

1 3
Figr (e (D) =20 (3)) P

(113)

corresponding to Eq. (35).
The Mathematica calculation of these results is given in the Notebook MOESM4_ESM.nb
in Supplementary Information. It follows the steps outlined above.

E Bose Low-Temperature Expansions: Three Dimensions

The starting point for this calculation is the d = 3 case of Eq. (17c¢), that is,

1
n = I'(5/2) Liz2(2), (114)

from which it follows that 7 is

1/3
T=§g§<;> (Lii (). (115)

The (reduced) Bose temperature tp is the z = 1 value of this expression

3 -2/3
m=<%§«%) : (116)

We note that for all 0 < z < 1 (the allowed range for z), Eq. (115) will give values of
T only greater or equal to . In other words the inversion of this equation will apply
only when 7 > tp.

E.1 Series Expansion
We are interested in the behaviour at small t. For t < 73 we have z = 1 (macroscopic

number of particles in the ground state) and then as t increases g, z decreases from 1
towards zero. So at low temperatures 1 — z is a small quantity so we shall (or at least
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Mathematica will) expand t in powers of this:

3 2/3 8 x 21/3,1/6
- (ia >) F (-0t
3 x 323¢ (3)
4 13 (3 3Y+10
@' Ee()eG) om) o (117)
9 x 323¢ (3)%°

1/3,1/6 (97 (3 1 3
n 2 x 213710 (9¢ (5) (20¢ (3) ]";/if (3)) +320n) (1—2%"+
81 x 32/3¢ (3)

Observe that the first term is the Bose temperature tp.

E.2 Fugacity

We want to find z as a power series in T — tg or, equivalently, as a power series in
(t — ) /tB. From Eq. (117) we have

_ 1/2 1 3
R LN U O E 0 P
B 3{( ) 9 (%) 118)
'/ (9¢ (%) (20¢ (%) +3¢ (%)) +320m) (1—232+
81¢ (3)°

This is a series for (t — tg)/7p in powers of 1 — z. We reverse thisto get | — z as a
series in (t — tB)/tB. And then subtracting this from 1 we have the series for z(7):

) =1- M(ﬂ)er94(%)2(35(%)5(%)+10”) (T—TB)SJFM

167 8 6472 8 (119)

corresponding to Eq. (74).

E.3 Chemical Potential

The reduced chemical potential is ©* = 7 Inz. But here we need to be careful with
the powers of T — tg. So let us write

*

nw =t —1m)Inz+ 13lnz. (120)

The series for In z from Eq. (119) is

o (3)° (2om) ()" (¢ (4)¢(3) + 10m) (F2m) e

1 _
nz() 167 = 6472 =
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then, doing the multiplications by t — g and by tg, adding and collecting the t — 7
powers give

e S (1) @), (=)’

167 8 64m2 B
(122)
corresponding to Eq. (72).
The Mathematica calculation of these results is given in the Notebook MOESMS5_ESM.nb
in Supplementary Information. It follows the steps outlined above.
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