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1. Introduction

The interaction between bosons and fermions is a fundamental component of many-
body physics. One of the manifestations in materials is the interaction of electrons
with collective vibrational modes, the (bosonic) phonons. Electron-phonon interaction
influences the properties of matter and contribute to multiple phenomena. These
include the temperature dependence of the electrical resistivity and carrier mobility
in semiconductors 27,35, optical absorption in indirect gap semiconductors [2§], the
temperature dependence of band structures [22,23,42], the formation of kinks, polaronic
satellites and Kohn anomalies in photoemission spectra |17}/19,39.(50}64,66,/68,69], as
well as conventional superconductivity [4]. Additionally, the scattering of electrons and
phonons results in dissipation phenomena, such as hot-carrier relaxation [11}/12/16],
phonon damping 28], and the decay of collective charge-density fluctuations (plasmons)
[10,/14,|18}55].

A quantitative understanding of electron-phonon interaction from ab initio calcula-
tions can help to find materials for applications, in which the time-scales of dissipation
phenomena are important for the device function [18]. Such applications are plasmonic
devices [25}34] which employ charge-density fluctuations, the plasmons and surface-
plasmon-polaritons (SPP’s) [13}65], that exist in nanostructured materials. SPP’s allow
for the amplification, concentration, and manipulation of light-waves at the nanoscale,
exhibit large excitation cross-sections, and can cause field strengths around the nano-
particles, significantly larger than this of the incident light beam [25,41]. Plasmonic
devices allow to overcome the diffraction limit of conventional optics and may help to in-
crease the resolution and sensitivity of optical probes [25]. The applications of plasmon
excitations range from ancient stained glass [35], up to modern biomedicine [24}29],
and especially radiation therapy [31,/57], energy generation [6,137,46,62], environmental
protection [7,38,51], information technology [8,45,58] and sensing [32]. The number
of applications for plasmonics increases rapidly with the capability to manifacture
nanomaterials [25]. As large enough plasmon lifetimes are indispensable for the device
functionality [34], the development of predictive theories, that account for the damping
mechanisms of plasmons may contribute to the development of plasmonic applications.

Plasmon excitations correspond to the roots of the macroscopic dielectric function e
of the system, and have a dispersion relation between their momenta k and frequencies
wpl [18,/44]. Plasmons can be observed in electron-energy-loss spectroscopy (EELS).
In EELS an electron beam is directed on a specimen [21] and the change of the
electron energy and momentum after interacting with the sample is measured to deduce
information about the structural and chemical properties of the system [20]. The
electron loss can be described by the loss function .

Z(k,w) = S(e(k,w)™), (1)

which exhibits poles for values (k,w), at which plasmons or electron-hole pairs can
be excited [56]. The loss function for the free electron gas (in the random-phase
approximation [4]) in three dimensions as depicted in Fig[l] exhibits plasmon excitations



Figure 1: Poles of the loss function for the free electron gas [53} p.239], with frequency w
over momentum k = |k|. kp is the Fermi wavevector |35] and wy, the plasma
frequency, that marks the onset of the plasmon mode in the system (dashed
line). The parabolic lines mark the boundaries, in which electron-hole pairs
can be excited.

(the dashed line).

The lifetime of the plasmon modes can be calculated by including electron-phonon
and electron-electron interactions in the dielectric function. In recent years, substantial
advancements have been made [5,148]52,59,(73|/74], though most of these approaches
concentrated on absorption spectroscopy. Recently, the effects of plasmon damping
in the homogeneous electron gas have been calculated, relying on corrections of the
electron Green’s function [18]. However, the impact of electron-hole interactions in
this model, the electron-phonon vertex correction, has not yet been considered.

In this work, I will use the Hedin-Baym equations, which constitute an exact
formalism to investigate interacting electrons and phonons in the harmonic approxima-
tion [18,27], to calculate the electron-phonon vertex correction to the homogeneous
electron gas. In the model, electron-electron interaction is neglected to focus on
electron-phonon interaction, which is appropriate for small energy excitations |2 p.187].
To allow by hand calculations, a single optical phonon is considered, that interacts
with electrons with a non-dispersive coupling strength. The calculations will be done
in a zero temperature framework and exemplified for carrier densities representative
of metals. Within this model, I will investigate the properties of the vertex function.
I aim to check the validity of Migdal’s theorem [47], that the vertex correction can
only have a small impact on the dielectric function. Additionally, I investigate whether
compensation effects between the correction from Green’s functions [18] with the
vertex correction take place, similar to the findings for the electron-electron interacting
systems [9]. Eventually, I will assess the influence of the vertex correction on the
plasmon lifetimes.



2. Theoretical background and methodology

In this section, I first present the model Hamiltonian of the homogeneous electron gas,
then introduce the method of Green’s functions, the Feynman rules of the theory, the
equation of motion for the Green’s functions and the concept of the self-energy. After-
wards, I discuss the scope of this methodology, the dielectric function, the random-phase
approximation, the Hedin-Baym equations and I outline the calculation procedure that
I used and how I validated my results. The model that I investigate is the homoge-
neous electron gas with electron-phonon interactions and phonons in the harmonic
approximation] at zero temperature. The treatment is simplified by neglecting the
Coulomb interactions between the electrons, so that the effect of electron-phonon
interactions can be more easily assessed. Additionally, I approximate the coupling of
electrons and phonons and the phonon frequency wyy, as non-dispersive. The scope of
this approximation is discussed in Secs. and [3.3]

The Hamiltonian of the system, which can be found for example in |27], is, in second
quantizationf]

_ 1
H= e(k)cl ey + > wpn (agaq + 2> +> 9 chqck(aq + aT_q) (3)
k q k,q

where cx denotes an electron annihilation operator for momentum k, aq an annihilation
operator for a phonon of momentum q, and the 7 denotes the Hermitean conjugate
creation operators. (k) denotes the energy of an electron with momentum k (in
the non-interacting system). The non-dispersive electron-phonon coupling strength
g depends in real materials on the momenta k and q and additionally on the band
indices of the involved phonon and electron. To make by hand calculations of the vertex
tractable, I work in the homogeneous electron gas with one parabolic electron band and
one phonon mode only, so the band-indices are omitted for brevity. I aim to predict the
behaviour of the system, especially regarding charge-density fluctuations (plasmons) |53].
For this purpose, I employ field theoretical methods - more precisely the Hedin-Baym
equations [27], that constitute a rigorous formalism to investigate interacting electrons
and phonons in the harmonic approximation, and the diagrammatic expansion [33].
The field theory approach is for my purpose preferable to other methods |67]. Other
approaches, such as the Schodinger formulation of perturbation theory, suffer drawbacks:
Their perturbation formulas get tediously complex at low orders and one needs to
know the eigenstates of the system [53]. Both the Hedin-Baym equation and the
diagrammatic approach build on the methods of Green’s functions in the treatment of

IThere is no unmediated phonon-phonon interaction.
2T work in atomic units

1
h=Ha=me= — =1, 2
a=me = (2)

where /i denotes the reduced Planck constant, Ha the unit of energy, Hartree, m. the free electron
mass and g the vacuum permittivity.



interacting many-particle systems, which is discussed in the next sections.

2.1. Green’s function approach to many-body systems

Green’s functions allow a mathematical treatment of interacting many-particle systems
without knowledge of the precise partition function [53]. I discuss here their definition
and connection to experimental data, for example from spectroscopic measurements
[30,/63]. The discussion in this and the next section follows Ref. [53, p.109 ff.] closely.

2.1.1. Definition of Green’s functions

[ investigate a system under an external perturbation. For that reason I aim to compute
response functions of the system, that allow to evaluate the evolution of an expectation
value () of an operator & in the presence of an external perturbation P(t ), where ¢ is
the time. The field P, that is assumed scalar, may couple to an operator M, , yielding
a perturbation to the Hamiltonian of the unperturbed system .74). The Hamiltonian of
the perturbed system is then

Ht) = Hy+ MP(t) = A+ A, (4)

In the presence of this perturbing field, I want to calculate the change of (&(¢)) with the
help of the linear-response theory. In this framework, the time evolution of the system,
represented by the density matrix p, is truncated at first order in the perturbation. This
approach is justified if the perturbation P is sufficiently small. I discuss in Sec. [2.5 what
"sufficiently" means. For a rigorous derivation of the linear-response, the interested
reader is referred to [4, p.360ff.] or [53, p.115ff.]. Assuming that the perturbation was
turned off at ¢ = —oo, the change in the observable (AG) is [53, p.118]:

-~

(AD)(t) = (0)(t) = (O)(—o0) = /_too dt' P()([6/(1), A ()])o (5)

where [,] means the commutator [a,b] = ab — ba, and (...), indicates that the average
is taken for the unperturbed system. - R
The retarded Green’s function of the operators .# and O is

Gzt t) = —ib(t — ) {[Ot), A )])o. (6)

Here, the operators are in the Heisenberg picture, and 6 is the Heaviside function. In
terms of Green’s functions, Eq. can be recast as

- /_ ” dt'P(t)Gy (1), (7)

This representation justifies the term Green’s function in the mathematical sense [49,
p.795] and makes evident that the system response to small external perturbations is
given by retarded Green’s functions.



Important is the Fourier transformed version of Eq., the Kubo equation

/ dwP(W)G y H{w) exp(—i(w + i0)t). (8)

2.1.2. The dielectric function

In this work the dielectric function is the most important response function. The
dielectric function describes the linear-response of a system to a perturbing external
charge density p,. In a medium with free charge carriers, this perturbing charge density
is screened: Charge carriers in the system are attracted or repelled in such a way
to compensate the perturbation locally. A measure of this screening is the dielectric
function e.

I use the Fourier decomposition of the perturbing charge density
dw . . .
po(r0) = [ 5557 pylhc, ) explikr — i -+ i0)0). (9)
q

This charge density couples via the Coulomb interaction to the other charge carriers in
the system. The interaction energy is

/dr/d’p op(r' 1) (10)

v — |

With the space-like Fourier transform of the density of the valence electrons p(k),

sexp(i(kr + k'’ Am
[ dvdr (‘(r_r,’ ), v (11)

0., being the Kronecker delta, and the Fourier transform of the Coulomb interaction
v(k) = 15 one obtains
dw

(1) = | 5 explilw+i0)t) > v(a)py(a; w)p(—a). (12)
q

I assume now, that the background of ions just compensates the electronic charges.
The total charge density is

pr = pp + pi (13)
where p; represents the induced charge density. With Maxwell’s equations [54]

ik - D(k,w) = py(k,w), (14)
ik - E(k,w) = 47 (p,(k,w) + pi(k,w)), (15)



and the material equation
1
D(k,W) = Ef‘:(k,W)E(k,W), (16>
one obtains
(kw)= (1) pylw) (1)
Pi yW) = e(k,w) pp yW).

The screened or effective Coulomb potential is then

W (k,w) = (18)

Up to now, the considered theory is not quantized. The quantization is achieved by
introducing the density operator p, for the internal electrons:

= Z CL/qu_k. (19)
q/
Then, the perturbation becomes

=Y p'(a)Fi(q) (20)

where F} is a perturbing field (but no operator here):

/ — exp(—i(w +1i0)t)p,(k,w). (21)
In the linear-response theory, the expectation of the induced charge density is
(Api(k, 1) Z/thy )Gio i (1)
_/tht, (k. ¢, ) (22)

where G 5 (6 1) = x(k, , 1) is the density-density response function, that is by
translation symmetry diagonal in k. One obtains finally

ko) =1+vk)x(k,w). (23)

It is evident from Eq. that charge-density fluctuations are directly related to the
dielectric function. The dielectric function will later be calculated with the aid of
approximations to the density-density response Y.



2.1.3. Spectral density

It should be clarified how direct the connection between Green’s functions and ex-
periment is. The most direct fashion is the introduction of a spectral density: In
spectroscopy experiments, such as photoemission, inverse photoemission or electron
loss spectroscopy, beams of incident light or electrons hit a material and thereby cause
elementary excitations in the material, which in turn cause the emission of either light
or electrons. The emitted particle’s properties disclose information about the electronic
structure of the material.

I consider the transition operator 7. , that is for electron emission ¢y ,, where k,n
denote a quasi-electron state in the material. The spectral density is defined as [53]

1 -

S(t.t) = 5= (17 (1), 71 (24)
and can be related to the current of photoelectrons that leave the sample [30]: While
moving out of the sample, the photoelectron interacts with the solid, leading to an
energy loss of the photoelectron, so that the measured current is not only dependent
on the excitation process. However, if the energy loss of the photoelectron can be
approximately neglected, the photoelectron spectra can be directly related to the
Fourier transform of the spectral density (Eq.), that actually only encapsulates the
excitation process itself. Interested readers can find a profound discussion in [30].

As the spectral density is a Green’s function, it is evident that Green’s functions can
be related to experiments. It can be shown [2, p.50,51], that the Fourier transform of a
Green’s function has poles corresponding to the excitations of the system. The entire
macroscopic thermodynamics of a system is determined by the Green’s functions |53,
p.141 ff.]. To obtain information about a system, it remains to calculate the Green’s
functions. For this purpose I introduce calculation methods for Green’s functions.

2.2. Diagrammatic methods for Green’s functions

To simplify later discussions, I introduce two equivalent calculation methods of Green’s
functions: the method of Feynman diagrams, in this section, and the equations of
motion for Green’s functions Sec[2.4 As the latter is less discernible, and diagrams
lead to the same results, I begin with a brief derivation of the diagrammatic method.
This can be done for a Green’s function that is related to the retarded Green’s function
defined in Eq. @ The derivation will only address objects that are relevant for this
thesis and thus be a short glimpse on the theory. Interested readers can find profound
discussions in Refs. [4,136.53}/61].

Recall the Hamiltonian of the system, Eq.. There, the last term can be interpreted
as a perturbation to the free electron-phonon system

Hy=g) Cchk(aq + aT_q). (25)

k,q



If g is sufficiently small (see Sec. , the interpretation as a perturbation is justified.
Two additional definitions are necessary: Wick’s time-ordering operator is

T.(OL(t), O5(t) = 0(t — t')OL(t) Os(t') + 10(t — t) O5() O\ (1), (26)

where r is the commutation factor of the operators, which is +1 for bosonic and —1
for fermionic operators. The time-ordered Green’s function is

~ ~

G% ~ (4, ) = —i(T.(O(t), O5(1))). (27)

01,02

To obtain a "new" perturbation expansion, assume that the system was unperturbed
at time t = —oo and the interaction is turned on "adiabatically" until ¢ reaches the
measuring time t & 0, before it is turned off again to lead to a non-interacting system
at t = +o00.

One can then write the time-dependent Hamiltonian in terms of the unperturbed
Hamiltonian %) as

H = 3/6’6\+ %’;\exp(—nﬁ\) (28)

where 7 is a positive infinitesimal. Switching to Dirac’s interaction picture, the
perturbing Hamiltonian then becomes

p

AP = exp (ze%/”o\t) e%/’;\exp(—ic%/”o\t), (29)

and the corresponding time evolution operator of the system is

Uyt =3 7; / "ty dt, exp (-ni m) TP (1) TP (1)), (30)

With these preparations I can use the Gell-Mann-Low theorem:

Theorem 1. Be |0) the non-interacting ground state. If the state

. Un(07—00)10> — lim |¢n(0)>
2 01U, (0, —20)]0) — 1 (0] (0)) (31

exists to any order in perturbation theory, then it is an exact eigenstate to H .

I aim to compute the expectation value of an operator 0 in the Heisenberg picture.
Therefore, one has to evolve the system from the non-interacting ground state to time
0 and then back to the non-interacting ground state. Assuming that the exact ground
state is normalized, one finds

5 _{0]U,(00,0)8/(0)Uy (0, —00)|0)
0)|O(t =0)(0)) = lim
(O)1G( = 0)1v0)) = i SR

(32)



The rest of this section aims to compute this expectation value (¢(0)|&'(t = 0)[(0)).
In the denominator one finds the scattering matrix S, = U, (0o, —00). The same fashion
that was used to find the expectation of 0 can be used for the time-ordered Green’s
functions. The machinery cannot be applied to the other Green’s functions [53|, so that
the now developed diagrammatic machinery only applies to the time-ordered Green’s
functions, which, however, can be transformed into the others.

Two more definitions are necessary: The normal product is the product where
all creation operators stand at the left (by commutation in arbitrary order) and all
destruction operators stand to the right. This defines the operator N(&}...0,). Note

that any average over a normal product vanishes at zero temperature. The contraction
C' is defined as

C(Oy, 0y) = T(0y, 0y) — N(O), 0>). (33)

With these definitions I can now introduce key theorems that enable the computation
of expectation values in a diagrammatic perturbation theory. The first theorem is
Wick’s theorem

Theorem 2. The time ordered product of any operators can be written in terms
of all normal products of all partially contracted operators

~ o~ o~

7(6....6,) = N(6,...0,)
N > N(..)

one contraction in normal product

+ > N(...)

two contractions in normal product

+ .+ > (...). (34)

all operators pairwise contracted

Note that all operators can only be contracted, if the number of operators is even. In
this case, a corollary of Wick’s theorem is

(0|T(6,...0,)|0) = 3> (...), (35)

all operators pairwise contracted

which only enables the computation of any expectation value.

The contractions can now be interpreted in a diagrammatic way. In that manner, any
perturbation to any correlation function can be computed - formally. The identification
procedure of operators and diagrams can be found in [53} p.341] - only the computation
rules for the diagrams are important, which will be introduced shortly, after additional
simplifications. A Green’s function corresponds in diagrammatic language to the sum
of all diagrams with a fix number of external phonons and electrons. To compute
the Green’s function to order n of the perturbation, one has to compute all diagrams
composed of n vertices and all possible connections between them, with this fixed
number of external particles, see Fig.

10



Figure 2: Diagram rules for the model system Eq.. The arrows on the electron line
denote the charge flow.

Figure 3: Topologically identical diagrams. All four diagrams can be transformed into
each other by flipping or rotating.

I am about to draw combinatorially many diagrams, to calculate the denominator
and the numerator in Eq.. Fortunately, there are two more theorems that reduce
the number of diagrams to draw dramatically.

Theorem 3 (Linked cluster theorem). Diagrams that have the same topology (i.e.
that can be transformed into each other by rotating, flipping, or distorting), have
to be considered only once.

The theorem is illustrated by Fig. [3]- and only one such diagram has to be computed,
as the others are topologically identical. I define connected diagrams, to be the
diagrams that have paths from each one-particle Green’s function to the other, and
closed diagrams, to be any diagrams that have no external legs. With these definitions,
the corollary of the linked cluster theorem can be derived [53} p.349]: Every expectation
value can be computed from connected diagrams values ¥ only

(0]U,|0) = exp ( > .@U> : (36)

vEconnected diagrams

The other theorem is the theorem of closed diagrams: The scattering matrix expectation
value is the sum of all closed diagrams.

So, the denominator in the calculation cancels the unconnected diagrams that
contribute to the numerator. Thus, by the linked cluster theorem, any expectation

11



value can be computed by connected diagrams only

(WOt = 0)|y) = > D (37)

connected diagrams for 7

2.3. Feynman rules

Now I can write down the Feynman rules for the model theory Eq. , that are
explicitly derived in Refs. |2, p.52,53], [27] and [53]. Note that a line of the diagram is
a one-particle Green’s function. The electron Green’s function is

)
w —e(k) + i’

iGk,w) = (38)

with me = 1 sgn(|k| — kp). n is considered a positive infinitesimal and kp is the Fermi
wavevector. The Fermi wavevector denotes the highest occupied momentum state of the
free electron gas at zero temperature. By Pauli exclusion, electrons in the homogeneous
electron gas cannot occupy the same state. This means, that the states are filled from
the lowest energy up to the Fermi energy ep, that corresponds to the Fermi wavevector.
The electron Green’s function accounts for this change in occupation by a change of the
sign of the infinitesimal 1 sgn(|k| — kr), distinguishing between excited electrons (with
energies higher than the Fermi energy) and empty electron states below the Fermi
surface, holes.
The phonon Green’s function of the theory is
iD(w) = . — (39)
W —Wph + 1 W+ wWpn — 1N

The interaction vertex is non-dispersive and is simply a factor g (see above). The
remaining rules stem from [53].

e As the system is translation invariant in space and time, Noether’s theorem
guarantees at each vertex energy and momentum conservation [4436].

e The momenta and energies of particles that are created and destroyed in the
process (internal particles), are integrated over.

e Every closed fermion loop is summed over spins and contributes the factor —1.
e Every vertex, including external ones, contributes a factor (—i).
e Self-energy diagrams, like the polarizability x carry an additional factor 2.

The term 'self-energy diagram" will be clarified shortly.

12



2.4. Equation of motion for Green’s functions

In this section, I define the equation of motion for the Green’s function and the self-
energy, following [15, p.23,24] closelyﬂ. I define the one-particle Green’s function to
be

G(r,t;x' 1)) = —i(Q|T.[e(r, t)ct (x/, 1)) (40)

where ¢ and ¢ denote annihilation or creation operators at a spacetime point and €
denotes the ground state. The generalization of the Green’s function to N particles is
then

GN(ry,ty; syt ey, 8 Ty ) =
(=N QT [e(ry, t)...e(ry, ty)e (2, 8))..cf (2, )] 1)
(41)

. The Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy now determines
the function G, if GN¥*! is known. This "equation of motion" for the single-particle
Green’s function is

9,
[ié)t — ho(ry, tl)] G(ry, 11510, 1) +i/dr3dt3v(rl; rs)d(ty — t3)X
1

X GQ(rl,tl;rg,t;|r2,t2;r3,t;+) = (5(1‘1 — I‘Q)(S(tl — tz) (42)

Here, t* = t +in, and hy is the Hamiltonian for the single electron, which is here
simply the kinetic term. Equation can be obtained from the anticommutation
relations of the involved operators. However, Eq. is not very helpful for actual
calculations, but it can be rewritten in a profitable way, introducing the self-energy.

The self-energy ¥ is formally defined by
/dr3dt3 [UH(I'g)(;(tg;)é(I'l — I'3)5(t1 — tg) + E(I‘l, tl, rs, t3)] G(I‘g, tg, ry, tg) =
—1 / drgdt;ﬂ)(rl; I'3>5(t1 — t3>G2(I'1, tl, Irs, t;|r2, t2, Is, t;:Jr) (43)

where vy is the Hartree potential, which vanishes in the model system due to the
absence of Coulomb interactions. Then, Eq.(42)) can be written as

-0
[Zat — ho(rl,h)} G(ry,t1;19,t2) — /drgdt:az(rl,tl;P3,t3)G(I‘37t3;F2,t2)
1

=0(r; —ra)d(t; — ta). (44)

The self-energy accounts for possible events that a particle encounters while propagating

3Even though this derivation includes only Coulomb interactions, the result is transferable to the
model system with Eq.(3).

13



through the system - such as electron-hole-pair formation. These virtual processes
affect the propagation of the particle and so the Green’s function.

For the model system, that is invariant under spacetime translations, Eq. can
be simplified, by Fourier transformation [49, p.465]. Most importantly, the Fourier
transform of the interacting one-particle Green’s function is

Gk,w) = [w—e(k) + I (w)] (45)

where Yy (w) is the Fourier transformed self-energy.

2.5. Scope of the methodology

In this section, I want to discuss the scope of the methodology, work out the interpre-
tation of Eq. for elementary excitations, explain why the one-particle description
of the system is useful and what one can say about the excitations of the interacting
system, if the excitations of the non-interacting counterpart are known. The discussion
follows Ref. [63, p.6 ff.].

The methodology I describe is applicable to the "normal" Fermi liquid, that is the
system that evolves smoothly from the non-interacting Fermi gas when the interaction
is turned on adiabatically, similar to Eq.. So, I have to assume that the system
evolves smoothly into the interacting state for an infinitely slow switching procedure.
If this assumption is true, there is a one-to-one correspondence between the states of
the non-interacting and the interacting system and perturbation theory is applicable.

Now, the excitations of the interacting system can be put in relation to their non-
interacting counterparts in a similar way. Imagine a particle is plugged into the
non-interacting system and the interaction is switched on adiabatically. If the particle
evolves smoothly into an elementary excitation of the interacting system, there is a
one-to-one correspondence between the excitations of the two system. However, for this
procedure to be successful, the excitation in the interacting system has to be long-lived
enough to not decay during the switching. This means, only long-lived excitations
remain in one-to-one correspondence. The presence of the (long-lived) excitation in the
interacting system deforms the surrounding of the former particle. This deformation
is said to be the self-energy cloud, that dresses the particle. The dressed particle is
considered to be an independent entity, the quasiparticle.

As the interaction is encoded in this particle-like entity, it is plausible why a one-
particle description of the system is useful. However, many-body effects are still present,
and the one-particle theory is in this sense incomplete. One can rewrite and interpret
Eq. with the bare one-particle Green’s function Eq., to obtain Dyson’s equation

G(k,w) = Gok,w) + Go(k,w) Xk (w)G(k,w), (46)

that helps to interpret the quasiparticle interacts with it’s environment, yielding a
self-energy X, see Fig. [dl The Dyson equation, however, describes the whole system
and not only elementary excitations.
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Figure 4: The Dyson equation for electron Green’s functions in diagrammatic language.
The self-energy operator dresses the Green’s functions with interactions.

Figure 5: Diagrams that do not contribute to the self-energy, because they can be
disconnected by removing a single line.

In general, elementary excitations of the system are well defined if they have a long
lifetime. This holds also for collective modes, that are elementary excitations where
the system undergoes a coherent motion. The collective mode to be discussed in this
text is the plasmon.

2.6. Calculation of the self-energy

As I defined the scope of the theory, it remains to clarify, which diagrams contribute
to the self-energy. The contributing diagrams are called "irreducible" |61}, p.216]: A
connected diagram is called one particle irreducible, if it cannot be disconnected by
removing a single line from the diagram.

Thus the diagrams in Fig. [5] do not contribute to X, while the diagrams in Fig. [6] do.
In the following I proceed to discuss some of the implications of these considerations
for the dielectric function.

Figure 6: One-particle irreducible diagrams that do contribute to the self-energy.
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Figure 7: Coulomb vertex of the Coulomb interacting homogeneous electron gas. The

value of the vertex is v(k) = 5.

Figure 8: Diagrams that contribute to the free energy of the system at the second
order in the interaction, so they all have two interaction lines. The diagrams
to the left contain interaction lines that cannot transport momentum, and
vanish therefore. The right two diagrams are discussed in the text.

2.7. The dielectric function and the random-phase approximation

In this section, I want to put attention to the computation of the dielectric function with
the methods developed in the last sections. Therefore I introduce the random-phase
approximation (RPA) to the density-density response function, following the line of
Ref. [4, p.211 f£.]] Reference [4] introduces the free energy of the system F, which is the
sum of all connected closed diagrams. The dominant contributions to this free energy
come from a certain class of diagrams which, considered alone, constitute the RPA of
the free energy. This free energy in the RPA can be linked to an effective Coulomb
interaction and the dielectric function. The diagram rules for the Coulomb-interacting
electron gas are given by the vertex with the bare Coulomb potential v(k) Fig. [7| and
by the bare electron Green’s function, see also Secs. and [2.3]

The idea behind the RPA is best explained by writing the second-order contributions
to the free energy. At this order of the interaction, one can draw four diagrams, see Fig.
Bl of which two (the left ones) are zero by charge neutrality (which causes v(0) = 0).

4Even though this derivation is made for the Coulomb-interacting electron gas it provides the basis
for the calculation in the model system, provided by Eq..

16



The right two can be written in terms of the Feynman rulesﬂ

dwidwedyv
Ry [ Rl e
1 plg,q RxRxR (27T>3 (pl W1) (pl Tt V)X

X G(p2, w2)G (P2 + q,ws + v)v(q)” (47)

dwdyvdv
#G(PM)G(P +qi,w+ 11)G(p + qo, w + v2)v(qr)v(ge).

(48)

R=2Y |

P.q1,d2 RxRxR

In the homogeneous electron gas, at low temperatures, excitations near the Fermi
surface are responsible for transport. Thus, the Green’s functions acquire large values
only if their momenta are near the Fermi momentum |p| ~ k. In the first case, if
the momentum |q| is small, all Green’s function can have momenta near to the Fermi
surface - so that two unbound summations over momentum shells near the Fermi-surface
can take place with all Green’s functions having large values. In the second case on
the other hand, one needs to fine tune both photon momenta q; and then just one
unbound sum over a momentum shell near the Fermi-surface remains, so that the term
F; dominates F,. This can be generalized to multiple ring diagrams of the form in Fig.
9, that are the dominant contributions to the free energy F' and constitute the RPA.
As the free energy is directly related to the partition sum of the system [36, p.71], the
dominant contributions to the free energy are important also for the effective Coulomb
interaction in the system. In the RPA the effective Coulomb interaction is

v(k) v(k
1 — xo(k,w)v(k) e(k, w)’

W(k,w) = (49)

which is diagrammatically represented by Fig. . The dielectric function in the RPAE|
is then defined as

e(k,w) =1—v(k)xo(k,w), (50)

where Y is the single polarizability "bubble"

xo(k,w) = —Qi/cgg;l;uG (q—i—l; W+ )GO( 12{ w' — %) (51)

Eq. has been evaluated by Lindhard for zero-temperature and an electron dispersion
e(q) = £ (26, p.161],

°T have choosen to write here sums for the momenta as in Ref. [4]. For the homogeneous electron
gas, the sums can be transformed into integrals.

SNote that the contribution of g2D(w) to the effective interaction is neglected throughout this work,
which is feasible for large frequencies and small momenta.
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Figure 9: Ring diagram that contributes to the free energy. The inclusion of only
those ring diagrams to calculate the free energy is known as the random-
phase approximation. As virtual electron-hole pairs are generated in the
diagram, the single bubble is called polarizability xo. The RPA diagrams
therefore reflect the contribution to the free energy through independent
virtual electron-hole pairs.

Figure 10: The Dyson equation for the effective interaction in the RPA. The thick
wiggly line corresponds to the effective interaction W, the thinner wiggly line
to the bare interaction v, and the bubble corresponds for the homogeneous
electron gas at zero temperature to the Lindhard polarizability x{ Eq. .

Theorem 4. In three space dimensions the polarizability of the free electron gas
at zero temperature s
kr

w+in_i)_ w—i—in_i_i)
/{ZUF 2]€F ]ﬂ)F 2kF

(52)

where ®(z) = 5 + %log(zﬂ), N = "2 and vp = £ m is the effective mass of

the quasi-electrons in the system.

The effective Coulomb interaction in the material can become very large, if (¢) — 0.
When this condition is obeyed, the material exhibits collective oscillations of the charge
density, the plasmons [63, p.211]. One can Taylor expand the result for y, for % < 1,
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Figure 11: Diagrammatic representation of the Dyson equation for the density-density
response function, which is the object to the left. The lighter shaded bubble
is the irreducible polarizability and the wiggly line represents the bare
Coulomb interaction v.

Figure 12: The diagrammatic representation of the vertex function (to the left) and
the vertex correction to the polarizability (to the right).

where v is the Fermi velocity to obtain for small k [4, p.221]

dre? 1
k? {_ “n

w?2

Wik,w) =

(53)

where wp = (47ne?/m)'/? is the plasma frequency of the material. If the perturbing

potential has just this frequency, it causes a resonance in the system, denoted as
"plasmon”. Plasmons have a dispersion relation and can be observed by electron energy
loss spectroscopy.

I now introduce corrections to the dielectric function in the RPA approximation by
the use of the Dyson equation of the density-density response function [53, p.388]:

X<k7 w) = XO(k7 w) + XO(kv w)v(k>X(kv w)v (54>

where Y is the irreducible polarizability. Eq. can be put diagrammatically as in
Fig. |11}

In the following I go beyond the RPA and explore the influence of the electron-
phonon interaction on the dielectric properties of simple metals. In particular, I include
the electron-phonon interaction by dressing the Green’s function of the electrons and
by including vertex corrections. The Green’s function corrections can be calculated
using the dressed Green’s functions from the Dyson equation . The irreducible
vertex-contribution I' is a higher Green’s function that is defined as the diagram Fig.
to the left, and contributes to the polarizability (to the right).

Now, the formal calculation techniques for the diagrams are complete. Before I start
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real calculations for the homogeneous electron gas, I will briefly address the full set of
equations of motion for the system, the Hedin-Baym equations.

2.8. Hedin-Baym equations

The Hedin-Baym equations are a set of exact integro-differential equations for the
coupled electron-phonon system in the harmonic approximation. Reference |27] gathered
the equations of motion of the system in real space and time. To obtain their Fourier
transforms I use [49, p.465].

£(1,2) = 6(1,2) — /d3v(1,3)x(3, 2) (55)
Xﬂﬂ):—@/ﬂ&QGﬂﬁxﬁ&DF@AJ) (56)
Gug):GMLzyg/ﬂ&QGdLazeAXHQQ (57)
ﬂL%zi/M&@&L@H&&%D%U (58)

53(1,2)

[(1,2,3) = §(1,2)8(1,3) + /d(47576’ N5G(15)

G(4,6)G(7,5)I(6,7,3).  (59)

Here, T" is the vertex function, 1,2, ... stand for spacetime points and % denotes the
functional differential with respect to the Green’s function G |71, p.113]. The Hedin-
Baym’s equations allow for a different viewpoint on the interacting electron-phonon
system and are especially valuable for calculations for real materials [18,)27]. These
equations will later be used to independently derive the vertex correction and self-energy
contribution to the theory.

2.9. Calculational procedure

Finally, I aim to start real calculations for the homogeneous electron gas. Thereby I
am mostly concerned with integrals of the following type

dqdw’ k , w
WG(Q + 5w+ 5)G(a -

2
To work out this integral, usually the integration over w’ is carried out first followed
by a, possibly numerical, integration over q [18,]26]. Now, the integration over w’
is analytically impossible, due to the self-energy term 3, but the integration over q
remains tractable, as the self-energy that I consider is not depending on the wavevector
q. Therefore I first integrate q and then w’. This method, however, suffers a serious
problem, that already piles up for the Lindhard function:

K=, (60)

Xo(k,w) = —22’/ 5 E,w 5

[ dw dq k , w k , w
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I define

dq k w k w
K, (k ’:/ Gla+ — o+ G- 2w =Y 62
X( ,w,w) R3 (271_)3 (q+ 27w+2) (q 2aw 2)7 ( )
so that
d /
Yo(k,w) = —2i le(k,w,w'). (63)
R 27
It is now proven in Sec. that for large w’
1
/
K, (k,w,w) x 75 (64)
So, by definition from algebra, one sees that
dw’
k / Kk w, W
xo(k,w)l oc| | ——Ky(k,w, )|
y A dw
<dm ), 7
x lim AY? > ¢, (65)
A—o0

where ¢ can be any real number. Then, the left side is said to diverge, by definition.
There is no cancellation between any terms in the proportionality. This is a serious
problem, as the integrals that I encounter are not well defined and can, thus, not
be calculated in this way[]. However, there exists a method from quantum field
theory [61], p.265 ff.], which can be proven to be applicable here - renormalizationﬂ I
did not find any literature reporting about this problem in the homogeneous electron
gas. To make sure, that the procedure, which is explained below, is correct, I have
tested especially whether the Lindhard function Eq. can be reproduced by this
method. The result is affirmative, see Sec. [B.2.4 and Fig. 29| Therefore I consider the
method of renormalization to be applicable.

The renormalization procedure that I use can be found in [61, p.377]. Suppose a
quantity @ is ill-defined, as in Eq.. In the first step, a well defined quantity is
introduced

Q= [ drf(a), (66)

which should be related to the object @) for large A. To take the limit A — oo, I search

It remains unclear whether this in my method appearing divergence is reasoned in the Fourier
transform of the theory [49, p.458 ff.] with respect to the Hedin-Baym equations. Maybe the issue
can be resolved by summing a convergent partial series [53, p.382]. As I am unable to proof and
use any of these options, I choose to renormalize the integrals.

8The proof of renormalizability can be found in Sec.
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a function h such that

A
Q—C = lim def(z) — h(zx) (67)
A—oco J-A
is well defined. In this text, A never depends on any momenta or energies, that @)
may depend on. Then, C' is considered a constant. As C' is unknown, I use physical
reasoning to find C'. Therefore I fix "renormalization conditions' |61}, p.325] which meet
the expectations of solid state theory: The polarizability of the theory vanishes for
large frequencies

lim yo(k,w) =0 (68)

w—r00

and the self-energy term vanishes at the Fermi-surface [43]
Y(ep) = 0. (69)

The procedure of renormalization leads to unique results if the renormalization condi-
tions are fixed, and the theory allows physical predictions from perturbation theory if
it is renormalizable [61] p.265 ff.], see Sec. [A]

Unfortunately, the above described procedure is numerically not stable, as the
integrands are subtracted from each other, that are similar of magnitude. To reduce
the calculation error, I truncate the integrals as in Eq., similar to renormalizing
them. To correct the error, the integrand is expanded in orders %, and then only the
part of the series is integrated that leads to convergent contributions. This procedure
is appropriate, if renormalization is applicable. I can then calculate the polarizability
from Eq. shifted by a constant of the order 1078, see Sec. Technical details
can be found in Sec. [C] and the mathematical expansions are in Secs. and
B.3.3

2.10. Checks and tests

I finally want to give an overview of the validation procedure. For the calculated
integrals, I carried out tests against their numerical implementation. Be the function
F represented by

Fix) = [ fixy)dy (70)

calculated over some region €2, then the by hand result of ' was tested against the
numerical integral Eq. for at least a thousand random inputs x. If two by hand
calculated integrals should converge against each other for some vanishing parameter, I
did convergence tests. This has especially been done for the polarizability with g — 0
and the Lindhard function and for the vertex corrections to the polarizability with
and without dressed Green’s functions. When integrals needed to be expanded in w’, I
checked their asymptotic expansions to converge against the function for large values
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w’" with the correct scaling. This has been done up to order ﬁ for every integral. I
additionally tested the calculated functions for expected symmetries. Moreover, the
implementation is checked by benchmarking, and parallelization tests. All these tests
are automated and have been performed on a weekly basis to minimize the chances
that mistakes in the implementation remain undiscovered. The tests are explained in

detail and denoted per calculated integral in Secs[B.1.4[B.2.4]B.3.6] [B.4] and [C]
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3. Results and discussion
In this chapter I present the results of my work, which are

e an analytic expression for the electron-phonon self-energy in the homogeneous
electron gas to order ¢2,

e the application of this self-energy in the calculation of the polarizability of the
homogeneous electron gas,

e the calculation of the vertex function of the homogeneous electron gas to order
2
g,

e and the calculation of the vertex correction to the polarizability of the homoge-
neous electron gas.

This programme is visualized in Fig. [I3] Additionally I have tried to obtain the impact
of these corrections on the plasmon lifetimes.

Figure 13: The plan of my master project in terms of approximations to the polarizabil-
ity. I start with the well-known Lindhard function Eq.(52) (left) and then
dress the electron Green’s function with an electron-phonon self-energy term
(middle). Afterwards, a vertex correction is added to the calculated diagrams
(right). The results are accurate to second order in the electron-phonon
interaction.

3.1. Self-energy and dressed Green’s function

To obtain the self-energy to second order in the interaction, it is necessary to draw all
diagrams with two interaction vertices, see Fig. [14 The left diagram simply contributes
a constant to the self-energy, as the phonon Green’s function carries no momentum.
The right diagram contributes a dynamical function, and is known as Fan-Migdal
term [27, p.26],

dq dwl
(2m)*

Se(k, w) = ig? / Gk + q,w + wi)D(q,wr). (71)

This term can be found with the diagram rules or the Hedin-Baym equations. If one
considers a non-dispersive model for the phonon (Einstein model), the phonon Green’s
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Figure 14: Diagrams that contribute to the electron-phonon self-energy at second order.
The small circles denote interaction vertices with value g.

function does not depend on momentum, so that one finds

Yem(w) = igz/ dq dw, G(q,w + wi)D(wy). (72)
(2m)*

The result for the Fan-Migdal self-energy, as well as the calculation and validation
of the result can be found in Sec. [B.Il The main task is to consider the multi-
ple infinitesimals of the integrand in a correct manner. Straightforward Feynman
parametrization [61, p.195] is no option, because the infinitesimals may have different
signs, and the use of the residue theoremﬂ is not possible, because the resulting functions
may have denominators with subtractions between infinitesimals, which is ambiguous.
To circumvent this issue, I use Dirac’s identity [70]

1 1

m_aizm_cﬁ:l:?m'é(x—a), (73)

where a* = a +i0. With this identity, I shift the poles of the integrand for the w;
integration subsequently out of the contour, as illustrated in Fig. [[5] When the contour
encloses no poles anymore, the resulting integral is zero, by holomorphy. If the arc of
the contour vanishes, the integral over w; vanishes.

The resulting function can be seen in Fig. [[6] The calculated self-energy fits the
theoretic expectations, that are:

e The self-energy close to the Fermi surface has a vanishing imaginary part - which
assures that excitations near the Fermi surface have a long lifetime.

e The imaginary part switches sign at the Fermi energy. This is important to make
sure that the non-interacting Green’s function and the integrals over it, evolve
smoothly into their interacting counterparts when the interaction is switched
on [4, p.380].

e The self-energy does not grow faster than w for large frequencies [2, p.164 ff.].

This self-energy model exhibits multiple effects that are expected: The excitation
energies in the interacting system are shifted and finite lifetime effects come into

9For function theory purposes, I use the language of Ref. [49].
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Figure 15: Complex w plane, with a directed half-circle as integration contour. The y
axis denotes the imaginary part, the x axis the real part of w. The figure
illustrates the use of Eq. on an integrand with four poles, indicated
by the crosses. The arrow denotes which pole is shifted. After this shift
the contour integral is zero, because of holomorphy. If then the arc in the
integration contour is zero, the integral over the real axis vanishes as well.

play [18]. In a numerical simulation, Ref. [27, p.31] found also dynamical features in
the spectral function of this interacting system, such as satellites and phonon kinks.
This self-energy might be a model for simple metals that exhibit similarities to the
homogeneous electron gas, like aluminium [3,/60] (see also the discussion in Sec. [3.3)).
In this work, however, I want to focus on the impact that the dressing of the electron
Green’s function by the Fan-Migdal self-energy has on the polarizability xo. The
dressed electron Green’s function is obtained from Eq. . Then, I can write down
the polarizability

. [ dqdw'’ k , w k , w
Xo(k,w) = —QZ/WG(Q‘F il §)G(q — 5w - 5)
. duw’ /
= —22/(27T)Kx(k,w,w),
: , d k , w k , w
with K, (k,w,w’) = / (2:)30(q+2,w +§)G(q— 5;“’ - 5) (74)

where I have defined the kernel for the polarizability K, which is derived in the
Appendix . It turns out that the result for K, depends on whether none, one
or both Green’s functions in the integral for K, have a finite imaginary self-energy
contribution.

To obtain the result for K, it is not always possible to use Feynman parametrization.
If the self-energy terms in both Green’s functions have a finite imaginary part of
opposite sign, Feynman parametrization is not applicable. Therefore I followed a
different procedure for all three cases. The momentum q is shifted so that only one
Green’s function depends on the momentum k which is, for simplicity, aligned with
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Figure 16: Fan-Migdal self-energy from Eq. for the homogeneous electron gas, with
g = 100meV, wpp = 200meV, m = 0.2 and ep = 2eV.

the z direction

/ dq / w / w
Kx(kawa('U) - / (27‘(’) (q7w +§)G<q_k7w - 5)

* dq w
/ 2q (o + 2 /deq ko' - %) (75)

where x = cos(f) and 6 is the polar angle, and this works because G only depends
on the magnitude |q — k|. The integration over x is a standard integral and leads to
integrals of the type

I(a,b,c) :/Oo dq
0

7 + [(¢ = 0)(q — ¢)] —log[(q +b)(q + )]} - (76)

By decomposing the rational function in front in partial fractions, it is possible to
transform the integral with partial integration into the form

| —ad
St ) = [ EE) (1)

which can then be rewritten in terms of logarithms and dilogarithmﬂ. The final step of

190ne has to keep track of the contour not to cross any branch cut of the integrand. This is always
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carrying out the limit is possible due to the asymptotic expansion of the dilogarithm [72]
Lig(z) =~ 3 log(—z)* + C (78)

with C being a constant. Even though K, is known now, this turns out to be not
enough to get the dressed polarizability from

dw'
(27)

The reason is the behavior of K, (k,w,w’), that for large wﬂ can be proven, with the
aid of Feynman parametrizationEL to be (see Sec. B.2.2)

—im?/ /
23/27?\/ ,/1+f o

3/2

23/27r\/> 1) (80)

with f(u) = u? + uhy(w, k) + ho(w, Zpm(w, w')), where hy and hy are linear in their
arguments. That means the integral in Eq. needs to be renormalized, which is done
with the aid of expanding the squareroot in Eq. in 5 ~ 0, see Sec. . The
renormalization procedure has, however, the drawback that two functions of almost
identical value (K, and it’s expansion) are subtracted from each other. This is not
numerically stable, especially in the extrapolation procedure where yo(k,w) “=° c. ¢
is the constant to be subtracted from the result for y, to meet the renormalization
condition (Eq.(68)). To sufficiently reduce this error, that is estimated in Sec. I
expanded K, with Mathematica 11.1 up to order (w’)~® and then approximated the
integral for xg

Yok, w) = —2i / K, (k, w, w'). (79)

K, (k,w,w') =

A do ,
Xo(k,W) ~ —2 /,A @Kx(k,w,w)

o ([T ) RO ) - KO, (81

where K>(< " =K, + O((w)" "2 2). Kio) is independent of (k,w). This polarizability
and the dlfference to the Lindhard function can be seen in Figs. [I7] and [I8]

The corrected polarizability is quantitatively only slightly changed due to the electron-
phonon interaction. However, the imaginary part of the polarizability, which zero in
some regions is without electron-phonon interaction, acquires a finite, though small,

possible, because one can set [ df = log(cx), with ¢ € C\{0}.
A similar expression, of not-opposite sign, can be proven for large —w’.

12Feynman parametrization is applicable here because the self-energy in both electron Green’s
functions is Lpm(w') + O((W')~1/2).
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Figure 17: Polarizability with the electron Green’s function corrected by the Fan-
Migdal self-energy, for three different momenta, ¢ = 0.07k, (above), 0.5kp
(middle) and kp (below). The left graph has been truncated. These plcAS
look identical to that of the Lindhard function, however, the imaginary part

of the polarizability acquires a finite value everywhere. The parameters
used for this plot are g = 100 meV, m = 0.2, wp, = 60 meV, and ep = 2 €V.
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Figure 18: Difference between the Lindhard function and the polarizability with the
electron Green’s function corrected by the Fan-Migdal self-energy, for three
different momenta, ¢ = 0.07kg, (above), 0.5kp (middle) and kg (below).
The left graph has been truncated. The imaginary part of the polarizability
acquires, as you can see, finite values everwhere. The change of the polariz-
ability is in all three plots of the order of ¢g°x%. The parameters used for
this plot are g = 100 meV, m = 0.2, wp, = 60 meV, and ep = 2 eV.
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magnitude. This is both expected, as the electron-phonon interaction should only
slightly perturb the system. Though qualitatively, the elementary excitations of the
system acquire an additional decay channel through electron-phonon interaction. As
the imaginary part is finite everywhere, also the plasmons. This shows up in the loss
function

1 N 1
E(w,k)) =Sz fu(k)XO(k,w))’

Z = (82)
by the peaks at R(e(w,k)) = 0, where the plasmons acquire a finite lifetime. The
discussion about plasmon lifetimes in this interacting theory is found in Sec. [3.3|
Reference [18] found with an approximation to the w integration the same qualitative
results, i.e. that the polarizability in the interacting theory is only slightly changed,
and that the plasmons of the system acquire a finite lifetime. As the polarizability is
only slightly changed, it is plausible that the system can evolve adiabatically into this
interacting state, so that this discussion is reasonable.

In real materials, I expect phonons to open new decay channels for elementary
excitations of the system, such as plasmons. Additionally, their effect on the properties
of the system should be small, except for particular cases, such as superconductors.
The results of this section should therefore be a good model for metals that exhibit
a homogeneous-electron-gas-like behavior and can be a first guess for the impact of
electron-phonon interaction in more complex systems.

3.2. The vertex correction

Having derived an expression for the propagator correction to the polarizability, I
proceed to introduce the vertex correction. I calculate the vertex function to order g2
in the interaction, which represents the phonon-mediated electron-hole interaction to
that order. I am then in a position to obtain the correction to the polarizability of this
model theory to order ¢2 in the interaction.

3.2.1. The vertex function

There is only one corresponding diagram, due to the Lehmann-Symanzik-Zimmermann-
reduction formula [61} p.222-230], see Fig. [19] For completeness, I show here the
derivation of the integral representation with the aid of the Hedin-Baym equations.

$(12) = ig? / d(34)G(13)T(324) D(417)

0x(12
D(123) = §(12)8(13) + / A(4567) GE 45;G(46)G(75)F(673) (83)
where the gg&? denotes the functional derivative |71}, p.113] of the self-energy with

respect to the Green’s function. To evaluate this, I simplify the self-energy by setting
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Figure 19: Vertex function to second order in the electron-phonon interaction. The
dashed line represents a virtual phonon, the solid lines represent virtual
fermions. The external momenta are p and q.

['(324) = 6(23)0(34). Then, 3(12) = ¢*G(12)D(21") and with |49, p.465]

[ ) o) explibr)dr = ;ﬂ [ BB - b, (84)

where capitalized letters denote the Fourier transforms of the functions. For the Fourier
transform of this self-energy, see the last section. With shift invariance I obtain

S2[G(1 - 2)]

505 - ig?0((1 —2) — (4 — 5))D(12). (85)

Plugging this into the vertex, I define the quantity I'; as the first order correction to
the vertex function

T, (123) = ig? / d(4567)5((1 — 2) — (4 — 5))D(12)G(46)G(75)8(67)8(63)
— ig? / d(456)5((1 — 2) — (4 — 5))D(12)G(46)G (65)5(63)
— ig? / d(45)8((1 — 2) — (4 — 5))D(12)G (43)G(35)

= ig? / d4D(12)G(43)G((1 — 2) — (3 — 4)), (86)
and with Eq. and some manipulations one obtains the result for the vertex:

) D(u/ - wl)Go(kl + —, W1 + *)Go(kl - —,W1 — *) (87)

2 7 e 2 2 2 2

1 / dkydw; k w k w
g

This result could have been obtained as well with the diagram rules of Sec. [2.3] The
result of this integral can be found in Sec. B.3] As the phonon Green’s function is
independent of momentum, the vertex function is independent of the external fermion
momentum. I then obtain an analytic expression for the vertex function in terms of
logarithms and dilogarithms, but my expression is complicated and bears insight only
after close inspection.

32



0.02

-0.02}

-0.04

-0.06 F

-2 -1 0 1
/
Internal frequency ' — e€p [wyp]

Figure 20: Vertex function to order g* is shown in surface plots of the real (above)
and imaginary part (middle), and by a cut through this surface at w = wpy
(below). Omne can see that the function exhibits branch cut singularitigg
These singularities correspond to multiparticle excitations . When the
external frequency is small, and the internal frequency is close to the Fermi
surface, the imaginary part of the vertex function vanishes. The broadening

of the logarithmic divergences is artificial, with the infinitesimal set to
n = 1pHa. k= 0.5kp, m = 0.2, e = 2 eV and wpn = 100 meV.



The vertex function is shown in Fig. [20] for small external frequencies and internal
frequencies near the Fermi surface. It can be seen that its imaginary part vanishes for
small external frequencies w and internal frequencies w’ near the Fermi energy. This
behavior of the function is expected: If a boson in the homogeneous electron gas, with
low energy, excites an electron-hole pair, then the energy of this excitation is low as
well®] This means that both the electron and the hole are in a state close to the
Fermi-surface so that the lifetime of this excitation should be large. If the phonon
has a larger energy than this excitation, there is no interaction to let this excitation
decay, and the lifetime becomes infinite, i.e. the imaginary part of the corresponding
correlation function vanishes.

The vertex function exhibits logarithmic divergences whenever w' £ § = € & wpp.
Also this behavior is expected [61, p.216 par. 2 ff.]: The energies of the particles are
such of a multiparticle state, so the correlation function is singular. As this excitation
also exists with an infinitesimally changed external energy, the singularity is a branch
cut [61, p.225]. As expected, the vertex function is even in w and is for large ||
proportional to w’ -1/ % see Sec. . The presented features of the vertex function
represent only a small part of all the properties, and I have yet not interpreted any
more of them.

With this insight, I expect the structure of vertex functions in systems with more
complex phonon dispersions to be similar with respect to the above mentioned properties:
Elementary excitations of the system that have a lower energy than the (lowest) phonon-
mode with appropriate momentum, cannot decay via phonon emission, and multiparticle
states will also be elementary excitations of more complex systems. Note that this
discussion is valid only for excitations with a long lifetime.

3.2.2. Vertex correction to the polarizability

With the vertex function, I can now calculate the vertex correction to the polarizability
(multiplied with a minus, by convention for I'y)

/
Ax(k,w) = 2i ?Kx(k,w,w')ﬂ(k,w,w'). (88)
m

Here, I have used that the integration over the loop momentum q to obtain K,
is independent of the vertex function. This integral just meets the "convergence
expectation' (Eq.(97)), so that K,I'y o %, as shown in Sec. . This means, that
the resulting integral needs to be renormalized, according to the same procedure as in
Eq.E]. The expansion of I'; in terms of w’ can be found in Sec. The error of
this integral is shown to be negligible. The resulting corrections to the polarizability
are depicted in Fig. 21 The sum of the corrections due to dressing of Green’s function
and vertex are presented in Fig. Figures [21] and 22| show, that the vertex correction
to the polarizability has roughly the same magnitude as the Green’s function correction

13n the language of [63} p.12].
14 As for the polarizability I use the condition Ax(k, o) = 0.
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but, compared to the imaginary part, the opposite sign.

This result shows, that the expectation of Migdal [47], that the vertex correction is
negligible, does not hold. For the case of electron-electron interaction, it was shown
for silicon and diamond that the vertex correction partially compensates the dressing
of the Green’s function [9]. One sees a similar effect in the case of electron-phonon
interaction. In the case of Ref. [9] this leads to improved agreement with experimental
results. I expect that these findings may also apply to metals, that exhibit the most
similar behavior to the homogeneous electron gas. However, for more complex materials,
further work is needed to estimate the impact of the electron-phonon vertex correction.

3.3. Plasmon lifetimes

Finally, I proceed to investigate the effect of electron-phonon interaction on the lifetimes
of plasmons. As explained, the coupling to phonons gives rise to a small but finite
imaginary part in the polarizability for most values k and w, which causes a finite
lifetimes of the plasmons. Physically, the decay of the collective mode happens due
to incoherent scattering [63, p.51], when the decay in an electron-hole pair, Landau
damping, is forbidden |63, p.50]. Once the decay into a quasiparticle-pair becomes
possible, phonon-damping is not the dominant decay channel of the mode anymore.
Landau damping is enabled whenever the energy and momentum of a plasmon becomes
degenerate with those of electron-hole transitions, provided the necessary phase space
for plasmon decay. This happens roughly if [1§]

k> kp [(1+wp/er)? = 1]. (89)

Below this wavevector, phonon-damping is the dominant damping mechanism of the
plasmons. The plasmon lifetime can be obtained from their peak width in the loss
function [44} p.438 ff.]

L= (a(kl,m)
~S(e(l,))

R(e(k,w))? + ’S(s(k,w))Q

%%(E(K(M))’w:wm _ %%(XO(kaw))‘w:um
Se(k, wpi(k)) Sxo(k, wpi(k))

= (k) = — (90)

where the formula in the last line is inspired by the Breit-Wigner formula [61, p.101].
Computing the plasmon lifetime by Eq. suffers a serious problem: The calculated
shift of the polarizability yo is accurate only to a certain magnitude. Then, the
numerator of Eq. (00), which vanishes for & — 0, is divided by a (shifted) imaginary
part that does not vanish for small k, see Fig. 23] I, therefore, acquire the unphysical
property, that the lifetime of the plasmons vanish for small momenta k.

In contrast, Ref. [63, p.220] shows, that the imaginary part of the polarizability
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Figure 21: Vertex correction to the polarizability to order g2, for three different mo-
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menta, ¢ = 0.07kp (above), 0.5kp (middle) and kp (below). The left graph

has been truncated. By comparing to Fig. [I7 one can see that the vertex

correction and the electron Green’s function correction to the polarizability

are of the same order of magnitude. The parameters m = 0.2, ep = 2 €V,
= 100 meV and wp, = 60 meV were used.
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[I7, a certain amount of compensation of the Green’s function correction
due to the vertex takes place, as in the case of Ref. ﬂgﬂ The parameters
m =0.2, ep =2 eV, g =100 meV and wy, = 60 meV have been used.



Figure 23: Imaginary part of the polarizability (left) and plasmon peaks in the loss
function (right) for the parameters g = 100 meV, wy, = 60 meV, ep = 2 eV
and m = 0.2, zoomed for k£ small. One can see, that the plasmon peaks
broaden for small k. This is caused by the shift of the imaginary part, that
is indicated by the red dashed line in the left plot.

should be proportional to k* for k — 0. Therefore, I calculate the numerator and
denominator of Eq.(90) for values of k € [0.2,1]k% and fit the function f(k) = ak® +b
onto the resulting curves. This fitting procedure leads for the parameters used in
Fig. to a relatively small errorﬁ. Then, the values for the parameters a, of the
fitted curves, are divided which leads to a plasmon lifetime of 160fs without the vertex
correction, and of 550fs including the vertex correction for these model parameters.
The plasmon peaks in the loss function look then like in Fig. 24] Convergence tests of
the results can be found in Sec. [B.4l

The result for the plasmon lifetime without vertex correction is similar to that of
Ref. [18], even though the plasmon lifetimes are slightly larger. Including the vertex
correction shows, that the interaction between quasi-electrons and -holes in the system
suppresses the incoherent decay of the plasmon modes. Mathematically, this behavior
is easily understood and can be traced back to the compensation effects discussed
above.

The model Eq. can only be taken into account if the damping through electron-
electron interactions in the material is dominated by the phonon-damping, which is for
this phonon-model expected if Landau damping is forbidden [2, p.187].

For the discussion how the results apply to real materials, T directly follow Ref. [63,
p.228 ff.]. If the plasma frequency of the material is not degenerate with interband
transitions in the material (between valence and conduction states), the collective
mode is expected to behave analogously to the model system. Simple metals, that have
an almost parabolic valence band close to the Fermi surface, may be approximately
described with the homogeneous electron gas model. Such simple metals are, for
example, gold, silver, aluminium or sodium.

5The root mean square error divided by the standard deviation is for both functions smaller than

5%.
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Figure 24: Plasmon peaks in the loss function for three different momenta. A detailed
analysis can be found in Sec. [B.4] The parameters g = 100meV, wy, =
60meV, ex = 2eV and m = 0.2 have been used.
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4. Conclusions

In this work, I investigated the properties of the homogeneous electron gas including
electron-phonon interactions, using the Hedin-Baym equations to second order in the
interaction. It was found that the vertex function near the Fermi-surface exhibits a well
understandable structure of multiparticle excitations. Even though Migdal’s theorem
assures that vertex corrections remain small, relevant compensation effects between
vertex correction and correction due to the dressing of the Green’s function take place,
similar to the case of electron-electron interactions, discussed in Ref. [9]. The plasmon
lifetimes increase significantly in the model system, when the vertex correction is taken
into account.

Vertex functions with logarithmic divergences that correspond to multiparticle
excitations should appear also in more complex systems, even though the significance
of these excitations may vary. The approximation made in [18] for the correction due
to the dressing of the Green’s function to the polarizability is very likely to be a good
approximation to more complex materials as well, and it seems unnecessary to include
the frequency dependence of the self-energy in much detail. Further work is needed
to establish whether the compensation effects of the vertex correction on the Green’s
function correction and their impact on the plasmon lifetimes would apply also to
real materials. The best candidates for these findings to apply are the alkali metals,
alkaline earths and doped semiconductors [63, p.228] for which the valence band may
be approximately described as parabolic.

In the future, one may extend this work to investigate the properties of the two-
dimensional homogeneous electron gas, to infer properties of SPP’s. Additionally,
the calculations of this work can be readily adjusted to any momentum-independent
self-energy for the electron Green’s function in three dimensions. From the results of
this work, it is possible to calculate the electron-electron Green’s function of this model
system up to order g*, which might be an interesting model to study superconductivity,
according to Ref. [2]. Another another topic that may be addressed with this model
system is the impact of polaronic satellites in the spectral function on the polarizability.
The calculations of this work may also be extended to higher orders in g using the
Hedin-Baym equations. However, the most important task is to develop approximations
for the vertex to be used in ab initio calculations, to explore how the findings of this
work apply to real materials.
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A. Renormalizability

The method and argumentation in this section stems from Ref. 61, p.321 ff.]. Renor-
malizability is the property of a field theory, that occurring divergences can be absorbed
into a finite number of parameters of the theory, such as the mass of the particles or the
coupling strength. If the number of parameters that is needed to absorb the divergences
is finite, the number of parameters of the theory, which need to be measured, can be
finite. This means, only a renormalizable field theory allows physical predictions. To
proof this property, it is enough to show that there is only a finite number of divergent
amplitudes in the theory. This is shown, if the convergence of diagrams improves with
the number of particles that participate in the process - so that more complex diagrams
tend to be more convergent. This considerations can be quantified with the degree of
divergence of a quantity Q(A) = fi\A dxf(x).

Definition 1 (Degree of divergence). If a quantity Q(\) diverges as AV with A — oo,
then, the degree of divergence of Q) is defined as

(@] = N. (91)

A superficial estimate of the degree of divergence [Q] can be found by counting the
dimensions of integration and the asymptotic behaviour of the involved Green’s functions.
As symmetries might reduce the degree of divergence, the inequality [[@Q]] < [@Q] holds.
To reassure, that the considered theory is meaningful, I will show now, that the model
theory Eq. is renormalizable. Recall the Feynman rules from Sec. . The electron
Green’s function i)
i 1 1
ZGO(k’w)_w—e(k’)qLink x =0 x 13 (92)

with . = 1 sgn(|k| — kr). n is considered a positive infinitesimal. The phonon Green’s
function is
1 1 1
iD(w) = — — — o — (93)
W—Wph +1n wWHwph—1n W

The interaction vertex is non-dispersive. It is thus simply a factor g.

The superficial degrees of divergence of the theory with respect to frequency w
and momentum k are, by the fact that a loop carries an integration over momentum in
three dimensions and over frequency in one dimension:

N, = 3N, — 2F,
N, = N; — 2B; (94)

6Throughout the appendix, vectors are implied without bold signs.
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where F; is the number of virtual (internal) electrons (fermions), B; is the number of
internal phonons and Ny, is the number of closed loops. The number of loops can now
be related to the number of vertices and internal particles. The momenta and energies
of all internal fermions and bosons are integrated. So one obtains an integration for
each. Every vertex carries a 0 function to conserve momentum. Additionally, one delta
function enforces overall momentum and energy conservation. So I find, with V' the
number of vertices

N,=B;+F -V +1. (95)

Then, the number of vertices in a connected diagram can be calculated: From each
vertex, three lines come out. An internal particle docks to two vertices; an external
particle, denoted by e, docks to one. Then

3V=2(B;+ F;) + (B. + F.). (96)

Inserting Eq. in Eq. I have
B+ F,—B.—F,
N 3
Inserting this in Eq.
Ny=(B;—F;)) — (Be+ F.)+3

1 1
Nwzg(F’z_5BZ)_§<Be+Fe)+1 (97)

Ny, + 1.

The following arguments will proof the renormalizability of the theory: For a given
number of external particles, the number of internal bosons in a connected diagram can
not grow faster than the number of internal fermions, as for a created boson, also an
internal fermion is created, while the boson can be annihilated by exciting more than
one fermion - which is impossible vice versa. On the other hand, for a given number of
external particles, the number of internal fermions can not grow faster than double the
number of internal bosons: an internal boson excites four fermions. But these fermions
either contract (connect lines) or emit further bosons, such that they contract. This
means, the number of internal fermions cannot grow more than twice as fast as the
number of internal bosons. Therefore, the theory is renormalizable, as there is only a
finite number of divergent diagrams, so that the theory is expected to give physical
predictions.

B. Derivations and validations
This section is organized as follows: in each subchapter first the basic idea of what is

calculated is shown, then the result, the expansion for large w’, the calculation and
validation. First I will present the calculation for the Fan-Migdal self-energy, then the
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Figure 25: The (only non-constant) self-energy diagram at order g2.

calculation of the polarizability kernel K, the vertex calculation, and the convergence
tests for the integrands and integrals in the polarizability calculation.

B.1. The Fan-Migdal self-energy Ygm

The only diagram that is non-constant at order g2 can be seen in Fig. [25]

B.1.1. Result
With the value

. dq d
Srulkw) = ig? [ s Ok + g+ Dg,n). (98)

and, as D does not depend on ¢, I can shift ¢ by —k, and see that the self-energy
becomes momentum independent.

Theorem 5 (Fan-Migdal self-energy). The self-energy from electron-phonon inter-
actions in the free electron gas to second order in g is
Eru(w) = B(w) — S(er) (99)
with
YN(w) = Lr(w — wpn, —1) + o(w + wpn, +1) — o(w — wpn, —1). (100)
Now X s
2m Jisgn(y) >0
Sp(f. ) = g2 101
and o is
2
mg
7(8,7) = =% (kp + Bx(5,7)) (102
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where

i3 10gq_“/2m| ) —log(q +iy/2mID)." 5 <0
—x(=B,7) — /2 (log(z — ¢_) —log(x — ¢1)),y B>0
(103)

and g = 15 & 15

3 [

B.1.2. Large w’' expansion

For the renormalization of the kernel of the polarizability with dressed propagators, the
Fan-Migdal self-energy term needs to be known in orders 5 for large w’. The procedure
to obtain the expansion is, in this case, straight forward: I have implemented the full
result in Mathematica 11.1 and left the expansion to the computer. The validation
of this expansion is found below, with the validation of the full result.

B.1.3. Calculation

I use Eq. to bring all poles of Eq. to one side of the contour. Then I contract
on the other half plane and by holomorphy, the last integral vanishs:

Sew(w) = ig? / déj;jla(q,w +wi)D(w))

—ig? [ d<q2 j;jl (2mid(w + w1 — e(q))0(kp — q)D(w)+

1 1 1
w+w; — €(q) +i0 <w1 — wpn + 0 B wl—l—wph—iO)
. 9 dq dwl S
=g / 2n)t {27mid(w + w1 — €(q))0(kr — q) D(w1)+

1
w+w; — €(q) +i0

(—2mi)0 (w1 + wpn) + 0} (104)

The integration over w; then yields

Y ( / ! ! X
W—w —
M ph) = 9 q) —w—wpn+in  €(q) —w+wpn —in

1

: 105
€(q) — w4+ wpn — i (105)

9(6F —e(q)) +

It can be seen, that the last fraction’s integral is divergent. It is renormalized simply
by subtracting a constant from the integrand. The renormalization condition is fixed
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later.

ER(W — Wph, _1) =g / (27T)3 (E(Q) — W+ Wph — m E(Q)>

o dq W — Wph 1
-9 / (2m)3 e(q) —w + wpn — in€e(q) (106)

This can be evaluated:

25

=r(B7) = =05 ﬁ+zm

(107)

For negative 3, the integral is I(5) = g,/Q_LZ. For 5 > 0 it can be proven that

Yr(B,v) = Xr(5,—7)*. For v > 0, the pole in the g-plane has negative imaginary
location. Thus, I can Wick rotate the contour, noting that the arc of the contour
integral does not contribute, and find then, that for 5 > 0

mp

Zr(8,7) = ig’sen(y) 5 5 (108)
and for <0
Xr(B,7) = —9277;6 5 (109)
The two other terms are of the type
o(8,7) = —g / " W@(eF — ()
{kp +6/ ﬁ " zm} (110)
I define
kp 1
x(8,7) :/0 dqe(q)—5+z‘m (111)

I can evaluate this integral in a straight forward fashion, if 8 < 0. Then, I decouple
the denominator:

1

A B
@+ 1Bl " g ifaml] g+ iy2m]d)

(112)
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Figure 26: The complex plane for the magnitude of the momentum. The contour for
the o integration is hown by the directed line, and the pole of the integrand
by the cross.

>

Multiplying with the right denominator and comparison yields

. m

so that the integral becomes

Ry B S—
o e(q)+ B 2(8l Jo \q—i\/2m|B|  q+i\/2m|B]
_— 27|Z|(log(q—i\/2m|6\)—1og<q+i\/2m|ﬁ|))zp (114)

When 5 > 0, I note that o(8,v) = o(, —7)*. For the case v > 0 I shift the contour
into the upper half plane, as in Fig.

X(B,7) = (/OkF+L> E(q;lq_ﬁ (115)

Now, the first integral has been computed before, as fng E(qd)q_ 5= 'OkF 6(5‘1 5- The

integral over v, can be computed by parametrizing the contour: I start at ¢ = ikr and
go in a straight line to ¢ = kr. So a simple parametrization is ¢(x) = tkp — x(ikp — k).

o7



Then % = (1 —4)kp and

da o _npe [T 9T
e Rl R
ke da
_( _Z)EF 0 —2i$2+2(1—i)i$—1_6/€F
m At dx
:k;F(HZ)/o 2?2 — (1 — i)z + 51+ B/er) =) o

Now, I decouple the denominator, just as above by finding the zeros

1—1 144 [[
= + \— =t P 11
Zo 9 9 . O+ ( 7)

Now I choose

1 __ A B
(-9 )z—0s) z—0- z—04

which, by the sae procedure as above leads to A = —%w/é = —B and

(118)

m (S
(1) = =/ 5 (log(z = ¢-) = log(x — ¢.)); (119)
ke B
This calculation has been done for v < 0 as well and is implemented in a MatLab
implementation. This implementation checks two things about o, namely,
e Whether the imaginary part vanishs for 5 ¢ [0, ex]
e whether o(5,v) = o(8, —)* holds.

The result for Xpy obeys importantly sgnS gy (w) = sgn(ep — w).

B.1.4. Validation of the result

You can see in Fig. that the self-energy is calculated accurately compared to the
numerical result for the same integral. In Fig. [28]it can be seen, that the approximation
to Xpy 18 accurate to machine precision. As both the values for small and large w’ fit
the expectation, also comparing to Ref. [27], T expect this result to be correct.

B.2. The kernel of the polarizability i,
[ aim to compute the integral

/ dq ko, w
KX(k7w7w):/(2ﬂ_)3G(q—+_27w +§)G(q_*7w

Yy (120)
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Figure 27:

-1 0 1
Frequency w/ep

Result for the self-energy (with values in hartree). The numerical calculation
gives precisely the same result as the analytically calculated. To see both
lines, one has been shifted by €. The parameters for this calculation are
g = 100meV, wpp = 100meV and m = 0.2.

10°

— X (w)]
100 EErm(w) — Eglﬂ)u(w)\

10-0} lXra(w) — E%[(W”

Figure 28:

4 6 8 10

4 6 8 10
Frequency |w/er| %104 Frequency |w/er| %104

Result for the self-energy (with values in hartree). The approximation
to the self-energy S\ = Spy + (w2, with n = 5 is accurate to
machine precision in this range for w’, for both positive (left figure) and
negative (right figure) frequencies. The parameters for this calculation are
g = 100meV, wpp = 100meV and m = 0.2.
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which then allows to find the polarizability. The result of this integral has three cases,
dependent on whether none, one or two Green’s functions have a finite imaginary part.
The result is found in the theorem block below, where [;(wy,ws) = K, and w; is the
(self-energy shifted) frequency inside the electron Green’s function.

B.2.1. The result

Theorem 6 (Kernel of the polarizability). The kernel of the polarizability is for
two real frequencies

with

2

T Y (Sla.& &) — Sala.~&.—)) (122)

(2m)2k i,

M=

ammizli¢ﬁ@g5y:¢WﬁﬁgmﬂFasmm@m9 R(/Z2)- fo=0

Sr(a,b,c) == > Ig(a,p) (123)
peb,c
with ©g = 2 it is for —R(GHE0) < 1

S(a+d)

b log(b — a)?

Infa,b) = log(a) log(;——) + 2 (124)
and otherwise
Iﬂmb:—bga—mG@@—a%%@@—bn+bg@bgbﬁa)
oa( ) (1oat; ) - o)
+ngwf‘ (125)
IFo>0
Sala ) == 3 (I g o )
+ir (log(s, + a) — log(rs_ + a)) (126)
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with ke = max (0,1 £9). And

Bi=5 > [li(a) +la(a) + 13(a)] (127)

acé+
with
li(a) = 0(u1) (log(pu + a) —log(a)) — log(uz + a)

la(a) = O(er + wz) (log(1 + &p + a) — log(|1 — &p| + a))
I3(a) = log(d + a). (128)

For one complex frequency, where wg is the real frequency

Ifeon,we k) = o 2 3 1Pa( )~ Palo, ) (129)

with &, = \/—6“(’—,’5 —i0sgn(wg — €r) with now

Py(a,b) aeR*t
Pr(a,b) = { Pii(a,b) xg=—o9) > 0 and R(2=2 — 1) (130)

S(a+d) a+b
Pia(a,b) else

with the three objects

pu<a,b>:10g<ajb_1)10g<_a>_<10g<—b>_1og<b>) log(—)

a+b a+b a+b
- (— log(a + b)?/2 4+ log(—(a + b)) (log(a + b) — log(—(a + b)))) ,
(131)
Pio(a,b) = log(aib) log(—a) + log(a + b)?, (132)

and
b
Py(a,b) = — imsgn(S(a)) (log(R(a) +b) —log(b)) —log(~——)log(a)
— log(a + b)?/2. (133)
For two complex frequencies I find, with o = w; — X(wy), and 5 = wy — X(ws)

m2

(2m)2k

Lo, B, k) = >3 [7(a,b) - T (a, -b)] (134)

a€tls bely
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with & = \ [ and & =1+ ,/e(ik). Then, I find

TR (a,b) = {JzR(a, b) xo= —geag >0 and R(4E 1) <0 .
Ji(a, b) else
with
I (a,b) = jf(a,b) — ji(a,b,0) (1560
with

ji'(a,b) = —log(a + b)*/2 + (log(a + b) — log(—(a + b))) log(—(a + b))
i¥(a,b) = —log(a + b)*

j1(a,b,0) = log(—a) log(—2) + (1og<b> - 1og<‘b>) log(—

a+b

)

a+b a+b a+b

Ja(a,b,0) = log(—a) log(al)H)). (137)

B.2.2. Large w’' expansion and error estimation

dq 1 1
]1 = _/ 3 L . k .
(2m)% e(q+5) — w1 —ing s €(g — 5) — w2 —in,_s

(138)

Note here, that the infinitesimals only play a role if the denominator is zero. So I can
replace

ﬁqig =7 sgn(w1/2 - €F) =1 7/2 (139)

dq 1 1
I = _/ 3 k : k :
23 e(q+35) —wi —inyielg—5) — w2 —inye

(140)

Now, it is important to notice, that the frequencies w; = w’' £ § — wy lead to the same
7 = sgn(w') if [W'| > |§] + wpn + €p. So, replacing in the integral, a = w; + 0y and
B = wy + 107, I can write

. dq 1 1
W= ey e )

That o and § have the same sign in their imaginary part, holds true, also in the dressed
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case and is vital, to use Feynman parameters

1 1 du
— = . 142
AB A [uA+ (1 — u)B]? (142)
[ can set A = e€(q+ %) —aand B =¢(q — %) — (. Now, I complete the square
k k
uA+ (1 —u)B = ue(q + 5) + (1 —u)e(q — 5)
—ua — (1 —u)p. (143)
The first line of this is
g g+t -k - wh= L ue ke B = )
O 1 1" am CRVER
(144)
Now I introduce | = q + %k so that
(4) = [+ F2u(l — )], (145)
2m
Then I obtain (|§é\ =1)
1 dl 1
I =—4 /‘d / . 146
L= )y Y @R 1 k2u(l — u) — 2mua — 2m(1 — )82 (146)

I then define ¢ := k*u(1 —u) — 2mua — 2m(1 — u) S and switch to spherical coordinates
in [, and note that the integrand is symmetric in (:

m? [l 12dl
I, = _7/ d /7 147
! 72 Jo 12 + ¢]? (147)

The denominator has zeros at [F = 4/—¢. Now, by definition of the squareroot
sgn(I(v/—9)) = —sgn(I(¢)) =: —« and sgn(I(IF)) = Fx. I now choose the contour
that circumvents [§. Then I get

12dl d ? i
_ = 2M— ————— =— — 14
/I'Q [lg + ¢]2 Sgn("{’) del [l + l(—]’_}z |l:l0+ Sgn("{’) 2[8— ( 8)
and put this back into I;:
du (149)

fim3/2 1
L = 7sgn(/ﬁz)/ .
ok o0

Now, as I aim to expand the object in ', I identify a — § = @(w'°) and 3 = O(w').
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This means, if
W > |8 = |+ |a = B —e(k)| + €(k), (150)

I can expand in w'~". T define f(u) = u? +u (ﬂ - 1) + ’i?—kw), Now, for w’ > 0,

®
—Zm /
EENE Y+

and for W’ <0

sk i

The integrand can now be expanded in terms of fwe(k) , and integrated term by term,
leading to an asymptotic expansion of I;. This is 1mp1emented in a Mathematica 11.1
script and linked to MatLab to compute corrections to the integrals over I, see Sec[C|
The generalization to the dressed case, lies in including the expansion for Ypy in f(u).
This converges because |Ypy(w)| < |w| for |w]| large.

(151)

(152)

The error estimation for the polarizability in Eq. can now be calculated.
I aim to calculate the polarizability. To do this I start with the following integral

X(k,w) = /A & (K (k,w,0') — f(W)) 4+ Ow™ %) + e (153)

—A 27

Now, introducing correction terms, I can reduce the error with respect to the threshold:

A duw!
Rkw) = [ S5 Kk, o!) = @)+ 0w™) +e. (154)
To now find the polarizability, I have to extract the constant ¢ with the fixPolarizabilityAsymptot
procedure. Then I obtain the polarizability as

A /
x(k,w) = /A ngr (K, (k,w, ) — f(W)+ O(w™) + (¢ — @). (155)
The task of this section is to estimate the calculation errors that are introduced. The
three errors are caused by, first, the accuracy of the integration routine, that can be
defined by an input parameter, secondly the error made, when the integral is truncated,
which can be reduced by introducing higher order corrections and, lastly, the error due
to the back-shift procedure determining c. The error by the correction terms can be
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calculated as follows. I take the identity K, = I, and Eq. (151)) for large |w/|

(156)
23/2 / flu e(k
T/l Y+ T
I define now
Pla) = — (157)
I‘ g
Vv1+zx

and it’s approximating functions to be polynomials with F(z) = 3" a, 2" so that

F(z) — F™(x) = 0(2™"). Then I find from Ref. |49, p.376]

Miglal™ _ Jal®
F(z) — F™(z)| = < —k — 1

I define the helping function

7™ — / duF™ 159
PO (159)
The difference I, — I 1(") can now be calculated as
3/2 1
[—[(”):L/dp _ )
1L — 1" 23/%\/—/“ | duF(z(u)) (@(u))|
m?/? (n)
< x(u)) — F" (x(u))l. 160
< i i P00 = P (160
Now I want to estimate |F(x(u)) — F™(z(u))|.
Fa(w) - FO ) < (161)
T (L= )
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and

2(u) = f(’L’gf‘(k)
TS Gl pou
a—pf g—-uw 2
~lotu)] < T = 30w
n f(w/)n+1
= |F(z(u) = F™(z(u))] < 1= 2(A)2 (162)

Looking back to Eq.(155]), I find the error (A™") as

Ay = 4/ —\Il il
m*2 (fe(k))"+! 1
= V2r2 (1= 2(A)P (n+ LAz

Note that, with the dressed propagator, I additionally need to expand the self-energy.
When this is done, an additional correction of the order g?A, appears, that is neglected
here. The last equation can be evaluated and yields for the extrapolation frequen-
cies around w = 103¢x for n = 1 an estimate of 4.2 x 1074, for n = 4 an estimate of
4.1x1077 and for n = 5 an estimate of 1.3x 1078, The parameters for this calculation are
g = 100meV, wpy, = 100meV and m = 0.2, k = kp. This error is in for small frequencies
negligible, if n > 2. Note that, for large external frequencies, T(w') = 2 =< So, for large
frequencies, this procedures delivers the largest error - therefore the order of the expan-
sion needs to be pushed ahead, if ¢ should be calculated accurately. The error of the shift
procedure is determined within the routine see Sec[C] The absolute error of the integra-
tion routine is set to be 107!, which is tested internally in MatLab’s integral routine,
see https://www.mathworks.com/help/matlab/ref/integral.html (looked up on
the 10" of march 2019 at 10:44:24).

(163)

B.2.3. The calculation of K,

To avoid confusion: I; and K, are the same integrals.
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The computation of /; for two real frequencies.

It / dq 1 1
1= - — —
(2m)? (Q+ B+ wpn —w' — 4 — gk elg—5) +wpn —w' + ¢ — i1,k

1
:—/ dq 5 — X
27T +wPh_w_§—Z’]7q
1
dx
/ qk +q2+k +wp _W‘i‘*—lnqk
1
Ao
/ —i—v—mq <)
1
log(1+ ¢ —1in) —log(—1+¢ —1
k/ R {g( ¢ —in) —log(—1+ ¢ —in)

+2mi{(0(k — kF - q) +6(q - kF —k))O(=(1+9))
+0(q+ ke — k)0(q + k — kp)0(kp + k — )0(—(¢ + 70))

—0(g+k—=kr)0(1—¢)}} (164)
with v = wpn —w' =%, ¢ = 2;:2 — wph + W 2) and A from Eq. (192)) below. I

will first take care about the ﬁrst line, which I call M. Without any change, I multiply
both logarithm arguments by 2 > and can then write them as

log(—(q — @y )(q — q,) —in) —log(—(a+ ¢;) (¢ + ¢, ) —in) (165)
with 77 = wpn — W' + % and ¢ = k £ /—2ms. Then I decouple @ with
qs = \/—2m(’y + insgn(ep + 7)) and change variables £ = ¢/k

M = E=EE-¢,

,fzg T (g€ )€~ ) — )
—log(=(§ + &) +&,) —in)). (166)
In order to solve this integral, I define the helping quantity
Su(abery) = [ 2% dog(—~(€ D&~ ) —in) (167
s\@a, 0, C; = - - —C)—1
Yy 0 Eta g n
with y > 1. Note that b, ¢ are real, or their complex conjugates:

b=s+1/kv/—2mn

c=s—1/kv—2mn

s==+1 (168)
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I split the logarithms real and imaginary part to obtain

dg
E+a

log| = (£ = b)(§ — o)
—imf((§ = b)(§ —¢)) (169)

In order to have an analytic function again, I split the region of integration into three.
I call 9 = R(y/—2mn/k) and ki = max(0,s £ 9). Then

S(a,b,c;y) = (/:_ +0(9) /,f + /i)

Y
Stabecsy) = [

£ o8| = (¢ = B(E — o) = im((€ ~ D)€ — ).
(170)

Case 1: 9 is zero. Then I find the indefinite integrals of the functions above with

rie) - [ aceBE=DE=0)

log(§ +a)

= log(¢+ o) og((¢ = D)€ =) = 3 | (171)
S(a,b,ciy) = T(y) — T(0) —im [log(y + a) — log(a)] . (172)
Now I define
)= [V leslE+a)
I have to be sure, the new contour crosses no branch cut. I find with
1 (ab®)
that if —R(4=%) < 1 and z € [0, 1], the integral is
I(a,b:y) = {log((a + b)) log(1 — 1) + Lin()} o5 (175)
and otherwise
I(a,byy) = {log((a + b)) log(y) — 1) + Liz (1)) +
lo(¥) (log(1 — ) — log(1 — 1))} 4"
(176)
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To find the implemented functions, I will now separate the terms that cancel each other
in the limit y — oo. The rest, or regularized term, I call Sg. I use the asymptotic
expansion of the dilogarithm (Jy| > 1) [72]

Lia(y) = — loa(~y)? + C (177)

with C' some constant. Then, for the first case

a—+vy

b—y .
I(a,byy>1) =1og(y+a>log(ia+b)+le(a+b)
a a
—1 log(——) — Li . 1
og(a) og(a+b) 12(a+b) (178)

I call the second line —I;(a,b) and use that for y > 1: S(log(y + a)) ~ 0 for every
a € C, so that log((y + a)/b) = log(y + a) — log(b) without an extra phase
I(a,by > 1) = log(y + a) (log(y — b) — log(—(a +1)))

_ (log(y +a) —log(—(a +1b)))"
2

_ ;log(y + a)log(y — b) — ; log(—(a+b))2+C — Ii(a,b) (179)

+C — Il<(l, b)

and for the second case

1 1
I(a,by > 1) = S log(y + a) log(y — b) — 5 log(—(a +1))*

+log(a + b) [log(— (@ + b)) — log(a + b)] + C — log(a) log +bb)
() +loa( ) () —loe )| (s

where I call I”)(a,b) = log(a) log(=5) +Lia(525) +log(+%;) [log(:25) — log(=5)]. Then
I can define their regularized contribution to the integral: I can extinct all y dependent
functions by subtraction of I(a, b;y) — I(a,—b;y) and just keep the rest term:

b log(b — a)?

Tn(a,b) = log(a) log(;——) + ~=_ (181)
and
In(a,b) = —log(a — b) (log(b — a) — log(a — b)) + log(a) 1og(afb)
+ log(ﬁ) <log( bﬁ ) — log(~ E b)) + log(b; @) (182)
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And the regularized S then is

Sr(a,b,c) =— > Ig(a,p). (183)
pebdb,c
Case 2: for non-zero ¢ I find
v dog(|(§ —b)(§ —o)])
S(a,b.ciy) = [ d
(a;b,cy) = | dE fra
—im [log(y + a) — log(k+ + a) + log(k1 + a) — log(a)]
/ dglog g — 5 / dé,log(f —9)
gebc max(0,9) f +a
— i [log(y + a) — log(m +a) +log(k- + a) — log(a)]
g-¢&\]"
= lo lo + Li
= 5 st - oltoa( ) + 2|
—im[log(y + a) — log(ky + a) + log(k1 + a) — log(a)] (184)
this becomes for large y
1 a
N 4 Y 2 T
S(ab ) = 3 |3 1only ) = 3ot 0 g ol lon( )~ Lia )
— 17 [log(y + a) — log(k4 + a) + log(k1 + a) — log(a)] (185)
and the regularized part of this is

Sg(a,b,c) = — Z (bg(aw

a
+ log |p| 10g())
pebe 2 a+p

+im (log(ky + a) — log(k_ + a))

(186)
with ¢ = R(/—2mn/k) and £y = max(0,s + ). With these equations, I have found
the solution of M

Mo

+ o) e Y
@n)h aezﬁs (Sw(a,&.6,) = Sala, &, &) (187)
The 6 functions yield now an extra term of
im?
Bl = — [ll (CL) + lg(a) + lg(a)] (188)
27k e
a€xls

l; corresponds to the i line of the @ functions in the integral. With 7 = wp, —
v = R(v=2mn)/k, 11 = min(1 — &p,1 — ), gz = max(l + &g, 1 + 9) and J

€

| 1\3
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max(0,&{p — 1,9 — 1), I have

li(a) = 0(pu1) (log(pu + a) —log(a)) — log(us + a)
l2(a) = 0(er + 1) (log(1 + &p + a) — log(|1 — &r| + a))
I3(a) = log(d + a) (189)

Then Il =M + Bl.
And here I used especially the auxiliary integral A(¢)

1 dx
Alg) = /71 P (190)

The indefinite integral is log(x + ¢ + in,—x). So that I have to find out, where the

infinitesimal switches sign, and when this happens in z € [—1,1]. The function switches
2,12 1.2

forx < —1ifk+qg<kp;forx>1ifk—q>kp; and at xqg = qzlzlkkF in the third

case.

The x integral depends on the infinitesimal involved. So the integral splits. The
latter integral becomes

A(¢) =0(kp — k — q){log(1 + ¢ —in) — log(—1 + ¢ —in)}
+(0(k —kp —q) +0(q — kr — k)){log(1 + ¢ +in) — log(—1 + ¢ +in)}
+0(q+ kr — k)0(q+ k — kp)0(kr + k — q)
{log(1 + ¢ —in) —log(—1+ ¢ +in) + 2mi0(— (P + x)) } (191)

I note, that for ¢ < kr the last 0 in the second row is wrong; while the third in the
third row is true. Now I can proceed by using the the integrated version of Eq. ,
which T already used once for log(zg + ¢ + in) — log(zo + ¢ — in) = 2wif(—(¢ + x0))
for ¢ € R. I shift all infinitesimals to negative sign, with

log(a + ¢ + in) = log(a + ¢ — in) + 2mif(—(a + ¢)).

Then, I obtain

A(¢) = log(1 + ¢ —in) — log(—=1+ ¢ —in)
+27Ti{(9(/€ — kp — q) + G(q —kp — k))(g(—(l + ¢))
+0(q+kr —k)0(q+k — kp)0(kr +k — q)0(—(¢ + x0))
—0(q+k —kp)0(1—9)} (192)

The integral /; for two complex frequencies.

dq 1
213 e(q+ %) — ae(q —

[l(&aﬁvk) = _/]R3 ( (193)

ol —

)= B
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Now, I shift ¢ — q — % and can write, in spherical coordinates with x = cos(6)

elg—k)— 0= 2;l[q2 — 2kqr + k* — 2mp]
_ —kq ¢+ k* —2mp
e (194)
so that
1 dx _m ¢+ k% —2mp
e R e LY (195)
Then
m 00 q
I = (27?)2q/0 dqm (log(—(q —k)? = 2mp) —log(—(q +k)* — ZmB))
(196)
Now I split the first fraction apart:
q B m m
elg) —a  q—+2ma * q+V2ma (197)
with gg := v/2ma I obtain
B m? 00 dq
h= g 2, g (o8 = R = 2m) ~log(~(q + 17~ 2m)
(198)
I substitute & = q/k (£s = qs/k) and get
s s
W= = (st 12— ) —ost—te s 12 )
(199)

Decoupling the log’s argument gives with £, =1+ ’/Ti) yields

I = > [T 2% (g€~ )6~ €) ~ loa(~(6 + E)(E +E))-
aei&s 5
(200)
Using partial integration I get
I - Il e L] (201)
(2 7 actes begs 5 —b
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To evaluate this, I define

J(a,b,y) = /dglOgHb log(€ — a) (202)

[ aim to reduce this to a dilogarithm. For this purpose, I substitute ¢ =& —a

_ v log(9)
J(a,b,y) = [ AT (203)
and x = —¢/(a +b)
—er , log(— b
T(a,b,y) = /% g 08 XXET ). (204)

I aim to use partial integration once more. But I have to exercise caution, as the
integral contour is not allowed to hit a branch cut of the integrand. For that reason, I
note

1
/Xm_X = —log(1 — x) + C1 = —log(x — 1) + C%. (205)

Which integration I choose depends on the parameters: Look at the function log(yx — 1)
[0,y] I have (=25 — 1) = 0 and

a+b
R(-5 - 1) <0, 1 cross a braneh cut. The condition for the imaginary part yields
x = _%%((Si?)' If now R(—2=3 — 1) < 0, I have to integrate in the other illustrated

fashion (case 2). In case 1, I get

-t log(— b
Jl(a, b, y) _ /a To e Og( XECL;L ))
= X

= [log(—(a +b)x) log(x — 1)}, 2% a+ib
G de

. X
= (log(—(a + b)x) log(x — 1) + Lia(x)
+ (log(1 — x) — log(x — 1)) log(x)),. “i (206)
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In case two I get

-4 log(—x(a+0b
Haboy) = [T B D)
a+b

= [log(—(a + b)x) log(1 — )], “ %2
_ /_M de

a

a+b

y—a

= [log(—(a + b)x)log(1 — x) + Liz (x)], 7. (207)

“a+b

Now, I can again use the asymptotic expansion of the dilogarithm |72| for large input
values. I define j; and use this expansion for large y

] y+0b : yY—a
p— _ —_—— L J—
jila,b,y) = log(y — a) log( a+b)+ i ( a+b)+

y+0b y+0b y—a
log(Z—=) —log(—Z2)) log(—
+ (log( — ) —log(= == ) loe(=" =)

~ & Toa(y — a)* — £ log(a + )" + (log(a + ) — log(~(a + b)) x
x log(—(a +b))
= 2 loa(y — )’ + j{{(a.b) (208)

then, I define 75 similarly

y+b
a-+b

1 1
=3 log(y — a)? — 5 log(a + b)?

y—a)

J2(a, b,y) = log(y — a)log( ) + Liz(— P>

1 .
= 5 log(y — )’ + j'(a, ). (209)

Then, I obtain in general

Ji(a,b,y) = ji(a, b,y) — ji(a,b,0) = 5i*(a, b) — ji(a,b,0) + f(y) (210)
and by subtraction, I can define

Ji(a,0) = ji*(a,b) — ji(a,b,0) (211)

and then have found

(27)?

I = >3 [7(a,b) - T (a, b)) (212)

9 aeteq bets
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I, for one complex and one real frequency is obtained in a similar fashion.

. o 2m? e I3
hiwr,wo, k) = (2m)%k /0 d€§2 + 28 — i0sgn(wg — €r) %
x [log(—(¢ — &€ — &)) —log(—(€ + &€+ &))]
(213)
where wgr € R. I split the leading fraction
£+ “@3 — i0sgn(wr — ep) = (§ — €p)(€ + £p)
3 Ry 1
£+ 25— 0sgnlun —er) 2 (f o ey £p> (214)

so that then

i(wnio. ) = k%/ . (loa(—(€ ~ )€~ &)
Clog(—(E+EDE+E)).  (215)

with £p = \/Z&’)"' 4 i0sgn(wr — €p and & = —1+ ,/—%. Then, I again use partial
integration, with

B~ D€~ &) = —=t e (216)
and find
I (wnwo k) = o D0 3 / ( gib> log(¢ — a). (217)
e bect
To evaluate this integral, T define
P(a,b,y) — /U ! gdf - log(€ — ). (218)

Note, that a can be positive real (+ an infinitesimal). So, the integral has to be
calculated in two cases. In the case where a is not positive real, the integral can be
computed just as in the complex case. If a is real, it is easiest to split the integral in
two: £ € [0,a] and & € [a,y]. For the first integral I find

Oa gc-ifb log(§ —a) = —im sgn (I(a)) (log(a + b) — log(b))
~ log( ) log(a) — Lia( ). (219)
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Frequency w/ep

Figure 29: Convergence of the integral over I; against the Lindhard function. Note
that one function was shifted to make both lines visible to the reader. The

momentum is randomly chosen. The parameters for this calculation are
g = 100meV, wpp = 100meV and m = 0.2.

The second integral can now be calculated as follows

v dg e dglog(@)
L ey elé—a) _/0 b+tatb
/Ib dx log(—(a +b)x)
0 1—x
= log(1 — x) log(—(a + b)x) + Lia(x)[,_a=s (220)

a+b

I now execute the old program to find the limit of this object for y — oo in the correct
subtraction order. It turns out that the upper bound yields —% log(a + b)?, and the
lower stays as it is. Implementing all three integrals for I; then enables us to compute
the corrected polarizability.

B.2.4. Validation of the result

The first test is, whether the integral over I; (or K,) without coupling, leads after
renormalizing to the Lindhard function, as one would expect, see Fig.

Then, I tested whether the integrals with and without dressed propagator I; (or K, )
do converge against each other if the coupling vanishes ¢ — 0, and how the scaling of
this difference is, with g, see Figs. [30] and
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Figure 30:

Figure 31:

; ; =i
0.2} —R(I{(w')) — N
S(I; ("))
—S(IW)) — ¢
” e
0.2}
-0.4 2 2 2 2 2
-4 -2 0 2 4

Frequency w/ep

Convergence of the integrals I; for vanishing g. One function is shofted, to
make both visible, one can see how the functions exhibit same behavior.
The parameters for this calculation are g = 100meV, wy, = 100meV and

107°

Difference |(I{ — I?)(w', w, q)

103 1072 1071
Coupling g [Ha]

Convergence of the integrals I; for vanishing g. The convergence resembles
a g% dependence as expected. The parameters for this calculation are
g = 100meV, wpp, = 100meV and m = 0.2, k = kp.
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Then, I tested whether the integrals with and without dressed propagator I (or K, )
do converge against their asymptotic expectations, see Fig. [32

Table 1: The leading exponents for the integral I; subtracted by it’s approximation
for large |w'|, positive or negative w’. The measurements have been made in
regions, where the approximation is not everywhere accurate to double preci-
sion. The values for the approximation to order 5 do not fit the expectation,
because at double precision the scaling cannot be shown with the computer
anymore. "o.a." stands for "order of approximation", which means for o.a. n

that the exponent should be equal to —n — %

Description Exponent
Positive w’, without self-energy, o.a. 1 | -1.5051.
Negative w’, without self-energy, o.a. 1 | -1.495.
Positive w’, with self-energy, o.a. 1 -1.5052.
Negative w’, with self-energy, o.a. 1 -1.4724.
Positive w’, without self-energy, o.a. 5 | -2.8851.
Negative ', without self-energy, o.a. 5 | -2.9755.
Positive w’, with self-energy, o.a. 5 -3.1666.
Negative w’, with self-energy, o.a. 5 -3.0117.

Then, I tested whether the integral over I; with the dressed propagators converges
against the Lindhard function, see Fig. [33] Note that the scaling is not perfect, because
of the shift error, see above.

Additionally to these tests, I have compared the calculated integrals for K, with
their numerical implementations. The results can be seen in Tab. [4]

B.3. The vertex correction

The vertex correction to order g? corresponds to the diagram in Fig.

B.3.1. The result

Theorem 7 (The vertex correction to the theory). The vertex correction to order
g% can be written as

I (w, o', k) = (L (W 4+ w/2 — wpp, ' — w/2 — wpp, k) + I + I3) (221)
where Iy has real frequency entries and is shown in Sec[B.4. Now, I find Iy as

L =K(—w/2,—wut, —w) — K(—w/2,wp~, —w) (222)
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Figure 32: Convergence of the integrals I; against their asymptotic expectation. To
the left the convergence for positive frequencies is shown, to the right, the
convergence with respect to negative frequencies. The second and fourth row
represent the self-energy corrected calculations, the upper four calculations
have only the terms for renormalization subtracted, the lower plots ShOV%
subtraction up to order w=%5. With the getScaling procedure see Sec.
I have then calculated the exponents of the differences, see Tab. [Tl The
parameters for this calculation (when used) are g = 100meV, wp, = 100meV

and m = 0.2, k = kp.
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Difference |xp(w,q) — xo(q,w)|
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Coupling ¢ [Ha]

Figure 33: Absolute difference between the integral over the dressed I; and the Lindhard
function. The convergence resembles a g% dependence only for large enough
g because of the shift error. Note that above, I tested whether the integrands
converge against each other, which they do, much better. The parameters
for this calculation are g = 100meV, wp, = 100meV and m = 0.2, k = kp.

Figure 34: The vertex function to order g? in the electron-phonon interacting electron
gas. The dashed line represents a virtual phonon, the solid lines represent
virtual fermions.

80



with L(a, ) = K(1,0,p), a =T7+0 —uw', ¥ =T (p—€(k)) and L = L, + By with

_om? a+&r
Li(€s, &, 0) = (2m)%k CLEz:iEs< log [1 — &p[log( 1 )+
1 1-
o+ 1)los( ") 1) 5
im0(¢r 1) (log(¢p — a) — log(~a)) (223)
and & = kp/|Y], & = Y33 1 find
02
By= 5 > (6(~) (log(7 + a) ~ log(a)) + log(ya + a) — log(2 + a))
T axeg

(224)
with v, = max(min(s — &r, €p, 1),0), 72 = min(ép, max(R(V0), |€s — €7, 0))),

b = &2 — 2sgn(1p)€g — £g% and 5 = min(Ep, max(sgn(vp), Ep — €g,0)). The solution
of integral I3 turns out to be a spin-off of the last integrals’s calculation:

13 = Ll(ﬂl? 7% k) - Ll(ﬁZa wa k) + C (225)

with iy =% —w' —wy, + 10, fo =% — W' +wpy, +90 and C = D(v1) — D(72) with

=/—2m 51/W’ and A = max(1, fp)

D(p 27rk Z O0(—v)(log(A — a) — log(&p — @)

actls
— 0()0(&r — 1)(log(§F — ) — log(1 — @)).  (226)

B.3.2. Properties of the vertex function

The leading term for large w’ comes from the [; contribution. This means that for
large |w'|: [Ty oc || 712,

Symmetry of the vertex function From the equation

7 dgduw k w k w
A= / Gt D —enGlat 5o+ )G 5.0 - ) (227)

I reflect the integral variable ¢ — —¢ and use G(q,w) = G(—¢,w) to find

(w, k,w') =T (—w, k,w') (228)

The meromorphism of the vertex function. I found logarithmic divergences at
W' = ep £ wpn,w = 0. They occur, when the L(«, 1) integral is evaluated at —a = ep
which is W' = ep + quwpy + @24 and ¢; = £1.
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(w=e(k)) (Wte(k))

Other candidates are the lines where g = S;f which are w = wpp, + 2e(k)

B.3.3. Large ' expansion

The expansion for I; is found in Sec. [B.2.2] T now need to do the same expansion for
the integral L, which will enable us to compute corrections accurately in practice.

= 229
=% ) @pdgral e (29)

1 x+Y/q+in
I transform the infinitesimal

1 1 . 0
= +2mid(x + —)0(er —elqg — k 230
T T e e = g b) (230)
S=0(a, ) + O, ), (231)
with
kr +1 dx
@9 Y 232
k/ —|—a/1 x+Y/q+in (232)
The z integration can now be performed right away
o) = [ sty sl + v+ i)l = 00.0) = @ (0,)
(233)
with
kp dq
@) = / ooy o los(EL + Y /g +in) = (234)

Now, I aim to expand this function in %, as & = o/ — w' with o/ = &((w')?). Then I
will exploit this by [1]

F(g,n) = / dgq"log(q) = ¢"** <1Og(q) 1

n+1l (n+1

)2) +C. (235)

Someone might conceivably object here, that this way of inserting the integrated function
is unfeasible because of the logarithm’s branch-cut. However, such an objection is
overly doubtful as a geometric argument explains: The logarithm has a branch cut
along the negative real axis. The integral contour goes from the origin to kr € R,
which is perfectly parallel. As the logarithm has a positive infinitesimal it is at the

82



correct branch for this integral formula to hold.

L _m ke dg q :
= ()2 1 4 o OBUEL T /g )

= ok /kF OO (_6((])&}‘}‘O/> log(:l:l + w/q + i?])

B c:?k; z—:o ((;1))71 /OkF (;Tq)gq (e(q) + )" log(£1 + ¢ /q + in)

- (27r7)zw’k: i (2(7;2; /okp dqq (¢” +2ma’) " log(+1 + /g + in)
m > (=) &

C(27m)2wk nzzo (2mw’ )" ;}(27710/)”7’ <p> /0 dqq** log(+1 + ¢ /q + in)
(236)

I use, that I can multiply the log by any positive constant, such as ¢ and now the ways
of & split. For &, I substitute p =1 +¢q

¢ (2mw’) o D

kp+y
x /w dp(p — 1) log(p + in)

m o) n n n 2p+1 2p+1 .
- (2m)2W'k = Z 2mw ”pz_;) (2ma’)” (p) [IZ::') ( q ><—?/1) .
kp+
x /w ™ dpp+1-110g(p)
_ m — (_1)n = nn—p [T EaS 2p+1 q
C(27)2w'k nz:‘f) (2mw" )™ ;)(2ma) (p) qz:') ( q ><—¢) -
X (F(kp+1,2p+1—q) = F¥,2p+1—q)). (237)
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For ®_ I substitute p = —q + ¢, use 2p + 1 is odd,

(0, 9) = (27r§r2lw’k 530 (2(7:113’7;” zi:()@ma,)n_p <Z> 8
—kp+i
x [ dplp = v log(p + in)
P
o D Sy (M) S (22T e
n (27r)2w’k7;) (2mw’)" ;::0@ ) <p> q:zo < q >( 2
. /wmw dpp™ ™~ 1og(p)
_oom s DY SR e (0 v lp 1),
a (27r)2w’/<;nZ::0 (2mw’ )" pz:;)@ ) <p> qzzg) < q >( 2
X (F(=kr+v,2p+1-¢q) = F(¢,2p+1-4q)). (238)

which boils down to

n=0 (Qmw/>n p=0 q=0 q

X (Flkp+v,2p4+1—¢q)— F(Y—kp,2p+1—4q)).
(239)

this is already all I need for I3, where I truncate n at a certain value (here n = 8) for
reasonable accuracy and limited execution time. For /5 the only missing thing now is

Cla, ).

mm o [kF o dg

Clan ) = 2mq Jo  (2m)? e(CI)q+ o /_11 dwo(w + ¢ /a)bler = e(a) +p) (240)
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where I have used the ¢ function.

im [kr
Cla,y) = 370 b dqe(q) n ~0(a — [¥))8(er — (@) +p)
_am A q
"¢ Melg) v a
_am Ad q
©2nw'q I q1 + (Q)+“
. o 1 “
S el RUCORSON

= > ! / dl (I + 2ma’)"

drw'q = (—2mw’)"

m
o>

:47rqu ¢ (—2mw’)"

(2ma’)" P / dlP

)
( ) (2ma’)” (f A VX”“). (241)

p+1

>
- dmw'q nz‘; —2muw’)" pX_%)

B.3.4. Error estimation for ® and L

In the following, I will argue why the error of the vertex correction to the polarizability
is negligible. Therefore I will show that the error of ® and L, that compose I, and I3
are negligible compared to I.

The integrals are then L(a,¢) = ®(a, 1) + C(a,1). Now for @ I have

(e, ¥) = 4 (e, ) = @7(0472/1)

kr
@) = - / : q) _log(q + ¢ + i0) (242)
Then, the approximated function is F(z) = 37, so that | R, (z)] < % and our z
is |o| = |t} < e ﬁ!ﬁl‘ = Z(w’). The estimate becomes

~n+1 kr
_am) < m T / q .
D (a,0) — B <a,w>|_]w,k(1 2 pptos(Ea +i 0

_ ’f)
mk% fn—i—l
= @r)2wk (1 — )2

(r -+ log(Jke] + |¢|>>|' (243)

The only integral that I have to calculate now is C(a, v).

im A q

— dg———— 244
21k Jx qe(q)+a (244)

Clo, ) =
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and 0 < A < A <kp. Then

mk‘% :’E\nJrl

Arkw’ (1 —7)?

and the same ¥ as for ®,.. Comparing [;’s error and I5’s or I3’s el"I"OIE] yields now,
that the error for the vertex correction has the leading term of g*A(7?) where A(f)
means the error of f. Then ¢?A(I?) = 2¢g*I; A, which is negligibly small compared
to the error of I; and is therefore neglected.

B.3.5. Calculation

k w

912F1 = Z/ d(k;:;lD(w — wl)Go(kl + §7W1 + %)Go(k’l —
To perform the w; integration, I can read of the poles from the definition of the
propagators. I aim to push all poles to one side of the contour by Eq.. By the
residue theorem, a contour that does not contain any poles in a complex plane is zero.
As the integrand of our integral vanishes, I can, without mistake, add the arcbow to
the contour (which is zero) and use holomorphy. With these definitions in advance,
the wy integration can be performed. I define

Ws1 =W — Wph (247)

ws2 = W + wpy (248)
k w

wss = €(ky + 5) D) (249)
k w

Wsa = E(kil — 5) + 5 (250)

and write the vertex as
LF o / dkldwl 1 1
2t (2m)% Ywy — (wez — i) wy — (we1 4 in)

1 1

wy — (w3 — iOlir%) wy — (wsa — i()kr%)

= (%) (251)

"The errors of these terms are smaller, because they are expanded three orders more.
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Now, as explained, I use Eq.(73).

dkqdw , 1 1
= — 20 (wy — wy ‘ ,
(*) / (271')4 w3 (Wl W 71)@}1 _ (Ws,S — ZO]{;1+%) Wy — (ws,él — Zoklfg)
/dk:ldwl 1 1 1 y
2m)* “wy — (ws2 — i) wi — (ws1 — M) wy — (Ws3 — iOkﬁ%)
" 1
w1 — (w374 — Zokl_g)
dkldwl . 1 1
= — 2mi0(wy — Wy - :
/ (2m)4 (@ ’1)w1 — (ws3 — zOlir%) wy — (wsa — zOkﬁ%)
/dkldwl 1 B 1 1
2m)* “wy — (ws2 — i) wi — (ws1 — M) wy — (Wsa — iOkh%)
27Ti9<€p - 6(]61 + %))5((4)1 - Ws,3)
/dkldwl 1 1 1 y
(2m)t T — (ws2 — i) w1 — (Wer — 1) w1 — (Wsg — 1)
1
X ;
wy — (wsa — zOkl_g)
dk’ldwl . 1 1
= — 210 (wy — wy . .
/ (2m)4 (@ ’1)w1 — (ws3 — 20k1+%) wy — (wsa — zOkl_g)
/dkldwl 1 1 211 y
(2m)* “wy — (ws2 — i) wi — (ws1 — M) wy — (Wsa — iO,ﬂf%)
X 9(617 — 6(/{31 + %))5((«01 - ws,3>
/dk:ldwl 1 1 21 y
(2m)* twr = (wep —in) w1 — (Ws1 — )" w1 — (ws3 — 1)
k
X O(wy — (wsa)0(er — €(ky — 5)) (252)
Now, I carry out the w; integrations.
E _ / dkq B 1 1
g2 (27?)3 W1 — Ws3 + i0k1+§ Ws1 — Wsa T Z'Oklfg
N 1 B 1 0(kp — k1 + £|)
WS,S - ws,2 + “7 Ws3 — Ws,1 + “7 Ws3 — Ws 4 + iokl_g

.\ ( 1 - 1 ) O(kp — |k — %I)}' (253)

Wsa — Weo +11) Wsa — We1 +11)) Wea — Ws3+ 17

Now, T define each line of Eq. (253) to be an integral I3, 5, Is. Note, that the w
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integration for GGT in terms of two k-integrations is simple.

The integral I Recall the integrals from above. I define

K(r,0,p) = / dq ! Q(kF — |q4—|— §|> (254)
(2m)*e(q+5) +7+0 =W Lt p iy
with wy, = wpn — 47 and note that then
I = K(—%, —wh, —w) — K(—%,w;h, —w) (255)
A shift ¢ — g — g and two definitions o := 7+ 0 — W', Y =T (p — %) lead to
K““mzamw:/éﬁ%@iaﬁﬁﬁiﬂ;# (256)

I switch to spherical coordinates and rotate the sphere, such that £ o< e,. Then

¥ k/ —|—a/1 THY/q+ ik (257)

and with Eq. (192))

(00) = 5 [ sz i o1+ /g — in) = og(—1 + /g — )

+2mi{0(k — kp — q) +0(q — kr — k))0(—(1 +v/q))
+0(q+kr—Fk)0(qg+k—Ekp)d(kp+k—q)0(—(/q+ x0))
—0(g+k—kr)0(1—v¢/q)}} (258)

Note that there might be a pole close to the real axis in [0, kp] at gs = v/—2ma. The

first line of L I call L;. I perform the transform & = ? and denote {g/p = q‘ST/‘F

. B Er
1(€s, &, ) = k/ (5 €s £+§s>

x {log(§ +sgn(y) —in) — log(—& + sgn(v) —in)}
(259)

To simplify the calculation I note that the cases ¥ > 0 and ¢ < 0 give the exact
opposite results, with one single difference:

log(§ + 1 —in)—log(—& + 1 —in) +log(§ — 1 —in) — log(—¢§ — 1 —in)
= 2mif(¢ — 1). (260)
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The whole result takes the form sgn(¢)F + 0(—¢)C, with F' = Ly(&s,&r, |¢]) and
C =205 — 1) (log(ér — &) — log(—&s) + log(&r + &s) — log(£s)).

Case 1 : Assume g is not near the real axis, then

1
Er, log(¢ +1) —log(—&¢+1—1
L el =" [ e (g + e ) Uowle+ 1) —lon(—e + 1 in)
(261)
In the implementation, I use for each logarithm a function Fi(a) = [¢F (;f)z era log(§ £

1 —40) Where the first logarithm yields, with suppressed prefactor (27T)

. (Ert1 Er+1 . (Ert1
Li, <£S+1>+log(§p+1)log<1—§S+1>+L12<1_£S>

Er+1 . 1 ) 1
+10g(§F+1)10g<1— 1—§s> — Lis <§S+1> — Li, <1_§S>. (262)

k

Case 2 is more delicate in one special case: If £ < 1, the phase only of the &g
survives. For this case, the result is

. (1—=&F 1-¢&p . (1—&F
L12<1—§5>+10g(1_§F>10g<1_1—§S>+L12<§S+1>
+log (1 — &p) log (1— 1_€F> — Liy (1—1§s> — Ly <§s:—1> (263)

§s+1
For £ > 1 1 get rid off the logarithmic infinitesimal by noting that

log(—=¢+ 1 —in) =log |1 — & —imf(§ — 1) (264)
and obtain

— i [log(§r — €s) — log(1 — &s) + log(§p + &) — log(1 + &s)] 0(§r — 1)

1 1 1 1
_Li2<1—§s> — Lis <§5+1> + Li, (?;_1) +log(§F—1)log<1—§:_1>

+L12<5F_1>+1og(£p—1)1og<1— 5F_1> (265)
- g1
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which means, the polylogarithm stay as they have been before. The final result for the
second integral becomes

—im [log({r — &s) — log(1 — &s) + log(§p + &) — log(1 +&s)] 0(§r — 1)

— Lis <1—1§s> — Li, (fsi—1> + Li, (Z 1)%—log|§F—1|log <1—§ :i)

o Sr—1 §r—1
+L12<_§S 1)—Hog|€F—1|log<1— 5_1> (266)

with £z € R. Then the full integral L, is

L1<§s,§F,w>:”@k > sgnW){log'l—fF'( 1°g<a+&>>

(27‘- a€xls +1

+log ({p + 1) log ( @t gF)

1
C(érp+1 (1 —¢&p

+L12<1—a> _L12<a+1>

+in0({p — 1) (log(ér — a) — log(—a))}. (267)

The 0 functions now yield the following extra term

Z {0(—=v)(log(m + a) —log(a)) + (log(ys + a) — log(y2 +a))}
a€:|:§

(268)

with N = IIlE}X(l’I}lIl(é - fF? £F7 1)7 0)7 T2 = min(éF? ma}(%(\/a)v |é - £F|7 0)))7 ¢ -
&b — 2sgn(¥)€ — €% and 3 = min({p, max(sgn(t), {r — &, 0)).
I3 is now simple, and left to the interested reader.

B.3.6. Validation

At first, I have tested the calculated integrals against their numerical counterparts and
the results can be found in Tab. [l
Then, I tested the asymptotic expansions of all the participarting integrals, see Figs.

35 and 361

Then, I tested whether the integrands and integrals for the vertex converge against
each other, if ¢ — 0. These tests are illustrated in Figs[37] [38 and

B.4. Plasmon peaks

The plasmon peaks have been converged for ep = 2eV, g = 100meV, wy, = 60meV,
m = 0.2. Then, I have plotted below the peaks first for multiple values of 1 and then
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Figure 35: Convergence of the integrals I (first row), I3 (second row) and L (third

row) against their asymptotic expectation. To the left the convergence for
positive frequencies is shown, to the right, the convergence with respect to
negative frequencies. The plots show subtraction up to order w=%5. With
the getScaling procedure see Sec. [C|I have then calculated the exponents
of the differences, see Tab. [2 The parameters for this calculation are
g = 100meV, wpp = 100meV and m = 0.2, k = kp.
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Table 2: The leading exponents for the integrals I; and I3 subtracted by the approxi-
mation for large |w’|, positive or negative w’. The measurements have been
made in regions, where the approximation is not everywhere accurate to
double precision. The values for the approximation to order 8 do not fit the
expectation, because at double precision the scaling cannot be shown with the
computer anymore. "o.a." stands for "order of approximation", which means

for o.a. n that the exponent should be equal to —n — %

Description Exponent
For positive ', I, with o.a. 8 | -3.9542.
For negative ', I, with o.a. 8 | -3.7477.
For positive w’, I3 with o.a. 8 | -3.9823.
For negative ', I3 with o.a. 8 | -4.476.
For positive w’, L with o.a. 8 | -3.4898.
For negative w’, L with o.a. 8 | -3.4898.

Table 3: The leading exponents for the integrals I'; and I;I'; subtracted by the ap-
proximation for large |w’|, positive or negative w’. The measurements have
been made in regions, where the approximation is not everywhere accurate to
double precision. The values for the approximation to order 8 do not fit the
expectation, because at double precision the scaling cannot be shown with the
computer anymore. "o.a." stands for "order of approximation", which means

for o.a. n that the exponent should be equal to —n — %

Description Exponent
For positive w’, I'; with o.a. 5 -4.5059.
For negative ', I'y with o.a. 5 -4.3828.
For positive w’, I1T'; with o.a. 5 -3.4742.
For negative «’, I;I'; with o.a. 5 -3.4875.
For positive w’ with self-energy, 1Ty with o.a. 5 | -3.5265.
For negative ', with self-energy, [;I'; with o.a. 5 | -3.4898.
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Figure 36: Convergence of the integrals 'y (first row), I'T'; (second row) and I{T

(second row) against their asymptotic expectation, b stands for bare, without
self-energy correction, d for dressed. To the left the convergence for positive
frequencies is shown, to the right, the convergence with respect to negative
frequencies. The plots show subtraction up to order w=%° With the
getScaling procedure see Sec. [C]I have then calculated the exponents
of the differences, see Tab. [3] The parameters for this calculation are
g = 100meV, wpp = 100meV and m = 0.2, k = kp.
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Figure 37:

Figure 38:
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Difference between the kernels of the integral for the vertex correction
(dressed and undressed) for a random value (k,w,w’), with ¢ — 0. The
scaling is g*, as was expected. The measurement with getScaling gives
the exponent -4.02. The parameters for this calculation are wy, = 100meV
and m = 0.2, k = kp.
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Difference between the kernel of the integral for the vertex correction for a
random value (k,w,w’), with g — 0. To make both curves visible, one has
been shifted by a constant value. The parameters for this calculation are
wph = 100meV and m = 0.2, k = kp.
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Figure 39: Difference between the vertex correction, with and without self-energy in
K, for a random value (k,w), with ¢ — 0. To make both curves visible, one
has been shifted by a constant value. The parameters for this calculation
are g = 10meV, wp, = 100meV and m = 0.2, k = kp.

of the grid density. The results for the lifetime are also given below and seem well
converged, see Figs. [40] and [41]
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Figure 40: Plasmon peaks in loss function for different values of the broadening 7, with
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values clockwise from the upper right 6 x 1071%, 4 x 1071%, 4 x 10~* and
107'2 with a resolution of 4 x 10~*w,;. The parameters for this calculation
are g = 10meV, wy, = 100meV and m = 0.2, k = 0.2kp.
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Figure 41: Plasmon peaks in loss function with n = 10712 for different grid densities of

resolution of 1 X 10™%wy,y, 2 x 107%w,,; and 4 x 10~ *w, . The results for the
plasmon lifetimes are all about 170fs. The parameters for this calculation
are g = 10meV, wy, = 100meV and m = 0.2, k = 0.2kp.
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C. Implementation details

In the following I will sketch the software implementation for my master thesis. The
system consists of more than 200 scripts with over 11000 lines of code (6th of march 2019),
for the calculations, validations and plots (pls notify me if you want the implementation:
"huebner@physik.hu-berlin.de"). To calculate the impact of electron-phonon coupling
on the spectral function and polarizability of the free electron gas, I have calculated the
Fan-Migdal self energy, the kernel of the polarizability and the vertex function of the
interacting electron-phonon system to second order in the interaction and implemented
these functions, their expansions for large w’ and the other methods, explained in this
text, in Matlab R2018b.

The implementation falls into three parts: the library functions, the self-energy and
the vertex function. The validation procedures are also implemented and their results
are found in Sec[Bl above.

C.1. Library

The library has the following purposes,
e Read the parameters of the electron gas,

e support the methods explained in this text, such as fixing the renormalization
condition,

e compute necessary functions, such as the dilogarithm,
e convert units,
e provide interfaces to run all necessary calculations,

e compute the observables from the polarizability and the spectral density, such as
the spectral density and plasmon lifetimes

e and call all tests of the system.

With this, it simplifies the programming task and supports the implementation of the
other elements.

There are the following functions in the package. The Lindhard function for the free
electron gas is computed according to Ref. [26]. The functions that can be measured
by spectroscopy are computed, namely the loss function from EEL spectroscopy

L =S (269)

the spectral density

S = Z3(G™) (270)

N | =
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the absorption function
A=S(e) (271)

and the dielectric function

4
e=1-—xo. (272)
¢

Another important function is the dilogarithm Li;. As MatLab’s routine dilog,
is slower, I used a routine, made by Didier Clamond, that is in my code called
canonicalDilogarithm. It transforms the dilogarithm into the Debye function and
applies the rational approximation (that is exact within machine precision) [404|72].

Next to this, I implemented the routine fixPolarizabilityAsymptotics to capture
the constant that is introduced during the renormalization procedure, c. I extract the
constant by evaluating the function of interest, the polarizability x, for large frequencies.
The values of the function are then used in a fitting procedure: I assume a form of the
polarizability, motivated by the f-sum rule

(g, w)+c=c+a_sy(qQw?+ Ow™). (273)

Then, T define my test functions to be fi(w) = 1 and fy(w) = w2 I compute
the functions at the frequencies at which y was evaluated to determine c¢. These
"correlations" are put into the correlation matrix X. Then, I perform a singular value
decomposition of the correlation matrix. The left-singular matrix U then enables
us, to compute the standard deviation of the shift at each momentum: The error is
proportional to the root mean square error of the fit. This is, when y is approximated
as X(w,q;) = ¢+ a_s(q)w™?

N |=

1 n
RMSE(q (n > Ix(wig) — X wz,q)|2> : (274)
Now, we have

X(w,q) = X(w,q) = (1 = UU")x(w,q) (275)

with x interpreted as a vector with an entry per frequency. Then, the error of ¢ can be
calculated for this momentum:

Ac(q) = [|U:1]|:RMSE(q) (276)

where U, is the first column of U and || e ||2 is the euclidean norm. ¢, which is ¢
independent, can be calculated for each momentum

c(q) = Vi 'U'x(q,w) (277)
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with V' the right-singular matrix of X and ¥ the diagonal matrix that contains the
singular values of X. The averaged shift is computed via Gauss propagation of
uncertainty

_ 1 c(q)
© = S Adg) ? & Belq)

Ao (; Ac(q)_2> e (278)

Then, the polarizability is corrected by ¢, and the routine warns, if the uncertainty Ac
is larger than the predefined relative tolerance of the system. Additionally the routine
tests, if the coefficient av_5(q) meets the expectation from the f-sum rule.

To test whether the expansions of g(z,y) in 7!, that are calculated by Mathematica,
are accurate, I assume that the subtracted function scales like

9(z,y) — gnlz,y) oc 2™ (279)

with 5 € Q. To obtain f3, that should be linear in n, I use that for k(z) = a_,a™7" +
O(z77=%), (a_, and d > 0)

,_ dlog|k(z)|

dlog(x) (280)

This formula is implemented in the routine getScaling, which also includes an error
estimation: The routine uses N calculations of k(x) on a manifold of points for z > 0
or v < 0. The differential quotient, that approximates the derivative in Eq.,
obtains then N — 1 values for 7. I assume then a Gaussian distribution of the values
of v and by this obtain a standard deviation of the distribution.

If this standard deviation is larger than 1, it usually hints at that the subtraction
leads to double precision errors in the result. In this case, I will test, whether the
relative error of our approximation of ¢ is of the order of the machine precision. If the
error is not of this order, the routine returns a warning.

C.2. Self-energy
The tasks of this part are

e Compute the Fan-Migdal approximation to the electron-phonon self energy in
jellium,

e the self-energy corrected polarizability and
e the effects of satellites in the spectral function on the polarizability.

The corrected polarizability needs a correction term to be extrapolated accurately.
The reasoning and error calculation have been presented in Sec. [B.2.4] The correction
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Figure 42: Workflows to calculate the polarizability yp and it’s vertex correction Ay.

terms stem now from the expansion of the integral 1, that is the kernel of the corrected
polarizability xp:

. (281)
23/2 / J(uw)e(q)
TR = S
[ aim to compute correction terms, that are
o duw’
J(A :/ bl (OFRYIN 282
()= | S W)le (282)

where I(™ is the function that I; — I\ = @(w="*). To find I\"™ I expand the
squareroot in the representation of I; to order n. For the convergence discussions see
Sec. [B.2.4] Then, the expanded integrand is a polynomial in f(u). The integral in u
can be solved exactly. To solve it, I have implemented the procedure in Mathematica
11.1 and use the ToMatlab package, by Harri Ojanenﬂ to convert the resulting
expressions to MatLab executables. The resulting functions 1™ and their integrals
cn(A) are then tested by the getScaling routine to meet the defining condition
I — If") =0 (w*(“%)). Then the correction terms, that are calculated analytically,
are compared to the numerical integrals over I f") -1 fo). Note that, in the case of the
corrected polarizability, the function f(u) depends on the Fan-Migdal self energy, and
so Y\ has to be expanded in — as well. The integral for the polarizability is then

A dw!
xo(g:w) = | S(g,w,0) + ea(A) + Eu(=A) + O(ATH), (283)
Finally the corrected polarizability is adjusted by fixPolarizabilityAsymptotics,
so that x(g,00) = 0.
The procedure to calculate the polarizability is depicted in Fig. and applies also
to the vertex correction.

18Gee http://library.wolfram.com/infocenter/MathSource/577/, called 10" of march, 2019,
12:15:37.
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C.3. The vertex correction

The main purposes of the vertex part are
e the computation of the vertex function
e and of the vertex correction to the polarizability.

Additionally I have tested the vertex function for its monodromy and calculated the
average of the vertex correction around the Fermi surface. This might, in a later work,
help to find approximations for ab initio calculations.

To compute the integrals correctly, I needed to expand the integrals I, and I3 for large
w’. The expansions of these function have then again been tested with getScaling.
The correction terms for the vertex function are calculated numerically only, as their
components have been tested in-depth before. The function finally needs to be corrected
by a constant, using fixPolarizabilityAsymptotics.

To test the monodromy, I have calculated |T'y(q,w,w’)| for &~ 10° points in the
box ¢ € [0,3kp], w € [0,2¢p]| and W' € [—5ep, bep] and have looked for sharp local
peaks of the function, that may indicate branch cut divergences. The divergences may
correspond to elementary excitations of the system, as explained in Sec[3.2]

C.4. Additional tests for the integrals

Additionally, T tested the calculated integrals against their integral representation
numerically. This has been done for thousand random sets of input parameters for
each integral. The maximum relative error can be seen in Tab. [ These tests have
been carried out for all my integrals: Iy, I, I3, L, L1, K,I'1,0,Xr, XpMm.

To make sure that the integrals (that have been calculated pointwise above) are also
calculated correctly if parallelized, I have checked their serialized versions against their
parallelized results. These results you can see in the Tab. [5

The correction terms to my integrals [{° g,(z)dx = ¢, can be obtained analytically
(and have been, with Mathematica), and are tested against their integral representations.
The results you can see in Tab. [0

The reader is welcomed to ask for a copy of the package. Write to the e-mail:
"huebner@physik.hu-berlin.de".
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Table 4: Maximum relative error of the calculated integrals in this work with respect
to their integral representations. Both values have been evaluated numerically
for thousand random sets of input parameters for each integral. This table
also includes subintegrals of the integrals shown in the text: Fj, Fy, BI™ and

BEM.

Output Relative Error
Integral I; for two real input frequencies 3.89x1078
Integral I; for one real input frequency 1.43x1078
Integral I; for two complex input frequencies 9.46x10~1
Integral I; interface for two complex input frequencies | 2.56x 1013
Integral I, 6.71x107"
Integral I3 2.93x1078
Integral F} 3.97x10~ 1
Integral F, 6.05x107°
Integral L, 7.66x107Y
Integral L 5.09x1077
Integral M 8.15x107Y
YEM 1.18x107°
YR 4.31x10716
o function 1.17x10~%
Integral By™ 1.17x1071
Integral By ™ 2.91x1071°
Li, 2.22x10716
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Table 5: The integrals implementations are tested in serialized and parallelized fashion,
for vector and matrix inputs in all input parameters, are compared here (1000
calculations per test, or table row). I{ means the implementation of I; for
complex input frequencies. Therefore, I expect the implementation to work
well, as the integrals have been tested in the pointwise form in Sec. [Bl "p.w."
stands for "parallelized with respect to".

Description Error
Integral I, p.w. k
Integral I; p.w. w
Integral [; p.w. w
Integral I; p.w. all inputs
Integral I{ p.w. k
Integral I{ p.w. w
Integral I{ p.w. w
Integral I{ p.w. all inputs
Integral M p.w. k
Integral M p.w. w
Integral M p.w. w
Integral M p.w. all inputs
Integral Si p.w. first input
Integral Sg p.w. second input
Integral Sg p.w. third input
Integral Sg p.w. all inputs
Integral Ir p.w. first input
Integral Iz p.w. second input
Integral Ir p.w. all inputs
Integral L p.w. k

Integral L p.w. «

Integral L p.w. ¢

Integral L p.w. all inputs

Liy with vector input

/

!/

/

Liy with matrix input

'l pw. kand o'
I'y p.w. all inputs

(ev) Hew) Hew) Nen] Rev] Hev) Hev) oo Heo] Hov] Hev) Hen) Hen) N ool Hevl Rev] Hen) Heo) ool Hevl Hev) Hen) Hev) Heol Revl Ran) Nan)
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Table 6: Test of the analytically calculated corrections to the polarizability, compared
to their numerical integrals over (I m_r 1(0)) (x). The values to the left represent
relative errors, for different integration domains ([A, oo] and [—oo, —A]) with
and without self-energy corrected Green’s function.

Case Relative Error
For positive frequencies without self-energy | 2.3362x107%.
For negative frequencies without self-energy | 3.6119x107°.
For positive frequencies with self-energy 1.5082x 1077,
For negative frequencies with self-energy 1.4197x1078.
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