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1 Introduction

Solving quantum many-body problems is usually difficult. Instead, one often tries to find es-
sentially quantum mechanical models which mimic the original system. One of this models is
the single impurity Anderson model proposed for magnetic impurities.

One way to solve the Anderson model approximately is to map the system onto a chain while
preserving the impurity dynamics, thus getting an approximate chain representation of the
Hamiltonian and then to diagonalize this object. While this idea can be made more sophisti-
cated, it has one major disadvantage which we will consider in this thesis. The Anderson model
has a continuous spectrum, arising from the coupling to a non-interacting bath of fermions!.
However, in the process of iterative chain diagonalization, we necessarily approximate our sys-
tem by a set of coupled few-level systems, which have a discrete spectrum!

What can be done is to artificially broaden this spectrum. While this can work well it has
also serious shortcomings like the arbitrary nature of this broadening. There are some physi-
cal heuristics which serve as guidelines for how to broaden, but they do not lead to a unique
description.

Therefore we will follow in this thesis an approach proposed by Frithjof Anders[1], on which i
will rely through my hole thesis - to obtain an approximation to the spectrum of the system.
It relies on neglecting correlations between the bath and the impurity. This is a priori a severe
approximation and cannot rigorously be justified. However, correlations of an arbitrary high
order can be incorporated into the scheme by considering longer chains, so one can hope for
success. The corresponding algorithm will be explained and tested.

!Since it is non-interacting, we will effectively solve quantum mechanical problems.



2 The Anderson Model For Magnetic Impurities

In this Section the model which will be studied is introduced
In the following we will only consider fermionic systems. The structure of the Hamiltonian is

as following:
H=H" + H" + H*". (1)

Next we introduce spin—% annihilation operators, for the bath: {bx_1,} and for the impurity
f_1,, subject to canonical anticommutation relations:

{fnm f'rtv,u} = 6nm6l/,u; {bknm bgm“} = 5nm51/u5kq- (2)

The label ”v” shall label the spin-z-component, the label n denotes on which site we are, as
will become clearer later when we will consider a system with several sites. For now, we set all
labels n = m = —1, which is the label for the impurity site.
All other anticommutators are zero, and the anticommutator bracket {-,-} for operators A,B
is just given by

{A,B} = AB + BA.

We take as impurity Hamiltonian a spin—% system with a on-site interaction, parametrized by
a coupling U:

Himp — Hémp +V = Z 6_1filyf—lu + Unyny, (3)
v=m)

with the number operator n, = fjh,f_ll,.
The other parts of the Hamiltonian are a hybridization term between the bath and the impurity

HW =t 4y Metoble_yy fotw + e, 1= > el (4)
kv k

and the bath hamiltonian just describes a free band of conducting electrons:

H" =" bl k1o (5)
kv

In addition, we are free to choose ¢_; real and positive, since any phase could be absorbed into
the parameters \.
Since the impurity couples only to a linear combination of bath modes, sometimes called the
local bath operators, define

bt =Y Ntk (6)

k

This Hamiltonian has several symmetries we will exploit later; we will focus on two conserved
quantities: the total number of particles and the z-component of the spin operator. They are
given by

N = Z filaf—la + Z b:;—labq_la
a a



and
S, = Z « filaf—loz + Z qu_labq—la
@ q

These are constants of motion, since [H, S,| = [H, N] = 0, and since [N, S,] = 0, we can find a
simultaneous eigenbasis.



3 The Impurity Green’s Function

Here we derive equations for the one-particle retarded Green’s Function of the impurity. We
drop this index, since for just one sign, there is no disambiguity. It will occasionally appear if
a result is of importance for later sections.

A Green’s function for general fermionic operators A, B is defined by:

Gip(t —t') = —i0(t — ¢){{A, B})r, (7)

here (A)p = Tr{psA} denotes thermal averaging at inverse temperature’> 3 = =+ with the
Gibbs State

e~ PH sn
ps = Z=Tr{e M}, ®)
In particular, for the impurity:

Since for a Hamiltonian as in Eq.(1) it is in general impossible to obtain the exact eigenstates,
we will instead derive differential equations connecting different Green’s functions.

3.1 Derivation of the Equations of Motion
We start by differentiating Eq.(9) w.r.t. time.

i0hGT (1) = (300t =) ({fo(t), L))+

ord}
Ds—tr) Sup
—i0(t — ) {10 fo (1)), ST 1, () D, (10)
——
D1, m11(t)

where at (1) we used the Heisenberg equations of motion for not explicitely time-dependent
operators

i0,A(t) = [A(t), H()],

with the commutator bracket
[A, B] = AB — BA.

Due to Eq.(2) and the identity
[A, BC| = {A,B}C — B{A,C},

we can compute the equal-time-commutator appearing in Eq.(10):

[f-1v, H] = ef, +tb, — Ud(v).

2we work in units were kg = h = 1



Inserting this result in Eq.(10), the ODE for the impurity Green’s Function reads:
i0,GE L (t—t) =08,,0(t 1)+ egf g (t—t')+

= /\ltvngw,f;(t —t") +UD,,(t — 1),
k

foofh

where we defined
d(t) = frng; d(l) = fim;
Dyt —t) = Gy (£~ 1).
By similar steps one obtains:

z@tg qu(t—t)—ekg b S

We introduce the Fourier transformation of a function f:

FTI) = f( Je

with the infinitesimal 1 ensuring convergence, it will usually not explicitely be displayed; fur-
thermore we will usually denote the Fourier-transformed quantity by the same symbol as the
original function.

By this integral transform a non-closed system of algebraic equations for the impurity Green’s
Function emerges:

_ _ !
(=t + t/\kygfmfu(t t.

(0= GF (w) =0u+ tZ NGyt (@) + UDyu(w)

(= a)gl ;@) = gl ff< ) (1)

More generaly, for operators A, B and a generator of the dynamics H we can write the equations
of motion in Fourier base:

wGA p(w) = FTI{AC), BOW)(w) + Gl i p(w). (12)
The system of equations Eq.(11) can be simplified to

0
R o mn
gf—luyf_lu(w) T w—e1—2_1,(w) + UDypu(w), (13)

where we have defined

’Ak 11/‘ X

It_q|? Z i Yo (w). (14)
This object is called the bath belf—energy due to the fact that it shifts the pole of the Impurity
Green’s function - and, through its imaginary part, also regularizes it3. The underlying reason
for this is that the bath hamiltonian Eq.(5) is quadratic, so we can integrate its influence on
the impurity out and obtain an effectively quantum-mechanical system, which will no longer
possess a hamiltonian local in time.
It is worth stressing that ¥_;, appearing in Eq.(14) is not the full self-energy, since the inter-
action was not included.

3The impurity Green’s function fulfills an equation of the form 8,G%(t) o () and is thus a distribution.



3.2 Pertubative Solution

For now, we will go one step further in calculating Eq.(13) by searching for an equation for the
Green’s function D,,. For simplicity, we set v = u =7, and drop the label —1 labeling that
associates the operators with the impurity. Furthermore, we introduce the notation (A4, B),, =
GE,B(W)' Then Dy (w) = (frny, f;)w fulfills the equation:

(w— €= U)(frny, Do = () + torny, fDo + (S0 Do =t e (15)

We now assume that the bath is coupled only weakly to the impurity. This is, of course, a
serious approximation and it is employed only since this is in fact the approximation we will
mostly deal with in this thesis. This approximation treats the impurity exactly, while neglecting
correlations with the bath.

This simplifies the above quantities:

(brny, f)w = (07 (b1, ) — (Flon) 1 (f10 e
(Frf o, D = =Dy, fDu + b7 (Fr e
(0] fu Do = GLFOT (s FDw = O 2 (Frs D)

We could calculate from here, but in fact we will approximate further. Until now, the thermal
expectation value (-)7 was taken w.r.t. the full hamiltonian Eq.(1). Instead, we will now take it
w.r.t. only the impurity hamiltonian Eq.(3), and we will take the limit of 7' — 0. The latter is
not necessary, but simplifies the analysis and furthermore will be the case studied throughout
this thesis. With these approximations and convenient choices, our thermal averaging is just
given by

e =5 3 Tr{puaL

YeGS

where P is the projector onto the state 1 and ¢ € G'S should denote that we sum over the
ground state, which may be degenerate with degeneracy #.
It follows that the only non-vanishing object is

t(byny, o ~ (n)rt(br, o = ()15 @) (Fr e

All other expectation values remain zero, since the thermal averaging is only taken w.r.t. the
impurity hamiltonian, so not only the total number of particles, but also the number of particles
in each of the subsystems has to be constant*. Additionally, every expectation value of a spin-
changing operator will vanish, since we have simultaneous eigenstates of H and 5,.
Therefore, we have to solve:

(S ((ﬁif%)) = ()

4This is because the impurity number operator N*™P = > o Na commutes with the impurity hamiltonian.




The solution has the following form:

)T
—e_1—-U
w—e1—Yop(w) (1 + %)

(fr D = (16)

this functions has two very distinct appearance, depending on the ground state degeneracy.

e there is a degenerate ground state: this happens if U >0 > e¢_1; and U > —e_1. We will
investigate its properties later in Section 6.3.

e there is a unique ground state: this is in all other cases. Here, we can simplify Eq.(16),
since (n)r € {0,1}, to

1
w—e1—Yap(w) — Ulny)r

(ft: D =

This means that at this level of the approximation, the only effect of the interaction is
to shift the pole of the Green’s function, if the state with one spin-down particle has the
lowest eigenlevel.



4 Mapping Onto Semi-Infinite Chain

In principle we could try to solve Eq.(1), and there may be cases, where it is possible to obtain
exact solutions, in fact we will later do one simple case. But for the general case, there is not
much to hope. In the following section we will describe a method to replace our system by one
better suited for numerical analysis, called Wilson chains, by a method proposed by Frithjof
Anders.

Therefore, we start with an new Hamiltonian, having exactly the form of a resonant level mode.
We will introduce new fermionic annihilation operators {byoy }x,, which annihilate particles in a
2nd bath a priori unrelated to the first one, but subject to canonical anticommutation relations,
furthermore define

fOl/ = b—ll/-

We choose the Hamiltonian to be:

Hbath = Z €kbk0,,bk0u + Z EOVnyfOV + Z tOVb()nyl/ + h.c. )

Z Ak()z/kalfa : (17)

To fix the canonical normalization for the anticommutation relations for the bg,, we have to
impose 1 = Y, |Akov|®. Note further that the local bath operators b_1, = fo, appear in this
expression, which will provide the link to our original system.

Set the new on-site-energy to be

= calha 1l (18)

q

This follows if we require that the one-particle excitation has the same energy w.r.t. the new
and the old bath Hamiltonian:

! a
=<fJVQ €0.f3 fou F&, Mo = (5,0, HY ™ £1, Q)0 = (b1, Q, HYM | Q)1 =
11/Q Zekbk bk lub D)1=

= /\r_1u/\q—1u€k<bk—1ubr_1yQabk—lubg_mm—l =
r.k,q

= e
k

At the edges there are subscripts ”—1" respectively 70", to indicate that these are the scalar
products in the Hilbert space associated to the system sketched in Figure 1 a) and b) re-
spectively. Furthermore 2 denotes the Fock vacuum, i.e. is annihilated by all annihilation
operators.

We will restrict to the case that the bath couples equally to both spins, thus we will drop
the spin-labels in the following. The formulas are not changed much if we would not do this,

=0k 2 =6kq$

10



since the spinorial part decouples from the dynamics for our non-interacting bath Hamiltonian,
which has precisely the form of a resonant level mode.
We can now repeat the calculation leading us to Eq.(13), receiving

oy
Qﬁ il (w) = § [T UPu(), "
1vsJ 1, W —€-1— m

where
So(w) = [to|* ) jL“”'2 : (20)
" W — €k

If we require that Eq.(13) and Eq.(19) agree, then it follows that

[t ]?
2_1((,0) '

Yow) =w — € —

Our previous formulae allow a direct way for the computation of the on-site energy with aid of
the self-energy, which will be useful in numerical implementation.

1 5 14 1 |Ak—1]?
- x _ _—_’ (@3 A= —
e /dww\s{E_l(w in)}t = /dww\s{ E —in ("

Kk
2 2 (18)
= /dwa\/\kll (w—ex) = Z’)\k—1’ €k = €o,
k k
where the relation xjin = P% + imd(x), with P the Cauchy principal value, was used for a

positive infinitesimal 7; and S is the imaginary part. We can also compute |tg|? out of Xo:
1 ) (20) (?7)
> [ dentsae - i) 2 P X ol ol
T k

Starting from one impurity and a bath, we have deformed our system into one impurity,
one additional site and a bath, which can be deformed again, iteratively, as sketched in Figure
1. We do so by recursions for the parameters ¢,, €, and ¥,. This also gives the hybridization
constants, which we need for recursively defining new operators, by

€q+9o

1 . ;
Aan = T2 ) €q—0 dS{Zn(e i)}

So in each step, new operators

anrlz/ = Z >\1*<n+1bkn+11/a 1= Z |)‘kn+1|23 bm/ = fn+11/ (21)
k k

are introduced, and also operators for the new reservoir.
Let us fix the recursion relations: for this assume that we have constructed a chain from site

11



/ \
ah |
a) ( -1 = b—l
A 4 J
\ Yy,
/ N\
am . am t |
b) | f—l Jr— fO e bo |
@ @
AN 4

/
c)w’f

L 4 <

LA r am L |
—for--t— b

Figure 1: Here the procedure of iteratively constructing a chain is sketched. Yellow circles stand for
sites, the larger empty circles are the baths, and the solid black lines are the hybridizations - over each
the corresponding hybridization constant is written. In each circle the associated operator is written,
but spin-indices are suppressed. a) describes the original system of one impurity, coupled to a bath. In
b) we have added one additional site, while in ¢) the situation is shown after n + 2 steps, where at the
dashed line intermediate sites are omitted in the picture.

12



—1 to site n already, so we know the quantities {¥y, ti, €x}r=—1,. n and the Hamiltonian H,,.
Then define the new on-site energy:

1

€nt1 = 7_(_‘tn|2

/dwwi‘s{Zn(w —an)}. (22)

The new self-energy:

£
D) = - i1~ 4 (23)
and the new hopping constant
2 1 o .
a2 =~ [ @SS 1w — i)} (24)
The iterated chain Hamiltonian is then given by
n n—1
H=)Y Hy+HP+> Y% +H" (25)
k=—1 k=—1
Hy=>> efl, fov. HP = abl b, H o =t > (fl o +he),  (26)
v kv v
H' =t (bl fow + D), (27)

v

and will generate the same impurity dynamics as Eq.(1). By reinserting all the parameters we
have obtained, we can give a representation of the self-energy as an iterated fraction:

2
Yoa(w) = = ol (28)

w — €g —
’ 12

|to]?
|tnfl‘2

w— €, — Lp(w)

W — €1 —

w— €y —

Ly

13



5 Lehmann-Representation Of The Spectral Function

We will now study a way to represent the spectral function in terms of its poles. The advantage
of this method is that it will give a way to approximately compute the spectral function also
for cases where the dynamics is not known - but this will not be done in this thesis.

In this section we will restrict to the case U = 0 and a special initial hybridization, in which
case the answer is known and will be calculated in this section. From Eq.(13) we can read off
that for U = 0 the spin degrees of freedom decouple and we can thus drop spinor indices.

5.1 Derivation Of The Lehmann-Representation For A Finite-Dimensional
System

Given such an Hamiltonian Eq.(25), we can cut off the terms connecting the last reservoir
coupling to chain site n Eq.(27). Now the bath decouples from the chain, so we can write down
an approximate Hamiltonian:

n n—1
hyb
Happros — Z Hy, + Z ka;ﬁl (29)
k=—1 k=—1

This is just a self-adjoint matrix and thus there is no substantial problem in diagonalizing it.
Hence assume we have diagonalized H,"""*, with Eigenvalues {Ek}k=1,.n and Eigenvectors
{vk }k=1,...n. We then introduce the so called Hubbard operators Xy; = |k) ® (/| with Projection
operators P, = Xy on the diagonal. In terms of these operators thermal averaging w.r.t. the
approximate Hamiltonian Eq.(29) is given by (A)r = >, e PETr{AP} = 3, e PEr(A)
with the matrix element (A)x = Tr{AX;;}. Then we can give after short computation an
exact expression for the approximated Green’s function:

gf e (t—t)| =—if(t —t){f1(t), 1 () =

n

= it — 1) S e PP (0), £ () s =

k

:—ie(t—t’)% e PE((fy () P () ant

7

+ (L )V P ())ew) =
> e PE () (fTL ()it

k.l
+ (Lo () =

, 1 - i
L it =) 5 D (e PP 4 PP (),
k,l

= —if(t—t)

N\H

where at (f) we used that |k)7 is a eigenvector of the Heisenberg dynamics, defined Ey,; = Ep—E)
and interchanged the summation indices k and 1 in the last term.

14



Taking the Fourier transform results in:

1

1
— E —BE —BE; 2

Now we introduce a new concept, the so called spectral function or spectral weight, associated
to every Green’s function in the following way:

. The normalization is chosen s.t. A fulfills a sum rule:

[ dwaiw) -

So for the impurity Green’s function we obtain:

A(w) gﬁhﬁl(w)

n n

S (e B e BN (foy )26 (B — w). (30)
k,l

N\Hﬁw

Eq.(30) is a so called Lehmann Representation of the spectral function®. A special case of the
formula derived above - which we will use for the rest of our numerical treatment - is the case
of zero temperature or § — oco. Then

e_Bngproz

e D

aEGS

where # is the degeneracy of the ground state and the sum is over the ground-subspace; so
finally Eq.(30) simplifies to:

=z Z > (- 1kal*6(Bra — @) + [(f-1)ak[*6(Bak — w)). (31)

n,T=0 k acGS

5.2 Exact Solution For Non-Interacting Resonant Level Mode

The quantum impurity model from Eq.(1) is in general already complicated enough to resist
attempts of solving it exactly analytically. So instead, since we focused on a toy model where
exact results can be obtained, called the non-interacting resonant level mode, we can get explicit
expressions for the Green’s functions and then compare them with numerical calculations, thus

>This is quite a general object and can also be defined for the unapproximated Green’s function - but there
the Gibbs state Eq.(8), which we used here, becomes more difficult due to the possibly continuous spectrum of
the Hamiltonian in this case, which may or may not make the analysis harder. Since we will not need the full,
infinitely-many-degrees-of-freedom case in this thesis, we just considered the easy case of finite dimensions with
a discrete spectrum of the Hamiltonian.

15



testing the algorithms. We want to make Eq.(13) explicit by computing Eq.(14) for a special
set of parameters. In the continuum limit, the self-energy can be written as:
Ak—1 |2 1
Yo (w—in) = |t_q1]? |—>t_2/d S
o= in) = a3 R el et
To go any further, we need to specify the hybridization. We choose the hybridization such that
p is box-shaped:

o(e) {% fore< D
6:

0 else

where D is the band width. In this case, we get for the selfenergy:

w—D—in)

. 1
Y (w—1in) = —]t_1]2§log (w—I—D—in (32)

5.3 Numerical Tests for Resonant Level Mode

In this section, we will implement the recursion defined in Eq.(22) - Eq.(25) numerically for
small chain lengths and the Resonant Level Mode solved in Eq.(32) . We will then arrive at
the problem of how to smooth a dirac comb, which is the motivation for the topic of my thesis.
In particular, in our studies, we start with a Bath Spectral Function as following:

1 forw<l1

AP (w) = { : (33)

0 else

from which we can deduce the self-energy by the Kramers-Kronig relation:
1 AB(W
Soaw) = [l [ ATy,
T) w—w —in

That done, we apply the steps Eq.(22) to Eq.(24) to obtain the chain parameters {ex, t; }k=—1,..n-
Next, by using Eq.(26) and Eq.(29), we can get an explicit expression for Hp"""** as a matrix
in the following way:

we define an one degree of freedom annihilation operator

0 0
-(1 o)
by which we defined (1, O)T as the one-degree-of-freedom operator corresponding to occupied
site and (0,1)" as the vector corresponding to an empty site.

For the chain Fock space operators we have to take into account the fact that we are dealing
with fermions, thus we want our states antisymmetric under exchange of particles. Therefore,

we define
1 0
z_(o _1>.

16



To be very explicit, we can now obtain the Fock operators by tensoring over the columns of
the following matrix:

1 1 1 d

1 1 d Z
o=|: : :

1 d Z Z

d Z Z Z

So, for example :
n

fa= ) (O,1.

k=-—1

For later convenience, we will also explain the representation of spin—% creation and annihilation

operator algebras as matrices by the same method. For that we define
Zy=1®72; 2, =7Z®1.
Here the 2x2-identity matrices were denoted by 1. Also, we introduce

dh=10d d =doZ

Consider
Zy Zy ... Zp dy
ZT ZT P dT ZJ/
OT = . )
Zy dy ... Z, 2|
v 2, ... Z, Z,

and similarily with all spins reversed for the spin down operators. As before, we take the tensor
product over the columns.

Now, since we gave meaning to all chain operators in Eq.(26), the Hamiltonian Hy""" "
of Eq.(29) is a very concrete self-adjoint matrix and we can therefore diagonalize it, feed the
resulting eigenvectors and eigenenergies into Eq.(31) and obtain thus an approximation to the
spectral function.

It is exactly at this point, that we have to employ some broadening to the spectral measure,
since otherwise we are describing a set of discrete states, not the thermodynamic limit. There
are many possible ways to do so, I convoluted it with a Lorentz peak:

52 1

Ls@) = == a5

(34)

The results are plotted in Figure 2. To be specific, the y-axis is the frequency w, and on the
x-axis, there is one the one hand the exact solution, obtained by plugging Eq.(32) into Eq.(13),

17



on the other hand the regularized spectral function (Lgs * A|n)(w),for n = k — 2 sites, where k is
the number of recursions displayed in the figure. The other parameter in the legend is exactly
the parameter § of our mollifier Ls.

It changes in Figure 2 from iteration to iteration, since it is related to the matrix element
|(f-1)ak|?, which has a peak structure as well, say at positions {r;};—1 a, then the broadening
parameter ¢ is given by

M
0= H72i21 " )

M (33)

Here, k is a number of order unity, which is chosen such that the singularities of Eq.(31)
disappear, but as close to one as possible.

In Figure 3, the parameter 6 was chosen constant, such that there are no peaks visible and as
small as possible. It is for these chain lengths not significantly better or worser.

The procedure outlined above serves as a good motivation for the procedure to come, for the
way it was done here, the computation of the approximate Green’s Function required three
mostly arbitrary choices, and while there are some heuristics for some of them, there are really
no derivations from first principles here. In the section to come, we will talk about a method
of systematically computing the broadened spectral functions, without invocating arbitrary
parameters.

Some remarks about the Figures itself: there seems to be an approach of the approximated
Spectral Functions to the exact result with increasing chain length, but it is not clear if there
is a convergence. The big problem here is that Lg * A‘n has only possibility to converge to the
true result if the chain length n — oo, which is not possible with a naive implementation of
the Hamiltonian (Eq.29), since the size of the resulting matrix scales as d"*2, where d is the
number of degrees of freedoms at one site, so 2”12 in our case.

18



Impurity Spectral Function For U = 0,ed = 0, £ - 1.000000e-01, kappa = 1.400000e+00
T T T T

——-Lorenzpeak

— = n=4recursions, defta =043679
——n=5recursions, defta=031276
- — — n=6recursions, defta=0.18705
! —n =7 recursions, defta=0.19335

Figure 2: The plotted Lorentz peak is the exact solution corresponding to the insertion of Eq.(32) into
Eq.(13), and then taking the imaginary part, A(w) = %Q? #t with the system parameters t2; = 0.1,
—1,

-1

U = e_; = 0. The other curves are approximated impurity spectral functions A(w) |n, given by Eq.(31),
plotted for n = 4,5,6,7, where the poles have been removed by convolution with Ls given in Eq.(34),
where delta is given for each of these curves in the legend, again all measured in units of the bandwidth.
The procedure for obtaining ¢ is described in Eq.(35). The approximated spectral functions do not
approximate the spectral function well. Nevertheless, there is a slight increase in the approximation for
increasing n; but we have to take an even-odd effect into account: for n odd, A(w) |n has poles symmetric

around zero - one can observe some traces of this for A(w)|7. This worsens the convergence further.
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Impurity Spectral Function For U= 0,ed = 0, £ = 1.000000e-01, defta = 2700000801
T T T T

——-Lorentz peak.

— — n=4recursions
n =5 recursions
» — — n=Brecursions
1 n =7 recursions

Figure 3: The plotted Lorentz peak is the exact solution corresponding to the insertion of Eq.(32) into

Eq.(13), and then taking the imaginary part, A(w) = \ygf f with the system parameters t2; = 0.1,
WA

U = e_1 = 0. The other curves are approximated impurity spectral functions A(w) ,,» given by Eq.(31),
plotted for n = 4,5,6,7, where the poles have been removed by convolution with Ls given in Eq.(34),
where delta is given for each of these curves in the title as § = 0.27, again all measured in units of the
bandwidth. It is chosen as the smallest constant such that there are no peaks visible even for the last
iteration. As in Figure 2, the convergence is obscure, resulting from the short chains. We see also that in
this method, were the broadening is not adapted to the chain length, the approximated spectral function
chane slower from one iteration to another, although it is not clear whether this is a disadvantage.
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6 Pertubative Treatment Of The Bath

In the chapter before, we faced some problems connected to the question how to obtain a
smooth function out of a discrete set of eigenenergies. In this section, we will - following again
Anders - try to give an answer.

Our strategy will be to not cut off the last bath, for it is responsible for the broadening.
Since we cannot solve the system exactly, this was the assumption, we will instead employ
an approximation for the influence of the bath on the chain. This turns out to suffice for a
physical broadening of the spectral function. The justification for the approximation is the very
reason we regarded a chain instead of the initial Hamiltonian: we assumed that the relevant
behaviour is already captured in the chain, so that the influence of the reservoir is small and
can be treated as a pertubation. In Section 3.2 we used exactly this approximation scheme to
obtain an expression for the Green’s Function in Eq.(16). In this section, we will make this
more general to incorporate higher correlators.

6.1 A Basis In Green’s Function Space

Assume we have a chain of length n, whose Hamiltonian was diagonalized simultaneously with
the number operator

n

.
D

k=—1 v

and the chain spin operator

with eigenvalues {Ey}, {Ni}, {sx} and eigenvectors {|N, s, E)}. N labeling the subspace with
N particles, s the label for the subspace with spin s and E a index to lift the remaining
degeneracy. This will only be important later, so for now exchange the two labels by just one,
say r, indexing all states.

Then the Hamiltonian can be written in terms of the Hubbard-Operators

Xrs = |r) ® (8],

where it is understood that these operators act trivially on the bath Fock space. As a result,
the diagonal operators X,, form a set of projection operators which sum up to the identity, as
we used before.

In the following we will choose our eigenvectors and operators such that the matrix elements
(fr)kr = Tr{ Xy far} are real®. To see how to write the Hamiltonian in terms of these opera-

5This can be done, since as we saw in Section 5.3, we can choose the Hamiltonian to be real symmetric, thus
having a orthonormal set of real eigenvectors.
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tors, we compute:

g (g ) ) ()

— Z (tnbLVXkl(fnu)kl +tnXlk(f:w)lkbnu> -
(kl);v

= Z tn(frw )i (waXkl - b"”Xlk> '

(kt);v

Note the minus sign in the 3" line which we obtained by anticommuting the fermionic operators
b and X. Their equal-time-anticommutators are equal to 0, due to the fact that X and b act
nontrivially only one the chain respectively the reservoir.

Our Hamiltonian reads:

H = ZE Xaa + Zekbknybknu + ) ta( )k (b v Xkl — bm/Xlk)

(kl);v
= Z )\knu knv’
k

and we calculate equal-time (anti-)commutators:

[ Xk, Xrs] = 01 Xis — G5k Xt
{ Xk, Xis} = 00 Xies + 051Xt
[ Xty Xrs] = bny Xpa Xos — Xosbnw Xt = b (X Xs + Xos Xpa)
= b A Xk, Xrs }
[H, Xrs] =ty Z (frv )kt (bLy((SzTst + 051 Xr1) — b (Opr Xis + 551er)) +
(kl);v
+ (Er — E5) Xps

[H, quj] = —ip Z Aqn(fm/)lekl - Eqqu/
kl

[H,b8] = tn > N ()i Xk + €qblys-
kl

With these preparations, the E.O.M. method for

GX,ox (t =) = =i0(t — ) ({Xrs(t), Xuo(t)})7

will lead us together with some approximations to an equation for the Green’s Functions of the
System. Note that here we want to insert the full dynamics, not only of the chain, whereas our
eigenstates - from which we builded the Hubbard operators - are only eigenstates of the chain
dynamics.

After the definition of

W(rs)(uv) = <{X’/‘87 Xuv}>T = 5su<er>T + Orv <Xus>T
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we deduce the equation of motion

[w + (ET - ES)]g)]?rs,Xuv (w) = W(rs)(uv)+

+ tn Z (f’l’b)kl <(5lrg£uXk57Xu'u + 6Skg£LVXT'th'u) n (5krglf“'XlS’XuU + 58lglf“/X’rk’Xuv)) ’
(kv

where we already differentiated in time and expanded in Fourier modes.
In principle, one could search for other equations of motions for the other involved Green’s
functions, but this would not yield a closed set of equations, since in the general case U # 0,
we will generate higher and higher polynomials of operators. So instead, we directly perform a
mean-field like approximation, also known as Hubbard I approximation”

G Xpo Xuw © —(Xos)T Gt X0 (36)

It is worthwile to contemplate this approximation. A priori, the coupling between reservoir
and impurity is not necessarily weak - it is a system parameter and can be chosen arbitrary.
However, by mapping the system on a chain, we will include higher and higher correlations, since
by each iteration former correlations between chain and bath are then captured by correlators
between chain operators, whose hierarchy remains untruncated.

We need to evaluate averages of the form (X,s)r. To do so, we would need the eigenvectors
and eigenenergies of the full Hamiltonian, which we do not have; however, we assumed that
the main physics should already be contained in the chain Hamiltonian, with the additional
reservoir only giving small corrections - which can be treated pertubatively - this motivates the
approximated density matrix

e~ BH" e—BEx

= approx = X bl
pﬁ‘n TT{e_ﬁH”pp } - Z kk

where Z is the partition function and Hp""*" is given by Eq.(29), and the corresponding
approximation of the true thermal average with the chain average

€ B%oo 1
Xrs)T & g 1 r{XkkXrs} = 67"3 7 § ra9sa;
< > - 7 { kk } ﬁ 6G55 0 (31)

Here 74" should denote the degeneracy of the ground state of the chain Hamiltonian Eq.(29),
and the sum is over its subspace. With Eq.(36), we obtain

W+ (Br = B)IGY, . x0 (@) = Wirs) o)+

—t, Z Jow ki ((51r<st>T + 5sk<Xrl>T)g£WXw+
(kD);v

- (5kT<Xl5>T + 5Sl<er>T)g£zu7Xuv) =

= W(rs)(uv) — 1 Z (fny)kl (W(kl)(rs))\qngbf

— W R
qanuU (lk)(rs))\qngbqnu,Xuv) :
(kl);viq

"Since X is a fermionic operator, its expectation value will be an anticommuting or Grassmann number.
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Later, we will be interested in the impurity Green’s function, where the operator X,, in

Ggh will be an creation operator®. We know that the total particle number of chain
bl X
qnuv X uv

and bath is conserved and thus an expectation value like (A)7, where A changes the number of
particles, will be zero. It follows that g@ = 0 if X, is a creation operator. For now, to

qnu A uv

not stretch the meaning of the word ”equation” any further, we will keep this term nontheless.
We close now to a system of equations by using the previously calculated commutators:

(w— Eq)glfmu,xw (W) =ty Z Aqn(fnu)klg)]?kl,xuv (w)
(k1)

(W + Eq)gﬁlnu,Xuv (W) = _tn Z A:;n(fTLV)klg)R(lk,Xuv (OJ)
(k1)

Now use:
2 |)‘qn|2
Sw) = [t 30
W — €q
q

Define

E(16)(ay) = (Es = Er)d(rs)(

zy zy)>

Where 0(;)(zyy) = Oradsy and

Srsyaty = = > Pkt (Wit rs)Zn (=) (FaJoa = Wiy (rs) B (@) (fav)ab)
(kl);w

as well as
G(:vy)(uv) (w) = g)lgzy,XuU (w)

The equation of motion thus has the form:

D [W8(rs)ay) = Eire)ay) — Zrs)en Cay)wn) (@) = Wirs)(un)-

Ty

To make the formula more transparent and in order to use usual matrix notation, consider for
chain length n:

N2 4 N, (r,s)—»d"(r—1)+s.
Where d is the size of the Hilbert space one started with, in our case of spin—%—fermions7 d=4.
note that e.g the set ([1,4] x [1,4]) N N? is mapped to [1,16] N N, so we can reformulate the
above equation in classical vector-matrix-notation:

(Wl — E — Z(w)]Gs(w) = Wp, (38)

where the vector ng has the elements (C_jg)a = Gy(a)p(p) and

N4 N2 ou—)([%—‘,(a—l) modd"+1),

8More to this later in Section 6.2. The question is not important at this point.
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with [-] the Gauss bracket, returning the smallest integer bigger than its argument.
to simplify the expressions for the other involved matrices, we introduce a permutation matrix
P

R B R s PO
Pey(r5) = €p(s.1)

where {€,} denotes a basis.
Then:

where ﬁw is the vector with elements ( fny)(ﬁ(ns) = ( fm,)rs

6.2 Representation Of Other Green’s Functions In This Base

Given G'(y)(uw)(w), we can obtain the expression for Gl by the following procedure: We

f 1V7fily
have constructed the Hubbard operators { Xk, (t)}x- such that they form a partition of unity

at each time t, therefore

{fw (), 1, ()} =
= <2ka(t)> f-1u(t) <2Xu(t)>a x| (ZX” ) =
k l J

— Z(f_ly)kl(f—lu)ij{Xkl(t)7in(t,>}

klji
must hold. Remarkably there is no time dependency of (f_1,)x since
ka (t)f—ll/(t)Xll (t) — ethkaefthethf_lyefthethX”ef’L'Ht — ethkaf—llelleith

So the impurity Green’s function is given by

gf ot @)= > (Fw)r(F-10)i Gy iy (),

klji
which reads in our matrix-vector-notation:

gf 1u7f,1,,( ) = f:;h/ . G(W)P]Ffll/a

where again the notation (f_ll,)a = (f—lV)l/)(a) was used.

At this point we want to exploit our symmetries, therefore we change back to our notation
|N, s, E) for the eigenstates. A general chain operator A can be written as:

A= > AP EIN s, E)N', s E.
NsE;N's'E’

25



Now assume that we are not interested in just any operator, but one that changes between the
N- and the s-subspaces in a controlled way, so we request:

N - N =AN, s—5s =As,

where AN and As are numbers that we fix in advance. An operator with these operators, say
B, we can thus write as

N,s,E
B= > By Avenew!N s E)(N—AN,s—As, E'|.
NsEE'

When B falls into such a restricted class of operators, then [H, B] will do as well. Indeed:

[H A= Y BN Aws—nepHuer [|M.t, F)(M,t,FIN,s,E)(N — AN,s — As, E'|+
NsEE';MtF
—|N, s, E){N — AN, s — As, E'|M,t, F)(M,t, F|] =
= Y By AnsnemHusr Mt F)(N — AN, s — As, B0y n01s0rm+
NsEE";MtF
_’Nu S, E) <M7 t7 F‘(SN—AN7M55—AS¢5E’F] ==

= Z BxffN,SfAS,E/ (HstvE - HN_AN,S_AS,E,”N’ 87 E> <N - AN, s — A87 E/|
NsEE'

By this basic linear algebra manipulation, we can now severely restrict the space in which we
diagonalize our matrix. Define therefore for a,b € Z:

Fap = { A € B AN(A) = a, 285(4) = b},

with B(H"™) the set of operators on the chain; in particular the {X4} form a basis of this
space. The notation AN(A) shall denote that the operator A falls precisely in such a above
mentioned class, it is not a function® of A. More adapted to our question, define

R4 = K11, K- =K-1,-1-

The choices of the signs reflect our choices about which operators we are interested in; here
this choice will lead to the (f_i1, fin)w Green’s function. We denoted the relevant subspaces
for the Green’s function we are interested in by a shorthand notation for convenience. For
other spins definitions are analogous; we know now that our chain Hilbert space decomposes
as direct sum of these smaller spaces:

hai
chain _ @ Kab,
(a,b)ez?

Finally, we want Green’s functions with the first entry from x_, hence a T-annihilation operator,
and the second from k4, hence a T-creation operator. Thus, we modify equation Eq.(38) by

9this would not be defined for a general operator A, although it is for our basis {X,}.
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only considering a subspace in the following way: the vector index of G}g should be from x_,
while the index f should be from x4. Thus, The Matrix [wl — E —X%(w)] only acts in £_, while
the family of vectors Wy is of the same type as Gg. We write this schematically:

Wl —E —X(w)]s_n_Gr_r, (W) =W, ..

Furthermore, since we are finally only interested in gf £
—1vsJ 1

further by contracting the second index of G with P f,ly, since it does not participate in the
inversion process:

, we can reduce numerical effort

Wl —E—X(W)]s s Go=W (40)
Wu = Wun_n+ (Pf—lu)n+ éw = Gun_n_._ (w)(PJF—lV)H+' (41)

This results in the same outcome, but with decreased numerical effort. For illustration, some
numbers will be given in the following table:

n D d
-1 16 2

0 256 24

1 4096 300

2 65536 3920

with D = dim(H " @ H ") d = dim(k, ) and n the chain length. This seems to be growing
exponentially as well.
6.3 Numerical Implementation

In this Section some numerical results related to Eq.(40) shall be discussed. In all plots, we
will be interested in the approximated spectral function

Gy ot @), = Fau G (42)
W—=1p
— aqcR
A(w)‘n = \sgf_lwfim (w)‘n (43)
where the superscript (n) denotes that here the chain Hamiltonian HpP""" given in (Eq.29)

. o s ~(n
was used in obtaining G,,w) .

We start by solving Eq.(40) for n = —1 and U # 0, where some analytic solutions were obtained
in Section 3.2 whose comparison to the program is plotted in Figure 4. We compare here the
imaginary parts of Eq.(42) and Eq.(16), and In these plots we see that the resulting spectral
function depends heavily on the degeneracy of the ground state of the chain, as we could have
guessed from Section 3.2.

We can see how this influences the spectral functions from longer chains in Figure 5, as the
even-odd-behaviour is quiet different depending on the ground state degeneracy of the chain.
Another Check of the program is obtained by setting ¢_; close to zero; in this limit, where the
hopping term o ¢_; vanishes, we get a discrete level system which is actually represented by
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Eq.(31). This one can see for n = 0, as in Figure 6 in the bottom plot. The three spikes are
reminiscences of the three delta-functions centered roughly at 0, e_; (twofold degenerate) and
€_1+U. There is some disagreement, since for finite t_1, not only the delta peaks get reglarized,
but also the two levels symmetric around zero get pushed outwards by the hybridization to the
bath, as can be seen in the other two plots in the same figure.

Furthermore, we can ask what happens if we have no interaction, i.e. U = 0. In this case the
here described approximation scheme is exact, since in the equations of motion for the impurity
Green’s function only Green’s function with one-particle operators appear, thus Eq.(36) is an
identity. That this is indeed the case, one can see in Figure 7, where the approximate impurity
spectral function is plotted for different chain lengths and U = 0.
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Figure 4: The impurity spectral function is plotted for n = —1, U = 0.324, e_; € {—%, %, —2U} in
the three pictures from top to bottom picture respectively and 2, = 0.02793 against the frequency w,
which is linearly discretized with spacing 0.0005. Energies are measured in units of the bandwidth and
the initial bath spectral function is given by Eq.(33). The curve labeled ”Numerical Solution” is the
one obtained by combination of Eq.(40) and Eq.(42) and taking the imaginary part A(w)| , while the
other one is given by Eq.(16), again by taking the imaginary part. Not surprisingly in each plot we
can identify only one curve although there are two labels: this is because both functions were obtained
by the same steps and approxmations. But we can see something interesting going on: for e_; = —%,
we have a twofold degenerate ground state, which results in two distinct peaks at e_y and e_y + U -
indicated by red lines - while for e_; = % the ground state is unique and we have just one peak at
position e_; = % - we see here the interaction has no influence since the ground state is empty and
thus experiences no interaction effects. Now for the last plot: here the ground state is the fully occupied

state, thus it experiences the interaction and the peak is at position e_; + U = —U.
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Figure 5: The impurity spectral function A(w)|n given by Eq. (43) is plotted agains the frequency w
with linear discretization 0.0005, where all energies are measured in units of the bandwidth. In all plots,
U =04324 and t? | = 0.2793. ¢_; = :F% on the left respectively the right side, and from n = —1 for the
plots at the top to n = 2 for the plots at the bottom. For e_; = —%, the spectral function is symmetric
and has an even-odd characteristic behaviour, resulting from the fact that for odd chain lengths the
chain ground state is not unique. If e_; = % this is absent. The main peak keeps its asymmetric shape,
but is slightly moved around.
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Figure 6: The impurity spectral function A(w)’n is plotted as the blue, thick curve for n = 0, U =

0.4324, e_1 = —% and 2, € {0.1943,0.01943,0.001943}, respectively from above to below against the
frequency w linearly discretized with spacing 0.001. Energies are measured in units of the bandwidth
and the initial bath spectral function is given by Eq.(33). The red vertical lines are obtained by the
eigenenergies of the impurity hamiltonian Eq.(3): they correspond to the energy differences of the
eigenenergies to the ground state, as in the Lehmann representation. Here one sees that increasing the
hybridization #2 |, the two nonzero energylevels are repelled by each other and thus the distance of these

two energy levels increases.

31



i, b 17,2015

I
— Pertubative Solution

—~~Evact Solution

T
—— Pertubative Solution
~~~ Exact Solution

—— Pertubative Solution
=~ ~Exact Solution

— Pertubative Solution
~~~ Exact Solution

Figure 7: The impurity spectral function is plotted for U = 0.4324, e_; = —0.3252, 2, = 0.2793
and n € {—1,0,1,2}, respectively from top to bottom, against the frequency w, which is linearly
discretized with spacing 0.0005. Energies are measured in units of the bandwidth and the initial bath
spectral function is given by Eq.(33). The curve labeled ”"Numerical Solution” is the one obtained by
combination of Eq.(40) and Eq.(42) and taking the imaginary part A(w)!n, while the other one with
the label ”Exact Solution is given by inserting Eq.(28) into Eq.(13). As on can see, in fact there is only
one curve because the two agree. This means the approximation Eq.(37) is exact in this case.
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