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The new method for designing topologically distinct Feynman diagrams for electron’s mass operator in electron-
phonon interaction is developed using the permutation group theory. The carried out classification of DPs
allows to choose the classes, corresponding to disconnected diagrams, to singly connected diagrams, direct
(“tadpole”) diagrams, to diagrams corresponding to phonon Green functions. After this classification the set of
considered double permutations is reduced to one class since only these are relevant to mass operator. We
derive analytical expressions which allow to identify the DP, and to choose the phonon components, which
are not accepted in every type. To avoid repetition of asymmetric diagrams, which correspond to the same
analytical expression, we introduce the procedure of inversion in phonon component, and identify symmetric
as well as a pair of asymmetric phonon components. For every type of DP (denoted by its digital encoding),
taking into account its symmetry, we perform a set of transformations on this DP, list all DPs of the type and
all the corresponding Feynman diagrams of mass operator automatically. It is clear that no more expressions
(diagrams) for the relevant order of perturbation theory for mass operator can be designed.
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1. Introduction

The Green function methods to be utilized for strong correlated systems come across the prob-
lem of convergence of a series and need to take into consideration the high order approximations
of perturbation theory, see for example [1]. In [2] all the connected Feynman diagrams for 2 and
3 orders were designed by means of a knot theory for interacting fermions. All Feynman diagrams
were designed there, and all disconnected diagrams were dropped. To investigate the mass operator,
one has to choose those corresponding to mass operator. The classification of double permutation,
introduced here, makes it possible to separate the class of DPs, corresponding to mass operator,
and to reduce the set of significant DPs. In the frame of this set, we define different possible types,
denoted by their digital encodings, and derive analytical expressions which permit to identify the
DP, and to choose the phonon components, which are not accepted in each type. These expressions
enable us to find all DPs (Feynman diagrams) for every type automatically for the high orders
of perturbation theory. Besides, the pairs of symmetric diagrams, corresponding to the same ana-
lytical expression, are identified by introducing the inversion into phonon components and digital
encoding. Such a procedure permits to design only Feynman diagrams corresponding to distinct
analytical expressions, and to identify the multiplier factor, which denotes this symmetry.

Besides, in literature different numbers of the connected Feynman diagrams are named, they
are 84, 3120 in [3], while 74, 706 in [2] for the third and the fourth order of perturbation theory,
respectively. Double permutation algebra could be used to find out and prove these exact numbers.
Some works devoted to the investigation of mass operator for electron-phonon interaction in nano-
systems [4,5] point out the urgency of our investigation. Double permutations, used here, were
introduced in [6] and then developed in [7] for interacting electrons.
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The double permutation is developed for electron-phonon interaction, represented by the Hamil-
tonian [8]

H = Z €k GZE a.p+ ;wﬁqb;qbgq + Z Vaﬁ(‘j’)azgg_@%z? (bﬁ,q‘—i— b;q.> . (1)
ak q a,B,k,q

The first term in (1) — is the ideal electron gas Hamiltonian with the energy of a-band electron
€, as a function of electron momentum k. The second term in (1) — H|, — is the ideal phonon gas
Hamiltonian with the 3 phonon energy (wsgz), depending on phonon momentum ¢. The third term
of (1) denotes the interaction between the particles, where V,3(g) is an even interaction function
depending on momentum §. Further, one band approximation is used and indexes «, 3 are omitted.

At T = 0 the renormalization of electron spectrum is defined by singularity of Fourier transforms
of electron Green function, corresponding to Dyson equation:

- 1
G(k’w>w5M(E,w) .

with mass operator M (E, w), which is defined here using double permutations for the sixth and

eighth order of perturbation theory.

Direct method for finding the mass operator of an electron for electron-phonon interaction is
developed using the derived expressions for double permutation groups. This method automatically
excludes the disconnected and single connected Feynman diagrams. Dependence of electron energy
on the momentum is determined from the mass operator. Hence, the shift of the bottom of the
conducting band (for semiconductors), the effective mass and the relaxation time of electrons
can be defined. Some problems in solid state admit the separation of the terms in infinite series,
which are more important (corresponding to the analytical expression with contributions more
significant than the other ones). Such expressions convolve to chain integral fractions, and so the
mass operator is derived. However, such a convolution can be done only for certain conditions, which
essentially depend on the electron and phonon energies as functions of momentum (dispersion laws),
and on the binding function V,3(g). Effective interaction of electron gas with acoustical phonons
differs from the initial one by an infinitely small value in metals, as it was shown by Migdal
[9]. This approximation is used, for example in [10] for electron-phonon interaction in nano-films.
Convolution of perturbation series which does not include the effective interaction (crossing dashed
lines in Feynman diagrams) to the chain integral fraction was performed in [11]. In [1] the analytic
peculiarities of the polaron mass operator in the first two orders of the coupling constant were
analyzed and evaluated. It was shown that for some energy values, the contributions of the terms
that include an effective interaction should be taken into account. It is also shown that for certain
energies, higher orders of perturbation theory are needed. The next important step in finding
the electron’s mass operator in electron-phonon interaction was made in [12, 13]. The integral-
functional representation of mass operator of quasiparticles interacting with polarization phonons
at T = 0 was derived as the infinite branching integral fraction. The rules outlined in [13] for
constructing the diagrams for the mass operator in the higher order of perturbation theory are
compared with the results obtained here.

2. Pair averages and their denoting in double permutation

Usually the relations between the momenta are derived from Feynman diagrams. These relations
define the analytical expression corresponding to each diagram. We define double permutations,
and derive the so-called selection rules from them. So, the defined selection rules coincide with
expressions of momentum conservation in Feynman diagrams. For Hamiltonian (1) such a double
permutation can be formed by substitution in the product Hint(t;)Hint(ti41)

Gi1 — =G, Fis1 — k. (3)
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Then, the product can be written as

ZZZV(q:-)v(q;.')agﬁqia,;ag;%a,;;bqtibq;. (4)

BB kK" aq,q'

In (4), all the creation phonon operators are denoted by non-primed indexes and all the anni-
hilation phonon operators — by primed indexes. The double permutation includes 2 permutations
(components), subscribing the electron and phonon pair expectations. The phonon component con-
sists of the top line with digit i (denotes b;{_) and of the low line digit j' (denotes bq]{) for pair

average <Tb;; bq; > We position the phonon component in the first and in the third line of double

permutation. Note: we drop the primes when considering the phonon component out of double
permutation. The description of electron pair expectations is located in the first — second, and
third — fourth lines of DP in the following way: electron permutation digit 4 in the first line of DP
denotes az and digit j/ in the third line of DP denotes a?, R Digits I, ' in the second and

di i ’j
the fourth lines denote a; .

i—

ag, . Thus, the column of double permutation
t

ko
1
l
j, o)
tl
denotes the product:
= > + + +
V@V (@) (Tat__a)- <T%;+§j,a,zg> (T by, ). (6)
with selection rules, according to [7], as follows:
ki+k=k+k, G=q¢=k-k=FkK-k. (7)

Column (5) corresponds to the element of Feynman diagram, shown in figure 1. From this

#——h
- ~

Figure 1. Element of Feynman diagram, corresponding to (5).

element of diagram we get the momentum conservation:
ki+ @ = ki, K+ = ky - (8)

Expression (8) coincides with the selection rules (7).

3. Classification of double permutations

This section provides the classification of double permutations and identifies which class of DP
corresponds to disconnected, direct (“tadpole”), singly connected diagrams and Feynman diagrams
corresponding to phonon Green function. We also define the class of DP corresponding to mass
operator, which is analyzed further. As it is known from the permutation theory [14], permutation
group forms classes, which can be represented by Yung schemes and cycles. For DP we form classes
after electron component. Each class is partitioned into types after phonon components. Analyzing
the structure of DP for different classes and different phonon components we introduce the following
classification.
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3.1. The double permutations, corresponding to disconnected Feynman diagrams

Analytical expressions of disconnected diagrams include two or more sets of non-bounded mo-
menta. We consider DP with electron component including two (or more) cycles, and phonon
component does not assemble any two digits from these cycles. In table la we presented such DP,
where the vertical line separates parts of different cycles. For such DP, no digit from the first part
can be located in the second part. Thus, selection rules (7) are combined from two (or more) sets,
which are not connected. Such DPs correspond to disconnected Feynman diagrams, for example
as in table la, and have to be dropped [8].

Table 1. Different types of Feynman diagrams and peculiarities in corresponding DPs.

k
0 m : .. R
0. 5. pi k. n e L.
S A s Y.
m. rlr. g 17 4=0
I _.—.—__
! k&
(a) (b)
O g R EE L
PR W N SR lt) /2
1 s = L - L - L - L -
® o JE & S PO i i i
! 2 1 . .
@ A - : =
(c) (d)

3.2. The double permutations, corresponding to direct (or “tadpole”) Feynman diagrams

To define such double permutations we choose DP, which includes the electron component with
two (or more) cycles and phonon component, which combine only one digit from every cycle. Such
DP is presented in table 1b with vertical lines, separating parts of every cycle. In every DP the
digits are located two times — once in the first or the third line, once in the second or fourth line.
For i— column the selection rules (7) can be written in the form

Kii + k3i — kai — kai = 0. 9)

With the first index, denoting the row and the second — denoting the column. The relevant double
permutation includes two types of columns: columns with the digits from every cycle, and one
combined column (m in table 1b) which consists of two parts with the digits of the first and the
second cycles. Summarizing expressions (9) for the first m columns, we get

ki — k. =qn=0. (10)
Expression (10) is typical of direct Feynman diagrams, for example as in table 1b.

3.3. The double permutations, corresponding to singly connected diagrams

Their analytical expressions define improper self-energy and can be abandoned in self-consistent
field methods, like those, related to Dyson’s equation [8]. We consider the double permutation
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containing one cycle and phonon component organizing the digits of this cycle into 2 (or more) sets.
The relevant double permutation can be presented as it is shown in table 1c. Vertical stroked lines
in table 1c separate the parts of DP which correspond to subsets, formed by phonon component. As
electron component of DP forms one cycle, every digit from the beginning of every set is located in
the second or fourth line from the previous set. Such digits are circled in table 1c. Other digits (k;
m-l;s’,n) appear twice in every part of DP. Summarizing the selection rules (9) for all the columns
for the last part, we get an additional expression:

— —

- (11)

which is typical of singly bounded diagrams, for example as in table 1lc.

3.4. The double permutations, corresponding to phonon Green function

We consider the double permutation which consists of electron component with two cycles and
phonon permutation combines two sets of one digit from every cycle. Such DP can be presented as
it is shown in table 1d, where 4, s columns are combined. Digits (...4,...m,...l',...n) form one
cycle of electron permutation, and digits (j/,...1,...s,...t) form the other cycle. Summarizing (9)
for all columns from the first cycle together with ¢, s columns, we get

R R 1} (12)

Comparing (12) and (7) we get:

Equation (13) is typical of Dyson’s equation for phonon Green function and corresponding
diagram can be shown, for example, as in table 1d.

To find all Feynman diagrams of electron mass operator only those double permutations are
used, which include an electron component with one cycle and phonon component, which form one
set of digits.

The Feynman diagram corresponding to DP (for this class), can be constructed using the
rule: straight line (“backbone”) with 2n nodes and number them in accordance with electron
permutations (the first — second and third-fourth rows of DP); phonon lines connect the nodes
according to phonon permutation (the first and third rows of DP).

Reassigning the nodes in Feynman diagram we get another DP. It differs from the previous
in analytical expression only by silent indexes. To avoid such repetitions, only DP with sub-sets
of non-primed and primed numbers arranged in natural order are taken into consideration. T'wo
arranged sub-sets of non-primed and primed numbers can overlap. To follow how they overlap
the digital encoding of DP is constructed, which helps to classify double permutations to different
types and to avoid the permutations, corresponding to the same diagrams.

4. Digital encoding and regular double permutation

Digital encoding is formed for a cycle of electron permutation by denoting all non-primed
numbers by 1 and all primed numbers by 0. Numbers, pointed by 1 denote the start of phonon line
and the ones pointed by 0 denote its ending in Feynman diagrams. All possible double permutations
of the class are received by listing all phonon components in DP, with the columns accepted for
every digital encoding. Then all diagrams, corresponding to DPs can be designed, without their
repetitions. We mention here some properties of DE. The first half of DE should not contain less
“starts” (1), than “ends” (0), for the second half of DE — this statement is vice versa. To avoid
improper diagrams (see 3.3) it is necessary to consider only the cases when phonon lines do not
create closed subsets. For DE it means that any part, starting from the beginning, contains more
1-s than 0-s (except the whole DE, which contains the same number of 1-s and 0-s). It means
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that for 2n — order of perturbation theory, the digital encoding contains maximum f ,,different”
numbers in half of DE (0 for the first half and 1 for the second half), which can be defined as:

f=k—-1 for n{ 2]{22.1’ (14)

Regular double permutation consists of a single cycled electron component with ordered sets
of non-primed and primed numbers, which do not overlap. The digital encoding and the cycle of
electron component for such DP are:

(11...1 00...0) — (123...n 12'3"...7/). (15)

For unit phonon permutation and (15), regular double permutation looks like:

1 2... k... n—1 n
2 3... k+1l... n ik
2. K. (n—1) = (16)
2 3. (k+1) ... 1

The type of regular double permutation is formed by listing all the possible phonon permuta-
tions for (16). For all corresponding Feynman diagrams of this type the phonon lines are starting
in the first half and ending in the second half of backbone (tables 4, 8). This type consists of the
largest number of diagrams.

5. Expressions for columns of phonon permutations and of double permu-
tations for digital encodings, different from (15)

We consider only certain phonon components for digital encodings, different from (15), to

avoid the repetition of the same diagrams. The examples of DE, different from (15), together with
corresponding cycle of electron component are presented in table 2.

Table 2. Examples of DE, different from (15) and columns of phonon components unaccepted

them.

N DE/Cycle Columns

1 1.1 0.0/ (I.nl..n) -

2 (1...10 10...0) / (1...(n—1)1" n2'...n) (’1’)

3 (1...10 010...0) / (1...(n—1)1" 2'n3'...7n/) (’1’)(;)

4| (1...101 010...0) / (1...(n—2)1'"(n—1)2'n3"...7) <”11><?><g)

For DE 2 (table 2) the phonon permutations, which combine digits, denoted by 0 from the
first part of DE, with the other ones, denoted by 1 from the second part of DE, are dropped (all
such combinations were in regular types, besides, the phonon line cannot start from the point,
which denotes ending). Thus, phonon components with the columns from table 2 are not accepted.
The same statement for DEs 3, 4 (table 2) shows that columns from table 2 are not accepted,
to avoid repetitions with previous steps. Let DE contain ¢ + 1 groups of “1” in it. We denote by
k; non-primed digits, which follow primed digits and by I, we denote primed digits, which follow
non-primed digits in the cycle, as follows:

(1...10...01...10...01...10...0) —
(Loo(kr =) (o= D)k (ki = D (g — D'k onlyyy on) (17)
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The expression which defines unaccepted columns of phonon component for (17) is:

SV (][ (B )] eetme

In (18), the repetitions of columns are to be neglected. Such repetitions happen if the group
of different digits in DE includes only one digit. Double permutation, constructed for unit phonon
permutation and (17) is:

kz_l li+1_1--- n
- " _
...(k,-—l)'... (ligr =1 ... o ) 1=1,...1. (19)

In (19) only digits different from regular DP are placed. For complete expression, the points in
(19) are to be replaced by digits from regular DP (16).

6. Double permutations, corresponding to symmetric and asymmetric dia-
grams

From expressions (19), (18), using DP methodology, topologically distinct diagrams can be de-
signed. Analyzing all the received expressions we see that there are two groups: corresponding to
symmetric diagrams, and pairs of expressions corresponding to asymmetric diagrams. The analyt-
ical expressions for the pair of asymmetric diagrams are the same. Thus, it is useful to design only
one of the pair Feynman diagram, denoting its multiple factor (1 for symmetric and 2 for one of
the pair of asymmetric ones).

Since the symmetry of a diagram is defined by a phonon component, we performed an operation
of inversion for it. We denoted the digits for 2n order of perturbation theory as follows:

5:{2k_5’ if n=2k-1, (s=1,2,...n). (20)

2k —s+1, if n =2k,

We changed the places of rows and arranged the columns in natural order, according to the
properties of permutations [9]. Then, some phonon components do not change — they define sym-
metric diagrams, and some phonon components change to the other ones — they form a pair of
asymmetric diagrams. Thus, the first step in Feynman diagrams design for mass operator is to put
down all phonon permutations and to analyze their symmetry about inversion.

Digital encodings, which we use here, for different types, are also symmetric, i. e., those ones,
which do not change by denoting 1 to 0 and vise versa and by reading DE goes from right to left;
and the pairs of asymmetric DE change from one to another by the same procedure. Analyzing the
pairs of asymmetric DE we came to a conclusion that they include pairs of asymmetric diagrams.
Thus, it is sufficient to design all the diagrams for one pair of asymmetric DE, and to consider
them in mass operator with factor 2 (see, for example table 11).

Symmetric DE includes both, symmetric and pair of asymmetric diagrams. Thus, for types,
denoted by symmetric DE we consider the symmetric phonon component with factor 1 and one
from the pair of asymmetric component with factor 2.

Symmetric consideration, subscribed above, allowed us to reduce the number of diagrams from
10, 74 to 8, 47 in the 6-th and 8-th orders of perturbation theory, respectively.

7. Double permutations and Feyman diagrams for the mass operator in the
6-th order of perturbation theory

All possible phonon permutations for n = 3 are presented in table 3.
Analyzing these permutations about their symmetry according to inversion (see 6) we mention
that table 3 includes symmetric components (1, 3, 5, 6) and a pair of asymmetric components (2
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Table 3. Phonon components for the 6-th order of perturbation theory.

= N O
N W

W N ot

=N |

NN W

W NN

w w
N W
wW =
= w
N =
w w
= w
w =

— 4). Using (16), the regular DP (1 in table 4) is constructed. The type of regular DP is formed
by performing all symmetric and one of the pair of asymmetric phonon components from table 3.
These DPs together with the corresponding Feynman diagrams, their numbers, numbers of phonon
components (in parenthesis) and factor [in brackets] are presented in table 4.

Table 4. Regular type of DPs and corresponding Feynman diagrams, their numbers, numbers of
phonon components from table 3 (in parenthesis) and factor [in brackets].

1 2 3 T AN 1 2 3 7T TN
N AN - .
! 2 3 1 TR NN 2 2 3 1 L \
(1) / / / (2) / ’ ’
U 2 3 U 3 2
[ 2 3 1 2] 2 1 3
1 2 3 =TT TS 1 2 3 e mmmm =
3 2 3 1 1/ 1, —’_‘\\\ \\ 4 9 3 1 ’// ,//4-\. \
(3) 3/ 2/ 1/ (5) 2/ 3/ 1/
[ 1 3 2 1 3 1 2
’—"’_"n\
1 2 3 .
e ==
. 2 3 1 ARl
(6) 3/ 1 9
[ 1 2 3

As it follows from (14) only one “different” digit can be in digital encoding. The properties of
DE (see 4) make it possible to create only one type of DPs (it is symmetric) for this order. Table 5
includes this DE, parameters, DP, written using (16), column of phonon component, which is not
accepted in this type (18), and numbers of accepted phonon component from table 3.

Table 5. DE, parameters, DP (19), column of phonon component, which is not accepted in this
type (18), and numbers of accepted phonon component from table 3.

Unaccepted column and num-

N | Digital encoding Double permutation
bers of accepted phonon com-
ponent from table 3
(110 100) ; f, g, 3
2 t=1, k=3, L=1, PR 1
lo=2 rzs 1,2-4,6
3 3 1 ’ ’

Double permutations and corresponding Feynman diagrams for this type are in table 6 to-
gether with their numbers, numbers of the used phonon component (in parenthesis) and factor [in
brackets].

Analyzing tables 4 and 6 we see that for cases when the effective interaction differs from the
initial one by infinitely small value, only DPs 3 and 8 are to be considered. Other DPs include
an effective interaction as follows: DPs 5, 7 include effective interactions in the first order, DPs
1, 2 — include effective interaction of the second order, DP 4 includes effective interaction in the
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Table 6. DP from type 2 table 5, corresponding Feynman diagrams, their numbers, numbers of
phonon components from table 3 (in parenthesis) and factor [in brackets].

L2 3 I - 1 2 3 ——————
6 9 1 9o R _1"\ \ 7 9 1 o /’,_—\,’\,’:’ ~~~~ \\\\
(1) 1 2 3 (2) 1 3 2
(1] 3 3 1 2] s 1 %
1 3 P

° 2 1 2 "’:"‘. ST )

(6) T

1 1 3 3

first order with the electron Green function of the first order, DP 6 includes effective interaction in
the first order with the effective interaction in the first order. The proper investigation concerning
the contributions of DPs 4, 6 and 1, 2 for polarons in semiconductors are to be carried out. All
diagrams from tables 3, 5 coincide with the diagrams, presented in [13].

8. Double permutations and Feynman diagrams for the mass operator in
the 8-th order of perturbation theory

All possible phonon permutations for n = 4 are listed in table 7.

Table 7. All possible phonon permutations for n = 4.

1 1 2 3 4 9 1 2 3 4 3 1 2 3 4 4 1 2 3 4
1 2 3 4 1 2 4 3 1 4 3 2 1 3 2 4
5 1 2 3 4 6 1 2 3 4 7 1 2 3 4 8 1 2 3 4
1 3 4 2 1 4 2 3 4 2 3 1 3 2 1 4
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
9<3241) 10<4213>11<2341>12<2413)
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
13(3421)14<3142>15<4312>16<4123)
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
17(4321)18(3412) 19(2143) 20(2431)
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
21(4132)22(2134)23(2314)24(3124)

Analyzing the symmetry properties for permutations in table 7 we find out that the permutati-
ons symmetric according to inversion are 1,4,7,11,13,15,16,17,18,19; pairs of asymmetric according
to inversion permutations are: 2-22, 3-8, 5-23, 6-24, 9-20, 10-21,12-14. The regular double per-
mutation (1 in table 8) is written, using (16). The type of regular double permutation is formed
with all symmetric (with factor 1) and one from the pair of asymmetric phonon components (with
factor 2). These DPs together with the corresponding Feynman diagrams, their numbers, numbers
of phonon component (in parenthesis) and factor [in brackets] are presented in table 8.

As it follows from (14), maximal number of different digits in half of DE is 1. Table 9 contains
all possible digital encodings for n = 4, (with one from the pair of asymmetric — see 6), parameters,
DPs (16), not accepted for their types columns of phonon components (18), numbers of accepted
phonon components from table 7.

The DPs and Feynman diagrams for type 2 in table 9 are presented in table 10; for type 3 — in
table 11; for type 4 — in table 12.

According to their properties, no more types (DE) can be designed for n = 8.
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Table 8. Regular type of DPs and corresponding Feynman diagrams, their numbers, numbers of
phonon components from table 7 (in parenthesis) and factor [in brackets].

1 2 3 4 1 2 3 4 3 1 2 3 4
2 3 4 1 2 3 4 1 2 3 4 1
([1]) 1 2 3 4 (é]) 1 2 4 3 ([;)]) 1 4 3 2
23 4 1 23 1 4 21 4 3
P st P e e
//’ /’ ,7\/(?‘\\ \\\\ // ’,/ \, r/_ \\: . /,r ’,:‘\__:‘\\
[ A L) roon AT Y Y ! N SN
4 1 2 3 4 5 1 2 3 4 6 1 2 3 4
(4) 2 3 4 1 (5) 2 3 4 1 (6) 2 3 4 1
1 3 o 4 1 3 4 o 1 4 9o g
[1] 2 4 3 1 [2] 2 4 1 3 [2] 21 3 4
rmmrer e, P TIIES AR PP b Y
Il,’ II:/, /\(\/ \\:\\ \\\ ,’ / .l);;T b \\\ \\\ (’?/ ”-‘.;-K\ \\\ \\\‘\\\
1 2 3 4 8 1 2 3 4 9 1 2 3 4
) 2 3 4 1 (9) 2 3 4 1 (10) 2 3 4 1
[1] 4 2 3 1 [2] 3 2 4 v [2] 4 21 3
1 3 4 2 4 3 1 2 1 3 2 4
RS “TToTTN AT
s Sl / el N A ' /":t"“\‘ ~
1 U \‘. / H ]ll’-\: \ \\ \\ i s \ b
1 2 3 4 1 2 3 4 1 3 4
(1(1)) 2 3 4 1 (1;) 2 3 4 1 (};) 2 4 1
[1] 23 4 v [2] 2 4 1 3 [1] 3 4 2 1
3 4 1 2 3 1 2 4 4 1 3 2
R ST IR
fl ey \ \ \\_ { { :’li,’\‘v\\\ N M N ;I" - ‘:\.‘1 ‘1
2 3 4 1 2 3 4 1 2 3 4
dg) 3 4 1 (1461) 2 3 4 1 (}?) 2 3 4 1
4 3 1 2 4 1 o 3 4 3 9 1
(1] L4 oy (1] A A (1] L4 3
- ///’: _—_‘::\ ~ 4 /,: :__ __—_‘ AN Py z —’—:—:::::: R
'//,’/// ‘,"\: = \‘\\‘\\ l// 7% \\‘\ \\ re I// ,////’ - ‘\\‘\\ \\\\\‘
+ < i L ! FE 14 Al A
1 2 1 2 3 4
(12) 2 3 4 1 (1’;) 2 3 4 1
3 4 1 2 21 4 3
[1] 4 1 23 [1] 3 2 1 4
////:’/—i/\:\\‘F \\\ ///’ /:’J\/:\:‘T\\\

We compared the diagrams from tables 8, 10-12 with the ones constructed using the method
proposed in [13]: construction of diagrams for the fourth order, from the diagrams of the third
order of perturbation theory (tables 4, 6). We obtained the repetitions of the diagrams 39, 19,
while diagrams 11 and 17 were not received. Nevertheless, the analytical expression (32) from [13]
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Table 9. Expressions and parameters for the types of DPs with one different digit in the halves
of their digital encoding.

N | Digital encoding Double Unaccepted columns of phonon com-
(symmetry) Permutation (18) ponents (17), numbers of accepted
parameters phonon components from table 6.

(1110 1000) 1 2 3 4 4
9 (sym.) 2 3 1 2 1
t=1; k1 =4, 1 2 3 4 1, 4, 15, 16,18, 19, 2-22,
h=1, lp=2 4 3 4 1 3-8,5-23, 6-24,10-21,12-14
(1110 0100) 1 2 3 4 4 4
3 (asym.) 2 3 1 ¥ 1)\ 9
t=1;, k=4, Vo2 3 4
L=l =3 o 4 4 1 1, 2,4, 6,8, 10, 12, 16, 19, 22, 24
(1101 0100) 1 2 3 4 3 4 4
4 (sym.) 2 1 203 (1),(1),(2)
t=2 k=3, ko=4, v 2 3 4
Lh=1 =2 1—3 3 4 4 1 1,4,16,19, 2-22,6-24

Table 10. DPs type 2 from table 8 and corresponding Feynman diagrams, their numbers, numbers
of phonon components From table 7 (in parenthesis) and factor [in brackets].

1 2 3 4 1 2 3 4 1 2 3 4
(118) 2 3 1 2 (129) 2 3 1 2 (230) 2 3 1 2
[1] 1/ 2/ 3/ 4/ [2] 1/ 2/ 4/ 3/ [2] 1/ 4/ 3/ 2/
4 3 4 1 4 3 1 4 4 1 4 3
T N G USSR
A e S ST
1 2 3 4 1 2 3 4 1 2 3 4
(241) 2 3 1 2 (252) 2 3 1 2 (263) 2 3 1 2
(1] 1 3 2 4 2] 1" 3 4 2 2] 1 4 2 3
4 4 3 1 4 4 1 3 4 1 3 4
g B SHIRRN
,/,1 1/\ - /\<: R Rarats =~ \‘\\\ ,/ 7/~"/ - \)/ - ~\ \\
] 1l L Y11 il ) U WY —i 1l il 13
1 2 3 4 1 2 3 4 1 2 3 4
24 2 3 1 2 25 2 3 1 2 26 2 3 1 2
(10) 4/ 2/ 1/ 3/ (12) 2/ 4/ 1/ 3/ (15) 4/ 3/ 1/ 2/
(2] L3 o4 2] Yol o4 (1] L4 o4
SIS SIS N
‘/:,/l,/ . [,(\ ]\ : ."1' N \l Y ,,’!,{, \\l l,/ NN .
1 2 3 4 1 2 3 4 1 2 3 4
2 2 3 1 2 28 2 3 1 2 29 2 12
(16) 4/ 1/ 2/ 3/ (18) 3/ 4/ 1/ 2/ (19) 2/ 1/ 4/ 3/
(1] L 4 % o (1] Y1 o4 3 (1] Y o4 1
/’—_::_—_-;:\:: N ’/'/‘/;:‘-:--:-‘:‘:‘:\\ ’/,—:—:><-—__\\\
;'/1'?’ LN [T AV AR T
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Table 11. DPs type 3 from table 9 and corresponding Feynman diagrams, their numbers, numbers

of phonon components From table 7 (in parenthesis) and factor [in brackets].

1 2 3 4 1 2 3 4 1 2 3 4
(310) 2 3 1 3 (3 21) 2 3 1 3 (342) 2 3 1 3
2] 1 2 3 4 2] 1 2 4 3 2] 1 3 2 4
2 4 4 1 2 4 1 4 2 4 4 1
RNV S Ny TSI Ser T N PR N
P A RN / / R ,,_\‘\‘ I,l-’ \/\ =~ ,)\—‘ ~
! ! — [ Y ! " 1 (S Y [ § ) N 4 —1
1 2 3 4 1 2 3 4 1 2 3 4
(363) 2 3 1 3 (384) 2 3 1 2 (3(5)) 3 1 3
2] 1 4 203 2] 3 2 1 4 2] 4 2 1 3
21 4 4 4 4 201 1 4 2 4
/7"/_;\_\\ ST ™ ,',;”,;—_—:\\\\ RN ,’;’ ,—/—::\\‘ ,’-\\\\\
hgh ) U W 3 P J RN MY e Iy A I
1 2 3 4 1 2 3 4 1 2 3 4
(ig) 2 3 1 3 (:3(73) 2 3 1 3 (?S) 2 3 1 3
9 2 4 1 3 2] 4 1 203 2] 21 4 3
2] 4 1 20 4 1 2 4 4 4 201 4
/f:/-:—_:‘~ ,—:\\ it ::“,Y\‘\ /’:‘:\I il ,’_,x\h\\ ,’ \\\‘\
[ N N M Y [ G U U 4 J 4 ¢ 3 \_L 1,
1 2 3 4 2 3 4 1 2 3 4
Bofos v o (2 e[ a (2
2] 21 3 4 2] 2 3 1 4 2] 3 1 2 4
4 20 4 1 4 4 201 4 2 4 1
T e g P
{ l., : \1 \\ Ll \l \1 'llu' Ll \1 \\ L,<‘ \1 H 1/ l/ \l \l 1, : \1

Table 12. DPs type 3 from table 9 and corresponding Feynman diagrams, their numbers, numbers

of phonon components From table 7 (in parenthesis) and factor [in brackets].

1 2 3 4 1 2 3 4 1 2 3 4
42 2 1 20 3 43 2 1 20 3 44 2 1 203
(1) 1 2 3 4 (2) 1 2 4 3 (4) 17 3 2 4
[ 3 4 4 1 2 3 4 1 4 1] 3 4 4 1
TN TN TN TN . ST Pl ~
/ /< /\ 7< A\ l, ’\< \x ,/ \\ N /, 3 /,_\\ /)-‘— ~
1 NN \ [ B [ R vl
1 2 3 4 1 3 4 1 2 3 4
45 2 1 203 46 2 A a7 2 1 203
(6) 1 4 2 3 (16) 4 1 2 3 (19) 21 4 3
2] 3 1 4 4 [ 1 3 4 4 [ 4 3 1 4
t _Il: l/- \ l,_\\\\\ ,”/’,_ \ I/-\\ /,_\;\ 1" . l'(‘ T R
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shows that diagrams 11, 17 are included there. So, the proposed method of the construction of
the diagrams for the Mass operator, based on double permutation group is more precise, although
tables 8, 10-12 include noncompact Feynman diagrams.

9. Conclusions

Double permutation method is developed to design all Feynman diagrams for electron mass
operator in electron — phonon interaction. The classification of DPs permits to separate the DP,
corresponding to disconnected diagrams, to singly connected diagrams, to diagrams corresponding
to phonon Green functions. The expressions for DP and unaccepted columns of phonon components
were obtained for every type (denoted by its digital encoding). The symmetrical analysis of phonon
component and digital encoding is carried out. The derived expression permits to find all Feynman
diagrams for mass operator automatically in the higher order of perturbation theory and the
symmetry analysis permits to reduce their numbers from 10, 74 to 8,47 for the 6-th and 8-th order
of perturbation theory.

I appreciate the interest to this work from Prof. M. Tkach, because the discussions with him
started this paper.

References

1. Tkach M., Voitsekivska O., Val O. Condens. Matter Phys., 1998, 1, 401.

2. Mathar R. Int. J. of Quantum Chemistry, 2007, 107, 1975.

3. Cederbaum L.S. Theor. Chim. Acta, 1973, 31, 239.

4. Tkach N.V., Zharkoy V.P. Physics and Technique of Semiconductors, 1999, 33, 598 (in Russian).

5. Tkach N.V. et al. Solid State Physics, 2001, 43, 1315 (in Russian).

6. Tovstyuk K.D. Semiconductor Material Science, “Naukova dumka”, Kyjiv, 1984, p.264 (in Russian).
7. Tovstyuk K.D., Tovstyuk C.C., Danylevych O.O. Int. J. of Modern Physics, 2003, B17, 3813.

8. Abrikosov A.A., Gorkov L.P., Dzialoshinski I.E. Methods of quantum field theory in statistical physics.

Dover Publ., New York, 1975.
9. Migdal A.B. Journ. of Experim. and Theor. Phys., 1958, 34, 1438 (in Russian).
10. Tkach M.V., Kramar V.M. Ukrainian Journal of Physics, 2008, No. 8, p.812 (in Ukrainian).
11. Pines D. in Polarons and Excitions, Premium Press. N.Y., 1962, p.155-170.
12. Tkach N.V. Theoretical and Mathematical Physics, 1984, 61, No. 3, p.400 (in Russian).
13. Tkach M.V. Journal of Physical Studies, 2002, 6, No. 1, p.124.
14. Kaplan J.G. Symmetry of Many Particles System., Moscow, “Nauka”, 1969, p. 435 (in Russian).

237



C.C.Tovstyuk

TononoriyHo HeeKkBiBaneHTHi giarpamu deiHmaHa ansg
MaCOBOro oneparopa npu eneKkrpoH-¢pOHOHHIN B3aemMoga,ii

K.K.ToBcTiOK

HauioHanbHuin yHiBepcuteT “JIbBiBCbKa NONiTEXHIKA”, IHCTUTYT TeNeKkoMyHikau,iii, pagioenekTpoHiki Ta
€NeKTPOHHOI TexHikn, 79012 JibsiB, Byn. C.baHaepu 13, Ykpaina

OTpumano 6 niotoro 2009 p., B ocTaTo4HOMY BUrnaai — 9 keiTHA 2009 p.

3anponoHoBaHoO HOBWUIN MeTo, NoOyA0BM TOMOJONYHO HeekBiBaneHTHUX giarpam deliHmaHa anis maco-
BOrO oneparopa npu enekTpoH-GOHOHHIV B3aEMOLji i3 BUKOPUCTAHHSAM MeToAy NOABIMHUX NEepPecTaHo-
Bok (MMM). NpoBeaeHo knacudikauito MM, aka LO3BONSE BU3HAYMTM KlacK, LLLO BigNOBIAaOTb HE3B A3aHUM,
3BigHUM Ajarpamam, NpsiMUM Ta giarpamMam, siki BignosigatoTb GyHkUii [piHa doHoHiB. NpoBeaeHa knacu-
dikauia no3sonsie 3By3nTn KinbkicTb MMM, WO po3rnsggaeTbes, 4O OOHOMO Knacy, OCKiNbKM caMe BOHU Bifl-
nosigaloTb MacoBoMy onepaTopoBi. OTpMMaHO aHaNiTUYHUIA BUPa3, 32 40MNOMOroK SKOro 3anucyloTbes
noABiliHi NepecTaHoBKM, Ta 0OMPaloTbC GOHOHHI KOMMOHEHTH, BIACYTHI As1 KOXHOro tuny. LLLo6u yHuk-
HYTW 3annciB He CUMETPUYHMX Aiarpam, siki BiAnoBifaloTb 04HAKOBMM aHaNiTUYHMM BUpa3am, BBOAMUTLCS
onepauist iHBepcii y @OHOHHIA KOMMOHEHTI | BUAINSAIOTLCS CUMETPUYHI Ta Napn HECUMETPUYHUX POHOHHNX
cknaposux. Ans koxHoro Tuny MMM (Bigno6paxkeHoro cBoiM LMPPOBMM 306paxeHHsIM) 3 BpaxyBaHHSIM A0ro
CUMETPIi, BUKOHYIOTbCS onncaHi nepeTtsopeHHs MM, BunncytoTbes BCi gonyctumi NI Ta BignosigHi giarpa-
My deliHMaHa 4Ji9 MacoBOro orneparopa aBToMaTu4HO. 3p03yMiso, L0 XOAHMX iHLIMX BUpasiB (gjarpam)
OJ19 PO3rNSIHYTOro HabNMXeHHs Teopii 36ypeHHs He Moxe ByTn NobyaoBaHo.

Knio4ogi cnoea: giarpamu ®eliHmaHa, es1eKTPOH-(pOHOHHA B3aeMOA IS

PACS: 02.20.-a, 71.10.Li, 71.15.Qe, 71.38.Cn, 71.38.-k
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