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ABSTRACT

[bookmark: _GoBack]	Report 48 pp., 38 reff., 2 app.
HYPERBOLIC OPERATOR, NEGATIVE SCHRODINGER OPERATOR, RESOLVENT, COMPACTNESS, SINGULAR NUMBERS (S-NUMBERS)
According to the calendar plan of the third year of research, the object of research is differential operators of hyperbolic type with strongly growing and rapidly oscillating coefficients.
Purpose of the work:
- find conditions that ensure the existence of a resolvent of a differential operator of hyperbolic type with strongly growing and rapidly oscillating coefficients;
- find the representation of the resolvent;
- prove the compactness of the resolvent;
- find estimates of singular numbers (s-numbers);
- find estimates of eigenvalues.
Methods of research: Fourier analysis, method of a priori estimates, spectral theory of linear operators, method of decomposition of unity, method of compactness.
The results obtained and the novelty. In studies, using the results obtained for the Schrödinger operator with a negative parameter for a class of differential operators of hyperbolic type, the following new results were obtained:
 	- the existence of the resolvent is proved;
	- received coercive estimates;
	- the compactness of the inverse operator is proved;
	- two-sided estimates of singular numbers (s-numbers) are obtained;
	- shows an example using estimates of singular numbers, how to find estimates of eigenvalues.
The results obtained are of theoretical interest and can find application in the spectral theory of differential operators of hyperbolic type and in other branches of mathematical physics..
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INTRODUCTION

The modern theory of differential equations of hyperbolic type is one of the most important sections in the theory of partial differential equations. As you know, many problems in mechanics (vibrations of strings, rods, membranes) and physics (electromagnetic vibrations, sound propagation) lead to differential equations of hyperbolic type.
Note that a very comprehensive bibliography on the existence, uniqueness and qualitative behavior of solutions for differential equations of hyperbolic type is contained, for example, in the papers of J. Hadamard [1], K. Friedrichs [2], S. L. Sobolev [3], Л Gordin [4], O. A. Ladyzhenskaya [5], A. V. Bitsadze [6], Sh. Leray [7], A. M. Nakhushev [8], T. Sh. Kalmenov [9], T Sh.Kalmenov, M.A.Sadybekov [10], A.T.Asanova, D. Dzhumabaev [11], A.S.Berdyshev [12] and others.
In the papers of T.I. Kiguradze [13-14] investigated periodic and some nonlocal boundary value problems, as well as problems of finding bounded solutions of hyperbolic equations on the strip.

Note that the differential operator of hyperbolic type in the whole space with continuous and bounded coefficients were studied in the work of M. Nagumo [15].


However, in applications one often encounters differential operators of hyperbolic type, defined in a non-compact domain, with strongly increasing coefficients. It is known that differential operators given in an unbounded domain can have not only discrete spectra, but also continuous spectra.Therefore, the expansion of the function by the eigenfunctions of the operator under consideration becomes impossible, where  is the domain of the operator under study.
From literary sources it follows that for differential operators of hyperbolic type with strongly growing and fluctuating coefficients such questions as:
1) the existence of the resolvent of the operator;
2) maximum smoothness (separability of the operator) of elements from the domain of definition;
3) compactness of the resolvent;
4) estimates of the distribution function of singular numbers (s-numbers), as well as estimates of eigenvalues, have not been sufficiently studied.

According to the project schedule for the third year, a hyperbolic differential operator in:
			(0.1)

initially defined on the set of arbitrarily smooth functions, where .
It is known that the above questions can be reduced by the Fourier transform to the study of the Schrödinger operator with a negative parameter:

		(0.2)

where is the parametr, ,  are fixed points.

Note that for  behavior of functions from the domain of the Schrödinger operator  strongly depend on the properties of the coefficient  at infinity. In this case, the differential properties of the Schrödinger operator have been sufficiently well studied in the following works of the authors: A.M. Molchanov [16], E. Ch. Titchmarsh [17], T. Kato [18], A. G. Kostyuchenko [19], V. G. Mazyi [20], V. A. Ilyin [21], M. A. Shubin [22], V. G. Mazyi, M. Otelbaev [23], M. Otelbaev [24-25], T.Sh. Kalmenov, M. Otelbaev [26], M.G. Gasimov [27], G.A. Kalyabin [28], K.Kh.Boimatov [29-30], A.A. Shkalikov [31-32] and others.



Note that for  we get . Therefore, for the operator (0.2) a completely different situation arises in comparison with the Sturm-Liouville operator  () as Methods worked out for the operator  turn out to be unsuitable for the operator (0.2) . 
It follows from this and the above that for the Schrödinger operator with a negative parameter, the following questions remain unexplored or practically left aside:
- the existence of a bounded inverse operator;
- maximum smoothness (separability of the operator) of elements from the domain of definition;
- compactness of the resolvent for all (;
- estimates of the distribution function of singular numbers (s-numbers) of the operator (0.2).

Using the above results and according to the calendar plan of the project, the object of study in the third year is the questions of coercivity, invertibility, compactness of the inverse operator and estimates of the singular numbers of one class of differential operators of hyperbolic type in .
Purpose of the work:
- find conditions for the existence of an inverse for a class of differential operators of hyperbolic type with strongly growing and rapidly oscillating coefficients at infinity;

- find the compactness of the resolvent of a differential operator of hyperbolic type in .
- find two-sided singular values (s-numbers) of the resolvent for a class of differential operators of hyperbolic type with strongly growing and rapidly oscillating coefficients at infinity;
- find estimates of eigenvalues.
The results obtained have been tested at international conferences and published in journals, which are given in Appendix A.
Inventory numbers of reports for 2018 and 2019: 0218RK00528, 0219RK01189




1 Results of work for the first year of research. Reduction of a hyperbolic operator in to the one-dimensional Schrödinger operator with negative parameter. Existence and compactness of the resolvent of the one-dimensional Schrödinger operator with negative parameter


According to the project plan for the 1st year of research, a singular differential operator of hyperbolic type in :


,



initially defined on the set of arbitrarily smooth functions, where.
	Note that a singular differential operator is, for example, an operator defined in an unbounded domain.

Subsequently, assume that the coefficients satisfy the condition


i)  are continuous functions in  andare bounded in each compact.



It is easy to check that the operatoradmits closure in  and the closure is also denoted by .


In this case, in with strongly increasing coefficients, we study the questions of the existence of a resolvent and the maximum regularity (separability) of the operator .
It is easy to verify that the above questions can be reduced by the Fourier method to the study of a one-dimensional Schrödinger operator with a negative parameter (Sturm-Liouville operator with a negative parameter):



, ,



where is a parameter,.



As is known, at  differential properties of the Sturm-Liouville operator  highly dependent on behavior  at infinity.In this case, the differential properties of the one-dimensional Schrödinger operator (the Sturm-Liouville operator) are well studied in [16-32].




It is easy to see, for example, that for we get. From this it is clear that a completely different situation arises, and in particular, the methods worked out for the Sturm-Liouville operator for  turn out to be unsuitable for studying the operator .
	Consider the following equation:


			(1.1)

where.


	Definition. By the solution of equation (1.1) we mean the function , for which there exists a sequence  such that


as.




	Hence, it is seen that the inverse operator coincides with the closure in of the operatordefined on .  




Theorem 1.1. (Bounded invertibility) Let the condition fulfilled. Then the operator boundedly convertible in as .

	Theorem 1.2. (Compactness theorem). Let the condition i) fulfilled. Then the resolvent of the operator is compact if and only if for any 




	LetАbe a linear completely continuous operator and let


.


	Eigenvalues of operator are called s-numbers of the operator А .

	Nonzero s-numbers of the operator  will be numbered in descending order, taking into account their multiplicity, so that


.




We introduce the following function  is a quantity of greater than.
	Let, in addition to the condition і) the following condition is satisfied:


Then the following theorem is valid:
Theorem 1.3. (Estimates for singular numbers) Let the conditions і)-і і) fulfilled. Then the estimate


,




holds, where, ,  is a constant.




2 Results of work for the second year of research.Existence and compactness of the resolvent of the Schrödinger operator with negative parameters in . Estimates of a singular numbers. Estimates of an eigenvalues

	Consider the operator










initially defined on , where ,,  is the Laplace operator, , .


Further we assume that the coefficients , satisfy the condition



  are continuous functions in .



	The operator	admits closed in , which we also denote by 




Theorem 2.1. (Operator invertibility) Let the condition  fulfilled. Then the operator  boundedly invertible in as .



	Theorem 2.2. (Coercive estimates) Let the condition  fulfilled.  Then for all the following estimates hold as :

а) , 

is a constant;

b) ,


for all, is a constant.

	Theorem 2.3. (Compactness of the resolvent) Let the condition і) fulfilled. Then the inverse operator is compact if and only if


,




When the cube recedes into infinity, where is the open n-dimensional cube with edge length d,  is the set of all subsets of the cube with a sufficiently small capacity.
	Theorem 2.4. (Estimates for singular numbers) Let the condition of Theorem 2.3 fulfilled. Then


,






where, ,  is a constant,  are averaging of  functions [24].
	
	Estimates for eigenvalues. Example
Here we show how Theorem 2.4 allows us to find the upper estimate for the eigenvalues.
Consider the operator






In  , where, , .

	Now suppose that 	has an infinite number of eigenvalues, then from Theorem 2.4 we obtain that




3  Existence, compactness, and estimates for the singular and eigenvalues of the resolvent of one class of differential operators of hyperbolic type

3.1 Existence of a resolvent. Statement of results
	Consider the differential operator of hyperbolic type

			(1.1)


initially defined on the set of arbitrarily smooth functions , where.

	Subsequently, assume that the coefficients satisfy the condition:




 are continuous functions in и  is a sufficiently large number;





 и tend to zero uniformly at for all.


	Theorem 1.1. Let the conditions  hold. Then the closure  of the operator 


,,

there exists in .



	Theorem 1.2. Let the conditions - fulfilled and. Then


а) there exists the continuous inverse operator  in ;
b) the estimate

,

holds,  is a constant.

	3.2 Auxiliary lemmas and estimates

To prove Theorems 1.1-1.2, first consider the operator 

			(2.1)




Defined on , where, .



	It is easy to check that the operator admits closures in  andthe closure is also denoted by.




	Theorem 2.1. Let the conditions - fulfilled. Then the operator continuously invertible in.


	Theorem 2.2. Let the conditions - fulfilled. Then the following estimates

а) is a constant;


b)  is a constant, ;

в)  is a constant;

г) 
hold.
	To prove these assertions, we first present several lemmas and estimates that have been proved in previous reports (report of the second year) without proof.



Lemma 2.1. Let the condition  fulfilled and. Then for any  inequality 


,



holds, is a constant,  - норма в,

	It is easy to verify by direct computation that operator (2.1) in  can be reduced using the Fourier method to the study of the following operator:





, initially defined on the set , where.



	The operator admits closed , which we also denote by .




	Lemma 2.2. Let the condition  fulfilled. Then the operator  bounded invertible in  as 

	Lemma 2.3. Let the condition  fulfilled. Then the estimate

,





holds for all  , whereis a constant, , is a norm in.

	Lemma 2.4. Let the condition  holds. Then the estimate

,				



Holds for all , where, .






	Let's continue, fromto the wholeso that their continuation and were limited and periodic functions of the same period.

	Let us denote by  closure of the operator 







defined on, where the sign of the real number  matches the sign of the function , i.е.  as .

	Lemma 2.5. Let the condition  fulfilled. Then  the following estimate:

,




holds in for all  , where , .

	Lemma 2.6. Let the condition  fulfilled. Then the estimate




holds for all , .


Lemma 2.7. Let the condition  fulfilled and . Then the estimate


holds.




Lemma 2.8. The operator  has a continuous inverse operator defined on all  as .


	Lemma 2.9. Let the condition  fulfilled and. Then the following inequalities

а) ;


b) , 
hold.	


3.3 Some estimates on 


	Let us denote by the closure in differential expression



defined on the set . 


Lemma 3.1. Let the condition  fulfilled and . Then the following inequalities

,					(3.1)

.			(3.2)

hold for all.

Proof. Inequality (3.1) follows from the scalar product .
Inequality (3.2) is proved in exactly the same way as (3.1).
To prove Theorems 2.1 and 2.2, in addition to auxiliary lemmas, we will use the following statement [25].
Lemma 3.2. There exists a coverage that has the following properties:

а) 


where  is the cube with edge equal to 1 and center at the point ;





	b)  is a constant, , , , .




	c) every set can intersect no more than sets from the family , where is a constant.
	Let

,				


where,   is the operator from Lemma 2.5.
	It is not hard to see that

,				(3.3)
where


, .


Lemma 3.3. Let the condition  fullfilled. Then there exists a number  such that


 for all .


	Proof. Let  and given the finite multiplicity of coverage we have



. 


Hence and Lemmas 2.9 and 2.11, we obtain

		(3.4) 

It was taken into account that 



It follows from inequality (3.4) that there is a number , that as. Lemma 3.3 is proved.




Lemma 3.4. Let the condition  fulfilled. Then the operator  bounded invertible as and for the inverse operator  the equality

				
holds.
Proof. The proof of the lemma follows from equality (3.3) in view of Lemmas 3.1 and 3.3.





	Now, consider the invertibility of the operator , i.е. invertibility of the operator  without . Here we want to remind you that the number introduced in order to obtain estimates for the norm of the operator.  Now we want to get rid of this number.
To do this, consider the following equation:

.     (3.5)


	Definition. By the solution of equation (3.5) we mean the function , for which there is a sequence  such that


as.




	Hence, it is seen that the inverse operator coincides with the closure in  of the operator defined on .  





Lemma 3.5. Let the condition  fulfilled. Then the operator  bounded invertible as  and for the inverse operator the equality

   		(3.6)

holds, where, .

Proof. Let  . Equation (3.5) we rewritten as

,						(3.7)


where, .  By Lemma 3.1, we obtain

.					(3.8)
	Taking into account (3.8), it follows from equality (3.5) and (3.7) that



as .

	It is known that for  the operator is essentially self-adjoint [33], and the inequlity

.

holds for all .



Hence it follows that the operator  has a bounded inverse operator  defined on . Lemma 3.5 is proved.


Lemma 3.6. Let the condition  fulfilled and . Then the estimates

,

.

hold for all .
	Proof. Lemma 3.6 is proved in exactly the same way as Lemma 3.1.



	Lemma 3.7. [34] Let the operator  bounded invertibility in and as  the estimate 

,


holds for all , is a constant.

Then the operator also boundedly invertible.

	Proof of Theorem 2.1. By applying the Fourier transform by  to the equation (2.1) we obtain

		(3.9)

where, 



	Hence, it is easy to see that the problem of solving the equation turns into the problem of solving equation (3.9). Therefore, according to Lemma 3.5, we have

			(3.10)
Now, using the inverse operator, we find that

			(3.11)
	Uniqueness it follows from Lemma 2.1.
	Let us prove Theorem 2.2. First, we prove the following lemma below.

	Lemma 3.8. Let the condition  fulfilled. Then the following inequalities

а) ;


b) , ;

c) 

d)
hold.
	Proof. Estimate a) and b) follows from Lemma (2.9). Part c) proves in exactly the same way as Lemma 2.9. Part d) follows from Lemma 2.6.

Lemma 3.9. Let the condition  fullfilled. Then the following inequalities 

а) ;


b) , ;

c) 

d)
hold.
	Proof. According to Lemma 3.4, we have





Here, the finite multiplicity of coverage was taken into account






Now, using estimate a) of Lemma 3.16, we have





Where ,.
	From this implies estimate a) of Lemma 3.9.
	Let us prove part b) of Lemma 3.9.




Here, the finite multiplicity of coverage was taken into account




Further, repeating the calculations and arguments used in the proof of part b) of Lemma 3.9, we find:

		(3.12)
	The last inequality proves part b) of Lemma 3.9.
	Parts c) and d) of Lemma 3.9 are proved in exactly the same way.
	Proof of Theorem 2.2. Let us prove part a). From representation (3.11) we have:


















,


where, here the changes in the order of integration are legal, since L is the set of infinitely differentiable and rapidly decreasing functions.
	Part a) of Theorem 2.2 is proved.
Let us prove part b)

























b) proven.



,  are unitary operators in . This fact is called Plancherel's theorem.
	Parts c) and d) are proved in the same way. Theorem 2.2 is proved.

3.4 Proof of the main theorems. Proof of Theorems 1.1-1.2


Let's take a set of the non-negative functions  from such that

,



Where , length of the segment is equal to. 


. 




One of the main properties of the system of functions  It turns out that the corresponding support system has at most three-fold intersection, i.e. any point  may belong to at most three segments of the system of segments.

	Bydenote the operator defined by the equality

			(4.1)

	Lemma 4.1. Let the conditions  fullfilled. Then the equality 


		(4.2)

holds for any  i.е. 

					(4.3)

where,

,

,

,

,

.


Proof of Lemma 4.1. Acting  by the operator  we get

















.
Lemma 4.1 is proved.



Lemma 4.2. Let the condition  fullfilled. Then there exist numbers and such that the estimate


holds.

	Proof. For this we calculate the norms of the operators . 







			(4.4)


	Hence, given  and by choosing a sufficiently small area , and also using estimate c) of Theorem 2.2 we obtain

					(4.5)



where asdue to the condition .
	For the validity of Lemma 4.2, we now assume in the last inequality that 

.

	Here, according to the conditions, we used the fact that is a sufficiently large number.
Hence

					(4.6)

Now, let us calculate the norms of the operator :








Here we have used estimate a) of Theorem 2.2. Hence and for the validity of Lemma 4.2, now, it is necessary choose  so that

,
 i.е. 

.
Further, in the same way we calculate:








From here choosing so that .
We have

.					(4.7)

Now, let us calculate the norm of the operator :








Since is a sufficiently large number, hence choosing we obtain

					(4.8) 

We calculate the norm of the operator :








according to the condition , where.


Now choosing so thatfrom the last inequality we find

					(4.9)
It follows from inequality (4.6) - (4.9) that

.
Lemma 4.2 is proved.

	Lemma 4.3. Let the condition  fullfilled. Then

,


whereis the right inverse operator of .
	Proof. Lemmas 4.1 and 4.2 imply the proof of Lemma 4.3.




Lemma 4.4. Let the condition  fullfilled. Thenthere exists a number , such that if , then .
To prove Lemma 4.4, we first prove several lemmas.
We put


,   
	Now, consider the following operators

,

.




Initially defined on , where is the the formally adjoint operator to the operator. Note that on the functions  the equality

,


holds, where is the scalar product in  . 





	It is easy to check that the operators ,  admits closed in and the closures of these operators, respectively, are also denoted by  and.
	We introduce the operator

,


where is the inverse operator to:

.

Lemma 4.5. Let the condition  fullfilled. Thentheequality

,					(4.10)

,					(4.11)

holds for all, where

,

,

,



.


	Proof of Lemma 4.5. Acting as an operatorto:
















.
Equality (4.10) is proved.
Now, let us prove equality (4.11)












	Equality (4.11) is proved. Lemma 4.5 is proved.



Lemma 4.6. Let the condition  fullfilled. Then there exists number , such that atthe inequalities


hold.




Proof. For this, we estimate the norms of the operators , . Taking advantage of the fact that on quantity of not more than three nonzero (by construction) we have










 				(4.12)

According to construction . Taking this into account and by virtue of condition ii), by direct calculation, we verify the validity of the following inequalities





 			(4.13)




Here condition ii) and the length of the segment , т.е. as, .
Exactly the same

.	 			(4.14)
Now, taking into account (3.15), (3.16) and estimate a) of Theorem 2.2, from (4.14) we find:

.


From here choosing thus we obtain

.				 	(4.15)

Now we calculate the norm of the operator :



Hölder's inequality



,

where.


From here and choosing  andwe find

					  (4.16)
In exactly the same way, repeating all calculations and arguments that were used in the proof of inequalities (4.15) and (4.16), we obtain that

			(4.17)
From (4.16) and (4.17), by direct calculation, we find:


Lemma 4.6 is proved.
	Lemma 4.7. Let the conditions of Lemma 4.6 be satisfied. Then the inequalities

				(4.18)

			(4.19)




hold, where, are right inverse operators respectively to operators,  .
	Proof. Using Lemmas 4.5 and 4.6, we obtain the proof of Lemma 4.7.
	Lemma 4.8. Let conditions i) -ii) be satisfied. Then the equality

				(4.20)
holds.

Proof. By Lemma 4.7, for the proof of Lemma 4.8, it remains for us to show that. The following statements are known from general operator theory:




It follows from inequalities (4.18) and (4.20) that

				(4.21)
Since

.
Hence it follows that

					(4.22)
Lemma 4.8 is proved..

	Lemma 4.9. Let the conditions of Lemma 4.8 be satisfied. Then .


	Proof. Since, then (4.20) and (4.22) it follows thatLemma 4.9 is proved.
	Proof of Theorem 1.1.






	LetFrom Lemma 4.9 it follows thatrepresentable as . Since. This follows from (4.10) and (4.20), is the range of. Now, it is easy to see that equality (4.3) implies that



Hence


			(4.23)
From this

						(4.24)


Hence from (4.23) and (4.24) it follows. Hence we conclude that Theorem 1.1 is proved.






Proof of Lemma 4.4. Letandas. .We have already proved closure in . Then for this function there is a sequencesuch that



Now using the viewswe get


 as 		(4.25)





Because the, then from (4.25) it follows that. From here and from the representationit follows that. Consequently. Lemma 4.4 is proved.
	Доказательство пункта а) теоремы 1.2 следует из лемм 4.3 и 4.4.
The proof of part b) of Theorem 1.2 follows from Theorems 2.1 and 2.2..

3.5 Compactness of the resolvent


	In the future, for the convenience of the formulation of theorems, instead of introduced the notation .


	Let be an arbitrary compact subset . We introduce the class of functions.



 в in the neighborhood .


	The capacity of the set with  respect to the number 

,

where .



	Theorem 5.1. Let the conditions - fulfilled. Then the resolvent of the operator is compact if and only if

,

Where ,


is the set of all compact sets and satisfying the inequality

,

 is a sufficiently small number.


	Let, in addition to the condition - the following condition is satisfied:


.



	Theorem 5.2. Let the conditions - fulfilled. Then the resolvent of  is compact if and only if

.
	Proofs of Theorems 5.1-5.2.





	From Theorem 1.2 it follows that , where is the range of ,  is space obtained by completing relative to the norm

,

.





	To complete the proof, it remains to show that the embedding operator is the space inis compact. The answer to this question follows from the results of [24]. In this work, it was proved that any bounded set of space is compactif and only if . Theorem 5.1 is proved.
	To prove Theorem 5.2, we first prove the following lemma.

	Lemma 5.1 Let the condition  fulfilled. Then

,				(5.1)

 are constants.

	Proof. Let , then

					(5.2)


This follows from the definition . Further, since , then

.



Hence , where is a sufficiently small number. Therefore, by the condition of Theorem 5.2, in the cube, the inequality. ИFrom the last inequality, by virtue of (5.2), we have

,
from whence

						(5.3)

	We now prove the right-hand side of inequality (5.1). By definitionwe have

,
from whence


.						(5.4)
From inequalities (5.3), (5.4) we obtain the proof of Lemma 5.1.
	Now Theorem 5.2 being proved follows from Theorem 5.1 and inequality 5.1.

3.6 Estimates of singular numbers and eigenvalues 





Let be a linear completely continuous operator and let . Eigenvalues of the operator  is called-numbers of.


	Nonzero -numbers of will be numbered in descending order, taking into account their multiplicity, so that

.



	We introduce the following function  is a quantity of  greater than.


	Theorem 6.1. Let the conditions - fulfilled. Then the estimate

,

holds,  is a constant.
	Proof. Repeating the calculations and arguments used in the proof of Theorem 1.4 in [38], we obtain the proof of Theorem 6.1.
Example. Consider the differential operator

,




Initially defined onwhere. The operatoradmits closure, which we denote by.
	It is not hard to verify that all conditions of Theorem 6.1 are satisfied..
	Therefore, according to Theorem 6.1, we find

,

 is a constant.

	Hence, if the operator has an infinite number of eigenvalues, which, using the results of [36], we have:





where are eigenvalues of the resolvent of the operator .




CONCLUSION

According to the project schedule, for the first two years, a Schrödinger operator with a negative parameter with strong and rapidly fluctuating coefficients was studied. For this operator, the following results are obtained:
- the existence of the resolvent is proved;
- the representation of the resolvent is found;
- the compactness of the resolvent is proved;
- received coercive estimates;
- two-sided estimates of singular numbers (s-numbers) are obtained.
Using the above results and according to the project schedule, the object of research for the third year was a hyperbolic differential operator with strongly growing and rapidly fluctuating coefficients, and the following new results were obtained for it:
- the existence of a resolvent of a differential operator of hyperbolic type with strongly growing and rapidly oscillating coefficients is proved;
- the compactness of the resolvent is proved;
- a two-sided estimate of singular numbers (s-numbers) is obtained;
- shows an example, using estimates of singular numbers, how to find estimates of eigenvalues.
The results obtained were reported and discussed at international and republican conferences, seminars and published in journals that are given in Appendix A.
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Appendix 1.4
to the Agreement No.__ dated _______2018
for grant funding

TECHNICAL SPECIFICATIONS AND
CALENDAR WORK PLAN

Under contract No. _277_ dated __29 March_2018

1. RSE on REM "Taraz State Pedagogical
University "MES RK

1.1 By priority: Information, telecommunication and space technologies, scientific research in the field of natural sciences.
1.2 Sub-priority: Scientific research in the field of natural sciences. Fundamental and applied research in mathematics.

1.3 On the topic of the project: No. AP05131080 "Existence of the resolvent and the discreteness of the spectrum of singular differential operators of hyperbolic type in ".
1.4 The total amount of the project is 21000000 (twenty one million) tenge, including with a breakdown by years, for the performance of work in accordance with paragraph 3:
- for 2018 - 7000000 (seven million) tenge;
- for 2019 -  7000000 (seven million) tenge;
- for 2020 -  7000000 (seven million) tenge.

2. Characteristics of scientific and technical products by qualification characteristics and economic indicators
2.1 Direction of work: mathematics, spectral questions of operators of hyperbolic type.
2.2 Scope: spectral theory of differential operators.
2.3 End result:
- for 2018: conditions will be obtained that ensure the existence and compactness of the resolvent of the one-dimensional Schrödinger operator with a negative parameter;
- for 2019: theorems on the existence and compactness of the resolvent (on the discreteness of the spectrum) of the Schrödinger operator with a negative parameter in space will be proved; and also estimates of singular numbers (s-numbers) will be obtained;
- for 2020: theorems on the existence of the resolvent and discreteness of the spectrum of one class of differential operators of hyperbolic type will be proved. The obtained scientific results will be published in foreign peer-reviewed scientific journals. A study guide will also be published in a Kazakhstan publishing house.
2.4 Patentability: no.
2.5 Scientific and technical level (novelty): a high level of theoretical results obtained for the first time. Will be studied that such issues as: the existence of the resolution; discreteness of the spectrum; estimates for the eigenvalues ​​and singular values ​​(s-numbers) of differential operators of hyperbolic type defined in a non-compact domain.
2.6 The use of scientific and technical products is carried out: by the Contractor
2.7 Type of use of the result of scientific and (or) scientific and technical activities: the results obtained can influence and serve as the basis for the further development of the theory of partial differential equations, in particular, the spectral theory of differential operators of hyperbolic type


Name of work, terms of their implementation and results
	Code, stage
	Name of work under the Agreement and the main stages of its implementation
	Period of execution
	Expected Result

	
	
	Start
	ending
	

	1.
	
To reduce the study of one class of a hyperbolic operator defined in  by means of the Fourier method to the study of the Schrödinger operator with a negative parameter
	January, 2018 
	October, 2018 
	Conditions will be obtained that ensure the existence and compactness of the resolvent of the one-dimensional Schrödinger operator with negative parameter

	1.1
	Prove the existence of the resolvent of a one-dimensional Schrödinger operator with a negative parameter 
	January, 2018 
	June,
2018 
	The representation of the resolvent of the one-dimensional Schrödinger operator with negative parameter will be obtained

	1.2
	To study the question of the compactness of the resolvent of the one-dimensional Schrödinger operator with a negative parameter
	July,
2018 
	Until November 1, 2018 
	Conditions will be obtained that ensure the compactness of the resolvent of the one-dimensional Schrödinger operator with negative parameter

	2.
	
To study questions on the existence and compactness of the resolvent of the Schrödinger operator with a negative parameter in the .
Find the estimates of singular numbers (s-numbers)
	January, 2019 
	October, 2019 
	
Theorems will be proved on the existence and compactness of the resolvent (on the discreteness of the spectrum) of the Schrödinger operator with a negative parameter in .  Estimates of singular numbers (s-numbers) will be obtained

	2.1
	
Prove the existence of the resolvent of the Schrödinger operator with a negative parameter in the space 
	January, 2019 
	June,
2019 
	
A representation of the resolvent of the Schrödinger operator with negative parameter in 

	2.2
	
To study the question of the compactness of the resolvent of the Schrödinger operator with a negative parameter in . Find the estimates of eigennumbers and singular numbers (s-numbers)
	July,
2019 
	Until November 1, 2019 
	
Conditions will be obtained that ensure the compactness (discreteness of the spectrum) of the resolvent of the Schrödinger operator with a negative parameter in .  Estimates of the eigenvalues and singular values (s-numbers) will be obtained

	3.
	
To study questions on the existence of a resolvent and the discreteness of the spectrum of a class of differential operators of hyperbolic type in  . Find the estimates of eigennumbers and singular numbers (s-numbers)
	January, 2020 
	Until November 1, 2020 
	
Questions will be studied and theorems on the existence of the resolvent and discreteness of the spectrum of one class of differential operators of hyperbolic type in . 
Estimates of eigenvalues and singular values (s-numbers) will be found.
There will be published 3 articles in peer-reviewed foreign scientific journals indexed in the Web of Science or Scopus databases with a non-zero impact factor, as well as 2 publications in peer-reviewed foreign and domestic scientific journals with a non-zero impact factor. A tutorial will also be published in the Kazakh publishing house

	3.1
	
Prove a theorem on the existence of the resolvent of a class of differential operators of hyperbolic type in 
	January, 2020 
	June,
2020 
	
We will prove a theorem on the existence of a resolvent of one class of differential operators of hyperbolic type in 



	3.2
	
To study the question of the discreteness of the spectrum of a class of differential operators of hyperbolic type in . Find the estimates of eigennumbers and singular numbers (s-numbers)
	July,
2020 
	Until November 1, 2020 
	
The question will be studied and a theorem on the discreteness of the spectrum of one class of differential operators of hyperbolic type in .  Estimates will be found and a theorem on estimates of eigenvalues and singular values (s-numbers)
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