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Abstract.

Recently a theory of excited states of Coulomb systems (P. W. Ayers, M. Levy and AN agy,
Phys. Rev. A 85, 042518 (2012)) has been been put forward. The talk will present and develop
this new theory. It will be shown that the Coulomb density determines the Hamiltonian and the
degree of excitation. The definition of a single, universal functional which is enough to describe
Coulomb systems is presented. The availability of the theory is discussed.

1. Introduction

Nowadays excitation energies are frequently calculated with time-dependent density functional
theory(See, e. g. [1, 2, 3]), though there are time-independent theories, too. The first rigorious
theory was the subspace theory of Theophilou [4] which was enlarged to an ensemble theory
by Gross et al [5]. These approaches have, however, the disadvantage that their application to
highly excited states is rather complicated and they cannot be used in case of core excitations.
There also exist theories for a single excited state. The Levy-Nagy theory [6], for example, is a
bifunctional theory, that is, the excited-state energy is a functional not only of the excited-state
density, but also of the external potential (or the ground-state density). The Nagy theory of a
single excited state [7, 8], on the other hand, is based on Kato’s theorem and valid for Coulomb
external potential. Recently, the latter has been generalized [9]. The talk will present and
develop this new theory.

2. Cusp condition for excited states

The ground-state electron density is sufficient in principle to determine all molecular properties.
This can be simply understood following Bright Wilson’s [10] argument: A well-known theorem
of quantum mechanics, Kato’s theorem [11] leads to [12]
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where the partial derivatives are taken at the nuclei 5 and n(r) is the angular average of the
density. So the cusps of the density tell us where the nuclei are (Rg) and what the atomic
numbers Zg are. On the other hand, the integral of the density gives us the number of electrons:

N = /n(r)dr. (2)



Kato’s theorem is valid not only for the ground state but also for the excited states. So, if
the density ny of the k-th electron states is known the Hamiltonian H is also in principle known
and its eigenvalue problem

HU; = (T+V +V,.)¥; = BV, (3)

can be solved, where
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are the kinetic energy, the electron-electron and the electron-nucleon operators, respectively.
There are certain special cases, however, where Eq. (1) does not determine the atomic
number. The simplest example is the 2p orbital of the hydrogen atom. In this case the spherical
average of the derivative of the density is zero and the value of the density

nop(r) = crle?r (5)

is also zero at the nucleus. It means that in this case Kato’s theorem does not give the atomic
number. Similar cases occur in those highly excited atoms, ions or molecules, in which there
are no s-electrons. There exist, however, a more general cusp expression for the density, that
can be applied even in these special cases. The corresponding relations for the wave functions
were derived by Pack and Brown [13]. (Further works concerning the cusp of the density are
Ref. [14, 15, 16].) The cusp relations for highly excited states for the density were also derived
(17, 18]:
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and [ is the smallest integer for which 7; is not zero at the nucleus. In the example mentioned
above Eq. (7) leads to
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and the new cusp relation has the form:
—2Z12,(0) = 21, (0) - (9)

So we can again readily obtain the atomic number from the electron density. (Further useful
cusp relations can be found in [19].) The argument above proves
Theorem 1: The density of a Coulomb system determines the external potential .

3. Theory of excited states in Coulomb external potential

Theorem 2: The excited state density nj; determines not only the Hamiltonian but the eigenvalue
Ey, too.

To prove this theorem, suppose that we have two wave function ¥y, and ¥}, for which the density



is the same: ny = nj. It is well known, that the asymptotic behaviour of the density is governed
by the ionization energy I [20, 21]. Consequently,
Iy = B, — BN 7Y (10)

)

where E%N_l) is the ground-state energy of the system after an electron is removed. Similarly, we
can write that I = E}g — E%Nﬁl). As the density is the same ny, = nj, so is the ionization energy
I, = I;. Therefore E, = Ej. So, for a non-degenerate state the density uniquely determines
both the energy and the wave function.

Eq. (10) is valid only if

e=bBNY_E >0, (11)

For highly excited states € might be negative. A more general expression valid for any excited
state can be found in [21]: With the nomenclature of Wigner [22] the eigenfunctions of the
Hamiltonian H?% can be classified by the irreducible representations DV, = 0,1, ..., [N/2]. If
the eigenfunction belongs to the irreducible representation DO of the symmetric group Sy, it can
be ionized into N — 1-electron states which transform according( to t)he irreducible representations
N-1
1,0

D or D=1 of the symmetric group Sy_;. Denoting by E the lowest eigenvalue of the

Hamiltonian HV~! and defining
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the decay of the wave function is determined by
egen = BNV — B (13)

The present theory is valid provided this quantity is positive, that is, for a bound state.
Define now the functional F.

Fln] = E — / n(r)v(r)dr (14)

is valid for any stationary state of any Coulomb system. As there is no known way to decide
(without constructing the external potential and solving the Schrédinger equation), whether a
given density is Coulombic it would be better to define a functional F' for all electron densities.

First, F is defined as a functional of a trial density n and a Coulomb density n¢o%
corresponding to the the kth state of some Coulomb Hamiltonian
F[n,nc"“l] = min <\II\T + Vee[\m . (15)
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The minimization is done with the constraints that each ¥ yield n(r) and is simultaneously
ortogonal to the first k — 1 states of the Coulomb system specified by n¢°%(r). Then a universal
functional F[n] can be constructed as follows. Assume that there exists a unique Coulomb
density that is closest to the (non-Coulomb) density n. (The best measure for “closest” is not
detailed here.) If there are several Coulomb densities from the same ’distance’ from n, the one
yielding to the smallest F' (Eq. (15)) is selected:

FCoullp] = T{gg}lF[n,nCO“l]; [[nCed —n|| <. (16)



€ is supposed to be large enough to ensure the existence of at least one stationary state Coulomb
density in the distance smaller than e. With €,,;, denoting the smallest possible value of e,

FCoul [’I’L] — FCoul [TL] (17)

€min

This procedure should be done in the “vicinity” of all Coulomb densities ng(r). In this way
the functional FE°% is defined for any density. Supposing that this functional is functionally
differentiable we are led to the the Euler equation

§ FCoul [n]
on

up to a constant. The theory presented here is for non-degerate states. The generalization for
degerate states will be published elsewhere. An extension to the Kohn-Sham scheme is under
progress.
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Acknowledgments

The work is also supported by the TAMOP 4.2.1/B-09/1/KONV-2010-0007 and the TAMOP
4.2.2/B-10/1-2010-0024 projects. The project is co-financed by the European Union and the
European Social Fund. Grant OTKA No. K 100590 is also gratefully acknowledged.

References
[1] H. Appel, EXK.U. Gross and K. Burke, Phys. Rev. Lett. 90, 043005 (2010).
[2] M. E. Casida, J. Mol. Struct., Theochem 914, 3 (2009).
[3] M. Petersilka, U. J. Gossmann and E.K.U. Gross, Phys. Rev. Lett . 76, 1212 (1996).
[4] A.K. Theophilou, J. Phys. C 12 5419 (1978).
[5] L.N. Oliveira, E.K.U. Gross and W. Kohn, Phys. Rev. A 37, 2805, 2809, 2821 (1988).
[6] M. Levy and A. Nagy, Phys. Rev. Lett. 83, 4361 (1999). A. Nagy and M. Levy, Phys. Rev. A 63, 2502
(2001).
[7] A. Nagy, Int. J. Quantum. Chem. 69, 247 (1998).
[8] A. Nagy, Int. J. Quantum. Chem. 70, 681 (1998).
[9] P. W. Ayers, M. Levy and A. Nagy, Phys. Rev. A 85, 042518 (2012).

[10] N. C. Handy, in Quantum Mechanical Simulation Methods for Studying Biological Systems Eds. D. Bicout
and M. Field (Springer—Verlag, Heidelberg,1996) p.1.

[11] T. Kato, Commun. Pure Appl. Math. 10, 151 (1957).

[12] E. Steiner, J. Chem. Phys. 39, 2365(1963); N. H. March, Self-consistent fields in atoms (Pergamon, Oxford,
1975).

[13] R. T. Pack and W. B. Brown, J. Chem. Phys. 45, 556 (1966).

[14] F. J. Gélvez, J. Porras, J. C. Angulo and J. S. Dehesa, J. Phys. B. 21, L271 (1988); J. C. Angulo, J. S.
Dehesa and F. J. Gélvez, Phys. Rev. A 42, 641 (1990); erratum Phys. Rev. A 43, 4069 (1991); J. C.
Angulo and J. S. Dehesa, Phys. Rev. A 44, 1516 (1991); F. J. Gélvez and J. Porras, Phys. Rev. A 44,
144 (1991); J. Porras and F. J. Gélvez, Phys. Rev. A 46, 105 (1992).

[15] R. O. Esquivel, J. Chen, M. J. Stott, R. P. Sagar and V. H. Smith, Jr., Phys. Rev. A 47, 936 (1993); R. O.
Esquivel, R. P. Sagar, V. H. Smith, Jr., J. Chen and M. J. Stott, Phys. Rev. A 47, 4735 (1993);

[16] J. S. Dehesa, T. Koga and E. Romera, Phys. Rev. A 49, 4255 (1994); T. Koga, Theor. Chim. Acta 95,
113 (1997); T. Koga and H. Matsuyama, Theor. Chim. Acta 98, 129 (1997); J. C. Angulo, T. Koga, E.
Romera and J. S. Dehesa, THEOCHEM 501-502, 177 (2000).

[17] A Nagy and K. D. Sen, J. Phys. B 33, 1745 (2000).

[18] P. W. Ayers, Proc. Natl. Acad. Sci. 97,1951 (2000).

[19] A Nagy and K. D. Sen, Chem. Phys. Lett. 332, 154 (2000); J. Chem. Phys. 115, 6300 (2001).

[20] C.-O. Almbladh and U. von Barth, Phys. Rev. B 31, 3231 (1985); N. C. Handy, M. T. Marron and H. J.
Silverstone, Phys. Rev. 180, 45 (1969); M. M. Morrell, R. G. Parr and M. Levy, J. Chem. Phys. 62, 549
(1975); H. J. Silverstone, Phys. Rev. A 23, 1030 (1981).

[21] R. Ahlrichs, J. Chem. Phys. 64, 2706 (1976); M. Hoffmann-Ostenhof and T. Hoffmann-Ostenhof, Phys.
Rev. A 16,1782 (1977).

[22] E. P. Wigner, Group theory and its application to quantum mechanics of atomic spectra (Academic Press,
New York, 1959).



