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Abstract. A short resume is given about the nature of EPs followed by a discussion about
their ubiquitous occurrence in a great variety of physical problems. EPs feature in quantum
phase transition, quantum chaos, they produce dramatic effects in multichannel scattering,
specific time dependence and more. In nuclear physics they are associated with instabilities and
affect approximation schemes. EPs could be of interest for weakly bound states such as halos
and nuclei along the drip line.

1. Introduction

Exceptional points (EPs) are spectral singularities that occur generically in eigenvalue problems
depending on a parameter [1]. This implies classical as well as quantum mechanical cases. In the
simplest case they are studied in two-dimensional matrix problems [2, 3]. They are of physical
interest as there is a great variety of physical situations where the singularities explain particular,
in some cases dramatic effects !. Below we briefly present the formal background followed by a
description of the first physical manifestation of the mathematical properties. The subsequent
sections are devoted to some of the major physical cases where EPs play a direct role in the
understanding of specific phenomena.

2. Exceptional Points
For a two-dimensional matrix the phenomenon of level repulsion is easily demonstrated. Consider
the problem
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where the parameters wp and €, determine the non-interacting resonance energies Ep =

wi + Aék, kK = 1,2. Owing to the interaction invoked by the matrix element § the two levels do
not cross but repel each other. In fact, the levels turn out to be

Eia(N) = %(Wl +wy + Mer+e) FD (2)
D = \/CC(\— EP1)(A— EP2)) (3)
CC = 46+ (€1 — €2)? (4)

! see also the workshop at Stellenbosch in November 2010: http://www.nithep.ac.za/2g6.htm



Figure 1. Perspective view of the Riemann sheet structure of two coalescing energy levels in
the complex A\—plane

and the two levels coalesce for complex values of A in the vicinity of the level repulsion, that is
at
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We use the term coalesce as the pattern is distinctly different from a usual degeneracy
encountered for hermitian operators. Note that H(\) is not hermitian for complex values of
A, it thus requires an open system to approach an EP in the laboratory. The difference between
the hermitian and the non-hermitian case is clearly manifested by the occurrence of only one
eigenvector (instead of the two in the case of a genuine degeneracy). The only one eigenvector
is here given by

|pEP1) = <1> and (7)
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independent of parameters. Note that the norm - that is the scalar product <¢~5Epk|¢EPk>, k=1,2
- vanishes. It is the square root type of behaviour of the eigenvalues - implying an infinite
derivative in the variable A - and the vanishing norm of the likewise coalescing eigenfunctions
that invoke specific observable effects.

3. Observable effects
Many cases of specific effects have been reported in the literature during the past ten years. We
here can discuss only a few in some detail.

3.1. Microwave cavity

Probably the first time ever the direct encircling of the square root branch point - that is
the manifestation of the two Riemann sheets (see Fig.1) - was accomplished with a microwave
resonator [4].

The realisation of the complex parameter A was implemented in the laboratory by two real
parameters: (i) the coupling between the two halves of the cavity and (ii) the variation of the
one level in one half of the cavity. In the experiment the direct approach of the EP was avoided
while the encircling was done at close distance. One encirclement clearly swapped the levels and



AR Figure 2. FExceptional points in the A-plane for
1 2 3 4 N — 8 (blue), N - 16 (red) and N — 32 (black)

so did the corresponding wave functions that were measured as well. Moreover, one of the wave
function picks up a phase, i.e. after one round one obtains |p1) — —|¢2) and |p2) — |p1). As a
consequence, it needs four rounds for the wave functions to recover the original configuration,
in other words one obtains the pattern for subsequent encircling

o1 —¢2 —¢1 b2 b1
<¢2) - ( $1 ) - (—¢2) - (—¢1> - <¢1)'

This sequence has been predicted and was established experimentally. It confirms a forth order
root for the normalised wave functions (recall: the norm vanishes at the EP, the leading order
is ~ /A — Agp). Note that the sequence has a chiral property: going clockwise yields a result
different from the one going counterclockwise.

This chiral property of the wave function at the EP has been confirmed in a second experiment
[5] where the phase difference of 7/2 between the two components (see (7) or (8)) has been
confirmed in a direct approach of an EP. For further details see [4, 5].

The same results have been reconfirmed with two coupled electronic circuits [6].

3.2. Quantum phase transitions, chaos

The Lipkin model [7] is a toy model often used to study quantum phase transitions. The
interaction of the two level model lifts or lowers a Fermion pair between the two levels. For N
particles it can be formulated in terms of the angular momentum operators and reads

H\) = J. + %(Ji +J2) (9)

with J,, J+ being the N-dimensional representations of the SU(2) operators. There is a phase
transition at A > 1 that moves toward A = 1 in the thermodynamic limit. The Hamiltonian has
an inherent symmetry: even and odd numbers k£ of the levels E; do not interact. The phase
for A < 1 is the 'normal’ phase where the symmetry of the problem is preserved by the levels
and wave functions. In the 'deformed’ phase for A > 1 the symmetry is broken in that even and
odd k become degenerate. Here the role of the EPs is crucial to bring about the phase change
in the spectrum [8]. In Fig.2 the pattern of the EPs is illustrated for low values of N. It is
clearly seen how the EPs accumulate for increasing N on the real axis with the tendency to
move towards the point A = 1. The spectrum remains unaffected by singularities in the region
of the normal phase while it is strongly affected around the critical point. For finite temperature
these singularities feature accordingly in the partition function [9]. If the model is perturbed the
regular pattern of the EPs is destroyed and so is accordingly the spectrum. The onset of chaos
[10] is clearly discernible in the region of the phase transition while the model remains robust
outside the critical region for sufficiently mild perturbation.



3.3. The role of EPs in approximation schemes

The well known Random Phase Approximation (RPA) used in many body problems yields an
effective Hamiltonian that is non-hermitian [11]. As a result, eigenvalues are not necessarily
real. Depending on the strength of the, say, particle-hole interaction two real eigenvalues 2 and
—€) coalesce at 2 = 0 and move then into the complex plane when the interaction is increased.
Often this instability point is associated with a phase transition of the underlying mean field
[11, 12]. It is an EP with all its characteristics: square root branch point in the interaction
strength and the vanishing norm of the wave function.

A perturbative approach in shell model calculations can be hampered by singularities
associated with intruder states [13]. These singularities are EPs where two levels coalesce thus
limiting the radius of convergence of the perturbation series.

Recent approaches to model nuclei on the drip line [14] use resonance states to describe the
continuum. The coalescence of two resonances can invoke specific physical effects owing to the
strong increase of the associated spectroscopic factors being caused by the vanishing norm of
the wave functions at the EP.

3.4. The symmetry breaking point for PT -symmetric Hamiltonians

It has been suggested to extent the class of the traditional hermitian Hamiltonians by a specific
choice of non-hermitian operators [15]. Hamiltonians that are symmetric under the combined
operation of parity and time reversal transformation, the P7-symmetric operators, can have
a real spectrum even though the operators can be non-hermitian. It turns out that if the
eigenstates preserve the symmetry, the eigenvalues are real, while for symmetry breaking the
eigenvalues are complex [16]. The points where this symmetry is broken are the EPs of the
problem. In the meanwhile, while there is plenty theoretical literature on this subject [17, 18],
there is beautiful experimental evidence with optical cavities [19], optical lattices [20] and
propagation of light [21].

3.5. EPs and Feshbach resonance in atomic/molecular physics

Using Feshbach resonance techniques there are recent proposals for resonant dissociation by
lasers of H,  molecules or alkali dimers where the effects of EPs are expected to feature
prominently [22]. Similar in spirit, a Bose-Einstein condensate of neutral atoms with induced
electromagnetic attractive (1/r) interaction has been discussed recently as another system
allowing a tunable interaction [23]. The critical value - an EP - where the onset of the collapse of
the condensate occurs is interpreted as a transition point from separate atoms to the formation
of molecules or clusters [24].

3.6. Special effects in multichannel scattering

Depending on a judicious choice of parameters the proximity of EPs can invoke dramatic effects
in multichannel scattering such as a sudden increase of the cross section in one channel, even by
orders of magnitude. In turn, a second channel is suppressed and can show a resonance curve
that deviates substantially from the usual Lorentz shape [25]. Related to this behaviour is the
pattern in the time domain [26]. Depending on the initial conditions the wave function displays
characteristic features such as very fast decay or the opposite, i.e. very long life time. At the EP
the wave function typically has a linear term in time besides the usual exponential behaviour.

4. Summary

The ubiquitous occurrence of EPs in all eigenvalue problems that depend on a parameter
can have significant and often dramatic effects of observables in a great variety of physical
phenomena. A few decades ago, these singularities appeared as a purely mathematical feature



that could cause problems in approximation schemes. I was only about ten years ago that their
physical manifestation has been demonstrated in experiments that were basically classical in
nature (recall that an EP can be approached in the laboratory only in an open system). More
recently, there are now definite theoretical and experimental proposals in atomic and molecular
physics, using lasers for triggering and measuring specific transitions. In nuclear physics, where
there is now great interest in open systems, that is in nuclei on the drip line, the coalescence
of resonance states is expected to produce specific effects such as enhancements of particular
reactions.

References
[1] T. Kato, Perturbation theory of linear operators Springer, Berlin 1966
[2] W.D. Heiss 1999 Eur.Phys.J. D 7 1
[3] W.D. Heiss 2000 Phys.Rev. E 61 929
[4] C. Dembowski, H.-D. Graf, H.L.Harney, A.Heine, W.D. Heiss, H. Rehfeld and A.Richter 2001, Phys. Rev.
Lett. 86, 787
[5] C. Dembowski, B. Dietz, H.-D. Graf, H. L. Harney, A. Heine, W.D. Heiss and A. Richter 2003 Phys. Rev.
Lett. 90, 034101; 2004 Phys. Rev. E 69, 056216
[6] T. Stehmann, W.D. Heiss and F.G. Scholtz 2004 J.Phys. A: Mathematical & General, 37, 7813
[7] H.J. Lipkin, N. Meshkov and N. Glick 1965, Nucl. Phys. A 62, 188 ; ibid. 62, 199 (1965), ibid. 62, 211 (1965)
[8] W.D. Heiss, F.G. Scholtz and H.B. Geyer 2005 J.Phys. A: Mathematical & General, 38, 1843
[9] P. Cejnar, S. Heinze, M. Macek 2007 Phys.Rev. Lett. 99, 100601
| W.D. Heiss and A.L. Sannino 1991 Phys.Rev. A 43, 4159
] P. Ring and P. Schuck 1980 The Nuclear Many Body Problem, Springer, New York
] W.D. Heiss and R.G. Nazmitdinov 2002 Phys.Rev. C 65, 054304
] T.H. Schucan and H.A. Weidenmiiller 1972 Ann.Phys.(NY) 73 108
] N. Michel, W. Nazarewicz, J. Okolowicz, and M. Ploszajczak 2010 J. Phys. G: Nucl. Part. Phys. 37, 064042
] C.M. Bender and S. Boettcher 1998 Phys. Rev. Lett. 80, 5243
| P. Dorey, C. Dunning and R. Tateo 2001 J.Phys.A: Math. Gen. 34 L391
] M. Znojil 2006 J.Phys. A: Math. Gen. 39, 441
| U. Glunter, I. Rotter, and B.F. Samsonov 2007 J. Phys. A 40, 8815, and references therein.
| Sang-Bum Lee etal. 2009 Phys. Rev.Lett 103, 134101
| K.G. Makris, R. El-Ganainy, D.N. Christodoulides and Z.H. Musslimani 2010 Phys.Rev. A 81, 63807
21] S. Longhi 2010 Phys.Rev.Lett. 105, 13903
22] R. Lefebvre and O. Atabek 2010 Eur.Phys.J. D 56 317; O. Atabek, R. Lefebvre, M. Lepers, A. Jaouadi,
O. Dulieu and V. Kokoouline 2011 Phy. Rev. Lett. 106 173002
[23] I. Papadopoulos, P. Wagner, G. Wunner, and J. Main 2007 Phys. Rev. A 76, 053604
[24] H. Cartarius, J. Main, and G. Wunner 2008 Phys. Rev. A 77, 013618
[25] W.D. Heiss and R. G. Nazmitdinov 2010 Eur. Phys. J. D58, 53
[26] W.D. Heiss 2010 Eur. Phys. J. D60, 257



