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Publications 

Scientific papers: more than  300. 

Communications to scientific meetings: more than 300. 

Books: 

Laser Handbook, vol. 1 and 2. (with E. Schulz  Du Bois), North Holland 1972; Instabilities and Chaos in Quantum Optics (with R.G. Harrison), Springer 1987; 

I simboli e la realtà, Jaca Book, (with I. Arecchi),  Milano 1990;

Optical chaos (selected papers on) (with R.G. Harrison), SPIE Opt. Eng. Press 1994;

Lexicon of Complexity (with A. Farini), Firenze 1996; 

also Co-Editor of several Proceedings of International Conferences or Schools.


ARECCHI’S MAIN SCIENTIFIC CONTRIBUTIONS


(numbers refer to the selected list of  papers)

1) Cooperative effects in quantum optics 

1964: Theory of a laser amplifier [1] which extended Lamb theory to account for space dependence. This was the first formulation of the coupled field-matter equations with space dependence (later called "Maxwell-Bloch equations"). It predicted invariant pulses propagating at the light speed (the nonlinearity compensating for dispersion). These results were later applied to absorbing media (self induced transparency). 

1969: Introduced a fundamental parameter of the resonant interaction [8] that  is, the correlation length in the cooperative spontaneous emission of atoms prepared incoherently in an excited state. It does not depend on boundary conditions (as the mirrors in a laser), nor on an external field (as in coherent spectroscopy), but it is an intrinsic  parameter of many body optical interactions. 

1970: Theory of the atomic coherent states [9] as a basis for a statistical description of coherent phenomena in resonant spectroscopy. 

1978: Theory of the two photon optical bistability, observed four years later. 

2) Photon statistics and laser fluctuations (reviewed in [23-24])

1965: First experimental evidence of the statistical difference between a laser and a random field [2,3]. It was obtained by photon statistics, and it included  evidence of the bunching phenomenon for Gaussian sources already explored by Hanbury-Brown and Twiss, but also of the absence of such a bunching for a laser field [4]. These experiments provided a physical ground for Glauber's theory of coherence. 

1966-67: Application of the above methods to laser fluctuations at threshold, providing  the first experimental evidence of critical fluctuations [5] and slowing down [6] in a "phase transition out of equilibrium", as called later. 

1967: Transient statistics of a laser switched from below to above threshold [7]: a new phenomenon was discovered, i.e. a transient enhancement of the photon variance.

1989:  The time statistics permits an accurate calibration of the initial photon number giving rise to the amplified chain in a laser. This method has been called "statistical microscope" [14] because it provides measurement of a small photon number not by electron multiplication (as in usual photomultipliers) but by photon multiplication. 

Recently, this research line has been recently revisited in two directions, aiming at

i)   providing evidence of quantum interference between macroscopic distinct states,

ii)   exploring the coherence properties of the Bose Einstein condensate and the atom  laser.

3) Deterministic chaos in optics 

1978: Theoretical introduction of a mechanism of  laser turbulence[10], consisting in a cavity including a lasing medium and a second harmonic crystal. A pair of laser photons are converted to a second harmonic photon and this photon is reconverted into a pair of laser photons of different frequencies, thus inducing  a type of chaos observed later (in 1986). 

1982: First experimental evidence of deterministic chaos in a laser [11], starting a research line the main results of which are:  

i)
1982-87: characterization of low dimensional laser chaos by different means, that is, loss modulation, injection of an external field, two counter propagating fields in a ring cavity, and feedback [12]. 

ii)
1984: classification of lasers in classes A,B,C depending on the time scales of their dynamical variables. This classification has now become of general use. 

iii)
1982: first evidence of generalized multistability, which is the coexistence of many attractors. 

iv)
1987: evidence of the mechanism of competing instabilities [12] leading to homoclinic chaos (Shil'nikov chaos) characterized by the statistics of the return times to a given reference point in phase space [13]. Characterizing chaos by times rather than by geometry is conceptually similar to what done in transient statistics [11] and it is an essential tool whenever chaos does not induce appreciable geometric irregularities, as in most heteroclinic connections; synchronization of homoclinic chaos appears as a universal avenue for biological clocks and biological communication [23]. 

v)
1993: adaptive recognition of chaos and its control [20]. 

4) Pattern formation (reviewed in [26])

High-dimensional optical dynamics results from the competition of many degrees of freedom, either space-like as in extended media, or time-like as in delayed dynamics. In both cases competition gives rise to patterns similar to those observed in fluids, hence the name of "dry hydrodynamics".  

1990: The gradual transition from a small to a high number of competing modes is denoted by the passage from periodic and chaotic alternation (PA, CA) where one single mode per time is present, to space time chaos (STC) where many modes coexist at the same time. These phenomena, first observed in [15], have been explained in terms of cavity symmetries in [18]. 1991: A heterodyne method introduced to detect phase singularities or vortices of the optical field [16] allows the description of optical pattern formation in terms of vortex statistics. The different scaling of the vortex statistics with the cavity size provides a discrimination between two regimes, one in which patterns are imposed by the boundary and one where patterns are intrinsic of the medium, as in chemical Turing morphogenesis [17]. 

1992: A different way to study high dimensional chaotic systems is to still refer to a strongly  confined medium as a single mode laser cavity, but introducing a feedback with a delay longer than the intrinsic correlation time of the laser dynamics [17]. 

1995-1997: Morphogenetic mechanisms analogous to those of fluid mechanics, are shown by the onset of different crystal and quasi-crystal symmetries, depending on the boundary constraints [21]. As the system is driven far away from threshold, many of these "pure" symmetries are excited simultaneously, but rather than quenching each other, they coexist in different regions, giving rise to a multidomain structure or they lock into a single super-structure.

1999: Ref. [22] reports the scaling behaviour of defects after a rapid passage from below to above threshold in a nonlinear optical system. This corresponds to the rapid passage from many uncorrelated domains to an asymptotic single coherence area; however the asymptotic state is reached for long times, and immediately at the end of the switch pulse one finds a collection of frozen defects, due to the critical slowing down at the transition point. Such a feature is common to all extended critical phenomena; it had been hypothesized for cosmological defects and  observed in liquid helium, however here we provided the first quantitative evidence of the scaling.

OVERVIEW OF THE SCIENTIFIC ACTIVITY OF ARECCHI

Arecchi’s research starts with the onset of the laser age (early sixties). Rather than looking for new materials and excitation techniques (spectroscopy) or new cavity configurations (optical engineering) Arecchi focuses on the coherence aspects, measured in terms of photon statistics (research lines #1 and #2). Thus the coherent interaction of matter (atoms, molecules) and electromagnetic radiations which is the basis of the laser action does not need a description in terms of each microscopic component, but it can be epitomized in terms of a small number of collective variables. 

This leads to the discovery that the laser threshold is like the critical point of a thermodynamic phase transition, marking the onset of a new type of order; however, the laser threshold occurs far from thermal equilibrium. Furthermore, the laser threshold is just the first of  many possible bifurcation phenomena to qualitatively new states. 

Two concepts play a crucial role in these phenomena. The first is nonlinear dynamics, which gives rise to different bifurcations as a control parameter is changed; the second one is that of open system, which means that the dynamics is non conservative and influenced by the environment. 

As said, dynamics of the single mode laser is epitomized by a very small number of degrees of freedom. If this small number is equal to, or larger than, three, then deterministic chaos arises as shown in the research line # 3. 

The standard use of laser systems in the research laboratory and in applications is based on single, or a few,  mode operation plus some modulation or feedback, amounting to a small number of coupled variables sufficient to induce chaos. For this reason chaos has been a crucial topics of laser research since 1982. 

Increasing the number of modes or introducing a delayed feedback brings a large number of degrees of freedom, thus giving rise to problems of pattern formation and competition, already explored in other areas of physics, as fluid dynamics or chemical reactions. Doing it in optics implies a careful control of the operating conditions, thus it has put in evidence fundamental phenomena such as the role of symmetries and the competition between the bulk dynamics and the driving due to the boundary effects (research line #4).

Whatever has been explored in laser and nonlinear optics has a counterpart in any physical system which is driven away from thermal equilibrium through input/output channels; this includes not only meteorology, geophysics and oceanography, but also living systems and social phenomena.

We can speak of “complex systems”, as distinguished from “composite systems”, where this latter notion refers to system man made from a blueprint, such as an industrial product, whereas the former notion refers to natural systems whose scientific description is never complete, since we do not know the right amount of environmental perturbations.

The same formation of scientific theories is affected by the discovery that most phenomena are complex, thus any  description is never complete. This means that in general different competing models are available for the same phenomenon. In such cases, the choice of the best strategy is the result of a “trial and error” search, which is common to all perceptual tasks. Hence, exploring complex phenomena and developing adaptive recognition strategies provides an insight into the mind’s operations. 
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