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We find numerical and empirical evidence for dynamical, structural and topological phase
transitions on the (German) Frankfurt Stock Exchange (FSE) in the temporal vicinity of the
worldwide financial crash. Using the Minimal Spanning Tree (MST) technique, a particu-
larly useful canonical tool of the graph theory, two transitions of the topology of a complex
network representing the FSE were found. The first transition is from a hierarchical scale-
free MST representing the stock market before the recent worldwide financial crash, to a
superstar-like MST decorated by a scale-free hierarchy of trees representing the market’s
state for the period containing the crash. Subsequently, a transition is observed from this
transient, (meta)stable state of the crash to a hierarchical scale-free MST decorated by sev-
eral star-like trees after the worldwide financial crash. The phase transitions observed are
analogous to the ones we obtained earlier for the Warsaw Stock Exchange and more pro-
nounced than those found by Onnela-Chakraborti-Kaski-Kertész for the S&P 500 index in
the vicinity of Black Monday (October 19, 1987) and also in the vicinity of January 1, 1998.
Our results provide an empirical foundation for the future theory of dynamical, structural
and topological phase transitions on financial markets.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

It is only since the last two decades that physicists have begun intensively to study structural and topological properties
of complex networks [1,2] (and refs. therein) in order to better understand the mechanisms responsible for the evolution of

complex systems.

The theory of networks, or graphs, is based on the notion of vertices (or nodes) - which can be identified with individual
elements of the system - and edges (or links) — which represent any connection between a pair of nodes. Physicists have
discovered that in most of real-life graphs, small and finite loops are rare and insignificant.! It can be conveniently assumed,

* Corresponding author. Tel.: +48 600290591.

E-mail addresses: mateusz.wilinski@fuw.edu.pl (M. Wiliriski), asien@okwf.edu.pl (A. Sienkiewicz), Tomasz.Gubiec@fuw.edu.pl (T. Gubiec),
erka@fuw.edu.pl, Ryszard.Kutner@fuw.edu.pl (R. Kutner), zbigniew.struzik@p.u-tokyo.ac.jp (Z.R. Struzik).
1 Indeed, even if significant, renormalization of the graphs will collapse such loop structures, e.g., replacing the node triangles by effective vertices.
Nevertheless, the stability and robustness of fully detailed real-life graphs should also be systematically studied.
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that the topologies of many real world systems’ graphs are locally dominated by trees of which the properties have been
extensively exploited. Therefore, we decided on the Minimal Spanning Tree (MST) technique. It is a particularly useful,
canonical tool in graph theory [3], being a correlation based network without any loop [4-11]. For such a network the inter-
node distance equals d(i, j)) = +/2(1 — C(i, j)) for any pair of vertices. The transformation from the Pearson’s correlation
coefficient, C(i, j), to distance, d(i, j), is necessary because the correlation coefficient does not obey the axioms of a metric
(or even axioms of a subdominant ultrametric distance [4]).

Prior to a crash, the positive feedback or the herding effect dominates the behaviour of the stock market [12]. Hence, we
can suppose that several stocks can be indirectly correlated, mainly over the trend forming a stock market bubble. Such a
trend could potentially be the main source of spurious correlations and (non-partial) Granger causality (usually difficult to
calculate directly, cf. Ref. [13] and refs. therein). We, therefore, subtract the trend from all the assets’ time series, following
a well known approach [6].

In this work, we consider by numerical means the evolution of N = 562 companies quoted on the Frankfurt Stock
Exchange? (FSE), during the most intriguing period ranging from 2005-01-03 to 2008-08-12. We divided this period into
three sub-periods: (i) the first one ranging from 2005-01-03 to 2006-03-09 and consisting of 309 trading days, (ii) the
next sub-period from 2006-04-20 to 2007-10-11 and consisting of 400 trading days, and (iii) the third one ranging from
2007-06-01 to 2008-08-12 and consisting of 313 trading days. This division, equipped with a little overlap between the
second and third sub-periods, results in the most distinct MSTs. The differences rendered between subsequent states of the
market obtained in this way, are most pronounced, as described in the following.

From the above mentioned 562 companies, only N = 466 companies survived until the end of the first sub-period. At the
end of the second and the third period there are N = 479 companies, although several of them (more than 13) are different
companies. Indeed, during the market evolution from one sub-period to another, some vertices and edges may disappear in
the corresponding network, while new vertices are created. Furthermore, the distances between vertices may also vary in
time. Therefore, we regard the number of vertices and edges of the network as non-conserved quantities varying over time.
Consequently, the characteristics of the network’s topology considered in this work as the most appropriate ones are time
varying. These entail e.g. the mean occupation layer—this quantity is more sensitive than, for instance, mean tree length?
[4,7,14,15]. This is because the logarithm of the mean occupation layer resembles nonequilibrium entropy of a topological
complex network (see Section 2), which helps to identify the temporal key vertices in a complex network [16].

We applied the MST technique to investigate transient behaviour of a low-order complex network during its evolution
from a scale-free* topology representing the stock market hierarchical structure before the recent worldwide financial
crash [12], to a superstar-like tree (or superhub) decorated by a scale-free hierarchy of trees (or hubs)—representing a
high-order market structure during the period containing the crash. Such a superstar-like MST corresponds with a relatively
unstable (or metastable) state of a financial market. This is because the structure of this state is much too ordered, compared
with the equilibrium state. Subsequently, we found a transition from this unstable (or metastable) state to scale-free
topology, decorated by a hierarchy of local star-like trees or hubs, again representing lower order market structure and
topology directly after the worldwide financial crash.

Similar types of transitions were found not only on the FSE but also on the Warsaw Stock Exchange (WSE)—a complex
network of 274 companies, quoted on the WSE throughout the period in question. Here, we omitted the results obtained
for the WSE because they resemble those found for the FSE and they have been presented in Ref. [17]. Both our results, that
is for WSE and FSE, are much more pronounced than those found by Onnela, Chakraborti, Kaski, and Kertész for 116 stocks
of the S&P 500 index in the vicinity of Black Monday (October 19, 1987) [ 18] and also in the vicinity of January 1, 1998 [19].

We foresee that our results, complementary in nature to the work by our colleagues reported in Ref. [2] (and refs.
therein), may in the future serve as a phenomenological foundation for modelling dynamic structural and topological phase
transitions and critical phenomena (e.g. self-organized criticality [20]) on financial markets [1,12,21].

2. Results and discussion

A graph - or a complex network - representing the FSE was calculated for N = 466 companies present on the FSE for the
sub-period of time from 2005-01-03 to 2006-03-09 (covering 309 trading days), when the worldwide financial crash had
not yet occurred [12]. For the construction of the MST, we here used Prim’s algorithm [22], which is quicker than Kruskal’s
[22,23], particularly for N > 1 which is the case here. However, both algorithms (and their various modified versions) are
quite often used in this context.

The initial state of a graph representing the FSE is shown in Fig. 1. In the following, we reveal the hierarchical structure
of this graph and a corresponding scale-free MST.

2 Notably, the DAX contains only the 30 largest companies.

3 The mean tree length is a quantity which is quite often degenerated in respect to the complex network topology. That is, several different structures
result in the same (or almost the same) mean length. This feature makes the mean tree length an inadequate tool for distinguishing between less and more
centralized networks.

4 In this work terms scale-free and power law we consider as synonyms.
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Fig. 1. The hierarchical MST associated with the FSE (and consisting of N = 466 companies) for the sub-period from 2005-01-03 to 2006-03-09 (covering
309 trading days), which ranges distinctly before the worldwide financial crash. The companies are marked by small circles, except SALZGITTER AG-Stahl
und Technologie (SZG, marked by a larger circle). We show below that this company plays a central role in the MST shown in Fig. 2. If the link between two
companies is in dark grey, the cross-correlation between them is large, while the distance between them is short (cf. the corresponding scale incorporated
here). However, the geometric distances between companies, shown in this figure by the lengths of straight line segments, are arbitrary, otherwise the
tree would be much less readable.

We focus our attention on the SALZGITTER AG-Stahl und Technologie (SZG) company, which is a marginal company for
most of the period of time considered. However, it becomes a central company for the MST presented in Fig. 2. This means
that it is a central company only for the sub-period from 2006-04-20 to 2007-10-31, which contains the worldwide financial
crash. In other words, in this sub-period of time, the SALZGITTER AG-Stahl und Technologie company is represented by a
vertex, which has a much larger number of edges (or it is of a much larger degree) than any other vertex (or company).
This means that it becomes a dominant hub (or superhub), also becoming a giant connected component of the MST. The
company SALZGITTER AG-Stahl und Technologie plays a role on the FSE, analogous to the company CAPITAL Partners on the
WSE [17]. Similar role of the central node plays the General Electric (GE) among 116 companies of the S&P 500 index for the
time period from 1983 to 2000 [18,19].

As described above, the transition between two structurally and topologically different states of the stock exchange is
realized. We observe the transition from a scale-free MST (consisting of a hierarchy of local stars or hubs) to a superstar-like
MST (or a superhub) decorated by a scale-free hierarchy of trees, that is, to the scale-free MST decorated by a temporal
dragon king. The equivalent terms ‘superextreme event’ and ‘dragon king’ stress that [24]: (i) we are dealing with an
exceptional event which is completely different in comparison with the usual events; (ii) this event is significant, being
distinctly outside the power law. For instance, in paper [25] the sustained and impetuous dragon kings were defined and
discussed. Indeed, the MST shown in Fig. 1 leads to the distribution of vertex degrees in the form of a power law (see the
plot in Fig. 3). This degree distribution, f (k), is described by a power law with an exponent 3.0 &= 0.21 which is close, to a
good approximation, to that of the Barabasi-Albert (BA) scale-free complex network (with their natural rule of preferential
linking of new vertices) [26,1]. This exponent is distinctly larger than the corresponding one of the hierarchical MST on
the WSE, which equals 1.97 £ 0.13 [17]; coincidentally, this exponent value also characterizes, e.g., the complex network of
e-mails [27]. Hence, the WSE appears to be more risky for stock market investments than the FSE, also for other time intervals
(see below for details).
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Fig. 2. The superstar-like (or superhub) MST for the FSE (consisting of N = 479 companies) observed for the sub-period from 2006-04-20 to 2007-10-31
(covering 400 trading days), which contains the worldwide financial crash. In this period the SALZGITTER AG-Stahl und Technologie company became a
dominated hub (or superhub becoming also a giant connected component of the MST network), i.e. the central company of this stock market.

The power laws shown as well in Figs. 3 and 4 as below for Fig. 7 were found by the least square method, resulting in
a lower standard deviation than that obtained with the maximal likelihood fit. Furthermore, among several different fits
using the least square method, the fit was chosen which again gives the lowest standard deviation. Namely, the fit to integer
points from interval [2, 10] were chosen. Plots based on scanning windows of widths T = 350 and 450, containing the
same companies, gave very similar results, i.e. the results are a rather slowly-varying function of T. In this (naive) sense, the
sufficiently robust power laws were found.

In Fig. 4, the degree of distribution f (k) vs. vortex degree k is shown in a log-log plot. This distribution well fits a power
law with a slope equal to —2.86 +-0.16. This slope apparently is also characteristic of, e.g., the complex network of blogs [30]
or MST for the Forex, where USD was assumed as the basic currency [31]. However, the slope of the corresponding superhub
on the WSE is driven by the distinctly larger slope equal to —2.33F0.17; the latter slope is also characteristic for the complex
network of actors (where also superstars are present) [32,33] as well as for the Forex MST network where other than USD
currencies were assumed as the basic ones (cf. Table 1 in Ref. [31]).

The plot in Fig. 4 proves that the tree presented in Fig. 2 can be considered to be a hierarchical scale-free MST decorated
by a dragon king. We hypothesize, that the appearance of such a dragon king is a signature of a stock market crash imminent
within a few months (cf. Ref. [17]). Obviously, this is a far going hypothesis which requires a systematic study.
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Fig. 3. The power law distribution f (k) vs. k (where k is the vertex degree) for the hierarchical scale-free MST network shown in Fig. 1. Notably, we obtained
here (i.e. for the period from 2005-01-03 to 2006-03-09) the slope equal (to a good approximation) to that for the Barabasi-Albert complex network (which
equals 3.0). The number of companies taken into account in this period equals N = 466. This plot is based on the window width T = 309 td. The results
obtained for T = 350 and 400 are very similar, i.e. they are rather slowly-varying functions of T.
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Fig. 4. The power law discrete distribution f (k) vs. k (where k is the vertex degree) for the superstar-like MST decorated by the hierarchy of scale-free
trees shown in Fig. 2. One can observe that there is a single vertex, which has degree k = 90. This richest vertex represents the SALZGITTER AG-Stahl und
Technologie company, which seems to form an extreme event—the so-called dragon king [24,25,28,29], in the period from 2006-04-20 to 2007-10-31, being
a giant connected component of the hierarchical scale-free MST network [ 1]. The number of companies taken into account in this period equals 479. This plot
is based on the scanning window of width T = 400 td. The results obtained for T = 350 and 450 are very similar, i.e. they are a slowly-varying function of T.

Finding a proper local dynamical analytical description (perhaps nonlinear) for our network would be a formidable
challenge. This can be appreciated by observing that the single vertex (representing the SALZGITTER AG-Stahl und
Technologie company) is located far from the straight line (in the log-log plot) and can be considered to be a temporally
outstanding, extreme event or a dragon king [24,25,28,29], which condenses most of the edges (or links). Hence, the
probability f (kmax) = 1/479 = 0.0021, where ky.x = 90 is the degree of the dragon king (which corresponds with the
maximal degree here).

The sub-period of time containing the financial market crash was divided into two slightly overlapping intervals: the first
one (already considered) from 2006-04-20 to 2007-10-31 and the second one from 2007-06-01 to 2008-08-12. Although
both time intervals contain the worldwide financial crash, only the first MST is decorated by the dragon king, while for the
second time interval MST is decorated by several intermediate hubs, somehow located between black swans and the dragon
king (cf. Figs. 5 and 7). Hence, we can speculate that the dragon king appeared before 2007-06-01, which means it may have
played the role of a crash precursor. (Further considerations concerning the dragon king localization are indicated in the
discussion of the plot in Fig. 8.)

To emphasize the increasing leading role of the SALZGITTER AG-Stahl und Technologie company we compare in Fig. 6
two different time-dependent increments: ksyc(t) — ko(t) and k,(t) — ks(t), where kszc(t), ky(t) and k3 (t) are temporal
degrees of the SALZGITTER AG-Stahl und Technologie company, vice-leader company and the third one in this rank. The
accelerated increase of kgzc(t) — ko (t) vs. time (the left-hand side of the peak plotted by the solid curve) observed, can in
our case be considered as a signature of a dragon king, which appeared in the space of vertex degrees. Indeed, this results in
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Fig. 5. The hierarchical graph of the MST network decorated by several local star-like trees for the FSE for the period of time from 2007-06-01 to 2008-08-
12 (covering 313 trading days). The SALZGITTER AG-Stahl und Technologie company is no longer a central hub. Where the link between two companies
is in dark grey, the cross-correlation between them is greater, while the distance between them is shorter. However, the geometric distances between
companies, reflected in the figure by the length of the straight lines, are arbitrary, otherwise the tree would be much less readable.
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Fig. 6. Empirical time-dependent increments kszc(t) — ky(t) (solid curve) and k,(t) — ks3(t) (dashed curve). Sudden increase of the former increment
forming a steep peak in the vicinity of January 29, 2007 is well visible.

a systematic (up to some relatively small fluctuations) expansion of SZG dynamics, ending in a superhub (or dragon king)
star-like structure. This superhub is indeed a macro-transient structure, as it survives for only about half a year and decays
afterwards (see the right hand side of the peak). Then MST becomes a modular structure consisting of a few clusters (or
sufficiently large star-like trees but not superhubs). The dragon king dynamic equation, its solution and consequences are
already considered in our subsequent work [34]. In this context we also study there different time-dependent quantities of
centrality and peripherality [35-38].

It is interesting that several new hubs appeared for the period of time from 2007-06-01 to 2008-08-12, while a single
superhub (superstar) disappeared, becoming a usual hub. This means that the structure and topology of the complex
network significantly varies during its evolution through the market crash. This is well confirmed by the plot in Fig. 7, where
several points representing large hubs (but not superhubs) are located outside the power law. Apparently, this power law
is described by the slope equal to —3.17 F 0.23. Hence, the consideration of this network as somehow equivalent to the
Barabasi-Albert complex network is rather doubtful.
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Fig. 7. The power law distribution f (k) vs. k (where k is the vertex degree) for the hierarchical scale-free MST network shown in Fig. 5. This distribution
was obtained for the period from 2007-06-01 to 2008-08-12. Three points (associated with four different companies) appeared above the power law. This
means that four large hubs appeared instead of a single superhub. The number of companies taken into account in this period equals 479. This plot is based
on the window width T = 313 td. The results obtained for T = 350 and 400 are very similar, i.e. they are slowly varying with T.
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Fig. 8. Mean occupation layer of MST vs. time (counted in trading days (td)). The result (marked by the solid curve) is based on such central temporal hubs
which have currently the largest degree. The central temporal hub means that this hub can be replaced from time to time by another central hub, during
the stock market evolution. For comparison, the mean occupation layer was based on the SALZGITTER AG-Stahl und Technologie company, assumed to
be the central hub all the time (the dashed curve). A well defined absolute minimum, common for both curves, occurs at January 29, 2007. The region
of coincidence of both plots extends from October 2005 to October 2009 indeed in the vicinity of the absolute minimum at January 29, 2007. Hence, we
can conclude that the SALZGITTER AG-Stahl und Technologie company is the central hub in this sub-period. The plot is obtained using the window width
T = 400td and the time step of the scanning procedure equals §t = 5 td. The results obtained for T = 300 and 350 are very similar, i.e. they are a
slowly-varying function of T.

Furthermore, the above given considerations are well confirmed by the plot shown in Fig. 8, where the clearly visible
absolute minimum of the mean occupation layer is located at January 29, 2007 for the SALZGITTER AG-Stahl und Technologie
company, assumed to be the central hub.

More precisely, the temporal (time-dependent) mean occupation layer of the MST, mol[t; vy(t)], represents, as usual
[18,19,39], the mean number of subsequent edges connecting a given vertex of the MST, v;, j = 1, ..., N, with the temporal
central vertex, v (t), currently having the largest degree (and always counted as a null vertex). Hence,

1 N
mol[t; vo(0)] = -} _lev[v;(6), vo(0)], (1)
j=1
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where N is here the total number of vertices, less the temporal central one, and lev[v;(t), vo(t)] is the current level of vertex
vi(t), j = 1,..., N, relative to vo(t). In other words, lev[v;(t), vo(t)] is the current number of the MST edges linking
(directly or indirectly) vertex v;(t) with the central one vo(t).> This is a dynamic approach, as the central vertex may vary
from one company to another one during the stock market evolution. Apparently, for a pure superstar-like MST, Eq. (1)
gives I[t; vo(t)] = 1, as lev[v;(t), vo(t)] = 1,j = 1, ..., N. However, for the actual real-life situation shown in Fig. 2, there
also exist several subtrees (or local star-like trees), apart from the superstar-like tree, placed relatively far from the central
vertex. Hence, it is not surprising that the resulting time-dependent mean occupation layer exceeds 2.5 (cf. Fig. 8) being still,
however, sufficiently small. The mean occupation layer can be considered as the configurational weight of a macrostate of
the complex network. This quantity is more sensitive to the complex network centrality than other quantities (e.g. the mean
length used in our earlier work [17]) and its logarithm could be considered as a topological complex network entropy.

In Fig. 8, two essentially different types of predictions are shown. For the first type of prediction (dashed curve) the
SALZGITTER AG-Stahl und Technologie company was assumed to be the central hub all the time. Such an approach could be
referred to as a static one. The second type of prediction (solid curve) was obtained using the dynamic approach. Apparently,
within the short sub-period ranging from 2006-11-01 to 2007-09-01 both approaches result in coinciding predictions. That
is, the SALZGITTER AG-Stahl und Technologie company is certainly the central hub in this sub-period (which is the main
segment of the longer sub-period from 2006-04-20 to 2007-10-31). Indeed, the superstar like tree survived only in this
segment. This is the most significant result of our work, indicating the existence of the most compact structure (mainly the
superstar like one) at the beginning of 2007, but not at other times.

We can consider the time-dependent mean occupation layer to be a time-dependent disorder parameter. For instance,
this parameter indicates that the MST shown in Fig. 2 is less disordered than those shown in Figs. 1 and 5, as expected.

To make confirmation of the solid network variation during its evolution, which relates to nonequilibrium statistical
thermodynamics and information theory, we introduced two different time-dependent entropies. The first one, which we
call degree entropy, Sgeg (t), is based on the empirical time-dependent degree distribution, f (k, t). This entropy takes the
form,

Kkmax (£)

Saeg (1) = — Y f(k, ) Inf(k, 1), (2)

k=1

where knax (t) is the maximal vertex degree at time t. The second entropy, which we call the efficient one, S (t), is based
on inversed lengths of edges (or inversed distances between directly connected vertices®). It is defined as follows,

Ser(t) = — Y _P(i, ) InP(i, 1), 3)
i=1

where distribution of direct distances P(i, t) = ’-‘;(t) d=1(i, j; t)/Norm(t), here k;(t) is a temporal degree of vertex i and
j=1

normalization factor Norm(t) = Z?:l ij’:(? d='(i, j; t).In Fig. 9 both empirical entropies were plotted vs. time. Apparently,
the shape of both curves resemble those of MOLs shown in Fig. 8. It is amazing how similar are both entropy curves.
This unusual robustness of the curve’s shapes is likely caused by existence of the superhub. Furthermore, the absolute
minimum of both entropies is (to a good approximation) located at the same time as for MOLs. Hence, we suppose that
observed features deeply relate structural and topological properties of the network with their statistical thermodynamic
and informational counterparts.

To be sure that the SZG company is responsible for the existence of the absolute minimum of the MOL at January 29,
2007 (shown in Fig. 8), we compare in Fig. 10 to essentially different MOLs: (i) the above mentioned MOL and the second
one (ii) calculated for the modified FSE, where the SALZGITTER AG-Stahl und Technologie company was absent. Apparently,
the behaviour of both curves is drastically different and no absolute minimum (as defined above) is present for the second
MOL.

3. Concluding remarks

In this work, we have studied the empirical evolving correlated network associated with the FSE—a stock exchange
of medium capitalization. Our results reveal a surprising fact that a company of a medium size (herein SALZGITTER AG-
Stahl und Technologie) becomes a dominant hub - a superhub - in the critical, metastable regime (i.e. in the second period
considered, cf. Fig. 2 for details). This is because correlations between this company and other more significant ones likely
become weaker in the vicinity of the crash regime. This results in the relative increase of the correlations with less important
companies, such as, for instance, the SALZGITTER AG-Stahl und Technologie—which also remains relatively unaffected
within the entire period of the market evolution considered here.

5 The remaining vertices assumed to be the central ones give at the same time shallower temporal minima.

6 This form of entropy is inspired by complex network efficiency introduced in Ref. [40] in the context of small-world networks.
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Fig. 9. Two empirical entropies for MST of FSE vs. time (counted in trading days (td)). Striking similarity of their shapes and MOLs can be observed,
particularly in the vicinity of the absolute minimums, which all are located on January 29, 2007 (see Fig. 8 for details).
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Fig. 10. Two essentially different MOLs vs. time (counted in trading days (td)). Striking discrepancy between them is well seen, in particular, in the vicinity
of the absolute minimum of the MOL (solid curve) containing the SZG company (i.e. in the vicinity of January 29, 2007).

Our work provides empirical evidence of a dynamic structural and topological first order phase transition (or discontin-
uous one) in the time range dominated by a stock market crash (that is, from 2006-04-20 to 2007-10-31). Before and after
this range, the superhub (or unstable state of the FSE) disappears and we respectively observe either a pure hierarchical,
scale-free MST or a hierarchical MST decorated by several hubs. Hence, our results consistently confirm the existence of the
following dynamic structural and topological phase transitions, which can be briefly summarized as follows:

phase of scale-free MST—a (relatively) stable stock market state
= phase of the superstar-like MST—a transient market state
=> phase of scale-free MST decorated by a few local star-like trees—a (relatively) stable stock market state.

We hypothesize that the first of these transitions can be considered to be a precursor of a financial crash as it appeared a
few months before this crash.

Another significant observation presented in this work appertains to the power laws plotted in Figs. 3, 4 and 7. Namely,
the exponent of degree distribution presented in Fig. 4 is, in fact, distinctly smaller than 3, which means that the variance
of this vertex degree diverges. This result indicates that we are here dealing with criticality, which means that the scenario
of our network evolution takes place within a scaling region [1,41-43] containing critical phenomena.

Our results are to some degree complementary to those obtained earlier by Drozdz, Kwapien and Speth [44]. Their results
focused on the slow (stable) component (or state). Namely, they constructed the MST network of 1000 highly capitalized
American companies. The topology of this MST shows its centralization around the most important relatively stable node,
it being General Electric. This was found both in the frame of binary and weighted MSTs.
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In this context, the fact should be stressed that the discontinuous phase transition (i.e. the first order phase one)
topologically precedes and develops into the continuous phase transition (i.e. the second order one). This discontinuous
phase transition goes over the unstable state involving, perhaps, a superheated state such as the superhub in our case. This
cannot be considered as noise’ in the system, but rather should be considered as a result of the natural evolution of the
system until the critical point is reached (cf. Ref. [2] and refs. therein, where the role of stable states (or slow components)
on the NYSE or NASDAQ was considered by using binary and weighted MSTs).

In this work we also studied (but did not visualize) the stock market evolution for the subsequent (the fourth) time
interval from 2008-07-01 to 2011-02-28 and found the power law degree of distribution driven by an exponent equal to
2.82 % 0.36. In addition, the power law was decorated by a few points located far above this law. This likely indicates that
the system, after leaving one critical regime, is approaching a new one.

We suppose that the phenomenological theory of cooperative phenomena in networks proposed by Goltsev et al. [46]
might be a promising first attempt to investigate this kind of structural topological dynamics of criticality. An alternative
view might consider the superhub phase to be a temporal condensate [1]. Hence, we can briefly reformulate the above-
mentioned phase transitions as representing the dynamic transition from the excited phase into the condensate and then
the transition outside of the condensate to an excited phase again.

Obviously, an analytical treatment of the dynamics of such a network phase transition, in particular the superstar-like
tree formation, is a formidable challenge. We can conclude this work with the hope that the continued detailed study of
phase transitions presented may define the basis for a better understanding of a stock market crash dynamics and a basis
for theory development.

Acknowledgements

We are grateful to Rosario N. Mantegna and Tiziana Di Matteo for helpful comments and suggestions.

References

[1] S.N. Dorogovtsev, A.V. Goltsev, ].F.F. Mendes, Critical phenomena in complex networks, Rev. Mod. Phys. 80 (2008) 1275-1335.
[2] J. Kwapien, S. Drozdz, Physical approach to complex systems, Phys. Rep. 515 (2012) 115-226.
[3] B.Bollobas, Modern Graph Theory, Springer, Berlin, 1998.
[4] R.N. Mantegna, Hierarchical structure in financial market, Eur. Phys. J. B 11(1999) 193-197.
[5] G. Bonanno, G. Calderelli, F. Lillo, S. Micciche, N. Vandewalle, R.N. Mantegna, Networks of equities in financial markets, Eur. Phys. J. B 38 (1999)
363-371.
[6] R.N. Mantegna, H.E. Stanley, An Introduction to Econophysics. Correlations and Complexity in Finance, Cambridge Univ. Press, Cambridge, 2000.
[7] G.Bonanno, F. Lillo, R.N. Mantegna, High-frequency cross-correlation in a set of stocks, Quant. Finance 1(2001) 96-104.
[8] N.Vandewalle, F. Brisbois, X. Tordoir, Non-random topology of stock markets, Quant. Finance 1(2001) 372-374.
[9] L. Kullmann, J. Kertész, K. Kaski, Time dependent cross correlations between different stock returns: a directed network of influence, Phys. Rev. E 66
(2002) 026125-1-6.
[10] M. Tumminello, T.Di. Matteo, T. Aste, R.N. Mantegna, Correlation based networks of equity returns sampled at different time horizons, Eur. Phys. J. B
55 (22) (2007) 209-217.
[11] M. Tumminello, C. Coronello, F. Lillo, S. Micciche, R.N. Mantegna, Spanning trees and bootstrap reliability estimation in correlation-based networks,
Int. J. Bifurcation Chaos 17 (2007) 2319-2329.
[12] D. Sornette, Why Stock Markets Crash, Princeton Univ. Press, Princeton, Oxford, 2003.
[13] G. Sugihara, R. May, H. Ye, Ch-hao Dhsieh, E. Deyle, Detecting causality in complex ecosystems, Science 338 (2012) 496-500.
[14] ].G. Brida, W.A. Risso, Hierarchical structure of the German stock market, Expert Syst. Appl. 37 (2010) 3846-3852.
[15] B.M. Tabak, T.R. Serra, D.O. Cajueiro, Topological properties of commodities networks, Eur. Phys. J. B 74 (2010) 243-249.
[16] J. Rehmeyer, Influential few predict behaviour of the many, Nature 18 (2013).
[17] A. Sienkiewicz, T. Gubiec, R. Kutner, Z. Struzik, Dynamic structural and topological phase transitions on the Warsaw stock exchange: a
phenomenological approach, Acta Phys. Polon. A 123 (2013) 615-620.
[18] J.-P. Onnela, A. Chakraborti, K. Kaski, J. Kertész, Dynamic assets trees and portfolio analysis, Eur. Phys. J. B 30 (2002) 285-288.
[19] J.-P. Onnela, A. Chakraborti, K. Kaski, ]. Kertész, Dynamic assets trees and black Monday, Physica A 324 (2003) 247-252.
[20] P. Bak, How Nature Works: The Science of Self-Organized Criticality, Copernicus, New York, 1996.
[21] W. Weidlich, G. Haag, Concepts and Models of a Quantitative Sociology. The Dynamics of Interacting Populations, Springer-Verlag, Berlin, 1983.
[22] D.B. West, Introduction to Graph Theory, Prentice-Hall, Englewood Cliffs, New York, 1996.
[23] J.B. Kruskal, On the shortest spanning subtree of a graph and the travelling salesman problem, Proc. Am. Math. Soc. 7 (1956) 48-50.
[24] D. Sornette, Dragon-kings, black swans and the prediction of crises, Int. J. Terraspace Sci. Eng. 2 (1) (2009) 1-17.
[25] T.Werner, T. Gubiec, R. Kutner, D. Sornette, Modeling of super-extreme events: an application to the hierarchical Weierstrass-Mandelbrot continuous-
time random walk, Eur. Phys. ]. Spec. Top. 205 (2012) 27-52.
[26] R. Albert, A.-L. Barabasi, Statistical mechanics of complex networks, Rev. Mod. Phys. 74 (2001) 47-97.
[27] H. Ebel, L.I. Mielsch, S. Bornholdt, Scale-free topology of e-mail networks, Phys. Rev. E 66 (2002) 035103-1-4(R).
[28] S. Albeverio, V. Jentsch, H. Kantz (Eds.), Extreme Events in Nature and Society, Springer-Verlag, Berlin, 2006.
[29] Y. Malevergne, D. Sornette, Extreme Financial Risks. From Dependence to Risk Management, Springer-Verlag, Berlin, 2006.
[30] W. Bachnik, S. Szymczyk, P. Leszczyniski, R. Podsiadto, E. Rymszewicz, L. Kuryto, D. Makowiec, B. Bykowska, Quantitative and sociological analysis of
blog networks, Acta Phys. Polon. B 36 (2005) 3179-3191.
[31] A.Z. Gorski, S. Drozdz, ]. Kwapier, Scale free effects in world currency exchange network, Eur. Phys. ]. B 66 (2008) 91-96.
[32] DJ. Watts, S.H. Strogatz, Collective-Dynamics of “Small-World” Networks, Princeton University Press, Princeton, New York, 1999.
[33] L.A.N. Amaral, A. Scala, M. Barthelemy, H.E. Stanley, Classes of small-worlds networks, Proc. Natl. Acad. Sci. USA 97 (21) (2000) 11149-11152.
[34] M. Wiliniski, B. Szewczak, R. Kutner, Z. Struzik, Dynamic nucleation, self-organizing condensation and A-transition on a real-life stock market, Phys.
Rev. Lett. (submitted for publication).

7 Indeed, the case of the noise was discussed in this context in paper [45].



M. Wiliriski et al. / Physica A 392 (2013) 5963-5973 5973

[35] L.C. Freeman, Centrality in social networks conceptual clarification, Social Networks 1(1979) 215-239.

[36] P.Bonacich, Power and centrality: a family of measures, Am. J. Sociol. 92 (1987) 1170-1182.

[37] T.Di Matteo, F. Pozzi, T. Aste, The use of dynamical networks to detect the hierarchical organization of financial sectors, Eur. Phys. ]. B73 (2010) 3-11.
[38] F. Pozzi, T. Di Matteo, T. Aste, Centrality and peripherality in filtered graphs from dynamical financial correlations, Adv. Complex Syst. 11 (2008)

927-950.

[39] J.-P. Onnela, A. Chakraborti, K. Kaski, J. Kertész, A. Kanto, Dynamics of market correlations: taxonomy and portfolio analysis, Phys. Rev. E 68 (2004)
056110-1-12.

[40] V. Latora, M. Marchiori, Efficient behavior of small-world networks, Phys. Rev. Lett. 87 (2001) 198701-1-4.

[41] D.Sornette, Critical Phenomena in Natural Sciences, Chaos, Fractals, Selforganization and Disorder: Concepts and Tools, second ed., in: Springer Series
in Synergetics, Springer-Verlag, Heidelberg, 2004.

[42] R.Badii, A. Politi, Complexity, Hierarchical Structures and Scaling in Physics, Cambridge Univ. Press, Cambridge, 1997.

[43] P. Hohenberg, B. Halperin, Theory of dynamic critical phenomena, Rev. Mod. Phys. 59 (1977) 435-479.

[44] S. Drozdz, J. Kwapier, . Speth, Coherent patterns in nuclei and in financial markets, AIP Conf. Proc. 1261 (2010) 256-264.

[45] D.-M. Song, M. Tumminello, W.-X. Zhou, R.N. Mantegna, Evolution of worldwide stock markets, correlation structure and correlation based graphs,
Phys. Rev. E 84 (2011) 026108-1-9.

[46] A.V. Goltsev, S.N. Dorogovtsev, J.F.F. Mendes, Critical phenomena in networks, Phys. Rev. E 67 (2003) 026123-1-5.



