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Zusammenfassung

Die Statistik von Rekordereignissen ist in den letzten Jahren auf ste-
tig wachsendes Interesse sowohl von Seiten der Wissenschaft als auch
der gesamten Offentlichkeit gestofen. Nicht nur im Sport und in der
Klimatologie wird das Setzen und Brechen neuer Rekorde beobachtet,
auch in der Natur und in der Wirtschaft sorgen sie immer wieder fiir
Aufmerksamkeit. Diese kumulative Dissertation ist der Studie von
Rekordereignissen gewidmet und fasst eine Reihe von Arbeiten zur
Theorie und Anwendung der Rekordstatistik zusammen. Sie besteht,
im Wesentlichen, aus fiinf Teilen. Im ersten Teil wird die Statistik von
Rekorden in unkorrelierten Zufallszahlen aus zeitabhédngigen Vertei-
lungen untersucht. Insbesondere wird ein einfaches Modell von Zu-
fallszahlen mit einem linearen Drift im Mittelwert vorgestellt und
ausfiihrlich in Hinblick auf Rekorde untersucht. Weiterhin gehen wir
auf die Rolle von Diskretheitseffekten in der Rekordstatistik von
Messdaten ein. Anschliessend, in Teil zwei, werden diese Arbeiten
angewendet um das Auftreten von Rekordtemperaturen und deren
Zusammenhang mit dem Klimawandel zu erkldren. Aufbauend auf
unser einfaches Modell von Zufallszahlen mit linearem Drift wird de-
monstriert, dass die globale Erwérmung einen signifikanten Einflufl
auf die Zahl und die Auspriagung von Hitze- und Kélterekorden hat.
Der dritte Teil befasst sich mit Rekorden in korrelierten Prozessen,
sogenannten Random Walks. Es werden verschiedene Random-Walk-
artige Prozesse untersucht, die Rekordstatistik dieser Prozesse ist er-
staunlich vielfiltig und interessant. Die vorgestellten Resultate sind
wiederum wichtig um die Rekordstatistik von Finanzdaten verstehen
zu konnen, die im vierten Teil diskutiert wird. Random Walks sind
ein hilfreiches Mittel um Rekorde in Borsendaten zu beschreiben,
wir finden jedoch auch signifikante Abweichungen von diesem Mo-
dell und betrachten kompliziertere Prozesse um die Modellierung zu
verbessern. Im abschlieBenden, fiinften Teil werden die jiingeren Ent-
wicklungen auf dem Gebiet der Rekordstatistik von zeitabhéngigen
und korrelierten Zufallszahlen in einem Review zusammengefasst.
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Abstract

In recent years, there was a surge of interest in the statistics of
record-breaking events, not only from scientists, but also from the
general public. In sports and in climatology, but also in nature and
in economy, observers are interested in the setting and breaking of
new records. This cumulative dissertation is dedicated to the study
of record-breaking events. It concludes a series of published and
hitherto unpublished articles on theory and applications of record
statistics. This work mainly consists of five parts. The first part is
about the statistics of records in uncorrelated random variables sam-
pled from time-dependent distributions. In particular, we present a
simple model of random variables with a linearly growing mean value
and discuss its record statistics thoroughly. Furthermore, the effects
of rounding on the occurrence of records in series of independent
and identically distributed random variables are considered. Then,
in part two, these results are applied to explain and model record
temperatures in the context of climatic change. Using our minimal
model of random variables with a linear drift, we show that global
warming has in fact a significant effect on the occurrence and the
values of heat and cold records. The third part focuses on records
in correlated processes, in particular random walks. A number of
different random walk processes are presented and analyzed. We
find that their record statistics are surprisingly interesting and man-
ifold. The results derived in this part are important to understand
the occurrence of records in financial data, which will be discussed
in the fourth part. There it is demonstrated that random walks are
helpful to model records in stock data, nevertheless we find signifi-
cant deviations from the analytical results and propose an alterna-
tive model, which describes the stock data more accurately. The
final, fifth part is a general review of the recent developments in the
study of record-breaking events in time series of time-dependent and
correlated random variables.
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Chapter 1

Introduction

I think sometimes I guess you see records,

say you want to get there and use that as motivation.

In a way, it’s kind of cool if there is a possibility to rewrite history
and be up there with the greats of Olympic history.

Michael Phelps, eighteen-fold Olympic Gold medalist

The inability to predict outliers
implies the inability to predict the course of history,
given the share of these events in the dynamics of events.

Nicholas Nassim Taleb, The Black Swan:
The Impact of the Highly Improbable

In our performance-oriented society it is sometimes all about being the best, about
achieving more than anybody could ever achieve before. Whether it is a new 100 metre
world record, a new record-high skyscraper, or a painting of Edward Munch getting sold
for a record-breaking prize, accomplishments, for instance in sports or engineering, but
also in business, biology, or in other areas of science are noticed and remembered if they
outperform everything that has been accomplished before. On the other hand, events in
nature, climatology or also astronomy are considered particularly important and noteworthy
if they exceed all previous observations. Scientists and also the general public care a lot
about record-breaking storms, heatwaves or earth-quakes. Unfortunately, in this context,
records are usually the most dangerous and devastating events.

These are only a few of the reasons why records are of great importance and of general
interest. Fig 1.1 shows a few examples of particularly attention-grabbing records that were
established by humans, nature or the financial markets. The word 'record’ descends from
the Latin verb recordari - to recall, to remind and everybody has a basic understanding
of what a record event is. One has learned that a new record is something relevant that
will be remembered. Therefore quite a few people are fascinated by setting and thereupon
breaking new and spectacular records, making the famous book 'Guinness World Records’!
[1] itself a record-holder as the best-selling copyrighted book in history. As a matter of
fact, the book is also among the most frequently stolen books from public libraries. From
the technical point of view a record is an entry in a series of measurements that exceeds
all previous entries. The fact that they fall out of the range that has been covered before
makes them interesting.

Luntil 2000 known as *The Guinness Book of Records’
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Figure 1.1: Record-breaking events are interesting in many different areas: Top left: Death
Valley, United States, where, with 56.7° C, the hottest temperature ever recorded was measured
in July 1913 (Photo: Jon Sullivan). Top right: Felix Baumgartner is an Austrian extreme
sportsman who performed a record-breaking jump from a helium balloon in October 2012. He
fell with a record-breaking speed of more than 1300km/h from a height of over 39km (Photo:
Alexandre Inagaki, Image rights: Creative Commons). Bottom left: In 2009, the Jamaican
sprinter Usain Bolt set a new world-record over 100m dash in Berlin. He ran this distance in 9.58s
and, with that, broke his own world record for the second time (Photo: Erik van Leeuwen, Image
rights: GNU Free Documentation License). Bottom right: The stock of Apple set various
records in recent years, it has an all time high market capitalization of 607.5 billion U.S. Dollars
(Image rights: GPL).

On a personal note, for a sports fanatic who always dreamed of setting new world records
in his youth?, it was a great pleasure and also a redemption to have the opportunity to
study records from a scientific point of view. My studies on records were initially motivated
by an interest in a deeper understanding of the role of global warming on the occurrence
of record-breaking temperatures. In recent years, I considered many different aspects and
applications of the theory of records. This cumulative dissertation summarizes my work
on the subject of record statistics and is, in this course, also supposed to give a survey
of recent developments in this field of research. It turned out that records are more than
just interesting for the observer. From the mathematical point of view their behavior is
particularly rich and, by analyzing records in measured data, there is a lot that one can
learn about the underlying dynamical system generating the measurements. Especially in
the last decade, researchers made progress in modeling record events in observational data
by comparing them to various elementary stochastic processes. In this context, this thesis
discusses several stochastic models, which improve our understanding of records in climate
and finance, in particular.

2 Apparently the author never succeeded and studied physics instead, which, in turn, ultimately resulted
in this thesis.



Throughout this work, we consider time series of random numbers X7, Xo, ..., X;,, which
may represent any kind of measurement, such as temperatures, sport results or stock
prizes. In such a series, an entry X, is an upper record if it exceeds all previous en-
tries X1, Xo, ..., X;,—1. Analogously, one can also define a lower record, as an entry that is
smaller than all previous ones. In the theory of records and especially in this thesis, two
quantities are of particular importance: The probability

P, :=Prob[X,, > max{X1, X2, ..., Xn_1}] (1.1)

that the nth event X,, of a time series is a record and the number of records R,, that occurs
until time n. In the following, P, is often called the record rate.

The classical theory of records in time series of independent and identically distributed
(ii.d.) random variables (RV’s) sampled from continuous distributions is well established.
In a series of RV’s, which were all drawn from the same continuous probability density
f (z), the nth entry is a record with probability P, = % The first entry, X1, is a record
with probability P; = 1, the second one, X2, with P, = 1/2 and so on. With this, one
can infer that, for large n, the average (R, ) of the number of records in such a time series
grows logarithmically with n. As we will soon discuss in more detail, this mean record
number (R,) is just the sum over the record rate P,. By now, a lot more is known about
this classical model, which is particularly important because of its strong universality. The
occurrence of records in time series of i.i.d. RV’s is entirely independent from the choice of
the underlying distribution.

More recently there has been a surge of interest in the record statistics of processes
beyond this standard model. A lot of progress was made towards a better understanding of
the statistics of records in time series of time-dependent and correlated random variables.
Several research groups studied how the classical results alter if one considers time series
of independent RV’s sampled from a distribution that changes in time. Additionally, it
was possible to compute the record statistics of time series with correlated entries. These
efforts were motivated by applications in various different areas of life and science. Records
have been studied extensively in climatology, but also in sports, in biology, in physics and
in finance.

In this work, various different stochastic processes with both time-dependent and corre-
lated entries are considered. A model of independent RV’s with an increasing mean value
is introduced and used to predict the occurrence of temperature records in the context of
global warming. Furthermore, the record statistics of some simple correlated processes are
computed. The findings are useful to describe record-breaking events in financial markets.

This thesis consists of a series of articles that were published, together with various
co-workers, in several peer-reviewed journals along with some additional, hitherto unpub-
lished chapters that are either under review or in preparation. The total number of 11
contributions can be arranged in four different groups, which form the four main parts of
this thesis and an overall review that shapes a fifth part.

The first part, which contains the chapters 3 to 6, discusses various aspects of the record
statistics of uncorrelated random variables. A key role in most of these contributions is
played by the so-called Linear Drift Model of record statistics. The main question treated
in the chapters 3 and 4 is how the occurrence of records is affected by a linearly increasing
mean value. We discuss series of RV’s from shifting probability densities fx, (z) = fo (x — ck)
with a common shape fo (z). It is demonstrated how strongly quantities like the record
rate P, or the correlations between record events are affected by such a constant drift.
In chapter 5, we present a possible application of our findings as a record-based test for
extremal properties of observational data. While the Linear Drift Model is the dominating
topic in this part, there is also a contribution concerning the problem of rounding, which
is found in any measurement process. In chapter 6, it is discussed how the statistics of
records, the record rate P, and the mean record number (R,) change if one allows record
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values to get tied in a discrete setting. We show that rounding up or down of originally
continuous RV’s can significantly alter the record process.

The second part, with chapters 7 and 8, describes the most important application of
the theory developed in part I. There it is demonstrated how the effect of global warming
on the statistics of record-breaking temperatures can be quantified by a simple model of
uncorrelated RV’s sampled from a distribution with a time-dependent mean value. In chap-
ter 7 it is shown that such a minimal model for the record rate P, is capable of describing
the occurrence of record temperatures in historical temperature data from Europe and the
United States. It turns out that the frequency in which new hot and cold records occur
today is already significantly influenced by the changing climate. This analysis is substan-
tially extended in chapter 8, where also the statistics of the values of record temperatures
are modeled and discussed.

Main subject of part III is the record statistics of random walks. We focus on discrete-
time random walks where each entry X; is obtained as the sum of the previous entry X; 1
and an i.i.d. RV. In contrast to the models introduced in the first part, the entries of such a
random walk are correlated and therefore their record statistics differs systematically from
the i.i.d. case. In the chapters 9 and 10 the manifold properties of record events in random
walks with a constant drift (bias) are studied in detail. Again, the record rate P, and
the distribution of the record number R,, are computed and discussed. While chapter 9 is
focused on biased Gaussian random walks and compares them with record-breaking stock
prizes, chapter 10 gives a complete description of the asymptotic record statistics of biased
random walks and Lévy flights. Chapter 11 is about the record statistics of the maximum
of ensembles of multiple independent random walkers.

The main application of the results derived in part III is found in the financial sciences
and is subject of the subsequent part IV (chapter 12). This part consists of a detailed study
of record-breaking stock prizes in the American Standard and Poors 500 stock index. It is
discussed how well the record-breaking daily stock returns and stock prizes can be described
using simple stochastic models like independent random numbers or random walks.

In the fifth part, an attempt of a general review of the recent developments in the field
of record statistics is presented. Chapter 13 summarizes both recent theoretical findings
and, more briefly, the progress made in the different applications of the theory of records.
We introduce and illustrate various elementary stochastic models and discuss them with
respect to their record processes. Following this, chapter 14 summarizes and discusses the
contributions in this thesis in a few words.

The following section 1.1 gives of a brief summary of the most important ’classical’
findings in the history of record statistics of independent and identically distributed random
variables. Furthermore, in section 1.2, some important, much newer findings for the record
statistics of symmetric random walks are presented, because of their particular importance
for the parts IIT and IV of this thesis. In this introduction, the relevant quantities that
will be of interest in the following chapters are defined and some fundamental results are
presented, which form the bedrock of most of the recent studies in this area. These new
developments are summarized briefly in the remainder of chapter 1 (section 1.3). The most
relevant publications of the last decades and their importance for applications also in other
areas of research are described and discussed. This introduction can be seen as a starting
point for all the individual contributions in this work. In the subsequent chapter 2, the four
main parts of this thesis are then introduced in more detail.



1.1. Record statistics of i.i.d. RV’s 5

1.1 Record statistics of i.i.d. RV’s

Most of the classical literature on record statistics discusses the properties of records in
time series of independent and identically distributed (i.i.d.) random variables (RV’s) (see
for instance [2-4]). A comprehensive summary can be found in the book of Arnold et al. [4],
which contains a lot of the results presented in this chapter.

Let us consider a time series of i.i.d. RV’s X1, X, ..., X,,,® all sampled from the same
continuous distribution with probability density function (pdf) f (z). As already mentioned,
an entry X, in such a time series is an upper record if

X, >maX{X1,X2,...,Xn_1} (12)

and X; is, by definition, the first record. Of course, one can also consider lower records
and X, is a lower record if X,, < min{Xy, Xo,..., X,,_1}. Fig. 1.2 illustrates the evolution
of upper and lower records in a time series of i.i.d. RV’s.

Position X,

ot

number of events n

Figure 1.2: Sketch of the record process of i.i.d. RV’s. The red (blue) balls mark the upper
(lower) records. Here, one has a total number of six upper and five lower records. Of course, the
first entry X is both, the first upper and the first lower record.

Probably the most important and most frequently mentioned quantity in this work is
the probability P, that a certain entry n in such a series is a record. We often refer to
P, as the (upper or lower) record rate. For ii.d. RV’s P, is completely universal for all
continuous distributions, which means that it is entirely independent from the choice of the
underlying pdf f (z). One finds that

1
P, =, 1.3
; (13)

as already mentioned above. This can be seen as follows: Since all n RV’s are sampled from
the same distribution, every one of them is equally likely to be the largest. Therefore also
the last entry X,, is the largest with the same probability. Now, an arbitrary entry is the
largest in one of n cases and thus the last one is a record with a probability P, = 1/n.

Despite the simplicity of this so-called stick-shuffling argument, it is worth noticing that
the record rate can also be derived using a more systematic approach. Since the probability
for a RV sampled from a distribution with pdf f (z) to be smaller than some value z is given
by the cumulative distribution function (cdf) F (z) := [“daf (z), P, can be computed by
evaluating the integral

P, = /dac f(z) F"(z). (1.4)

3Qccasionally, in this thesis we consider time series of RV’s with entries X, X1..., Xn.
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This is just the probability density of a record with value x in the nth step integrated over
all possible values x. Partial integration yields

Pnzl—(n—l)/dxf(x)F”_l(ac):1—(n—1)Pn, (1.5)

which leads directly to P, = 1/n as in Eq. 1.3.

As a direct corollary of this result, one can also compute the average of the number of
records R,, that one expects up to the nth step. This mean record number (R,,) is obtained
by summing up the record rate from one to n: (R,) = P1 + P, + ... + P,. Using a well
known result for the large n behavior of the harmonic numbers H,, := Y.}_, 1/k [5] one
finds that

n

"1
R) =S P=S = ~Inn+n, 1.
(Rn) kE ) k§:1k nn 47y (1.6)

=1

where v ~ 0.577215... is the Euler-Mascheroni constant. This result is interesting simply
because it diverges. The probability for a new record never goes to zero and there is no
upper bound to the total number of records in the i.i.d. case.

The other way around, the fact that the mean record number (R,) matches the nth
Harmonic number H,, := > ;_; % can be used to prove that the Harmonic series Ho, =
> pe; 1 diverges [2]. If one assumes that there is never an ultimate record and every record
value gets exceeded eventually, the mean record number for n — oo must diverge and
therefore also the Harmonic series.

1.1.1 Correlations between records from i.i.d. RV’s

A very important feature of the record statistics of i.i.d. RV’s is the fact that the individual
record events are uncorrelated. The probability P, for a record in the nth entry is com-
pletely independent from the probability P, for a record in another entry m # n. In other
words, the probability P, ,, for a record both in the nth and the mth step factorizes:

P, , = Prob[X,, and X,, are both records | = P, - P,,. (1.7)

For two consecutive entries n and m = n+1 this can be shown as follows: With an argument
similar to the one that leads to Eq. 1.4, the probability P, ,11 for the entries n and n + 1
to be records in the same time series is given by

Tn+1

Posr = / A2 f (Tnsr) / A f (n) F" (1)

= [aus@r @@= [duf@ [dof @) P )
= PnJrl — (n — 1) Pn,nJrl- (18)
With this one finds that

1

P,pi1=FP, Py = ———.
,n+1 +1 TL(?’L+1)

(1.9)

This derivation can be easily generalized to prove that also the probabilities for records in
the nth and the (n + k)th step are uncorrelated. Additionally, it is straightforward to show
that also multi-point correlations vanish. The joint record rate of a set of ¢ integer and
pairwise different numbers nq, ...n; factorizes:

Pryoni =Poy Py - - Py,

i

(1.10)
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1.1.2 Full distribution of the record number R,

Knowing that the individual record events are uncorrelated, one can compute the variance
and also the full distribution of the record number R,. For that purpose it is helpful to
introduce a set of (uncorrelated) indicator random variables (cf. [4]), I1, I3, ..., I,, as follows:

[, =b if X,, is a record, (1.11)
0, else.

In this notation, the record rate P, is just the probability Prob [I,, = 1] = (I,,) and, because
of Eq. 1.10, the joint probability for a set of entries X,,,, Xy.,, ..., Xn, to be records is given
by
11 1
Prob[l,, = 1,In, =1, I, =1]= —— - ... —. (1.12)
1 N9 n;
In terms of the indicator random variables, the record number R,, is obtained as the sum
R,, = >"}_, I, and one can reobtain the result for the mean record number (R,,) (Eq. 1.6)
as follows:

~lnn+ vy (1.13)

Bl

(Ra) =D (i) =)
= k=1

k=1

Thanks to the new notation, one can now also compute the variance Var (R,,) of the mean
record number. With Var (R,,) = (R, — (Rn))?) = > p_y Var (I1;) one finds that

2

"1 1
Var (R,) = Z<Eﬁ)%lnn+7%. (1.14)
k=1

In the second step one has to use lim Y ;_  1/k* = 7%/6 [5]. Apparently, in the large
n—oo

n limit, the variance of the record number behaves like the mean record number minus
a constant: Var (R,) = (R,) — 72/6 and the asymptotic standard deviation of the mean
record number grows proportionally to Vinn.

Using the so-called Stirling numbers of the first order (cf. [5]), the full distribution of the
record number R,, can be described in terms of its probability generating function (z%n)
[6]. With help of the indicator functions, (2f") can be expressed as

(2Fry = (oZho oy = [[ (a1) = f[ <f, + (1 - 1)) : (1.15)

k=1 k=1

where, in the last step, one uses that 2% is z with probability 1/ and one with a probability
of 1 —1/j. Therefore, (z%7) is given by 2z/j + (1 — 1/;). The probability of having R,, = k
records in n steps can now be computed using the kth derivative of the generating function
(zBn):

1d<

The k-fold derivation of (z*) is quite complicated and we will not discuss it in detail.
It was shown in [4] that Eq. 1.16 can be reduced to

Sk

Prob[R, = k] = (1.17)

nl”

where SF is an unsigned Stirling number of the first order [5]. Sk = [}] gives the number
of permutations of a set of n elements that has k disjoint cycles [5]. As a simple example,
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the Stirling number S2 = [g} is given by 3, since there are 3 ways to permutate the set
{1,2,3} into two cycles: {(1),(2,3)},{(1,2),(3)} and {(1,3),(2)}.

Since all indicator functions I, have a finite variance (it is straightforward to show that
Var (Ii,) < i for all possible values of k), it is a consequence of the central limit theorem that,
for n — oo, the distribution of the record number R,, approaches a Gaussian form. This
limiting distribution must have a mean value u ~ (R,,) a standard deviation of o ~ /(R,,).
Therefore, one finds that the rescaled mean record number (R, — (Ry)) /+/(Ry) has
standard normal distribution in the large n limit:

R, —Inn 4

e m/\/’(o,l). (1.18)

1.1.3 Record times

The formalism developed above can also be used to compute the distribution of record
times. We define T} as the time at which the kth record occurs and we are interested in the
probability Prob [T}, = n| that this happens at time n. As discussed in [4] this probability
is given by the joint probability for a record at time n together with a record number of
R,_1 =k —1 at time n — 1. Since these two probabilities are independent, we have
1 Sn—l
Prob [Ty, = n] = — Prob[Ry_1 =k — 1] = ’;71 . (1.19)

With this, one can show an important result for the mean record times: The expectation
value of the record time 7}, is divergent for all values k > 1:

(Ty) = i n Prob [T}, = n] = oo. (1.20)

n==k

Along with this the expectation values of the inter-record times Ay := T}, — Tk—1 diverge
and

<Ak> = <Tk — Tk,1> = OQ. (121)

A full proof of these results is complicated and can for instance be found in [7-9]. It can also
be shown that the logarithms In T}, of the waiting times approach a Gaussian distribution
with mean k and standard deviation vk in the limit of large record numbers k. In other
words, the rescaled logarithmic waiting times (InTy — k) /vk approach a standard normal
distribution:

In Tk —k d
\/E k—o0

Interestingly, the logarithmic inter-record times have the same asymptotic distribution [4]:

N(0,1). (1.22)

InAg —k
Dok E 4 N(0,1). (1.23)
\/E k— o0
Furthermore, Glick [2] showed that the ratio Ay /T} is uniformly distributed on the interval
(0,1). On average, the time Ay between the (k — 1)th record and the kth accounts for half
of the total waiting time T} of the kth record.

1.1.4 Record values

While all previously introduced quantities are completely universal for arbitrary series of
i.i.d. RV’s, this universality gets lost if one considers the values of record-breaking events.
The statistical properties of record values, such as their mean values and their distributions,
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Figure 1.3: Left: The normalized record value distribution of records that occur at fixed times
n =1,4,16,64,256 in a series of i.i.d. RV’s from an exponential distribution with f (z) = e~ (and
x > 0). The distributions were obtained using Eq. 1.25. Right: The normalized distributions of
records with a fixed record number k& = 1,2,3,5,7 (see Eq. 1.30), again for i.i.d. RV’s from the
exponential distribution.

depend heavily on the shape of the underlying distribution. There are in principle two
important types of record values that one can consider: The values of records that occur in
a certain entry n in our time series and the values of records with a fixed record number k.

In Fig. 1.3 the distributions of records with fixed n and fixed k for a simple exponential
distribution are illustrated with f (z) = e™® (for > 0) and some selected values of n and
k.

It is quite simple to give the full distribution of a record that occurs at a fixed time
step n in a series of i.i.d. RV’s. One can compute the normalized cumulative distribution
function (cdf) @, (x) of a record with value n from the integral expression of the probability
for a record in the nth event (Eq. 1.4). In this context, @, (z) is the probability that the
nth entry X, is larger than all previous entries and smaller than z:

Qn () = P;'Prob[X, > max{Xy, Xo, ..., Xp_1}, X < 2]

= n/f(ac)F"_1 (x). (1.24)

Here, P! = n was used to normalize the cdf. Therefore the pdf f, (x) of a record that
occurs in the nth step is simply given by

d

fn(z) = @Q" (z) =nf (z) F" ! (x). (1.25)

With this result it is straightforward to compute the mean value as well as arbitrary higher
moments of record events with a fixed n. The mean u,, of a record at time n is

tn, :n/dx of () F"71 (). (1.26)
For an exponential distribution with f (z) = v~'e~*/" (z > 0 and v > 0) this leads to
(eap) — /dac v le v (1- 6_%)n_1 =vH, =v(nn+v), (1.27)
0

where the integral was evaluated using iterated partial integration. For a Gaussian distri-
bution with

fz) = ——=e %2, (1.28)
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and a standard deviation o it is more complicated to compute the mean p,, which, in the
limit of large n, approaches

2
plGauss) 1y (;—) (1.29)

The derivation of the distribution of record values with a fixed record number & is more
difficult. As shown previously, a record with record number %k can occur at an arbitrary
time n > k. In principle, this would require averaging over all distributions of records with
fixed values of n and k. Fortunately, there is an easier method, thanks to a special property
of the exponential distribution f (x) = e~ with # > 0. This distribution has the so-called
lack-of-memory property. This basically means that for any &, the value of the kth record
will be given by the value of the (k — 1)st plus an exponential random variable drawn from
the same distribution e™*. With this one can show that a record with record number k has
the pdf

Ji(z) = 0 _1 1)!50"“6‘””, (1.30)

which is a Gamma-distribution with shape parameter & [5]. One can use this result to
compute the distribution of a record with record number k for an arbitrary continuous
underlying distribution. In [4] it is shown that the kth record of such an arbitrary distribu-
tion can be given as a function of the kth record from the exponential distribution (see also
chapter 13). In fact, the kth record in a series of i.i.d. RV’s sampled from the distribution
f (z) has the pdf

fi(2) = [ (~In (1= F ()" (1.31)

1.1.5 Limit laws for record values

In the theory of extreme events, it is well known that the distributions of the maximum
M, := max{Xy, X2, ..., Xpn} (1.32)

of a given set X1, Xo,..., X, of i.i.d. RV’s from a continuous pdf f (z) converge to one of
three possible limiting distributions [10] (for an introduction see for instance [11, 12]). The
Fisher-Tippett-Gnedenko Theorem [11, 12] of classical extreme value theory states that
if the total number of i.i.d. RV’s, n, is going to infinity, the limiting distribution of the
maximal value can always be rescaled to one of the following three shapes:

I - Weibull distribution: For RV’s with a finite support, the rescaled maximum ap-
proaches a (reversed) Weibull distribution. It has the following cdf:

1 forx>0"

3

—(—o) g 0
Fl(x):{e y forw < (1.33)

with one free parameter x < 0.

IT - Gumbel distribution: The cdf of the rescaled maximum of a set of RV’s from a
distribution with an infinite support that decay faster than any power-law (e.g. with an
exponential tail) approaches a distribution of the Gumbel form:

—x

FH (:L') =e . (134)



1.1. Record statistics of i.i.d. RV’s 11

III - Fréchet distribution: For RV’s with infinite support and a tail that decays like a
power law, the limiting distribution of the rescaled maximal value is of the Fréchet form:

0 for x <0
B =<7 . ’ 1.35
it () {e‘m , for x>0, ( )

again with one free parameter x > 0.

It turns out that these three universality classes are also of importance for the distribu-
tions of record values. In fact, these distributions, both with a fixed record number k, as
well as the ones that occur at a fixed time n also approach one of three different limiting
distributions.

In the case of the record values with a fixed n, the situation is particularly simple. In
Eq. 1.24 we already gave an expression for the normalized cdf of a record that occurs in
a fixed entry of the series. The cumulative distribution of the maximum M,, of a series of
RV’s Xj, ..., X,, has exactly the same shape:

x

Prob[M, < z] = n/dx f(z)F" 1 (2). (1.36)

Therefore, the distribution of the record values with a fixed n must approach the same
limiting distribution as the maximal value M,,.

In the case of record values with fixed record number k it is more complicated and
the record values do not approach the same limiting distributions. However, in 1973,
Resnick [13] showed that the distributions of the record values with a record number k
obey a limit law of the form:

@ (~In(~In (F (). (1.37)

where the functions F; (z) with ¢ = I, I, IIT are the limiting distributions of the maximal
value and ® () is the cdf of a Gaussian standard normal distribution with

B () = — / e~ 12qt. (1.38)

With this result Resnick proved that, under proper rescaling, the limiting distribution of a
record with record number k approaches one of these three distributions [13]:

I - Negative-log-normal distribution: For RV’s of the Weibull class, with a distri-
bution that has a finite support, the (rescaled) record value distribution approaches the
following cdf:

By () = {fl) (hq(—x)_”) , forz <0, (1.39)

1, for x > 0,

with k < 0.

IT - Normal distribution: Record values in series of RV’s from the Gumbel class are
normally distributed and can be rescaled to a standard normal distribution:

Py (z) = @ (z). (1.40)
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IIT - Log-normal distribution: For RV’s of the Fréchet type, from distributions that
decay like a power-law, the rescaled limiting distribution is of the following form:

Dot () = 0, for z < 0, (1.41)
T e (In(z=*)), forz >0, '

with k > 0.

In the following, these findings will be particularly important for our studies of the record
statistics of RV’s, which are uncorrelated but time-dependent. They allow us to analyze and
discuss the records in our models in the context of the three universality classes of extreme
value statistics. It will turn out that these classes are helpful to understand and interpret
the record statistics of more complicated and time-dependent stochastic processes.

1.2 Record statistics of symmetric random walks

Mostly because of its importance for the parts III and IV of this thesis we will now introduce
a second stochastic process and discuss its record statistics. A discrete-time random walk
is a simple example for a process of correlated random variables and is defined as a sum
of random steps, which are again independently sampled i.i.d. RV’s as in the previous
section*. The entries X1, Xs, ..., X,, of a discrete-time and continuous-space random walk
can be described as follows:

Xn = anl + M, (142)

where the 7;’s are i.i.d. RV’s drawn from a continuous distribution f (n). X is the origin
of the random walk and usually we will set Xy = 0 without loss of generality (see Fig. 1.4).

Position x,,

number of events n

Figure 1.4: Sketch of the record process of a discrete-time random walk. The red balls mark the
progression of the upper record.

The simplest scenario one can consider is a symmetric random walk with a fully sym-
metrical jump distribution f (n) = f (—n). However, for this case already it turned out that
it is much more complicated to obtain quantities like the record rate P, and mean record
number (R,,) than in the case of i.i.d. RV’s. Only a few years ago, in 2008, Majumdar and
Ziff [15] computed the full distribution of the record number R,, of a symmetric random
walk. Interestingly, this distribution is completely independent from the choice of the sym-
metric jump distribution f (n). We will now illustrate how to derive these results following
the analysis of Majumdar and Ziff [15].

The main idea behind the derivation of the record statistics of the symmetric random
walk is to subdivide a process with n steps and R,, (upper) records into a series of R,, — 1
first-passage and one survival problem®. Fortunately, the random walk has the so-called

4An introduction can, for instance, be found in the book by Weiss [14].
5For a detailed introduction to the theory of these problems see for instance the book by Redner [16].
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renewal property, which basically states that the process starting from X,, at a given time
n is again a random walk with X, as a new origin that behaves exactly like the original
process. With this it is easy to see that the time I between the kth record and the (k + 1)st
record is simply the time required until a random walker starting from the origin (at the
time of the kth record) becomes positive for the first time. This duration is also known as
the (positive) first-passage time.

Now one can define the (positive) first-passage probability ¢ (1), which is the probability
that the walker crosses the origin for the first time after [ steps. Similarly the survival
probability ¢ (I) is the probability that a random walk starting at zero stays below (or
above) the origin for the first [ time steps. It is easy to see that ¢ (I) and ¢ (1) are connected
by ¢ (1) =q(—1)—q().

Thanks to a nontrivial theorem by Sparre Andersen [17, 18], it is known that these
quantities are entirely universal for symmetric random walks. Sparre Andersen showed
that the generating function of the survival probability ¢ (z) = Y=, ¢ (1) z' for any random
walk with a continuous and symmetric jump distribution, is given by

q(z) = : (1.43)

Similarly the first-passage probability ¢ (I) has the generating function ¢ (z) =1 — /1 — z.
From these results one can obtain

q(l) = (2/) 272 and @) = (2;) 23:211. (1.44)

Using these findings one can compute the probability for a random walk with R,, records
and inter-record times Iy, ...,lg, (with Zf’;l Iy =n):

Pyl n) = o) -+ ¢ (lr. 1) a(Ir.) Osarn g, o, (1.45)

The survival probability ¢ (R, ) and the -function are necessary to exclude the possibility
of additional records after the one with record number R,,.

Now, to compute the overall probability of R,, records in n time steps, one has to sum
P (ly,...,lg, |n) over all possible sets 1, ..., g, with Zf’;l I, = n. This summation was done
by Majumdar and Ziff [15] using the generating function of the probability P (I1,...,Ig, |n).
They showed that the joint probability P (R,|n) for R,, records obeys

D A Lo

Expanding this result in powers of z, Majumdar and Ziff found the full distribution of the
record number R,,. The probability P (R,|n) of R,, records in n steps is given by

(1.46)

2n — 1
P(Rn|n):( n= Rt )22"+Rn1. (1.47)

n

The mean record number (R, ) can be obtained as the first moment of this distribution.
One finds that

n

(Rn) = (2n+1) (2:) 272" and P, = (2") 9-2n, (1.48)

In the asymptotic limit of large series length (n — o), the distribution P (R,|n) approaches
a half-Gaussian form:

1 R?
P noeo ——n 1.4
(Ralo) = ey (- 32 (1.49)
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in contrast to the i.i.d. case, where it was found that the asymptotic record number is
distributed according to a Gaussian distribution. In this limit, the mean record number
(R,,) is proportional to v/n (and not logarithmically as in the case of i.i.d. RV’s). For n > 1
one obtains

4n 1
n) = — d P~ —. 1.
(Rn) =/ - an — (1.50)

Apparently, the record rate P, of the discrete-time random walk decays much slower than
for ii.d. RV’s with P, = 1/n. Correspondingly, the mean record number (R,) is much
larger than the i.i.d. results of (R,,) « Inn.

1.3 Recent theoretical progress & applications

The results for the record statistics of i.i.d. RV’s discussed before have all been derived
at least 30 years ago and can, among other findings, be considered as the classical theory
of records. Since then, but especially in the last 10 to 15 years, a lot of research was
done towards a better understanding of the record statistics of more complicated stochastic
processes, in particular time-dependent and correlated RV’s. Additionally, the old and
new theoretical results found many new applications in various areas of science. While a
detailed and comprehensive review of these developments is the subject of chapter 13, I will
now briefly summarize the important publications in this field to give the reader a better
idea of the current state of research. This introduction is supposed to illustrate the general
framework in which the contributions in this thesis were developed.

Temperature records

Certainly the most important application of record statistics in the last years was the study
of record events in climatology. The evident and probably mostly anthropogenic climatic
change [19] that started to increase the global mean temperature in the second half of the
last century made scientists and also the general public particularly interested in extreme
weather events like severe storms, heavy rainfall, or record-breaking heatwaves. Over the
last 30 years, the study of extremes in climate and also the adaptation to them has become
a well established branch of research in climatology (cf. [20-26]). Most likely because of
the frequent and attention-grabbing media coverage, researchers, including us, have more
recently also started to look at the statistics of climate records.

Even though some earlier publications about record-breaking temperatures exist [27—
32|, the first comparison between theoretical results in record statistics and temperature
measurements was performed a decade ago by Benestad [33, 34]. He analyzed the global
monthly mean temperatures and measurements from several Norwegian weather stations.
In 2006, he also considered record-breaking precipitation events [35]. Also in this year, Red-
ner and Petersen considered time series of daily temperature measurements for individual
calendar days that were recorded in Philadelphia [36]. They made many important theo-
retical observations, but, due to the fact that they only considered one individual weather
station, they could not satisfactorily show a connection between global warming and the
occurrence of record temperatures. A few years later, this connection was established by
a series of authors. In 2009, Meehl et al. [37] found that, at that time, more than twice
as many heat records than cold records were measured in the United States. In an inde-
pendent study of European weather stations we showed that the rate of daily heat records
in Europe is significantly increased [38, 39] (see chapter 7). We also proposed to use the
simple Linear Drift Model (LDM) that accurately predicts the effects of global warming
on the statistics of record-breaking temperatures. In the following, these findings were con-
firmed and extended by Newman et al. [40], as well as Elguindi et al. [41] and Rahmstorf
et al. [42]. Both Elguindi et al. and Rahmstorf et al. also considered our simple LDM for
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record temperatures and could, for the most part, confirm its validity. In 2012, we extended
this model and analyzed the values of record-breaking temperatures [43] (see chapter 8).

Time-dependent models

The LDM that was employed to model record temperatures proved to be interesting and
of importance on its own. It was first introduced by Ballerini and Resnick in 1985 [44, 45],
who computed the record rate in the limit of infinite series length. These results were later
refined and extended by Borovkov [46]. Motivated by our study of temperature records, we
considered this model in 2010 and discussed the behavior of the record rate also for short
series length in the context of the three universality classes of extreme value statistics [47]
(see chapter 3). During these studies, we made the interesting observation that in time
series of RV’s with a linear drift, the individual record events are no longer uncorrelated
as in the case of i.i.d. RV’s. In fact, it turned out that the correlations between records
have a complicated and manifold behavior. In some sense, record events can both repel and
attract each other, depending on the characteristics of the underlying distribution. These
results and a promising application as a test for heavy-tail properties of observational data
were published separately [48, 49] (see chapters 4 and 5).

Apart from these studies on the LDM, other possible processes of uncorrelated RV’s with
non-identical, time-dependent distributions were considered and applied in a different field
of research, namely biology. In 2007, Krug [50] considered RV’s sampled from broadening
distributions and discussed their record statistics. Eliazar and Klafter [51] analyzed a
similar problem in 2009 by discussing records in a model of stochastic growth, which was
motivated by problems in evolutionary biology. In this context, Krug and Jain studied
the connection between biological evolution and records [52] building upon previous work
by Kauffman and Levin [53], as well as Sibani et al. [54]. Since then, record and extreme
value statistics have become important in the theory of adaption (for an introduction see
for instance the article of Orr [55]), especially for adaptive walks on fitness landscapes [56]
(see also [57]).

Discreteness & rounding

Very important for experimentalists is certainly the problem of discreteness. Even though
the entire classical theory presented in section 1.1 deals with RV’s from entirely continuous
distributions, one must always be aware of the fact that experimental observations (tem-
peratures, flood heights, sport results,...) can only be measured up to a certain accuracy.
They will always be rounded to a certain precision. One way to deal with this problem is
to consider the record statistics of discrete distributions, where ties are allowed. This was
already done by Vervaat [58] in 1973 and later, for instance, by Prodinger [59], Gouet et
al. [60] and Key [61]. Alternatively, Gouet et al. [62] studied the statistics of records that
are only counted if they exceed the previous one by a certain constant value § # 0, the
so-called d-records. Eliazar introduced the similar concept of geometric records [63, 64],
which only count as such when they exceed a certain multiple of the last record. From an
experimental point of view, the probably most realistic model of RV’s that are first drawn
from a continuous distribution and then discretized by rounding, was first discussed in a
recent article of ours [65] (see chapter 6).

Records in correlated processes & finance

The line of research opened up by Majumdar and Ziff in 2008 [15] goes in an entirely different
direction. As previously discussed, they used a powerful theorem by Sparre Andersen [6, 17,
18] to study the statistics of record-breaking events in random walks and Lévy flights. They
showed that the full distribution of the record number and therefore also the mean record
number and the record rate of symmetric, discrete-time random walks with a continuous
jump distribution is completely universal for all possible choices of this jump distribution.
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This amazing result entailed a series of other publications about the record statistics of
random walks. In 2011, Sabhapandit generalized some of the findings of Majumdar and Ziff
to random walks with a continuous distribution of waiting-time between the individual steps
[66] (see also [57]). In the same year, we considered biased Gaussian random walks with an
asymmetric jump distribution and managed to compute some new approximate results for
the record rate and mean record number [67]. In this publication we also demonstrated that
the record statistics of stock data from the Standard and Poors 500 index [68] can, to some
degree, be modeled using biased random walks (see also [69] and chapter 12). The problem
of a biased Lévy flight with jumps sampled from a Cauchy distribution was considered by
Le Doussal and Wiese [70]. More recently, the complete asymptotic record statistics of
biased random walks and Lévy flights were computed together with Majumdar and Schehr
[71] (see chapter 10) and we found a surprisingly diverse and manifold universal behavior
of the record number distribution. In 2012, we studied ensembles of multiple independent
random walkers and Lévy flights and compared the record statistics of their maximal value
to ensembles of randomly selected stocks from the Standard and Poors 500 index [72] (see
chapter 11). Also building up on the findings of Majumdar and Ziff is the work of Edery et
al. [73], who made a first step towards the understanding of records in higher dimensional
Markov processes by performing various numerical simulations of the scaling behavior of
the record distance of a diffusion process from its origin.

Further theoretical results & applications

Besides these applications in climatology, biology and finance, the theory of records is also
useful in various other areas of science. Oliveira et al. found a record process in a model
for high-temperature superconductors [74] and, in a similar context, Sibani et al. found
a connection between the problem of magnetization and aging in spin-glasses and records
[75-77]). Also hydrologists found record events interesting in the past: In 2001, Vogel et
al. [78] examined the frequency of record-breaking floods in observations from hundreds of
gauging stations in the United States. In a recent study, the interdisciplinary relevance of
the theory of records was demonstrated in an analysis of the movement of ants [79]. Of
course, the statistics of world records in sports were also studied: Gembris et al. [80, 81]
analyzed the progression of world records in athletics and compared them with the record
statistics of i.i.d. RV’s.

From the mathematical point of view, there has been more progress in many different
directions. For instance, researchers have studied record processes with randomly sampled
waiting times between the individual entries and, in particular, records in Poisson processes
(see for instance [82-84]). In the book by Arnold [4], various more complicated models,
introduced in the last decades are discussed, for instance the so-called Pfeiffer model, where
the process is constructed in such a way that the individual record values form a Markov
chain® [4, 85]. In the 1990’s, concepts of multivariate records in two- or higher-dimensional
time series were developed [4, 86, 87].

6A stochastic process, where each entry depends only on the previous entry in the series. For an
introduction see for instance [6].



17

Chapter 2
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2.1 Part I - Records in uncorrelated random variables

In this part, we discuss the statistics of record events in uncorrelated random variables
(RV’s). While the theory of record-breaking events in time series of independent and iden-
tically distributed (i.i.d.) RV’s was introduced in the first chapter, we will now, for most
of part I, consider RV’s that are not identically distributed. In particular, we focus on
RV’s sampled from a time dependent distribution with a constant linear drift. To be more
precise, we are interested in series of RV’s X7, X, ..., X,,, where an arbitrary entry Xj is
of the form

Xy, = Yy + ck. (2.1)

Here, the Y;’s are i.i.d. RV’s drawn from a distribution with probability density function
(pdf) f (y). Therefore, the pdf’s of the X} ’s are given by f (z — ck) and the distribution of
the RV X, is shifted in positive x-direction by ck.

This simple model was first introduced and discussed by Ballerini and Resnick [44, 45]
in the 1980’s. In the following, we will refer to it as the Linear Drift Model (LDM) of record
statistics. It plays a key role in chapters 3, 4 and 5. Our initial motivation to consider this
model originates from our study of record-breaking temperatures. The LDM is, in some
sense, useful as a toy-model for global warming and we used it to analyze the effect of a
slowly increasing global temperature mean on the occurrence of heat and cold records. This
analysis is subject of part II.

Chapter 3 — Records and sequences of records from random variables with a
linear trend

In chapter 3, an article published in collaboration with Jasper Franke and Joachim Krug,
we compute and discuss two quantities in particular: The probability for a record event
in a given entry (henceforth record rate) in a series of RV’s of the LDM and the closely
related ordering probability for this model. The ordering probability is the probability that
all entries of a time series occur in ascending order so that X; < Xo < ... < X,,. This
probability proved to be important for some applications in evolutionary biology and in
particular in the context of accessible evolutionary pathways on fitness landscapes [56]. In
this article, we consider both the regimes of a small and a very large drift ¢ and discuss our
findings in the context of the three universality classes of extreme value statistics [10-12],
which were already introduced in chapter 1. We find that, while the drift plays a very
important role in the Weibull class of distributions with a finite support, it has a decaying
effect in the Fréchet class of power-law tailed distributions with a finite first moment. In
the Gumbel class the behavior is more complicated and intermediates between these two
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regimes. We performed numerous Monte-Carlo-type simulations along with our analytical
work that confirm these findings.

Chapter 4 — Correlations between record events in sequences of random vari-
ables with a linear trend

Chapters 4 and 5 focus on the interesting problem of correlations between record events
in the context of our LDM. As shown in chapter 1, the probabilities for records in certain
entries in a series of i.i.d. RV’s are pairwise uncorrelated. This does not hold in the presence
of a linear drift. In fact, we found that record events in our LDM can be correlated both
positively and negatively. In some sense, this can be understood as record events, which are
either attracting or repelling each other. In chapter 4 which summarizes joint work with
Jasper Franke and Joachim Krug, we study the probability P,_1 , for two successive record
events in a times series of RV’s of the LDM-type to be a record and more importantly we
look at the ratio

Pn,nfl

lpn—1 i= ——— 2.2
1= (2.2)

between this quantity and the two individual record rates. For all distributions of the
Weibull-type as well as distributions of the Gumbel class that decay faster than an exponen-
tial distribution, we found that I, ,,—; is smaller than one in the n — oo limit. Apparently,
in this regime, record events repel each other. If the entry n — 1 is a record, the probability
for a new record in the nth event is smaller than the unconditional record rate P,,. The
more surprising result is that, for Gumbel-type distributions decaying slower or at least
as slow as the exponential distribution and for distributions of the Fréchet class, I, ,—1 is
greater than one for n — oo, meaning that after a record in the (n — 1)th event, there is
an increased probability for a second record in the nth event. This can be interpreted as
record events which effectively attract each other.

Chapter 5 — Correlations of record events as a test for heavy-tailed distribu-
tions

Chapter 5, also work published together with Jasper Franke and Joachim Krug, describes
a possible application of these findings. The idea behind this work is that, since significant
positive correlations with a ratio l,,—1,, > 1 are only possible for time series of RV’s from a
distribution with tails at least as broad as the one of an Exponential distribution, the cor-
relations between record events could be helpful to detect these RV’s in experimental data.
Distributions with broader than exponential tails are commonly referred to as "heavy-tailed’
and it is a well known problem to find these heavy-tail properties in observational data (see
for instance [88-90]), especially in data sets with a small sample size. It turned out that
analyzing the record-correlations after artificially adding a linear drift to the observational
data provides a simple and efficient test which is able to verify heavy tails even in very
small data sets. In chapter 5 we describe this test and present an application to a well
known data set of citation records [91].

Chapter 6 — Rounding Effects in Record Statistics

In the final chapter of this part, we consider a different problem, not closely related to the
LDM. In this article, published with Joachim Krug and our collaborators Daniel Volovik
and Sidney Redner from the Boston University, we study the effects of rounding on the
record statistics of i.i.d. RV’s. In all practical applications, measurements are rounded to
a certain accuracy, which opens up the possibility for ties. Record events cannot only be
broken, but also be tied by a new measurement. This can alter the statistics of records
depending on whether or not one decides to count those ties as new records. In our studies
it turned out that the consequences of this kind of discreteness are quite manifold and
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depend heavily on the three universality classes of extreme value statistics. Similar to our
findings for the LDM, the effects of rounding are strong for distributions of the Weibull class
and asymptotically negligible for the Fréchet class. Again, the most interesting behavior is
found in the Gumbel class. There, we discovered a particularly noteworthy phenomenon in
the regime of very strong discreteness, where almost all records are suppressed because of
ties. In this regime record events can become almost predictable on an exponential time
scale.

2.2 Part II - Record-breaking temperatures

Building up on the analytical results presented in the first part, part II is focused on an
important application of the theory of records, namely the statistics of record temperatures
in a climate system with a slowly varying temperature mean. The motivation behind this
work was to understand the connection between the statistics of record-breaking tempera-
tures and the phenomenon known as global warming. We observed that in media coverage
and in the public opinion, new heat records, such as a warmest April on record, or a record
breaking heat wave for several calendar days in the summer, are usually blamed on global
warming. Without a deeper understanding of the mathematical reason, people assume that
an increased mean value leads to new records. With that observation it was our ambi-
tion to better understand and quantify the interplay between climatic change and record
temperatures. The two articles in this part are the results of our efforts towards this goal.

Chapter 7 — Record-breaking temperatures reveal a warming climate

In the first contribution, a publication in collaboration with Joachim Krug, we study the
occurrence of records in hundreds of European [92] and U.S. [93] weather stations that
recorded daily minimum and maximum temperatures over several decades in the last cen-
tury. Comparing the rates of heat and cold records, as well as the record process in forward
and backward time direction, we proved a significant effect of global warming on the occur-
rence and numbers of records especially in the last 30 years of the 20th century. We found
that our simple LDM describes the record statistics of daily temperature measurements for
individual calendar days quite accurately. In agreement with our LDM, both the increase
in the number of heat and the decrease in the number of cold records is proportional to
the ratio of the average speed of warming to the standard deviation of daily temperatures.
In 2005, at the end of an observation period of 30 years, we found that in Europe, global
warming resulted in a 40% increase of heat records compared to our predictions for a sta-
tionary climate. The number of cold records was reduced in the same manner. Considering
gridded re-analysis data for a small area in central Europe, we could also predict the spatial
and seasonal patterns of record-breaking temperatures using our LDM.

Since the fluctuations of the daily temperatures in the U.S. were a lot larger than in
Europe, we could not find a similar effect for the American stations. Here, the discreteness
effects described in chapter 6 also played an important role. The U.S. station data was
measured in units of 1°F and, because of that, a significant amount of the records in the
time series were either suppressed or fabricated records, depending on whether or not one
counts ties. In the context of global warming, it is important to mention that these rounding
effects can, in some sense, disguise the effects of global warming on the occurrence of record
temperatures (see also chapter 6).

Chapter 8 — Record occurrence and record values in daily and monthly tem-
peratures

These studies are extended in several ways in the subsequent chapter 8. In this publication
together with Joachim Krug and Andreas Hense from the University of Bonn, we did not
only consider daily minimum and maximum temperatures, but also monthly mean values.
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In contrast to the daily measurements, we found a significant effect of the warming on
the occurrence of records in time series of monthly temperature averages from hundreds
of weather stations in the U.S.. The fact that we used averaged measurements lead to
a significantly reduced standard deviation, which in turn, strongly increased the effect of
drift on the record rate. We computed the ratios between the upper and lower record
rate after an observation period of 60 years ending in 2009. In the last five years of this
period we counted almost three times as many heat records as cold records. In the U.S.,
global warming had stronger effects on record temperatures in winter and spring, there,
with values of around 7.6 and 9.3, these ratios were a lot higher in perfect agreement with
our LDM.

The second part of chapter 8 uses more recent analytical results for a detailed analysis
of record values in a large gridded data set from the European re-analysis project EOBS
[94]. We compared our analytical result for the mean value of a record that occurs at a
certain time (year) to the observational data. For that purpose, we performed a rescaling
of the measurements to make all available time series comparable. Under this rescaling, we
found an interesting seasonal dependence of the heat and cold record values. In the summer
months our LDM predicts these values correctly. The heat records are, in the context of
global warming, more extreme than predicted by a stationary climate. In the same manner,
cold records in summer are not only fewer, but also less cold due to global warming.

In the winter months the situation is different. Here, a LDM with Gaussian RV’s is not
able to predict the measured record values correctly. In fact in winter, cold records are,
in some sense, more extreme than hot records, even though their number is smaller. This
interesting finding can be explained by a profound asymmetry of the distribution of daily
temperatures. In contrast to daily measurements in summer, daily temperatures in winter,
especially in the northern and sub polar regions of Europe, are not Gaussian. Their left,
lower tail, which generates the cold records, is much broader than their upper tail, which is
responsible for most heat records. This effect makes cold records in winter, in some sense,
insensitive to global warming.

2.3 Part III - Record statistics of random walks

In contrast to part I, part III is about the statistics of record-breaking events of the entries
of random walks. While in the case of i.i.d. RV’s or in the case of the LDM discussed in
part I, the individual entries X7, Xo, ..., X, are independent from each other, random walks
are designed as correlated processes. An entry X}, depends on the previous entry X;_; and
a random number. In part III, we consider random walks with entries Xy = Xx_1 + &,
where the &;’s are simple i.i.d. RV’s sampled from a so-called jump distribution f(£). A
random walk with a jump distribution f (£) without a finite variance is also called a Lévy
flight!. The behavior of Lévy flights differs from the random walk in many aspects, in
particular their mean squared-displacement? has a different asymptotic dependence on the
walk length.

As mentioned in the introduction, the record statistics of such a process with a sym-
metric jump distribution f (§) = f (—=£), was not computed until a few years ago. In 2008,
Majumdar and Ziff [15] were the first who could derive the record rate, the mean record
number and even the full distribution of the record number for a symmetric, discrete-time
random walk. These results and their derivation were already described in detail in the
previous section 1.2. Majumdar and Ziff showed that the record statistics of symmetric
random walks is independent from the choice of the jump distribution f (£) and the mean
record number has a universal half-Gaussian distribution for n > 1. The first moment of
this distribution is the mean record number (R,,) &~ \/4n/m and with this, the record rate

ISometimes in the literature random walks are required to have a finite variance, otherwise they are
called Lévy flights.
2 A measure of the distance of the process from its origin.
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decays like P,, ~ 1/y/nm. The contributions in part III are basically generalizations of these
results for the symmetric random walk.

The first possible generalization is discussed in chapters 9 and 10. These two publications
deal with the interesting and surprisingly manifold effects of a constant bias on the record
statistics of the random walk. In both chapters, we considered time series X7, Xo,..., X},
with entries

Xp=Xp1+& +oc (2.3)

where the &’s are sampled from a symmetric and continuous jump distribution f(£) and
the bias (or drift) ¢ is an arbitrary real constant.

Chapter 9 — Record statistics for biased random walks, with an application to
financial data

In chapter 9, which contains joint work with Miro Bogner and Joachim Krug, we compute
the record statistics of biased random walks with a Gaussian jump distribution and a
positive drift ¢ > 0. The record rate and the mean record number for this special case were
calculated, using a generalized version of the theorem by Sparre Andersen [17, 18], as used
by Majumdar and Ziff [15]. In this work, we consider the regime of a finite series length
n and a small bias ¢ > 0 and also the asymptotic regime with n — oo and a very large
positive c¢. For smaller ¢ > 0 and n — co, we demonstrate numerically that the record rate
approaches an asymptotically constant value bigger than zero. In the last section of this
article, we successfully applied our findings in the small ¢ and finite n regime to stock data
from the Standard and Poors 500 stock index [68]. We show that, over time spans of many
years, the records in the daily stock prices of this index can be modeled by a biased random
walk.

Chapter 10 — Record statistics and persistence for a random walk with a drift

The findings presented in chapter 9 are then substantially generalized and refined in chapter
10. This rather long chapter is an article written in collaboration with Satya N. Majumdar
and Grégory Schehr from the Université Paris Sud 11 in Orsay and discusses the record
statistics of arbitrary biased random walks with a drift ¢ # 0 that can be both positive
or negative. We found that the asymptotic record statistics of biased random walks split
into not less than five different universal regimes. For large series lengths n — oo, the
statistical behavior of the record rate and the record number depends on the sign of the
bias and the so called Lévy-index of the jump distribution f (£), which is a measure of how
fast the tails of this distribution decay. We compute and discuss the asymptotic record
number distributions, along with the mean record number, the record rate and also the
closely related survival probabilities for all five universal regimes. Additionally, we consider
the extreme value statistics of the shortest and longest inter-record times, which also have
different asymptotic properties in each of these five regimes.

Chapter 11 — Record Statistics for Multiple Random Walks

Chapter 11 is also an article written with Satya N. Majumdar and Grégory Schehr and
discusses another generalization of the single, unbiased random walk. In this work, we
consider the record statistics of an ensemble of N uncorrelated random walkers. We exam-
ine the distribution of the number of records of the maximum of these N random walks
and distinguish between random walks with a jump distribution having a finite variance
and Lévy flights, where this is not the case. In the first case, we could compute the full
distribution of the record number of the process in the limit of large series length n — oc.
For a large number of walkers the distribution of the record number approaches a Gumbel
form® with a mean value of (R, y) ~2vVnInN.

3For details on this distribution see chapter 11.
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In the case of NV independent Lévy flights, we can only compute the asymptotic behavior
of the record rate, but not the full distribution of the record number. Surprisingly, we find
that the record rate of a large number N of independent Lévy flights becomes completely
independent from N. Here, the asymptotic record rate approaches a value which is exactly
twice the record rate of a single symmetric random walker. Although we can compute this
result analytically, we have no sufficient explanation for this behavior. From numerical
simulations we further found that the full asymptotic distribution of the record number of
N independent Lévy flights is also completely independent from N >> 1 and from the exact
shape of the jump distribution. Even though it was not possible to derive an analytical
representation of this hitherto unknown universal distribution, we demonstrated that it
closely resembles a Weibull distribution.

Similar to the analysis in chapter 9, our findings for the IV independent random walks
are compared to stock data from the Standard and Poors 500 index at the end of chapter 11.
We find that the mean record number of a subset of N randomly selected stock from this
index behaves like the mean record number of N? independent Gaussian random walkers
with v ~ 0.655 for upper and v &~ 0.605 for lower records. We tentatively explain this
behavior with the correlations between the individual stocks; it seems as if only an effective
number of N7 independent stocks contributes to the record statistics.

2.4 Part IV - Records in finance

Chapter 12 — Modeling record-breaking stock prizes

In this part we discuss our second application of the theory of records on observational
data in more detail*. Some aspects of the statistics of record-breaking events in stock data
were already studied in chapters 9 and 11. In this hitherto unpublished contribution, we
present a more thorough analysis of the various different statistical properties of records
in daily stock data from the Standard and Poors 500 stock index. We introduce several
simple stochastic processes that are useful for comparison with stock data. In addition to
the results derived in chapters 9, 10 and 11, we introduce a more complicated model of a
so-called autoregressive process and analyze its record statistics numerically.

Following these theoretical considerations, we properly introduce the daily stock data
from the Standard and Poors 500 stock index. We describe the so-called Geometric Random
Walk Model of stock prices, which was already introduced more than one-hundred years
ago by Le Bachelier [95] and discuss how well it reproduces the actual stock data. For that
purpose, we compute the distribution of the daily returns, i.e. the changes in the stock
prices between two successive trading days.

While in chapters 9 and 11 we only considered the record statistics of the stock prices
themselves, here we additionally analyze the record process of the daily returns. The
occurrence of records in these returns fluctuates strongly and is dominated by only a few
periods of very high market activity, such as the recent financial crisis that started in
2008. Furthermore, lower and upper records are highly correlated. On shorter intervals
however, the record statistics of the returns are very similar to the corresponding statistics
of i.i.d. RV’s.

Subsequently, we discuss the record-breaking events in the stock prices themselves. Our
findings are similar to the results presented in the chapters 9 and 11, and on shorter time-
scales we observe a significant deviation from the analytical predictions of the Geometric
Random Walk Model. Therefore, we compare the stock records with the record statistics of
an autoregressive AR(1) process that models these records much more accurately. For the
first time, we also compute and discuss the full distribution of the record number of stocks
from the Standard and Poors 500 index. Because of their importance for the statistics of

4The first application was our study of temperature records in part II.
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record-breaking events in random walks, we study the first-passage statistics of the stock
data and compare them with known analytical results.

In order to give a complete summary of our work on stock data, we present some findings
for the record statistics of multiple stocks. As in chapter 11, we ’detrend’ and rescale the
individual stocks to make them comparable and study the statistics of the maximum of
ensembles of IV stocks. We discuss both the record rate and the mean record number of
these ensembles, in the context of the findings in chapter 11.

This contribution is concluded by an interesting observation which is not explained by
the simple models of i.i.d. RV’s and geometric random walks. We found that the occurrence
of return and stock records strongly depends on the weekday on which the stock prices are
recorded. In fact, it turns out that a new record on a Monday can be up to twice as likely
as a record on a Friday in the same week.

2.5 Part V - Record statistics - A review

Chapter 13 — Record statistics beyond the standard model - Theory and ap-
plications

The intention of chapter 13 is to summarize and interpret the recent progress in the field of
record statistics. Various models which were studied in the past, are presented and discussed.
We briefly recapitulate the findings for the Linear Drift Model and analyze the related
Increasing Variance Model of RV’s from broadening probability densities. Subsequently we
discuss more general record models, such as d-records and geometric records, which are
records that are only counted if they exceed a fixed barrier above or a fixed multiple of
the preceding record value. In this context, we also summarize our findings for the record
statistics of rounded RV’s. Then we present several models of correlated RV’s, such as
symmetric and biased discrete-time random walks and also continuous-time random walks
with random waiting times between the individual entries. Finally, various applications of
the theory of records are described. We recapitulate in a few words how to model record-
breaking temperatures and record stock prizes and describe the relevance of records and
record processes in physics, biology and sports.
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Chapter 3

Records and sequences of
records from random variables
with a linear trend

Jasper Franke, Gregor Wergen and Joachim Krug
Institute for Theoretical Physics, University of Cologne

Published in: Journal of Statistical Mechanics, P10013 (2010)

Abstract: We consider records and sequences of records drawn from discrete time series
of the form X, = Y, + cn, where the Y,, are independent and identically distributed
random variables and c is a constant drift. For very small and very large drift velocities, we
investigate the asymptotic behavior of the probability p,, (¢) of a record occurring in the nth
step and the probability Py (c¢) that all N entries are records, i.e. that X; < X5 < ... < Xn.
Our work is motivated by the analysis of temperature time series in climatology, and by
the study of mutational pathways in evolutionary biology.
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3.1 Introduction

A record is an entry in a discrete time series that is larger (upper record) or smaller (lower
record) than all previous entries. In this sense, a record is an extreme value that is defined
relative to all previous values in the time series. Record events are of interest in various
areas of life and science such as climatology [1-5] and sports [6, 7], but also in biology [8-10].
A record is usually a rare and remarkable event that will be remembered by observers. Not
without good reason the term record originates from the Latin verb recordari - to recall, to
remind.

The classic results for records drawn from series of independent and identically dis-
tributed (i.i.d.) random variables (RV’s) are well established, see [11-14] for review. In
this work we concentrate on two important quantities in particular. The first one is the
probability for a certain entry in a time series to be a record, and the second one is the
probability that the entries of a time series are ordered, or in other words, that all events
are records. For i.i.d. RV’s both these quantities are completely universal for all continuous
probability density functions. This can be shown by the so called stick-shuffling argument:
The last one of n identically distributed entries (sticks) in a time series is equally likely to
be a record as all other entries, and therefore the probability p,, for the nth event to be a
record, henceforth referred to as the record rate, is given by

1
Pn = —. (3.1)
n

Accordingly the expected mean number of records R, up to a time n can be obtained by
computing the harmonic sum: R, =Y. | 1/k ~In(n)+v+0 (1/n), where v &~ 0.577215...
is the Euler-Mascheroni constant. From similar considerations one obtains the statistics of
waiting times between record breaking events which turn out to be universal as well. It is
equally straightforward to compute the probability for all events in a series of length N to
be ordered in size. Since this case is only one of N! possible and equally likely permutations
of all N events, the ordering probability Py is given by

1

Py = ik (3.2)
We conclude that the two quantities of interest are related by
N
Py =[] pn. (3.3)
n=1

which reflects the fact that record events are independent in the i.i.d. case [11, 13]. We will
return to this point below in section 2. In contrast to the properties of record times, the
distributions of record values are not completely universal, but their asymptotic behavior
falls into three different universality classes that are analogous to the universality classes of
extreme value statistics: The Weibull class of distributions with finite support, the Gumbel
class of distributions with exponential-like tails, and the Fréchet class of power law tailed
distributions [15-17].

Given that the statistics of records for i.i.d. RV’s is well understood, it is natural to ask
what happens when the underlying time series is correlated, or when the RV’s are drawn
from a distribution that varies in time. An important example of a correlated random
process is the random walk, and the record statistics of this process was recently analyzed
by Majumdar and Ziff [18, 19]. The simplest realization of a time-dependent distribution
is the linear drift model (LDM) first considered by Ballerini and Resnick [20, 21]. In this
model the nth entry in the time series is of the form

Xn =Y, +cn, (3.4)
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where c is a constant and the Y,, are i.i.d. RV’s. In this simple scenario the probability
density f, (x) of X, is of the form f,, (z) = f (z — cn) with a fixed probability density f (y)
and the corresponding cumulative distribution function F(y) = ffoo dy’ f(y'), which is the
distribution of the i.i.d. part Y,, of X,,. We will usually consider upper records and assume
c>0.

The LDM was originally introduced as a model for sports records in improving popula-
tions [20], and it has recently appeared in the context of the dynamics of elastic manifolds
in random media [22]. An important motivation for the present work comes from the inter-
est in the consequences of global warming for the occurrence of temperature records [3, 4].
In [5, 23] the effect of warming on daily temperature measurements was modeled using a
Gaussian probability density with a linear trend, and it was shown that this very simple
model is capable of quantitatively describing the statistics of record-breaking temperatures
at European and American weather stations. In the climate context the drift speed ¢ is
typically small compared to the standard deviation of f, which suggests to consider the
behavior of the record rate p,(c) for small ¢ and finite n. This approach is complemen-
tary to previous work on the LDM [20-22, 24], which has mostly been concerned with the
asymptotic behavior of the record rate for n — oo.

Another application that motivates our research comes from the study of adaptive paths
in evolutionary biology. In this context, a path is a collection of mutations that change the
genotype of an organism into another genotype of higher fitness. Given that mutation rates
are small, the evolution of a population usually proceeds one mutation at a time. For a
given set of N mutations, there are then N! distinct paths which correspond to the different
orders in which the mutations can occur. Since a mutation spreads in the population only
if it confers a fitness advantage, a given pathway is accessible to adaptive evolution only
if the fitness values of the intermediate genotypes increase monotonically along the path,
that is, if they are arranged in ascending order [25, 26].

In view of the complexity of real fitness landscapes, the intricate interactions between
different mutations are often modeled by assigning fitness values at random to genotypes [10].
One such model, which is closely related to the LDM, was introduced by Aita et al. in the
context of protein evolution [27]. In this model the fitness X,, of a particular intermediate
genotype with n mutations is assumed to consist of an i.i.d. RV Y,, and a systematic part
cn, where ¢ > 0 if the mutations move the population closer to the global fitness peak, and
the value of ¢ (relative to the standard deviation of the Y;,) can be adjusted to tune the
ruggedness of the fitness landscape. Taking into account also the initial genotype with no
mutations, a total of N + 1 genotypes with fitness values Xg, X1, ..., Xy are encountered
along a path. The probability for a path to be accessible in this model is then just Py1(c),
and the expected number of accessible paths is N!Py41(c). An immediate corollary of (3.2)
is that the expected number of accessible paths of length N in a completely random fitness
landscape without any average uphill slope (¢ =0) is 1/(IN + 1) [28, 29].

Here we consider both the record rate p, and the ordering probability Py for the
linear drift model. We distinguish between a small drift ¢ that is much smaller than the
characteristic width of the distribution (in most cases the standard deviation), and a large
drift that is much larger than this width. Both cases are of practical relevance. In section
2 we discuss the general properties of record statistics for systems with linear drift, with
particular emphasis on the correlations between record events. In the subsequent section 3
we will present new results for small c. We examine the record statistics for members of the
three extreme-value classes individually and find the corresponding asymptotic behaviors.
In section 4 we analyze the case of large c. Throughout Monte-Carlo simulations are used
to confirm the analytical results. Finally, in section 5 we present a brief summary, discuss
related issues and give an outlook on further possible research. Some of the calculational
details are relegated to Appendices.
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3.2 General theory and an exactly solvable example

The values taken by the {X;};c(1,....n} are stochastically independent. The probability that
all n values are less than a given value x factorizes to

n

H/dxifi () = [ Fo). (3.5)
i=1_" i=1

Here f; and F; are, as stated in the introduction, the probability densities and cumu-

lative distribution functions of the X;. Thus, given the value y, of the i.i.d. part Y,

of X,,, the probability that all previous RV’s {Xi}ie{1 .n—1} are smaller than X,, is

H?:_f ffg:w dyn—if(Yn—si). The probability that a RV X, drawn from a general time-
dependent distribution F,,(z) is a record is therefore given by [30]

0 n—1
P X, = ze?llaxn}{XZ}:| = Pn _/ dz f, (z) ;l;]l: F; (z), (3.6)
which reduces to
° n—1
pn(C) = / d:Ef(:C) H F(:L' + ci) (3_7)
o i=1

for the LDM. It was shown in [20] that the limiting record rate

p(©)= tim pale) = [ dof(e) [[Fa+ei (3.8)

exists and is nonzero for ¢ > 0 provided the distribution f(y) of the i.i.d. part in (3.4) has
a finite first moment. For ¢ = 0, (3.7) can be evaluated directly and, with the substitution
u = F(z), one obtains

0o F(o0)=1
1
pr(c=0)= / dof(z)F(x)" ! = / duu™ ! = =, (3.9)
n
—o00 F(—00)=0

independent of F', as already shown in (3.1).
The other quantity under consideration in this article, the ordering probability Py, can
be expressed as

P[X1<X2<"'<XN] = PN(C)
= /dSCNfN(wN)---/dwlfl(wl)]lwlqzquv-

Inserting f,(z) = f(x — cn) the indicator function 1., <z,<...<zy can be absorbed in the
integral boundaries to yield

oo YN+c Yy2+c

@) = [ duson) [ i [ dnfon), (3.10)

— 00 — 00 — 00

As for p,, (¢), this equation can be solved for arbitrary F' only in the case ¢ = 0. Using
again the substitution v = F(z) in turn in all the NV integrals, starting from the inside, one
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obtains the result already derived in (3.2),

o YN Y3

Py(c=0) = / dyn f(yn) / dyn—1... / dya f(y2) F(y2)
00 Y F(ys)
) o0 YN F(ya)
1
. ik (3.11)

The reason for re-deriving the two previous results is that here this is done in a way that
in principle generalizes to arbitrary c.

For ¢ > 0, the exact evaluation of Eqgs.(3.7) and (3.10) has proven difficult, but in the
case where the Y, are Gumbel distributed, i.e. F(y) = exp(—e~¥), one can use the fact
that this distribution obeys the relation F(y + a) = F(y)*®*(~%) to explicitly perform the
integration in (3.7) [20, 21]. With the abbreviation o = e~ ¢ and the substitution u = F(y)
one obtains

—C

pnlc) = /dyf(y)F( Eine = (Za> —% (3.12)

— 00

by use of the incomplete geometric series. Keeping ¢ fixed, one obtains in the limit n — oo
the asymptotic record rate p(c) = 1 — e~ ¢, while for ¢ — 0 one recovers the i.i.d. result
pn = 1/n. For ¢ < 0 the record rate is seen to decay exponentially in n, which implies
that the expected number of records R,, remains finite for n — co. We suspect this to be
a general feature of the LDM with ¢ < 0, but are not aware of a proof of this fact.

The relation used to evaluate (3.12) for the Gumbel case can also be used in (3.10), as
before starting from the innermost integral, which yields

Pu(e) = [ dyn s (un) J207 dyn o [250° dyaf (v2) F o + )
:f dyn f(yn) ny+ dyn_1 - fF(“"'C)d wu®
= o7 /o dun f( yN)fINJrC dy _ LS”"’) duy e+
= =T s (3.13)

Summing the geometric series as in (3.12), one obtains

_ —_e ¢ N 1
Pae) = (1= ) s

where Zp is the grand canonical partition function of a system of bosonic particles with
energy levels n = 1,..., N at inverse temperature c. This partition function also occurs as
one limit in the integer partition problem (see [31, 32] and references therein).

=(1—e)" 2y, (3.14)

The product []_, (1 — exp(—en)) in the denominator is the so-called g-Pochhammer
symbol (¢;q)y with ¢ = e~ . In the limit N — oo with fixed ¢, one has the asymptotic
expression [33]

N
. Cenn /e N 27 T c
M (A =em™) = (e x4/ eXp( 60+24)’ (3.15)
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Figure 3.1: Comparison of the exact expression (3.13) and the asymptotic expression (3.17)
to numerical simulation. The exact expression is confirmed, and while there is a clear difference
between simulations and asymptotic expression for small values of ¢ in a), the approximation holds
with good accuracy for large ¢ (inset of b), lines are the asymptotic expressions). The main plot
of b) demonstrates the scaling between N and ¢ according to (3.17).

and thus, by inserting this into (3.14),

PN(C)%”%exp(Nln(l—e_c)—i—é—i), N > 1.

On the other hand, taking ¢ > 1 at fixed N, one has a« = exp(—c) < 1 and thus the
geometric series in the denominator of (3.13) can be approximated to first order in « =
exp(—c), as 1/(Xh_o @¥) = 1 — a+ O(a?). Then (3.13) becomes

(3.16)

Pn(c) mexp(—(N —1)a) =exp (—(N —=1)e %), c¢> 1. (3.17)
This expression is distinguishable from numerical data only in the region of ¢ ~ O(1), see
figure 3.1.

Comparing the exact expressions Eqgs.(3.13) and (3.12), one sees that the relation (3.3)
obtained in the i.i.d. case remains valid here. This is a consequence of the mutual stochastic
independence of record events in the LDM with Gumbel-distributed i.i.d. part [12, 14, 24].
In fact the Gumbel distribution is uniquely characterized by the mutual independence of
record values and record indicator variables (which indicate whether or not a record occurs
at time n) [24, 34].

For ¢ > 0 and arbitrary distribution F', however, the record events in the LDM are
not independent. Numerical studies for several different distributions presented in figure
3.2 show that the records are negatively correlated and seem to repel each other. A more
thorough examination of the structure of correlations between record events in this model
is currently ongoing research [35]. For the purpose of the present discussion we merely note
that record events appear to become asymptotically uncorrelated for large c¢. This fact
will be used to derive some asymptotic results for Py(c) in section 3.4. First however we
consider the case ¢ < 1.

3.3 Record statistics for small drift

3.3.1 Record rate

In the previous section we gave a general expression for the record rate p,, (¢) of the LDM.
Here, we derive the first order term in a series expansion for ¢ < 1. If ¢ is very small (3.7)
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Figure 3.2: Joint probability of two consecutive record events at times n = 6 and 7, divided by
the product of the corresponding record rates. This ratio is unity if record events are stochastically
independent. For ¢ = 0, this is the case, just as for Gumbel-distributed i.i.d. parts (crosses). Note
that for other probability densities, the record events also seem to become increasingly independent
as ¢ grows.

can be simplified as follows:

polc) = /dyf(y)]:[F(y+cz)
~ /dyf (v) ] [F (y) + cif ()]
~ /dyf(g)F"_1 (y)+cn(n;1> /dny(y)F"_Q(y)
B %er" (3.18)
with
I"Ew /dyf2 W) F" 7 (y). (3.19)

This expansion is valid provided f (y) is slowly varying between y and y + ci, which strictly
speaking requires nc to be small compared to the width of the distribution. In the following
we will evaluate the first order correction coefficient I,, for several elementary distributions.

Before doing this, we show that our formula for p,, (¢) can be generalized with respect to
the position of the record in the time-series. Specifically, we consider the probability that
the kth event in a time-series of length n with linear drift ¢ is a record. For this purpose
we have to consider the following integral instead of (3.6):

00 n—1 y+e(i—k)
P —max (X1 X = [ dufu) [ [ duisiwo). (3.20)
s =ik
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Evaluating this integral in the same way as shown above, we obtain the following expression:

PIXi = max (X1, . Xa)] & 145 (R —k—(n—k)(n k1) x

x / dyf? (y) "2 (3). (3.21)

— 00

Note that for k& = n this expression reduces to our approximation (3.18) for p,, (¢). Appar-
ently for ¢ > 0 this expression assumes its maximum for £ = n and its minimum for k£ = 1.
The last entry has the largest, and the first entry the smallest chance to be the maximum
of the series.

3.3.1.1 Weibull class.

Let us start by considering the Weibull class of extreme value statistics, which contains
distributions with finite support. A simple example for a member of the Weibull class is
a uniform distribution, which takes the value i between —a and a and 0 outside of this
interval. For this case the first order expansion of p,, (¢) is given by

- 1 nm-1) 1\>/y 1\""
uniform P - 2
pY (c) —to—y /ZM(ZJ (%ju2 +0(c?), (3.22)

which can be evaluated to yield

. 1 n—1
uniform ~
pn (C) n +C 4a :

(3.23)

In this case the correction coefficient I,, increases linearly with the number of events n.
More generally, we consider distributions of the form

f) =€y (3:24)
with ¢ > 0 and 0 < y < 1. For these distributions we have

1
n—2

pa(@~ 2+ M [ a2 (1o a-yf) (3.25)
0

The integral is divergent for & < 1/2, which indicates that p,,(c) is a non-analytic function of
¢; this case will be considered elsewhere. For € > 1/2 we use the substitution (1 —y) = 2/¢
to express the integral in terms of a Beta-function,

n(n_l)F(Q—%)F(n—l)

1
P () ~ =+ c€ (3.26)
n 2 r(n+1-1)
Using the Stirling approximation for large n one finally arrives at
1 ¢ 1\
n(c)~—+4+=I(2-=]|ng, 3.27
P+ ST (22 ) (3.27)

which shows that I,, generally increases as a power law in the Weibull class.
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3.3.1.2 Fréchet class.

As a representative of the Fréchet class of extreme value statistics we consider a general
power-law distribution of the form f (x) = (1/u)x=#~! for z > 1 and p > 0. For distribu-
tions of this kind p,, (¢) in the small ¢ expansion is given by

1 n(n-—1 Vi o _\n—2
D (€) = E+C¥/dyu2y (L — ) (3.28)
1

Again, the integral is very similar to a Beta-function and it can be transformed into one by
elementary means. Doing this we find

n(n—l)r(2+%)r(n_1)

1
pn(c) m — +cp : (3.29)
n 2 r (n +14 1)
and using again the Stirling approximation we obtain
1 cu 1 1

In figure 3.3 we compare this prediction to simulation results.

While in the case of the Weibull class the correction term I,, increases with n, here it
decays as a power-law n~/#. For s > 1 the decay is slower than the 1 /n-decay of the
record rate in the absence of a drift, which implies that the drift will nevertheless dominate
the behavior for long times. This is consistent with the fact that the record rate reaches
a nonzero asymptotic limit, as given by (3.8), because p > 1 implies a finite first moment
for the Y,,. On the other hand, for u < 1 the decay of I,, is faster 1/n and the limit on the
right hand side of (3.8) vanishes for any ¢, which implies that the drift is asymptotically
irrelevant. The borderline situation p = 1 has been studied by De Haan and Verkade [36],
who find that the asymptotics depends nontrivially on the value of ¢ in this case.

In general the results presented so far show that the effect of the drift on a broad
distribution is smaller than on a more narrow distribution. A similar qualitative trend was
found in [30] for probability densities with increasing variance.

3.3.1.3 Gumbel class.

The Gumbel class comprises unbounded distributions that decay faster than any power-
law. A very simple representative of the Gumbel class is the exponential distribution
f(y) = v~ le~v. In this case the first order expansion (3.18) assumes the following form:

1 -1 1 y u\"2
PEP () = — + Cm /dy_e_% (1 — 6_7) . (3.31)
n 2 v

PR ()~ —+ o~ (3.32)
that is, the correction term is independent of n.

The calculation for the Gaussian distribution, arguably the most important member of
the Gumbel class, is more complicated. For convenience we consider a Gaussian distribution
of unit variance,

1 2
2

(3.33)
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Figure 3.3: Results of Monte-Carlo simulations of the LDM for power law tailed distributions of
the Fréchet class. The figure shows the difference between the record rate in the time-independent
case for ¢ = 0 and the drifting case with drift ¢ = 0.01. This difference is given by 2 (p. (c) — pn (0)).
The dots correspond to simulations with different tail coefficients p = 1,2,3,5 averaged over 10°
runs, and the lines show the analytic predictions. The first order approximation is very good for
p=1and p = 2 but becomes less accurate for larger .

The integral of interest reads

0o y n—2
n(n—1) / 2 / _—y?

Igauss — - dye™Y d /6 2 s 3.34

N Y i
which will be evaluated for large n using the saddle point approximation. With the definition

) Yy
2 2
=—y“+(n—2)In —/d e 2 3.35
g(y)=-y"+(n-2) Nl (3.35)

we have

nn—1) | =27 .
I990sS —e99) 3.36
ar -\ d2g(9) (3.36)

where y denotes the saddle-point of the integral. It turns out that the computation of a
practicable series-expansion of ¢ (y) can only be done under some approximations and by
using the non-elementary Lambert-W function [37, 38]. In terms of the W-function W (z)
defined by the relation W(z)eW(*) = 2, we find

(3.37)

For large z the Lambert-W function can be approximated by W (z) = In (z) — In (In (2)),
which eventually yields

1
gauss ~ =4
"% (c) e

2T <g> (3.38)
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Figure 3.4: Results of Monte-Carlo simulations from 10° realizations of the LDM with RV’s drawn
from a normal distribution with standard deviation o = 1. The figure shows the normalized differ-
ence between the record rate in the time-independent case and the drifting case, < (pn (c) — pn (0)).
The dots correspond to a simulation with drift velocity ¢ = 107,

For a detailed derivation of this result see APPENDIX I. In figure 3.4 the asymptotic
prediction is compared to numerical simulations. The systematic deviations that are visible
in this figure can be attributed to strong sub-leading corrections to (3.38), see APPENDIX
I

As a more general subset of the Gumbel class we also considered distributions of the
form f (y) = C’ge*|y|6 with 8 > 0 and normalization constant Cz = [2I'(1 + 1/8]~%. The
integral of interest then reads

0o y n—2
—1 ’
I, = %Cg / dye—2|y|‘3 /dy'e‘ly |? ’ (3.39)

which can again be treated using a saddle-point approximation. Ignoring constant prefactors
we find that

I, <In (n)lf% (3.40)

for large n, which includes the results for the exponential distribution (8 = 1) and the
Gaussian (8 = 2) as special cases. For a detailed derivation of this result see APPENDIX
II. We conclude that the behavior of the correction coefficient I, in the Gumbel class is
generally intermediate between the power law growth for distributions in the Weibull class,
and the power law decay for Fréchet-type distributions. Again, the effect of the drift is
stronger for distributions that fall off more rapidly (large 3).

3.3.1.4 Relation to the asymptotic record rate p(c).

It is instructive to compare the asymptotics of the correction term I,, derived in the pre-
ceding subsections to the behavior of the limiting record rate p(c) for small ¢, which was
studied by Le Doussal and Wiese [22]. Heuristically, the two quantities can be related as
follows. We have seen above that, for any choice of f(y) with a finite first moment, the
correction term I,, becomes large compared to 1/n for large n. This implies that, for any
¢ > 0, the first order correction will eventually become comparable to the zero’th order
record rate 1/n. The corresponding time scale n* can be estimated from

n*In« ~ c. (3.41)
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Figure 3.5: Simulations comparing the ordering probability Pnx(c) to the first order expansion
Pn(c) =1/N!'+cl;/(N — 2)!, where Iy = [dy f(y)?, for a) Gaussian distribution and N = 7, b)
uniform distribution and N = 5.

For times n > n* the first-order expansion breaks down and the record rate saturates at a
nonzero limiting value p(c). Thus we expect that, in order of magnitude, p(c) ~ 1/n*(c).
Using the asymptotic results (3.27,3.30,3.40) together with (3.41) we may then determine
the behavior of p(c) for small ¢. The result

/(149 Weibull
plc) ~ e/ =D Fréchet with u > 1 (3.42)
c|Inef'=1/# Gumbel

agrees with the analysis of [22] in all cases.

3.3.2 Ordering probability

In this subsection, we derive a first order expansion for the ordering probability Py (¢). Our

main result reads
oo

ey [ e+ 0,

— 00

(3.43)

In contrast to the expansion (3.18) for the record rate, one sees that for Py(c) the distri-
bution f(x) only enters in the form of a non-universal constant but has no influence on
the NN-dependence of the correction term. Note, however, that similar to the expansion for
pn(c), the correction term diverges when f2(z) becomes too singular, as is the case for the
Weibull-type distribution (3.24) with £ < 1/2.

To prove (3.43), we set up a Taylor expansion of (3.10) in ¢ to first order. With Py (0) =
1/N! we have

1 d
— 1 lp
N! e de” N
r d
dsz(zN) —P(N*I,C“’EN) )
de c=0

Py (e) + (’)(02)

c=0

()

1
er

%

— 00

where terms of O(c?) and higher have been omitted and

P(N —1,cany) = [ dyn_1flynv—1) [ dyn—a... [P dyi f (1)
= ["V " dyn_1 flyn—1)P(N — 2, ¢, yn—1).
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Clearly, the derivative of P(N — 1,¢,zy) obeys the recursion relation

d
aP(N— 1,¢c,xn) = flany)P(N —2,0,zn)
c=0
xN+c d
+ / dyn-1f(yn-1) PN =2,c.yn-1)| -
¢ c=0
Using the same substitutions as in (3.11), one obtains
P(N —2,¢=0 $N) = #FN72($N)
’ ’ (N —2)!
and thus
d fan) N2
—P(N -1 = o0 F
acl W - Lean) o (N —2)! ()
TN+cC d
+ / dyn-1f(yn-1) PN =2,¢,yn-1) -
c c=0

Now P(1,¢,29) = ffi:c dyi f(y1) and thus £ P(1, ¢, .1'2)’620 = f(x2). Putting this into the
recursion relation above and integrating over all yx weighted by f(yn), we obtain

o0

%PN(c) . = ﬁ /dnyQ(yN)FN72(yN)
+ ﬁ/ dny(yN)/ dyN—lfQ(yN—l)FN_3(yN—1)
1 [e%s} YN
+ .+ ol dyn f(yn) / dyn—1f(yn-1) ...

Y2

) / dyr f2(y1), (3.44)

— 00

a sum with NV terms, the last of which comprises NV — 1 nested integrals. Somewhat mirac-
ulously, as shown in APPENDIX III, this chain of integrals can be collapsed into the
simple closed form advertised in (3.43). Figure 3.5 compares the asymptotic expression for
P (c) derived here with numerical simulations.

3.4 Record statistics for large drift

In section 3.2 we saw that, although record events in the LDM are generally correlated
for ¢ > 0, the correlations tend to diminish for large ¢ (figure 3.2). This is in some sense
expected, as for ¢ — oo both p,(c) and Py(c) tend to unity, such that the stochastic
independence relation (3.3) becomes trivially satisfied. Moreover, numerical studies [23]
suggest that the rate of convergence of the record rate to its limiting value p(c) increases
with ¢ and for sufficiently large values is to a good accuracy attained from the very beginning.
Thus for large ¢ (3.3) can be approximated by

Py(c) = ple)N = (1 —e(e))V ! mem(N-Dele), (3.45)
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Figure 3.6: Scaling collapse of Pn(c) as suggested by the asymptotic expression (3.45) for a)
Laplace density f(z) = e_m/Q and b) Lévy-density with u = 1.3. The ordinate is the correspond-
ing expression from Eqgs.(3.48) and (3.49) respectively. Note that the asymptotic expressions get
more accurate for larger N. Inset shows direct plots of simulation results (points) versus asymptotic
expression (lines).

where €(c) is the probability that X,, is not a record. For large ¢, only X,,_; has an
appreciable chance of keeping X,, from being a record. Thus

oo

ele) =P [X 1> X,] = /dzf*Q(:c). (3.46)

(&

Here f*2(x) denotes the twofold convolution of the probability density f(x) of the i.i.d. part
of X,,. To quote a few examples:

1 2 1 1 2
— -z /2 = — =~ —¢ /4 .
f(x) me = ¢(c) 2erfc(c/2) cﬁe (3.47)
1 1 c
_ - —|z| _ - _—c r —c
f(z) 5¢ = e(c) 5¢ e (3.48)
1 —ikat|k|* 1 —ika—2|k|" -
flz) = 5. | ¢ =€(c) = Py dz [ dke R yuct, (3.49)
0 T
i (1+ p)sin ()
2I'(1 4 p) sin (s
Y = o (3.50)

The first two of these examples are from the Gumbel class of extreme value statistics,
whereas the third example is from the Fréchet class [15, 16]. The asymptotic expression
in (3.47) is from [39], while the one in (3.49) can straightforwardly be derived from the
known expression for the large-z asymptotics for f(z), see e.g. [40]. Note that the large
¢ asymptotics for the Weibull class is trivial, because both p,, and Py become identically
equal to unity once ¢ exceeds the range of support of f(y). Inserting the expressions
(3.47,3.48,3.49) into (3.45) and also considering the asymptotics of the exact expression
for Py(c) derived in (3.17), we see that in the limit of large N and c¢ the behavior of the
ordering probability is generally of the approximate form

Pn(c) = exp[—N/N*(c)], (3.51)

where N*(¢) ~ e° for the Gumbel and exponential distributions, N*(c) ~ e for the
Gaussian, and N*(c) ~ ¢ for the Lévy distribution.

To verify the approximations made in this section, we performed numerical simulations,
see figure 3.6 and figure 3.7. The results indicate that our approach, although quite rough
and not necessarily well-controlled, does indeed capture the interesting regime rather well
for sufficiently large N and c.
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Figure 3.7: Check of the expression for v, from (3.49). For N = 1024, the range 0 < ¢ < 400
was numerically explored as for the data shown in figure 3.6. The curves obtained this way were
then fitted to the form exp (foy#c_“). The value of 7, obtained in this way is shown here for
various values of p and compared to the analytic expression (3.50).

3.5 Conclusions

In this article we considered the statistics of records and sequences of records of random
variables with a linear trend as described by (3.4). We numerically explored the correlations
between record events (cf. figure 3.2) and analytically investigated the record rate py(c)
and the ordering probability Py (c) in the limiting regimes of small and large drift velocities,
¢ < 1 and ¢ > 1 respectively. For the regime of ¢ ~ O(1), we have not found a generally
applicable method. Thus the behavior of p,(c) and Py(c) in this regime remains an open
problem.

Specifically, we considered the effect of a small linear drift on distributions of the three
extreme-value classes. While this effect is varying even within the individual classes we
still found systematic differences between them. For the Fréchet class of distributions with
power-law tails we found that the coefficient of the leading order correction to the record
rate decays as I, ~ n~'/* for large n. This implies a distinction between distributions
with and without a finite first moment: For p > 1 the correction decays more slowly than
the unperturbed record rate 1/n, which implies that the drift dominates asymptotically
and p,(c) attains a nonzero limit for n — oo; on the other hand, for p < 1 the drift is
asymptotically irrelevant.

For the considered distributions of the Gumbel class the situation was a bit more com-
plicated. For the exponential distribution we found a constant additive correction to the
record rate, while for generalized Gaussian probability densities f o e~1=1” the correction

term was shown to be of order In (n)lf%, which increases (decreases) with n when 8 > 1
(8 < 1). For the distributions of the Weibull class, the effect of the drift is the strongest,
and the correction term generally increases as a power law in n. Moreover, for highly sin-
gular distributions with £ < 1/2 in (3.24), we found indications for a non-analytic behavior
of pn(c) which will be investigated elsewhere. Generally speaking, narrow distributions
are very sensitive to drift, while for broad distributions with heavy tails the effect is much
weaker. We have also pointed out that the behavior of the first order correction term I,
obtained in this paper precisely matches earlier results for the asymptotic record rate p(c)
[22].

For the probability of a sequence of N consecutive records, we find the following: For
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¢ < 1, the distribution f(y) of the i.i.d. part of X, enters to leading order in ¢ only as a
numerical constant [*_dx f?(z), see (3.43), but the N-dependence is completely universal
for all distributions for which the integral exists. On the other hand, for ¢ > 1 and
N > 1, the combination in which ¢ and N enter Py (c) depends explicitly on the tail of the
underlying distribution F'. This indicates that somewhere in the regime of intermediate c,
there is a crossover in the c-dependence of Py (c) from a highly universal to a less universal
form.

The result (3.43) has important implications in the context of adaptive paths of evo-
lutionary biology: Recalling that the expected number of accessible paths between two
genotypes which are N mutations apart is given by N!Py_1, we see in the presence of an
arbitrarily small drift this quantity increases with N as ¢N. Thus even a weak system-
atic fitness gradient dramatically increases the accessibility of mutational pathways in the
direction of increasing fitness.
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APPENDIX I - Computation of [, for the Gaussian distribution

We begin by computing the saddle point § defined by dyg (§) = 0, where the function g(y)
is given in (3.35). The saddle point satisfies

=
N| N

2%+ (n—-2) — " —0. (3.52)

12
[ dye T

For large n this can only be solved by y > 1, which implies that ffoo dy'e™ = ~ /27 and
reduces (3.52) to

V8T Yy —32
- f;’ - (3.53)

By taking the square on both sides of (3.53) one finds that the solution is given in terms of
the Lambert W-function W (z) [37, 38] as

(3.54)

(recall that W (z) is defined implicitly through W(z)eW(?) = 2). Using (3.53) the function
g and its second derivative at the saddle point take the form

9(9) = —§° -2 (3.55)

and
2 N -2
dyg(9) = —2(1+7°). (3.56)

nn—1) | =2« 5 n(n—1) T 2
I, ~ 99) v, 3.57
o 29 () drez 142 (3:57)

Using once more (3.53) to replace e~ we obtain

2 -1 5> 2 2 2
APVl O S TN P N (3.58)
e? (n—2)% /1432 e2 e2 8w

It follows that
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for large n, where we have used the expansion [37] W (z) ~ In (2) — In (In (2)) to evaluate
(3.54). This expansion also shows that the leading corrections to the asymptotic expres-
sion (3.58) are of order In(In(n?/87))/In(n?/87), which accounts for the relatively large
deviations from the numerical results seen in figure 3.4.

APPENDIX II - Generalized Gaussian distributions

Here we consider probability densities of the form

fly) = Cge eI (3.59)
with 8> 0 and Cg = [2T'(1 + %)]_1. We want to evaluate the integral (3.39) in the saddle
point approximation. Introducing the function

Y
g(y) = 20" + (n—2)In [ C; /dy’e*‘y"‘a : (3.60)

the saddle point equation dyg (y) = 0 reads, for large n,

2/BCﬁ gﬁ71 _ 7@5'

o e (3.61)

The solution can again be expressed in terms of the Lambert-W function. Defining n := 17%

we find
IR
~ (nw <n—1 (;ﬂci) )) . (3.62)

Note that this expression is valid both for 5> 1 (n > 0) and for 8 < 1 (n < 0), but in the
latter case the second real branch of W(z) has to be used [37]. Using the asymptotics of
W (z) we obtain

g~ (Inn —nln(n~'Inn)) VP (Inn)/? (3.63)

for large n.
With the help of (3.61) the function g and its second derivative at the saddle point
become
9(9) =~ —25° — 2~ —2¢° (3.64)

and
2 -39 2-28-2 2242
dzg (§) = —2B(8 — )52 = 28°5*° 2 ~ —258°5%° (3.65)

for large 7. Thus, using (3.61), we see that e9¥) ~ e=20"

(ignoring all constant prefactors)

~ 7272 /n?  and therefore

-2

I, ~ n? —
d2g ()

9 ~ g1~ (Inn)' /P, (3.66)

Appendix III - Proof of an expansion
In this appendix, we will provide the details on the expansion of ffooo dzf?(x) into the
terms on the right hand side of (3.44). The starting point is the relation

F(a )/dyf = 0 [T dyf)Fr () [U A2 f2()

— 00

+ [ dzf2(2)F"(z), (3.67)
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which can be proved by applying integration by parts to the first term on the right hand
side. With the identities F"(c0) =1 and F™(—o00) = 0, one obtains from (3.67)

T oo

%7«1@%) - B9 [ere

— 00

- = / dzf2(2)F"(2) 5.69)
1 i n—1 / 1 P2/ 1
+m_4 dzf(2)F (Z)_é 4z’ f2(2").

The first term of the sum is already identical to the first term in (3.44) for n = N —2. Using
(3.67) on the inner of the two integrals of the second term of the sum above, one obtains

/Oodzf(z)F"‘l(Z)/ZdZ’f2(z’)= /Oodzf(Z)/ZdZ’fQ(Z’)F"‘l(Z’)
+(n—1) /Oodzf(z)/zdz’f(z’)F"_Q(z')7dz"f2(z").

Dividing by (n — 1)! and putting this back into (3.68) with n = N — 2, one sees that now
the first two terms of the sum agree with (3.44). By repeating this procedure on the terms
that do not yet match and noting that finally F°(z) = 1, one has expanded ffooo da f?(x)
into the RHS of (3.44), which concludes the proof of (3.43).
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Chapter 4

Correlations between record
events in sequences of random
variables with a linear trend
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Abstract: The statistics of records in sequences of independent, identically distributed
random variables is a classic subject of study. One of the earliest results concerns the
stochastic independence of record events. Recently, records statistics beyond the case of
i.i.d. random variables have received much attention, but the question of independence of
record events has not been addressed systematically. In this paper, we study this question in
detail for the case of independent, non-identically distributed random variables, specifically,
for random variables with a linearly moving mean. We find a rich pattern of positive and
negative correlations, and show how their asymptotics is determined by the universality
classes of extreme value statistics.

* A few typos in sections 4.3.1 and 4.3.3 are corrected. See also:
G. Wergen, J. Franke and J. Krug, Erratum to: Correlations Between Record Events in
Sequences of Random Variables with a Linear Trend, J. Stat. Phys. 145, 1405 (2011)
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4.1 Introduction

The interest in studying record events in a general sense is evident as they by definition
tend to be rare events of a special nature. As examples of record-breaking events most
readers might think about athletic records like a world record in 100 m dash, or long
jump [1, 2]. However records also play an important role in other naturally occurring
and man-made phenomena. In particular, climatic records attract much attention and are
frequently mentioned in the media in the context of global warming. The statistics of
record temperatures, precipitation amounts and floods have been adressed extensively in
recent work [3-10]. Also in evolutionary biology record events have a certain relevance as
was pointed out in [11-13], and they play an important role in the dynamics of disordered
systems like spin glasses and dirty superconductors [14, 15]. Last but not least records can
be studied in the financial sciences, e.g. when considering record-breaking values or changes
in stock prices [16]. In all these examples not only the rate of record events is of interest
but also their correlations: Given that a record flood just occurred, can one relax because
it will take a while before the next record flood is to be expected? Based on our previous
work in [17], this question will be addressed in the present paper.

Most previous studies of record events and record values [10, 18-20] have been restricted
to the case where the underlying random variables (RV’s) {X;} are independently drawn
from a common distribution f(z) (i.i.d. RV’s). In this case, record events can be shown
to be stochastically independent, i.e. the knowledge about previous record events does not
indicate whether a future record event is more or less likely. However in many applications,
the underlying random variables are not i.i.d. For example, in recent work Majumdar and
Ziff computed the statistics of records in a symmetric random walk [21] (see also [16, 22, 23]).
Here, record events are obviously not independent: In a random walk the probability for a
second record to occur immediately after after a previous record is simply 1/2, whereas the
unconditional probability for a record in the N’th step is ~ ﬁ [21].

In this article we consider correlations between records in sequences of RV’s that are
independent but not identically distributed. An important example is the statistics of hot
or cold records in weather data. In [7] the occurrence of record-breaking temperatures in
European and American weather recordings was analyzed by modeling daily temperature
measurements as uncorrelated RV’s with a linear drift. It was shown that the increase of
hot records and the decrease of cold records due to global warming can be described and
quantified by this model. We will refer to this particular example of non-i.i.d. RV’s, which
was originally introduced in the 1980’s in the context of athletic records [24, 25], as the
Linear Drift Model (LDM).

The precise definition of the LDM is as follows: For a positive constant ¢, each random
variable Y; has an i.i.d. part X; with density f(z) and an additive linear drift such that

Y, =X, +d. (4.1)

In other words, while the shape of the density f;(y) of the I RV is invariant, its overall
position is shifted by a constant amount ¢ each time a new RV is drawn. As was already
noted in [17], the record events under this model are not in general independent (see also
[26] for the related case of RV’s with changing variance). Below we shall see that the
sign and magnitude of correlations depend in a highly non-trivial way on the underlying
probability density f(z). To quantify the correlations, consider the joint probability py ny—1
of a record occurring in the (N — 1)t as well as in the N** step,

PN ,N—1 = Prob[Ynx record and Yy_; record]. (4.2)

To normalize this joint probability, we divide by the probabilities py and pny_1 of records
in the Nt and N — 1*" steps, obtaining the key quantity under consideration throughout
this paper,

PN.N-1 (4.3)
PNDPN-1

Inn-1(c)
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Figure 4.1: Correlations between record events in the 7% and 8" RV for different distributions of
the underlying i.i.d. part. For the Gumbel case, the well known stochastic independence of record
events is found, while simulations for the other distributions show that generally the records are
correlated. Note in particular the curve for the symmetric Lévy-stable distribution with index
u = 1.3, which indicates an attraction between record events.

The simulations shown in Fig. 4.1 illustrate two known results, the fact that record events

for i.i.d. RVs are stochastically independent [18-20] (all curves meet at unity for ¢ = 0),
and that for the LDM with Gumbel distributed i.i.d. part, record events are stochastically
independent for all values of ¢ [17, 19, 24, 25]. However the curves for other distributions
show that stochastic independence does not hold in general. For some choices of the un-
derlying probability density f(z) record events tend to repel each other (Iy n—_1(c) < 1),
wheras in other cases the correlations are positive, i.e. record events attract each other
(In,ny—1(¢) > 1). In particular this last, somewhat counterintuitive numerical finding trig-
gered our interest in this problem.

In the next section we will derive a general expression for the correlations between record
events as quantified by Iy ny—1(c). For this we employ methods similar to those used in [17].
In Section 4.3, we provide some explicit examples illustrating the rich and counterintuitive
behavior of the correlations. In particular, we discuss the behavior of correlations with
respect to the three classes of extreme value statistics [10, 27-29]. We find that while in
the Weibull class of distributions with finite support the correlations are generally negative,
positive correlations mainly arise when the RV’s are in the Frechét class of distributions
with power law tails. In the intermediate Gumbel class of distributions with exponential-like
tails correlations can be both positive and negative. Finally in Section 4.4, we summarize
our results and discuss possible applications and open questions.

4.2 General theory

Consider a sequence {X;} of independent but not necessarily identically distributed RV’s,
with f;(x) denoting the probability density of X;. The probability that the maximum of
the first N RV’s is smaller than a given value x then factorizes into the probabilities of the
RV’s individually being less than =z,

N 9 N
Prob[max{Xy, ..., Xy} < z] = H/dx'fl(x’) = HFl(ac), (4.4)
=1 =1
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where Fj(x f dz’ fi(2’) denotes the cumulative distribution function for the density
fi(z), and the omitted lower (upper) integral boundary is understood to be the lower (upper)
bound of the support of f; respectively. Throughout we assume distribution functions to
be continuous.

Using Eq. 4.4 the probability py that the N** RV is a record can be written as

PN = /diEfN H Fi(x (4.5)

and the joint probability that both Xy_1 and Xy are records is

TN

N-2
PN,N-1 :/dl'NfN(l'N>/dl'Nflfol(l'Nfl) I1 Fien-v). (4.6)
=1

For the LDM we have fi(y) = f(y — cl) and F;(y) = F(y — ¢l), where f(x) and F(z) are
the density and distribution function of the i.i.d. part X; in (4.1). It then follows that [17]

N-1 N-1

pN:/dyf(y—cN)HF(y—cl):/dacf HFac—i—cl (4.7

=1 =1

and similarly
y+-c N—2

PNN-1= /dy f) / da f(z) [] F(z+ ). (4.8)

4.2.1 Explicit stochastic independence for two cases

The expressions (4.6) and (4.8) allow us to verify two known results: Both for the i.i.d.
case (¢ = 0) and for the LDM with Gumbel distributed i.i.d. part X;, record events are
independent.

We start with the i.i.d. case. First note that the probability that the N** RV is a
record is the probability that it is the largest among N equivalent RV’s, so by symmetry
pn(c = 0) = 1/N. For the ii.d. case, the subscripts in (4.6) can be dropped. Using the
substitution v = F(x) and du = f(x)dz, one obtains

1 1

1 u
pN.N-1(c=0) = /du/du'u/N_2 S N_1N = PNPN-1- (4.9)
0

It is possible to insert an arbitrary spacing between the two record events and still obtain
this factorization to yield py n—; = pypn—;. Similarly, one can consider more than one
record event. The factorization property implies that in the i.i.d. case, record events are
stochastically independent [18-20].

Next we consider the LDM with Gumbel distributed i.i.d. part,

f(z) =exp(—e™® —x) (4.10)
and F(x) = exp (—e™*). Using that in this case [27]
F(z+a) =exp(—e %) =exp (—efm)e = F(z)* ", (4.11)

the substitution u = F(x) used above yields [17, 24]

1

N-1
n(c) = /dxf(ac) H F(x)efcl = /du uZisi et = N%ll (4.12)
=1 2

1=0 &
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Figure 4.2: Correlations between record events as the number of RV’s NV increases. For the i.i.d.
part drawn from a Gaussian distribution with variance o = 1, the correlations are negative and for
sufficiently large N tend to a limiting form. For the symmetric Lévy distributed i.i.d. part, the
correlations are positive and increase with V.

with a = e™¢, and
1 u® 1
_ 1 _
pN.N-1(c) = /du/du’u’zf:fal = —— l/duu ot
0 0 2o @ 0

1 1
= ( N—2 l)( N=1 l>=pN—1pN- (4.13)
=0 @ =0

Again one can introduce an arbitrary number of spaces and intermediate records and still
have the corresponding joint probability factorize. This implies that for the LDM with
Gumbel distributed i.i.d. part, as for arbitrary distributions without drift, record events
are stochastically independent.

4.2.2 Expansion for small drift

As shown above, for the i.i.d. case ¢ = 0, record events are independent. On the other
hand, for very large drift, almost every RV is a record, and thus trivially Iy y—1(c) — 1 for
¢ — 1 (see Fig. 4.1). The behavior of lN7N_1(c) in between these two limits is not as easily
characterized. In particular, while for some probability densities the records seem to repel
each other for intermediate ¢ (Iy,nv—1(c) < 1), for other probability densities the records
seem to attract (Iy y—1(c) > 1).

Figure 4.2 shows examples for both types of behavior, illustrating in addition how the
correlations evolve with increasing NV for the cases of Lévy and Gauss distributed i.i.d. parts.
Clearly, the correlations are not a finite size effect, but their N-dependence is markedly
different in the two cases. For the Gaussian case, the correlations are negative and seem to
approach a form independent of V. For the Lévy case, on the other hand, the correlations
seem to increase with V. We will argue later that the correlations eventually become N-
independent also for heavy-tailed distributions, but this limit is approached much more
slowly than in the Gaussian case.

A first step towards understanding the behavior of the correlations is to determine the
sign with which the curves in Figs.4.1 and 4.2 depart from the i.i.d. case ¢ = 0. To address
this question, we compute the record rate py(c) and the joint probability py ny—1(c) in the
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limit of small ¢ and ¢/o < N~1, where o is the standard deviation or some other measure
of the width of the distribution. For the record rate this problem was discussed extensively
in [17] (see also [7]). Knowing that py(c = 0) = 1/N, a Taylor expansion for small ¢ yields

~ —1)
Py (0) ~  +e———I(N —2),. (4.14)

where we have defined the quantity?

I(N):/dacf2 (x) FN (z). (4.15)
In the same small ¢ regime we can also easily determine the joint probability of occurrence

of two consecutive records py,n—1(c). To leading order in ¢, the expansion of Eq.(4.8)
yields

pN.N-1(c) = /dyf (y)/dwf (x) F¥72 () +c/dyf2 (y) FN2 (y)

OESILEL)

Y

/ dyf (v) / dof? (@) FN3 (2).  (4.16)

The first term can be evaluated by partial integration to m, and another partial
integration yields

1 (N-1)(N—-2)-2
_ A — I(N -2 4.1
R T > (N-2) @)
N-1)(N-2
+ C%J (N—3). (4.18)
In addition to the zeroth order term m, we find a positive and a negative correction

term that describe the effect of the drift. Depending on which one of these two terms is
larger, positive or negative correlations will result.
A similar expansion can be set up for the normalized correlation Iy n_1(c) defined in
Eq.(4.3). Writing
Inn_1(c) =1+ cJ(N)+0O(c?), (4.19)

a straightforward computation yields

J(N) = N(Nf1)1(N,2)+N(N*I)Q(Nfz)

,m](N,Q),
2

(N - 1)*(N —2)
2

I(N —3) (4.20)

Again, both positive and negative terms occur in (4.20), the relative magnitude of which
depends explicitly on the underlying probability density f(z). Thus from (4.20), it is not at
all obvious how the counterintuitive positive correlations observed numerically arise, how
their occurrence depends on the properties of f and how the clustering of record events
behaves as a function of the number N of RV’s considered. Before turning to the explicit
evaluation of J(N) in Section 4.3, we provide some heuristics on the asymptotics of the
correlations in the limit of very large IV, and address the behavior of correlations between
RV’s that are more than one time step apart.

I'Note that this definition differs slightly from that of the related quantity I, used in [17]. The integral
(4.15) also appears in the analysis of the density of near-extreme events [30].
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4.2.3 Asymptotics for large N

It is clear from Eqs. (4.7) and (4.8) that the asymptotic behavior of the record rate py and
the joint probability px n—1 hinges on the existence of the function

N

Ge(r) = lim F(z +cj) (4.21)
N—o0

J=1
which was rigorously examined by Ballerini and Resnick. In [24], they prove that the
limit (4.21) exists and is nonzero whenever the density f(x) has a finite first moment. For
completeness we provide a heuristic version of their argument. Taking the logarithm of Eq.

(4.21) one has to consider the convergence of the series

In (Ge(z)) = Zln (F(z +cj)).

Now F(z +¢j) = Prob(X <z +c¢j) =1—Prob(X >z + ¢j) and for any finite x and ¢ > 0
there is a j large enough such that Prob(X > z + ¢j) < 1. Therefore

In (Ge(x)) & s3(z) — > _ Prob(X >z + ¢j), (4.22)

J=j

where s; = Zj;i In(F(z + ¢j) is a finite sum and the logarithms in the remaining series
were approximated by their Taylor expansion around unity. The condition for f(x) to have
a finite first moment is that Prob(X > z) decays faster than 1/z, which implies convergence
of the infinite series in (4.22) and hence of G.(x) (in the opposite case the series diverges
to —oo and G, = 0). Since G.(z) is a probability, it is bounded from above by unity and
it follows from (4.7) and (4.8) that pn(c) and pn n—1(c) have finite, non-zero limits for
N — oo. The same statement then applies to the ratio (4.3).

Although the focus of this paper is on the case of a positive drift which enhances the
occurrence of (upper) records, it is instructive to compare the asymptotic behavior for
¢ > 0 described above to the case ¢ < 0. For negative drift both the record rate py and the
joint probability pny ny—1 vanish for N — oo, and they do so more rapidly than their i.i.d.
counterparts. The asymptotic behavior of the ratio (4.3) is then a priori undetermined.
We consider a simple example where the quantities of interest can be computed explicitly.
Let the probability density of the i.i.d. variables be given by the negative exponential
distribution,

flx)y=¢€* x<0 (4.23)
and f(z) = 0 elsewhere. Then for ¢ < 0 the integrand in (4.7) and (4.8) is of the form

K
HF(x—l—cl):eXp [Kx—l—gK(K—i—l)}, x <0, (4.24)
=1

and integration yields

] exp FN(N - 1)} . (4.25)

pN(C) = ieXp {EN(N — 1)i| N pN,N—l(C) = m )

N 2

For ¢ < 0 the record rate is suppressed superexponentially, such that the expected number
of records remains finite for N — oo (see also [17]). However, forming the ratio (4.3) we
see that

IN.N_1 = exp [—%(N —1)(N — 2)} (4.26)
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Figure 4.3: Correlations between record events at distance k from time series of length N = 32
for Gaussian (o = 1), Lévy-stable (u = 1.5), uniform (on [0, 1]) and Pareto (u = 1.5) distributions.
Left: Full ¢ dependence of In nv—r(c). Right: At the drift velocity cmax where the correlations
are maximal (¢max = 0.1 for Gaussian and uniform, cmax = 0.2 for the Lévy and cmax = 0.4 for the
Pareto case), In,N—k(cmax) is shown as function of k to illustrate the decay of correlations.

which, in contrast to the case of positive drift, grows without bound for N — oo. We
will see in Section 4.3 that such a behavior is not restricted to this specific example. The
non-existence of the N — oo limit for ¢ < 0 suggests that the limiting function

I(e) = lim Iyn-1(c) (4.27)

may not be smooth for ¢ — 0, as will be explicitly demonstrated in Section 4.3.

4.2.4 Dependence on the distance between record events

Before embarking on the study of specific distributions, we briefly comment on the behavior
of the correlations as a function of the distance between record events. Denoting by pn,n—%
the joint probability for observing a record in the N — kth and the Nth event, it was shown
in [24] that
2
. . . _ 2

i Jim prvv-i(e) = | Jim ()] = p(0)"
which implies that record events become uncorrelated for k& — oo. This leads to the
expectation that in a finite time series, the correlations between record events at distance k
should decay with k, in agreement with the simulations shown in Fig. 4.3. The correlations
are seen to be maximal at K = 1. In the present paper we therefore focus on the case of
nearest neighbor correlations, although extending the computations to k > 1 is in principle
straightforward.

4.3 Explicit examples

Whereas the statistics of record events in sequences of i.i.d. RV’s is completely universal
[18-20], in the presence of drift one has to distinguish between distributions belonging to the
three different universality classes of extreme value theory, the classes of Weibull, Gumbel
and Fréchet [10, 28, 29]. For each of these classes we will analyze the correlations in the
LDM for a few exemplary distributions, starting with the Weibull class, and summarize
the observed behavior in a unifying scaling picture in Section 4.3.4. The results presented
below rely on the study of the record rate py (¢) in the LDM presented in [17], as well as on
the expansions for py ny—1 (¢) [Eq. (4.17)] and Iy n—1 (¢) [Egs. (4.19,4.20)] derived above in
Section 4.2.2.
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Figure 4.4: Left: Numerical simulations of Ix,n—1(c) for a uniform distribution of width a = 1.
For each ¢ and N we simulated 10° time series. The figure shows data for N = 4,16 and 64. At
¢ = 0 we find a steep descent of In,ny—1(c). For N =4 and N = 16 we show the analytic prediction
(4.28) (steep lines). With increasing ¢, In,n—1(c) appears to become completely independent of
N. Right: Simulation results for Ix n—1 as a function of N for ¢ = —0.01, —0.001, 0,0.001 and
0.01. We simulated 107 series of 100 RV’s in each case. For ¢ < 0 we find a very steep increase of
In,n—1 that is in good agreement with the analytical prediction (4.28). For ¢ > 0, In,nv—1 quickly
saturates at a constant value and our analytical results are not very useful.

4.3.1 The Weibull class

The Weibull class is the class of distributions with bounded support. As a very simple
member of the Weibull class we consider a uniform distribution on the interval [—a, a]. We
compute Iy, n—1(c) in the small ¢ regime by making use of (4.19,4.20) and find for N > 1

~1- SN2

" (4.28)

Inn-1(c)
The correlations are negative and their magnitude increases rapidly with N (but note that
the leading order approximation is valid only for ¢N?/2a < 1). We performed numerical
simulations to check this result with a = 1 and —0.1 < ¢ < 0.4. Figure 4.4 shows how the
descent of Iy n_1(c) for ¢ > 0 steepens with increasing N. In the figure we also plot our
prediction (4.28) for small values of N, however the steepness of the descent at zero does
not allow us to estimate the quality of our approximation reliably. The figure shows that
for large enough N and not too small ¢, [y n_1 (¢) eventually becomes independent of N,
as expected from the general arguments given in Section 4.2.3. In this case the approach
to the N — oo limit is particularly rapid, because distributions that are more than 2a/c
steps apart do not overlap. The sharp initial drop of Iy n_1(c) indicates that the limiting
distribution {*(c) is discontinuous at ¢ = 0, which is consistent with the non-existence of a
limiting function? for ¢ < 0.
As a more general subset of the Weibull class we next consider the class of distributions
defined by

fe@) =€ -

with £ > 0 and 0 < & < 1. For £ = 1 this produces a uniform distribution similar to the
one used above. In [17] we found that for £ > 1 the integral in (4.15) is given by

(4.29)

F(Q—%)F(N—i—l)

F(N+3—g)

I(N)=¢ (4.30)

2With regard to its upper tail, the negative exponential distribution (4.23) is equivalent to the uniform
distribution, and therefore the argument of Section 4.2.3 applies here as well.
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Figure 4.5: Numerical Simulations of [x n—1(c) for an exponential distributions with unit mean.
For each ¢ and N we simulated 10° time series. The figure shows results for N = 4,16 and 64
along with our N-independent analytical prediction (4.33).

Using this and assuming N > 1 we find the following expression for Iy n_1 (¢):

lN,N—l (C) ~ 11— T (431)
r(N+1-1)
and making use of the Stirling approximation we finally obtain
(& 1 1+1
ZN7N_1 (C)%l—il—‘ 2—5 N-Tg, (432)

Similar to the uniform case, the correlations between neighboring record events are always
negative and their magnitude increases rapidly with increasing IV, suggesting a discontinuity
of the limiting function I*(c) at ¢ = 0.

4.3.2 The Gumbel class

As a first example in the Gumbel class we consider the exponential distribution with mean
a, f(r) =a te e, x > 0. In [17] it was found that in this case the effect of the linear
drift on the record rate is independent of N to leading order in c¢. Using this result it is
straightforward to obtain

c
2a’
We compared this result to numerical simulations in Fig. 4.5 and found a very good
agreement. Apparently I n_1 (c) assumes a value independent of N already for very small
N.

Another important member of the Gumbel class is the normal distribution with mean
zero and standard deviation o. Here, the computation is usually a bit more complicated;
however, as in the previous examples, most of the work was already done in [17]. There we
found that for N > 1 and ¢cN < o

[(N)~ S 4V ln<N—2). (4.34)

N2g e? 8T

INn-1(c) =1+ (4.33)
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Figure 4.6: Numerical simulations of Ix,ny—1(c) for a Gaussian distribution of width ¢ = 1.
Left figure shows In,nv—1(c) for N = 4,16 and 64. For each ¢ and N we simulated 107 time
series. The figure illustrates the steep descent of the correlator at ¢ = 0 when ¢ is small. Right
figure shows Iy, nv—1(c) for different, fixed values of ¢ together with our analytical results. Here, we
analyzed 10® series of RV’s for each drift rate. Again, we find agreement between the simulations
and our analytical computations for small N and c¢. We manually fitted curves oc N4/In (N2 /87).
Interestingly for ¢ < 0 the agreement is a lot better and In,nv—1(c) does not saturate at a constant
value.

Using (4.20) this result allows us to estimate the effect of the drift on the correlations. We
find

c N2
(Inn-1(c)—1) x NU In ( . > (4.35)
Unlike the case of the exponential distribution, in the Gaussian case the correlations are
negative and depend strongly on N. The behavior is similar to that found in the Weibull
case, and matches the result (4.32) (up to logarithimic factors) for £ — co. Numerical results
for the Gaussian distribution are shown in Fig. 4.6. Similar to the uniform distribution,
In,n—1 (c) shows a steep descent at ¢ = 0 which becomes steeper for increasing N. However,
the descent appears to be smoother than in the uniform case. In agreement with the
considerations of Section 4.2.3, for ¢ > 0 and large IV the correlations become independent
of N. In contrast, for ¢ < 0 the correlations increase monotonically with N and do not
appear to saturate. In the case of the Gaussian distribution our analytical prediction (4.35)
is only valid in a small regime for small ¢ > 0 and relatively small N, but for ¢ < 0 the
approximation is significantly better.

To understand the marked difference between the exponential and Gaussian distribu-
tions, we analyze the general class of Gumbel-type distributions of the form

f (@) = Age™lel", (4.36)
with normalization Ag and 5 > 0. In this case it was found in [17] that
I(N) o N~ (N)' =% (4.37)

With some further computations this leads us to the following behavior of the leading order
correction coefficient J (IN):

J(N) & —Dy (1 - %) NIn(N)'"% 4+ DyIn(N)' 77, (4.38)

where D; and Dy are positive constants not depending on N. The exact values of Dy and Do
are very difficult to compute and we will not consider them in this article. Nevertheless, this
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Figure 4.7: Left: Numerical simulations of In,ny—1(c) for Pareto distributions. For each ¢ and
u we simulated 10° time series of length N = 16. The figure shows simulations for p = 2,3 and
4, along with our analytical predictions for small c¢. At ¢ = 0 we find a steep ascent of In,nv—1(c)
which gets steeper with increasing p. Our analytical result from (4.42) is in good agreement with
the simulations for small enough c. Right: Simulation results for a Pareto distribution with p = 2
and different values of c. We analyzed 10® series of N = 100 RV’s for each ¢. Our analytical work
predicts a square-root behavior of [y, n—1(c) — 1, which is in good agreement with the simulations.

expression nicely reproduces our results for the exponential and the Gaussian distribution
and shows how both positive and negative correlations may emerge in the Gumbel class.
For 8 =1 the leading first term vanishes and J(NN) reduces to a positive constant. For all
B # 1 the first term dominates and the correlations grow with N, with a sign determined
by 1— % For values 8 > 1 of distributions that decay faster than the standard exponential
we find negative correlations between the records, in agreement with the Gaussian example,
while for stretched exponential distributions (8 < 1) positive, N-dependent correlations
result (see Fig. 4.8 for an example).

In hindsight, the special role of the exponential distribution should not come as a sur-
prise, since the Gumbel distribution (4.10) (for which correlations are completely absent)
has an exponential tail. In the sense of extreme value theory, the exponential distribution
is close to the Gumbel, and the corresponding records in the LDM are therefore almost
uncorrelated (up to small residual correlations which are independent of N).

4.3.3 The Fréchet class

As a subset of the distributions in the Fréchet class of extreme value statistics we consider
the well known Pareto distribution

f (@) = o= (4.39)
with 4> 1 and 2 > 1. In [17] it was found that in this case

r(2+5)r(N+1)

I(N)=u (4.40)
r (N Y34 5)
This allows us to compute I, n—_1 (¢) for the Pareto distribution. We find
F(2+l)F(N*1)N N —1) (N2 4 uN +
J(N) =L - (W=D (V2 plV + ) (4.41)

2 r(N+i+1) AN 41

which leads to the expression
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Inn_1(c) =1+ %r (2 + %) Niw (4.42)
for large N. For positive ¢, we thus expect positive correlations between neighbouring
record events for all distributions of Pareto form. These correlations are increasing with
N slower than linearly. We expect that, asymptotically, this behavior is universal for all
distributions within the Fréchet class®. We compare Eq.(4.42) to numerical simulations in
Fig. 4.7, finding good agreement for small ¢, both for the ¢- and the N-dependence. The
agreement improves when the distribution becomes broader for smaller p. The strength of
correlations for strongly heavy-tailed distributions of the Pareto class is remarkable. For
example, for a Pareto distribution with coeflicient ¢ = 2 we found correlations Iy y—1 ~ 3
for large N (see Fig. 4.8).

The correlations displayed in the right panel of Fig.4.7 increase (for ¢ > 0) or decrease
(for ¢ < 0) with N without showing any sign of saturation, although we know from the
general considerations of Section 4.2.3 that Iy y—1 must approach an N-independent limit
for ¢ > 0 and p > 1. As we will see in the next subsection, this reflects the fact that the
time scale N* at which the limit is attained is (for a given value of ¢) particularly large
for distributions of the Fréchet class. We also note that because Iy y—1 < 1 for ¢ < 0, the
normalized correlations are confined to lie between 0 and 1 in this case. This implies that
the divergence of Iy n_1(c) for N — oo and ¢ < 0, which was demonstrated in Section
4.2.3 to occur for a specific example in the Weibull class, cannot happen here. We therefore
conjecture that, for distributions in the Fréchet class, the limit (4.27) exists also for ¢ < 0.

4.3.4 Unified picture

The results of the preceding subsections can be summarized in a simple scaling picture. We
first recall from [17] and [22] that the LDM (with ¢ > 0) contains a characteristic time scale
N* at which the record rate py(c) crosses over from the i.i.d. behavior py ~ + to the
limiting value p(¢) = limy_ 0o pn(c) > 0. For the different distributions discussed above,
this time scale diverges for ¢ — 0 according to

N*o  cTE Weibull class (4.43)
N*x ¢! lnc/s~'  Gumbel class (4.44)
N* x R Fréchet class (p > 1). (4.45)

Ignoring for the moment the logarithmic factor in the Gumbel case, these behaviors can be
further simplified by expressing the different universality classes in terms of the generalized
Pareto distribution [31]

_rtl
fl@)=(0+kx) = . (4.46)
For x > 0 this is of Pareto type with u = %, for k < 0 it reduces to a Weibull-type
distribution similar to (4.29) with ¢ = —%, and the Gumbel class is represented by the

exponential distribution which arises from (4.46) for k — 0. Using this representation, the
different cases in (45), (46) and (47) reduce to

N* o< ¢V with v =

—. (4.47)

Note that v < 1 in the Weibull class but v > 1 in the Fréchet class, which explains the slow
convergence to the N — oo limit in the latter case. Moreover, it was shown in [17] that the
integral (4.15) behaves for large N as (see also [30])

I(N) ~ Nv=3 = N~(45), (4.48)

31In [17] we presented data for a Lévy stable distribution with = 1.8 which show negative correlations
between record events. We have checked that this behavior is not asymptotic, and that the correlations
become positive for larger values of N.
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Figure 4.8: Numerical simulations of Iy, n—1(c) with ¢ = 0.05 for six different distributions. In
each case we averaged over 10°% time series of length N = 10°. The results for In,n—1(c) were
binned logarithmically in order to improve the averaging for large N. For the uniform and the
Gaussian distribution Ix n—1(c) is clearly negative for ¢ > 0 and it decreases with growing N. At
some N = N™ the correlations become independent of N. For the special case of the exponential
distribution we find a constant value of Iy, y—1(c) which is only slightly larger than unity. Both the
stretched exponential (with 5 = 1/2) and the Pareto distributions (with g = 2, 3,4) show positive
correlations. Note the slow convergence for the Pareto distribution with p = 2.

To relate this to the behavior of the correlations, we note that for large N Eq.(4.20) can be
approximately written as

J(N) = _%N‘*%I(N)—N3I(N)+O(N2I(N)). (4.49)

Inserting (4.48) we thus conclude that, to leading order,

J(N) ~ gN3I(N) ~ N1, (4.50)
which correctly reproduces both the sign and the order of magnitude of the correlations
derived in Section 4.3 for the Weibull and Fréchet classes: Correlations are positive (nega-
tive) for k > 0 (k < 0), and they scale sublinearly (superlinearly) with N in the two cases.
A similar calculation using the refined estimate (4.37) of I(NN) for the Gumbel class shows
that the correlations are negative (positive) for > 1 (8 < 1), in agreement with (4.38).

4.4 Conclusion

In this paper we analyzed the effect of a linear drift on the correlations between records
drawn from series of independent RV’s, as quantified by the normalized joint probabil-
ity In nv—1(c). In Section 2 we derived general expressions (exact and approximate) for
In.n—1(c) and recalled the fact that records are independent both for i.i.d. RV’s (¢ = 0)
and in the special case where the RV’s are drawn from the Gumbel distribution.

Our main analytic results were obtained in Section 3 by way of an expansion in the
small ¢ limit, similar to the approach developed previously in [17]. Using this approach we
were able to show that the correlations are generally negative (‘repulsive’) for distributions
in the Weibull class, and positive (Cattractive’) for distributions in the Fréchet class. In the



Bibliography 61

Gumbel class the sign of the correlations depends on the stretching exponent § in (4.36),
with the border between positive and negative correlations being given by the exponential
case § = 1. In contrast to all other cases, for distributions with an exponential tail the
correlations are weak and independent of N, which is consistent with the fact that this
class of distributions also contains the Gumbel distribution, which has no correlations at all.
Simulation results illustrating the different cases are summarized in Fig. 4.8. A special role
of the exponential distribution in separating two regimes of qualitatively different behaviors
has been noted previously in the related context of near-extreme events [30].

Perhaps the most surprising and counterintuitive outcome of our work is the discovery
of strong positive record correlations for distributions with a power law tail*. In view of
the substantial interest in detecting and explaining heavy-tailed distributions in all areas of
science [29, 32], our finding suggests that drift-induced record correlations could be used as
a distribution-free test for detecting power laws or streched exponentials in empirical data
[33].

An interesting open question concerns the structure of the record correlations in the
asymptotic limit N — oo, where the record rate approaches a nonzero constant and the
record process thus becomes stationary. Based on the work of Ballerini and Resnick [24], we
have argued in Section 4.2.3 that the limit (4.27) exists for ¢ > 0 whenever the underlying
distribution has a finite mean, whereas for ¢ < 0 it is possible that Iy ny_1(c) diverges for
N — oo. The fact that the coefficient of the leading order term in the small ¢ expansion
generally diverges with N indicates that the limiting function I*(¢) may be singular for
¢ — 0, and we have presented numerical evidence for the occurrence of a discontinuity at
¢ = 0 for the Weibull class. For heavy-tailed distributions in the Fréchet class, the large-IV
asymptotics is difficult to ascertain numerically because of the slow convergence, but we
have argued that in this case I*(¢) may exist also for ¢ < 0. Rigorous work addressing these
questions along the lines of [24] would be most welcome.
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Abstract: A record is an entry in a time series that is larger or smaller than all previous
entries. If the time series consists of independent, identically distributed random variables
with a superimposed linear trend, record events are positively (negatively) correlated when
the tail of the distribution is heavier (lighter) than exponential. Here we use these correla-
tions to detect heavy-tailed behavior in small sets of independent random variables. The
method consists of converting random subsets of the data into time series with a tunable
linear drift and computing the resulting record correlations.
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5.1 Introduction

Determining the probability distribution underlying a given data set or at least its behavior
for large argument is of pivotal importance for predicting the behavior of the system: If the
data is drawn from a distribution with heavy tails, one needs to prepare for large events.
Of particular relevance is the case when the probability density displays a power law decay,
as this implies a drastic enhancement of the probability of extreme events. This is one
of the reasons for the persistent interest in the observation and modeling of power law
distributions, which have been associated with critical, scale-invariant behavior [1, 2] in
diverse contexts ranging from complex networks [3] to paleontology [4], foraging behavior
of animals [5, 6], citation distributions [7] and many more [8].

However, when trying to infer the tail behavior of the underlying distribution from a
finite data set, one faces the problem that the number of entries of large absolute value is
very small. This implies that even though binning the entries by magnitude and plotting
them would yield an approximate representation of the probability density, this process
becomes inconclusive in particular in the tail of the probability density. Furthermore, in
small data sets, extreme outliers can strongly affect the results of methods like maximum
likelihood estimators such that leaving out even one of these extreme and possibly spurious
data points renders the outcome of the test insignificant. A case in point is the problem of
estimating the distribution of fitness effects of beneficial mutations in evolution experiments,
which are expected on theoretical ground to conform to one of the universality classes of
extreme value theory (EVT) [9]. Because beneficial mutations are rare, the corresponding
data sets are typically limited to a few dozen values, and the determination of the tail
behavior can be very challenging [10, 11].

In this Letter we present a method for detecting heavy tails in empirical data that works
reliably for small data sets (on the order of a few dozen entries) and is robust with respect
to removal of extreme entries. The test is based on the statistics of records of subsamples of
the data set. Similar to conventional record-based statistical tests [12-14], and in contrast
to the bulk of methods available in this field [8], our approach is non-parametric and, hence,
does not require any hypothesis about the underlying distribution. Rather than aiming at
reliable estimates of the parameters of the distribution (such as the power law exponent),
the main purpose of our method is to distinguish between distributions that are heavy-tailed
and those that are not.

5.2 Record statistics and record correlations

Given a time series {z1, ..., 7y} of random variables (RVs), the nt" RV is said to be a record
if it exceeds all previous RVs {z;};<n [13, 15]. For independent, identically distributed
(ii.d.) RVs, it is straightforward to see that the probability p, for the n!" entry to be
a record is simply p, = 1/n, because any of the n RVs is equally likely to be the largest.
Furthermore, record events are stochastically independent in this case [13, 15] and hence the
joint probability p, ,—1 that both z,_; and x,, are records factorizes to p, n—1 = ppPn—1

In a recent surge of interest [16-20], record statistics has been explored beyond the
classical situation of i.i.d. RVs, and it has been found that the stochastic independence of
record events is largely restricted to the i.i.d. case. In particular, for time series constructed
from the linear drift model [19, 21]

Ty =N+ Ny, (5.1)

where ¢ > 0 is a constant and {n,} a family of i.i.d. RVs with distribution F'(n) and density
f(n), correlations between record events were quantified by considering the ratio [22]

_ pn,nfl(c)
bt (€)= Ot (@ 52
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Figure 5.1: A first example of the proposed test, with N = 64 i.i.d. RVs drawn from a Gaussian
with unit variance (squares) and a symmetric Lévy distribution L, (x) with g = 1.3 (circles). Inset:
Comparing the cumulative distribution function F'(z) (lines) to its empirical estimate from the 64
data points shows that one distribution is broader than the other but does not allow for a clear
distinction between the two data sets. Main plot: This difference is however clearly seen under
application of the record-based test for subsamples of size n = 16. Dotted and dashed-dotted lines
show the prediction for l16,15(c) for independent RV’s.

For stochastically independent record events, I, ,—1(c) = 1 and any positive (negative)
deviation from unity can be interpreted as the a sign of attraction (repulsion) between record
events. In [22] both cases were found depending on the distribution F'(n). Specifically, an
expansion to first order in ¢ yields l,, ,—1(c) = 1+ cJ(n) + O(c?) with J(n) ~ —3n*(I(n) —
I(n—1)) — n3I(n) where

I(n) = / dnf2(n)F"(1) (5.3)

and clearly I(n) — I(n — 1) < 0. Thus for large n, there are two competing contributions
to J(n) determining the sign of the correlations.

To classify the behavior of the correlations in terms of the EVT classes [1, 23], consider
the generalized Pareto distribution [24] f(n) = (1+#n)~"F1/% which reproduces the three
classes as £ < 0 (Weibull), k > 0 (Fréchet) and x = 0 (Gumbel), respectively. Computing
I(n) separately for these three cases [19] it was shown that, up to multiplicative terms in
log(n) or slower, one has I(n) ~ n~(*") and therefore [22] J(n) ~ £n*I(n), showing that
the sign of correlations is directly determined by the extreme value index & [25].

In the Gumbel class (k = 0) more refined calculations for the generalized Gaussian
densities fz(z) ~ exp(—|n|®) show that correlations are negative for 3 > 1 and positive
for 8 < 1 [22]. The marginal case of a pure exponential distribution also shows positive
correlations, but they can be distinguished from the 8 < 1 case in magnitude and, more
clearly, in their n dependence: While for g < 1, correlations grow with n up to a limiting
value, for § = 1 they are independent of n. The special, marginal role of the exponential
distribution was also encountered in a study of near-extreme events [26], where the integral
(5.3) appears in a different context.

To sum up, correlations between record events in time series with a linear drift allow a
clear distinction between underlying probability densities that decay like an exponential or
faster for large argument, and densities with heavier tails, by looking for positive correlations
that grow in n. Using these two criteria, we now present a distribution-free test for heavy
tails in data sets of i.i.d. random variables.
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Figure 5.2: Sample-to-sample fluctuations of the HTI lﬂn’nfl for different distributions. Lines
show mean values of the correlation 16,15 (c) obtained from simulations of independent RV’s (labeled
ezact), symbols show the mean value of the HTI and error bars indicate the standard deviation
of the fluctuations for the symmetric Lévy-stable distribution with tail-parameter ¢ = 1.3 and
uniform distribution on (0,1) (top), and the Pareto-distribution with p = 2.0 and standard normal
distribution (bottom). The HTI was obtained from simulations with internal statistics s = 10*
(Pareto) or s = 10° (all other) and averaged over S = 10% independent data sets. Insets show how
the correlations at the value ¢* = 0.25 where correlations deviate maximally from unity grow as
function of n while keeping N fixed.
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Figure 5.3: Magnitude of sample-to-sample fluctuations for three of the cases considered in
Fig.5.2. With increasing internal statistics s, the sample-to-sample fluctuations decrease to a
limiting value (main plot). This limiting value increases with n/N (inset), indicating that best
results in terms of fluctuations are obtained by considering short subsequences. In the main plot
N =64 and n = 16.

5.3 Description of the test

Consider a data set with N entries, x1,x2, ..., xn that can reasonably be argued to consist
of independent samples from the same distribution [27]. Then for each n < N, one can pick
uniformly at random a subset of n entries and add a linear trend according to the index in
the subset (see Eq.(5.1)), thus forming a set of random variables with linear trend. For each
n, there are (17\{ ) possible subsets [28], which can be used to compute the fraction of times

the n*? entry is a record p,(c), the corresponding fraction p,_1(c) for the n — 1% entry,
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and the fraction p, n—1(c) of times both entries are records, for each value of a suitably
chosen range of ¢ [29]. The number s of subsets used for each value of ¢ will be referred to
as ‘internal statistics’. Finally, one obtains an estimate for the correlations

fa(e) = Pt (5.4)

where the hat serves to indicate that we are dealing with one fixed times series of length N
and its sub-series, rather than many independent realizations. In the following we refer to
Inm_1(c) as the heavy tail indicator (HTI).

To see how the test works in practice, consider Fig. 5.1. Two data sets of size N = 64
each are presented, one drawn from a standard Gaussian distribution, the other from a
symmetric Lévy stable distribution with parameter y = 1.3. A standard approach to
inferring the shape of the distribution is to estimate the cumulative distribution function
by rank ordering the data along the z-axis (inset). In the example this shows that one
distribution is broader than the other, but does not allow to distinguish between a difference
in scale (as for two Gaussians of different standard deviation) and a difference in shape. In
contrast, the two data sets come apart quite clearly under application of the test, showing
that fnyn,l(c) > 1 for the Lévy distribution and lAnﬁn,l(c) < 1 for the Gaussian (main
figure).

5.4 Fluctuations

The lines in the main part of Fig. 5.1 show the predicted correlation [,, ,—1(c) obtained from
simulations of independent RV’s. The estimated HTT Zn,n_l(c) obtained from subsamples of
the two finite data sets deviates from these predictions, reflecting the fact that the ensemble
of subsamples is not independent. The deviations depend on the data set in a random way,
compare to Fig. 5.4, and understanding how the magnitude of the deviations depends on
the test parameters N, n and s is clearly important for a quantitative assessment of the sig-
nificance of the test. Figure 5.2 explores these sample-to-sample fluctuations by computing
Zn,n_l(c) for a large number S (‘external statistics’) of different data sets and recording the
mean and the mean squared deviation for different distributions. The fluctuations are large
for power law distributions and decrease significantly for representatives of the Gumbel and
Weibull classes. The latter implies that it is very unlikely for positive correlations to be
produced by chance if the underlying distribution is not of heavy tail type; the observation
of a HTT exceeding unity can therefore be taken as a strong indication of heavy tailed
behavior in the data.

The effect of the internal statistics on the sample-to-sample fluctuations is quantified in
Fig.5.3, where their magnitude can be seen to saturate to a limiting value with increasing
s. Furthermore the limiting value depends on the ratio n/N: The smaller a subset of the
initial data set is used, the more precise the results can be made by using large internal
statistics. This behavior underlines a particular strength of our approach, namely that
the combinatorially large number of subsequences can be used (up to a point) to reduce
fluctuations due to the finite size of the data set. On the other hand, n should not be
chosen too small, as the amplitude of correlations generally increases with n [22] (see inset
of Fig.5.2). For the examples presented here, we found n/N = 1/4 at N = 64 to yield the
best compromise between these two contradicting requirements, see also Fig.5.3.

5.5 Application

As an application of our approach, we consider the ISI citation data set first analyzed
by Redner [7], consisting of citation data for 783339 papers published in 1981 and cited
between 1981 and June 1997. Due to the large size of this data set, the existence of a power
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Figure 5.4: Top: Three randomly chosen subsets of length N = 64 each from the ISI citation
data set [7]. The HTI was computed with internal statistics s = 10¢ and n = 16. The main plot
shows attractive correlations in all three cases, the inset verifies growth of these correlations with
n. Bottom: Removing the largest and even the top two entries of data set 2 does not change the
result of the test. In data set 3, which is a somewhat extreme case in that the largest value is more
than a factor 10 greater than the second largest, the correlations remain attractive upon removal
of the largest entry but the magnitude of correlations no longer increases with n.

law tail with exponent p = 2 is well established [7, 8, 30]. Using our record-based approach,
the heavy-tailed property could be recovered by considering small, randomly chosen subsets
of only N = 64 papers each (Fig. 5.4). Despite the substantial fluctuations between the
three subsets, the HTT lies clearly above unity in all cases. The small size of the chosen
subsets implies that only a few (if any) data points in the subsets come from the extreme
tails of the distribution. The lower panel in Fig.5.4 illustrates the robustness of the test
with respect to the removal of putative outliers.

5.6 Summary

In conclusion, in this Letter we propose a record-based distribution-free test for heavy
tails that works particularly well for small data sets. It was shown that the test is very
versatile and quite robust to the removal of outliers, thus complementing standard methods
like maximum likelihood estimates [8]. While record statistics has a long history of yielding
distribution free tests [12-14], our approach is conceptually novel in that we make systematic
use of the combinatorial proliferation of subsets of the original data set, which are then
manipulated by adding a linear drift. We expect our method to be particularly useful in
situations where the size of the data set is intrinsically limited, as in the assignement of
an EVT universality class to the distribution of beneficial mutations in population genetics
[10, 11]. In particular, the test can be used to strengthen the evidence in favor of heavy-
tailed behavior in situations where conventional parametric tests have insufficient statistical
power. By combining our test with standard approaches such as the maximum likelihood
method, the tail parameters can then also be estimated.
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Abstract: We analyze record-breaking events in time series of continuous random vari-
ables that are subsequently discretized by rounding to integer multiples of a discretization
scale A > 0. Rounding leads to ties of an existing record, thereby reducing the number of
new records. For an infinite number of random variables that are drawn from distributions
with a finite upper limit, the number of discrete records is finite, while for distributions with
a thinner than exponential upper tail, fewer discrete records arise compared to continuous
variables. In the latter case the record sequence becomes highly regular at long times.
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Figure 6.1: (color online) Effect of rounding down records with discretization unit A. Inverted
triangles indicate records, with those that survive after rounding shown solid. The dashed line
shows the evolution of the rounded record value.

6.1 Introduction

The statistics of record-breaking events have been widely studied in many contexts, in-
cluding sports [1], evolutionary biology [2], the theory of spin glasses [3], and the possible
role of global warming in the occurrence of record-breaking temperatures [4-9]. Records
are defined as the entries in a time series of measurements that exceed all previous values.
While the record statistics of independent, identically distributed (iid) random variables
(RVs) that are drawn from continuous distributions are well understood [10, 11], the un-
derstanding of records drawn from time-dependent distributions [12-14] and from series of
correlated RVs [15, 16] is still developing.

Here we address discreteness effects on record statistics. Conventionally, records are
recorded from variables that are drawn from a continuous distribution. However, in all
practical applications, technical limitations cause observations to be discrete, even if the
underlying distribution is continuous. In sports or meteorology, distance, time, temperature,
or precipitation measurements are always rounded to a certain accuracy [1, 6, 7], resulting
in an effective discrete distribution of RVs. Thus ties of existing records can arise, which
alters the probability for a record to occur in any given observation (Fig. 6.1).

For RVs that are explicitly drawn from discrete distributions, the effect of ties strongly
affects the number of records [17-21]. For related d-records and geometric records, where
a new record arises only if the current observation exceeds the current record by a fixed
constant ¢ [21, 22] or by a fixed fraction [23], intriguing statistical properties of records
were found for the three universality classes of extreme value statistics (EVS) [24]. How-
ever, the consequences of measuring rounded record values that are drawn from continuous
underlying distributions appears not to have been studied previously.

We consider a set of RVs Xi,...Xy and focus on the probability P, = Prob(X,, >
X1,...,Xp—1) that the n'™ variable in this series is a record. We denote P, as the record
rate and R,, = Zzzl Py, as the record number. For continuous iid RVs, the universal result
is P, = % (see, e.g., [10, 11]). Thus for n > 1, R, = Inn + v, with v = 0.577... the Euler
constant. We assume that. the RVs X, are discretized in units of a minimal scale A. That
is, each X; gets rounded to a value of X = kA. We may consider (i) rounding down, with
k = |X;/A] and | X ] the floor function, which gives the largest integer smaller than X,
or (ii) rounding to the nearest lattice point, with k = | X;/A + A/2]. Because asymptotic
results do not depend on the rounding protocol, we will discuss only rounding down. We
define the strong record rate

P2 =Prob(X2 > X{,..., X5 ), (6.1)

in which ties caused by the discretization are not counted as new records. Thus not only
X, but also the rounded value XnA has to be larger than all previous RVs for a new record
to occur (Fig. 6.1).
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6.2 General theory, asymptotic results

For iid RVs X; drawn from a distribution with probability density f(x) and cumulative dis-
tribution F(z) = [“dy f(y), the record rate is obtained from P, = [ dz f(z)F" ' (z) [11].
For any continuous density f(x), this integral gives the universal behavior mentioned above,
P, = % However, if the measurement X is rounded down to X2, the integral for P, breaks
into the sum

(k+1)A
pp o= Y| [ des] Fries),
k kA
= Y [F((k+1)A) = F(kA)| F"7' (kA). (6.2)

k

This gives the strong record rate from continuous RVs that are rounded down to the closest
integer multiple of A. We emphasize that in the practically more relevant case where
record values are rounded either up or down to the closest integer multiple of A, the record
rate has the same statistical properties as those from only rounding down. We now give
asymptotic results for P2 for the three basic classes of EVS [24]: Weibull (distributions
with a finite upper limit), Gumbel (unbounded upper tail decaying faster than any power
law), and Fréchet (power-law upper tail). Our asymptotic approximations for the discrete
record rate P> for these classes of EVS agree well with numerical results.

Weibull class: For illustration, we start with the uniform distribution: f(z) = 1 for
x € [0,1] and 0 otherwise. For discretization scale A = 1 with integer-valued L > 1,

T
Eq. (6.2) reduces to:
%+-1
A n—1 _ An
Py = Z A (kA) =A H%—l,n—la (6.3)
k=1

where Hy, , is the m*™ harmonic number of power n. At some point in the time series of
RVs, a record with a rounded value 1 — A occurs; this is necessarily the last record. For
a fine discretization scale, A < 1, the sum in (6.3) can be replaced by an integral to give
P2~ % (1 —A)". Thus for any A > 0, P2 no longer decays as %, but instead approaches
zero exponentially with n — rounding strongly depresses the asymptotic record rate for the
uniform distribution.

A more general example of the Weibull EVS class is f(z) = £(1 —2)¢~!, with € > 0 and

x € [0,1]. By expanding Eq. (6.2) to second order for A < 1, we find

-

-1

PA~ [ dk {(1—%)5 - (1—(/<:+1)A)5}

»—-\D

x [1—(1—kA)" ",
L1 85T ] nat e,
exp(—nAf), nAf > 1.

Q

(6.4)

3= 3

Since the underlying distribution has a bounded support, the total number of records is
again finite. The results in (6.4) reproduce those found for the uniform distribution.

Gumbel class: As a basic example, we treat the exponential distribution f(z) = e™*.

For n > 1 we replace the sum in Eq. (6.2) by an integral and find

P2~ TRA( TRy oy T (1A 6.5
PR ey SR () (6.5)
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Figure 6.2: (color online) Scaled record rate nPs for n = 1000 for the Gaussian, exponential,
and Pareto (with p = 1.2) distributions. Without rounding, P, = 1. Simulations (symbols) are
averaged over 10° time series and over 975 < n < 1025 to smooth the data. Analytical predictions
(curves) are shown for comparison. For the origin of the peaks for the Gaussian and exponential
distributions, see the text following Eq. (6.14).

for arbitrary A > 0, in agreement with findings for the geometric distribution in Ref. [18]
and with our simulations (Fig. 6.2). For A < 1, (6.5) reduces to P2 ~ 1 (1 - 4), while
for A > 1, PnA = HLA. In contrast to the Weibull class, the PnA asymptotically decays as %
for arbitrary A.

For the Gaussian distribution f(z) = \/%7 e’/ 2. with unit standard deviation, we find

oo () v (532

1 1 1 2
~— —— —e @ F(x)" . .
/dx N e (x) (6.6)

For n — oo we evaluate this integral by the Laplace method by expanding the integrand
about z* = In(n?/27), where x* is the mean value of the n*® record. After some calculation,
we obtain

that as n — o

(D) o)

Thus the record rate decays slightly faster than % (Fig. 6.2). Correspondingly, RS o

1
PA~
" nA

A~'(Inn)'/?, which diverges weakly as n — oc.

Fréchet class: A representative for this class is the Pareto distribution f(x) = pz=#~1,
with >1 and p>0. Using again Eq. (6.2), the asymptotic record rate P> is
n

PAxtfi-4ur(24 )0 1] (6.8)

In contrast to the two previous classes, the effect of the rounding is negligible, as P> — P,
for n — oo and arbitrary A (Fig. 6.2).

6.3 Small-A regime

We now focus on the effects of rounding when the discretization scale is small (A <« 1) for
fixed n. Here we find a useful analogy between the effect of a linear drift in RVs [13] and
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the effect of rounding, and we adapt methods developed for the former problem to help
elucidate rounding effects. For small A the general expression (6.2) for P2 simplifies to

(k+1)A
Pr=>" / dz f(z)| F" Y (kA),
k kA

= [ s lals).
Lon [t = o)) P P2 e). (6.9)

%

Here |z]a is defined as the largest integer multiple of A that is smaller than z. Thus,
in the second line, kA = [z|a for kA < z < (k+ 1) A, which obviates writing the sum.
In the last step, we expand to first order in the quantity @ — |z]a and employ the crude
assumption that, on average, © — |z|a &~ % to give

Pr~L1(1-2407T,), (6.10)

where Z,, = [ dz f?(x)F"~2(z). The approximation underlying (6.10) is valid if n?AZ,, < 1.
The quantity Z,, appears in record statistics that arise from continuous RVs with a linear
drift [13], whose behavior is known for a wide range of distributions. In the following we
use the results from [13] to determine P2 in the small-A regime.

Weibull and Fréchet classes: For the distribution f(z) = &(1 — x)¢~! introduced above,
the approximation given by Eq. (6.10) is useful for ¢ > 1 and we find, for nA® < 1,

P2~ Ll1-4Er(2-1)ne] (6.11)

which, for nA¢ < 1 and £ > 1, agrees with the result derived from our general approach in
Eq. (6.4). Similarly, for the Pareto distribution we recover Eq. (6.8).

Gumbel class: For the exponential distribution, we find P2 ~ % (1—%), which agrees
with the small-A behavior of Eq. (6.5). For the Gaussian distribution, the small-A approx-
imation allows us to obtain a new expression for the record rate when vInn < A~!,

pral [1—M 1n(”2)] . (6.12)

" n 8T

The regime vInn < A~! is not accessible through the general approach and this range is
particularly important for applications, such as in climatology [7]. For n > 1 and A <« 1,
Eq. (6.12) reproduces the numerical simulation values for P2 very accurately (Fig. 6.3).

6.4 Large-A regime

For Gumbel-class distributions that decay at least exponentially fast near the upper limit,
we can provide an alternative description for the record number R%. For these distributions,
it is known that the average spacings between the record events do not increase in time for
large n [11]. Therefore, we may choose a sufficiently large value of A that almost all records
are suppressed because of ties. It then follows that all discrete values kA (with k > 0) will
eventually be record values and R$ is just the sum over the probabilities that a record has
already occurred for a certain value kA. The corresponding probabilities II,, (k) for record
value kA are given by I1,,(k) ~ 1 — F(kA)"~!, which leads to

Ry~ T, (k) ~1+ i [1—F(kA)" '] . (6.13)
k=0 k=1
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Figure 6.3: (color online) Simulations of P5* for Gaussian RVs in the regime vInn < +. Thin
curves are % (Pn — P,LA) for A = %,i and é and n € [0,100]. For each A, 10° time series were
simulated. The thick dashed curve depicts the analytical prediction Eq. (6.15). Inset shows the

same analysis for A = 1 with n € [1,1000].

For elementary Gumbel distributions, interesting properties emerge from II, (k). For a
small n and large kA, it is obvious that IL,(k) = 0. Conversely, for large n and arbitrary
kA eventually II,, (k) = 1, since F(kA) < 1 for finite kA.

We now estimate the regime where II,, (k) switches between 0 and 1; this condition also
determines the point where the mean record number switches from k — 1 to k. Since II,, (k)
will never be exactly 0 or 1, we seek the time n, where I, (k) is either smaller than e
(n=n_) or larger than 1 — ¢ (n=n,) for small ¢ <« 1. By elementary means we find

Ine €

mFEAN)] T TIFRA)]

(6.14)

Evidently II,, (k) switches between 0 and 1 when n is between n_ and n,, where n_ and
ny are both proportional to [In (F(kA))]~!. For the exponential distribution, for example,
we find that n_ = eef® and ny = In(1/¢€) e, so the k" record will occur at a time
proportional to e¥2, leading to a mean record number of R2 % Inn. In the large kA
regime, records occur in an ordered fashion and are well separated from each other. The
(k +1)%* record occurs at time e+ DA which for A > 1, is much later than the time of the
k'™ record. Thus the mean record number undergoes a step-like periodicity when plotted
against e¢”. For the Gaussian distribution, the same approach now predicts that IL, (k)
switches for n &~ V2rkA eF*A%/2 (Fig. 6.4). For large kA and large n, the mean record
number becomes

n2

1
A ~
R ~ kgio I, (k) =~ In <27T> ) (6.15)

which was already obtained with the general approach above and confirms the validity of the
form for RS given in Eq. (6.13). The step periodicity in R4 is the source of the observed
peaks (Fig. 6.2) in the record rate P> as a function of A for exponential and Gaussian
distributions.

6.5 Conclusions

We determined how rounding down continuous random variables affects the statistics of
records. Our results directly apply to the practical situation where continuous variables are
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Figure 6.4: (color online) Record number RS for Gaussian RVs for A = 1,2,4. Data (red) are
based on 100 realizations with a maximal n = 10°°. For n > 10° we used an algorithm that directly
simulates record events by sampling both the distribution and the waiting time of the (k + 1)
record from the value of the k™ record. Thin lines (black) show the asymptotic behavior predicted

by Eq. (6.15). The vertical lines show the steps predicted by n ~ v2m k A e(kA)?/2,

rounded either up or down to the closest integer multiple of a fixed discretization scale A.

For distributions with bounded support, rounding leads to an exponential decay of the
record rate, PnA, and an asymptotically finite record number. In contrast, for power-law dis-
tributions, the effect of rounding becomes negligible for n — oo and P2 — % independent of
A. In the intermediate Gumbel class, the behavior is more subtle. For the exponential dis-
tribution, P2 decays as % with a A-dependent prefactor, while for the general distribution
f(z) < exp(—|z|?) with 8 > 1, the record rate decays as n~!In (n)l/ﬁfl.

For underlying distributions that decay at least exponentially, the record sequence be-
comes ordered at long times, in marked contrast to independent record events in for con-
tinuous iid RVs [10, 11]. While correlations between record events have been previously
observed for RVs that are drawn from drifting [14] or broadening [12] distributions, the
effect of rounding is much stronger and renders record events predictable on a time scale
that grows exponentially (or faster) with record number.

To illustrate that rounding effects have an observationally significant influence on records,
we analyzed 50 years of daily temperatures from 361 U.S. weather stations [25] along the
lines of [7]. The measurements were reported in integer units of A = 1°F and we consid-
ered all 361 times 365 time series for the individual calendar days with an average standard
deviation of o & 8.9°F. Only 75% of the weak upper (ties allowed) and 78% of the weak
lower records were also strong records (no ties), in good agreement with the value of 79%
predicted by our analytical result in Eq. (6.12). In this example the effect of ties on the
record rate has a similar magnitude as that of the small warming trend in the data (cf. [5-
7]). Thus rounding effects should be carefully accounted for if one wishes to use record
statistics to detect secular trends in data, such as global warming.

Acknowledgements

GW acknowledges financial support from Friedrich-Ebert-Stiftung and BCGS as well as the
kind hospitality of the Center for Polymer Studies in the early stages of this work. DV and
SR thank NSF grant DMR-~0906504 for partial financial support of this research.



78 Chapter 6. Rounding effects in record statistics

Bibliography

1]
[2] J. Krug and K. Jain, Physica A 358, 1 (2005).
[3] L. P. Oliveira, Phys. Rev. B 71, 104526 (2005).
[4] G. W. Bassett, Climatic Change 21, 303 (1992).
[5] S. Redner and M. R. Petersen, Phys. Rev. E 74, 061114 (2006).
[6] G. A. Meehl et al., Geophys. Res. Lett. 36, L23701 (2009).
[7] G. Wergen and J. Krug, EPL 92, 30008 (2010).
[8] W. I. Newman, B. D. Malamud, and D. L. Turcotte, Phys. Rev. E 82, 066111 (2010).
[9] S. Rahmstorf and D. Coumou, Proc. Natl. Acad. Sci. USA 108, 17905 (2011).
[10] N. Glick, Amer. Math. Mon. 85, 2 (1978).
[11] B. C. Arnold, N. Balakrishnan, and H. N. Nagaraja, Records (New York: Wiley, 1998).
[12] J. Krug, J. Stat. Mech.: Theor. Exp. P08017 (2007).
[13] J. Franke, G. Wergen, and J. Krug, J. Stat. Mech.: Theor. Exp. P10013 (2010).
[14] G. Wergen, J. Franke, and J. Krug, J. Stat. Phys. 144, 1206 (2011).
[15] S. N. Majumdar and R. M. Ziff, Phys. Rev. Lett. 101, 050601 (2008).
[16] G. Wergen, M. Bogner, and J. Krug, Phys. Rev. B 83, 051109 (2011).
[17] W. Vervaat, Stoch. Proc. Appl. 1, 317 (1973).
[18] H. Prodinger, Discrete Math. 153, 253 (1996).
[19] R. Gouet, F. J. Lopez, and G. Sanz, Adv. Appl. Prob. 37, 781 (2005).
[20] E. S. Key, J. Theor. Probab. 18, 99 (2005).
[21] R. Gouet, F. J. Lopez, and G. Sanz, Bernoulli 13, 754 (2007).
[22]

4, 123 (1996).
[23] R. Gouet, F. J. Lopez, and G. Sanz, J. Stat. Mech.: Theor. Exp. P01005 (2012).

[24] E. J. Gumbel, Statistical Theory of Extreme Values and Some Practical Applications,
Vol. 33 (U.S. Government Printing Office, 1954, 1954).

[25] C. Williams Jr. et al., Historical Climatology Network Daily Temperature, Precipita-
tion, and Snow Data, Tech. Rep. (Carbon Dioxide Information Analysis Center, Oak
Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tennessee, 2006)
oRNL/CDIAC-118, NDP-070.

[26] S. Sabhapandit, EPL 94, 20003 (2011).

[27] V. B. Nevzorov, Records: Mathematical Theory (Providence, RI: American Mathemat-
ical Society, 2001).

[28] J. Franke, G. Wergen, and J. Krug, Phys. Rev. Lett. 108, 064101 (2012).

[29] P. Sibani, G. F. Rodriguez, and G. G. Kenning, Phys. Rev. B 74, 224407 (2006).
[30] L. De Haan and A. Ferreira, FExtreme Value Theory (New York: Springer, 2006).
[31] 1. Eliazar, Physica A 348, 181 (2005).

[32] D. Gembris, J. G. Taylor, and D. Suter, J. Appl. Stat. 34, 529 (2007).

[33] R. E. Benestad, Climate Res. 25, 3 (2003).


http://cdiac.ornl.gov/epubs/ndp/ushcn/usa.html

79

Part 11

Record-breaking temperatures

7 Record-breaking temperatures reveal a warming climate
7.1 Introduction.
7.2 Theory .
7.3 European data . .
7.4  American data and dlscreteness effects .
7.5 Re-analysis data .
7.6 Conclusions .

8 Record occurrence and record values in daily & monthly

temperatures
8.1 Introduction.
8.2 Theory: Record occurrence in the presence of hnear drlft
8.2.1 Record statistics of iid. RV’s
8.2.2 Linear Drift .
8.3 General introduction of the data
8.3.1 US monthly station data
8.3.2 European daily data . . .
8.4 Occurrence of records in daily and monthly temperatures
8.4.1 US monthly station data
8.4.2 European daily re-analysis data .
8.5 Theory: Distributions of record values
8.5.1 Records in the n’th step.
8.5.2  k’th records .

8.6 Distributions of record values in European temperature recordmgs .

8.6.1 Mean values of records in a given year
8.6.2 Distribution of records in a certain year .
8.6.3 Records with a given record number
8.6.4 Record values in the far north

8.7 Discussion and conclusion .

81
82
83
83
88
89
89

93
94
96
96
96
98
99
100
101
101
102
103
103
105
105
107
109
110
111
111






81

Chapter 7

Record-breaking temperatures
reveal a warming climate

Gregor Wergen and Joachim Krug
Institute for Theoretical Physics, University of Cologne

Published in: EPL 92 (2010) 30008

Abstract: We present a mathematical analysis of records drawn from independent random
variables with a drifting mean. To leading order the change in the record rate is proportional
to the ratio of the drift velocity to the standard deviation of the underlying distribution.
We apply the theory to time series of daily temperatures for given calendar days, obtained
from historical climate recordings of European and American weather stations as well as
re-analysis data. We conclude that the change in the mean temperature has increased the
rate of record breaking events in a moderate but significant way: For the European station
data covering the time period 1976-2005, we find that about 5 of the 17 high temperature
records observed on average in 2005 can be attributed to the warming climate.
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Figure 7.1: Schematic of the evolution of the daily temperature distribution under linear drift of
the mean.

7.1 Introduction

In current media coverage the occurrence of record-breaking temperatures and other ex-
treme weather conditions is often associated with global climate change. However, record
breaking events occur at a certain rate in any stationary random process. In mathematical
terms, a record is an entry in a time series that is larger (upper record) or smaller (lower
record) than all previous entries [1-3]. If the entries are independent and identically dis-
tributed random variables drawn from a continuous probability distribution, the probability
P, to observe a new record after n steps, hereafter referred to as the record rate, is simply
P, = 1/n, because all n values are equally likely to be the largest. Applying this result to
maximal temperatures measured at a specific calendar day over a time span of n years, it
follows that the expected number of records per year is 365/n, i.e. about 12 records for an
observation period of 30 years. Remarkably, this prediction is entirely independent of the
underlying probability distribution, which may even differ for different calendar days.

Despite considerable current interest in extreme climate events [4-14], the subject of cli-
mate records has received relatively little attention. It is intuitively obvious that an increase
in the mean temperature will lead to an increased occurrence of high temperature records,
but attempts to detect this effect in observational data have long remained inconclusive
[15-18]. Only very recently an empirical study of temperature data from the US found a
significant effect of warming on the relative occurrence of hot and cold records [19)].

Here we present a detailed analysis of several large data sets of temperature measure-
ments from both American and European weather stations, as well as re-analysis datal. We
find that the observed increase in the number of high temperature records (and the corre-
sponding decrease in the low records) is well described by a minimal model which assumes
that the distribution of temperatures measured on a given calendar day is a Gaussian with
constant standard deviation ¢ and a mean that increases linearly in time at rate v (see
Fig.7.1). This model is consistent with previous findings [18, 20-23] and it is supported by
our own analysis of the available data sets [24], see Fig.7.2 for an example. While changes
in temperature variability have also been argued to be important in the generation of ex-
treme temperature events [5, 7], we have failed to detect a clear systematic trend in o in
the data [ Fig.7.2 (b)]. Moreover, the increase in the mean supersedes a possible effect
on o, in the sense that the former leads to an asymptotically constant record rate [25-28]
whereas the latter only increases the record rate from 1/n to (Inn)/n [29]. For these rea-
sons we restrict ourselves to the simplest setting of a temperature distribution of constant
shape and linearly increasing mean. Although temperature fluctuations are well known to
display long-term correlations [30, 31], the assumption that the daily temperatures are not
correlated is justified because individual measurements in a time-series are always one year
apart (see [18] and the quantitative discussion below).

IThe re-analysis approach combines meteorological observations from a variety of sources with advanced
data assimilation techniques in order to create a continuous stream of observables on a three-dimensional
grid, see [20] for details.
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7.2 Theory

We begin by deriving an approximate analytic expression for the increase in the record
rate P, caused by a linear drift of the mean. In general, the record rate for a sequence of
independent but not identically distributed random variables x,, is given by [29]

x

P, :Zo fn(x)dx:t[l /dmkfk(xk) (7.1)

\— OO

where f,,(x) denotes the probability density at time step n. Here we consider a drifting
distribution of constant shape, which implies f,(z) = f(x — vn) with a common density
f(z). This reduces (7.1) to

%) n—1 z+vk
P, = /f(x)dxH /dxkf(xk) . (7.2)

An explicit evaluation of (7.2) is possible for special choices of f(x), but in general it is only
known that P, converges to a nonzero limit P* = lim,,_,~ P, when v > 0 [25-28]. In the
climate context the drift speed is expected to be small compared to the standard deviation
of the distribution. We therefore expand (7.1) to linear order in v, which yields

1 vn(n—1) i 9 e
PHNE—i—f/dxf (z) F"~2 () (7.3)

where F'(z) is the cumulative distribution function of f(x). In [28] the integral in the
second term is evaluated for various elementary distributions. For distributions with a
power law tail one finds that the correction term decreases for large n. On the other hand,
for distributions that decay faster than exponential, the correction term generally increases
with n. In the Gaussian case of interest here the integral can be evaluated in closed form
only for n = 2 and 3, with the result

v 3v
2\/mo 4\/mo’

Using a saddle point approximation and the properties of the Lambert W-functions [32] to
extract the behavior for large n one arrives at the asymptotic expression [28]

1 02 2
Pon L U2VT ("—) (7.5)
n

o €2 8T

1 1
P~ = Py~ — 7.4
2~ S+ , By~ gt (7.4)

which is accurate for n > 7. For n = 4,5, 6 the integral can be evaluated numerically. For
a typical value of v/o = 0.01 and a time span of 30 years, (7.5) implies an increase of the
record rate from 1/30 ~ 0.033 to 0.042, or an increase in the expected number of record
events per year from 12 to 15. In the following this prediction will be compared to empirical
temperature data.

7.3 European data

The most comprehensive analysis was carried out for temperature data obtained within the
ECAD project, which comprises a total of 752 European stations [22]. The data consist of
daily recordings for the minimum, mean and maximum temperature, as well as precipitation
and snowfall. These stations recorded over time-spans of varying length between less than
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Figure 7.2: This figure summarizes the behavior of the distribution of daily maximum tempera-
tures for data set EIl. (a) Mean daily maximum temperature. Daily maximum temperatures were
averaged over all stations and the entire calendar year. Diamonds show the average of dTmax for
individual years and the full line is a sliding 3-year average. The regression line (dashed) shows a
clear increase over the last 30 years. (b) Standard deviation of daily maximal temperatures. To
estimate the standard deviation, first a linear regression of dTmax was carried out for each station
and each calendar day. The standard deviation for a given year was then computed by averaging
the squared deviation of dTmax from the linear fit over all stations and all calendar years. Full
line is a 3-year average and the dashed line the result of a linear regression. We find no systematic
trend in the standard deviation. (c) Distribution of daily temperatures on individual calendar
days. The measurements were detrended and normalized for all time series individually and then
accumulated. The dashed line is the probability density of a standard normal distribution.
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(a) Record frequencies for data set EI (1906-2005).
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Symbols show the average

number of records per calendar day in forward () and backward (<) time direction, averaged over
365 calendar days and 43 stations. Full and short-dashed bold lines were obtained by an additional
sliding 9-year average. Long-dashed bold line shows the prediction P, = 1/n for a stationary
climate. (b) Record frequencies for data set EII (1976-2005). Symbols show the average number
of records per calendar day for upper (A) and lower (57) records in forward direction, and for
upper records in backward direction (<). Full lines were obtained by an additional sliding 3-year
average. Dotted line shows the prediction P, = 1/n for a stationary climate, and long-dashed lines

show the model predictions.
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number of upper (A) and lower (v7) records observed since 1976 at a given calendar year in the
forward time analysis. Dotted line shows the prediction for a stationary climate, and dashed lines

show the prediction for a constant rate of warming. Inset shows the results for the entire time-span
from 1976 to 2005.

10 and more than 200 years. Defective and missing entries were marked in the data sets. We
restricted our study to time-series of daily minimum (dTmin) and maximum temperatures
(dTmax) which were to at least 95% reliable. This resulted in two sets of station data, one
(set EI) consisting of 43 stations that recorded over the 100 year period 1906-2005, and a
second (set EII) containing 187 stations that recorded over the 30 year period 1976-2005.
Each station recorded 365 time series, and the results presented below constitute averages
over all calendar days and all stations within the respective data set.

Taken together, we thus had roughly 15,000 time series in data set EI and 68,000 time
series in data set EII at our disposal. However, it is important to note that the effective
number of independent time series is much smaller. The number of independent series is
limited by correlations both in space and in time. The correlations in space result from
the fact that the time series from neighboring stations are strongly correlated if they are
less than 1000 km apart [33]. As the spatial distribution of the stations over Europe was
relatively homogeneous, we estimate an effective number of 12-15 independent stations for
the European data. Furthermore, although daily temperature measurements in subsequent
years can be assumed to be uncorrelated, time series recorded at individual calendar days
that are close to each other are correlated as well. Based on the analysis of [31] we estimate
that these correlations extend over a duration of approximately 10 days, which implies that
the number of independent calendar days is around 36. We therefore conclude that our
analysis of the European data effectively comprises about 400-500 independent time series.

Figure 7.2 summarizes the analysis of the distribution of dTmax for data set EII. The
mean maximal temperature is found to increase at rate v = 0.047 &+ 0.003°C/yr, while
the standard deviation is essentially constant with a mean value of ¢ = 3.4 £ 0.3°C. The
detrended temperature fluctuations are Gaussian to a good approximation. A corresponding
analysis for data set EI yields a warming rate of v = 0.0085 £ 0.003°C/yr and the same
standard deviation as for data set EII.

To directly test for correlations between daily temperatures, we computed the average
two-point correlation for subsequent years after subtracting the drift and normalizing. For
both data sets the correlations were found to fluctuate around a small average value of order
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Figure 7.5: Record frequencies for data set AI (1881-2005). Full line shows the average number
of upper records per calendar day after a 9-year sliding average, short-dashed line shows the

corresponding frequency for lower records, and long-dashed line shows the prediction P, = (1 —
d/c)/n for a stationary climate with discrete measurements.

+0.01 with a standard deviation of order 0.1. These values are consistent with a power law
decay of the form found in [30, 31].

In Figure 7.3(a) we show results of the analysis of temperature records in data set
EI. The figure depicts the measured daily record frequency for upper records of dTmax,
obtained both from a forward analysis (where a record is the highest value of dTmax since
1906) and from a backward analysis (where years are counted backwards in time and records
are defined with respect to the temperature in 2005). According to the prediction (7.5),
the forward and backward record rates should lie symmetrically around the record rate
1/n of the stationary climate, which is consistent with the displayed data. Throughout
the analyzed time span (with the exception of a short period around 1960 in which the
climate was effectively cooling) the forward record frequency lies above the backward record
frequency. This shows that the increase in the mean temperature significantly affects the
statistics of records. The effect is particularly pronounced during the last two decades,
where warming has been most significant (see the discussion of data set EII below). For
the year 2005, the measured forward record frequency is about twice as large as expected
for a stationary climate. Using the mean warming rate estimated over the entire 100 yr
time period, only an enhancement of 40% is predicted by Eq.(7.5). This shows that the
assumption of a constant rate of warming is not a good approximation for data set EI.

Figure 7.3(b) displays the corresponding results for data set EII. Since the rate of
temperature increase was relatively constant during this time period, we find good quanti-
tative agreement between the data and the model predictions. The agreement is even more
striking for the mean record number displayed in Figure 7.4. In a stationary climate the
expected number of records observed over n years is

k=1

where v /= 0.5772156... is the Euler-Mascheroni constant. For a 30 year period this amounts
to an expected record number of 3.98, which is to be compared to the observed number
4.24 for the upper records, and 3.66 for the lower records of dTmax. Together Figures 7.3
and 7.4 provide a strong validation of our model. Using our estimate v/o = 0.014 for data

~Inn+~y (7.6)

> =
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Figure 7.6: Spatial distribution of record number and normalized warming rate in central Europe
based on re-analysis data (1957-2000). (a) Contour map of the number of records, computed from
the 365 time series of daily high temperatures for each point on a rectangular grid of 14 x 18 = 252
stations. The expected number of records in a stationary climate is 4.36. (b) Contour map of the
spatial distribution of the rate of warming, normalized by the standard deviation.

set EII, Eq.(7.5) predicts that the increase in mean temperature has increased the rate of
record occurrence by about 40% over the time period from 1976-2005, which implies an
additional 5 out of 17 records per year in 2005.

Similar analyses were carried out for upper and lower records of dTmin. We find that
the mean record number of dTmin behaves similar to the number of records of dTmax,
with 4.32 upper records and only 3.66 lower records. In the backward time analysis we
found 3.71 upper records for dTmax and only 3.62 for dTmin. The number of lower records
was increased in the backward time analysis, which is in agreement with the results for the
upper records. In summary, the number of lower records has decreased in the same manner
as the number of upper records has increased (see Fig.7.3(b)).

7.4 American data and discreteness effects

The American data sets were extracted from a total of 1062 stations [21]. Requiring again
a reliability of at least 95%, we were left with 10 stations that recorded over the 125 year
time span 1881-2005 (data set AI) and 207 stations that recorded over the 30 year time
span 1976-2005 (data set AIT). While the 10 stations of data set Al can be assumed to
be independent, the number of effectively independent time series in data set AIl is again
much smaller.

The result of the record analysis was similar to that performed on the European data sets,
with two important differences. First, owing to the continental character of the American
climate, the standard deviation o is considerably larger than in Europe, which, according
to Eq.(7.5), implies a weaker effect on the record rate. For example, for data set AII
we estimate a warming rate of v = 0.025 £+ 0.002°C/yr and a standard deviation of o =
4.9 £ 0.1°C, which yields a ratio v/o that is only one third of the value for data set EIL.

Second, the American data were rounded to full degrees Fahrenheit, whereas the Euro-
pean data were measured in tenths of degrees Celsius. As a consequence, the probability of
ties is significant in the American data but negligible for the European data sets. Here we
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count only strong records, which are broken only by a value that exceeds the current record.
To account for these discreteness effects one computes the probability that a current record
is tied in the nth event. For a small unit of discretization d < o, this probability is given
by P! =~ d/(on). This leads to the probability for a record event with discretization as
P? ~ (1—d/o)/n, and summing over n the reduction of the number of strong records due
to ties in a stationary climate is well described by [24]

R: = (Inn+7)(1—d/o) +2d/o. (7.7)

For the American data sets d = 5/9°C = 0.5555..°C, which reduces the number of strong
records per day expected in a stationary climate over a 30 year period from 3.98 to 3.75. In
comparison, the observed number of records in data set AIl is equal to 3.86 in the forward
analysis and 3.66 in the backward analysis. Again, warming has significantly increased the
number of records, but the effect is less pronounced than for the European stations. The
evolution of record frequencies in data set Al is shown in Fig.7.5. Note that a failure to
account for the discreteness effect would lead to an apparent asymmetry between high and
low records relative to the stationary case. Such an asymmetry was observed in the analysis
of American temperature data in [19], where it was suggested that warming primarily
reduces the number of low temperature records, while the effect on high records is less
pronounced.

7.5 Re-analysis data

Taken together, the results presented so far show that the increased occurrence of tempera-
ture records can be linked quantitatively to the ratio v/o of warming rate and temperature
variability. Using the ERA-40 Re-Analysis data [20], we were able to extend this analysis to
the spatial distribution of the record rate. The data consist of daily temperature series over
the period 1957-2000 for 252 geographic locations in central Europe arranged on a regular
grid, covering an area of about 3 x 108 km?. For each location the number of upper records
of the daily maximal temperature was determined, and the results are shown in the form of
a “record map” in Fig. 7.6(a). The comparison with a corresponding map of local values
of the ratio v/o in Fig.7.6(b) shows similar patterns, supporting our conclusion that v/o
is a good (if not perfect) predictor for the increased occurrence of records. Interestingly,
the two most pronounced islands of high record occurrence (R, > 4.8) in Fig. 7.6(a) are
attributed to different mechanisms. One, in southern France, reflects the exceptionally high
rate of warming v in this region, whereas the other, over the North Sea, is a consequence
of a low temperature variability o.

An analysis of the seasonal variability of the record events in the (spatially averaged)
re-analysis data leads to a similar result. We compared the seasonal distribution of the
difference between the mean record numbers in forward and backward time analysis to
that of the ratio v/o, and found a close match between the two (Fig.7.7). While the
standard deviation shows a clear seasonal pattern with a pronounced maximum in winter,
the seasonal variability of the warming rate is rather complicated. As a consequence, a
simple seasonal pattern in the rate of record occurrence could not be identified.

7.6 Conclusions

In summary, by combining a simple mathematical model with extensive data analysis,
we have conclusively established that the current rise in mean temperature significantly
affects the rate of occurrence of new temperature records. While the majority of the high
temperature records observed in Europe at the end of the 30 year period from 1976-2005
would have occurred even in a stationary climate, the effect of warming is substantial,
leading to an additional 5 out of 17 records per year.
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Figure 7.7: Seasonal distribution of the excess number of temperature records compared to
the seasonal distribution of v/o in central Europe based on re-analysis data (1957-2000). The
warming rate v and the standard deviation o for a given calendar day was computed as described
above in the caption of Fig.7.2. The warming rate for a given calendar day is the average over
all stations of the slope of the corresponding linear regression, and the standard deviation is the
averaged squared deviation from the linear trend over all stations and years. Full line represents
the difference between the mean number of high temperature records in the forward time analysis
and the backward time analysis for the entire 43 year period (left axis). Dotted line gives the
seasonal distribution of v/o (right axis). Both lines were obtained by performing a sliding 30-day
average.

The key parameter governing the effect of warming on the occurrence of records is the
ratio v/o, and to leading order the change in record rate is linear in this parameter. It is
instructive to explore the future frequency of record-breaking events under the assumption
that v/o will remain constant. The expression (7.5) then predicts that the enhancement of
the record frequency (compared to the expectation P, = 1/n in a stationary climate) will
continue to increase, up to the point where the expansion underlying (7.5) breaks down
when the two terms become of comparable magnitude at a time roughly of order n* ~ o /v.
Beyond this time the record rate saturates at a constant value P*. Using our estimate
v/o = 0.014 for data set EII, we find that P* a2 0.033 for the Gaussian distribution. This
implies that, towards the end of this century, daily high temperatures exceeding all values
measured since 1976 will continue to occur in Europe on about 12 days of the year; at the
same time the occurrence of low temperature records will essentially cease.
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Abstract: We analyze the occurrence and the values of record-breaking temperatures in
daily and monthly temperature observations. Our aim is to better understand and quantify
the statistics of temperature records in the context of global warming. Similar to earlier
work we employ a simple mathematical model of independent and identically distributed
random variables with a linearly growing expectation value. This model proved to be useful
in predicting the increase (decrease) in upper (lower) temperature records in a warming
climate. Using both station and re-analysis data from Europe and the United States we
further investigate the statistics of temperature records and the validity of this model.
The most important new contribution in this article is an analysis of the statistics of record
values for our simple model and European reanalysis data. We estimate how much the mean
values and the distributions of record temperatures are affected by the large scale warming
trend. In this context we consider both the values of records that occur at a certain time
and the values of records that have a certain record number in the series of record events.
We compare the observational data both to simple analytical computations and numerical
simulations. We find that it is more difficult to describe the values of record breaking
temperatures within the framework of our linear drift model. Observations from the summer
months fit well into the model with Gaussian random variables under the observed linear
warming, in the sense that record breaking temperatures are more extreme in the summer.
In winter however a significant asymmetry of the daily temperature distribution hides the
effect of the slow warming trends. Therefore very extreme cold records are still possible
in winter. This effect is even more pronounced if one considers only data from subpolar
regions.
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Figure 8.1: Daily maximum temperature measurements for November 1st in Prag for the time
span from 1772 to 2010. The figure illustrates the progression of the upper and lower record values.
The full red line gives the progression of the highest temperature in the time-series and the dotted
blue line the progression of the lowest one. In each case the number of steps is the respective upper
or lower record number. The statistics of those record progressions, the number and the height of
the steps is the subject of this paper.

8.1 Introduction

In the context of global warming, record-breaking temperatures have received considerable
attention recently. In newspapers and in television one frequently hears of hottest sum-
mer days, extreme heat streaks, or record breaking storms. Extreme and record breaking
weather events are not only interesting for the observer but can also have a big impact on
agriculture, economy and human life. If one considers record-breaking events in climatol-
ogy, these should of course always be seen in the context of global warming. The crucial
question is: How much are the climate records we encounter today affected by the evident
climatic change [1] of the last decades?

While the study of extremal events in general is very important in climatology [2-7],
record temperatures have not received much attention until recently. Even though it is
intuitively clear that increasing temperatures should result in a higher than average number
of hot day records, this effect was not studied and detected in observational data for a long
time. However, there has been some research on the statistics of temperature records in
the last years. Redner and Peterson [8] analyzed the statistics of record temperatures for
daily temperature measurements from Philadelphia over a 126 year time-span. Due to
the fact that they only used data from a single station, their analysis did not establish a
significant connection between the increase of global mean temperatures and local record-
breaking events, but made important theoretical contributions to the subject. There is also
some earlier work by Benestad [9], who analyzed the occurrence of records for stations in
Scandinavia.

Meehl et al [10] found a significant effect of slowly changing temperatures on the oc-
currence of records for daily temperatures at weather stations in the United states. In
particular they demonstrated that in an analysis starting from 1970 the rate at which up-
per records occurred declined more slowly than the rate of lower records. In 2010 two of us
obtained similar results in an independent study [11]. We performed an extensive analysis
of European and American station data and combined it with a simple mathematical model
[12] to quantify the effect of slow temperature changes upon the records of daily tempera-
tures. For the European station data covering the time period 1976-2005, we found that
on average b of the 17 high temperature records recorded at one station in one year can be
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attributed to the observed slow increase of temperature.

Our findings and our analytical model were discussed and confirmed by Elguindi et
al [13] using gridded data from regional climate models. They also made predictions for the
spatial distribution of record temperatures in Europe for the future based on model data
from the ENSEMBLES project. Newman et al [14] analyzed record breaking temperatures
at a very high resolution from the Mauna Loa Observatory on Hawaii for the time-span
from 1977 to 2006. They also presented evidence for slowly increasing temperatures in the
occurrence of records. However, in their data they found that while the rate of cold records
is significantly decreased, the number of hot records remained unchanged. Rahmstorf and
Coumou [15] considered monthly mean temperatures from a weather station in Moscow and
could show that the number of hot records in these mean values increased significantly. They
also discussed the effect of climatic change on the occurrence of global-mean temperature
records based to a large extent on numerical experiments.

The purpose of this paper is to provide a detailed analysis of the statistical properties of
record-breaking temperatures also from a theoretical point of view. The main idea behind
this analysis is illustrated in Fig. 8.1. We consider the progression of the records and record
values in time series of temperature measurements for individual calendar days and months.
This way, the daily measurement are always one year apart from each other and, to a good
approximation, their statistics can therefore be compared to uncorrelated random variables.
We use both station and gridded re-analysis data of daily and monthly mean and maximum
temperatures to get a more complete picture in space and time.

In particular we will consider monthly mean temperatures at single stations for the
continental United States and gridded temperature data for Europe. In 2010 we already
considered daily station data from the United States and had difficulties to quantify the
effect of slow changes in temperature with our model [11]. In this paper we will find that
if one analyses monthly mean values both increase of the upper record number and the
decrease of the lower record number is much more pronounced than in the daily data. The
reason for this is the strongly reduced level of variability in the monthly averages. For the
European daily data we already found a strong effect of slowly increasing temperatures
since the increase of the mean temperature was stronger and the standard deviation was
smaller in this data set. Therefore and because of the high density and homogeneity of the
gridded temperature data [16] we decided to analyze the statistics of record values of these
European data.

At this point we will give a brief outline of the article: Before we introduce and discuss
the different data sets, we will give an overview and some new results on the record statistics
of independent and identically distributed (iid) random variables (RV’s) with a linear drift.
This Linear Drift Model (LDM) discussed by Franke et al [12] is very important for our
understanding of temperature records. The results for the occurrence of records in the LDM
have been published before, but we briefly describe them to make the article self contained.

In section 3 we introduce the data sets that were mentioned above. We describe the
statistical properties of the measurements and their time-dependence and discuss how well
the observational data fit the LDM. For that purpose we analyzed the time-dependence
of the mean and the standard deviation of the recordings. In the following section 4 we
will then first consider the occurrence of records in the different data sets, in particular
the record rate in the daily and monthly temperature recordings. We analyzed the record
rate in the United States with respect to the different seasons to find out when the effect
of slowly evolving temperatures on the record statistics is strongest. In particular we will
discuss the ratio between the number of upper records and the number of lower records and
compare it to the predictions from our analytical model.

Section 5 is again about theoretical aspects. Here we will discuss the statistics of record
values within the LDM using both an analytical approach and numerical simulations. We
quantify the effect of the linear drift on the mean value and the standard deviation of
record values that occur at a certain time step and of record values that have a certain
record number in the series of record events. The aim is to understand if the record events
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we have to expect in the presence of slowly increasing temperatures are more extreme or
more variable than without any climatic change.

In the subsequent section 6 we will then compare the findings of section 5 to the obser-
vational data we already introduced and discussed in sections 3 and 4. In section 6 we will
consider the behaviour of the mean values of record events as well as their full distributions.
For that purpose we will introduce a simple rescaling of the observational data to account
for seasonal and spatial variations in the standard deviation of the time series. Then we
will discuss both the values of records that occur in a given year as well as the values of
records that have a certain record number.

Finally in section 7 we summarize and evaluate our findings and discuss them in the
context of ongoing research in the field of temperature records.

8.2 Theory: Record occurrence in the presence of lin-
ear drift

8.2.1 Record statistics of 1id. RV’s

We consider time series of uncorrelated random variables (RV) X} from continuous prob-
ability densities fx, (zr),k € {1,2...,n}. As mentioned earlier, an upper (lower) record
in the nth step is an entry X,, that is larger (smaller) than all previous entries Xj with
k < n. The basic properties of record events in such time series can for instance be found
in [17-19]. In the special case of identically and independently distributed (iid) RV’s from
a single probability density fx (x) the probability that the nth entry is a record is simply
given by P, = 1/n (cf. [17, 19]). This holds, because of the symmetry of the problem, both
for upper and lower records. From now on we will call the probability P, that the nth entry
in the series is a record the record rate. In the iid case the mean number of records R,, up
to the nth step can be obtained by summing over the record rate and for large n we find:

Ry=) P.=)
= k=1

k=1

~In(n)+ 7. (8.1)

=

Here, v & 0.577215... is the Euler-Mascheroni constant [17, 18]. In this case, one can prove
that record events are uncorrelated [20] and, if one goes to a logarithmic time scale one finds
that they form a Poisson process [21]. Another important feature of this result for records
of iid RV is that P, and R, are completely independent of the shape of the underlying
probability density fx (z).

8.2.2 Linear Drift

In general, when the RV’s X} are not identically distributed, it is more difficult to com-
pute the record rate P,,. For independent RV’s X} from a series of arbitrary continuous
distributions fx, (xj) the upper record rate is given by the following integral [17, 18]:

n—1

P, = /dxn Ix, (xn) H Fx, (zn) (8.2)
k=1
where Fx, (2,,) is the probability distribution function of fx, (xx) with
By, (@) = [ dz fx (a). (8.3)

Here, the integrand is just the probability that the nth entry has a value of z, times
the probability that all previous entries are smaller, which is represented by the product.



8.2. Theory: Record occurrence in the presence of linear drift 97

This probability is then integrated over all possible values for a record in the nth step x,.
Analogous to this the lower record rate P is given by:

P = /d:cn Fx, () 1:[ (1— Fx, (zn)). (8.4)
k=1

The LDM was first considered by Ballerini and Resnick [22, 23] and later also by Borovkov
[24]. In this model we consider iid RV’s Y}, with a linear drift of the following form:

X =Y, +ck, (85)

with a constant c¢. In this case fx, (x) is simply given by fx,(z) = f(z — ck) with fixed
f (). The underlying distributions have all the same shape, but the mean value increases
with a constant speed c¢. This model was used before to better understand the statistics of
athletic records [22, 25], but we showed that is also capable of describing the occurrence
of records in daily temperature recordings [11, 15]. By considering (8.2) one finds that for
any constant drift ¢ the record rate in the LDM is of the following form:

P, (c) = /dz f@) [ F@+ck). (8.6)
k=1

Most interesting for us is the statistics of records for a drift velocity ¢ much smaller than
the width of the probability distribution f (x). In most cases this width is just the standard
deviation o of the probability distribution. Performing a series expansion of (8.6) in the
regime of ¢ < n/o one finds the following approximation for P, (¢) [11]:

1 . cn (n—1) 9 e
Pa@ 5+ S 4y ) P ). (57)
[12] evaluated this expression for distributions from all three classes of extreme value statis-
tics [19, 26-28]. The dependence of the record rate P, (¢) on the drift ¢ is systematically
different between the three classes, but also within them one can find differences between
different individual probability distributions. For the Weibull class of probability distribu-
tions with a finite support the effect of the linear drift on P, (¢) was found to be strong and
increasing with n. For the distributions of the Fréchet class with power-law tails it decays
with growing n and vanishes for n — oo [12]. The behavior of P, (¢) in the Gumbel class
of distributions with an infinite support that decay faster than a power law is intermediate
between these two cases. For a simple exponential distribution with f (z) = 1/ve™/" the
effect of the drift on the record rate is independent of n and we have P, (c) ~ + + cv/20.
Most interesting for our applications is P, (¢) for a Gaussian distribution of the following
form:

1 _(m=w)?

2oz, 8.8
\/27roe (88)

Here, p is the mean value of the probability distribution and ¢ its standard deviation. The
approximate evaluation of Eq. (8.7) for large enough n with ¢ <« n/o and a Gaussian
distribution with standard deviation o yields:

P~ L S2VT ("—2) (8.9)

n o e? 8T

flx) =

[12] compared this approximation to numerical simulations and good agreement was found
for n > 7 and ¢ < n/o. The result was applied to the statistics of record-breaking temper-
atures for the first time by [11], who showed that the regime of ¢/o < 1 is appropriate for
the modeling of daily temperatures in a climate with moderate warming like that occurring
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Figure 8.2: Annual mean temperature (left) and standard deviation (right) of monthly mean
temperatures from contiguous US stations 1960-2010. Dots are one year averages, full lines give a
five year running mean. The anomalies defining the standard deviations of the mean temperature
were computed by subtracting the mean and linear trend 1960-2010 individually for each month.
Annual mean values increase over the last 50 years with an average rate of 0.018 K°/y, whereas
the standard deviation of the monthly anomalies remained more or less constant.

| | c | o |
Winter 0.043 £0.015K°/y | 2.45+0.012 K°
Spring | 0.023+ 0.008 K°/y | 1.68+ 0.006 K°
Summer | 0.004 +0.007 K°/y | 1.70 4+ 0.006 K°
Fall 0.007 £0.005 K°/y | 1.56 & 0.005 K°

o ]
Winter 0.017 £ 0.006 y~*
Spring 0.014 +0.005 y~*
Summer | 0.002 £ 0.004 y~*
Fall 0.004 + 0.003 y~*

Table 8.1: Averaged drift ¢, averaged monthly standard deviation & and averaged normalized
drift ¢/o for the contiguous US stations 1960-2010. While in winter and spring there is a significant
and strong drift in the data, we find only little or no effects in summer and fall.

in the last decades. This result will also be employed for comparison with observational
data in section 4 of this article.

Another complication that can arise in the context of record statistics of historical
temperature recordings, is the problem of rounding. The fact that, for technical reasons,
temperature measurements can only be recorded up to a certain degree of accuracy opens
up the possibility for ties. Usually the observations are rounded down (or up) to a certain
value kd, where d is a discretization length (e.g. 0.1 K° if temperatures are stored up to
the first digit) and k an integer number. [29] recently explored the interesting and manifold
consequences of this rounding for the statistics of records in time series of iid RV’s in the
context of the three universality classes of extreme value statistics.

8.3 General introduction of the data

We focus our analysis on two different sets of data from Europe and the contiguous United
States. The purpose of this section is to analyze the distributional properties of these
data sets. We want to know if the LDM discussed in the previous section is applicable to
the observational data. In particular we will examine if a Normal or Gaussian probability
density function with a slowly changing expectation value is a reasonable approximation.
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Figure 8.3: Time series of seasonal averages of monthly mean temperatures from contiguous
US stations 1960-2010. For clarity, three year moving averages are plotted. Inset shows the
estimated trends over the period 1960-2010. Winter months exhibit the strongest warming with
¢ = 0.043 K°/y, during spring and fall the warming is moderate with ¢ = 0.023 K°/y and ¢ =
0.007 K°/y and in the summer months we find only a very small warming of ¢ = 0.004 K°/y.
However for the normalized drift and therefore the record-statistics also the standard deviation is
important, which is significantly smaller in the summer as well (see text).

Therefore we are interested in the linear trend ¢ of the daily and monthly temperature
averages and the standard deviation ¢ around that transient mean value p+ck. As outlined
above the most important quantity in our analysis is the normalized drift ¢/o.

8.3.1 US monthly station data

We obtained monthly mean temperatures from 1217 weather stations of the contiguous
US [30]. The data cover the period 1895 and 2010, but but not all stations are complete.
Therefore we decided to analyse the 50 year period 1960 to 2010 (data set USM) which
is the period with least missing data. This way we could consider 1217 x 365 time series.
Based on the discussion in [11] we estimate that the number of effectively independent time
series in this data set is much smaller than the total number of series. The number of
independent stations is limited because of correlations both in space and in time. Following
[11] we estimate not more than 20-25 independent stations and around 36 independent
calendar days, leading to a total number of around 700-900 independent time series.

As one can see in Fig. 8.2 the monthly averages show a clear increase in the mean value
with a drift of ¢ = 0.019 & 0.005 K°/y. In contrast, the standard deviation of the monthly
averages remains constant around o = 1.88 £ 0.03 K°, which is smaller than the standard
deviation of the daily measurements of around 5 K° for the same period [11]. Using a
linear regression analysis we tried to detect a trend in the standard deviation, but a only
found a insignificant trend of —0.0007 + 0.0021 K°. Assuming the constant o, we obtain
a normalized drift ¢/ &~ 0.010 £ 0.003 y~!, which is almost as large as the ¢/o for the
European daily data in [11].

The seasonal dependence of the normalized drift ¢/o is presented in Fig. 8.3. During
winter the US mean temperature increased most strongly, while the trend for summer is
much smaller. However, important for the record statistics is the ratio ¢/o. The normalized
trends are listed in Tab. 8.1. Based on the theoretical results we expect a strong effect
of the slow temperature increases on the record rates in winter and spring in contrast to
summer and fall if all prerequisites of the theory are fulfilled. This is due to the strong
difference in normalized drift (Tab. 8.1, third column).
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Figure 8.4: Q-Q plot of the linearly detrended and normalized daily maximum temperatures in
the EOBS data (EOBS2) with RV’s sampled from a Gaussian distribution with standard deviation
unity. The percentiles collapse on a line showing that the rescaled measurements are Gaussian to
a good approximation. The inset shows the estimated probability density of the data compared to
a Gaussian (dashed line).

| | Rec. ratio - US stations | Ratio - LDM |

Winter 7.6 7.1+5.6
Spring 9.4 4.8 +3.7
Summer 2.4 1.2+0.7
Fall 1.6 1.54+04

Table 8.2: Ratio between the number of upper and lower records after n = 50 years in the
monthly data from the US stations along with the corresponding predictions from the LDM. The
values for the normalized drift ¢/o were taken from Tab. 8.1.

8.3.2 European daily data

The second data set we obtained are taken from the E-OBS project [16]. The E-OBS data
set provides daily minimum, mean and maximum temperatures on a 0.25 degree regular
grid for most of Europe and also parts of northern Africa starting from 1950 to the end
of 2010. We analyzed the daily maximum temperature data set for two time periods, one
between 1950 and 2010 (data set EOBS1) and a second one between 1980 and 2010 (data set
EOBS2). Again, it is important to mention, that despite the fact that we analyzed a much
larger number of time series, only around 300-400 series were effectively independent. This
number is smaller in Europe due to the smaller size of the considered area. The time series
analysis of the mean of the daily maximum temperature and the standard deviation were
not significantly different from the station data considered in [11]. During the first 30 years
of EOBS1 the mean temperature shows no prominent trend. During the second period,
between 1980 and 2010 (EOBS2), we find a clear warming trend of about ¢ = 0.042 K°/y.
In data set EOBS2, the standard deviation of the daily temperatures around the linear
trend remained constant at a value of about 3.4 K° resulting in a normalized drift of around
¢/o ~0.01240.003 y 1, which is slightly smaller than that obtained from European station
data [11].

In Fig. 8.4 we present a quantile-quantile (Q-Q) analysis of the distribution of the
detrended and normalized temperature measurements in data set EOBS2. We subtracted
a linear trend, which was obtained by a regression analysis, from the time-series at each
grid point and then normalized them by dividing with the standard deviation of the mea-
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Figure 8.5: Normalized record rate nP, of monthly mean temperature data from US stations.
The dots represent the annual averages of nP, and the lines represent a five-year running average.
The line at one is the behaviour expected in the case of a stationary climate with realizations from
an iid process. Before 1980 it is hard to distinguish between the upper and lower record rate. After
1980 the upper record rate increases and the lower record rate decreases.

surements in the individual series. Then the percentiles of the measurements were plotted
against the corresponding percentiles of a Gaussian distribution with mean zero and stan-
dard deviation unity. Apparently the measurements are Gaussian to good approximation
and the data therefore fits our model of a Gaussian with a linear drift. The inset shows an
estimation of the probability density function based on a simple histogram estimator with
a bin width of 0.01 K°.

8.4 Occurrence of records in daily and monthly tem-
peratures

8.4.1 US monthly station data

[11] showed that the record rate P, of daily US station temperatures does not display a
significant effect of the slowly evolving mean temperature. When one considers monthly
data this changes basically due to the reduced variance. In Fig. 8.5 we show the normalized
record rate n.P, for monthly means. Apparently, for the years after 1980, the number of high
temperature (upper) records is above the stationary case of nP,, = 1 and the number of low
temperature (lower) records is decreased. Compared to the null-hypothesis of a stationary
climate, in the years between 2000 and 2010, we found around 1.52 times the number of hot
temperature records and only half (0.48) the cold records one would expected. Therefore,
the number of upper records was about 3.13 times the number of lower records.

These results are in good agreement with the Gaussian LDM we described above. For
the normalized drift ¢/o &~ 0.01 y~! obtained from our data, the LDM predicts 1.44 +0.13
times more upper records than expected in a stationary model and only 0.50 4 0.15 the
number of lower records. The ratio between upper and lower records in the last 10 entries
should be 2.88+1.12, which is also in agreement with the observational data. Interestingly,
without the very cold year of 2009, these numbers become more extreme. Ignoring the
2009 data, the ratio between the number of upper and lower records in the last ten years is
around 4.9.

Additionally we can consider the record rate for the different seasons. We computed
the ratios between upper and lower records for the four seasons and compared them to



102 Chapter 8. Record occurrence & record values ...

45

30 - T
Upper records
Lower records

Upper records - 5y. avg.
Lower records - 5y. avg. -
Simulations - no drift ------ 4
Simulations - ¢=0.012 ——
Simulations - ¢=-0.012 -

' Upper records
Lower records
Upper records - 5y. avg.

40 .

Br Lower records - 5y. avg.
Simulations - no drift ------

20 30

25 -
15 -
20
10 - 15 -

10 -

Average number of records per year
Average number of records per year

0 . . . . 0 . . . .
1960 1970 1980 1990 2000 2010 1990 1995 2000 2005 2010

Figure 8.6: Left figure: Records per station and year in the daily data set EOBS1 (1950-2010).
Red represents the occurrence of upper records and blue the occurrence of lower records. The
crosses give the annual average and the lines a five-year running average. The black dashed line is
the 365/n behavior we would have expected in the case of a stationary climate. Until 1980 the upper
and lower record rate are hard to distinguish and do not vary much from the stationary behavior.
After 1980 the rate of upper records ceases to decrease and approaches a constant value of about 12
records per year, while the rate of lower records decreases faster than the 365/n line. Right figure:
The same analysis for EOBS2 (1980-2010). Here the upper record rate is significantly increased
compared to the no-warming model and the lower record rate. Red and blue dashed lines are the
analytical predictions with a normalized annual mean trend of ¢/o = 0.012y ™! estimated from the
data.

the estimates of ¢/o and the resulting analytical predictions from the LDM with Gaussian
RV’s. The results of this analysis are shown in Tab. 8.2. As expected mostly the winter
and spring months experience a strong effect of slow temperature increase on the record
statistics. In spring a heat record during the last ten years of the observational period was
almost ten times as likely as a cold record. In winter this factor is almost eight. However,
also in summer and fall the moderate warming lead to a significant effect in the statistics of
records. Interestingly in spring and summer the ratio between the upper and lower record
rate is larger than predicted by the Gaussian - LDM, but given the large fluctuations in
the data, this can very well be a coincidence. It is also interesting to notice, that both in
winter and in spring less then 20 % of the cold records that we would have expected in the
case of a stationary climate actually occurred.

8.4.2 [European daily re-analysis data

We analyzed the record rates for the two time spans chosen for EOBS1 and EOBS2 (1950-
2010 and 1980-2010) and compared them to the analytical predictions from our linear drift
model. The results can be found in Fig. 8.6. Considering the data set EOBS1 we find
that in the first 30 years of the observation period, there was no significant effect of slowly
increasing temperatures on the record statistics. Between 1950 and 1980, both the rate of
upper and lower records behaved roughly like the record rate of iid RV’s. After 1985 the
upper record rate is significantly larger than the lower record rate, with the lower record
rate significantly decreasing. For the years after 2000 the ratio between upper and lower
records exceeds two and even approaches a value of three at the end of the observational
period.

In the data set EOBS2, the averaged upper record rate was higher than the lower
record rate for almost the entire time span between 1980 and 2010. At the end of the
observational period there were twice as many upper records as there were lower records.
Here, the predictions from our linear drift model are very accurate in predicting the effect
of the warming on the occurrence of both upper and lower records.

In Fig. 8.7 we considered the number of records that occurred over a prolonged time span.
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Figure 8.7: Excess number of records that occurred since the year 1995 per grid point per year
in data set EOBS1. The record temperatures were recorded from the beginning of the time series.
For this figure we only summed up records that occurred after the beginning of 1995. The records
that contribute to this figure are the ones that exceeded the record that was valid at the end of
1994.

We analyzed the upper and lower record temperatures that occurred in data set EOBS1
and started summing up the record rate beginning with the year 1995. Even though this
figure is difficult to compare with our LDM, since we do not assume a linear drift over the
entire time span from 1950 to 2010, it shows how strong the effect of warming on the record
occurrence was in the last decades. Towards the end of the considered period, one finds
that upper records occurred on average more than 2.5 times more often than lower records.

8.5 Theory: Distributions of record values

After discussing the occurrence of record events in the previous sections, we now turn to
the record values themselves. There are in principle two ways to study the effect of a slowly
changing mean value on the record values. One approach is to consider the probability
density function (pdf) of record values with a fixed record number k, which can however
happen at an arbitrary time n. The other is to study pdf’s of record events occurring at
a fixed time step n. We do not know any simple way of computing the pdf’s of the kth
records in the presence of linear drift analytically. We will discuss the iid case and present
results of some numerical simulations. If we consider instead the probability densities of
record values for records occurring at a fixed time n we can use the methods described
above to compute a small ¢ approximation in the framework of the LDM.

8.5.1 Records in the n’th step

With the general expression for the record rate P, (¢) in the LDM we gave in section 2,

we can also obtain an expression for the probability distribution or cumulative distribution
(cdf)

Qn (¢, z) = Prob [X,, is rec. & X, < z] (8.10)

of a record that occurs in a certain time step n. This is given by:

z n—1

[ v s ) [T Fx v+ ko). (8.11)

k=0

Onlern) = Pnl(c)
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The prefactor P, (c)_1 is necessary for the normalization. The corresponding pdf is given
by:

n—1

pn (c,2) = Pnl(c) fx (z) H Fx (z + ke). (8.12)

k=0

For the iid case (¢ = 0) these expressions reduce to @, (0,¢) = n [“dy fx (y) F% (y) and
therefore a pdf p, (0,x) = nfx () F% (z), which is well known as the pdf of the maximum
of n iid RV’s. Most interesting and important for our analysis of temperature record values
is the mean value p,, (¢) of a record that occurs at time n. This is given by the first moment
of the pdf p, (¢, x):

n—1

o (0) = s [ utx ) T] P v+ ko). (5.13)

n(c) k=0

Similar to the case of the record rate P, (¢) we can compute a series expansion for this
expression in the regime of cn < ¢. Doing this we find

tn (€) = (1 - gngl,go)) tn (0) + §n3l,§1>, (8.14)
where we defined
1= [y i ) 7 ) (8.15)
and
o (0) = [ dy s ) 3 ). (5.16)

Apparently 19 is the integral that appears in our result for the record rate P, (¢) [Eq.
(8.7)]. Furthermore p, (0) is the mean value of a record that occurs at time n in the case
of iid RV’s. Since we have an exact expression for the pdf p, (¢, z), we can of course also
compute higher moments and, for instance, the variance of a record that occurs in the LDM
at a certain time n. For the variance we find:

2 ~ o2 — S310
o (¢) o (0) (1 5" I )

n

+gn3 (un (0) (Iff’) - IflO)) + Iff>) (8.17)
From now on we will focus on the mean value u, (¢). Again, as in the work of [12] it is
possible to compute p, (¢) for instances of all three classes of extreme value theory and we
find a systematic classification of the behavior with respect to these classes [31]. Here, we
will focus on the Gaussian density, because it is the one we need for our comparison of the
LDM to observational data. For the same Gaussian pdf as in section 2, we find that:

e (€) 2 pin (0) + ng Qfln (4). (8.18)
Interestingly, in contrast to the case of the record rate P, (¢), the effect of the drift on p, (¢)
up to first order in ¢ is linear in n. In the limit of en > o we expect that p, (¢) — un (0)
is again linear in n. It is easy to see that for n — oo we get p, (¢) — pp, (0) &= cn. In this
regime, the drift dominates the behaviour and the mean record value p, (¢) is given by the
linearly growing mean of f (x — cn) plus a sublinear contribution.

We compared these analytical findings for the Gaussian density to numerical simulations.
The results can be found in Fig. 8.8. Both in the small and in the large n regime the
analytical predictions describe the behaviour of p, (¢) — un (0) very accurately. For the
chosen drift rate of ¢ = 0.01 the intermediate regime of cn < o, where both descriptions
given above fail seems to be very small.
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Figure 8.8: Effect of the drift on the mean value pn, (¢) — pn (0) for Gaussian RV’s. The crosses
are results from numerical simulations. For ¢ = 0 and ¢ = 0.01 we performed 10° runs each with
n = 1000 RV’s and averaged the differences between the mean record values. The lines are the
analytical results for small and large n. The inset shows a comparison with the small n result for
n between 0 and 100.

8.5.2 k’th records

In the case of the record values of a record that occur at an arbitrary time n, but with a
fixed record number k, one can easily give the full distribution of record values in the iid
case. Here, we will briefly discuss the findings presented in [17]. There it was shown that
the pdf pi (z) of a record that occurs with record number k can be written as follows:

plo) = P - B @) (8.19)

This result is basically a consequence of the lack-of-memory property of the exponential
distribution, i.e. the fact that a new record from an exponential distribution, independent
from the time of its occurrence, will always be an exponential RV plus the value of the last
record [17]. This leads to the results that for an exponential distribution the kth record
has a Gamma distribution p}"” () = I'[k — 1, z]. The general result given above can then
be obtain through a simple mapping.

Unfortunately, for RV’s with a time-dependence like a linear drift, the lack-of-memory
property is lost and we do not know how to obtain a simple expression for the py (x) for the
LDM. In Fig. 8.9 we show the normalized densities of kth records for a few small record
numbers k. Apparently, already for a small drift of ¢ = 0.01, there is a significant effect
on the record value pdf for larger k. Also the width of the pdf increases as an effect of the
drift. It seems that especially the right tails of the distributions become broader. In the
context of temperature records these events in the tails are particularly interesting.

8.6 Distributions of record values in European temper-
ature recordings
Based on the analytical work from the previous section we can now consider the values of

records in observational data. For this analysis we focused on the European reanalysis data
and in particular EOBS2.
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Figure 8.9: Normalized distributions of records with record values k£ occurring at an arbitrary
time n for Gaussian RV’s in the iid case and with a constant drift of ¢ = 0.01. Shown are the
pdf’s for k = 3,5 and 7. The analytical results for the iid case (Eq. (8.19)) are plotted as lines,
the crosses are the numerical results with drift. For each k and c we averaged over 10° realizations
of a time series of length 10°. The finite length of the time series does not have a significant effect
on the distributions of records with the given values of k& < In 10° 4 ~.

Here, the situation is a bit more complicated than in the case of the record rate P, (c).
While the record rate in the LDM only depends on the normalized drift ¢/o, the values
of the records depend on the standard deviation o itself. The standard deviations of daily
temperatures vary both spatially and seasonally and therefore it is difficult to compare the
values of record breaking temperatures without some additional assumptions. To make the
time series in EOBS2 more comparable we performed a rescaling of the data. This was
done as follows:

The LDM assumes that an individual series of temperatures measurements 77, ..., T,
measured in n subsequent years is given by

Ty = po + ck + o, (8.20)

where the & are iid RV’s from a Gaussian distribution with standard deviation one. We
subtract the intercept po and divide by the standard deviation o to obtain the following
time series

1

T =— (T — o) - (8.21)
It is easy to see that these rescaled measurements have standard deviation unity around
a normalized linear drift ¢ = ¢/o. This kind of rescaling was done for all time series
in the respective data sets individually so that we obtained comparable series of rescaled
measurements. This way the data is most-suitable for comparison with a Gaussian LDM.
If the observations were perfectly uncorrelated Gaussian RV’s with an arbitrary but fixed
standard deviation the record values of the time series after this rescaling would look exactly
like the record values from a Gaussian LDM with standard deviation one. These rescaled

temperatures should then obey the following LDM:

T = §k+§k — k& (8.22)
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Figure 8.10: Left figure: Time series of the rescaled mean value of temperature records that
occurred in data set EOBS2. The full line gives the behaviour of the upper record value and the
dotted line gives the inverse (negative) behaviour of the lower record. The values of the lower
records were multiplied with —1 to make them comparable to the upper records. The rescaling is
described in more detail in the text. The figure also contains the analytic results for no drift (¢ = 0)
and the LDM with a normalized drift of & = 0.012 y~! that was estimated from the observations.
Right figure: The same plot, but only for the two summer months of July and August. The
analytic results for ¢ = 0 and the LDM case & = 0.012 y~" are added. The inset shows the same
analysis for the two winter months January and February.

It is important to notice that the ordering of the measurements and in particular the
statistics of records is not altered by this procedure because

T, = max [Ty, ..., Tp,] = T, = max {Tl,...,fn} . (8.23)

So if and only if T}, was a record in the original series, T}, will also be a record in the rescaled
series. The record rate P, and the record number R,, are therefore completely invariant
under this rescaling and only the values of the records will change according to Eq. (8.21).

8.6.1 Mean values of records in a given year

In Fig. 8.10 we analyze the mean values of a record that occurred in a certain year for
the 30 years of observation in data set EOBS2. The rescaled data was first analyzed for
each time series individually and then averaged over all grid points and calendar days. The
upper figure gives the behavior of the mean value for the entire calendar year. The figure
also shows the analytic results for the iid case and for the LDM with a normalized drift of
¢ = 0.012, which is determined from the observations. The behaviour of the mean upper
and lower record values appear to be very similar. Both curves seem to have exactly the
same shape and both lie slightly above the null hypothesis of a stationary climate with
Gaussian daily temperatures. These results are not in agreement with the analytic results
given by the LDM and do not show any apparent effect of slow temperature increase on
the statistics of record values.

The lower half of Fig. 8.10 shows the same analysis but only for two months in summer
(July and August) as well as for two months in winter (January and February) in the inset.
In summer, we find a much better agreement of the observations with a Gaussian LDM.
The mean of the upper records increases much faster than the negative mean of the lower
records, i.e., the upper records are more extreme than the lower records. Here, the difference
between upper and lower records is in good agreement with the difference predicted from
the LDM. In the two winter months (inset), the situation is completely different. Here, the
negative mean of the lower records increases faster than the mean of the upper records. It
seems, that despite a significant positive trend in the mean values of the daily temperatures,
the values of the lower records in winter are still more extreme than those related to the
upper records.
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Figure 8.11: Estimated probability density functions of the daily temperature measurements in
data set EOBS2 after rescaling to standard deviation unity. Estimation is based on a histogram.
The main figure gives the pdf’s for the two summer months July and August, as well as the two
winter months January and February. The dashed line is a standard normal distribution. The
pdf for the summer months is in good agreement with the Gaussian. The pdf for winter deviates
significantly from a Gaussian. The inset shows the same analysis for the entire calendar year. Here,
the rescaled distribution of daily temperature is again in good agreement with the Gaussian.

With these findings it is clear how to explain the inconsistency of the top half of Fig.
8.10 with the analytical results for the LDM: A strong discrepancy of the behavior in the
winter months averages out the effect of a slow positive increase on the record values in
summer and leads to the fact that, when averaged over the entire calendar year, the upper
and lower record values behave more or less in the same way.

To understand the anomaly in the winter months, we consider the seasonal variability
of the pdf’s of the daily temperature gridded values. In Fig. 8.11 we show the distributions
of daily maximum temperatures in EOBS2 for two months in summer (July and August)
and two months in winter (January and February). The distributions were obtained after
rescaling of the daily temperatures, as described above, so that they fitted a LDM with
standard deviation one. The inset in Fig. 8.11 shows the analysis for the entire calendar
year. Apparently the distribution for the winter months in data set EOBS2 is not Gaussian
and has a much broader left tail. We believe that this asymmetry of the distribution is
responsible for the anomalous behaviour of the mean record values in winter.

In conclusion we find that while the ratio between rescaled upper and negative lower
record values in summer is larger than one, it is less than one in winter, because of an
asymmetric distribution of daily temperatures. Nevertheless, it might still be possible
to describe the record values of the observations with a LDM, but we have shown that
the underlying LDM for the winter months can not be based on a a symmetric Gaussian
distribution.

To further explore this asymmetry we performed numerical simulations based on the
empirical pdf’s of daily temperatures in EOBS2 for summer, winter and the entire year. In
Fig. 8.12 we show the ratio between upper and lower record values in the data and compare
them to the results from simulations with the distribution obtained from the data as well
as the predictions from the Gaussian LDM.

For the entire calendar year we find that the ratio remains close to one for the entire
observation period, in contrast to a Gaussian LDM. However, if we consider the summer
and winter months separately and compare the ratios obtained from the data with the
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Figure 8.12: Ratio between rescaled upper and negative lower record values in EOBS2 for July
and August (red line), January and February (blue line) and the entire calendar year (black line).
The black crosses give the behavior of this ratio for a Gaussian LDM with a drift of & = 0.012 y ™.
The red and blue crosses give the development of the ratio for the summer and winter month when
sampled from the respective observed distributions of daily temperatures in summer and winter.
The thin black dashed line gives the behavior one would expect in the case of an iid Gaussian
stationary climate.

ratios one obtains from a LDM with RV’s sampled from the respective distributions of
daily summer and winter temperatures, we find a good agreement with these non-Gaussian
LDM’s. In summer the ratio is strongly positive with upper records being generally further
away from the increasing mean value than lower records. In winter, due to the skewness of
the distribution, the situation is reversed and lower record values are shifting to be more
extreme.

8.6.2 Distribution of records in a certain year

We also analyzed the full empirical pdf’s of daily temperature records in the rescaled tem-
perature data. Figure 8.13 shows the pdf’s of temperature records for the entire calendar
year (upper figure) and, again, the two considered months in winter and summer (lower
figure) that occurred in the last five years of the observation period of EOBS2. We did not
normalize the distributions for illustrative purposes. In the upper figure we compared the
observational distributions with numerical results from the Gaussian LDM with a normal-
ized drift of ¢ = 0.012 y~ 1.

We find that while the rescaled upper record values are in good agreement with the
Gaussian LDM, the distribution of the lower record value is significantly broader than
expected from the simulations. The pdf’s of the upper and lower record values seem to
have more or less the same mean value, which is in good agreement with our findings in
the previous section and Fig. 8.10. The pdf’s in this figure are not normalized, the total
area under the curves corresponds to the number of records that occurred in the last five
years. As a result the upper figure shows that there were many more upper records than
lower records in the data, but the shapes of the pdf’s of upper and lower records look very
similar.

The pdf’s in the lower figure are also in good agreement with the mean values in Fig.
8.10. The pdf’s for the winter months show that in winter the lower records were more
extreme with a mean value further away from the mean of the daily maximum temperatures.
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Figure 8.13: Left figure: Estimated pdf’s of record values in the rescaled temperature data
from EOBS2 for the entire calendar year. The red crosses give the behavior of the upper records
and the blue crosses the behavior of the negative cold records. The red and blue lines give the
results from numerical simulations with a Gaussian LDM and a drift of ¢ = 0.012. The black line
is the distribution one expects in a stationary climate (¢ = 0) and Gaussian daily temperature
measurements. All distributions are not normalized, the fact that the area under the curve from
the upper records is much larger than the area under the corresponding curve from the lower record
is a consequence of there being much more upper records than lower records. Note that, for these
rescaled temperatures, the origin corresponds to the mean of daily temperatures in the initial year.
Right figure: The same analysis for the two considered months in winter (January and February)
as well as, in the inset, the two months in summer (July and August). Numerical results are not
given in this figure. For illustrative purposes we also plotted a Standard Normal distribution (with
standard deviation o = 1), which in the framework of a Gaussian LDM, represents the rescaled
distribution of daily temperatures in the first year. The area under the Gaussian equals the average
of the areas under the shown probability densities of the upper and lower records.

Also the width of the pdf of the lower records is larger than in the case of the upper
records, so the values of lower records have a large inherent uncertainty. While there are
almost no upper records more than 30 away from the average behavior, there is a large
number of lower records that exceeded this barrier, some of them were even beyond 4o,
which, given the large standard deviation of daily temperatures in winter (up to 8 K°), is
a huge fluctuation. The inset in the lower figure gives the same plot for the summer. Here,
in agreement with a Gaussian LDM, upper records are more extreme than lower records.

8.6.3 Records with a given record number

We also analyzed the statistics of record temperatures in the data set EOBS2 with a given
record number k. For this purpose we performed the same rescaling as described above in
the context of records with a fixed time of occurrence n. The results of the analysis for two
months in winter, in summer and over the entire calendar year in data set EOBS2 can be
found in Fig. 8.14. The figure shows the estimated mean value of records in the time series
of the rescaled entries T; (Eq. (8.21)) plotted against the record number k.

This analysis of the mean record value with fixed record number is in good agreement
to our findings in the above analysis of the mean record values with fixed occurrence time
n. The analysis for the entire calendar year shows that the behaviour of the mean is again
comparable for the upper and lower records. If we consider the two winter months January
and February (left inset), we find again that cold records are further away from the mean
value than the upper records and are therefore more extreme. In July and August (right
inset) it is exactly the other way around. Here the LDM based on symmetric, Gaussian
RV’s works very well and mean record values show the expected asymmetry with more
extreme upper records due to the positive trend.

In Fig. 8.15 we also show the estimated pdf’s of record values for some selected record
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Figure 8.14: Mean values of record-breaking temperatures with a fixed record number k in
EOBS2 data using the same rescaling as for the record values with fixed time of occurrence n.
The red lines show the time series of the upper record values depending on k, the blue lines the
corresponding series of the lower records. The black dashed line shows the growth of the mean of
records with record number k for Gaussian RV’s without drift. The insets show the same analysis
for January and February (left inset) and July and August (right inset).

numbers k£ and the entire calendar year. Again, the density functions not normalized, so
the area under the curves corresponds to the total number of records with a given record
number. Apparently, even though in all cases the number of upper records was higher than
the number of lower records, the shapes of the pdf’s look very similar.

8.6.4 Record values in the far north

A reason for the asymmetry of the daily temperature distribution in winter may be that
some parts of Europe, especially in the north, are covered by snow during the winter months.
Snow cover decouples the atmosphere from the soil through its isolating effects. Further a
snow surface is a very efficient black body radiator. Therefore snow covered surfaces tend
to produce very low near surface atmospheric temperatures especially under conditions of
small insolation [32].

In Fig. 8.16 we show the pdf’s of records that occurred in the last five years of the EOBS2
data only for grid points north of 60°/N. Apparently, here the effect of the asymmetry in
the daily temperature pdf’s on the record values is even stronger. The estimated density
functions of the lower records is centered more than one standard deviation further away
from the mean than the density functions of the upper records. The inset shows the pdf of
the daily temperatures for this region, which is much more heavily skewed than the pdf for
the entire data set of EOBS2 (compare to Fig. 8.11).

8.7 Discussion and conclusion

In this article we analyzed both the probability of occurrence and the probability density
function of record breaking temperatures values in Europe and the United States. After
presenting some analytical findings on the Linear Drift Model (LDM) in section 2, we
analyzed the occurrence of records in daily and monthly data in sections 3 and 4. In
agreement with earlier work by [11] we found a significant effect of the observed slow
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Figure 8.15: Estimated pdf’s of record values with a given record number k of the rescaled daily
maximum temperatures from EOBS2. The red lines give the pdf’s of upper records with record
numbers k = 3,5 and 7. The blue lines give the pdf’s of the negative lower records with the same
record numbers k. Note that, as in Fig. 8.13, the density functions are not normalized.

positive trend of temperature on the number of upper and lower records. This effect can be
described by the LDM up to some accuracy. The effect of increasing temperatures on the
monthly mean temperatures is clearly stronger than the effect on the daily measurements
because of the smaller standard deviation of those averages. During certain seasons in the
United States we found up to nine times more upper records than lower ones at the end
of the 51 years of observation 1960-2010. This also explains the findings of Rahmstorf and
Coumou [15], who studied monthly and annual mean temperatures and found the strongest
effect of warming for the annual global-mean temperature. The global mean has a very
small standard deviation of ¢ = 0.088 K° which implies that already a very small drift can
measurably increase the upper record rate.

In section 5 we presented new results on the mean value of a record that occurs at a
certain time in the LDM. We were able to obtain analytical results of the effect of a linear
drift on the mean value of a record in case of Gaussian RV’s in the important regime of
cn < o. In section 6 we compared these results to the gridded data set EOBS2. When
analyzing the entire calendar year, a Gaussian LDM fails to describe the effect of slowly
increasing temperatures on the mean record values. The reason for this failure is a pro-
nounced asymmetry of the daily temperature probability density function in winter. In
contrast the record values during the summer months can be well described by a Gaussian
LDM.

When we use a non-Gaussian LDM with RV’s sampled from the daily temperature
probability density of the considered winter months, this model is also capable of describing
temperature record values in winter. As a general result the lower records in winter are
significantly more extreme than upper records because of this asymmetry. This leads to
the unintuitive results that lower records of near surface temperature in the case of slowly
increasing temperatures occur with a reduced probability but once they occur they are
more extreme than their upper counterpart due to the pronounced asymmetry of the daily
temperature values in winter. When we consider grid points in the northern parts of Europe
this effect is even stronger. Here lower records are on average more than one standard
deviation further away from the mean than upper records and the estimated density of
lower records is also clearly broader than that of the upper records.
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Figure 8.16: Estimated pdf of record values in the rescaled temperature data from EOBS2
for the months of January and February in the regions north of 60°N. The red crosses give the
behaviour of the upper records and the blue crosses the behaviour of the lower records. The inset
shows the estimated pdf of rescaled daily temperatures in these two months and in the region north
of 60°N. Note that, as in Fig. 8.13, the density functions are not normalized.

It might be interesting to further explore the effect of specific weather conditions espe-
cially in northern Europe, but also in other regions, on the statistics of record values. In
particular it remains an open question, how strongly the occurrence of very extreme lower
records in winter correlates with snow coverage and other meteorological events, such as
winter blocking highs. It is however clear that the fact, that we still encounter quite ex-
treme cold streaks in winter, particularly in northern regions, is not in contradiction with
global warming and only a consequence of the very skew distribution of daily temperatures
in winter.
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Abstract: We consider the occurrence of record-breaking events in random walks with
asymmetric jump distributions. The statistics of records in symmetric random walks was
previously analyzed by Majumdar and Ziff [1] and is well understood. Unlike the case of
symmetric jump distributions, in the asymmetric case the statistics of records depends on
the choice of the jump distribution. We compute the record rate P, (c), defined as the
probability for the nth value to be larger than all previous values, for a Gaussian jump
distribution with standard deviation o that is shifted by a constant drift ¢. For small drift,
in the sense of ¢/o < n~'/2, the correction to P, (c) grows proportional to arctan(y/n) and

saturates at the value ‘;0. For large n the record rate approaches a constant, which is

approximately given by 1— (o/ \/%c) exp (—c?/20?) for ¢/o > 1. These asymptotic results
carry over to other continuous jump distributions with finite variance. As an application,
we compare our analytical results to the record statistics of 366 daily stock prices from
the Standard & Poors 500 index. The biased random walk accounts quantitatively for the
increase in the number of upper records due to the overall trend in the stock prices, and
after detrending the number of upper records is in good agreement with the symmetric
random walk. However the number of lower records in the detrended data is significantly
reduced by a mechanism that remains to be identified.
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9.1 Introduction

The random walk is a paradigmatic model of statistical physics, which combines utmost
conceptual simplicity with a surprising richness of emergent behaviors [2, 3]. Among the
many interesting features of random walks, recent research has focused in particular on its
extremal properties, exploring quantities such as the height and position of the globally
maximal excursion of a one-dimensional walk of a given number of steps, and the statistics
of records of this process [4]. Here a record is defined as an entry in a discrete, real
valued time series that is larger (upper record) or smaller (lower record) than all previous
entries. While the mathematical theory of records is well developed for time series of
independent, identically distributed random variables [5-7], little has been known about
the record statistics of correlated processes. It is therefore remarkable that records of a
large class of one-dimensional random walks can be characterized in considerable detail, as
was shown in recent work by Majumdar and Ziff (MZ) [1]. Specifically, they considered the
random process defined by

Xn = anl + gn; (91)

where Xy = 0 (say) and the step sizes &, are independent, identically distributed random
variables drawn from a probability density ¢(§) that is required to be continuous and
symmetric, but is otherwise arbitrary. We say that an upper record occurs at time n if
X,, = max{Xy, ..., X,,}. Based on the Sparre Andersen theorem for the survival probability
of the random walk [8-11], MZ show that the probability II (m,n) for the nth event to be
the mth record is given by

o —m + 1
10 (m, n) = ( momd )2—2”+m—1 (9.2)
m

for m < n 4+ 1. The first moment of this distribution with respect to m yields the mean
number of records after n steps, which equals m,, ~ %\/ﬁ for large n, and the probability
P, for the nth event to be a record (henceforth referred to as the record rate) decays like
P, = \/% In the present paper we aim to generalize these results to random walks with
asymmetric jump distributions. In the first part of the paper (Sections 9.2 and 9.3) we
study records generated by random walks with a symmetric jump distribution that have
an additional constant drift ¢, such that (9.1) generalizes to

X=X 1+& +c (9.3)

with a symmetric jump distribution ¢(€). For the special case of a Cauchy distribution
this problem was considered previously in [12]. Here, we derive approximate results for the
case of a Gaussian jump distribution that apply also more generally to distributions with
a finite variance.

Similar to our earlier work [13, 14] on the related problem of records from independent
random variables with drift [12, 15], our strategy will be to analyze the limiting cases of
small and large drift, respectively, as quantified by the ratio ¢/o of the drift speed to the
standard deviation o of the jump distribution ¢(¢). For the Gaussian random walk we find
that in the limit of = < ﬁ the mean number of records and the record rate are given by

my (c) = % + g? (n arctan (v/n) — v/n) , (9.4)
P,(c) =~ \/% + Egarctan (Vn) . (9.5)

In the limit of £ > % the record rate P, (¢) approaches a constant value. If in addition
= > 1, this constant is given approximately by

c
lim P, ~1-— e 202, 9.6
n—oo A /271-0- ( )
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In Section 9.4 we apply our results to fluctuations in stock prices, arguably one of the
most important (and ancient) applications of random walk theory [16-18]. The basic model
of a stock price is the geometric random walk S,, = eX» with an upward bias reflecting
long-term economic growth. Our analysis of record events in the Standard & Poors 500
index shows a corresponding surplus of upper record events, which is consistent with the
theoretical expectation. However, an asymmetry between upper and lower records remains
even when the bias has been (approximately) removed [19], a feature that may be related to
the gain-loss asymmetry reported in previous analyses of stock market fluctuations [20-23].
We conclude with a summary and a discussion of some open problems.

9.2 Survival probabilities & first passage times

The record statistics of a random walk can be analyzed by considering the generating
functions of the survival and first passage probabilities of the process [1, 4, 12]. In [1] it
was shown that the generating function of II (m, n) is of the form

Y M(mn)2" =" (2)q- (=), (9.7)

n=m-—1

where G+ (z) is the generating function of the positive (negative) survival probability ¢+ (n)
of the random walk. The latter is defined as the probability that the process stays above
(below) the origin up to the nth step. Similarly fi (z) is the generating function of the
positive (negative) first-passage probability fi (n) of the random walk, with fi (n) =
g+ (n—1) — g+ (n). In the case of the symmetric random walk considered in [1] we have
g— (n) =g+ (n) =¢(n)and f_ (n) = f+ (n) = f (n) and both ¢ (n) and f (n) are completely
universal for all continuous jump distributions.

Since we want to study asymmetric random walks, we need distinguish between positive
and negative survival probabilities and first passage times, and consider the functions g+ (n)
and f1 (n). Asin [1] a theorem by Sparre Andersen will play a key role in our considerations.
In [8, 11] it was shown that

G (2) =S gu (n) 2" = exp (Z ”iT(”)> , (9.8)
n=0 n=1

where py (n) is the probability for the walker to be above or below the origin at the nth
step. This quantity can be easily computed from pL = fooo G (xz,n) dx, where G (z,n) is
the positional probability density of a random walk of n steps that started at the origin.
Details on the computation of G (+z,n) and py (n) can be found in [4] and [10]. In the
case of a symmetric random walk we simply have py (n) = % independent of n and we find

1
that in this case ¢+ (z) = (1 —2)" 2 and ¢+ (n) = (2:)2*2” [1]. These results eventually
lead to Eq. (9.2) [1].

In the case of an asymmetric random walk the situation gets a bit more complicated.
We compute ¢4 (n) and its generating function for a Gaussian random walk with drift
c. Here, the jump distribution of the symmetric random variable £ in (9.3) is of the form

2

¢
o) = \/Zlﬂ—ge* 207 with standard deviation o. It is easy to show that the probability density

202n
p+(n) = 3 (L+erf(/3<)). We start with the case of a small linear drift with ¢ < o

such that py (n) ~ % + /5= <. Now we can employ Eq. (9.8). Expanding up to first order
in ¢ we find

G (z,n) of the random walk after n steps is given by G (z,n) = \/21771exp (— (zfnC)Q) and

s (2) ~ 1_Z<1iﬁz%>. (9.9)
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Figure 9.1: Relative effect of the drift on the positive survival probability ¢+ (n, ¢) of a Gaussian
random walk with ¢ = 1. The effect of the drift is represented by %(q+ (n,¢) — g+ (n,0)) for
different drift speeds c. We simulated 107 realization of a random walk with n = 100 steps for each
drift speed. The dotted line represents the analytical results obtained in Eq. (9.13). For small drift
¢ =0.001 and ¢ = 0.01 we find good agreement with this approximation.

With vI— 2 @ = S0 o (3127272 and making use of the Cauchy formula for products of
infinite sums we obtain the following expression for ¢4 (2):

N 2k 272kl
Qi(2)~\/1— ;)kZO( )\/T

The binomial coefficient can be approximated by (Qkk) ~ 4F/\/mk and with this we can
approximate the sum over k£ by an integral,

(9.10)

n+1 dkzn—i—l ~ Wzn-l-l
,;)Fm f/fm vt (011

We thus obtain a simple result for the generating function of the survival probability,

1 €
g+ (2) = + 2", 9.12
and finally the following expression for the survival probability ¢+ (n) under a small linear
drift:
1 c

g+ (n) =~ N + Tog’
The first term on the right hand side is the result for the symmetric random walk discussed
in [1], which is now supplemented by a correction linear in £. Although this particular
result for g+ (n) will not be needed in our derivation of the record statistics, we found it
useful to test it against numerical simulations. The results are shown in Fig. 9.1. For small
¢, Eq.(9.13) is in good agreement with the simulations.
For the sake of completeness we also provide the small ¢ expansion of fi (z) that will
become important later. With fi (z) =1 — (1 — 2) ¢+ (z) we find

Z f) (9.14)

(9.13)

271'0

f’i(z)zlx/lz<
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Figure 9.2: Relative effect of the drift on the record rate P, (c) of a random walk with a Gaussian
jump distribution (o = 1). The effect is represented by < (P, (c) — P, (0)) for different drift speeds
c. Again, we simulated 107 realizations of a random walk with n = 100 steps for each drift speed.
The line represents the analytical results obtained in Eq. (9.5). For small drift speeds ¢ = 0.001
and ¢ = 0.01 we find good agreement with the approximation, but for ¢ = 0.1 the approximation
is no longer accurate.

From this we obtain, by methods very similar to those used above to derive g+ (n), the
result

1 3 (& 1
n)~ ——=n- 2+ n-z. 9.15
f:t( ) 2\/7—_[_ \/§7TO' ( )
Next we consider the case of large drift, £ > 1. Here we will only discuss ¢g_ (n), as
this is the quantity needed for the computatmn of the record rate; ¢4 (n) has a different
behavior in this regime. In the limit of £ > 1 we find that p_ (n) = o (27m02)71/2 e 202,
Using this we find that for large n, ¢_ (= ) and g (n) are of the form

2,

- (z) = 1+ 202 2", 9.16

-2 Z T (9-16)
g _c2n

qg-(n) = 202, (9.17)

— e
cV2mn3

These particular results were already reported in [12]. At this point it is important to notice
that all results concerning the first-passage and survival probabilities in the large n limit
are easily transferable to other jump distributions as long as these have a finite variance.
Because of the central limit theorem, G (£, n) and therefore py (n) will approach the same
expressions for large n as were derived here for the Gaussian jump distribution.

9.3 Gaussian random walks with drift

9.3.1 Record rate for small ¢/ and n < (o/c)?

With the small ¢ expansions in Egs. (9.9) and (9.14) we have all ingredients needed to
derive the record statistics for a Gaussian random walk with a small linear drift. We
start by computing the mean number of records m,, expected up to the nth step. For
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Figure 9.3: Relative effect of the drift on the record rate P, (c¢) for a random walk with a uniform
jump distribution with standard deviation ¢ = 1. The parameters of the simulation are the same
as in Fig. 9.2. Even though the expression (9.5) was derived for a Gaussian jump distribution, it
is in a good agreement with the numerical results for small c.

the generating function m(z) = > °° myz" of this quantity it was found in [12] that
m(z)=1/ ((1 —2)%q_ (z)), a result that can be obtained by computing the first moment

of Eq. (9.7). We can now evaluate this expression making use of the generating function
for g (n) given in Eq.(9.9). In the limit of small £ this yields

. - 1
m(z) ~ — ( — Z f) (9.18)

Using the series expansion of /1 — 2% and employing once again the Cauchy formula for
infinite sums and the Stirling approximation, we find

m(z) ~x —— — nzl Zm (9.19)

If n is not too small, the sum over k can be replaced by an integral and we finally obtain
an approximate expression for the generating function of m,,

m(z) ~ ﬁ + ﬂ_—ac ;z" (n arctan (v/n) — v/n). (9.20)

The mean number of records of the random walk with a small linear drift ¢ is therefore
approximately given by

 ~ (?) 2L 2 avctan (Vi) — V) (9.21)

Making use of the Stirling approximation this yields the previously announced expression
(9.4) for my(c) and, by taking a derivative with respect to n, the record rate P, (c) in the
large n limit as given in Eq.(9.5). The leading order correction of the record rate due to the
drift is seen to increase with arctan (y/n) and for larger n it approaches a constant value.
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Figure 9.4: Record rate for a biased Gaussian random walk with standard deviation ¢ = 1.
The figure illustrates the convergence of P,(c) to the asymptotically constant record rate P(c) for
n — 0o. The inset shows that the large drift result (9.24) becomes accurate for ¢/o > 1, and the
bold dotted line shows that P(c) ~ 1.39< for ¢ — 0.

For large n (but still in the regime £ < ﬁ) we find the simple result

1 c
N 4
Vo /20

We compared Eq.(9.5) to simulations and found good agreement in the regime £ < \/Lﬁ

Py (c) (9.22)

(Fig. 9.2). We also compared this result with numerical simulations of the record rate for
random walks with step sizes drawn from a uniform distribution (Fig. 9.3). The results for
the Gaussian and the uniform distribution are very similar to each other already for small
n, reflecting the convergence expected from the central limit theorem.

9.3.2 Asymptotic record rate for large n

Next we consider the limit of strong drift, =~ > 1. Applying the same method as above
and making use of our result (9.16) for G_ (z) in the regime of large ¢/o, we find that the
number of records increases linearly with time according to

ma(c) ~n (1 - \/;_me‘%) . (9.23)

Correspondingly the record rate P, is independent of n in this case. In fact, simulations
show that the record rate approaches a finite, nonzero limit P(¢) = lim, o Py(c) for
n — oo for any positive value of the drift (Fig. 9.4). This can be understood, on the basis
of the general relation (9.7) between the distribution of record events and the negative first
passage probability, to be a consequence of the fact that the negative mean first passage
time of a random walk with positive drift is finite [9, 10]; roughly speaking, one expects
that the asymptotic record rate P(c) is proportional to the inverse of the negative mean
first passage time. The result (9.23) implies that the asymptotic record rate behaves as

Pe)~1-— e 202 9.24
=1 (9.21)
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Figure 9.5: Illustration of the conjectured scaling collapse (9.26) of the record rate P,(c) for
Gaussian random walks with ¢ = 1 and various drift speeds ¢ < 0.1.

for large ¢/o (see inset of Fig.9.4). Furthermore, since the negative mean first passage time
diverges as ¢! for ¢ — 0 [9, 10], the asymptotic record rate should behave as P(c) ~ ¢ for
small ¢. This is confirmed by the simulations, which indicate that P(c) ~ 1.39 (¢/o) for
c/o < 1.

The time scale n*(c¢) at which the saturation of the record rate occurs can be estimated
by comparing the two terms in Eq.(9.22), which shows that

o2
= 9.25

o~ (2) (9:25)

for small c. Not surprisingly, this is also the time scale at which the drift begins to dominate

the mean square displacement of the random walk. Together with the linear behavior of

the asymptotic record rate, this suggests the scaling form
c
Po(c) = ;g((C/U)Qn) (9.26)

for small ¢/o and arbitrary n, where the limiting behaviors of the scaling function are
glx — 0) = % and g(x — o0) ~ 1.39. This relation is well fulfilled by the numerical data

T

shown in Fig.9.5.

9.4 Record statistics of stock prices in the S&P 500

A prominent application of the random walk process can be found in the financial sciences.
Originally introduced by Bachelier in 1900 [16], the geometric random walk is the standard
model used to describe the evolution of stock prices. In the application of this model to
actual data, trends are always an issue, which in the simplest case are described by a linear
drift in the logarithm of the stock price. In this section we present an empirical analysis
of record events in historical stock prices taken from the Standard & Poors 500 index, and
compare the results to the theoretical predictions derived above. The observational data we
used consist of daily recordings of 366 stocks that were contained in the index from January
1990 to March 2009, resulting in 366 time series of length n = 5000 [24]. We first analyzed
the recordings without any detrending and then considered detrended data in which a fitted
linear trend was subtracted from the logarithms of the stock prices.
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Figure 9.6: Mean number of records averaged over 366 stocks from the S&P 500 index, computed
from daily values for the time period 1.1.1990 - 31.3.2009. Full thick line shows the number of
upper records, dotted thick line shows the number of lower records in the data set. The expected
number of records m, (0) = iﬂ\/ﬁ for a symmetric random walk is shown by the thin dotted line.
Also shown are the predictions of the biased random walk model with effective normalized drift
¢/o = 0.025 obtained from Monte Carlo simulations as well as from the approximate expression

mn(c) = mn(0) + Vol (thin full line).

In the raw stock data the number of upper records after n = 5000 trading days is
considerably larger than the expected number of 2,/5000/7 = 79.79 for a symmetric random
walk. At the end of the observation period, we found an average number of 166.56 upper
records in the stocks, but only 22.33 lower records. The rate of upper records was roughly
constant over the entire period, whereas the rate of lower records was almost zero already
after 300 days. Apparently a positive trend had a very strong effect on the record statistics
of the analyzed stocks. To quantify the trend, we performed a linear regression analysis
on the logarithms of the individual stock prices, determining the drift ¢; and the standard
deviation of increments o; for each stock i = 1,...,366. The normalized drift ¢;/o; was
then averaged over all stocks, yielding the estimate (¢;/0;) ~ 0.025. At n = 5000 we are
thus well outside the regime in which the pertubative result (9.4) should be valid. Still,
inserting the estimated normalized drift ¢/o = 0.025 into (9.4) we obtain a record number
of 166.59, in very close agreement with the observed value. The comparison with Monte
Carlo simulations of biased random walks with the same drift shows that this accuracy is
actually fortuitous, but the description of the stock market data by the biased random walk
model is nevertheless quite reasonable (Fig. 9.6).

Next we detrended the data by subtracting the fitted linear trend from the logarithmic
stock prices, and counted the number of records in the detrended time series. We found an
average number of 75.79 upper records after 5000 steps, in close agreement with the result
for a symmetric random walk. However, the number of lower records was only 53.65, which
is significantly smaller than expected. This residual asymmetry between upper and lower
records persists if, instead of subtracting an overall linear trend, the data are detrended
by normalizing each stock by the index [19]. To further explore this phenomenon we split
the time series into 50 shorter series each lasting 100 trading days. We detrended each of
the shorter time series individually by subtracting a linear trend, counted the number of
upper and lower records, and then averaged the record numbers over the whole ensemble
of 50 x 366 series of length 100. The results are shown in Fig. 9.7. It appears that while
the number of upper records is in a very good agreement with the symmetric random walk
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Figure 9.7: Mean number of records in subsequences of the time series taken from the S&P
500 index. The entire data set of 5000 consecutive daily values was split into 50 subsequences of
length 100. For each of the subsequences a linear detrending of the logarithm of the daily values
was performed and the upper and lower record numbers were determined from the detrended data.
The results, averaged over all stocks and all subsequences, are given by the thick black line (upper
records) and the thick dashed line (lower records). The thin dashed line shows the analytical
prediction for a symmetric random walk m, (0) = 24/n/7. The number of upper records is in
good agreement with m., (0), but the number of lower records is significantly reduced.

model, the number of lower records is still suppressed. This effect was found for different
choices of the lengths of the time series and appears to be independent of this choice.
Qualitatively, a reduced number of lower records indicates that the positive first-passage
times are increased compared to the corresponding negative first passage times. An asym-
metry between first passage times to a prescribed (positive or negative) return level has in
fact been observed in previous analyses of stock market data, and is known as the gain-loss
asymmetry [20-23]. However, this phenomenon differs in several important respects from
the one reported here. First, in most (though not all [23]) cases the sign of the asymmetry
is opposite to that suggested by the asymmetry in the record statistics, in that first passage
times for crossing a prescribed level from below are larger than for crossings from above
[20, 22]. Second, the asymmetry vanishes when the prescribed return level tends to zero,
which is the relevant limit for the analysis of records. Finally, in contrast to the asymmetry
between upper and lower records reported here, the gain-loss asymmetry is a property of
entire stock indices which does not occur in individual stocks [21, 22]. Indeed, a prelimi-
nary analysis of first-passage times to the origin in the detrended S&P 500 data shows an
asymmetry between positive and negative excursions only when the starting point of the
excursion is conditioned to be a record event [25]. An explanation of the observed residual
asymmetry between upper and lower records must therefore be left to future work.

9.5 Summary

In conclusion, using the methods introduced in [1] and a more general form of the Sparre
Andersen Theorem [4, 8], we were able to describe the effect of a linear drift on the record
statistics of a Gaussian random walk in two regimes. For short times n < (%)2 we find
that the correction to the record rate P, (¢) — P, (0) increases proportional arctan (n) and

then saturates at a value of 826. On the other hand, for large n the record rate saturates

at a constant limiting value P(c), which is linear in ¢ for ¢/o < 1 and approaches unity for
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large ¢/o according to Eq.(9.24). The transition between the two regimes is described by
the scaling form (9.26).

We applied our results to the statistics of records in 366 stocks contained in the S&P 500
index from 1990 to 2009. We found that, after detrending, the number of upper records in
the stocks is basically identical to that predicted for the symmetric random walk. The fact
that the number of lower records appears to be systematically decreased is interesting and
needs to be examined more thouroughly in the future. On the theoretical side, a possible
topic for future research is the record statistics of asymmetric random walks with a more
complicated asymmetry than just a constant drift. The issue of asymmetric random walks
with discrete jump distributions is also still open for further investigations.
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Abstract: We study the statistics of records of a one-dimensional random walk of n
steps, starting from the origin, and in presence of a constant bias c¢. At each time-step
the walker makes a random jump of length 7 drawn from a continuous distribution f(n)
which is symmetric around a constant drift ¢. We focus in particular on the case were f(n)
is a symmetric stable law with a Lévy index 0 < pu < 2. The record statistics depends
crucially on the persistence probability which, as we show here, exhibits different behaviors
depending on the sign of ¢ and the value of the parameter u. Hence, in the limit of a
large number of steps n, the record statistics is sensitive to these parameters (¢ and p)
of the jump distribution. We compute the asymptotic mean record number (R,,) after n
steps as well as its full distribution P (R,n). We also compute the statistics of the ages of
the longest and the shortest lasting record. Our exact computations show the existence of
five distinct regions in the (¢,0 < p < 2) strip where these quantities display qualitatively
different behaviors. We also present numerical simulation results that verify our analytical
predictions.
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10.1 Introduction

The statistical properties of record-breaking events in stochastic processes have been a
popular subject of research in recent years. The theory of records has found many interesting
applications. Record events are very important in sports [1, 2] and climatology [3-6], but
have also been found relevant in biology [7], in the theory of spin-glasses [8, 9] and in models
of growing networks [10]. Also in finance, record-breaking events, e.g., when the price of
a stock breaks its previous records, can lead to increased financial activities [11, 12]. In
all of these fields researchers have recently made progress in understanding and modeling
the statistics of records by comparing the records in observational data with various kinds
of stochastic processes. In this context it has become increasingly important to improve
our understanding of the record statistics of elementary stochastic processes. In this paper
we focus on one such elementary stochastic process namely a random walk in presence
of a constant bias. We show that even for such a simple process, its record statistics is
considerably nontrivial and rich.

In general, one is interested in the record events of a discrete-time series of random
variables (RV’s) xg, x1, ..., z,,. An (upper) record is an entry x, which exceeds all previous
entries: x > max (xg,&1,...,2x—1). Until the end of the last century record statistics
was fully understood only in the case when the entries of the time series are independent
and identically distributed (i.i.d.) RV’s (see for instance [13-15]). For i.i.d. RV’s from a
continuous distribution p(z) the probability r,, of a record in the n-th time step is given
by [13]

1
n+1’
which is universal, i.e., independent of the parent distribution p(z). This universality follows
simply from the isotropy in ordering, i.e., any one of the (n + 1) entries is equally probable
to be a record. Let R,, denote the total number of records up to step n. The mean record
number is then simply (R,) = ZZ:O Tm, Which grows asymptotically as ~ Inn for large n.

Due to the numerous applications of the theory of records it became interesting to
consider more general models. There has been a lot of interest in the record statistics
of RV’s which are uncorrelated but not identical anymore. For instance Ballerini et al.
considered uncorrelated RV’s with a linear drift [16]. More recently Franke et al. studied
the same problem as well and found numerous new results [17-19] by also considering the
correlations between individual record events. This model was then successfully applied
to the statistics of temperature records in the context of global warming [5]. In 2006
Krug studied the statistics of records of uncorrelated RV’s with a time-increasing standard
deviation, a model with important biological implications [20].

Another important issue is the study of record statistics for correlated random variables.
For weak correlations, with a finite correlation time, one would expect that the record statis-
tics for a large sequence to be asymptotically similar to the uncorrelated case. This is no
longer true when there are strong correlations between the entries. Perhaps, one of the sim-
plest and most natural time series with strong correlations between its entries corresponds
to the positions of a one dimensional random walk [21]. Despite the striking importance
and abundance of random walk in various areas of research, the record statistics of a sin-
gle, discrete-time random walk with a symmetric jump distribution was not computed and
understood until only a few years ago. In 2008, Majumdar and Ziff [22] computed exactly
the record statistics of a one dimensional symmetric random walk model and showed that
the record rate of such a process is completely universal for any continuous and symmetric
jump distribution, thanks to the so called Sparre Andersen theorem [23]. They considered
a time series of RV’s z,,, given by:

rn = Prob[z, = x; > max (zg, 21, ..., Zn—1)] = (10.1)

Tm = Tm—1 + Ym, (10.2)

where 7,,,’s are i.i.d. RV’s drawn from a symmetric and continuous jump distribution f (7)
(it includes even Lévy flights where f(n) ~ 1/|n|**! with 0 < u < 2). Then, the record rate
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ry, for such a process is given by the universal formula [22]

2n n— oo 1
= 9—2n S — 10.3
" <n> VT (10:3)

independently of the jump distribution f(n). They also computed exactly the mean record
number (R,) and even its full distribution [22]. In addition, there exists nice connection
between the record statistics and the extreme value statistics for the one dimensional sym-
metric jump processes and many universal results can be subsequently derived using the
Sparre Andersen theorem (see [24] for a review).

Following Ref. [22], there has been considerable interests in generalising them to more
general set of strongly correlated stochastic processes. For instance, Sabhapandit discussed
symmetric random walks with a random, possibly heavy tailed, waiting time between the
individual jumps (the so called Continuous Time Random Walk model) [25]. Recently
the present authors considered the record statistics of an ensemble of N independent and
symmetric random walks [12]. There, in contrast to the case of a single random walker, the
record statistics of N Lévy flights with a heavy-tailed jump distribution was found to be
different from the one of N Gaussian random walkers with a jump distribution that has a
finite second moment.

Another important generalization is to consider a single one dimensional random walker
but with asymmetric jump distribution, for instance, in presence of a constant bias c.
First steps towards this generalization were taken by Le Doussal and Wiese in 2009 [26]
who derived the exact record statistics for a biased random walker with a Cauchy jump
distribution (a special case of Lévy flight with Lévy index u = 1). More recently in 2011,
Wergen et al. showed that a biased random walk is useful to model record-breaking events
in daily stock prices [11]. They were able to obtain results in some special limits of a
biased random walker with a Gaussian jump distribution. Apart from these two special
cases, namely the Cauchy and the Gaussian jump distribution, there are no other analytical
results available, to our knowledge, for other jump distributions for a biased random walker.
Recently, the record statistics for a biased random walker was also studied numerically in
order to quantify the contamination spread in a porous medium via the particle tracking
simulations [27].

In this article we present a complete analysis of the record statistics for a biased random
walker with arbitrary jump distributions. As we will see, the record statistics depends
crucially on the persistence probability Q(n) [see Eq. (10.17) below], the probability that
the biased walker stays to the left of its initial starting position up to n steps. While
persistence probability for various stochastic processes have been extensively studied in
the recent past [28], it seems that for this simple biased jump process, it has not been
systematically studied in the literature to the best of our knowledge. Here we provide
exact results for the persistence probability Q(n) for a biased random walk arbitrary jump
distributions [see Eq. (10.67)], which subsequently leads to the exact record statistics for
the same process.

The rest of the paper is organized as follows. Since the paper is long with many detailed
results, we provide in section 10.1 a short review on the record statistics for random walks
both with and without bias, followed by a summary of the main results of this paper.
Readers not interested in the details of the calculations can skip the rest of the paper.
In section 10.1, we will show how to use the renewal property of the random walk and
a generalized version of the Sparre Andersen theorem [23] to compute the persistence of
random walks in presence of both positive and negative drift. The results for the persistence
are interesting on their own and will be discussed in detail in section 10.4, but they will
also allow us to compute the record statistics. In particular we will show that, in the
presence of drift, the complete universality found for the record statistics in the unbiased
case [22] breaks down and there are five different types of asymptotic behaviors which
emerge depending on the two parameters of the model, namely the drift ¢ and the index
0 < p < 2 characterizing the tail of the jump distribution. This record statistics will be
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discussed in detail in section 10.5. Later, in section 10.6, we will also discuss the extreme
value statistics of the ages of the longest (section 10.6.1) and the shortest lasting records
(section 10.6.2) in each of the regimes. We will show that the asymptotic behavior of these
quantities is also systematically different in the five regimes. Finally in section 10.7, we will
conclude with some open problems.

10.2 Record statistics for random walks: A short re-
view and a summary of new results

In this section, we provide a short review on the record statistics of a one dimensional
random walk model, with and without external drift. This will also serve to set up our
notations for the rest of the paper. At the end of this section, we summarize the main new
results obtained in this work.

Let us first start with the driftless case. Consider a sequence of random variables
{zo = 0,21, 22,...,2,} where x,, represents the position of a discrete-time unbiased random
walker at step m. The walker starts at the origin and its position evolves via the Markov
rule x,, = -1 + Mm , Where 7, represents the stochastic jump at the m-th step. The
jump variables 7,,’s are i.i.d. random variables, each drawn from the common probability
distribution function (pdf) f(n), normalized to unity. The pdf f(n) is continuous and
symmetric with zero mean. Let f (k) = ffooo f(n) e*1dn denote the Fourier transform of
the jump distribution. We will henceforth focus on jump distributions f(n) whose Fourier
transform has the following small & behavior

FR)y=1— (I, k)" +... (10.4)

where 0 < p < 2 and [, represents a typical length scale associated with the jump. The
exponent 0 < p < 2 dictates the large |n| tail of f(n). For jump densities with a finite second
moment o2 = ffooo n? f(n) dn, such as Gaussian, exponential, uniform etc, one evidently has
pw=2andly = 0/\/5. In contrast, 0 < p < 2 corresponds to jump densities with fat tails
f(n) ~ |n|=t* as |n| — co. A typical example is f(k) = exp[—|k|*] where u = 2, which
corresponds to the Gaussian jump distribution, while 0 < p < 2 corresponds to Lévy flights
(for reviews on these jump processes see [29, 30]).

A quantity that will play a crucial role later is P,(xz) which denotes the probability
density of the position of the symmetric random walk at step n. Using the Markov rule in
Eq. (10.2), it is easy to see that P, (x) satisfies the recursion relation

oo

Pu(z) = / Pos(2) flz — o) da’ | (10.5)

— 00

starting from Py(xz) = §(z). This recurrence relation can be trivially solved by taking
Fourier transform and using the convolution structure. Inverting the Fourier transform,

one gets
oo

dk 1., 0" s
Pox)= [ & [ k} —ike 10.6
@ = [ 5 [fo] e (10.)
In the limit of large n, the small k behavior of f (k) dominates the integral on the right
hand side (rhs) of Eq. (10.6). Substituting the small k behavior from Eq. (10.4), one easily
finds that for 0 < p < 2, typically x ~ lunl/ # and P, (x) approaches the scaling form [29]

T

Tk e
1, nt/r - e

) , where L,(y) = 5 —iky, (10.7)
™

1
P,(z) — Ll L, (
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For 0 < p < 2, the scaling function £,(y) decays as a power law for large |y| [29]
A

ik
v Tyt

L,.(y) where A4, = % sin(um/2) T(1 + w). (10.8)

In particular, for 4 = 1, the scaling function £;(y) is precisely the Cauchy density itself

1

1

(10.9)

In contrast, for = 2, the central limit theorem holds,  ~ o n'/? | and P, (x) approaches
a Gaussian scaling form

1
V2T
From the sequence of symmetric random variables representing the position of a discrete-
time unbiased random walker, we next construct a new sequence of random variables {yg =
07 Y, Y2,.- -, yn} where

P,(z) — ! E( * ), where Lo(y) =

2
—ipl exp(—y~/2). (10.10)

Ym = Ty +cm  implying  ym = Ym—_1+ C+ O , (10.11)

where 7,,,’s are symmetric i.i.d. jump variables each drawn from the pdf f(n). Clearly, ym,
then represents the position of a discrete-time random walker at step m in presence of a
constant bias c.

In this paper, we are interested in the record statistics of this biased sequence {yo =
0,%1,Y2,---,Yn}. A record happens at step m if y,, > max(yo = 0,y1,Y2, - - -, Ym—1), i.€., if
the position of the biased walker y,,, at step m is bigger than all previous positions, with the
convention that the initial position yg = 0 is counted as a record. Let R, denote the number
of records up to step n. Clearly, R,, is a random variable and we denote its distribution by

P(R,n) = Proba.[R, = R] . (10.12)

We would like to compute the asymptotic properties of this record number distribution
P(R,n) for large n, for arbitrary drift ¢ and for arbitrary symmetric and continuous jump
density f(n) whose Fourier transform f(k) has the small k behavior as in Eq. (10.4) with
the index 0 < p < 2.

In absence of a drift, i.e., for ¢ = 0, the distribution P(R,n) was computed exactly in
Ref. [22] for all R and n, using a renewal property of the record process. Amazingly, the
distribution was found to be completely universal, i.e., independent of the jump distribution
f(n) (as long as it is symmetric and continuous) for all R and n [22]. In particular, for
large n, it was shown that P(R,n) has a scaling form [22]

P(R,n) ~ %go (%) : (10.13)

where the universal scaling function

go(z) = % exp(—22/4) , for z >0 (10.14)

is a half-Gaussian. Consequently, the mean and the variance of the number of records grows
asymptotically as [22]

(Ry) ~ —=n'"? (R?) —(R,)*> ~2 <1 - %) n. (10.15)

The renewal property of the record process derived originally for the unbiased random
walker in Ref. [22] was then generalized to the case with a nonzero drift ¢ in Ref. [26]. In
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CcC —

Figure 10.1: Phase diagram in the (¢,0 < p < 2) strip depicting 5 regimes: (I) 0 < p < 1 and
¢ arbitrary (II) the line 4 = 1 and ¢ arbitrary (III) 1 < g < 2 and ¢ > 0 (IV) the semi-infinite
line p =2 and ¢ >0 and (V) 1 < p <2 and ¢ < 0. The persistence @Q(n), the record number
distribution P(R,n) and the mean ages of the longest and the shortest lasting record exhibit
different asymptotic behaviors in these 5 regimes (see text).

particular, the authors of Ref. [26] studied in detail the special case of the Cauchy jump
distribution fcaueny (n) = 1/[m(1+n?)] [which belongs to the p = 1 family of jump densities
in Eq. (10.4)] and found that the mean number of records (R, ) grows algebraically with n
for large n with an exponent that depends continuously on ¢ [26]

(Rn) ~ m n?©,  where 6(c) = % + % arctan(c) . (10.16)
In addition, the asymptotic distribution P(R,n) for large n was found [26] to have a scaling
distribution, P(R,n) ~ n=%) g, (Rn=%)) with a nontrivial scaling function g.(z) which
reduces, for ¢ = 0, to the half-Gaussian in Eq. (10.14).

For jump densities with a finite second moment % and in presence of a nonzero positive
drift ¢ > 0, the mean number of records (R,,) was analysed in Ref. [11] and was found to
grow linearly with n for large n, (R,) = a2(c)n where the prefactor as(c) was computed
approximately for the Gaussian jump distribution. However, an exact expression of the
prefactor for arbitrary jump densities with a finite 02 is missing. In addition, these results
were then applied [11] to analyse the record statistics of stock prices from the Standard and
Poors 500. The distribution of the record number P(R,n) for large n has not been studied
for jump densities with a finite second moment.

In this paper, we present detailed exact results for the asymptotic record number dis-
tribution P(R,n) for large n, for arbitrary drift ¢ (both positive and negative) and for
arbitrary symmetric and continuous jump densities f(n) with Fourier transform f (k) hav-
ing a small k behavior as in Eq. (10.4) parametrized by the exponent 0 < p < 2. We find
a variety of rather rich behaviors for P(R,n) depending on the value of ¢ and the exponent
. On the strip (¢,0 < p < 2) (see Fig. 10.1), we find five distinct regimes: (I) when
0 < p < 1 with ¢ arbitrary (IT) when g =1 and ¢ arbitrary (IIT) when 1 < 4 < 2 and ¢ > 0
(IV) when g =2 and ¢ > 0 and (V) when 1 < 4 < 2 and ¢ < 0. In these five regimes the
record statistics behave differently, resulting in different asymptotic forms for the record
number distribution P(R,n). The line 4 = 1 (regime IT above) is a critical line on which
the record statistics exhibits marginal behavior. These five regimes are summarized in the
phase diagram in the (¢,0 < p < 2) strip in Fig. 10.1.

As we will see later, a quantity that plays a crucial role in the study of record statistics
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is the persistence Q(n) which denotes the probability that the process y,, in Eq. (10.11)
stays below its initial value yg up to step n, i.e.,

Q(n) = Proba. [y; < yo,foralli=1,2,...,n]. (10.17)

Due to the translational invariance of the process, @Q(n) does not depend on yg. The
persistence probability has been studied quite extensively in recent years in a variety of
theoretical and experimental systems [28]. We will see that even for the simple stochastic
process ¥, representing the position of a discrete-time random walker in presence of a drift,
the persistence Q(n) has a rather rich asymptotic behavior depending on the parameters
and c. Hence, even though here our main interest is in the record statistics, we include the
results for the persistence Q(n) as a byproduct.

We also analyse the statistics of waiting times between individual record events. In
particular we are interested in the expected ages of the longest and the shortest lasting
records. The age of the longest lasting record is defined as:

lmax,n = Imax (lla l2; ceey ZR) 3 (1018)

where [; is the length of the time interval between the the i-th and the (i 4+ 1)-th record.
Similarly one defines the age of the shortest lasting record as

lmin,n = min (ll,lg,...,lR). (1019)

In [22], the mean values of lymaxn and lnin, were computed exactly for the symmetric
random walk with arbitrary jump distribution. It was found that [22] for large n

<lmax,n> ~ CO n, (1020)

where Cy ~ 0.626508... is a universal constant independent of the jump distribution. Inter-
estingly, the same constant Cy also appears in other related problems [31, 32]. In contrast,
the shortest record exhibits different behavior for large n [22]

(Iminn) ~ \/n/m . (10.21)

In this paper we generalize these results to the case of a biased random walk and as in the
case of record number distribution, we find five different asymptotic behaviors depending
on ¢ and pu.

Summary of the new results: Let us then summarize the main new results in this paper
for the asymptotic behavior of the persistence Q(n), the record number distribution P(R,n)
and the extremal ages of records in the 5 regimes in the (¢, ) strip mentioned above.

Regime I (0 < < 1 and ¢ arbitrary): In this regime, we find that the persistence Q(n)

decays algebraically for large n
By
Q(n) ~ \/ﬁ )

where the prefactor By depends on the details of the jump distribution f(n) and the drift
¢ and can be computed explicitly [see Eq. (10.78)]. The mean record number up to n steps
grows asymptotically for large n as

(10.22)

(R,) ~ A1vn. (10.23)

While the growth exponent 1/2 is universal, i.e. independent of ¢ and the precise form of
the jump distribution f(n), the prefactor A; depends on ¢ and on the details of the density
f(n). In addition, the two prefactors A; and By are related simply via By = 2/(wA;). We
find the following exact expression for the prefactor Aj

A = 2 l % arctan <M> . (10-24)

Nz =P\ T ) k 1 — f(k) cos(kc)
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In the scaling limit when n — oo and R — oo, but with the ratio R/+/n fixed, we find that
the distribution P(R,n) approaches the scaling form

AI\/ﬂ'ngO A/mn Z3

Averaging over R evidently reproduces the result in Eq. (10.23). Thus, the record number,
rescaled by the nonuniversal scale factor R — R/Aj, approaches asymptotically the same
universal half-Gaussian scaling distribution as in the driftless case ¢ = 0 in Eq. (10.14).

The statistics of the longest lasting record is completely unaffected by the drift ¢ in this
regime. For the mean value (lmax’n) we find that

P(R,n) ~ 2 ( 2R ) ,  where go(z) = = exp(—x%/4). (10.25)

<lmax,n> ~ C‘I n, (1026)

where the same constant C; = Cy =~ 0.626508... was also found in the unbiased case [see
Eq. (10.20)]. The age of the shortest lasting record is given by

<lmin,n> ~ DI \/ﬁ, (1027)

with a prefactor D; = By. Therefore, in contrast to (Imax,n), {{min,n) slightly differs from
the unbiased case and has a prefactor that depends non-trivially on c.

Regime II (the line p =1 and ¢ arbitrary): On this line, we find that the persistence
Q(n) decays algebraically for large n but with an exponent that depends continuously on ¢

Qn) ~ % , (10.28)

where the exponent 0 < 0(c) < 1 is given in Eq. (10.16). In this sense the behavior is
marginal. The prefactor Byy can be computed exactly [see Eq. (10.85)]. The mean record
number also grows marginally for large n

(R,) ~ ﬁ n? (10.29)

where the prefactor Ay;p = 1/ [I'[1 — 6(c)] Bri]. The record number distribution exhibits an
asymptotic scaling form

1 R
P(R7 TL) ~ AII ng(c) e (AH ne(c)> ) (1030)

where one can obtain a formal exact expression (10.110) and explicit tails of the scaling
function g.(z) which also exhibits marginal behavior, i.e., depends continuously on c.

Like in regime II we find that the mean age of the longest lasting record grows linearly
in n, but this time with a non-trivial ¢ dependent prefactor. We find that

(Imax,n) ~ Cun (10.31)

where Cp is given in Eq. (10.148). The mean age of the shortest lasting record is more
strongly affected by the drift. Here we find that (Imin,n) grows algebraically with n with an
exponent which depends continuously on c:

<lmin,n> ~ DH n1_9(6)7 (1032)
with Dyp = Byy as in Eq. (10.28) and 6 (c) as defined in Eq. (10.16).

Regime III (1 < p < 2 and ¢ arbitrary): In this regime, the persistence Q(n) decays
for large n as

Qn) ~ B (10.33)

nt
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where the prefactor By; depends on the details of the jump distribution and can be com-
puted [see Eq. (10.90)]. The mean number of records grows linearly with increasing n

(Rn) = ay(c)n, (10.34)

where the prefactor a, (c) can be computed explicitly [see Eq. (10.116)]. The record number
distribution P(R,n), for large n, behaves as

P(R,n) ~ au(cinl/u Vi <iu(cj¢f/)f> ’ (10.35)

where the scaling function V,,(u) can be computed exactly and it has a non-Gaussian form
with highly asymmetric tails

Vi(u) ~ Aylul™"' as u— —o0 (10.36)
~ e uPT2emD exp {ch u“/(“*l)} as u — 00, (10.37)
where A, is the same constant as in Eq. (10.8) and the constants ¢; and ¢y are given
explicitly by
1/2

o = {%(u - 1)(MBH)1/(“_1)} T (10.38)
e = (1=1/p)(pB,)" Vw1, (10.39)

where i
BH:—W>O for 1<p<2. (10.40)

Thus, in this regime, while the mean record number grows linearly with n, the fluctuations
around the mean are anomalous ~ n'/# and described by a non-Gaussian distribution.

Also the extremal ages of records have an interesting behavior in this regime. In partic-
ular we find that the average age of the longest lasting record grows like

==

(lmax,n) ~ Crn¥, (10.41)

where the constant Cryr can be computed explicitly [see Eq. (10.148)]. On the other hand
and in contrast to the results of regime I and II, the mean age of the shortest lasting record

converges to a finite value:
(Imin,n) ~ Dt =1 —ay(c) , (10.42)

which thus depends continuously on c. The strongly different n dependence of (liax,n) and
(Imin,n) in the regime I and in the regime III is a consequence of the fact that while in
regime I the asymptotic behavior is dominated by the fluctuations, in regime III the effect
of the drift is stronger in the large n limit.

Regime IV ( the semi-infinite line 1 = 2 and ¢ > 0): On this semi-infinite line the
variance o2 of the jump pdf is finite. This leads to an exponential tail of the persistence
Q(n) for large n. More precisely we show that

Q(n) = % exp[—(c?/20°%)n] , (10.43)

where the nonuniversal prefactor Bry can be computed exactly [see Eq. (10.96)]. We also
show that the mean and the variance of the record number both grow linearly for large n

(R,) ~az(c)n and (R%) — (R,)* =~ by(c)n, (10.44)

where the amplitudes as(c) and ba(c) are nonuniversal and depend on the details of the
jump distribution f(n). We provide exact expressions for these amplitudes respectively in
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Egs. (10.126) and (10.129) as well as in 10.7. The distribution of the record number P(R,n)
approaches a Gaussian form asymptotically for large n

1 L (R-an?]. (10.45)

V2mba(c)n P 2b2(c)n
Thus, in this regime, the mean record number grows linearly with n with normal Gaussian
fluctuations ~ n'/2 around the mean.

It is interesting to see that the asymptotic behavior of (Imax,n) in regime IV is qualita-
tively different from regime III. Here we find that (Imax n) grows only logarithmically with
n for n — oo:

P(R,n) =

(lmax,n) ~ Crv Inn (10.46)

with an n independent constant Cry = %2 Like in regime III, the average age of the
shortest lasting record approaches a (different) constant value depending on ¢:

<lmin,n> ~ DIV =1- GQ(C) s (1047)
which depends continuously on c.

Regime V (1 < u <2 and ¢ < 0): In this case, the walker predominantly moves towards
the negative axis due to the drift. Consequently, the events where the walker crosses the
origin from the negative to the positive side become extremely rare. As a result, with a
finite probability the walker stays forever on the negative side. Thus, the persistence Q(n)
approaches a constant for large n

Q(n) = aulc). (10.48)

Similarly, the occurrence of the records (with positive record values) are also rare. Subse-
quently, we find that the mean record number also approaches a constant for large n

(Ry) — , (10.49)
O‘M(C)
where the constant a,,(c) is given by
aulec) = au(ld)) for 1<p<2, (10.50)
= az(le]) for p=2, (10.51)

where a,(c) and as(c) are precisely the amplitude of the linear growth of the mean record
number respectively in regime III and IV [respectively in Egs. (10.34) and (10.44)]. An
explicit expression for ¢, (c) is given in Eq. (10.101). The record number distribution
P(R,n) also approaches a steady state, i.e., n-independent distribution as n — oo. This
distribution has a purely geometric form

P(R,n — 00) = a,(c) [1 — a, ()], (10.52)

Physically this result is easy to understand because for ¢ < 0 and p > 1, the walker typically
moves away from the origin on the negative side with very rare and occasional excursions
to the positive side caused by rare large jumps. As a result, the occurrence of a record is
like a Poisson process which eventually leads to a geometric distribution as in Eq. (10.52).

In this regime the statistics of the longest and the shortest lasting records are particularly
simple. Since the record number is finite, the longest lasting record will grow linearly in n:

<lmax,n> ~ CV n aCV =1. (1053)
For the shortest lasting record we find a similar behavior:

(Iminn) ~ o) m, (10.54)
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with the same ¢ dependent constant «, (¢) as in Eq. (10.48). Here, the main contributions
to these quantities come from trajectories that never cross the origin and stay negative for
all n.

The five regimes in the (¢, 0 < p < 2) strip are depicted in Fig. 10.1. As mentioned above,
the line p = 1 is a special ‘critical’ line with marginal exponents that depend continuously
on the drift ¢. It is not difficult to understand physically why p = 1 plays a special role.
Indeed, writing y,, = x, +cn where z,, represents a symmetric random walk, we see that the
two terms z,, and cn compete with each other for large n. Since x,, ~ nk for 0 < w<2
[see Eq. (10.7)], it is clear that for 0 < u < 1, the term z,, dominates over the drift and
the presence of a nonzero drift only leads to subleading asymptotic effect. In contrast, for
@ > 1, the drift term starts to play an important role in governing the asymptotic record
statistics. In the region 1 < g < 2 and ¢ > 0 (regime III), while the mean record number
increases linearly with n due to the dominance of the drift term, the typical fluctuation
around the mean is still dominated by the z,, ~ n'/* term [see Eq. (10.35)]. However when
=2 and ¢ > 0 (regime IV), the drift term completely dominates over the x,, term leading
to Gaussian fluctuations around the mean. This competition between x,, and cn thus leads
to (i) a ‘phase transition’ in the asymptotic behavior of record statistics of y,, at the critical
value © =1 and (ii) an anomalous region with non-Gaussian fluctuations around the mean
in the region 1 < pt < 2 and ¢ > 0.

10.3 Record number distribution via renewal property
and the generalized Sparre Andersen theorem

The idea of using the renewal property of random walks to compute the distribution of
record number was first used in Ref. [22] for symmetric random walks and was subsequently
generalized to biased random walks [26]. We briefly summarize below the main idea.

Consider the random sequence {yo, y1, y2, - - -, } representing the successive positions of
a discrete-time biased random walker evolving via Eq. (10.11), starting from an arbitrary
initial position yo. Consider first the persistence Q(n) defined in Eq. (10.17). Let us also
define

F(n) = Proba. [y1 < yo0, Y2 < Yo, - - -5 Yn—1 < Y0, Yn > Yo (10.55)

which denotes the probability that the walker crosses its initial position yo from below for
the first time at step n. Clearly

Fn)=Q(n—1)—Q(n). (10.56)

It is also useful to define the generating functions
Q) =Y _Qn)z", F(z)=)Y F(n)z". (10.57)
n=0 n=1

Using the relation in Eq. (10.56) it follows that

F(z)=1-(1-2)Q(2). (10.58)
Consider now any realization of the sequence {yo = 0,y1,¥2,...,Yn} up to n steps and
let R,, be the number of records in this realization. Let | = {l1,ls,...,lr} denote the time

intervals between successive records in this sequence (see Fig. 10.2). Clearly I; denotes the
age of the i-th record, i.e., the time up to which the i-th record survives. The last record,
i.e. the R-th record, stays a record till step n. Let P(l_; R|n) denote the joint distribution of
the ages and the number of records up to step n. Using the two probabilities Q(n) and F(n)
defined earlier and the fact that the successive intervals between records are statistically
independent due to the Markov nature of the process, it follows immediately that

P(I, Rln) = F(l)F(l2) ... F(lr) QUR) 052 1, v » (10.59)
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Figure 10.2: A typical realization of the biased random walk sequence {yo = 0,y1,¥2,...,Yn}
of n steps with R records. Each record is represented by a filled circle. The set {l1,l2,...,lr—1}
represents the time intervals between the successive records and [r is the age of the last record
which is still a record till step n.

where the Kronecker delta enforces the global constraint that the sum of the time intervals
equals n. The fact that the last record, i.e. the R-th record, is still surviving as a record at
step n indicates that the distribution Q(lg) of lg is different from the preceding ones. It is
casy to check that P([, R|n) is normalized to unity when summed over [ and R. The record
number distribution P(R,n) = pr(l_; R|n) is just the marginal of the joint distribution
when one sums over the interval lengths. Due to the presence of the delta function, this
sum is most easily carried out by considering the generating function with respect to n.
Multiplying Eq. (10.59) by z™ and summing over [ and n, one arrives at the fundamental
relation

S PR = [F(:)] T oe == 2Q(:)] o) (10.60)

where we used the relation in Eq. (10.58). Note that, by definition, R < (n 4 1), i.e.
P(R,n) =0 if n < R — 1. Hence, the sum in Eq. (10.60) actually runs from n = R — 1
to oo.

Thus the basic object is the generating function Q(z) Once this is determined, one
can, at least in principle, compute other quantities such as the statistics of records or their
ages using the fundamental renewal equation (10.60). Fortunately, there exists a beautiful
combinatorial identity first derived by Sparre Andersen [23] that allows one to compute

Q(z)
Qz) = Z Q(n) z" = exp [Z %p(n)] ) (10.61)
n=0 n=1

where p(n) = Proba. [y, < 0]. Using the relation y,, = z, + ¢n where x,, represents the
symmetric random walk at step n in Eq. (10.2) one gets, p(n) = Proba. [z, < —cn]. Then,
using the pdf P,(x) of the symmetric walk x,, at step n in Eq. (10.6), one gets

p(n) = Proba. [z, < —cn] / P, (x)dx = /Pn(:c) dz (10.62)

where, in obtaining the last equality we used the symmetry P,(x) = P,,(—x). Substituting
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this expression of p(n) in Eq. (10.61) gives

Q(z) = Z Q(n) 2" = exp Z % /Pn(:c) dr| . (10.63)
n=0 n=1

cn

Eq. (10.63), with P,(z) given by Eq. (10.6), determines Q(z) in terms of the Fourier
transform f(k) of the jump distribution f(n). Subsequently Eq. (10.60) then determines,
in principle, the record number distribution P(R,n). In the driftless case ¢ = 0, great
simplification occurs, since by symmetry fooo P, (z)dz = 1/2. This gives, from Eq. (10.63),
Q(z) = 1/y/T — z. This is completely universal as all the dependence on the jump distribu-
tion f(n) drops out. Subsequently, Eq. (10.60) provides, for ¢ = 0, the universal result for
the record number distribution [22]

i P(R,n) 2" = (- : (10.64)
n=0

which, when inverted, yields [22] for large n the scaling behavior in Eq. (10.13) with the
scaling function given by the half-Gaussian form in Eq. (10.14).

However, in presence of a nonzero bias ¢, extraction of the precise large n behavior of
P(R,n) from the set of equations (10.60), (10.63) and (10.6) is more complicated. For
the special case of the Cauchy distribution, this was performed in Ref. [26] which showed
nontrivial behavior. The rest of this paper is devoted precisely to this technical task of
extracting the large n behavior of P(R,n) for a general jump distribution f(n) and we will
see that a variety of rather rich asymptotic behavior emerges depending on the value of the
drift ¢ and the exponent p characterizing the small k behavior of f(k) in Eq. (10.4).

Before finishing this section, let us remark that from Eq. (10.60) one can also compute
the generating functions of the moments of the number of records. For example, multiplying
Eq. (10.60) by R, summing over R and using the identity Y>> jna™! = 1/(1 —z)? we get
for the first moment
1

D (Rp) 2" = ———. (10.65)
n=0 (1 - Z) Q(Z)

Similarly, multiplying Eq. (10.60) by R? and summing over R one gets for the second

moment
oo

§O<R,%> 2" = % (10.66)

We will use these two results later in Section IVB.

10.4 Asymptotic behavior of persistence )(n) for large
n

The persistence (n), i.e. the probability that the process y,, stays below its initial value g
up to step n and its generating function Q(z) is the key ingredient to determine the record
number distribution P(R,n) via Eq. (10.60). Apart from its key role as an input for the
record statistics, the persistence Q(n) for this process is, by itself, an interesting quantity to
study. We will see in this section that even for the simple stochastic process y,,, representing
the position of a discrete-time random walker in presence of a drift, the persistence Q(n)
has a rather rich asymptotic behavior depending on the parameters i and c. Before getting
into the details of the derivation, it is useful to summarize these asymptotic results. We
find that for large n, the persistence Q(n) has the following asymptotic tails depending on
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Figure 10.3: Numerical simulations of the persistence @ (n), i.e. the probability that a random
walker with a bias ¢ stays below its initial position up to step n. We considered 4 different Lévy-
stable jump distributions characterized respectively by the Lévy index p = 0.5, 1, 1.5 and p = 2
(in the last case it is just Gaussian jump distribution). In all cases, we had a constant positive bias
¢ =1 and the data were obtained by averaging over 107 samples. For comparison, we also present
the result for the unbiased case (¢ = 0) with a Gaussian jump distribution (the top curve). The
thin dashed lines give our analytical predictions from Eq. (10.67) with fitted prefactors Br, B,
B and Bry. For the p =1 case we used 0 (¢ = 1) ~ 0.7498....

pu>0and c

Q(n) ~ Brn~Y? for 0<p<1andcarbitrary (regime I),
~ Bun % for u=1and carbitrary (regime II),
~ Bin™# for 1<p<2andc>0 (regime III),
~ Bryn 32 exp[—(c?/20%)n] for p=2andc¢>0 (regimeIV),
~ auc) for 1<p<2andc<0 (regimeV),

(10.67)

where the prefactors Br, Bir, B, Bryv can be computed explicitly. In regime V, a,(c) is
a constant independent of n that can also be computed explicitly [see Eq. (10.95) and 10.7
for aa(p)]. The exponent 6(c) depends continuously on ¢ and is given in Eq. (10.16) [see
also Eq. (10.80)]. In Fig. 10.3 these results are confirmed numerically for the regimes I-IV.

To derive these asymptotic behaviors of Q(n) for large n, we start with the key result
in Eq. (10.63). Using Cauchy’s inversion formula in the complex z plane one can write

dz 1 - - < o T
QW/E%;HMA\MhQ@wp;ﬁ;/&@M , (10.68)

Co

where the contour Cy encircles the origin 0 and is free of any singularity of Q(z) (see
Fig. 10.4). Let z* denote the singularity of Q(z) on the real axis closest to the origin. Then,
one can deform the contour Cy to C; (see Fig. 10.4) such that the vertical part of Cj is
located just left of z* and the circular part has radius 1. By taking the r; — oo limit, it
follows from Eq. (10.68) that for large n, the contribution from the circular part vanishes
exponentially. Thus for large n, the leading contribution comes from the vertical part of C1,
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Figure 10.4: The contour Cy in the complex z plane can be deformed to the contour Ci. In the
large n limit, the dominant contribution to the Cauchy integral in Eq. (10.68) comes from the
vertical part of Cj.

—Ssn

i.e the imaginary axis located just left of z*. Next we make a change of variable z = ¢
and define

i(s)=Q(z=e"%) = Z Q(n)e " =exp [We u(s)] , (10.69)
n=0
where W, (s) = i e:n /Pn(:c) da. (10.70)

Using this expression in the integrand in Eq. (10.68) and retaining only the contribution
from the vertical part of the contour C; for large n, we get

s*+ioco
ds .,
Q(n) =~ / 5 € exp (Weu(s)] (10.71)
where W, ,(s) is given in Eq. (10.70) and s* = —In(z*) is the singularity of g(s) =

exp[We, . (s)] on the real axis closest to s = 0. Identifying the integral on the rhs of Eq.
(10.71) as a standard Bromwich integral in the complex s plane, we see that for large n, Q(n)
is essentially given by the inverse Laplace transform of the function ¢(s) = exp[W .(s)].
To make further progress, we need to first identify the position of the singularity s* of
We,,.(s) and then analyse the dominant contribution in the Bromwich integral coming from
the neighborhood of s* for large n. We see below that the singular behavior of W, ,(s) as a
function of s depends on the parameters ¢ and p > 0 and there are essentially 5 regimes in
the (¢,0 < p < 2) strip as shown in Fig. 10.1. Below we discuss these regimes separately.

10.4.1 Regime I: 0 < < 1 and c arbitrary

To analyse the leading singularity of W, ,(s) as a function of s in this regime, it is first
convenient to use the normalization condition [*_ P,(z)dz = 1 and the symmetry P,(z) =

P, (—z) to rewrite
o0

/ Po(z) dz = % - 7Pn(x) da. (10.72)

cn
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Substituting this in Eq. (10.70) gives

1 ) ) —sn cn
Weu(s) = =5 In (1—e™) Z / () de . (10.73)
n=1 0

Now, as s — 0, the sum in Eq. (10.73) converges to a constant for 0 < p < 1

= i /Pn(x) dx . (10.74)

To see this, let us see how the integral focn P, (z) dx behaves for large n. For large n,

S|

we can use the scaling form for P,(z) in Eq. (10.7). One finds that f x)dr —
en(t—1/m) .
fo l L,(y)dy as n — oo. For 0 < pu < 1, clearly this integral decreases 1ead1ng to the

convergence of the series in Eq. (10.74). Thus, the leading singularity of W ,(s) occurs
near s = s* = 0 where it behaves as

W () ~ —% In(s) — So . (10.75)

Substituting this result in Eq. (10.70) gives

—So

ZQ e — eﬁ . (10.76)

We now substitute this singular behavior of the integrand in Eq. (10.71) after setting s* = 0
and perform the standard Bromwich integral (one can use the fact that the inverse Laplace
transform LT ! [s71/?] =1//mn)

Qn) —— % : (10.77)

where the prefactor By is given by

e~ S0

1 =1
B = v Al > - /Pn(:c) dr| . (10.78)

10.4.2 Regime II: ;=1 and c arbitrary

The case p = 1 is rather special and marginal as we demonstrate now. Consider the sum
We1(s) in Eq. (10.70). In this case, it follows from Eq. (10.7) that P, (x) — (1/n)Li(x/n)
as n — oo, where L1 (y) = 1/[r(1 + y?)] for all y and hence is integrable. Thus the integral
fm P, ( d:c converges to a constant for large n

/P Yz —— [ Laly)dy = 1—0(c), (10.79)
n—00
where
1 1
= / Li(y)dy = 3 + — arctan(c) . (10.80)
™

Hence, the n-th term of the sum in W, ;(s) behaves, for large n, as T, — (1 —0(c)) e=*" /n.
Consequently, the sum W, 1(s) = >, -, T; has a singularity at s = s* = 0. The leading
asymptotic behavior near this singularity reads

Wei(s) - —(1-106(c)) In(s) — 0, (10.81)
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where 7 is a constant that depends on the details of P, (x), in particular on the difference
between P, (x) and its large n asymptotic form (1/n)Lq(z/n) for finite n

Y= |1-6() f/Pn(z) dr| . (10.82)

Using this result on the right hand side (rhs) of Eq. (10.70) gives

~ e "o

s—0

Substituting this result in the Bromwich contour in Eq. (10.71) (after setting s* = 0) and
performing the Bromwich integral gives

Br
Q(n) ——— —55 - (10.84)
where
Bui=—"""_ and 0(c) ==+ arctan(c) (10.85)
Hil—‘[l—e(c)] 1 0—2 . I nic) , .

and v in given in Eq. (10.82).

Thus, for © = 1, the persistence Q(n) decays algebraically for large n but with an
exponent 6(c) that depends continuously on the drift ¢. In this sense the line y = 1 is
marginally critical. The exponent 6(c) in Eq. (10.85) increases continuously with ¢ from
O(c - —o0) =0 to O(c - o0) = 1.

Let us end this subsection with the following remark on the special case of pure Cauchy
jump distribution, fcauchy(n) = 1/[7(1 +7?)]. As mentioned before, the record statistics
for this case was studied in detail in Ref. [26]. For the Cauchy case, it is well known
that P, (z) = (1/n)fcauehy(x/n) = (1/n)L1(z/n) for all n. As a result, it follows from
Eq. (10.82) that the constant 79 = 0 in this case. However, in the general ;u = 1 case
(not necessarily the Cauchy case), 7o is generically nonzero. Thus, while the persistence
exponent 6(c) = 1/2+ < arctan(c) is universal for all jump densities belonging to the p = 1
case, the amplitude Byy is nonuniversal and depends on the details of the jump density.

10.4.3 Regime IIl: 1 <py<2and ¢ >0

To analyse the singular behavior of the sum W, ,(s) in Eq. (10.70) in this regime, we
consider the n-th term of the sum 7, = (e7*"/n) [° P,(z)dz and substitute, for large n,
the scaling behavior of P,(z) in Eq. (10.7). This gives T, &~ (e=*"/n) [ 1/, Lu(y)dy.
For 1 < p < 2, the lower limit of the integral in 7}, becomes large as n — oo and we can
use the tail behavior in Eq. (10.8) to estimate, T}, ~ (A, /uct)e=""/n* for large n. Hence
the sum, W, ,(s) = > -, T, clearly converges to a constant W, ,(0) as s — 0. For small
s, one can replace the sum by an integral and estimate exactly the first singular correction

to this constant. This gives

Weu(s) —or Weu(0) = Bus"™" (10.86)
s—

where the constant B, = A,I'(2 — p)/[p(pe — 1)c*]. Using the exact expression of A, from
Eq. (10.8) and simplify, one finds B, = —1/[2 cos(un/2)] > 0 as in Eq. (10.40). Note also
that from the definition in (10.70)

S|

G(0) = exp[We,(0)] = exp | > / Pu(z)dz| . (10.87)
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Substituting the small s behavior from Eq. (10.86) in Eq. (10.70) gives
a(s) — q(0) [1-B,s"'+...]. (10.88)

Substituting this singular behavior of ¢(s) = exp[W, .(s)] in the Bromwich integral in
Eq. (10.71) (upon setting s* = 0) and performing the integral by standard method provides
the following large n power law tail for Q(n)

B
Qn) —— el (10.89)
where the prefactor By is given by
(4~ 1)By (1) > 17’

Binp==——""-—-q(0) =— — [ Py(x)dx| . 10.90
i (2 — p)er a(0) 2cos(um/2)T(2 — p)ct P ; n (w) de ( )

10.4.4 Regime IV: p=2and c>0
In this regime, the leading singularity s* of W, ,,(s) occurs not at s = 0, but at s = s* = —s

where 51 = ¢?/202. To see this, let us again consider the n-th term of the sum W, ,,(s), i.e.
T, = (e7*"/n) [ Po(x)dx. For large n, P,(x) now has the Gaussian scaling form in Eq.
(10.10) due to the central limit theorem. Substituting this Gaussian form and carrying out
the integration one gets,

- 2 T 2
T, — 6271 erfc <L \/ﬁ> , where erfe(y) = 7= /efz dzx . (10.91)
y

Using the asymptotic behavior erfc(y) = eV Jy+/7 for large y, one finds that

o e—(s-i—sl)n C2
T, , Where s1=—.
n—oo /2 n3/2 20‘2

(10.92)

Consequently, the sum W, ,(s) = >, T, actually, while perfectly analytic near s = 0,
has a singularity near s = s* = —s;. Close to this singular value, by taking the limit
s+ c?/20% — 0 whereby replacing the sum by an integral over n, one finds the following
leading singular behavior of W, ,,(s) near s = —s;

W u(5) ——— Wep(—s1) — V2 Z /551, (10.93)

S——S81 &

where W ,,(—s1) is just a constant. Substituting this leading singular behavior on the rhs
of Eq. (10.70) gives

Q(s) — eWer [1 - V2 T Vstsit...|. (10.94)
S— C
We set s* = —s;1 in the Bromwich contour in Eq. (10.71), substitute the singular behavior

of ¢(s) in Eq. (10.94) and perform the Bromwich integral to get

BIV C2

Q(TL) ::: n3/2 where S1 = F (1095)
and the prefactor
We,u(—s1) sin o
Bv=20"" - 7 op|© /Pn(z) dz| . (10.96)
cV 2w cV 2w n

cn

Thus, contrary to regimes I, IT and III, here the persistence Q(n) has a leading exponential
tail (modulated by a power law n~3/2).
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10.4.5 Regime V:1<pu<2and c<0

In this regime ¢ = —|¢| < 0 and g > 1. It is convenient, using the normalization condition
J75, Pu(z)dz =1, to first reexpress the sum W, ,(s) in Eq. (10.70) as

Weu(s) =3 © - / Po(x)de =3 © — |1- / Po(z)dz| . (10.97)
n=1 n=1
—leln le|n

Performing the sum, and using the definition of W ,(s) in Eq. (10.70) one gets
Weu(s) =—In(1—e™%) = W u(s). (10.98)

For p > 1, Wy, ,(0) is a constant as was demonstrated in the previous two subsections.
Hence, one gets from Eq. (10.98), the leading singular behavior for small s

We,u(s) ;—0% —In(s) — W¢,.(0) (10.99)
which yields, via Eq. (10.70)
Wiy (0
i(s) eXPl=Wiel.u (O (10.100)
s—0 S

Thus, in this regime, the leading singularity of ¢(s) occurs at s = s* = 0. Setting s* =0
and the result (10.100) in the Bromwich integral in Eq. (10.71) gives

n—o0

Q) —— a(e) = exp|— Wi u(0)] = exp —Z%/Pn(x)dx . (10.101)
n=1 leln

The fact that the persistence Q(n) approaches to a constant for large n in this regime can
be understood physically because for ¢ < 0 and g > 1, a finite fraction of trajectories escape
to —oco as n — oo.

10.5 Asymptotic record number distribution P(R, n) for
large n

In this section, we analyse the asymptotic large n properties of the mean record number
(Ry,) and its full distribution P(R, n) for arbitrary ¢ by analysing the set of equations (10.6),
(10.60), (10.63) and (10.65) with arbitrary jump distribution f(n). Consider first the mean
record number. As in Section IV, we invert Eq. (10.65) by using the Cauchy inversion
formula, deform the contour (as in Fig. 10.4), keep only the vertical part of the contour
C1 for large n and finally make the substitution z = e™* to obtain the following Bromwich
formula

s*+ioco d
] 1
R~ R 10.102
(Fn) / omi ¢ (1—e—)2q(s) ’ ( )
s* —i00
where ¢(s) is given in Eq. (10.70) and its small s properties have already been analysed
in section IV in different regimes in the (¢,0 < p < 2) strip. As in section IV, s* denotes
the singularity of ¢(s) on the real line in the complex plane that is closest to the origin at
s=0.
Similarly, the record number distribution is obtained by inverting Eq. (10.60) in the
same way

P(R,n) ~ / 45 s g(s) [1—(1—e%)i(s)] " . (10.103)
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Figure 10.5: a): Rescaled mean record number (R,)/y/n for a Lévy-stable distribution with
Lévy index p = 1/2 and different series length n = 10%,10%,10* and 10°. For each n the average
was performed over 10% samples. For n > 1 the results collapse and agree with the predicted
analytical behavior for A; (c) in Eq. (10.104). b): Rescaled distribution Aiy/7n P(R,n)/2 as a
function of 2R /AI\/% of the record number R,, after n steps for a random walk with a Lévy-stable
jump distribution of Lévy index p = 1/2, n = 10 and different values of the drift ¢ = —1,0,0.1, 1
and 10. We also plotted the asymptotic analytical result go(z) given in Eq. (10.25). All curves
collapse nicely. In regime I, the record number has a half-gaussian distribution.

In this section, we use the already derived results for ¢(s) in Section IV and analyse
the asymptotic behavior of (R, ) and P(R,n) respectively in Egs. (10.102) and (10.103) in
different regimes of the (¢,0 < p < 2) strip and on the critical line u = 1.

10.5.1 Regime I: 0 < ¢ < 1 and c arbitrary

Let us first consider the asymptotic behavior of the mean number of records (R,,) for large
n in this regime. Consider the Bromwich integral in Eq. (10.102). For large n, this integral
can be shown to be dominated by the small s region of the integrand. Taking s — 0 limit
in the integrand, substituting the result (10.76) on the rhs of Eq. (10.102), and performing
the Bromwich integral we get the leading asymptotic behavior for large n

2 2 NS
(R,) ~ Arv/n, where Aj=——=¢e% = _"_ exp Z — /Pn(ac) dz| . (10.104)
Nz Nz —n )

Comparing this to the amplitude of persistence in Eq. (10.78) we see that the two prefactors
are related simply via By = 2/(wAj). The prefactor A; can further be expressed explicitly
in terms of the Fourier transform of the jump distribution f(k) as in Eq. (10.24). This is
shown in Appendix A where we also compute the asymptotic behavior of A; for large |c|
[see Eq. (10.181)]. In Fig. 10.5 a) we compare this result for (R,,) to numerical simulations.
The numerical results for n > 1, (R,)/+/n agree nicely with our analytical values for Aj (c).

Next we turn to P(R,n) in the limit of large n. To extract the scaling behavior of
P(R,n) from Eq. (10.103), we substitute on the rhs the small s behavior of ¢(s) from Eq.
(10.76) and use the notation e=% = (2/y/7) A;. The appropriate scaling limit is clearly
R — o0, s — 0 but keeping the product /s R fixed. Taking this limit in Eq. (10.103) gives,

“+100
ds 2 2
P ~ — e - . 10.1
(R,n) / 57 € s exp{ AI\/E\/ER} (10.105)

One can simply evaluate the Bromwich integral by using the identity,

LTsjn[e’bRﬁ/\/E] _ efb2R2/4n/1 o (10.106)
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Figure 10.6: In(R,)/Inn as a function of the drift ¢ for the Cauchy distribution with Lévy index
= 1 and for different values of n = 10%,10%,10* and 10°. For each n and ¢, the average was
performed over 10® samples. The results from the numerical simulations collapse and agree with
the predicted analytical behavior of In(R,)/Inn = 6(c) and 6 (c) = % + Larctan(c) as in Eq.
(10.85).

This leads to the asymptotic result announced in Eq. (10.25) in the scaling limit n — oo,
R — oo with the ratio R/y/n fixed. In Fig. 10.5 b) we computed numerically the rescaled
distribution Ajy/7n P(R,n)/2 as a function of 2R/Aj\/mn and compared it with go(x)
Eq. (10.25). The figure confirms that in regime I, the record number has a half-Gaussian
distribution with a width that depends non-trivially on the drift ¢ and the Lévy-index p.

In summary, for 0 < g < 1, the drift is not strong enough to change the \/n growth
of the mean record number. The presence of drift just modifies the prefactor of the \/n
growth. Similarly, the distribution of the record number in Eq. (10.25) in presence of a
drift, when appropriately scaled, remains unchanged from the universal half-Gaussian form
in the driftless case.

10.5.2 Regime II: ;=1 and c arbitrary

As mentioned in the introduction, on the critical line ; = 1, the record statistics was inves-
tigated in detail in Ref. [26] for the special case of Cauchy jump distribution fcauchy (1) =
1/[7(1 +n?)]. For a general jump distribution with 4 = 1 (not necessarily of the Cauchy
form), the record statistics has a very similar mathematical structure that can be derived
from the general framework developed in this paper.

Let us first consider the growth of the mean record number (R,) in Eq. (10.102).
Substituting the small s behavior of ¢(s) from Eq. (10.83) and performing the Bromwich
integral upon setting s* = 0 we get for large n

A
(Ry) ~ F(THe(c)) n?©)  where Ay =e. (10.107)

Note that 7 is a distribution dependent constant while the exponent 6(c) = ffoo L1(y)dy =

1/2+ L arctan(c) is universal. In Fig. (10.6) this exponent is plotted and compared with
numerical simulations of random walks with a Cauchy jump distribution (p = 1).

Turning now to the distribution P(R,n) in Eq. (10.103), as before, we substitute the
small s expansion of ¢(s) from Eq. (10.83). It turns out that the appropriate scaling limit
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for P(R,n) is n — oo, R — oo but keeping the ratio R/n?(®) fixed. To see this, we first set
s* =0, set R large but fixed, and keep the leading terms for small s to get

+i00
ds 1
~ o0 sn _e—0 0(c)
P(R,n) =~ e / 57 ¢ 1m0 eXp[ e s R} . (10.108)

Rescaling s — s and keeping the scaled variable R/n?(®) fixed gives the asymptotic scaling
distribution

1 R
P(R,n) =~ C , 10.109

(Bn) Apnf©) g (AII n9(6)> ( )
where the scaling function g.(u), which depends continuously on ¢, is given by the formal
Bromwich integral

“+100
d et
gelu) = / 2—7359@—1@6—“69“ with >0, (10.110)

—100

where we recall that 0 < 0(c) < 1.
One can easily extract the tail behavior of the scaling function g.(u) by analysing the
integral in Eq. (10.110). For instance, when u — 0, g.(u) approaches a constant

+100
Y R - ___ 1
gc(0) = 9 e’ = T[0(c)] sin[rb(c)] = =60 (10.111)
The integral in Eq. (10.111) can be performed by wrapping the contour around the branch
cut on the negative real s axis.
In the opposite limit, when u — oo, the integral in Eq. (10.110) can be performed using
the standard steepest descent method. Skipping details and using the shorthand notation
0 = 6(c) we get

ge(u — 00) = {QW(l —0) 9(1729)/(1*9)} TP s /a0-0)

x exp [ (1 - 0) /00 /00 (10112)

Thus the distribution has a non-Gaussian tail. The function g.(u) can be expressed in
terms of the one-sided Lévy distribution, which was discussed for instance in Ref. [33]. In
some particular case, the Bromwich integral in Eq. (10.110) can be evaluated explicitly. For
rational values of 6(c), g.(u) can be expressed as a finite sum of hypergeometric functions.
A very special case corresponds to ¢ = —1/+/3 where one has 6 = 1/3, such that

. u
Gem—1/y3(U) = 3*/%Ai <W) ; u=0. (10.113)

where Ai(x) is the Airy function. Its asymptotic behaviors are then given by

Joe1yy3(w) ~ 1/T(2/3) , u— 0 (10.114)
(u) B e (—2 u3/2> (10.115)
gc:—l/\/§ 2\/7? p 3\/5 5 .

which agree with the general analysis presented above (10.111, 10.112). In Fig. 10.7 we show
a plot of the rescaled probability A n?(© P(R,n) as a function of R/Ann‘g(c) computed
numerically for ¢ = —1/+/3, which agrees reasonably well with our exact analytical result
in Eq. (10.113).
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Figure 10.7: Rescaled plot of A nf(© P(R,n) as a function of R/Anne(c) for y =1 and ¢ =
—~1/V/3 = —0.57735, and 0(c) = 1/3 (regime IT). These data have been obtained for n = 10° and
averaged over 10° samples. The dotted line corresponds to our exact result in Eq. (10.113).

10.5.3 Regime III: 1 <y <2 and ¢ >0

We first compute the asymptotic growth of the mean number of records in this regime.
Substituting the leading singular behavior of ¢(s) from Eq. (10.88) on the rhs of Eq.
(10.102) and performing the Bromwich integral gives

1 — 1
(Rn) = ayu(c)n  where a,(c) = —= =exp [— E/P"(x) dz| . (10.116)

n=1 on

Note that we used above the expression of ¢(0) in Eq. (10.87). We have checked numerically
this linear growth and in Fig. 10.10 the bottom curve shows a plot of (R, )/n as a function
of ¢, although we have not tried to evaluate a,(c) numerically.

We next consider the distribution P(R,n) in Eq. (10.103). We substitute the small s
behavior of ¢(s) from Eq. (10.88) on the rhs of Eq. (10.103), set s* = 0, R large and keep
only leading small s terms to get

+ico
d
P(R,n) ~ (0) 2—; exp [~ (§(0)R — n) + B,G(0)Rs"] . (10.117)
Next we set
R=au(c)n+ay(c)n/ u, (10.118)

where a,,(c) = 1/¢(0) and take the limit R — oo, n — oo but keeping the scaled variable u
above fixed. We substitute Eq. (10.118) on the rhs of Eq. (10.117). Keeping only the two
leading terms for large n and fixed u gives
“+i00 d
P(R,n) ~ §(0) 2—5 exp [fsnl/“u +Bun s#} . (10.119)
i
Note that for fixed u, both terms inside the exponential are of the same order. In fact, the
scaling in Eq. (10.118) is chosen so as to make the two leading terms precisely of the same
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Figure 10.8: Rescaled distribution a,(c) n*/* P(R,n) of the record number R,, after n steps for a
random walk with a Lévy-stable jump distribution of Lévy index p = 1.5. The data are plotted as
a function of the shifted and scaled variable u = (R — a(c)n)/(a,(c)n/*). The different curves
correspond to different values of n = 10%,10*, 10° and 10° and for a drift ¢ = 1. They were obtained
by averaging over 10° samples. For n = 10° and n = 10° the numerical results were binned for
technical reasons. We also plotted our analytical results for the scaling function V,, (u) given by Eq.
(10.122). While for smaller values of n, there is still a significant difference between the simulations
and our analytical result, it converges to the behavior in Eq. (10.122) when n increases.

order for large n. Rescaling s by n'/#, ie., sn'/* — s and using a,(c) = 1/¢(0) reduces
Eq. (10.119) to a nicer scaling form announced in Eq. (10.35)

1 _ R—aulc)n
P(R,n) =~ W Vi(u), where u= W ) (10.120)
and the scaling function V,(u) is formally given by the Bromwich integral
loo ds Iz
_ ~ustBy s 10.121
= [ e , (10.121)

where the constant B, > 0 is given in Eq. (10.40).

Interestingly, the same scaling function V),(u) also appeared in Ref. [34] in the context
of the partition function of the zero range process on a ring. The asymptotic tails of the
function V,(u) were analysed in great detail in [34] (see Egs. (78)-(83) and Fig. 5 in
Ref. [34] and note that in [34], the index p was denoted by v — 1). We do not repeat
the computations here, but just quote the results. It was found that V,(u) has highly
asymmetric tails. For u — —oo, it decays as a power law, V,(u) — K,|u|7*~! where the
prefactor K, = B,I'(1 4+ p)sin[r(u + 1)] /7. Using our expression B, = —1/(2cos(umr/2))
from Eq. (10.40), it is easy to show that K, = A, where the constant A, is defined in Eq.
(10.8). This gives Eq. (10.36). In contrast, when u — oo, V,,(u) has a faster than Gaussian
tail as described precisely in Eq. (10.37). To plot this scaling function, a convenient real
space representation can be used from Ref. [34]. Replacing v—1 by p in Eq. (84) of Ref. [34]
and using B, = —1/2 cos(um/2), we obtain

oo

1 1
Vi(u) = — /dy e V"2 cos {5 tan(pr/2) y* +yul . (10.122)
0
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Figure 10.9: Rescaled distribution a,(c) n'/*P(R,n) of the record number R, after n = 10*
steps for a random walk with a Lévy-stable jump distribution with different Lévy indices p =
1.25,1.5,1.75 and pu = 2. The data are plotted as a function of the shifted and scaled variable
u = (R —au(c)n)/(au(c)n/*). For all these data, the value of the drift is ¢ = 1 and they have
been obtained by averaging over 10° samples. The figure shows that for u — 2 this rescaled
distribution approaches the Gaussian form given in Eq. (10.135).

We compared this result for a Lévy index of p = 1.5 to numerical simulations in Fig. 10.8.
Even though the convergence of the numerically obtained distributions is slow, it is clear
that the asymptotic distribution V), (u) is approached for n — co. In Fig. 10.9 we plotted
numerical simulations of the rescaled record number distribution for different values of pu.
One finds both numerically and by taking the limit in Eq. (10.135) that, for u — 2, this
rescaled distribution approaches a Gaussian form (see regime IV).

To summarize, in this regime the mean record number increases linearly with increasing
n, but the typical fluctuations around the mean are anomalously large of (’)(nl/ ") (su-
perdiffusive) as described in Eq. (10.118). In addition, the probability distribution of these
typical fluctuations around the mean are described by a highly non-Gaussian form described
precisely in Eq. (10.120).

10.5.4 Regime IV: =2 and ¢ >0

In this regime, as explained in section IV.C, G(s) = exp[W, .(s)] in Eq. (10.70) is analytic
at s = 0. This can be seen by expanding the sum W, ,(s) in Eq. (10.70) in a Taylor series
in s

We,u(s) = Z dm s™, where d,, = (=1 anfl /Pn(:c) dx . (10.123)
n=1

m)!
m=0 on

The coefficient d,,, for each m, is finite as the sum over n is convergent since the integral
f:; P, (z) dz decreases with n faster than exponentially for large n (see section IV.C), as
long as =2 and ¢ > 0. Consequently, for small s, G(s) also has a Taylor series expansion

q(s) =q(0) +q'(0)s + %q”(0)52 +... (10.124)

Let us start with the asymptotic behavior of the mean record number (R, ) in Eq. (10.102).
Once again, the dominant contribution to the integral in Eq. (10.102) for large n comes
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Figure 10.10: Numerical simulations of (R,)/n for random walks with a Gaussian (with variance
o = 1), an exponential [with parameter b = 1, see its definition below Eq. (10.127)], both regime
IV, and a Lévy-stable jump distribution with y = 1.5, in regime III, with positive drift ¢ > 0. For
each distribution we show data for n = 10* which were obtained by averaging over 10* samples. For
the Gaussian and the exponential distribution we also plotted a numerical evaluation of our exact
formula for as (¢) using Eq. (10.127) for the Gaussian case and Eq. (10.199) for the exponential
case. Those curves agree perfectly with the numerical simulations.

from the small s region. Taking the s — 0 limit in the integrand and using the small s
expansion in Eq. (10.124), keeping only the leading terms and performing the Bromwich
integral term by term one gets for large n

s*+ioco
E esSn 1 o (j’(O) s 52
RN - 7 |1+ - T8 s v o)
~ as(c)n+ ka(c) + O(1/n) (10.125)
where
1 <1 7
as(c) = 70 = exp —; - CZPn(ac) dx (10.126)

and ra(e) = [1 — /(0)/2(0)] /G(0). o
For example, for a Gaussian jump distribution f(n) = (2m0?)~1/2e=7" /27" we have
P,(z) = (2mno?)~1/2e=2"/20"n and hence ay(c) in Eq. (10.126) is given by the explicit

formula
=1 c\/n
= - —erfi . 10.127
as(c) = exp [ ;Qnerc<a 2)1 ( )
For instance, for ¢ = 1 and o = 1, one gets az(¢c = 1) = 0.800543.... Another example

is the exponential jump distribution f(n) = (2b)~!exp(—|x|/b). In this case, one can also
compute (see the Appendix B) the constant as(c) = A where A is given by the solution of
the transcendental equation exp(—\c/b) = 1 — A2, For example, for ¢ = 1, b = 1, one gets
A =0.714556. . .. For these two examples, we have confirmed the leading asymptotic result
for the mean record number in Eq. (10.125) with the exactly computed prefactors az(c) (as
discussed above) in our numerical simulations (see Fig. 10.10).
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Figure 10.11: Plot of the cumulative distribution of record numbers P( R n) = Proba. [R, < R]
as a function of the shifted and scaled variable u = (R — a2(c /(\/b2(c) n) for a random walk
with Gaussian jump distribution (with ¢ = 1) of n = 10* steps The dlf'ferent curves correspond
to different values of positive drift ¢ = 1/16,1/4,1 and 2. For each ¢ the data were obtained by
averaging over 10° samples. We compared the numerical results to the cumulative distribution of
Va2 (u), which we obtained analytically (Eq. (10.135)). All curves collapse nicely, confirming that
the asymptotic record number of a biased Gaussian random walk with a positive drift has the
Gaussian distribution given by Eq. (10.133).

In a similar way, one can also analyse Eq. (10.66) for the large n behavior of the second
moment (R2). Skipping details, we get the following leading large n behavior

1 - 7(0)
R%) ~ a3(c)n® + p2(c)n+ O(1) , where c:~—{3— 0) —4= . (10.128
Consequently, the variance of the record number grows for large n as
(R%) — (Rn)® ~ by(c)n  where by(c) = ! [1 —q(0) — 261(0)} (10.129)
" " *(0) q(0)

Thus, in this regime, the mean record number grows linearly with n for large n while the
size of typical fluctuations around this mean grows as ~ /n.

How are these typical fluctuations around the mean distributed? To answer this, we
need to analyse P(R,n) in Eq. (10.103) in the scaling limit where both n and R are large,
but the ratio (R — az(c)n)/+/n is fixed. To proceed, we set s* = 0 and substitute the small
s expansion of §(s) in Eq. (10.124) on the rhs of Eq. (10.103), take R large but fixed to get

“+i00 d
~ S ~
P(R,n) = ¢(0) 27 P [—s(G(0)R —n) + (1/2) ba(c) ¢*(0) Rs”] (10.130)

where ba(c) is given in Eq. (10.129). Next we set

R =as(c)n+ \/ba(c)Vnu, (10.131)

where as(c) = 1/G(0) is given in Eq. (10.126) and take the scaling limit where R — oo,
n — oo but keeping the scaled variable u above fixed. Substituting R from Eq. (10.131)
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into Eq. (10.130) and keeping only the two leading terms for large n gives

“+100
P(R,n) ~ §(0) / ;—;exp [f ba(c) G(0) vnsu+ (1/2) ba(c) Z(0)ns?| . (10.132)

—100

Note that for fixed u, both terms inside the exponential are of the same order. Indeed, as
in the section VB, the scaling in Eq. (10.131) is chosen so as to make the two leading terms
precisely of the same order for large n. Rescaling +/b2(c)§(0)y/n s — s simplifies to

P(R,n) ~ ﬁ Vo(u) where wu= R%(gc()c)nn , (10.133)

and the scaling function V2(u) is given by the Bromwich integral

100

d
Va(u) = 2—; emusts/2 (10.134)

which can be exactly computed (since it is a Gaussian integral) to give

Va(u) = . exp[—u?/2] . (10.135)

Vor

This then proves that P(R,n) is asymptotically Gaussian as announced in Eq. (10.45).
Fig. 10.11 confirms this result numerically. We plotted the cumulative distribution of record
numbers P<(R,n) = Proba.[R, < R] as a function of the shifted and scaled variable
u = (R — aa(c)n)/(y/ba(c)n) after n = 10* steps for different values of positive drift ¢ and
compared them to a Gaussian cdf (cumulative distribution function). All numerical results
collapsed perfectly on the analytical curve.

10.5.5 Regime V: 1 <pu<2and c<0

In this regime, we set s* = 0 in Eq. (10.103) and substitute on its rhs the small s expansion
of (s) from Eq. (10.100). Keeping only leading order behavior for small s gives, for large n,

s*+ico
_ ds ., 1
P(R,n) ~ an(e)[l — ap ()R~ / el (10.136)

where the constant a,(c) = exp[—W\ ,(0)] = exp [— > %f‘z‘on P, (x) dx} as given in
Eq. (10.101).
Using the fact that LT.-1,[1/s] = 1 gives the large n (but R fixed) behavior of P(R,n)

P(R,n) —— au(c) [1 - ()t (10.137)
Thus, the distribution becomes independent of n for large n and has a simple geometric form
with mean (R,) — 1/a,(c). Comparing the expression of «,(c) as given in Eq. (10.101)
and those of a,(c) in Eq. (10.116) and as(c) in Eq. (10.126) for ¢ > 0, one immediately finds
that o, (c) = au(|e]) for 1 < p < 2 while as(c) = as(|¢|), the results mentioned respectively
in Egs. (10.50) and (10.51).
In Fig. 10.12 we compared Eq. (10.137) to numerical simulations of negatively biased
Gaussian random walks with different values of c¢. For large n the rescaled distribution of

u = Rax(|c|) approaches the geometric distribution e™*.
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Figure 10.12: Rescaled distribution a2 (|c|)P(R,n) of the record number R, after n = 10* steps
for a random walk with a Gaussian jump distribution, of variance o = 1, with different negative
values of the drift ¢ = —0.01,¢ = —0.05, —0.1 and —0.25. The data are plotted as a function of
the rescaled variable u = Raz(|c|). For each value of ¢ the data were obtained by averaging over
10* samples. We compared the numerical results with a simple geometric distribution. The good
agreement confirms our analytical findings given by Eq. (10.137).

10.6 Extreme statistics of the age of a record

From the previous study of the mean number of records (R,,), one deduces that the typical
age (see Fig. 10.2)) of a record is given by lyy, ~ n/(R,). However, following Ref. [22]
for the unbiased case, it turns out that the extreme ages of records do not share the
typical behavior. In this section, we probe such atypical extremal statistics by considering
the longest and shortest lasting records characterized by their respective ages (durations)
Imax,n and lyin,n. We focus on their mean values (lmax.n), {(Imin,n) and find rather different
asymptotic behaviors in the five regimes in the (¢,0 < p < 2) strip mentioned before (Fig.
10.1).

10.6.1 Age of the longest lasting record [y,
We first consider the longest lasting record whose age lmax,» is given by (see Fig. 10.2)
lmax = max(ll, 12, tee ,ZR) . (10.138)

The cumulative distribution F,,(m) = Proba. (Imax,n < m) was studied in Ref. [22], where
an explicit formula for its generating function (GF) was obtained:

o m Zl
n=0 =1

where F (1) = Q(l — 1) — Q(1), from which one deduces the generating function of the mean
(lmax,n) = 2oy [L = Fu(m))]

= 1 Q)2
nz:%z (o) = Y — 7 212711 ;(Z)Zl (10.140)

_ 1l GEELFOA (-3, Q) 10.141
1_%221 (1-2)Q(z) + 32, F(1)2! ’ (10.141)

m=1
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where we have used that F(z) =1 — (1 — 2)Q(z) (10.58).
In the absence of drift, ¢ = 0, it was shown in Ref. [22] that (lyax,n) behaves, for large
n, linearly with n with a non trivial coefficient, independently of the jump distribution f(n)

o0

1
<lmax,n> ~Con,Cy = /d
0

1 +yl/2ey foy dyx—1/2¢—¢

—  0.626508... (10.142)

Interestingly, this constant Cyy appears also in the study of the longest excursion of Brownian
motion [31, 32]. Note that to obtain the large n behavior of (lyax ) from Eq. (10.140)
one has to analyse the above formula (10.140) in the limit z — 1. We will see that in
this limit the above sum over m is dominated by the large values of m, which thus depends
crucially on the large m behavior of the persistence probability Q(m). Consequently (Imax,n )
behaves quite differently in the five regimes in the (¢,0 < p < 2) strip in Fig. 10.1 and are
summarized as follows:

(Imaxn) ~ n for 0<pu<1and carbitrary (regimeI),
~ n for p=1and c.arbitrary (regime II),
~ ni for 1< p<2andc>0 (regime III),
~ Inn for p=2and c>0 (regimelV),
~ n for T<pu<2andec<0 (regimeV).
(10.143)

In the following we will discuss the behavior of (I ax ) separately for the five regimes.

10.6.1.1 Regime I: 0 < u < 1, ¢ arbitrary:
In this regime, we remind that Q(m) behaves, for large m, as

B
Qm) ~ L. Fm) ~
where By is given in Eq. (10.78). Setting z = e~ ® we are interested in the limit s — 0 in
the formula in Eq. (10.140) where one can replace F'(m) and Q(m) by their asymptotic
behaviors

B

i<l >e*5n ~ 1 i % Z?im 1_3/26_5l + S Z?im l_l/Qe_Sl (10145)
ot max,n s = mst/2 + % E?im [—3/2¢—sl ’

where we have used ¢(s) ~ /7Bi/+/s when s — 0 (10.76, 10.78). In the limit s — 0, the
discrete sums over [ and m can be replaced by integrals and one finds that the right hand
side in Eq. (10.145) behaves like 1/s% when s — 0 with a prefactor which we can compute
to obtain the large n behavior of (Imax,n) as
i Y12

dyﬁ + 1 f"o de x=3/2e—7
0 2y

<lmax,n> ~ CITL s CI = = CO s (10146)

where Cj is given above (10.142) and where the last equality is simply obtained by per-
forming an integration by part in the integral over z in the denominator. In Fig. 10.13, we
have plotted the results of our numerical estimate of (lyax ) (obtained by averaging over
10* different realizations of random walks) for u = 0.5 and two different values of ¢ = 4-1.0.
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Figure 10.13: Plot of (Imax,n)/n in the different regimes I, IT and V: the points are the results of
our numerical simulations. For regime II (u = 1), we present two curves, one with a positive drift
(¢ = 1) (the second curve from top) and one with a negative drift (¢ = —1) (the bottom curve).
These data indicate that in all these cases (lmax,n) x n, for large n, with an amplitude which agree
quite well with our analytical results, which are represented in solid line for each of these cases
and corresponds to the formula given in Eq. (10.146, 10.148, 10.159).

This plot shows that (lyax n)/n saturates rather quickly to the constant Cy, independently
of ¢, in agreement with Eq. (10.146).

Thus in this regime the large n behavior of (Imax») is unaffected by the presence of the
drift ¢. This result could have been anticipated as lynax,n can be considered as the longest
excursion between two consecutive zeros of a renewal process with a persistence exponent
1/2. This quantity was studied in Ref. [32] and its average was computed, yielding the
large n behavior obtained in Eq. (10.146).

10.6.1.2 Regime II: ;4 =1 and c arbitrary:

In this regime, we recall that the persistence probability Q(m) behaves algebraically for
large m with an exponent 6(c) which depends continuously on ¢

Bu 1
Q(m) ~ —ER 0(c) = 3 + —arctan(c) , (10.147)

T
where the amplitude By is given in Eq. (10.85). Here again we can use the result obtained
in Ref. [32] for the longest excursion between consecutive zeros of a renewal process with a
persistence exponent 6(c) to obtain

o0

1
<lmax,n> ~ CVII n, CVII = /d
0

Y 1+ yfey foy dxx—0)e—=z’

(10.148)

which depends continuously on ¢ and is independent of the non-universal amplitude Bry
(10.147). In Fig. 10.14 we show a comparison of Cj; obtained numerically (the squares
symbols) and from our exact formula (solid line), which shows a very good agreement
between both.
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Figure 10.14: Plot of Ch1 as a function of c¢. The red squares correspond to numerical data while
the solid line corresponds to our analytical result in Eq. (10.148) together with Eq. (10.147).

10.6.1.3 Regime ITI: 1 < 4 < 2 and ¢ > 0:

In this regime the persistence probability @(m) behaves for large m as

Q(m) ~ 21 (10.149)

mt

where the amplitude By is given in Eq. (10.90). Using again the results obtained in
Ref. [32] one obtains that

(Imasx,n) ~ Crr n'/# (10.150)

where, however, the amplitude Cij; was not given in Ref. [32]. A careful analysis of the
above formula (10.140) allows to obtain the amplitude Ciy as

™

Ot = %r(1 —1/p) E sin (“7) F(u)} o , (10.151)

which diverges as Crp ~ (m(p — 1))~! when g — 1 and vanishes as Ciip ~ /(2 — ) /2
when p — 2. In Fig. 10.15 we show a plot of our numerical data for (lymaxn) (averaged
again over 10* different realizations) for different values of y = 1.4,1.5,1.7,1.9 and for a
fixed value of the drift ¢ = 5.0. The solid lines indicate the corresponding exact asymptotic
behaviors in Eq. (10.150, 10.151): the agreement between both is quite good although the
convergence to the asymptotic behavior gets slower as p decreases to 1.

10.6.1.4 Regime IV: y=2 and ¢ > 0:

In this case the persistence @(m) behaves quite differently as it vanishes exponentially for
large m as

BIV 02

Qn) ~ —gme”™"  where s1= -, (10.152)
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Figure 10.15: Plot, in a log-log scale, of (lmax,n) @s a function of n in regime III: the different
curves correspond to different values of = 1.4,1.5,1.7,1.9 with a fixed value of ¢ = 5.0. The solid
line are the exact results given in Eqgs (10.150, 10.151), without any fitting parameter.

where the amplitude Bry is given in Eq. (10.96). This case was not analyzed in Ref. [32].
From Eq. (10.140) one has in this case

S e S~ l - sz F(l)
;Qmax,m ; mZ:l ORIl
_ Iy Q(m)
= ;g;; 0+ Q0 (10.153)

m as
Z<lmax,n>€_sn ~ m_ 5 (10154)

where m* is such that
Q(m™*) ~ s¢(0) . (10.155)
From the asymptotic behavior above (10.152) one finds that m* ~ — % log s so that finally

202
<lmax,n> ~ CIV logn 5 CIV = 5 (10.156)
C

which is in sharp contrast with the algebraic growth obtained above in Eq. (10.150) for
1 < p < 2and ¢>0. In Fig. 10.16 we show a plot of (Imax,n) as a function of logn: the
straight line suggests indeed a logarithmic growth, in agreement with our analytic result
(10.156). However, a more precise comparison with this exact asymptotic result, as shown
in the inset of Fig. 10.16, suggests that the leading corrections are proportional to loglogn,
and hence quite strong.
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Figure 10.16: Plot of (lmax,n) as a function of logn in the regime IV: here p = 2 and the two
curves correspond to ¢ = 1 and ¢ = 1.5 (0 = 1 in both cases). The two curves suggest a logarithmic
growth, as expected from Eq. (10.156). Inset: Plot of (lmax,n) — 2logn where 2logn is the exact
asymptotic result from Eq. (10.156) and 20%/¢* = 2. This plot suggests rather strong corrections
x loglogn to the leading logarithmic growth of {Imax,n)-

10.6.1.5 Regime V: 1 <pu<2and c<O0:

In this case the persistence probability Q(m) tends asymptotically to a constant (10.101):

Q(m) —— au(c) = exp[=Wi,(0)]

m—0o0
= exp Z /P : (10.157)

le|n

In addition from (10.86) one has that Q(m) — o, (c) & n*~! so that F(m) oc m™* for large
m. Therefore, the terms entering into the sum in Eq. (10.140) are given, to leading order
when 1 — z = e7® — 0 and large m (which are terms which give the leading contribution
to this sum over m)

Ll PO+ (=2 52, QW2 aule) —am _ pmom | (10.158)
(1-2)Q(2) + X0, F(D)2! 4(0)

Therefore this yields
(lmax,n) ~ Cymn, Oy =1. (10.159)

This result, which is corroborated by our numerical simulations (see Fig. 10.13), can be
physically understood as in this regime where ¢ < 0 and g > 1 the number of records is
finite and these records typically occur during the first steps of the random walks, where
the walker might stay positive for a short while before it escapes to negative values when
n — 0o, and no record happens any more.
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Figure 10.17: Plot, on log-log scale, of {Imin,») as a function of n, for different values of ;1 < 1 and
¢ (regime I). The points are the results of numerical simulations while solid lines correspond to our
exact analytic result given in Eq. (10.165). These data indicate that in this regime (lmin,n) o /1,
although the corrections to the exact asymptotic behavior are clearly visible, in particular for
pn=0.38, c=1.0.

10.6.2 Age of shortest lasting record [, ,,

We now consider the shortest lasting record whose age lnin n is given by (see Fig. 10.2)
Imin,n = min(ly,l2, -+ ,IR) . (10.160)

Note that, given that the final incomplete interval [p is taken into consideration above,
Imin,n can be zero: this happens when a record has been broken at the last step, such that
lr =0.

The cumulative distribution G, (m) = Proba. (lyin,n > m) was studied in Ref. [22] and
an explicit formula was obtained for its generating function:

ign(m)z" _ 2,00 (10.161)

n=0

from which one gets the generating function of the average value (liinn) as

> llinn) = Y T z_gQ;)é)zl _ (10.162)
n=0 m

In the absence of drift, ¢ = 0, it was shown in Ref. [22] that

1
> ﬁ

As for (Imax,n) we will see that the behavior of (lpin ), in the presence of non zero drift
¢ # 0, is quite different in the five different regimes discussed above. Again we start by
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Figure 10.18: Plot, on a log-log scale, of (lmin,n) as a function of n for u = 1 and different
values of ¢ = —1,0.5 and ¢ = 1. The solid line corresponds to the algebraic growth n'=% | from
Eq. (10.167).

giving a brief summary of our results for (Iimin,n):

(lminn) ~ +/n for 0<p<1and carbitrary (regimeI),
~ n'7%) for =1 and carbitrary (regime II) ,
~ const. for 1<p<2andc>0 (regime III),
~ const. for p=2andc>0 (regimelV),
~ n for 1<pu<2andec<0 (regimeV),
(10.164)

again with 6 (c) as defined in Eq. (10.16). In the following we discuss the behavior of
(Imin,n) in more detail for each of the five regimes.

10.6.2.1 Regime I: 0 < ;4 < 1 and c arbitrary

In this case the persistence probability decays algebraically as given in Eq. (10.144) and the
analysis of (lmin ») can be obtained by noticing that, in the limit z — 1, the denominator in
Eq. (10.162) can be simply replaced by 1 while the remaining sums over [ (in the numerator)
and over m can be replaced by integrals. This yields straightforwardly

<lmin,n> ~ DI\/H 5 (10165)
P . 1 OO% retan f(k) sin (ke)
Di = B; = Nz exp 7r0/ A arcta <—1 = f(k:) o (kc)) , (10.166)

where the expression of By is given in Eq. (10.78). In Fig. 10.17, we show the results of our
numerical simulations which are in a rather good agreement with Eq. (10.165), although the
corrections to this exact asymptotic behavior are clearly visible, in particular for p = 0.8,
¢ = 1.0. In Fig. 10.18, we show a plot of the numerical computation of (lyin ) for p =1
and different values of ¢ = —1,0.5 and ¢ = 1: these data are in good agreement with the
power law growth in Eq. (10.165), although we have not attempted to estimate numerically
the prefactor Dy.
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Figure 10.19: Plot of {lmin,n) as a function of n for p = 1.5 and p = 2 and different values of
¢ > 0, therefore corresponding to regime III and IV. The solid line corresponds to the exact result,
from Eq. (10.170, 10.171).

10.6.2.2 Regime III: 1 <py<2and ¢c>0
10.6.2.3 Regime II: 4 =1 and c arbitrary

In this regime where the persistence probability Q(m) decays algebraically as in Eq. (10.84),
(Imin,n) can be analyzed as in the regime I where in the limit z — 1, the denominator in Eq.
(10.162) can be simply replaced by 1 while the remaining sums over ! (in the numerator)
and over m can be replaced by integrals. This yields straightforwardly:

00 Bu 00 00 e Bu
Z Lningn) ~ m/dy/d:cz "6V = T2 - 6(c)] (10.167)
- T
which yields
(Iminn) ~ Dun*=%) | Dy = By , (10.168)

where By is given in Eq. (10.85) and 6(c) = 1/2+ 1 arctan(c).
In this case we write the above formula (10.162) as

n=0 ’ <lmin7n> B -2z (1 q(o))
§ L m (10.169)

where we have simply isolated the term m = 1 and used 1 — F(0) = (1 — 2)Q(0) (10.58).
Now the above sum (10.169), which starts with m = 2, is dominated by the large values of
m. Because of the algebraic decay of Q(m) ~ m~* in this case (10.149) and g > 1 in this
regime one gets that this second term behaves like (1 — 2)*~2, which is then subleading,
compared to the first term which behaves like (1 — z)~!. Therefore one gets in this case

1 <1 7
lmin,n ~ DIH s DIH =1- - = 1— exp | — - /Pn ) dx y 10.170
(lminn) ) > 5 ) P (10.170)

cn
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Figure 10.20: Plot of (lmin,n)/n as a function of n for different values of 1 < p < 2 and different
values of ¢ < 0, corresponding to regime V.

where we have used the expression for 1/§(0) given in Eq. (10.116). In Fig. 10.19 we show
a plot of the numerical computation (Imin,n) for p = 1.5 and different values of ¢ = 0.5 and
¢ = 1, which is in very good agreement with Eq. (10.170). Note that we have extracted the
value of 1/¢(0) which enters into the expression of Dyr from the linear growth of the mean
record number (R,,), according to (10.116).

10.6.2.4 RegimeIV: y=2and c>0

A similar analysis can be carried out in this case, starting from the same formula (10.169).
In this case, in the above sum (10.169), which starts with m = 2, one can safely put z = 1,
because of the behavior of the exponential decay of Q(m) in this case (10.152). Therefore
one gets immediately

1 <17
(lminn) ~ Drv , Dy =1 — O l—exp |- ) — /Pn(‘r) dz| , (10.171)
q n=1 n N

where we have used the expression for 1/§(0) given in Eq. (10.126). In Fig. 10.19 we show
a plot of the numerical computation (Imin ) for g =2 and ¢ = 1, which is good agreement
with Eq. (10.171). Note that we have extracted the value of 1/§(0) which enters into the
expression of Dyy from the linear growth of the mean record number (R, ), according to
Eq. (10.126).

10.6.2.5 Regime V: 1 <pu<2and c<0

In this regime where the persistence goes to a constant Q(m) — «,(c), for m > 1, one
can simply replace Q(I) by this constant value in the sum of the numerator in Eq. (10.162)
while the denominator can be simply approximated by 1 in the limit 1 —z = e™% — 0. This
yields straightforwardly

(Imin,n) ~ au(c)n . (10.172)
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Figure 10.21: The figure shows numerical results for the mean record number (R,) for biased
random walks from all five regimes. For regimes I to IV we used a positive bias of ¢ = 1, in regime
V we simulated a Gaussian random walk (with o = 1) with a negative bias of ¢ = —0.01. For
each jump distribution we averaged over 10* samples. In all these cases, as shown in detail in the
previous figures, the asymptotic behavior agree very well with our analytical predictions (which
are not shown on this figure for clarity).

In Fig. 10.20 we show a plot of (Iyin,»)/n which we have computed numerically for different
values of = 1.7,1.5 and p = 2 and also for different values of the drift. These results are
in very good agreement with our exact asymptotic result in Eq. (10.172), where the value
of ,(c) have been extracted from the mean record number (R,) ~ 1/a,(c) (10.49). This
result (10.172) can be easily understood by realizing that lyin,n = n if the whole trajectory
is on the negative side, which happens with probability «,(c) while liin,, is of order O(1)
if the walker makes an excursion on the positive side. One also notices that, in this case,
liyp ~ <lmin,n>-

10.7 Conclusion

In this paper we considered a very simple model of a one dimensional discrete-time random
walk in presence of a constant drift c¢. At each time step the particle jumps by a random
distance c+n where the noise 7 is drawn from a continuous and symmetric jump distribution
f(n), characterized by a Lévy index 0 < g < 2. The jump has a finite second moment for
u = 2, while for 0 < g < 2 the second moment diverges. For this discrete-time series
consisting of the successive positions of the biased walker, we presented complete analytical
studies of the persistence and the record statistics. For the later, we studied the mean
and the full distribution of the number of records up to step n and also the statistics of
the duration of records, in particular those for the longest and shortest lasting records.
As a function of the two parameters ¢ and 0 < p < 2, we found that it is necessary to
distinguish between five different universal regimes, as shown in the basic phase diagram in
Fig. 10.1. In these 5 regimes, the persistence and the record statistics exhibit very different
asymptotic behaviors that are summarized in Section 2 and we do not repeat them here. For
instance, the growth of the mean record number with n in all five regimes is summarized in
the simulation results in Fig. 10.21, in complete agreement with our analytical predictions.
The main conclusion is that even though this is a rather simple model, it exhibits very rich
and varied universal behaviors for record statistics and persistence depending on the two
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parameters c and 0 < p < 2.

Our results provide a simple yet nontrivial, but fully solvable model for the record
statistics, a subject which has gained considerable interest over the last few years. Our
results provide one generalization of the previous results for record statistics for symmetric
random walks [22]. However, it is important to note that this extension does not yet cover
all possible kinds of discrete-time random walks. In principle one could consider more
complicated asymmetries of the jump distribution. It might be interesting to consider a
jump distribution that has different tail-exponents in the left and in the right tail. Also
a generalization of these results to an asymmetric lattice random walk is still missing. In
[22] a symmetric lattice random was also considered. It should be possible to compute
the record statistics of a lattice random walk that has a higher probability to jump in one
direction than in the other.

It might be interesting to see if our results can be applied to financial data, similar to
the analysis in [11, 12]. Daily stock data however proved not to be useful for comparison
because the asymptotic limit is hardly achieved in the available observational data. An
application to stock data with a higher temporal resolution however should be possible and
might provide new insights. Such an analysis is definitely an interesting subject for future
research. Also the distribution of records in stock prices has not been analysed in detail
before and it would be interesting to see if such an analysis for available data can be fitted
to our theoretical distributions.
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APPENDIX I - The constant A;

The constant Ay in Eq. (10.104) can be directly expressed in terms of f(k) as announced
in Eq. (10.24). To derive this, we use the explicit expression of P,(x) from Eq. (10.6) in
the expression for A; and integrate over x to get

2 1 [ dk s, 1 eTiken
A= — — — [f(R)]"—————| . 10.1
=m0 [ e (10.173)
Next we use the symmetry f(k) = f(—k) which leads to
2 Tk & sin(ken) . -
A= — - [ — ——=[f(R)]"] . 10.174
= Jmow |y [T e (10.174)

0
The sum on the rhs can be explicitly evaluated using the identity

n

5 2 ) = 2220 .

which then leads to the exact expression in Eq. (10.24).
We then analyze the behavior of A; when |¢| is large and in the case where f(k) =
exp(—|k[*), with p < 1. In that case one has P,(z) = n=V*L,(z/n'/#) for all n and it is
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easier to start from the formula given in the text in Eq. (10.104)

cn

/cu(x/nl““)dx/nl/ﬂ . (10.176)

S|

2 o
A = ﬁeso , So = So(c) = Z

n=1

Note that, given that P,(z) = P,(—x) one has Sy(c) = So(—c) and we thus present the
analysis for ¢ > 0. Performing the change of variable y = x/n'/# in the integral above
(10.176) we write

p=1
cn K

SO(C>:Z% / Lu(y)dy , (10.177)
0

n=1
and take the derivative with respect to ¢
Soe) = "nwL, <L) . (10.178)
n=1 no#

In this expression, one notices that c/nliT# = (n/cﬁ)u% so that when ¢ — oo the discrete
sum over n in Eq. (10.178) can be replaced by an integral (we recall that p < 1 here), which

leads to

So(c) ~

ol

75# (y;) gV dy (10.179)
0

Finally, performing the change of variable z = yuTil in Eq. (10.179) yields

1 u 1 W
Sple) ~——— [ L dz = ————— 10.180
O(C) cl— I /"‘(z) Z c 2(1 o M) ? ( )
0
so that one gets
2 g u
A= —=e” x T8 | ¢ — 0. (10.181)

Jr

This power law behavior (10.181) can be understood from the following scaling argument.
We are indeed interested in the records statistics of the variables y,, with v, = =z, +
cn (10.11) where x,, behaves for large n as x, = O(n'/#). Therefore for small n, n < n*
when c is large, y,, is dominated by the drift term and n* is such that ecn* ~ n*l/“, which
yields

n* ~ et (10.182)

On the other hand, for small n, n < n*, y, is dominated by the (positive) drift and hence
is almost deterministic which yields (R,) ~ n, for n < n* while (R,) ~ A1y/n for n > n*.
By matching these two behaviors for n = n* one obtains

Ap ~ Vi o cTaom (10.183)

which yields the result obtained above (10.179).
Note finally that, by using Sy(c) = —Sp(—c) one obtains

Ap ~ (—¢)TT5 | ¢ — —00. (10.184)
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APPENDIX IT - Computation of as(c) = az(|c|), ¢ < 0 for exponential
jump distribution with ¢ <0

The expression for the amplitude az(c) in regime V (with ¢ < 0) and for a general jump
distribution is given in Eq. (10.101). By comparing with Eq. (10.126) we see that as(c <
0) = az(|e|]) where ax(|c|) is the prefactor of the leading linear growth of mean record
number in regime IV with drift positive |c|. For a general jump distribution f(n), we then
have

as(c) = exp 72%/Pn(:c)d:c , (10.185)
n=1 leln
where we recall that -
dk T4 n )
Po(z) = / = [f(k)} emike (10.186)
and -
fo = [ fo)etnay (10.187)

is the Fourier transform of the jump distribution. Thus, in general, computing the prefactor
as(c) = as(|c]) explicitly is difficult for arbitrary f(n). It can be done explicitly for Gaussian
distribution where

P, (x) = (2mno?)~ Y2 exp[—z? /2n0?] (10.188)

itself is Gaussian and az(c) = az(|c|) is then given by the formula in Eq. (10.127). In this
appendix, we show that as(c) = az(|c|) can also be computed explicitly for the symmetric
exponential distribution f(n) = (2b)~! exp(—|z|/b).

For this exponential jump distribution, the Fourier transform has the Lorentz-ian form,
f(k) = 1/[x(b* k2 +1)]. One can then substitute this in the expression for P, (z) and even-
tually in Eq. (10.185). After a quite convoluted computation involving contour integration
in the complex plane, one can find as(c) explicitly. However, as we show below, for the
exponential case, there is an alternative simpler way to compute as(c) directly (without
going through the formula in Eq. (10.185).

The first observation is that as(c) is just the limiting value of the persistence probability
Q(n) (the probability that the walker stays below 0 up to n steps starting at 0) when n — co
in presence of a negative drift ¢ < 0. By symmetry, Q(n) is then also the probability that
the walker, starting at the origin, stays above the origin up to n steps, but in presence of
a positive drift |¢| > 0. So, the idea is to compute this probability Q(n) directly for the
exponential jump distribution and then take the limit n — oo to compute as(c) = Q(n —
00).
To compute Q(n), we first define

¢, (y) = Proba. that the walker, starting at y > 0 stays pos. up to step n . (10.189)

If we can compute ¢ (y), then Q(n) is simply obtained by putting the starting position to
be 0, i.e., Q(n) = ¢, (0). To compute ¢, (y), we can write a backward recurrence relation
for ¢, (y) by considering the jump that happens at the first step from y to ¢’ >0

0t ) = [ a2 W)+l - )y (10.190)
0
qi (y) =1fory>0. (10.191)

In the limit of large n, we expect that ¢ (y) approaches to an n independent stationary
value, ¢ (y) — ¢t (y), that just denotes the eventual probability with which the walker
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escapes to infinity (starting from y) in presence of a positive drift |c|. Taking n — oo limit
on both sides of Eq. (10.190) gives the integral equation for y > 0

qt(y) = /q+(y’)f(y + el —y)dy". (10.192)
0

Note that this equation is valid for arbitrary jump distribution f(n). However, this half-
space Wiener-Hopf type integral equation with asymmetric kernel can not be solved in
general. However, for the special case of the exponential distribution, f(n) = & exp(—|n|/b),
this integral equation (10.192) can be transformed into a differential equation using

F() =~ 5000 + 55 7 n) (10.193)

By differentiating twice Eq. (10.192) with respect to y one then obtains [using Eq. (10.193)]

d?q™ 1 1
LW S ) + ) (10.194)
Note that the solution ¢ (y) must approach to 1 as y — co: ¢*(y — oo) = 1. This follows
from the fact that if the particle starts at the positive infinity, it escapes to positive infinity
with probability 1 in presence of any positive drift |c| > 0.

Note that the differential equation (10.194), though linear, is actually nonlocal in y due
to the first term on the rhs and hence is still not completely trivial to solve. Fortunately,
it turns out that it admits a solution of the form

g (y) =1— F exp(—Ay/b) , (10.195)

where F' and A are two dimensionless constants (independent of y) that are yet to be
determined. Note that this ansatz manifestly satisfies the boundary condition ¢*(y —
00) = 1. Substituting this ansatz in Eq. (10.194) we see that indeed Eq. (10.195) is a
solution provided A satisfies the equation

exp (=Ale|/b) =1 —A?; with A > 0. (10.196)

The transcendental equation has a unique positive solution which then determines A
uniquely. For example, for b/c = 1, we get using Mathematica the root A = 0.714556. . ..
But we still need to determine the prefactor F' in the ansatz in Eq. (10.195). The amplitude
F in Eq. (10.195) is obtained by injecting this solution back into the integral equation
(10.194) and performing the integral. Indeed, one finds that Eq. (10.195) is a solution of
the integral equation provided

F=1-M\. (10.197)
This then uniquely determines the solution of the integral equation (10.194)
g (y) =1— (1= A) exp(=Ay/b) (10.198)

where A is the unique positive solution of the transcendental equation (10.196).
Noting finally that as(c) = Q(n — 00) = ¢ (0) gives

as(c) = az(le]) = ¢7(0) = A, (10.199)

where A > 0 is the solution of Eq. (10.196). We have checked that we indeed get exactly
the same expression by evaluating the original general expression in Eq. (10.185) for the
exponential jump distribution, though this was not completely trivial to check (we do not
give details of this check here).
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Abstract: We study the statistics of the number of records R, ny for N identical and
independent symmetric discrete-time random walks of n steps in one dimension, all starting
at the origin at step 0. At each time step, each walker jumps by a random length drawn
independently from a symmetric and continuous distribution. We consider two cases: (I)
when the variance o2 of the jump distribution is finite and (II) when o2 is divergent as in
the case of Lévy flights with index 0 < p < 2. In both cases we find that the mean record
number (R,, y) grows universally as ~ ay+/n for large n, but with a very different behavior
of the amplitude ay for N > 1 in the two cases. We find that for large N, ay ~ 2v/log N
independently of o2 in case I. In contrast, in case II, the amplitude approaches to an N-
independent constant for large N, ay = 4/+/7, independently of 0 < p < 2. For finite
o? we argue, and this is confirmed by our numerical simulations, that the full distribution
of (Rn,n/+v/n — 2¢/log N)\/Iog N converges to a Gumbel law as n — oo and N — oco. In
case II, our numerical simulations indicate that the distribution of R, n/+/n converges, for
n — oo and N — oo, to a universal nontrivial distribution, independently of u. We discuss
the applications of our results to the study of the record statistics of 366 daily stock prices
from the Standard & Poors 500 index.
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11.1 Introduction

A record is an entry in a series of events that exceeds all previous entries. In recent years
there has been a surge of interest in the statistics of record-breaking events, both from
the theoretical point of view as well as in multiple applications. The occurrence of record-
breaking events has been studied for instance in sports [1, 2], in evolution models in biology
[3, 4], in the theory of spin-glasses [5, 6] and in models of growing networks[7]. Recently
there has been some progress in understanding the phenomenon of global warming via
studying the occurrence of record-breaking temperatures [8-11].

More precisely, let us consider a sequence or a discrete-time series of random variables
{z(0),2(1),2(2),...,2(n)} with n+ 1 entries. This sequence may represent for example the
daily maximum temperature in a city or the daily maximum price of a stock. A record is
said to happen at step m if the m-th member of the sequence is bigger than all previous
members, i.e., if x(m) > z(i) for all = 0,1,2,...,(m — 1). Let R,, denote the number of
records in this sequence of n + 1 entries. Clearly R,, is a random variable whose statistics
depends on the joint distribution of P(x(0),z(1),...,2z(n)) of the members of the sequence.
When the members of the sequence are independent and identically distributed (i.i.d) ran-
dom variables each drawn from a distribution p(z), i.e., the joint distribution factorizes,
P(z(0),z(1),...,2(n)) = H;:ll p(z(2)), the record statistics is well understood from classi-
cal theories [12-14]. In particular, when p(x) is a continuous distribution, it is known that
the distribution of record number P(R,,,n) is universal for all n, i.e., independent of the
parent distribution p(z). The average number of records up to step n, (R,) = 224;11 1/m
for all n and the universal distribution, for large n, converges to a Gaussian distribution
with mean = In(n) and variance ~ Inn.

While the statistical properties of records for i.i.d random variables (RV’s) are thus well
understood for many years, numerous questions remain open for more realistic systems with
time-dependent or correlated RV’s. In principle there are many different ways to generalize
the simple i.i.d. RV scenario described above. For instance, one can consider time series of
RV’s that are independent, but not identically distributed. One example for this case is the
so called Linear Drift Model with RV’s from probability distributions with identical shape,
but with a mean value that increases in time. This model was first proposed in the 1980’s
[15] and was recently thoroughly analyzed in Refs. [16-18]. In 2007 Krug also considered
the case of uncorrelated RV’s from distributions with increasing variance [4].

Another possible generalization is the one where RV’s are correlated. Perhaps, the
simplest and the most natural model of correlated RV’s is an n-step one dimensional discrete-
time random walk with entries

{z(0) = 0,z(1),z(2),...,2(n)} (11.1)

where the position x(m) of the walker at discrete time m evolves via the Markov jump
process

x(m) =xz(m —1) +n(m) , (11.2)

with (0) = 0 and n(m) represents the random jump at step m. The noise variables n(m)’s
are assumed to be ii.d variables, each drawn from a symmetric distribution f(n). For
instance, it may include Lévy flights where f(n) ~ |n|~*~# for large n with the Lévy index
0 < p < 2 which has a divergent second moment. Even though this model represents a
very simple Markov chain, statistical properties of certain observables associated with such
a walk may be quite nontrivial to compute, depending on which observable one is studying
[19-21]. For instance, in recent years there has been a lot of interest in the extremal
properties of such random walks. These include the statistics of the maximal displacement
of the walk up to n steps with several applications [21-26] and the order statistics, i.e.,
the statistics of the ordered maxima [27, 28] as well as the universal distribution of gaps
between successive ordered maxima of a random walk [28].
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The statistics of the number of record-breaking events in the discrete-time random walk
process in Eq. (11.2) has also been studied in a number of recent works with several inter-
esting results [29-33]. In 2008, Majumdar and Ziff computed exactly the full distribution
P(R,,,n) of the record number up to n steps and found that when the jump distribution
f(n) is continuous and symmetric, the record number distribution P(R,,n) is completely
universal for all n, i.e., independent of the details of the jump distribution [29]. In par-
ticular, for instance, the Lévy flight with index 0 < p < 2 (thus with a divergent second
moment of the jump distribution f(n)) has the same record number distribution as for a
Gaussian walk (with a finite second moment of f(n)). This is a rather amazing result and
the deep reason for this universality is rooted [29] in the so called Sparre Andersen theo-
rem [34]. In particular, for large n, P(Rp,n) ~ n~'/2G(R,,//n) where the scaling function
G(z) = e=*"/4/ /7 is universal [29]. The mean number of records (R,) ~ \/4n/x for large
n [29]. In contrast, this universal result does not hold for symmetric but discontinuous f(n).
For example, if f(n) = 30(n— 1)+ $6(n+ 1), then x,, represents the position of a random
walker at step m on a 1-d lattice with lattice spacing 1. In this case, the mean number of
records still grows as y/n for large n but with a smaller prefactor, (R,) ~ /2n/7 [29)].

These results were later generalized to several interesting cases, for instance, to the
record statistics of one dimensional random walk in presence of an external drift [30, 32]
and one dimensional continuous-time random walk with a waiting-time distribution between
successive jumps [31]. The record statistics of the distance traveled by a random walker
in higher dimensions with and without drift has been studied numerically in the context
of contamination spread in porous medium [33]. In [32], it was also found that the record
statistics of stock markets is very similar to the ones of biased random walks.

While in Refs. [29-33] the record statistics of a single discrete-time random walker
was studied, the purpose of this article is to generalize these results to the case where one
has N independent one dimensional discrete-time random walks. In this N-walker process,
a record happens at an instant when the maximum position of all the walkers at that
instant exceeds all its previous values. We will see that despite the fact that the walkers
are independent, the record statistics is rather rich, universal and nontrivial even in this
relatively simple model.

Let us first summarize our main results. We derive asymptotic results for the mean of
the record number (R, n) up to a time n and also discuss its full distribution. It turns out
that for N > 1, while the full universality with respect to the jump distribution found for
N =1 case is no longer valid, there still remains a vestige of universality of a different sort.
In our analysis, it is important to distinguish two cases: case (I) where the jump distribution
f(n) has a finite variance 02 = [*_n? f(n) dn and case (II) where o2 is divergent as in the
case of Lévy flights with Lévy index 0 < u < 2. In both cases, we find that the mean record
number (R,, n) grows universally as ~ ay+/n for large n. However, the N dependence of
the prefactor ayy, in particular for large N, turns out to be rather different in the two cases

2y/log N in Case 1 (independent of o?)
an —— (11.3)
—o0
4/y/m in Case I (independent of i)

In addition, we also study the distribution of the record number R, n. For finite o2 we
argue and confirm numerically that the distribution of the random variable (R, n/v/n —
21/log N)+/log N converges to the Gumbel law asymptotically for large n and N (see section
IT for details). In contrast, in case II, we find numerically that the distribution of R, n/v/n
converges, for large n and NN, to a nontrivial distribution independent of the value of
0 < p < 2 (see section II for details). We were however unable to compute this asymptotic
distribution analytically and it remains a challenging open problem. Finally, we discuss the
applications of our results to the study of the record statistics of 366 daily stock prices from
the Standard & Poors 500 index [35]. We analyze the evolution of the record number in
subsets of N stocks that were randomly chosen from this index and compare the results to
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our analytical findings. While the strong correlations between the individual stocks seem
to play an important effect in the record statistics, the dependence of the record number
on N still seems to be the same as in the case of the N independent random walkers.

The rest of the paper is organized as follows. In section II, we define the N-walker model
precisely and summarize the main results obtained in the paper. In section III, we present
the analytical calculation of the mean number of records for multiple random walkers, in
both cases where o2 is finite (case I) and o is infinite (case II). Section IV is devoted to
an analytic study of the distribution of the record number in the case where ¢? is finite. In
section V we present a thorough numerical study of the record statistics of multiple random
walks, and in section VI we discuss the application of our results to the record statistics of
stock prices. Finally, we conclude in section VII and present the technical details of some
of the analytical computations concerning the computation of the mean number of records
and the distribution of the record number for lattice random walks in the three Appendices
A, Band C..

11.2 Record Statistics for Multiple Random Walks:
The model and the main results

Here we consider the statistics of records of IV independent random walkers all starting at
the origin 0. The position x;(m) of the i-th walker at discrete time step m evolves via the
Markov evolution rule

x;(m) = z;(m — 1) +n;(m) , (11.4)
where z;(0) =0 for all i = 1,2, ..., N and the noise 7;(m)’s are i.i.d variables (independent
from step to step and from walker to walker), each drawn from a symmetric distribution
f(n). We are interested in the record statistics of the composite process. More precisely,
consider at each step m, the maximum position of all N random walkers

Tmax (M) = max [z1(m), z2(m), ..., zx(m)]. (11.5)

A record is said to happen at step m if this maximum position at step m is bigger than
all previous maximum positions, i.e. if Tmax(m) > Tmax(k) for all K = 0,1,...,(m — 1)
(see Fig. 11.1). In other words, we are interested in the record statistics of the stochastic
discrete-time series {Zmax(m)}, with the convention that the initial position Zmax(0) = 0
is counted as a record. Note that even though the position of each walker evolves via the
simple independent Markovian rule in Eq. (11.4), the evolution of the maximum process
{Zmax(m)} is highly non-Markovian and hence is nontrivial.

Let R,, v denote the number of records up to step n for this composite N-walker process.
Clearly R, n is a random variable and we are interested in its statistics. For a single walker
N =1, we have already mentioned that the probability distribution of the record number
R,, 1 is completely universal, i.e., independent of the jump distribution f(n) as long as f(n)
is symmetric and continuous [29]. In particular, for example, the record number distribution
is the same for simple Gaussian walkers as well for Lévy flights with index 0 < p < 2. Here
we are interested in the opposite limit when N — oo.

We find that while the complete universality of the record statistics is no longer true
for N > 1, a different type of universal behavior emerges in the N — oo limit. In this large
N limit, there are two universal asymptotic behaviors of the record statistics depending
on whether the second moment 02 = ffooo n? f(n) dn of the jump distribution is finite or
divergent. For example, for Gaussian, exponential, uniform jump distributions o2 is finite.
In contrast, for Lévy flights where f(n) ~ |n|=#~! for large n with the Lévy index 0 < u < 2,
the second moment o2 is divergent. In these two cases, we find the following behaviors for
the record statistics.

Case I (0? finite): In this case, we consider jump distributions f(n) that are symmetric
with a finite second moment 2 = [* 7? f(n)dn. In this case, the Fourier transform of
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X (n)

Figure 11.1: Schematic trajectories of N = 3 random walkers. Each walker starts at the origin
and evolves via the Markov jump process in Eq. (11.4). A record happens at step m if the
maximum position at step m Tmax(m) > Tmax(k) for all k =0,1,2,...(m — 1). The record values
are shown by filled circles.

the jump distribution f(k) = ffooo f(n) e*1 dn behaves, for small k, as

f(k:)~1—o—2k:2+ (11.6)
~ 5 .

Examples include the Gaussian jump distribution, f(n) = \/a/7 e_‘“72, exponential jump
distribution f(n) = (b/2) exp[—b|n|], uniform jump distribution over [—I,] etc. For such
jump distributions, we find that for large number of walkers N, the mean number of records
grows asymptotically for large n as

(Run) 2= 2VInN V. (11.7)

Note that this asymptotic behavior is universal in the sense that it does not depend explicitly
on o as long as o is finite.

Moreover, we argue that for large N and large n, the scaled random variable R, y/+/n
converges, in distribution, to the Gumbel form, i.e,

Prob. [R%V gz] 12, [(:c—m/ﬁ) \/hl—N:| : (11.8)

where
Fi(z) = exp [—exp[—2]] . (11.9)

Indeed, for large N and large n, the scaled variable R,, y/+/n converges, in distribution, to
the maximum of N independent random variables

Rn,N n—o00
\/ﬁ N —oc0

where y; > 0’s are i.i.d non-negative random variables each drawn from distribution p(y) =
ﬁ e=¥’/4 for y > 0 and p(y) =0 for y < 0.

My where My = max(y1,y2,...,YN) (11.10)

Case II (02 divergent ): In this case we consider jump distributions f(n) such that
the second moment o2 is divergent. In this case, the Fourier transform f(k) of the noise
distribution behaves, for all k, as

FR)Y=1—|ak/"+... (11.11)
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where 0 < ;1 < 2. Examples include Lévy flights where f(n) ~ |n|=#~! with the Lévy index
0 < pu < 2. For the noise distribution in Eq. (11.11), we find, quite amazingly, that in the
large N and large n limit, the record statistics is (i) completely universal, i.e., independent
of p and a (ii) more surprisingly and unlike in Case-I, the record statistics also becomes
independent of N as N — oco. For example, we prove that for large NV, the mean number
of records grows asymptotically with n as

n—o00 4
(Rn,N) oo 7= v, (11.12)
which is exactly twice that of one walker, i.e., (R, N—oo) = 2 (Ry1) for large n. Similarly,
we find that the scaled variable R, n/+/n, for large n and large N, converges to a universal
distribution

Rn N n— 00

which is independent of the Lévy index u as well as of the scale a in Eq. (11.11). While
we have computed this universal distribution Fs(x) numerically rather accurately, we were
not able to compute its analytical form.

11.3 Mean number of records for multiple walkers

Let R,, v be the number of records up to step n for N random walkers, i.e., for the maximum
process xmax(n). Let us write

Ry N =Rm-1,N +&m,N (11.14)

where &, v is a binary random variable taking values 0 or 1. The variable &, vy = 1 if a
record happens at step m and &, v = 0 otherwise. Clearly, the total number of records up
to step n is

Bun =Y &mn- (11.15)
m=1

So, the mean number of records up to step n is

n n

(Ban) =Y (&mn) =D Tmn, (11.16)

m=1 m=1

where 7, v = (&m,n) 18 just the record rate, i.e., the probability that a record happens
at step m. To compute the mean number of records, we will first evaluate the record rate
rm,n and then sum over m.

To compute 7, y at step m, we need to sum the probabilities of all trajectories that
lead to a record event at step m. Suppose that a record happens at step m with the record
value = (see Fig. 11.2). This corresponds to the event that one of the N walkers (say the
dashed trajectory in Fig. 11.2), starting at the origin at step 0, has reached the level = for
the first time at step m, while the rest of the N — 1 walkers, starting at the origin at step
0, have all stayed below the level x till the step m. Also, the walker that actually reaches x
at step m can be any of the N walkers. Finally this event can take place at any level x > 0
and one needs to integrate over the record value xz. Using the independence of N walkers
and taking into account the event detailed above, one can then write

rmn =N /pm(:c) [ ()Y " da (11.17)
0

where ¢, (2) denotes the probability that a single walker, starting at the origin, stays below
the level = up to step m and p,,(x) is the probability density that a single walker reaches
the level = for the first time at step m, starting at the origin at step 0.
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D R e el SRRl R e A

Figure 11.2: A record happens at step m with record value = for N = 3 walkers, all starting at
the origin. This event corresponds to one walker (the dashed line) reaching the level z for the first
time at step m while the other walkers stay below the level z up to step m.

The two quantities p,,(x) and ¢, (z) can be reinterpreted in terms of slightly more
familiar objects via the following observation. Note that by shifting the origin to the level
x and using the time-reversal property of the trajectory of a single random walker, it is
easy to see that p,,(z) is just the probability density that a single walker, starting at the
origin at step 0, reaches x at step m while staying positive at all intermediate steps. By a
similar shift of the origin to level x and using the reflection symmetry of the trajectories
around the origin, it is clear that ¢, (x) can be interpreted as the probability that a single
walker, starting at an initial position x > 0 at step 0, stays positive (i.e., does not cross
the origin) up to step m. This is then the familiar persistence or the survival probability
of a single random walker [21]. In fact, both these quantities p,,(z) and g,,(z) can be
regarded as special cases of the more general restricted Green’s function in the following
sense. Consider a single random walker starting at position z at step 0 and evolving its
position via successive uncorrelated jumps as in Eq. (11.2). Let Gi(y,x,m) denote the
probability density that the walker reaches y > 0 at step m, starting at x > 0 at step 0,
while staying positive at all intermediate steps. The subscript + denotes that it is indeed
the restricted Green’s function counting only the trajectories that reaches y at step m
without crossing the origin in between. It is then clear from our discussion above that

pm(z) = Gi(z,0,m) (11.18)
qm(‘r) = /G+(y,x,m) dy (11'19)
0

In the second line, the survival probability ¢, (z) is obtained from the restricted Green’s
function by integrating over all possible final positions of the walker. Note also, from Egs.
(11.18) and (11.19), that the survival probability starting exactly at the origin is

gm(0) = /pm(:c) dz. (11.20)
0

Hence, if we know the restricted Green’s function G4 (y,z,m), we can in principle
compute the two required quantities p,,(z) and ¢, (z). Using the Markov evolution rule
in Eq. (11.2), it is easy to see that the restricted Green’s function G4 (y, z, m) satisfies an
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integral equation in the semi-infinite domain [21]

Golyem) = [ Gy = 1) fly /)y (11.21)
0

starting from the initial condition, G4 (y,x,0) = d(y — x). Such integral equations over the
semi-infinite domain are called Wiener-Hopf equations and are notoriously difficult to solve
for arbitrary kernel f(z). Fortunately, for the case when f(z) represents a continuous and
symmetric probability density as in our case, one can obtain a closed form solution for the
following generating function (rather its Laplace transform) [36]

/dye_’\y/dxe_’\” Z Gy(y,z,m)s™ :é()\,)\o,s) = W, (11.22)
0 0 m=0 0
where
A [Infl - sf(k . T .
(s, \) = exp —;/%dk and f(k) = /f(x)e”””dx. (11.23)
0 —o0

While the formula in Eq. (11.22) is explicit, it is rather cumbersome and one needs
further work to extract the asymptotic behavior of p,,(x) and ¢,,(x) from this general
expression. To make progress, one can first make a change of variable on the left hand side
(Ihs) Aox = z and then take the A\g — oo limit. Using ¢(s,\g — 00) = 1 and the definition
G+ (y,0,m) = pm(y), and replacing y by  we then obtain the following relation

Z s™ /pm(ac) e M dx = ¢(s, ) (11.24)
m=0 0

where ¢(s,\) is given in Eq. (11.23
using the definition ¢, (z) = [;° G+

~

. Similarly, putting A = 0 on the lhs of Eq. (11.22),
y,x,m) dy and replacing Ag by A, it is easy to see that

—~

— m — Az 1
mZ:OS O/qm(x)e dx = Wi (s, A). (11.25)
The formula in Eq. (11.25) is known in the literature as the celebrated Pollaczek-Spitzer
formula [37, 38] and has been used in a number of works to derive exact results on the
maximum of a random jump process [24, 39-41]. Interestingly, this formula has also been
useful to compute the asymptotic behavior of the flux of particles to a spherical trap in
three dimensions [25, 42, 43].

Let us also remark that by making a change of variable Az = y on the lhs of Eq. (11.25)
and taking A\ — co, one obtains the rather amazing universal result for all m

> . 1 om\ 1
mzzoqm(O)s = 1_S:>qm(0)<m)22—m, (11.26)

which is known as the Sparre Andersen theorem [34]. In particular, for large m, ¢,,(0) ~
1/4/mm. note that for the case of a single walker N = 1, it follows from Eq. (11.17) that
the record rate at step m is simply given by

Tm,1 = 7pm(w) dx = qm(0) = < (11.27)
0
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where we have used Eq. (11.20) and the Sparre Andersen theorem (11.26). Thus, one ob-
tains the rather surprising universal result for the N = 1 case: for all continuous and sym-
metric jump distributions, the mean number of records up to step n, (Rn,n) = Y vy T'm,N
is universal for all n and grows as /4n /= for large n [29]. The universality in this case can
thus be traced back to Sparre Andersen theorem.

In contrast, for N > 1, we need the full functions p,,(z) and ¢, (z) to compute the
record rate in Eq. (11.17). This is hard to compute explicitly for all m. However, one can
make progress in computing the asymptotic behavior of the record rate rp, n for large m
and large N, as we show below. In turns out that for large m, the integral in Eq. (11.17)
is dominated by the asymptotic scaling behavior of the two functions p,,(z) and g, () for
large m and large x. To extract the scaling behavior of p,,(z) and ¢, (x), our starting point
would be the two equations (11.24) and (11.25). The next step is to use these asymptotic
expressions in the main formula in Eq. (11.17) to determine the record rate r,, n at step
m for large m and large N. The procedure to extract the asymptotics is somewhat subtle
and algebraically cumbersome. To facilitate an easy reading of the paper, we relegate
this algebraic procedure in the appendices. Here we just use the main results from these
appendices and proceed to derive the results announced in Egs. (11.7) and (11.12). The
asymptotic behavior of py,(z) and g, (x) depend on whether 02 = [*°_n? f(n)dn is finite
or divergent. This gives rise to the two cases mentioned in Section II.

Case I(0? finite): In this case, we show in Appendix A that in the scaling limit # — oo,
m — oo but keeping the ration z/y/m fixed, pm,(z) and g (z) approach the following
scaling behavior

1 x 2 .
pm(z) — 202mgl <m> , where ¢1(z) = ﬁze 2, (11.28)

> ,  where hi(z) =erf(z), (11.29)

T

i) (e

where erf(z) = % Iy e~ du. Note that dhy(2)/dz = g1(2)/=.

Case II (02 divergent): For the case when the Fourier transform of the jump distribution

f(k) has the small k behavior as in Eq. (11.11), we show in Appendix B that in the scaling
limit when © — oo, m — oo, but keeping the ratio x/ml/“ fixed,

1 T
(@) = —or 9o (mw) (11.30)
T

While it is hard to obtain explicitly the full scaling functions g2(z) and hza(z) for all z, one
can compute the large z asymptotic behavior and obtain

Ay
By
ha(z) s 1- i (11.33)
where the two amplitudes are
2
A, = K, (11.34)

N
B, Bu (11.35)
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with the constant 3, having different expressions for 0 < p <1land 1 < pu <2

at 7 ut
By = T )/1+u2du for O<p<1 (11.36)
By = 7r1"2— /1—|—u2 for 1<pu<2. (11.37)
0

The expressions above (11.36, 11.37) can be written in a unified way for any 0 < p < 2 as

— a* _alT(p)sin (4)
Pu = 2T (1 — p) cos(&) - 2=, (11.38)

where, in the last equality, we have used I'(1 — p)T'(u) = . We recall that here we

sin pm

are considering discrete time random walks (11.2). In the coﬁtinuous time random walk
framework, with an exponential waiting time between jumps, the quantity go(z) was studied
in Ref. [44]. By performing an asymptotic analysis similar to the one presented in Appendix
B, the authors showed that g2(z) behaves, for large z, like in Eq. (11.32) with the same
exponent albeit with a different amplitude. On the other hand, the exact asymptotic result
(11.32), together with Eq. (11.38) can also be used to study the normalized pdf p,,(z) of the
position after m steps, with the condition that the walker stays positive at all intermediate
steps, which was recently studied in Ref. [41]. It reads

Pm(x) = oopm(x) %m}/uéz( - ) . G2(2) = Vmga(2) | (11.39)

fo pm(7)dz mle

where we have used the Sparre-Andersen theorem fooo Pm(x) dx = ¢ (0) ~ 1//mm for large
m. From Eq. (11.32), one obtains the large z behavior of g2(z) as

- 2at I 1
4, o 2 (5 F) L+ 1) (11.40)

~ -~ m
z—o00 zltH T

92(2)

where we have used uI'(u) = T'(p+ 1). On the other hand, if one considers the probability
density function P, (z) of the position of a free Lévy random walk after m steps, with a
jump distribution as in Eq. (11.11) after m steps, it assumes the scaling form, valid for
large m, P (z) ~ m~/#p(x/m'/*) where the asymptotic behavior is given by

Cy atsin (4F )F(u—i—l)

o Cu= - (11.41)

p(2)

Therefore the above result (11.40) establishes that flu = 2C,: this result was recently
obtained analytically in perturbation theory for u close to 2, 2 — u < 1, and conjectured
to hold for any p, on the basis of thorough numerical simulations [41]. Here this result
is established exactly for any p € (0,2). While the large z behavior of ga(z) is the most
relevant one for our study, we mention, for completeness, that its small z behavior was
also studied in Ref. [44, 45], yielding go(2) ~ 2*/2. Finally we remark that the asymptotic
behavior of ho(z) for large z has been computed in great detail recently in Ref. [40], only
the first two leading terms are presented in Eq. (11.33) here.

We are now ready to use these asymptotic behavior of p,, () and ¢ (z) in Eq. (11.17)
to deduce the large m behavior of the record rate. Noting that for large m, the integral is
dominated by the scaling regime, we substitute in Eq. (11.17) the scaling forms of p,,(x)
and ¢, () found in Egs. (11.28), (11.29), (11.30) and (11.31). We then get, for large m,

N
m,N =~ 7/ N 1d2 (11'42)
0



11.3. Mean number of records for multiple walkers 183

where ¢g(z) = ¢1,2(2) and h(z) = hq2(2) depending on the two cases. So, we notice that in
all cases the record rate decreases as m~'/? for large m, albeit with different N-dependent
prefactors in the two cases. Hence, the mean number of records (R, n) up to step n grows,
for large n, as

(Rn.N)~an+y/n, where ay=2N /g(z) ()N dz . (11.43)
0

Next we estimate the constant ay for large N. We first note that ax in Eq. (11.43)
can be expressed as

g(z) d N
=2 —A{[h d 11.44
ow =2 [ £ LGz (11.44)
0

where h/(z) = dh/dz. Noticing that h(z) is an increasing function of z approaching 1 as
z — 00, the dominant contribution to the integral for large N comes from the large z regime.
Hence, we need to estimate how the ratio g(z)/h'(z) behaves for large z. Let us consider
the two cases separately.

Case I (0? finite): In this case, we have explicit expressions for g;(z) and hy(z) respec-
tively in Eqgs. (11.28) and (11.29). Hence we get

ay = 2/dzz%[erf(z)]N (11.45)
0
= /dyyd%[erf(y/m]fv. (11.46)

0

The rhs of Eq. (11.46) has a nice interpretation. Consider N i.i.d positive random variables
{y1,y2,...,yn}, each drawn from the distribution: p(y) = ﬁ e~V /4 for y > 0 and p(y) =0
for y < 0. Let My denote their maximum. Then the cdf of the maximum is given by

y N

Prob[My < y] = /p(y’)dy’ = [exf(y/2]" . (11.47)
0

The probability density of the maximum is then given by: d% [erf(y/2]N. Hence, the rhs of
Eq. (11.46) is just the average value (M) of the maximum. This gives us an identity for
all v

AN = <MN> . (1148)
From the standard extreme value analysis of i.i.d variables [46], it is easy to show that to
leading order for large N, (My) = 2vIn N which then gives, via Eq. (11.43), the leading
asymptotic behavior of the mean record number

(Ru.x) == 2VInN V| (11.49)
—00
Case II (02 divergent): To evaluate ayx in Eq. (11.44), we note that when o? is

divergent, unlike in Case I, we do not have the full explicit form of the scaling functions
g2(z) and ha(z). Hence evaluation of ay for all N is difficult. However, we can make
progress for large N. As mentioned before, for large N, the dominant contribution to the
integral in Eq. (11.44) comes from large z. For large z, using the asymptotic expressions
in Egs. (11.32) and (11.33), we get

92(2) = no_ 2 (11.50)

h(2) n By RV
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where we have used Egs. (11.34) and (11.35) for the expressions of A, and B,,. We next
substitute this asymptotic constant for the ratio ga(z)/h4(z) in the integral on the rhs of
Eq. (11.44). The integral can then be performed trivially and we get, for large N,

N—o00 4

N (11.51)

From Eq. (11.43) we then get for the mean record number

n o0 4
(Ry.N) N:—Oo> 7 V. (11.52)

In contrast to case I in Eq. (11.49), here the mean record number becomes independent of
N for large N.

11.4 The distribution of the number of records for finite

0.2

In the previous section, we performed a very precise study of the mean number of records
(Rn,n) up to step n, in both cases where o is finite and divergent. In the present section,
we investigate the full probability distribution function (pdf) of the record number R, n.
However, we have been able to make analytical progress for the record number distribution
only in case I where o2 is finite to which we restrict ourselves below.

The clue that leads to an analytical computation of the record number distribution
is actually already contained in the exact expression of the mean record number in Egs.
(11.43) and (11.46). This result suggests that there perhaps is a relation between the
record number R,, v and the stochastic variable Y,, ; defined as

Y, N = max ZTmax(m)= max max [z;(m)]. (11.53)
0<m<n 0<m<n 0<i<N

Note that Y, ny simply denotes the maximum position of all the walkers up to step n. In
this section, we will see that for case I where o2 is finite, indeed there is a close relation
between the two random variables R,, v and Y, n.

To uncover this relation, it is actually instructive to consider first the case of N indepen-
dent lattice random walks defined by Eq. (11.4) where the noise 7;(m)’s are i.i.d. random
variables with a distribution f(n) = £6(n—1)+48(n+1). Consider now the time evolution
of the two random processes R, n and Y, n. At the next time step (n + 1), if a new site
on the positive axis is visited by any of the walkers for the first time, the process Y,, n
increases by 1, otherwise its value remains unchanged. Whenever this event happens, i.e.,
a new site on the positive side is visited for the first time, one also has a record event, i.e.,
the process R, n also increases by 1. Otherwise R, y remains unchanged. Thus, the two
random processes Y, v and R, y are completely locked with each other at all steps: when-
ever one of them increases by unity at a given step the other does the same simultaneously
and when one of them does not change, the other also remains unchanged. In other words,
for every realization, we have, Y,, 11, v — Yy, v = Rnut1,8v — Ry, v. Now, initially all walkers
start at the origin indicating Yp xy = 0 while Ry y = 1 since the initial point is counted as
a record by convention. This allows us to write the following identity for all n and N

Ron=Y,n+1= max max [z;(m)]+1. (11.54)
’ 0<m<n 0<i<N

We can now take advantage of this identity to compute the probability P(R, n = M,n)
as the distribution of Y;, n, i.e., the maximum of N independent lattice walkers up to n
steps can be computed using the standard method of images. One obtains, after some
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manipulations left in Appendix 11.7, for 0 < M < N +1

|25 | N
1 2 n n
e - 2 (F10) ()
k=0
1 S n n :
v — 11.
v | 2 (1) (eonen)]) - w0

where |z is the largest integer not greater than x. For instance, for N = 1 one gets from
Eq. (11.55)

1 n
P(Rn,N = M,?’L) = 2—n(’,n+M_1-|) ’
2

where [z] is the smallest integer not less than x. We have checked that this formula
for N =1 (11.56) yields back the result for the first moment (R, 1) as obtained in Ref.
[29]. From the above formula (11.55) one can also compute (R, n), for instance with
Mathematica, although obtaining a simple closed form formula for it for N > 1 seems
rather difficult. In Table 11.1 we have reported the first few values of (R, n) for N =1 to
N =4.

(11.56)

n=0 n=1 n=2 n=3 n=4
3 7 35
N=1 1 —=1. - =1. —
5 5 1 1.75 2 16
= 2.187...
7 35 81 723
N=2 1 - =1. — — —
4 175 16 32 256
= 2.187... = 2.531... = 2.824...
15 157 731 13145
N = 1 — =1. — — —_—
3 8 875 64 256 4096
= 2.453... = 2.855... = 3.209...
N—4 1 E @ 6303 227343
16 256 2048 65536
=1.937... = 2.621... = 3.077... = 3.468...

Table 11.1: First values of (R, n) obtained from Eq. (11.55).

Using the identity (11.54), one can also obtain the large n behavior of R, y. Indeed, in
this limit, each rescaled ordinary random walk z;(7n)/y/n converges, when n — oo, to a
Brownian motion B D:%J(T) with a diffusion coefficient D = 1/2, on the unit time interval,
T € [0,1]. Therefore from the above identity (11.54) one gets, in the limit n — oo

R, ~
N My = max max [BD:%@(T)} :

vn 1<i<N 0<7<1
(1), ie., the maximum of a single Brownian

(11.57)

Now, the distribution of maxo<,<1 Bp_1

2
motion (with diffusion constant D = 1/2) over a unit interval is well known (see e.g., in

21])
Proba. [M; < m] = \/gfeXp (—x—;) dx = erf <%) ;

(11.58)
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Eq. (11.57) demonstrates that in this case, R, n/y/n is distributed like the maximum
of a collection N i.i.d positive random variables {z1,z22,...,2n}, each drawn from the

distribution: p(z) = \/ge*ZZ/Q for z > 0 and p(z) = 0 for z < 0. From Eq. (11.58) one

obtains also that (R ,) =~ y/2n/m, for n > 1, as obtained in Ref. [29], using a different
method. More generally for any N one has

N
lim Proba. [Rn’N < m} = (Proba. (M, < m])N = {erf <ﬁ)] . (11.59)
n—oo NG V2

Having discussed the lattice random walk, let us now return to the case where the
jump distribution is continuous in space but with a finite o2. In this case, we do not have
an identity between R, n and Y, y analogous to Eq. (11.54) for lattice random walks.
Nevertheless, we conjecture below and later provide numerical evidence in section VA, that
for large n, the scaled random variable R, n/+/n converges, in distribution, to the scaled
variable Y, y/v/7 up to a prefactor o/v/2, i.e.,

. Rn N . \/5 Yn N
lim '~ = lim A

— 11.60
n—o00 n n—oo g \/ﬁ ( )

where = indicates that the random variables on both sides of Eq. (11.60) have the same
probability distribution. On the other hand, using central limit theorem, it is easy to see
ﬁ z;(Tn)
o Vn
a continuous-time Brownian motion B D:Li(T) with a diffusion coefficient D = 1, over the
unit interval 7 € [0,1]. Thus the conjecture in Eq. (11.60) is equivalent to

that the position of each rescaled walker converges in distribution, as n — oo, to

lim Bn.v
n—0o0 \/ﬁ
The argument leading to this conjecture in Eq. (11.61) can be framed as follows. Con-

sider first the case for N = 1. In this case, the full distribution of R, ; was computed in
Ref. [29] for all n and in particular, for large n, it was shown that [29] that

= My = max max [Bp-1(7)] . (11.61)
1<i<N 0<7<1

R

lim \}%1 = My = max [Bpi(7)] (11.62)
where Bp—1(7) is a Brownian motion with diffusion coefficient D = 1 on the unit time
interval starting from Bp—1(0). This result (11.62), for continuous jump distribution, is
very similar to the one obtained for a lattice random walk in Eq. (11.57) for N = 1, except
that the diffusion coefficient of the Brownian motion involved in the discrete case is D = 1/2
while it is D = 1, independently of o2, for continuous jump distributions. In particular,
from Eq. (11.62) one obtains

R,
Proba. (\/ﬁl §:c) - - erf(g) . (11.63)

Hence, at least for N = 1, we know that for large n, R, 1/+/n for the continuous jump
distribution in Eq. (11.62) behaves in a statistically similar way as that for lattice walks,
the only difference is that the effective diffusion constant of the underlying Brownian motion
is D =1 in the continuous case (Eq. (11.61)), while it is D = 1/2 for the lattice case (Eq.
(11.57)). Based on this exact relation for N = 1, it is then natural to presume that this
asymptotic equality in law between record numbers for continuous jump process and lattice
walks holds even for N > 1, thus leading to the conjecture in Eq. (11.61). As a first check
of the validity of this conjecture, we note that the result for the first moment of the record
number in Egs. (11.43) and (11.48) is fully consistent with the conjecture in Eq. (11.61).

As announced in the introduction (11.10), the conjecture in Eq. (11.61) is equivalent to
say that R, n/+/n converges, in distribution, to the maximum of N independent random
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variables My = max(y1,y2,...,yn), where y; > 0’s are i.i.d non-negative random variables

each drawn from distribution p(y) = ﬁ eV’ /4 for y > 0and p(y) =0 for y < 0. In

particular, the cdf of R, x/+/n is given by

Prob. (R\;ﬁN < x) — {erf (;)}N . (11.64)

In section VB we will demonstrate that this conjecture is well supported by our numerical
simulations. From Eq. (11.61), one can then use standard results for the extreme statistics
of independent random variables [46] to obtain that for large N and large n, the scaled
random variable R,, n/v/n (properly shifted and scaled) converges, in distribution, to the
Gumbel distribution as announced in Eq. (11.9).

Although we have not found a rigorous proof of the above result (11.61), the fact that
both formulae for random walk with discrete (11.57) and continuous (11.61) jump distribu-
tion differ essentially by a factor of v/2 is reminiscent of a similar difference, by the same
factor of /2, for the survival probability ¢, (0) corresponding to both random walks (start-
ing from the origin). This quantity ¢,(0) plays indeed a crucial role in the computation of
the record statistics of a random walk [29]. For the lattice random walk, one has indeed
4 (0) ~ \/2/7n~1/2 while for the continuous random walk one has, from Sparre-Andersen’s
theorem, ¢,(0) ~ /1/7n~/2, independently of o2. This fact certainly deserves further
investigations.

In the case of divergent o2, the two random variables R, n and Y, y do not seem to
be related in any simple way. This is already evident from the result for the mean record
number (R, ) in Eq. (11.52) for 0 < p < 2. As n — oo, (Ry,N) &~ 4/y/7 /1 where the
prefactor does not depend on N for large N. In contrast, using standard extreme value
statistics [46], it is easy to show that the mean value (Y, n) ~ (N n)'/# for large n and N
with 0 < p < 2. This rather different asymptotic behavior of the mean thus already rules
out any relationship between R,, v and Y, n for case II. So, for this case, our result for the
distribution of R, n is only restricted to numerical simulations that are presented in the
next section.

11.5 Numerical simulations

In this section we present the results of our numerical simulations of N independent random
walks both with a finite 02 (case I) and with a divergent o2 (case I1) and compare them with
our analytical results. In the first subsection 11.5.1 we study the statistics of the record
numbers (both its mean value and its full distribution). Since, at least in case I, the mean
record number is strongly related to the expected maximum of the process we will then
analyze the evolution of the largest of the NV random walkers. This will be done in section
11.5.1. We find that the statistics of the maximum significantly differs between the cases I
and II. Finally, in section 11.5.3 we will consider the correlations between individual record
events in the two different cases and show that, at least asymptotically, these correlations
are not different from the case of only one single random walker.

11.5.1 Statistics of the record numbers

Case I (0? finite). In Fig. (11.3), we show our numerical results for (R, n) for o2 finite,
which were obtained by a direct simulation of the jump process in Eq. (11.2) with n = 10*
steps, with a Gaussian distribution of the jump variables 7;(m)’s (mean 0 and o2 = 1).
These results have been obtained by averaging over 103 different realizations of the random
walks. These data, on Fig. (11.3) are indexed by the label ’Gaussian’. Our numerical
data show a very nice agreement with our analytical result obtained in Eq. (11.43) yielding
(Rn.N)/+/n = an. The large N behavior of ay can be easily obtained by a saddle point
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Figure 11.3: Rescaled mean record number (R, n)/+/n for a fixed n = 1000 plotted against
the number of random walkers N. We performed simulations with jump distributions of the type
£ () ~ |n|™* ! and different g = 1,1.5,1.8 and 1.95 and for the Gaussian jump distribution with
zero mean and 02 = 1. The Gaussian case is compared to our analytical finding for the finite o>
case (Eq. (11.49)), which is given by the dashed line. The thick black line gives the analytical
result for the infinite o regime (Eq. (11.52)). With increasing N all (R, n)/v/n with u < 2
approach this line of value 4/+/7.

analysis, yielding;:

. log(log N _
% =2y/log N — %\/i—N) + O[(log N) /2] . (11.65)
It turns out that for N ~ 1000, the sub-leading corrections (11.65) are still sizeable.

We have also computed numerically the distribution of the (scaled) record numbers
R, n/+/n and compared it to our conjecture in Eq. (11.61). The results of this comparison,
for different values of N = 2,4 are shown in Fig. 11.4 jwhere the data were obtained by
averaging over 5 x 10* realizations of independent random walks of n = 10% steps. The data,
for two different continuous jump distributions (exponential and uniform) show a very nice
agreement with our analytical prediction in Eq. (11.64), which we argue to be an exact
result. As mentioned above, one expects that this distribution will converge, for N — oo
to a Gumbel distribution (11.9), albeit with strong finite N effects.

Case II (02 divergent). In Fig. (11.3), we show our numerical results for (R, y) for o2
divergent, obtained by a direct simulation of the random walk (11.2) where the distribution
of n;(m)’s has a power law tail f(n) ~ |n|~'7# with u < 2, and different values of p.
The data presented there were also obtained by averaging over 10° different realizations of
random walks, with 10? steps. These data show that, in this case, (R, n)/+/T approaches a
constant value for fixed (and large) n and N — oo, which is fully consistent with the value
of 4/+/7 obtained analytically in Eq. (11.52). The simulations also show how the speed
of this convergence is modified when p < 2 is varied. While for small u < 2, (R, n)/v/n
approaches the universal limit value of 4/./7 very quickly, we find a slower convergence for
2—p<K 1.

The numerical computation of the distribution of the (scaled) record number R, n/v/n
is of special interest because an analytical study of it, beyond the first moment, is still
lacking. The two plots on Fig. (11.5) show our numerical results for this distribution,
which were obtained by averaging over 10* independent random walks of length n = 10%.
The left panel in Fig. (11.5) shows the rescaled distribution of R, n/v/n at a fixed time
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Figure 11.4: Scaled probability distribution function /nP(Rn n,n) as a function of Rn n/v/n
for N = 2 and N = 4 independent of random walks of length n = 10*. For each value of N, we
show the result for the case where the jumps are distributed exponentially (’exp’) and uniformly
between —1/2 and 1/2 ('uni’). The dotted lines correspond to the result in Eq. (11.64) which we
conjectured to be the exact one. There are no fitting parameters.

step n = 103 and p = 1. Apparently all curves for N = 10, 102,103 and 10* collapse on one
line. In the inset of the left figure we kept n = 103 and N = 103 fixed and varied pu: one
can see that all the cdf’s collapse. These results suggest that

Rn N n—00
. — < .
Prob [ N z] N Fy(z) , (11.66)

where the limiting distribution function F (z) is independent of u < 2. We tried to guess the
analytic form of F» (x) by comparing with several known continuous distributions that are
defined for positive real numbers. We are certain that F; (x) is not a Gaussian distribution.
By far the best results were obtained by fitting with a Weibull distribution

Fy(x)=1—exp (— (Ax)k) , (11.67)

with two free real parameters A > 0,k > 0. Fitting with the least-squares method gives
values of A &~ 0.8944+0.0003 and k = 2.558 £0.003. The right panel in Fig. (11.5) compares
this fit with the distribution obtained from a simulation of N = 10* random walks of length
n = 10*. While the agreement, both for the cdf and the probability density function (pdf)
is quite good, there are still some deviations between the two, particularly for small values
close to zero. We are not sure, if this difference is a finite N effect or if the real limit
distribution of R, n/v/n for N — oo effectively differs from a Weibull distribution.

11.5.2 Temporal evolution of two stochastic processes: the record
number R, y and the global maximum Y, y up to step n

In the case of jump distributions with a finite second moment o2 (case I), we have shown
that the mean (Y;, n) of the maximum of all walkers up to step n and the mean record
number (R,, ) are proportional to each other in the limit n — oo, both grow with vnln N.
In contrast, for Lévy walks with index p < 2 (case II) the relation between these two
observables does not hold any more and the mean record number grows much slower than
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Figure 11.5: Left: Cumulative distribution function (cdf) of the scaled variable R, n/y/n for
the Lévy index p = 1, which approaches the universal distribution F» (z). The figure gives results
for a fixed n = 10® and different N, for each N we performed 10° simulations. The inset gives
simulations of the cdf for fixed N = 10® while Lévy index is varied. Right: The cdf for 4 = 1 and
N = 10*. We have fitted the data with a Weibull distribution as in Eq. (11.67), where the fitting
parameters were A ~ 0.8944 £ 0.0003 and k£ = 2.558 £ 0.003. The inset gives the corresponding
curves for the pdf’s.

the maximum (see the discussion at the end of section IV). To illustrate the similarities and
differences in the growth rate of R, y and Y, x in the two cases (I and II), we compare
their respective time evolution for 4 different samples in Fig. (11.6). On the left panel, we
consider the Gaussian jump distribution with zero mean and ¢? = 1 and we see that the
process It y and (\/5 /o) Y, N become identical very quickly. Moreover, the two processes
evolve almost in a deterministic fashion with growing n and hardly fluctuate from one
sample to another. In contrast, on the right panel where we plot the two processes for
(= 1, their behavior change drastically. First of all, the two processes R,, y and Y,, y do
not seem to have relation to each other. While R, x again evolves almost deterministically
and in a self-averaging way, the trajectories of the process Y, y differ strongly from one
sample to another and Y,, y is clearly non self-averaging. In particular, the process Y, n
can, like in a single Lévy flight, perform very large jumps exceeding its previous value by
several orders of magnitude.
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Figure 11.6: Left: Time evolution of the record number R, n and the rescaled maximum value
(V/2/7) Yo, N reached up to the n-th step for four different realizations of N = 1000 random walks
(labeled A,B,C,D) with Gaussian jump distribution (zero mean and o = 1) (case I). Here, the
results look rather deterministic and for n — oo, we find (\/5/0) Y, N = Rn,n for every realization.
Right: R, n and Y, v for four different realizations of N = 1000 Lévy flights (labeled A,B,C,D)
with p = 1. The behavior of Y, n for the Lévy flight is completely different from R, n: while R, n
is self-averaging, Y, n fluctuates widely from one sample to another and is not self-averaging.
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11.5.3 Correlations between record events

An important feature of the record statistics of a single random walk (N = 1) is its renewal
property, which leads to the fact, that each time after a record event, the record statistics
is, in some sense, reseted. After a record event the process evolves as a new process with the
record value as its new origin. Therefore it is very simple to give the pairwise correlations
between record events. In fact, from the above argument, we have

Prob[rec. at n — k and n] = Prob[rec. at n — k] x Prob[rec. at k| = rp_p 1751 - (11.68)

Using the results from [29] this gives the following (exact) result for
Prob[rec. at n — k and n]:

2(n— 2
Prob[rec. at n — k and n] = ( (n kk)) ( kk) 27 (11.69)
n—

In the special case of k = 1 we find Prob [rec. at n — 1 and n] = 1r,,_;. With this we find
that the conditional probability of a second record directly following a record that just
occurred is always given by

1
Prob[rec. at n|rec. atn — 1] = R (11.70)

In our efforts to understand and compute the distribution of the record number R,, n for
Lévy flights (case IT), we considered the correlations between successive record events also
for N > 1 random walks. If the correlations between successive record events in the
large N limit would vanish, one could assume that the asymptotic distribution of R,
approaches a Gaussian. However, we found that this is not the case. Fig. (11.7) gives
the behavior of Prob[rec. at n — k and n] for the N = 1 case, as well as for N = 103
for random walks of the two cases I and II with Lévy indices ¢ = 2 and g = 1. In all
three cases Prob[rec. at n — 1 and n] approaches 1Prob[rec. at n — 1] = 27, y for large n,
proving that for n — oo the probability for a second record after an occurred one is just 1/2.
The inset of Fig. (11.7) also shows this behavior. Here, while for N = 1 the conditional
probability for a second record is always 1/2, this value is only approached for larger n in
the case of NV > 1. For small n the conditional probability is larger.

11.6 Comparison to stock prices

The oldest application of the random walk model, which was already proposed by Le Bache-
lier [47] in 1900, is the one to stock data [48, 49]. In his model the stock prices perform a
so-called geometric random walk and trends in the stocks are modeled by a linear drift in
the logarithms of the stock prices. In [32] the record statistics of stocks in the Standard
and Poors 500 [35] (S&P 500) index were compared to the records in a random walk with
a drift. The authors could show that on average, on a time interval of n = 100 trading
days, the statistics of upper records in individually detrended stocks are in good agreement
with the same statistics of a random walk with a symmetric jump distribution. The lower
records however showed a significant deviation from this model.

Here, we want to extend this analysis to the record statistics of IV stocks. The question
is, to what degree, the record statistics of N normalized and randomly chosen stocks from
the S&P 500 can be compared to the record statistics of N independent random walks.
As in [32], the observational data we used consisted of 366 stocks that remained in the
S&P 500 index for the entire time-span from January 1990 to March 2009. Overall, we
had data for 5000 consecutive trading days for each stock at our disposal. In [32] we
found that it is useful to analyze this data over smaller intervals, on which one can then
detrend the measurements. We decided to split up the 5000 trading days into 20 consecutive
intervals of each 250 trading days, which is roughly one calendar year. In each of these
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Figure 11.7: Probability for two successive records at times n — 1 and n for a single random
walker as well as N random walks with jump distributions of tail-exponents y = 2 (case 1) and
u =1 (case 2). In all three cases this probability asymptotically approaches a value of 1/2 times
the probability for a record in the nth step. Therefore, for large n, the correlations between the
record events in the IV > 1 regime are the same as in the N = 1 case. This is also shown by the
inset, where we plotted the probability for a record in the nth step conditioned on a record in the
previous one, which approaches 1/2 in all three cases.

intervals we considered the logarithms X; = InS;/Sy of the stock prices S;, where S
is the first trading day. The random walk model then suggest that these logarithms X;
perform a biased random walk that starts at the origin (Xo = 0). Since our analytical
theory presented in this paper only works for symmetric random walks we had to detrend
the stocks. We subtracted an index-averaged linear trend obtained by linear regression
from the X;’s in order to obtain symmetric random walkers. Finally, in order to make the
stocks comparable to our model of N random walkers of the same jump distribution, we
had to normalize the X;’s by dividing through the standard deviations of the respective
individual jump distributions. After this detrending and normalization we can assume that
the jump distributions in the individual time series have at least the same mean and the
same variance, which should then be given by 0 and 1.

For a fixed N, we randomly selected subsets of size N from the 366 detrended and
normalized stocks for each of the 20 intervals of length n = 250 and computed the evolution
of the record number R,, x in these subsets. To get reliable statistics we average R, y over
10* different subsets with a fixed N and also averaged over the 20 consecutive intervals.
The resulting (R, n)’s for the upper and the lower record number and N between 1 and
100 are given in Fig. (11.8). We find that both the curve for the upper and the curve for the
lower mean record number are not in agreement with our theoretical prediction for the case
of N Gaussian random walks given by (R, n) = 2vnlnN. However, Fig. (11.8) shows,
that the (R, n) for the stocks increase with N. We also considered subsets of size N > 100
and found that for N closer to the maximal value of 366, (R, n) gets almost constant in
N.

While the increase of (R, n) for smaller N indicates that the statistics behave like N
independent Gaussian random walks, the fact that it saturates for large N could indicate
that they behave like a Lévy flight with Lévy index pu < 2. We know however, that the
tail exponent of the daily returns In S;/S;_; in the stock data is much larger than y = 2
and that they definitely do not perform a Lévy flight [50-52]. Much more likely is that the
correlations between the individual stocks play an important role. In addition, we observed



11.7. Conclusion 193
T T T T T T T T T
upper Rysq \ (detr.)
50 | lower R250,N (detr.) CLCLTLTY -
Fitted 0.655*2*Sqrt(nLog(N)) --------
Fitted 0.605*2*Sqrt(nLog(N)) -y e
40 PLU LA AL Lk

e LT
’ i
.‘..,"".'ﬁll"

30

Raso,n

20

Rnn / Sart(Ln(N))
=
o

10 f

[y

10 100
intervall length n
1 Il

0 1 1 1 1 1
10 20 30 40 50 60 70

Number of random walks - N

80 90 100

Figure 11.8: The averaged upper and lower record number after n = 250 trading days in the S&P
500 stock data. The 5000 trading days in [35] were subdivided in 20 intervals of 250 days and then
linearly detrended in these intervals using the average linear trend of the index. Then we chose N
stocks randomly out of the total number of 366 stocks and analyzed the evolution of the record
number in this set. This random picking was repeated 10 times and the results were averaged to
obtain the figure. The dashed lines give our analytical prediction for N Gaussian random walks
multiplied by fitted prefactors. The inset gives the behavior of the (R, n)/vIn N for different N
plotted against the interval length n, confirming the proportionality (Rn,n) o< vVIn N.

that at least for N < 100, (R, n) grows proportional to 2v/nln N. One way to interpret
this finding is the following: When we assume that in /N stocks only a smaller number of
N7 (with v € RT and v < 1) is effectively independent and that only these N7 stocks
contribute to the record statistics, the mean record number should be given by

2y/ynIn N,
and saturate if the value of N

4z 15 achieved, where Ny, is the total number of stocks.
In Fig. (11.8) we fitted curves of the form /7% 2vnIn N with /47 ~ 0.655 and /7~ ~
0.605 to the development of the upper and lower (R, n). The good agreement with the
fitted curves and the data confirms our assumption. Apparently, the record statistics of
N detrended and normalized stocks is the same as the one of N7 independent Gaussian
random walks. This finding is also confirmed by the inset in Fig. (11.8). There we plotted
(Rn,~)/VIn N for different interval length n and some different subset sizes N. The fact
that all the lines collapse tells us that (R, n)/vIn N is independent of N and therefore

(Rn,N) x VnInN.

(Rn, N) = (R,,, N7){Gaussian) — (11.71)

(11.72)

11.7 Conclusion

In conclusion we have presented a thorough analysis of the record statistics of NV independent
random walkers with continuous and symmetric jump distributions. For N > 1, we have
found two distinct cases: the case where the variance of the jump distribution o2 is finite
and the case where 02 does not exist (case II) as in the case of Lévy random walkers with
index 0 < p < 2. In the first case we have found that the mean record number behaves like

(R, N) =~ 2y/log Ny/n for n, N > 1 while in case II, (R, n) = \/4/7y/n for n, N > 1.
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We have then argued that, in the first case, the full distribution of the scaled number of
records R, n/+/n is given by the distribution of the maximum of N independent Brownian
motions with diffusion coefficient D = 1. This statement was suggested by an exact result
for lattice random walks and it was corroborated (i) by our exact calculation of the first
moment (R, n)/v/n valid for any value of N and (ii) by our numerical simulations. Of
course it would be very interesting to obtain a proof of this result. From this connection
with extreme value statistics, one thus expects that the distribution of R,, n/+/n converges,
for N — o0, to a Gumbel form (11.9). This connection between record statistics and
extreme value statistics could also be useful to compute the record statistics in other models
discussed in the introduction, for instance, in the Linear Drift Model [10, 16, 32]. In the case
of Lévy random walkers, we have shown numerically that the full distribution of (R, n)/v/n
converges, when N — oo, to a limiting distribution F5(x) which is independent of u.

The exact computation of this universal distribution remains a challenging problem.
Other interesting questions concern the extension of these results to include a linear drift
[30] or to the case of constrained Lévy walks, like Lévy bridges which were recently studied
in the context of real space condensation phenomena [53]. Finally the applications of our
results to the record statistics of stock prices from the Standard & Poors 500 index suggest
that, among a set of IV stocks, only a smaller number, which scales like N7, with 0 < v < 1,
are effectively independent. The record statistics of these N7 stocks is then very similar
to the statistics of N7 independent random walkers. This idea might be useful for future
investigations of the fluctuations of such ensemble of stock prices.
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APPENDIX I - Scaling behavior of p,,(z) and ¢,,(x) for finite o>

We start from Eqs. (11.24) and (11.25). When o? is finite, by central limit theorem, the
typical position of a walker after m steps scales as m!/? for large m. Hence the natural
scaling variable is z = 2/m'/2. Consider first Eq. (11.24) satisfied by p,,(x). To extract the
leading scaling function in the scaling limit  — oo, m — oo but keeping z = z/ m'/? fixed,
we need to investigate ¢(s, \), given explicitly in Eq. (11.23), in the limit when A — 0,
s — 1 but keeping the ratio A/y/1 — s fixed. To extract the behavior of ¢(s, ) in this
scaling limit, it is advantageous to work with an alternative expression of ¢(s, A) derived in
Ref. [25] for finite o>

- 1 . A [ dk [ 1-sfm
o) = VI =5+ 0)\/5/2] P 7r/)\2+k21 l15+502k2/21 - (117

0

This expression is more suitable for extracting the scaling limit. In the limit A — 0 and
s — 1, the expression inside the exponential in Eq. (11.73) tends to 0 and hence, to leading
order, we have

1
WI—=s+0\/5/2]

B(s, ) ~ (11.74)
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Inverting the Laplace transform with respect to A (it has a simple pole at A = —% 2(1—3s))

one gets from Eq. (11.24)

- 2 _ aase
Z s"pm(z) =~ % e~ V2(=s)a/o (11.75)

m=0

Setting s = 1 — p with p — 0 in the scaling limit, the sum on the lhs of Eq. (11.75) can be
approximated, to leading order, by a continuous integral:

> 5 pm(x) /pm(x)e‘pmdm (11.76)
m=0 0
and we have
2
/pm(z) e P™dm =~ £ef\/%z/". (11.77)
o
0

Next we need to invert the Laplace transform with respect to p. We use the explicit
inversion formula, £51  [e~*VP] = M# exp[—b?/4m]. Applying this to Eq. (11.77)

p—m
gives, to leading order, in the scaling limit

X :CQ
pm(x) & o2 mmaz P {m] ; (11.78)

which can be reorganized in the scaling form

1 X 2 2
() = 202mgl <\/m> , where g¢1(z) = ﬁze . (11.79)

Next we consider ¢, (x) given in Eq. (11.25). Following exactly the same procedure as
in the case of p,,(z) we find, in the scaling limit,

T 1

/qm(x) e P dm ~ — [1 - e*mx/”} : (11.80)
p

0

Inverting the Laplace transform with respect to p upon using the explicit inversion formula,
L1 e P /p] = erfc(b/v/4m), we get, to leading order in the scaling limit

p—m

gm(z) = 1 —erfc < (11.81)

) = ()

which proves the result in Eq. (11.29).

APPENDIX II - Scaling behavior of p,,(z) and ¢,(z) for divergent

0.2

We consider jump distribution f(n) such that its Fourier transform behaves, for small k,
as f(k) ~ 1 — |ak|* with 0 < p < 2. In this case, the position of the walker after m steps,
grows as m'/# for large m [24]. Hence the natural