ECONOPHYSICS: PY538

* broadbrush today....details in http://polymer.bu.edu/~hes/

* work by (one could wish no finer collaborators):

Gabaix (Fisher=-Black Prize!),Salinger, Pammolli,
Riccaboni, Podobnik, Preis, Moat, Vodenska, Buldyrev,
Havlin,Mantegna,Gopikrishnan, Plerou (Young Scientist
Prize), Petersen, Liu,Cizeau,Fu, D.Wang, H.Wang, F.
Wang,Bertella,X.Huang, S.Zhang, G.Li, J.Wu, S. Levy, X.
Feng,Yamasaki, Rosenow, Amaral, Ivanov, Matia,W=-X
Zhou, Z.0.Jiang,Weber,Chessa, Gou,Lee, Meyex,Y=-H Shao,
Carbone, Ben-Jacob, Kenett,Fu, Majdanzic, Schneider,
Curme, Avakian,Su,Lu,S. Shao,Ling, H. Huang,

&YOU [??

INVITATION: please consider to come to Rm.204......
i will welcome you at any time! ’
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file://localhost/Users/hes/bu/leiden-lorentz-water.key
file://localhost/Users/hes/bu/leiden-lorentz-water.key
http://polymer.bu.edu/~hes/networks/
http://polymer.bu.edu/~hes/networks/

Can physicists contribute to
economics/finance?

get an economics partner...& respect him/her!
get as much data as exists ("big data”)

ask “What are these data telling us?”

to find out, quantify each finding...

Do not be too timid: e.g., Aggregate, ...

try to relate all findings (ex: price, volume,
intertrade times, volatility,...)

Make “model” relating all facts (“cheating”?)

Dedication: TINBERGEN/EHRENFEST the first econop%ysicists’?
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THE PUZZLE: “SWITCHING WITHOUT SWITCHES”
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“Big switch” : 19 Oct. 1987 (25% worldwide “earthquake/tsunami1”)
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BY EYE. What do these data tellus? ¥ €47

Q: can your eye sce the power law? that 1t 1s inverse cubic?

Returns non-Gaussian (known qualitatively, but under-appreciated!)

Large events cluster (like earthquakes) (also known qualitatively)

tAftershocks?’ Omori-correlated (Palermo 03; BU 07)

(11
Thursday, January 30, 14
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holds over 6 orders of magnitude on y-axis (8 for pdf: inverse quartic)

200,000 data
points per stock
X 1000 stocks =

200,000,000
data points

events & orders of
magnitude
MORE RARE
than everyday
values conform to
the SAME pdf

Gutenberg-Richter
carthquake law:

- - - -
o o

Cumulative distribution

mag = 7 quake same law

as mag = 1 quake

|
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Gopikrishnan,Plerou, HEQg)

1

S~ LévyRegune
Mandelbrot 1.7

=2 ;

® Positive tail
¢ Negative tail

5o
Normalized price returns

Note: there is NOT a perfect power law due to
corrections at both ends of a power law
region, just as for power laws in turbulence.
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Aggregating is also “cheating’’??
Find that inverse cubic law holds “microscopically” for each stock

200.0 - . . ' - .
EACH ONE of
o the(®) 1000 stocks
¥
S 1500 | :
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~
0
3 100.0
'@ .
.
¥
S
S 500} :
Z,
00 1] \ 1 —{ 1 [ =
1.0 2.0 3.0 4.0 5.0 6.0
Gopikrishnan,Plerou, HES Exponent oL,
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water: time dep. for 1 state point near ph. trans. line:
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t [nS] histogram
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"How?” "“Models?”: Herd vs. News?

(1) “herd effect” (exchange nt. J).

Each stock 1s a unit, interacting
with other stocks (units) and
bathed 1n a magnetic field H.

J depends on the two stocks, and
H depends on the stock. Both can
change with time.

Possible models:

(a) Units can be 1 Q different
DISCRETE states: “Potts
Model” (Potts 1952).

(b) n-dimensional units. Each can
be in a CONTINUUM of states:
“n-Vector Model” ( HES 1969)

(2) news effect (external field H)

(¢) modified Edwards-Anderson
“spin glass” (w/ t-dep 1nteractions)

{a) Potts Model :

dddo¢

é¢¢¢
pq08 AN ‘
$dod

Q=2(Ising model) Q=3

(b) n-Veector model:

dd oo els
dodd ~l_
09dd - i
ddod

( Ising)
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PUZZLE:
How does a
paramagnet
“know” when to
spontaneously
order itself?

(a) Order 2%

(b) Order v*:

ANSWER:

When the
exponential decay (e
along a 1-d path
balances the
exponential
increase 1n the
number of paths.

) Order v?:

v =J/KT =n.n.
coupling strength
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TEST #1: if interacting system of subunits, should be “universality”

DATA Show: power-law exponents are Universal (indep of time

period, country, volatility (ex 1987.,2008,.. same!). implies what??

T ——————————

10°
10"
10
10”
10
10°
10°
10"

*
e ‘."
®s

= NYSE (1000 stocks)
o [ ® Paris Bourse (30 stocks)
41 £ * LSE (250 stocks)

-12
10" B

Probability density P(q)

10

Trade size q

Lol Ll L gl L1
10" 10° 10’
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BY EYE: What do these data tellus? ¥Year

_20 - A ] -

Q: can your eye see the power law? that it is inverse cubic?
Returns non-Gaussian (known qualitatively, but under-appreciated!)
Large events cluster (like earthquakes) (also known qualitatively)
tAftershocks?’ Omori-correlated (Palermo 03; BU 07)

t“Aftershocks of each aftershock” also Omori-correlated: (BU)
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QUASI-TEST 2: Are there time Correlations?
((economists knew these results, qualitatively, as volatility
clustering....so calculate autocorrelation function and get a “law™))

10" ¢ ' | ' I ' '
N ;
S : Returns
s R (R) |R
S R =se(R) |R]
‘;\ o' L exp -t/1 ; ~4 min ] t 5 t t
S / 10° | e
3
Noise level S
g Oge © CIRAK \
~ °°® o0 ~
] e S
® o N
< « 3§
10° —— % 10"
0 10 20 - 30 40 t
Time lag [min] S
S
« Returns are UN-correlated after 4 min =~ | X
 Absolute value of returns (volatility) A
is long range correlated, so returns ye TS 10
CAN NOT BE serially independent. Time (day)
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OUASI-TEST 3: Crossover in Volatility pdf from (known) log-normal
1o (new) power law_(Surprise!)

1 0:3 1
(a)
2
N—
TR
2 10
Liu,Cizeau, :;
Meyer. 'The _g 10°
Statistical S
Properties of A |
the Volatility ¢~ I+u=4 _:
of Price ]
Flucts” ,
Phys. Rev. E 10” et tetaiatetel S
60, 1390. 107 107 10™

Volatility V.,
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Can a law describe bubbles and crashes in

. [ 9
financial markets? . every trade---msec level...

Tobias Preis 2 and H. Eugene Stanley

Physics World, May 2011
DETAILS IN:

T. Preis, J. Schneider, HES""Switching Processes in
Financial Markets," PNAS 108, 7674 (2011).

Figure 1 | Scale-free behavior
of financial market fluctua-
tions. Financial market time
series feature identical proper-
ties on very different time
scales. All four curves are sub-
sets of a 14 million transactions
dataset taken from a German
DAX future time series. The
price curves cover time periods
of roughly 1 day (top curve), 1
hour, 10 minutes, and 1 minute
(bottom curve). Local maximum
and minimum values are marked
as blue and red circles.
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ANS: :: Preis/HES/Schneider (2011 PNAS; May 2011 Physics World)

(b ) Determination of local price extrema (At=3 fixed)

| Vethod _JETREPS

At o At

At o At

I
I
Price : |
| I
| |
At | |
: | At | At |
I
L Trend #1 + | Trend #3 :
1] I : B [l -
Volume [l ~ 1m0l ML i
I o | I I .
| | | |
| | | |
| | |
Transaction by transaction >
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Quantities With Scale-Free Behavior

(a) Transaction volume (FDAX) (b) Inter-trade times (FDAX)
S 1.0
3
X 424 v = o9
1"0 _\ = ={ 08
(}'2 0.'4 076 C"e! 1 TD | '2 1 :5 1 Tt’s 1'3 0'2 0'4 0'6 OIB 1 '0 1 A'2 *‘4 1 '6 1 'E.
Renormalized time ¢ between successive extrema Renormalized time ¢ between succassive extrema
(C) At range: 50 to 1000 ticks (d) At range: 50 to 100 ticks
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. Randomly reshuttling confirms our findings.
18

Preis/HES/Schneider (2011 PNAS; May 2011 Physics World)
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FROM THE VERY SMALL TO THE VERY LARGE
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100x60x60x24x100 = 1,000,000,000....9 orders of magnituge !
Preis/HES/Schneider (2011 PNAS, May 2011 Physics World)
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SCALE FREE SPECIFIC HEAT NEAR HELIUM SWITCH

POINT

Note: Same FUNCTION for 3 different scales: 6 orders of

magnitude!!!
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+ 240 >

350 State Points _
analyzed 230
4 system sizes [

225
both sides of Widom __ 290
line T :
s 215
both sides of LLPT line &- 54 |
205
Kesselring, Franzese, 500

Buldyrev, Herrmann,HES: !
Nature Scientific Reports 195
2012; J. Chem. Phys. 190 '

2013 230 235 240 245 250 255 26(
T [K] .
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Time: 30.00 ns
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CNN News today:
A “failure cascade” affecting many

infrastructure networks:
power, internet, ....

TWO MINUTES OF TODAY’S CNN NEWS
BROADCAST

Thursday, January 30, 14
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NETWORK SCIENC The science of the 21st century

Times
cited

Years
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NETWORK SCIENC The science of the 21st century
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interdependent are infrastructures?

Fuels, Lubricants

/ Fuel Transport,
'$ Shipping

Fuel for Generators, Power for
- Jubricapts . . _ Signaling,

Fuels, Lubricants

A Power for Pumping ’ ort,
\_ Stations, Storage, ’ Tgi,;;gjng

2l Comrol s -
__iju. LER L < “;

“ Power for™
Power for Pump v/ Compressors, e
and Lift Stations, Storage,
Conrrol Systems. . Control
Systems -
ater forf fuel fO
W oo"ng - Gencrators s ‘

|
ns /
Em'SS'o I
Reduction. 7 \ Heat,/

——) \ -

/
‘”Or

B 4

Productiom, ~
Cooling, Emissions
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\

Water for
< .

T ——— -
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|
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|
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- ——
——————

Water for Production,

Peerenboom, Fisher, and Whitfield, 2001

Thursday, January 30, 14 26



Critical Breakdown Threshold for 2 Interdependent Networks

Failure in network A
causes failure in network B I Network
causes further failure in network A .....CASCADES

What are the critical breakdown thresholds for such Network B

interdependent networks?
What 1s size of cascade failures?

FURTHER EXAMPLES OF INTERDEPENDENT NETWORKS:

« [Lconomy: Networks of banks, insurance companies, and firms which interact
and depend on each other.

* Physiology: The human body is composed of inter-dependent networks (hip!)

- Biology: A specific cellular function is performed by a network of interacting
proteins, which depend on other networks

Buldyrev, Parshani, Paul, Stanley, Havlin, Nature, 464, 1025 (2010)
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NATIONWIDE BLACKOUT(28 Sept. 2003)

Thank: Nature
referee

27 Sept 2003:

1 DAY
BEFORE THE
CASCADE OF
FAILURES

SCADA =
Supervisory
Control And Data
Acquisition

Thursday, January 30, 14
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Stage 1: NATIONWIDE BLACKOUT (28 Sept. 2003)

The first
second:
ABOVE the
critical
breakdown
threshold
[only Rome
power 1s out]

SCADA =
Supervisory Control
AND Data
Acquisition

Thursday, January 30, 14
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Stage 2: NATIONWIDE BLACKOUT(28 Sept. 2003)

A few
seconds
later:

STILL
ABOVE the
critical

breakdown
threshold

SCADA=Supervisory
Control And Data
Acquisition

Thursday, January 30, 14
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Stage 3: NATIONWIDE BLACKOUT (28 Sept. 2003)

R : ; e : e
o / , "
A few = & ' "'ij" SCADA
seconds later 7 N el
still: Now Tt £ |
BELOW the = %
critical W, .
breakdown i 1 ’
Lt
threshold !!! \_ - o
"t
SCADA= -,E
Supervisory /-. : N
Conurol And POWER GRID - oo
Acquisition -
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Report of the Commission to Assess the
Threat to the United States from
Electromagnetic Pulse (EMP) Attack

Critical National Infrastructures

“The physical & social fabric of civilized countries is sustained by a System of systems;
a complex and dynamic network of interlocking and interdependent

infrastructures (critical national infrastructures) whose harmonious functioning enables

the myriad actions, transactions, and information flow that undergird the orderly conduct of
civil society in this country. . . .”

“. . .the vulnerability of the whole — of all the highly interlocked critical infrastructures —
may be greater than the sum of the vulnerability of its parts. . .”

“No currently available modeling and simulation tools exist that can
adequately address the consequences of disruptions and failures
occurring simultaneously in different critical infrastructures that are
dvnamically interdependent.”
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Z INTERDEPENDENT
NETVWORKSS :

 Until 2010*** scientists focused on the case of a

single network which 1s 1solated AND 1s not

influenced by other networks.
*¥* Buldyrev et al, Nature, 464, 1025 (2010); Leicht et al cond-mat)

[solated systems rarely occur 1n nature nor in
technology [ex: non-interacting molecules NEVE
occur--otherwise liquids could not exist!].

» Take home message: Results for interacting
“interdependent” networks strikingly different from
single networks..& different from *“chaos theory”
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What today’s “catastrophic failure” 1s NOT:

Chaos theory & systemic breakdown: 700 year oid
paradigm (ancestor of “Beijing butterfly” paradigm)

For Want of a Nail

For want of a nail the shoe was lost.
For want of a shoe the horse was lost.
For want of a horse the rider was lost.
For want of a rider the battle was lost.

For want of a battle the kingdom was lost.
And all for the want of a horseshoe nail.

PROBLEM:
pxpxpxpxp=1/1,000,000,000,000,000(very tiny)
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3 types of networks...

Erdos-Renyi Watts-Strogatz Scale-free
(Exponential tail) (“re-wire”) (Power law tail)
Adv: solvable Adv: Small world Adv: more realistic

Disadv: not realistic Disadv: not realistic Disadv: not solvable

35
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“Dummies Guide™ to Discovering 1f a network 1s scale free:

w/ characteristic scale \\\ scale free
\ b
f(x) gy N B =X
f(x) =exp (-ax) N g(Ax) = g(x) A
(a) (b) \\\\\5_
X X —

log f
log g

log f
log g

log x
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Erdos-Renyi distribution (exponential tail)

Scale-free distribution (power law tail)

How to quantify? Number of nodes of degree £ [new/

Courtesy: Barabasi 1999 plane

F’\} 'i-\
N 0.1}
£~ Q‘ ) N —}\.
s 0.01} D
0.001F
VTN 0.0001}
SRS BN 110 100 1000
k b
_ _ p 1 .I:n_
Exponential Tail ower Law Tail
37
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Erdos-Renyi distribution (exponential tail)

P(k)
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Scale-free distribution (power law tail)
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How to quantify? Number of nodes of degree £ [new/

Courtesy: Barabasi 1999 plane

Erdos-Renyi distribution (exponential tail) Scale-free distribution (power law tail)
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Question:

To which class belongs the airline network?
(CLUE: Hubs & Spokes)

Minneapolis/ St. Paul

Buffalo/
Niagara R

Milwaukee e
Chicago (i ew%/w;ﬁ‘j
Moline/ Quad (l:mes A ronl antone Pittsburgh —

Bloomington/ Nc
Kansas City

Wichita

Denver

..,940

Las Vegas ro/ H

Los Angeles Dallas/ Ft. Wort!

ouston {Hobby)

® AirTran Airways
r AirTran JetConnect
# AirTran Airways & JetConnect

.
Grand Bahama

Miz Island

oé;ester

ewark
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Real world example of

scale-free networks: Internet
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Edling, L. A. N. works', social networks tend to be
Amaral, H. E. Stanley, subjective to some extent™ because
and Y. Aberg, the perception of what constitutes a social
"The Web of link may differ between individuals. One

unambiguous type of connection, however,
Human Sexual 1s sexual contact, and here we analyse the
Contacts," §exgql behiwiour of a random sample of

individuals” to reveal the mathematical fea-
Nature 411,  yres of a sexual-contact network, We find

F. Liljeros, C.R. U nlike clearly defined ‘real-world’ net-

007-908 that the cumulative distribution of the
number of different sexual partners in one
(2001) year decays as a scale-free power law that

: : . has a similar exponent for males and
[CltathnS. females. The scale-free nature of the web of
851] human sexual contacts indicates that strat-

egic safe-sex campaigns are likely to be the
most efficient way to prevent the spread of
sexuallv transmitted diseases.
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Ql: A “LAW” OF HUMAN BEHAVIOR? Q2: WHY CARE?
F. Liljeros, C. R. Edling, L. A. N. Amaral, H. E. Stanley, and Y. Aberg, Nature 411 (2001).

0 -

= §

3

L 101k .
S
__g -

"3 10_2 3 E
'_5 C
2 - “in your lifetime™? _
S 103 L ]
= 178 5 Females A:
o - A Males
1 -4 sl L el L
2 0 100 101 102 103

Total number of partners, ki,
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Worry: Artifact of “scale-free imagination™???
a 100g

—
<
|

102 |

[ “In past 12 months™?

Cumulative distribution, P(k)

10_3 - =
= O Females © :
_ A Males
104 e e
100 101 102

Number of partners, k
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EXAMPLE: Network Immunization Strategies
REQUIREMENTS of an efficient immunization strategy:

 Immunize at least a critical fraction f_ (“Immunization threshold”) of the number
of individuals so that only isolated clusters of susceptible individuals remain.
« Effective without detailed knowledge of the network.

Small (local) clusters of
susceptible individuals

Large (global) cluster of :

susceptible individuals :
l \ |
f=0 f=1, f=1

Susceptible
individuals
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Three immunization strategies

Example: Immunize 2 of the 9 nodes 1n a scale-free network
Question: What 1s chance to stop the spread?

Random: Targeted: Acquaintance:
2/9 1 7/9
O Cin/oj O O O —0O
—
@ = Hubs
* High immunization e Low immunization * Low immunization
threshold threshold threshold
« No prior network * Need to know hubs (highly ¢ No prior network
information needed connected individuals) information needed

Real world example: Stopping spread of heresy in Middle Ages 44

Ormerod/Roach -- The medieval inquisition: scale-free networks & the suppression of heresy
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Real world example: Stopping spread of heresy in Middle Ages
Ormerod/Roach -- “The medieval inquisition: scale-free networks &

the suppression of heresy”

Knowing from the confessions of these Catholics that they were
mixed up with heretics, [the crusaders] said to the abbot.

‘What shall we do, lord? We cannot tell the good from the bad.
The abbot, ...... 1s said to have said: “Kill them. For God knows

who are his.” Thus innumerable persons were killed in that city.

This singling out of guides and messengers, the contacts of the key heretics, rather than
the heretics (perfecti) themselves is now known as ‘acquaintance immunisation.” It is
usually more efficient to inoculate one of the contacts of a node rather than the node itself
[17].

R. Cohen et al. "Efficient Immunization Strategies for Computer
Networks and Populations," Phys. Rev. Lett. 91, 247901 (2003).
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Optimal Path: Minimize total “cost”

L. A. Braunstein, S. V. Buldyrev, R. Cohen, S. Havlin, and H. E. Stanley,
“"Optimal Paths in Disordered Complex Networks" Phys. Rev. Lett. {\bf 91}, 168701.

For this example:

Shortest path: 3 (cost =60 ) Shortest path: 2 (cost =22 )
Optimal path: 5 (cost=47) Optimal path: 3 (cost=13)
Generally: Shortest path = Log N
Shortest path = N 930 Optimal path = N3

Optimal path = N 06l Log N << N3

NO-0 < N 061 ex: N=106, log10° << (109)13

ex: (106)0.50 < (106)0.61
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Cascading disaster in Japan

Blast shakes a
second reactor
death toll soar

By Martin Fackler
and Mark McDonald
NEWYORK TiMEs

SENDAI, Japan — Japan reel
from a rapidly unfolding disaster
epic scale yesterday, pummelded by |
death toll, destraction, and homele
ness caused by the earthquake a
tsunami and new hazards from da
aged nuclear reactors. The prime m
ister called it Japans worst crisis sit
World War 11

Japan's §5 trillion economy, t
world's third largest, was threaten
with severe disruptions and partial |
ralysis as many industries shut dor
temporarily. The armed forces and ¥
unteers mobilized for the far more
gent crisés of finding sarvivors, eva
ating residents near the strick
power plants and caring for the v
tims of the record 8.9 magnitu
quake that struck on Friday

The disaster has left more th
10,000 dead, many thousands hon
Jess, and millions without water, pe

OF transpor ]
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water: time dep. for 1 state point near ph. trans. line:
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Did Ehrenfest contribute to
economics?

YES, says Jan Tinbergen!

Between 1921 and 1925, Tinbergen studied mathematics and
physics at the University of Leiden under Paul Ehrenfest. During
those years at Leiden he had numerous discussions with
Ehrenfest, Kamerlingh Onnes, Hendrik Lorentz, Pieter Zeeman,
and Albert Einstein.

In 1929 he defended his PhD thesis titled "Minimumproblemen in
de natuurkunde en de economie"” (Minimisation problems in
Physics and Economics). This topic was suggested by Ehrenfest
and allowed Tinbergen to combine his interests in mathematics,
physics, economics and politics. Diego Garlaschelli bié'sketch
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