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Research Topics:

1. Phononics and Thermoelectrics (theory+experiment)

Heat conduction in low dimension systems:
Necessary and sufficient condition of the Fourier law

Effective Phonon theory in 1d nonlinear lattice
Heat conduction in nano scale systems

Phononic devices: thermal diode, transistor, logic gate, and phononic computer ...

Thermoelectrics: convert heat into electricity

2. Complex Networks and Systems Biology

dynamics, function and topology structures of biological networks such as metabolic
networks, protein-protein interacton networks,

3. Econophysics
Physical approaches to economy and financial market
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Experimental Works on Thermal Tranpsort
In_nanostructures
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Thermal diode (Theory, NUS)

PRL 98 184301 (2004), 99 104302 (2005)
NUS, theory

Thermal diode

Thermal transistor theory, NUS)
APL 88, 143501 (2006)
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Solid State Thermal Rectifier

(Berkeley, Experiment)
Science 314, 1121 (2006)
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Thermal memory
2008, PRL 101, 267203, NUS, Theory
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legitimate then to ask whether p
technology of electronics, prese
Admittedly, it indeed is su
control a priori the flow of heat
the flow of electrons. This is b
carriers of heat, the phonons, ar
energy bundles that possess ne
charge. Although isolated pho
other, interactions involving ph
in the presence of condensed
come to mind are phonon pola
optical phonons with infrared {
electron interactions occurring
phonon-spin interactions, or pl
the presence of nonlinearity. ']
aspects that in many ways are
and matter flow. Nonetheless
phases many interesting cross
the reciprocal relations of the (
and charge flow, of which the:
Dubi and D1 Ventra, 2011) or
versus its reciprocal Dufour effx
exemplars. Therefore, capitalizi
sities involving phonon transp
successes in nanotechnology mn
phononics from a dream into a
In this Colloquium we focus
phononics, 1.e., the manipulatio
nanoscale and the ohiective of DT
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Thermal Logic Gates

Information processing in the world's computers is mostly carried out in compact elec-
tronic devices, which use the flow of electrons both to carry and control information. There
are, however, other potential infornmation carriers, such as photons, Indeed a major industry,
photonics, has developed around the sending of messages encoded in pulsed light.

Heat pulses. or phonons, rippling through a crystal might also become a major carrier,
says Baowen Li of the National University of Singapore. Li, with his colleague Lei Wang,
have now shown how circuitry could use heat-energy already present in abundance in elec-
tronic devices-to carry and process information.

They suggest that thermal transistors (also proposed by Li's group in Applied Physics
Letters, 3 April 2006) could be combined into all the types of logic gates-“uch as OR.,
AND. NOT. etc.-used in conventional processors and that therefore a thermal computer,
one that manipulates heat on the microscopic level, should be possible.

Given the fact that a solid state thermal rectifier has been demonstrated experimentally
in nanotubes by a group at UC Berkeley (Chang et al., Science, 17 November 2006) only a
few years after the theoretical proposal of "thermal diode.” the heat analog of an electrical
diode which would oblige heat to flow preferentially in one direction (Li et al. Phys. Rev.
Lett. 93, 184301 (2004)). Li is confident that thermal devices can be successfully realized
in the foreseeable future. (Wang and Li, Phys, Rev, Letft. 99, 177208 (2007))

2007 Nobel Prize in Physics

The 2007 Nobel Prize in Physics was awarded to Albert
Pert (Universite Paris-Sud. Orsay. France) and Peter Griinberg
(Forschungszentrum Julich, Germany) for the discovery of gi-
ant magnetoresistance, or GMR for short. GMR is the process
whereby a magnetic field, such as that of an oriented domain on
the surface of a computer hard drive ¢an trigger a large change
in electrical resistance. thus “reading” the data vested in the
magnetic orientation.

This is the heart of modem hard drive technology and makes
possible the inunense hard-drive data storage industry. Pert and
Griinberg pioneered the making of smcks consisting of alternat-
ing thin layers of magnetic and nomn
atoms needed to produce the
example of how quantum effects (a large electr
a magnetic input) come about through confinement (the atomic
layers being so thin); that is, atoms interact differently
each other when they are confined to a tiny volume or a thin
plane.

All these magnetic interactions invelve the spin of an elec-
tron. Still more innovative techmology can be expected through
quantum effects depending on electrons' spin. Most of the elec-
tronics industry is based on manipulating the charges of elec-
trons moving through cir s. But the electrons' spins might
also be exploited to gain new control over data storage and

Albernt Pert |

Peter Grunberg
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The new nucAides ate not stat=\e, since xncy
is pretty long by muclear standards., Why stud
might not exist naturally, the new nuclides sti
where heavy elements, including those that mi
ated. Thomas Baumann suggests that even he:
that it is worth exploring any possible islands i
of the periodic table. (Baumann et al.. Nanire 4

The Highest-Energy Cosmic Rays

The highest-energy cosmic rays probably coi
(AGN). where supermassive black holes are tl
the rays across the cosmos. This is the conclus
Pierre Auger Observatory in Argentina. This
3000 sq. km of terrain, looks for one thing: cos

These arise when extremely energetic pm
gush of secondary particles. Many of the [
pecially from our sun, but many others come fro
est-energy showers, with energies above 10" e
energy that can be produced in terrestrial accele
artifacts offers physicists a tool for studying th«

To arrive at Earth, most cosmic rays will h
space. where magnetic fields can deflect them f
highest-energy rays, the magnetic fields can't e:
the starting point for the cosmic rays can be tra

This allowed the Auger scientists to asse
were not coming uniformly from all directii
axies with active cores, where the engine
ably black holes of enormous size. The
those with an energy higher than 57 EeV (J
ty well with known AGN's. (Auger collar.
Vol. 318, no. 5852, pp. 938-043)

Cooper Pairs in Insulators

Cooper pairs are the extraordinary link-up of

flexings of a crystal. They act as the backbone (
have also now been observed in a material that i
ally an insulator. An experiment at Brown Univ
Swiss-cheese-like plank of bisnmth atoms made
strate witl nm-wide holes spaced 100 nm ap
percond ng if the sample is many atom-layer!
a few atoms thick, owv to subtle effects which

Cooper pairs certainly present in the su
form a non-resi supercurrent. But how do th
in the ilator too? By seeing what happens to
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Econophysics:

Linking agent-based models and stochastic
models of financial markets

Ling Feng™**', Baowen Li**', Boris Podobnik“**!, Tobias Preis**", and H. Eugene Stanley*’

*Graduate School for Integrative Sciences and Engineering, National University of Singapore, Singapore 117456, Republic of Singa
Physics and Centre for Computational Science and Engineering, National University of Singapore, Singapore 117542, Republic of S
Polymer Studies and Department of Physics, Boston University, Boston, MA 02215; “Faculty of Civil Engineering, University of Rijek
Croatia; *Faculty of Economics, University of Ljubljana, 1000 Ljubljana, Slovenia; Zagreb School of Economics and Management, 11
IChair of Sociology, in particular of Modeling and Simulation, Eidgendssische Technische Hochschule Zurich, 8092 Zurich, Switzerla
Capital Asset Management GmbH, 65558 Holzheim, Germany

Contributed by H. Eugene Stanley, March 29, 2012 (sent for review December 6, 2011)

It is well-known that financial asset returns exhibit fat-tailed Market surveys (16-18) also provide clear ex
distributions and long-term memory. These empirical features lence of technical analysis. We consider het
are the main objectives of modeling efforts using (i) stochastic ders, assuming that fundamentalists contril
processes to quantitatively reproduce these features and (ii) noise. Our study is of the empirical dat:
agent-based simulations to understand the underlying microscopic 2006 and ignores the effect of high frequenc
interactions. After reviewing selected empirical and theoretical has become significant only in the past 5.
evidence documenting the behavior of traders, we construct an  vioral agent-based model that is in agreeme:
agent-based model to quantitatively demonstrate that “fat” tails  empirical evidence:

in return distributions arise when traders share similar technical
trading strategies and decisions. Extending our behavioral model
to a stochastic model, we derive and explain a set of quantitative
scaling relations of long-term memory from the empirical behavior
of individual market participants. Our analysis provides a behavior-
al interpretation of the long-term memory of absolute and squared
price returns: They are directly linked to the way investors evaluate
their investments by applying technical strategies at different

IimviactEmaant Bhoavrizamne =iel Fhile fdiramntitr=atinse ral=fiame B im e 11 = o v o

1. Random trading decisions made by agent
technical traders use different trading st
decisions to buy, sell, or hold a position a
A trading decision is made daily becau
report the lack of intraday trading pers
trading data (19). Market survey (16) a
managers put very little emphasis on intr:
timate the probability p of having daily tr.
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Research Fields

 Non-equilibrium statistical physics

 Phonon/Heat transport in nanoscale

« Phonon-electron interaction and thermoelectrics

« Photon —phonon interaction: solar thermal energy conversion
« Phonon-magnon interaction: phonon Hall effect

« Phononic meta-material: controlling and manipulating vibrational
energy

 Heat transfer/manipulation in biological systems
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Real-Life Networks

» Transportation networks: airports, highways, roads, rail, electric power...
«Communications: telephone, internet, www...

*Biology: protein’s residues, protein-protein, genetic, metabolic...

Social nets: friendship networks, terrorist networks, collaboration networks. ..

It is well accepted that:
Structure plays a fundamental role in shaping the dynamics of complex systems.
However, the general intrinsic relationship still remains unclear.

Topological structure Dynamical pattern

Ubiquitous noise has profound effects on dynamical systems and information retrieval.



Outline

Harmonic Oscillators

Unified View: a general approach to bridge network
topology and the dynamical patterns through noise

Application
From topology to dynamics: stability of networks
From dynamics to topology: inferring network structures
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Coupled Harmonic Oscillators: Vibrational properties with static structure

Examples: protein’s residues interaction, electric circuit, solid lattice...

2. :
m; dT; = -CZ Lij-zj— ’?’d—; + 1 second order time derivative
J

Thermal noise: (ni()n; X)) = 2kgTT;;0(t —t')

Matrix form: Mx = —cLx — 'k + 7

1
—w2M+iwl + cL

kgT + oo A e N ) B
Cij = (iz;) = — dw |G (iw)I'G(iw)];; G(tiw) =
— 0

G (iw)— 6 (—iw) = 2iwl G 0) =L
Pseudo-inverse:
N—1 A
L= Ai%ﬂbaj C=- kpT /er de(W) _ kBTE?
a=1 "¢

T J e W c

reduce to first order

%
o2 = 2kgT [Compactform: C:’T_LT J £ =[x1,--, &N, &1, 8N
2

s

§=—-A¢+B

J. Ren and B. Li, PRE 79, 051922 (2009)



A General Approach to Bridge Dynamics and Network Topology

Under noise, the dynamics of the general coupled-oscillators can be
expressed as:

N
x; =Fi(x;) = ¢ ) L;H(x)) + 7,
i=1

Examples: Information flow, synchronization, neurodynamics, biochemical process...

Consensus dynamics
- h;r i ) . . .
Xj=c 2;:1/4;‘;(-1,* —.1;) + gj Chaotic Rossler dynamics

: N
Xj=—y; -zt -::“2 _ Al —x;) + €,

Kuramoto phase oscillators dynamics
- SN . yi=x+0.2y; +€2f ]Aﬂ(x,r Vi)
ﬁj—wj‘k( f:]AJrf Sll](ﬁf_ﬁj)+é:‘; N

5=02+47(x;=9.0)+c 2 Aulz—2z)).

J
II
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N
X i Fe'(xe') ¢ Z LUH(:{J) t i

=1

Linearization DF DH Jacobian matrix
compact form

covariance of noise

¢ = [DF(X) - cL ® DH(X)J¢ + n, T () = DS(t — )
long time limit ‘
£(1) = fr_m{“;(; — n()dr G(1) = exp(DF(X)t —cL ® DH(X) 1)
0=(d(¢¢T)/dry=~AC—CA" +(néT) +(¢n"),
Cij = (&i&;) (EnTy = [ Gl — )T ("))l = D)2
A general relationship: AC+HCAT =D

where A = —DF(x) + ¢ ® DH(X).

Ignoring intrinsic dynamics DF=0,

C: dynamical correlation DH=1, symmetric coupling
L: the underlying topology
Noise bridges Dynamics and Topology. [L _ _ELT J
2c

J. Ren, W.X. Wang, B. Li, and Y.C. Lai, PRL 104, 058701 (2010)
The same relationship.



== NUS

National University
of Singapore

Simulation Theory
80

Example:

N-1

Kuramoto model: Ci; = (&i€;)  Pseudo-inverse: L, = >~ %waiwaj
a=]1 a

Group structures at multi-scale are revealed clearly.

Nodes become strong correlated in groups, coherently with their topological structure.
N-1
1
Cij = Lij =) 3Yaitas
a=1 "¢
The contribution of smaller eigenvalues dominates the correlation C

smaller eigenvalues ~ smaller energy ~ large wave length ~ large length scale
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Path-integral (topology) representation of correlations (dynamics)

- Ll -

Decompose L = K — P K = diag(ki, -+ ,kn) P isthe adjacency matrix

[~

q

The correlation matrix C can thus be expressed in a series: ¢ =

LT,

)
=~

C~K-P)!'= K'+K'"PK'+K 'PK'PK~" +...

Path-integral representation: ). Ren, etal, PRL 104, 058701 (2010)

2 1
Ct'F;—CZ 11 /.

path mcpath

Pure dynamical property. Topology associated property



Application

From topology to dynamics: stability of networks
J. Ren and B. Li, PRE 79, 051922 (2009)

From dynamics to topology: inferring network structures

J. Ren, W.X. Wang, B. Li, and Y.C. Lai, PRL 104, 058701 (2010)
W.X. Wang, J. Ren, Y.C. Lai, and B. LI, PRE, under review.



From topology to dynamics: stability of networks
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N—-1

i

Define the average fluctuation as S:
N

Z((—-“H — ) (& —x)) = %TT(C) =

N-1

1

N &~ X,

=1

1 : .
S= — ) — Characterize the stability of networks.

N

a=1

smaller S ~ smaller fluctuations ~ more stable

ﬂﬁﬂ.,-:".::f:f. ;
A &
v
< 14—+ « 4+ ]
10 (a)
ST S S e o — ]
2 3 4
10 10°\ 10
Perturbation: L' =L - A
Add link (i, j): s’ %tm _s5_

Small-world networks

1

ring chain +
random links

With probability p to add
random links to each node.

meptiyoen -

New correlation: ¢/ = (I — CA)7'C' = C + CAC + CACAC + - -

3 1)
-_?jﬁ.: )

N{1+ Ri;)

Adding link always decreases S

J. Ren and B. Li, PRE 79, 051922 (2009)



From topology to dynamics: stability of networks

Finite Size Scaling

1 ¥=1 4 continuous limit J p(\)

S= % > " > S= | ——d\
100 g"""'l LELRALLL DAL ILELRALLL BRELRLLLLL IR LLLL IR LLLL, BRLBLRLLLLLY IR | E 'a:]'

256 A heuristic argument for the density of state:

107 ..A“MX
; ™ slope=-1
10° P

- unstable A TN : . .
: o 2048 1 For small world networks (1D ring + cross-links),

ooy ] the ring chain is divided into quasi-linear segments.

0OV A4dD>PONR
)
[\ %)
S

® The probability to find length 1 is, e P!

Each segment | has small eigenvalue of the order of /=

[ PN NIZe™ 4 1. ,—PN
[S_J A JoqEdi=,(1-e )J

When pN<<1, §~N; (unstable) ~ while pN>1, S~ 1/p (stable)

J. Ren and B. Li, PRE 79, 051922 (2009)




From topology to dynamics: stability of networks
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Each protein is a network with residue-residue interaction.
: e . Real protein data follow -1 scalin
The thermodynamic stability is crucial for P R —— :

protein to keep its native structure for right ’
function. T

We expect that nature selection forces proteins to Y ?
evolve into the stable regime: z é‘x

S/IN~E.'=(pN)™! "%
' Slope=-0.92 .

The mean-square displacement of C“ atoms 1071
Is characterized by B factor. (B~S)

(a) T

'1'.;;* | 10°
B'/N ~ E;f, a=0.92 +0.01 =

E, is the number of cross-links

Real protein data can be download from Protein Data Bank www.pdb.org

J. Ren and B. Li, PRE 79, 051922 (2009)
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FIG. 1

= {([x,(1) = x(1)] - [x;(1) — %(1)])

{color online). Distribution of the values of
[a?/ (2(;)]C}Lj, where C;fj are the elements in the pseudo inverse
matrix of the dynamical correlation matrix C. Consensus dy-
namics [15] are used for (a) random [21], (b) small-world [22],
(c) scale-free model networks [23] and three real world net
works: (d) friendship network of karate club [253], (e) network of
American football games among colleges [26], and (f) the neural
network of C. Flegans [22]. The theoretical threshold
[a?/ (2(;)]CM is marked by red dashed lines. The sizes of model
networks are all 500. For random networks, the connection
probability among nodes is 0.024. For scale-free networks the
minimum degree is k,;, = 6. For small-world networks, (k) =
12 and the rewiring probability is 0.1.
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To determine the threshold

S=YN 1/C; =2cl?/[o*(N + )]

where [ =YV k; = N(k)

[ = (So? +JS2o* + 8cNSo?) /4c

High accuracy

SREL/SEKNL  Consensus

I-Rossler

N-Rossler

TABLE I. Success rates of existent links (SREL) and of non-
existent links (SRNL) [20] with our method for (1) Consensus,
(11) [-Rossler, (111) N-Rdssler, and (iv) Kuramoto dynamics on
random [21], small-world [22], scale-free model networks [23],
and six real-world networks: network of political book purchases
(Book) [24], friendship network of karate club (Karate) [25],
network of American football games among colleges (Football)
[26], electric circuit networks (Elec. Cir.) [27], dolphin social
network (Dolphins) [28], and the neural network of C. Elegans
(C. Elegans) [22]. The noise strength is o> = 2. For the non-
identical Rossler system, w = [0.8, 1.2] and for the Kuramoto
dynamics, @ = [0, 0.2]. Other parameters of model networks are

the same as Fig. 1.
Kuramoto

Random
Small-world
Scale-free
Book
Karate
Foothall
Elec. Cir.
Dolphins

C. Elegans

1.00/1.00
0.993,/1.00
0.995,/1.00
0.971,/1.00
0.962,/1.00
0.938,/1.00
0.976,/1.00
0.984/1.00
1.00/0.997

1.00,/1.00
0.988,/1.00
0.990,/1.00
0.977,/1.00
0.962,/1.00
0.932,/1.00
0.973,/1.00
0.981/1.00

1.00,/0.996

0.995/1.00
0.979/1.00
0.980/1.00
0.964/1.00
0.936/1.00
0.928/1.00
0.971/1.00
0.984/1.00
1.00/0.997

0.977/0.999
0.982/1.00
0.978/1.00
0.967/1.00
0.949/1.00
0.927/1.00
0.965/1.00
0.973/1.00
0.993/0.997

J. Ren, W.X. Wang, B. Li, and Y.C. Lai, PRL 104, 058701 (2010)
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Path-integral representation
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;( Ren J et al PRL 104, 058701 (2010)
<L path m Spath ~m
7 g
a1 1 ] a- 1
o =—(—+ —): (1 +—_) (7)
Yo 2e\k k2 = k 2ck; (k)
" random  small-word ) scale-free
m Consensus [ 10" _F B Consensus |
10" i ® |-Rossler O F & |-Rossler
o F - . & MN-Rossler . ] 4 N-Rossler
-~ i? Kuramoto %/ N v Kuramoto
3 ¥ . { 10°L
1071 mﬁ%l [ |
L L] e 1ﬂ?||l T . .....Th
0 1 0 i 2
10 10 10 10 10
kII.'II k

FIG. 2 (color online). C;; as a function of node in-degree £y,
for different node dynamics for directed networks where each
link is assigned a random direction, and A = o*(1 + 1/{k}}/2c.

Other network parameters are the same as in Fig. 1. The lines are
predictions from Eq. (7).
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Networks with Time-delay Coupling

N
xi(t) = Filxi(t)] — ¢ ) LijH[x;(t — 7)] +ni(t),

=1
X; = X + & ‘ TN
&(t) = DFy- &(t) —c ) LiyDH - &t — 1)+ (t),
=1
€a = 2l Ya; the ath normalized eigenvector of L
Ca = 2 Yaitis

Ao the corresponding eigenvalue. 0 = Ay < Ay < do < -+ An_1.

€a(t) =Y DF .5 -€5(t) — cAaDHey(t — ) + (alt).
B
l DF; ~ DF so that DF,3 = DF§,g.

€a(t) = DFeq(t) — cAaDHeq(t — 7) + Ca(t).

DFo3 = 2.;%aiDFitgsi,

Assuming small time delay, we can apply the first-order
approximation: €(t — 7) = €(t) — 7é(t). This yields

[ (1 - Wka)éa(t) - (DF - c}‘&DH)Eﬂ(t) + Cﬂr(t)- ]

W.X. Wang, J. Ren, Y.C. Lai, and B. Li, PRE, under review.



From dynamics to topology: inferring network structures @

National University
of Singapore

Assuming small time delay, we can apply the first-order
approximation: €(t — 7) = €(t) — 7é(t). This yields

[ (1 - Wka)éa(t) - (DF - CA{IDH)EH(t) + Cﬂ’(t)' ]

!.

2y
&) = = erna) [cha(DHL + DHT) — (DF + DFT)]
Cij = &) = X0 aithaj (€2)
C. = -::r_ﬂlﬂwri1 YaiPaj
1] 2% “~ (1 _ )i{r)[)iﬂDH_l_gDHT _ DF—;EFT] i
4 g N—1 A
1+ et ’
Cij =~ % Z )iCT VeaiVaj = —[Li- ‘|'CTI]¢;n
a=1 @
2 2 2
1 1 L K-1PK 1 77 7 x 7L
Cii =~ —[[( +K'PK ! +K'PK'PK~ Jis + ~ 2ck; ( (k}) * 2 )
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W.X. Wang, J. Ren, Y.C. Lai, and B. Li, arXiv:1101.6074.
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Uncovering evolutionary ages of nodes in complex networks
By Guimel Zhu Thursday, 15:30pm
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Consensus Dynamics

Examples: Internet packet trafﬁc information flow, opinion dynamics...

'__CZPU '_333 + i,
J P: adjacency matrix

N
Or:  di=—cY Lij-zi+n, (ni(t)n;(t")) = o26;6(t —¢'), L laplacian matrix

j=1

Denote 1., the ath normalized eigenvector of L

Ao the corresponding eigenvalue. 0=X < A < A <+ Av_1.
Transformation to eigen-space, using €a = Z%ﬂj Ca = Z%m
j j
€a = —CAa€q + (o

2

; 2 o 2ehat
- {eg — 1 — o
solution: {€a(t)?) 23)\a( e“tet)
N—1 ,2 N-1 g
Transform back to real-space: ((zi — 2)(z; — 7)) = > _ Yajthaj{€a(00)?) = 50 2 3~ Vaitaj
=1 a=1 @
_ 0oy No1
[Compact form: € = .,LL J Pseudo-inverse: Li; = Zg%i%j

J. Ren and H. Yang, cond-mat/0703232 o=1



