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Abstract

For an intriguing variety of switching processes in nature, the underlying complex system abruptly
changes from one state to another in a highly discontinuous fashion. Financial market fluctuations
are characterized by many abrupt switchings creating upward trends and downward trends, on time
scales ranging from macroscopic trends persisting for hundreds of days to microscopic trends
persisting for a few minutes. The question arises whether these ubiquitous switching processes have
quantifiable features independent of the time horizon studied. We find striking scale-free behavior of
the transaction volume after each switching. Our findings can be interpreted as being consistent with
time-dependent collective behavior of financial market participants. We test the possible universality
of our result by performing a parallel analysis of fluctuations in time intervals between transactions.
We suggest that the well known catastrophic bubbles that occur on large time scales—such as the
most recent financial crisis—may not be outliers but single dramatic representatives caused by the
formation of increasing and decreasing trends on time scales varying over nine orders of magnitude

from very large down to very small.

Continue Reading

VIEW PDF ‘ FULL TEXT

Acknowledgments.

The authors thank K. Binder, S. V. Buldyrey, C. De Grandi, S. Havlin, D. Helbing, U. Krey, H.-G. Matuttis, M. G.
Mazza, I. Morgenstern, W. Paul, R. H. R. Stanley, T. Vicsek, G. M. Viswanathan, and L. Yelash for discussions.
T.P. also thanks the Gutenberg Academy for financial support. This work was partially supported by the
German Research Foundation Grants SCHN 1073/1-1 (to J.J.S.) and PR 1305/1-1 (to T.P.) and by the National
Science Foundation (NSF) and Office of Naval Research (ONR), and the Defense Threat Reduction Agency
(DTRA).

Supporting Information

Supporting Appendix (PDF)

Supporting Information

¥ DOWNLOAD 3.35 MB

References


https://www.pnas.org/doi/reader/10.1073/pnas.1019484108
https://www.pnas.org/doi/full/10.1073/pnas.1019484108
https://www.pnas.org/doi/suppl/10.1073/pnas.1019484108/suppl_file/appendix.pdf
https://doi.org/10.1126/science.1062081
https://pubmed.ncbi.nlm.nih.gov/11546870/
https://scholar.google.com/scholar_lookup?title=Zipf+distribution+of+U.S.+firm+sizes&author=RL+Axtell&publication_year=2001&journal=Science&pages=1818-1820&doi=10.1126%2Fscience.1062081&pmid=11546870
https://www.pnas.org/#facebook
https://www.pnas.org/#x
https://www.pnas.org/#bluesky
https://www.pnas.org/#linkedin
https://www.pnas.org/#email
mailto:mail@tobiaspreis.de?cc=hes@bu.edu
mailto:mail@tobiaspreis.de?cc=hes@bu.edu
https://www.pnas.org/action/addCitationAlert?doi=10.1073%2Fpnas.1019484108
https://www.pnas.org/personalize/addFavoritePublication?doi=10.1073%2Fpnas.1019484108
https://www.pnas.org/doi/epdf/10.1073/pnas.1019484108
https://www.pnas.org/topic/type/research-article
https://www.pnas.org/topic/app-phys
https://doi.org/10.1073/pnas.1019484108
https://www.pnas.org/help/cookie-policy
https://www.pnas.org/help/cookie-policy

2
MHR Stanley, et al., Zipf plots and the size distribution of firms. Economics Letters 49, 453-457 (1995).

Crossref | Google Scholar

3
X Gabaix, P Gopikrishnan, V Plerou, HE Stanley, Institutional investors and stock market volatility. Quarterly
Journal of Economics 121, 461-504 (2006).

Crossref | Google Scholar

4
F Lillo, et al., Econophysics: master curve for price-impact function. Nature 421, 129-130 (2003).

Crossref | PubMed | Google Scholar

5
JP Onnela, A Chakraborti, K Kaski, ] Kertesz, A Kanto, Dynamics of market correlations: Taxonomy and
portfolio analysis. Phys Rev E 68, 056110 (2003).

Crossref | Google Scholar

6
V Plerou, P Gopikrishnan, X Gabaix, HE Stanley, Quantifying stock-price response to demand fluctuations.
Phys Rev E 66, 027104 (2002).

Crossref | Google Scholar

7
R Cont, JP Bouchaud, Herd behavior and aggregate fluctuations in financial markets. Macroecon Dyn 4,
170-196 (2000).

Crossref | Google Scholar

8
A Garas, P Argyrakis, Correlation study of the Athens Stock Exchange. Physica A 380, 399-410 (2007).

Crossref | Google Scholar

9
A Garas, P Argyrakis, S Havlin, The structural role of weak and strong links in a financial market network.
Eur Phys ] B63, 265-271 (2008).

Crossref | Google Scholar

10
HE Stanley, et al., Correlated randomness and switching phenomena. Physica A 389, 2880-2893 (2010).

Crossref | Google Scholar

11
, ed H Takayasu (Springer, Berlin Practical Fruits of Econophysics, 2006).

Crossref | Google Scholar

12
T Preis, W Paul, JJ Schneider, Fluctuation patterns in high-frequency financial asset returns. Europhys Lett
82, 68005 (2008).

Crossref | Google Scholar

13
T Preis, P Virnau, W Paul, J] Schneider, Accelerated fluctuation analysis by graphic cards and complex
pattern formation in financial markets. NewJ Phys 11, 093024 (2009).

Crossref | Google Scholar

14
A Krawiecki, JA Holyst, D Helbing, Volatility clustering and scaling for financial time series due to attractor
bubbling. Phys Rev Lett 89, 158701 (2002).

Crossref | PubMed | Google Scholar

15
X Gabaix, P Gopikrishan, V Plerou, HE Stanley, A theory of power-law distributions in financial market
fluctuations. Nature 423, 267-270 (2003).

Crossref | PubMed | Google Scholar

16
K Kiyono, ZR Struzik, Y Yamamoto, Criticality and phase transition in stock-price fluctuations. Phys Rev Lett
96, 068701 (2006).

Crossref | PubMed | Google Scholar

NOW READING:



https://doi.org/10.1016/0165-1765(95)00696-D
https://scholar.google.com/scholar_lookup?title=Zipf+plots+and+the+size+distribution+of+firms&author=MHR+Stanley&publication_year=1995&journal=Economics+Letters&pages=453-457&doi=10.1016%2F0165-1765%2895%2900696-D
https://doi.org/10.1162/qjec.2006.121.2.461
https://scholar.google.com/scholar_lookup?title=Institutional+investors+and+stock+market+volatility&author=X+Gabaix&author=P+Gopikrishnan&author=V+Plerou&author=HE+Stanley&publication_year=2006&journal=Quarterly+Journal+of+Economics&pages=461-504&doi=10.1162%2Fqjec.2006.121.2.461
https://doi.org/10.1038/421129a
https://pubmed.ncbi.nlm.nih.gov/12520292/
https://scholar.google.com/scholar_lookup?title=Econophysics%3A+master+curve+for+price-impact+function&author=F+Lillo&publication_year=2003&journal=Nature&pages=129-130&doi=10.1038%2F421129a&pmid=12520292
https://doi.org/10.1103/PhysRevE.68.056110
https://scholar.google.com/scholar_lookup?title=Dynamics+of+market+correlations%3A+Taxonomy+and+portfolio+analysis&author=JP+Onnela&author=A+Chakraborti&author=K+Kaski&author=J+Kertesz&author=A+Kanto&publication_year=2003&journal=Phys+Rev+E&pages=056110&doi=10.1103%2FPhysRevE.68.056110
https://doi.org/10.1103/PhysRevE.66.027104
https://scholar.google.com/scholar_lookup?title=Quantifying+stock-price+response+to+demand+fluctuations&author=V+Plerou&author=P+Gopikrishnan&author=X+Gabaix&author=HE+Stanley&publication_year=2002&journal=Phys+Rev+E&pages=027104&doi=10.1103%2FPhysRevE.66.027104
https://doi.org/10.1017/S1365100500015029
https://scholar.google.com/scholar_lookup?title=Herd+behavior+and+aggregate+fluctuations+in+financial+markets&author=R+Cont&author=JP+Bouchaud&publication_year=2000&journal=Macroecon+Dyn&pages=170-196&doi=10.1017%2FS1365100500015029
https://doi.org/10.1016/j.physa.2007.02.097
https://scholar.google.com/scholar_lookup?title=Correlation+study+of+the+Athens+Stock+Exchange&author=A+Garas&author=P+Argyrakis&publication_year=2007&journal=Physica+A&pages=399-410&doi=10.1016%2Fj.physa.2007.02.097
https://doi.org/10.1140/epjb/e2008-00237-3
https://scholar.google.com/scholar_lookup?title=The+structural+role+of+weak+and+strong+links+in+a+financial+market+network&author=A+Garas&author=P+Argyrakis&author=S+Havlin&publication_year=2008&journal=Eur+Phys+J+B&pages=265-271&doi=10.1140%2Fepjb%2Fe2008-00237-3
https://doi.org/10.1016/j.physa.2010.02.023
https://scholar.google.com/scholar_lookup?title=Correlated+randomness+and+switching+phenomena&author=HE+Stanley&publication_year=2010&journal=Physica+A&pages=2880-2893&doi=10.1016%2Fj.physa.2010.02.023
https://doi.org/10.1007/4-431-28915-1
https://scholar.google.com/scholar_lookup?title=Practical+Fruits+of+Econophysics&author=H+Takayasu&publication_year=2006&doi=10.1007%2F4-431-28915-1
https://doi.org/10.1209/0295-5075/82/68005
https://scholar.google.com/scholar_lookup?title=Fluctuation+patterns+in+high-frequency+financial+asset+returns&author=T+Preis&author=W+Paul&author=JJ+Schneider&publication_year=2008&journal=Europhys+Lett&pages=68005&doi=10.1209%2F0295-5075%2F82%2F68005
https://doi.org/10.1088/1367-2630/11/9/093024
https://scholar.google.com/scholar_lookup?title=Accelerated+fluctuation+analysis+by+graphic+cards+and+complex+pattern+formation+in+financial+markets&author=T+Preis&author=P+Virnau&author=W+Paul&author=JJ+Schneider&publication_year=2009&journal=New+J+Phys&pages=093024&doi=10.1088%2F1367-2630%2F11%2F9%2F093024
https://doi.org/10.1103/PhysRevLett.89.158701
https://pubmed.ncbi.nlm.nih.gov/12366029/
https://scholar.google.com/scholar_lookup?title=Volatility+clustering+and+scaling+for+financial+time+series+due+to+attractor+bubbling&author=A+Krawiecki&author=JA+Holyst&author=D+Helbing&publication_year=2002&journal=Phys+Rev+Lett&pages=158701&doi=10.1103%2FPhysRevLett.89.158701&pmid=12366029
https://doi.org/10.1038/nature01624
https://pubmed.ncbi.nlm.nih.gov/12748636/
https://scholar.google.com/scholar_lookup?title=A+theory+of+power-law+distributions+in+financial+market+fluctuations&author=X+Gabaix&author=P+Gopikrishan&author=V+Plerou&author=HE+Stanley&publication_year=2003&journal=Nature&pages=267-270&doi=10.1038%2Fnature01624&pmid=12748636
https://doi.org/10.1103/PhysRevLett.96.068701
https://pubmed.ncbi.nlm.nih.gov/16606055/
https://scholar.google.com/scholar_lookup?title=Criticality+and+phase+transition+in+stock-price+fluctuations&author=K+Kiyono&author=ZR+Struzik&author=Y+Yamamoto&publication_year=2006&journal=Phys+Rev+Lett&pages=068701&doi=10.1103%2FPhysRevLett.96.068701&pmid=16606055

NOW READING:

Crossref | Google Scholar

18
T Preis, D Reith, HE Stanley, Complex dynamics of our economic life on different scales: insights from
search engine query data. Philosophical Transactions of the Royal Society A 368, 5707-5719 (2010).

Crossref | PubMed = Google Scholar

19
R Yamamoto, B LeBaron, Order-splitting and long-memory in an order-driven market. Eur Phys | B73, 51-
57 (2010).

Crossref | Google Scholar

20

WA Brock, CH Hommes, FOO Wagener, More hedging instruments may destabilize markets. / Econ Dyn
Control 33, 1912-1928 (2009).

Crossref | Google Scholar

21
M O'Hara Market Microstructure Theory (Blackwell, Cambridge, Massachusetts, 1995).

Google Scholar

22

PR Hansen, J Large, A Lunde, Moving average estimators of integrated variance. Econometric Rev 27, 79-
111 (2008).

Crossref | Google Scholar

23
CH Hommes, Modeling the stylized facts in finance through simple nonlinear adaptive systems. Proc Nat/
Acad Sci USA 99, 7221-7228 (2002).

Crossref | PubMed | Google Scholar

24
T Lux, M Marchesi, Scaling and criticality in a stochastic multi-agent model of a financial market. Nature
397, 498-500 (1999).

Crossref | Google Scholar

25
WT Shaw, Sampling student’s t distribution—use of the inverse cumulative distribution function. Journal of
Computational Finance 9, 37-73 (2006).

Crossref | Google Scholar

26
JP Bouchaud, A Matacz, M Potters, Leverage effect in financial markets: the retarded volatility model. Phys
Rev Lett 87, 228701 (2001).

Crossref | PubMed | Google Scholar

27
E Smith, JD Farmer, L Gillemot, S Krishnamurthy, Statistical theory of the continuous double auction. Quant
Financ 3, 481-514 (2003).

Crossref | Google Scholar

28
W Haerdle, T Kleinow, A Korostelev, C Logeay, E Platen, Semiparametric diffusion estimation and
application to a stock market index. Quant Finan 8, 81-92 (2008).

Crossref | Google Scholar

29
AD Hall, N Hautsch, Modelling the buy and sell intensity in a limit order book market. / Financ Mark 10, 249-
286 (2007).

Crossref | Google Scholar

30
X Gabaix, Power laws in economics and finance. Annual Review of Economics 1, 255-293 (2009).

Crossref | Google Scholar

31
Z Eisler, ] Kertesz, Scaling theory of temporal correlations and size-dependent fluctuations in the traded
value of stocks. Phys Rev E73, 046109 (2006).

Crossref | Google Scholar
32

< |


https://doi.org/10.1016/j.physa.2007.04.093
https://scholar.google.com/scholar_lookup?title=A+mathematical+definition+of+the+financial+bubbles+and+crashes&author=K+Watanabe&author=H+Takayasu&author=M+Takayasu&publication_year=2007&journal=Physica+A&pages=120-124&doi=10.1016%2Fj.physa.2007.04.093
https://doi.org/10.1098/rsta.2010.0284
https://pubmed.ncbi.nlm.nih.gov/21078644/
https://scholar.google.com/scholar_lookup?title=Complex+dynamics+of+our+economic+life+on+different+scales%3A+insights+from+search+engine+query+data&author=T+Preis&author=D+Reith&author=HE+Stanley&publication_year=2010&journal=Philosophical+Transactions+of+the+Royal+Society+A&pages=5707-5719&doi=10.1098%2Frsta.2010.0284&pmid=21078644
https://doi.org/10.1140/epjb/e2009-00392-y
https://scholar.google.com/scholar_lookup?title=Order-splitting+and+long-memory+in+an+order-driven+market&author=R+Yamamoto&author=B+LeBaron&publication_year=2010&journal=Eur+Phys+J+B&pages=51-57&doi=10.1140%2Fepjb%2Fe2009-00392-y
https://doi.org/10.1016/j.jedc.2009.05.004
https://scholar.google.com/scholar_lookup?title=More+hedging+instruments+may+destabilize+markets&author=WA+Brock&author=CH+Hommes&author=FOO+Wagener&publication_year=2009&journal=J+Econ+Dyn+Control&pages=1912-1928&doi=10.1016%2Fj.jedc.2009.05.004
https://scholar.google.com/scholar_lookup?title=Market+Microstructure+Theory&author=M+O%E2%80%99Hara&publication_year=1995
https://doi.org/10.1080/07474930701853640
https://scholar.google.com/scholar_lookup?title=Moving+average+estimators+of+integrated+variance&author=PR+Hansen&author=J+Large&author=A+Lunde&publication_year=2008&journal=Econometric+Rev&pages=79-111&doi=10.1080%2F07474930701853640
https://www.pnas.org/servlet/linkout?suffix=e_1_3_3_23_2&dbid=4&doi=10.1073%2Fpnas.1019484108&key=10.1073%2Fpnas.082080399&site=pnas-site
https://pubmed.ncbi.nlm.nih.gov/12011401/
https://scholar.google.com/scholar_lookup?title=Modeling+the+stylized+facts+in+finance+through+simple+nonlinear+adaptive+systems&author=CH+Hommes&publication_year=2002&journal=Proc+Natl+Acad+Sci+USA&pages=7221-7228&doi=10.1073%2Fpnas.082080399&pmid=12011401
https://doi.org/10.1038/17290
https://scholar.google.com/scholar_lookup?title=Scaling+and+criticality+in+a+stochastic+multi-agent+model+of+a+financial+market&author=T+Lux&author=M+Marchesi&publication_year=1999&journal=Nature&pages=498-500&doi=10.1038%2F17290
https://doi.org/10.21314/JCF.2006.150
https://scholar.google.com/scholar_lookup?title=Sampling+student%E2%80%99s+t+distribution%E2%80%94use+of+the+inverse+cumulative+distribution+function&author=WT+Shaw&publication_year=2006&journal=Journal+of+Computational+Finance&pages=37-73&doi=10.21314%2FJCF.2006.150
https://doi.org/10.1103/PhysRevLett.87.228701
https://pubmed.ncbi.nlm.nih.gov/11736431/
https://scholar.google.com/scholar_lookup?title=Leverage+effect+in+financial+markets%3A+the+retarded+volatility+model&author=JP+Bouchaud&author=A+Matacz&author=M+Potters&publication_year=2001&journal=Phys+Rev+Lett&pages=228701&doi=10.1103%2FPhysRevLett.87.228701&pmid=11736431
https://doi.org/10.1088/1469-7688/3/6/307
https://scholar.google.com/scholar_lookup?title=Statistical+theory+of+the+continuous+double+auction&author=E+Smith&author=JD+Farmer&author=L+Gillemot&author=S+Krishnamurthy&publication_year=2003&journal=Quant+Financ&pages=481-514&doi=10.1088%2F1469-7688%2F3%2F6%2F307
https://doi.org/10.1080/14697680601026998
https://scholar.google.com/scholar_lookup?title=Semiparametric+diffusion+estimation+and+application+to+a+stock+market+index&author=W+Haerdle&author=T+Kleinow&author=A+Korostelev&author=C+Logeay&author=E+Platen&publication_year=2008&journal=Quant+Finan&pages=81-92&doi=10.1080%2F14697680601026998
https://doi.org/10.1016/j.finmar.2006.12.002
https://scholar.google.com/scholar_lookup?title=Modelling+the+buy+and+sell+intensity+in+a+limit+order+book+market&author=AD+Hall&author=N+Hautsch&publication_year=2007&journal=J+Financ+Mark&pages=249-286&doi=10.1016%2Fj.finmar.2006.12.002
https://doi.org/10.1146/annurev.economics.050708.142940
https://scholar.google.com/scholar_lookup?title=Power+laws+in+economics+and+finance&author=X+Gabaix&publication_year=2009&journal=Annual+Review+of+Economics&pages=255-293&doi=10.1146%2Fannurev.economics.050708.142940
https://doi.org/10.1103/PhysRevE.73.046109
https://scholar.google.com/scholar_lookup?title=Scaling+theory+of+temporal+correlations+and+size-dependent+fluctuations+in+the+traded+value+of+stocks&author=Z+Eisler&author=J+Kertesz&publication_year=2006&journal=Phys+Rev+E&pages=046109&doi=10.1103%2FPhysRevE.73.046109
https://scholar.google.com/scholar_lookup?title=Coherent+and+random+sequences+in+financial+fluctuations&author=N+Vandewalle&author=M+Ausloos&publication_year=1997&journal=Physica+A&pages=454-459&doi=10.1016%2FS0378-4371%2897%2900366-X

Crossref | Google Scholar

33
CM Jones, G Kaul, ML Lipson, Transactions, volume, and volatility. Rev Financ Stud7, 631-651 (1994).

Crossref | Google Scholar

34
L Chan, WM Fong, Trade size, order imbalance, and the volatility volume relation. / Financ Econ 57, 247-273
(2000).

Crossref | Google Scholar

35
M Politi, E Scalas, Fitting the empirical distribution of intertrade durations. Physica A 387, 2025-2034 (2008).

Crossref | Google Scholar

36
ZQ Jiang, W Chen, WX Zhou, Detrended fluctuation analysis of intertrade durations. Physica A 388, 433-440
(2009).

Crossref | Google Scholar

37
T Preis, HE Stanley, Switching phenomena in a system with no switches. J Stat Phys 138, 431-446 (2010).

Crossref | Google Scholar

38
PC Ivanov, A Yuen, B Podobnik, Y Lee, Common scaling patterns in intertrade times of US stocks. Phys Rev E
69, 056107 (2004).

Crossref | PubMed | Google Scholar

39
P Krugman The Self-Organizing Economy (Blackwell, Cambridge, Massachusetts, 1996).

Google Scholar

40

A Shleifer Inefficient Markets: An Introduction to Behavioral Finance (Oxford University Press, Oxford,
2000).

Crossref | Google Scholar

41
D Helbing, | Farkas, T Vicsek, Simulating dynamical features of escape panic. Nature 407, 487-490 (2000).

Crossref | PubMed | Google Scholar

42
, eds A Bunde, H] Schellnhuber, ] Kropp (Springer, Berlin The Science of Disasters: Climate Disruptions,
Heart Attacks, and Market Crashes, 2002).

Crossref | Google Scholar

VIEW FULL TEXT DOWNLOAD PDF

Further reading in this issue

RESEARCH ARTICLE = APRIL 25, 2011 (V] RESEARCH ARTICLE @ APRIL 25, 2011 V]
Fossil evidence for serpentinization fluids Cardiolipin-based respiratory complex
fueling chemosynthetic assemblages activation in bacteria

Franck Lartaud, Crispin T. S. Little, [...] Nadine Le Bris Rodrigo Arias-Cartin, Stéphane Grimaldi, [...] Axel Magalon

RESEARCH ARTICLE | APRIL 25, 2011 V]

Cytokine signaling through the JAK/STAT
pathway is required for long-term memory

in NDracanhila

NOW READING:



https://www.pnas.org/doi/full/10.1073/pnas.1019484108
https://www.pnas.org/doi/pdf/10.1073/pnas.1019484108?download=true
https://doi.org/10.1016/S0378-4371(97)00366-X
https://scholar.google.com/scholar_lookup?title=Coherent+and+random+sequences+in+financial+fluctuations&author=N+Vandewalle&author=M+Ausloos&publication_year=1997&journal=Physica+A&pages=454-459&doi=10.1016%2FS0378-4371%2897%2900366-X
https://doi.org/10.1093/rfs/7.4.631
https://scholar.google.com/scholar_lookup?title=Transactions%2C+volume%2C+and+volatility&author=CM+Jones&author=G+Kaul&author=ML+Lipson&publication_year=1994&journal=Rev+Financ+Stud&pages=631-651&doi=10.1093%2Frfs%2F7.4.631
https://doi.org/10.1016/S0304-405X(00)00057-X
https://scholar.google.com/scholar_lookup?title=Trade+size%2C+order+imbalance%2C+and+the+volatility+volume+relation&author=L+Chan&author=WM+Fong&publication_year=2000&journal=J+Financ+Econ&pages=247-273&doi=10.1016%2FS0304-405X%2800%2900057-X
https://doi.org/10.1016/j.physa.2007.11.018
https://scholar.google.com/scholar_lookup?title=Fitting+the+empirical+distribution+of+intertrade+durations&author=M+Politi&author=E+Scalas&publication_year=2008&journal=Physica+A&pages=2025-2034&doi=10.1016%2Fj.physa.2007.11.018
https://doi.org/10.1016/j.physa.2008.10.028
https://scholar.google.com/scholar_lookup?title=Detrended+fluctuation+analysis+of+intertrade+durations&author=ZQ+Jiang&author=W+Chen&author=WX+Zhou&publication_year=2009&journal=Physica+A&pages=433-440&doi=10.1016%2Fj.physa.2008.10.028
https://doi.org/10.1007/s10955-009-9914-y
https://scholar.google.com/scholar_lookup?title=Switching+phenomena+in+a+system+with+no+switches&author=T+Preis&author=HE+Stanley&publication_year=2010&journal=J+Stat+Phys&pages=431-446&doi=10.1007%2Fs10955-009-9914-y
https://doi.org/10.1103/PhysRevE.69.056107
https://pubmed.ncbi.nlm.nih.gov/15244883/
https://scholar.google.com/scholar_lookup?title=Common+scaling+patterns+in+intertrade+times+of+US+stocks&author=PC+Ivanov&author=A+Yuen&author=B+Podobnik&author=Y+Lee&publication_year=2004&journal=Phys+Rev+E&pages=056107&doi=10.1103%2FPhysRevE.69.056107&pmid=15244883
https://scholar.google.com/scholar_lookup?title=The+Self-Organizing+Economy&author=P+Krugman&publication_year=1996
https://doi.org/10.1093/0198292279.001.0001
https://scholar.google.com/scholar_lookup?title=Inefficient+Markets%3A+An+Introduction+to+Behavioral+Finance&author=A+Shleifer&publication_year=2000&doi=10.1093%2F0198292279.001.0001
https://doi.org/10.1038/35035023
https://pubmed.ncbi.nlm.nih.gov/11028994/
https://scholar.google.com/scholar_lookup?title=Simulating+dynamical+features+of+escape+panic&author=D+Helbing&author=I+Farkas&author=T+Vicsek&publication_year=2000&journal=Nature&pages=487-490&doi=10.1038%2F35035023&pmid=11028994
https://doi.org/10.1007/978-3-642-56257-0
https://scholar.google.com/scholar_lookup?title=The+Science+of+Disasters%3A+Climate+Disruptions%2C+Heart+Attacks%2C+and+Market+Crashes&author=A+Bunde&author=HJ+Schellnhuber&author=J+Kropp&publication_year=2002&doi=10.1007%2F978-3-642-56257-0
https://www.pnas.org/topic/type/research-article
https://www.pnas.org/doi/10.1073/pnas.1009383108
https://www.pnas.org/author/Lartaud%2C+Franck
https://www.pnas.org/author/Little%2C+Crispin+T+S
https://www.pnas.org/author/le+Bris%2C+Nadine
https://www.pnas.org/topic/type/research-article
https://www.pnas.org/doi/10.1073/pnas.1010427108
https://www.pnas.org/author/Arias-Cartin%2C+Rodrigo
https://www.pnas.org/author/Grimaldi%2C+St%C3%A9phane
https://www.pnas.org/author/Magalon%2C+Axel
https://www.pnas.org/topic/type/research-article
https://www.pnas.org/doi/10.1073/pnas.1012919108
https://www.pnas.org/author/Copf%2C+Tijana
https://www.pnas.org/author/Goguel%2C+Val%C3%A9rie
https://www.pnas.org/author/Preat%2C+Thomas

Trending ©

BRIEF REPORT | APRIL 13, 2026 |

Municipal water fluoridation, adolescent IQ,
and cognition across the life course: Evidence
from the Wisconsin Longitudinal Study
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Negative social ties as emerging risk factors
for accelerated aging, inflammation, and
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Active learning increases student
performance in science, engineering, and
mathematics

The President’s Council of Advisors on Science and Technology

has called for a 33% increase in the number of science,...
Scott Freeman, Sarah L. Eddy, [...] Mary Pat Wenderoth

Sign up for the
PNAS Highlights newsletter

SUBSCRIBE FOR RESEARCH UPDATES

BROWSE

CURRENT ISSUE

PNAS NEXUS

Proceedings of the SPECIAL FEATURES
National Academy of Sciences

of the United States of America LIST OF ISSUES

INFORMATION

ABOUT
SUSTAINABLE DEVELOPMENT GOALS
EDITORIAL BOARD

AUTHORS

TOPICS, COLLECTIONS, AND ARTICLE TYPES REVIEWERS

\i\ @ \E\ PNAS IN THE NEWS

FRONT MATTER
JOURNAL CLUB
MULTIMEDIA

PODCASTS

SUBSCRIBERS

LIBRARIANS

PRESS

COZZARELLI PRIZE

PNAS UPDATES

Copyright © 2026 National Academy of Sciences. All rights reserved. | Online ISSN 1091-6490
PNAS is a partner of CHORUS, CLOCKSS, COPE, Crossref, ORCID, and Research4Life.

Contact | Site Map | Terms & Privacy Policy
| Accessibility


https://www.pnas.org/pnas-highlights
https://www.pnas.org/topic/type/brief-report
https://www.pnas.org/doi/10.1073/pnas.2536005123
https://www.pnas.org/author/Warren%2C+John+Robert
https://www.pnas.org/author/Rumore%2C+Gina
https://www.pnas.org/author/Engelman%2C+Michal
https://www.pnas.org/topic/type/research-article
https://www.pnas.org/doi/10.1073/pnas.1319030111
https://www.pnas.org/author/Freeman%2C+Scott
https://www.pnas.org/author/Eddy%2C+Sarah+L
https://www.pnas.org/author/Wenderoth%2C+Mary+Pat
https://www.pnas.org/topic/type/research-article
https://www.pnas.org/doi/10.1073/pnas.2515331123
https://www.pnas.org/author/Lee%2C+Byungkyu
https://www.pnas.org/author/Ciciurkaite%2C+Gabriele
https://www.pnas.org/author/Perry%2C+Brea+L
https://www.pnas.org/
https://www.facebook.com/pages/PNAS/18262365099
https://twitter.com/PNASNews
https://bsky.app/profile/pnas.org
https://www.youtube.com/channel/UCYjvFEQMgH6ou8fSYfiOKCw
https://www.linkedin.com/showcase/pnas-news/
https://www.pnas.org/email-alerts-and-rss
https://www.pnas.org/about/rss
https://www.pnas.org/toc/pnas/current
https://academic.oup.com/pnasnexus
https://www.pnas.org/about/special-features
https://www.pnas.org/loi/pnas
https://www.pnas.org/about/topics-collections-article-types
https://www.pnas.org/about/pnas-in-the-news
https://www.pnas.org/front-matter
https://www.pnas.org/journal-club
https://www.pnas.org/multimedia
https://www.pnas.org/about/science-sessions-podcast
https://www.pnas.org/about
https://www.pnas.org/sustainable-development-goals
https://www.pnas.org/about/editorial-board
https://www.pnas.org/author-center
https://www.pnas.org/reviewer
https://www.pnas.org/subscriptions
https://www.pnas.org/librarians
https://www.pnas.org/about/press
https://www.pnas.org/about/cozzarelli-prize
https://www.pnas.org/updates
https://www.pnas.org/about/staff-directory
https://www.pnas.org/about/site-map
https://www.pnas.org/about/terms
https://www.pnas.org/about/accessibility

