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<latexit sha1_base64="yFL4RO+midfoIe6d3hZyB41Xy9w=">AAAB8nicbVDJSgNBFHwTtxi30Ry9NAlCRAwzHtRj0IvHCGaBTAw9nU7SpGeh+40whPyFJy8iXhT8EH8hf2NnuSSxoKGoqua9en4shUbHmViZjc2t7Z3sbm5v/+DwyD4+qesoUYzXWCQj1fSp5lKEvIYCJW/GitPAl7zhD++nfuOFKy2i8AnTmLcD2g9FTzCKRurY+WpJnxNPi4Do59GlhzQZd+yiU3ZmIOvEXZBipeBdvE4qabVj/3rdiCUBD5FJqnXLdWJsj6hCwSQf57xE85iyIe3z0WzlMTkzUpf0ImVeiGSmLuVooHUa+CYZUBzoVW8q/ue1EuzdtkcijBPkIZsP6iWSYESm/UlXKM5QpoZQpoTZkLABVZShuVLOVHdXi66T+lXZvS67j+YGdzBHFk6hACVw4QYq8ABVqAGDFN7hC74ttN6sD+tzHs1Yiz95WIL18wcl6ZK6</latexit>

P (s) ⇠ s�⌧
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SANDPILE MODELS

Bak, Tang, Wiesenfeld, Self-organized criticality (1987)

Topppling
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<latexit sha1_base64="+Mn62QiMKXqsTMo0d9m8g+wfaqo=">AAAB63icbVDLSgMxFL1TX3V8VQU3boJFEIQy40Jdlrpx2YJ9QFtLJs20oZkHyR2hln6FGxE3Ci79Cxf+ghu/xUzbTVsPhBzOOSH3XC+WQqPj/FiZldW19Y3spr21vbO7l9s/qOkoUYxXWSQj1fCo5lKEvIoCJW/EitPAk7zuDW5Sv/7AlRZReIfDmLcD2guFLxhFI90/dgRpYUTS+9zt5PJOwZmALBN3RvLFo8qv+Cx9lTu571Y3YknAQ2SSat10nRjbI6pQMMnHdivRPKZsQHt8NJl1TE6N1CV+pMwJkUzUuRwNtB4GnkkGFPt60UvF/7xmgv51eyTCOEEesulHfiKJaZcWJ12hOEM5NIQyJcyEhPWpogzNemxT3V0sukxqFwX3suBWzA5KMEUWjuEEzsCFKyjCLZShCgwUPMMbvFuB9WS9WK/TaMaavTmEOVgff4qokNM=</latexit>

zi ! zi + 1
<latexit sha1_base64="VqdN0pcEjkvIyzacbnkvXFMRcnw=">AAAB6HicbVC7SgNBFL0bXzG+ooKNzWAQrMKuhVqG2FgmYB6QhGV2MknGzO4sM3eFJOQfbERsFOz9Cwt/wcZvcfJoknhg4HDOGe49N4ilMOi6P05qbX1jcyu9ndnZ3ds/yB4eVY1KNOMVpqTS9YAaLkXEKyhQ8nqsOQ0DyWtB/3bi1x65NkJF9ziIeSuk3Uh0BKNopcbQF6TZ5WToMz+bc/PuFGSVeHOSK5yUf8Vn8avkZ7+bbcWSkEfIJDWm4bkxtkZUo2CSjzPNxPCYsj7t8tF00TE5t1KbdJS2L0IyVRdyNDRmEAY2GVLsmWVvIv7nNRLs3LRGIooT5BGbDeokkqAik9akLTRnKAeWUKaF3ZCwHtWUob1Nxlb3louukupl3rvKe2V7gyLMkIZTOIML8OAaCnAHJagAAwXP8AbvzoPz5Lw4r7Noypn/OYYFOB9/LQKQHA==</latexit>

zi � zc

<latexit sha1_base64="It94ESGZYWGq918kVk8M5b4sNOY=">AAAB8HicbVDLSgMxFL3js9bXVMGNm2AR3FhmXKjLUjcuW7APaMuQSTNtaOZBckeppf/hRsSNguBfuPAX3Pgtpo9NWw8kOZx7Lrnn+okUGh3nx1pZXVvf2MxsZbd3dvf27dxBTcepYrzKYhmrhk81lyLiVRQoeSNRnIa+5HW/fzOu1++50iKO7nCQ8HZIu5EIBKNoJM/OPXqCtDAm4/fc3Myz807BmYAsE3dG8sWjyq/4LH2VPfu71YlZGvIImaRaN10nwfaQKhRM8lG2lWqeUNanXT6cDDwip0bqkCBW5kRIJuqcj4ZaD0LfOEOKPb1YG4v/1ZopBtftoYiSFHnEph8FqSQm4Dg96QjFGcqBIZQpYSYkrEcVZWh2lDXR3cWgy6R2UXAvC27F7KAEU2TgGE7gDFy4giLcQhmqwOABnuEN3i1lPVkv1uvUumLNeg5hDtbHHzuLkk8=</latexit>zi ! zi � zc
<latexit sha1_base64="Jo9uYPSiT2RRHanZTCpJrmXbUis=">AAAB93icbVDLSgMxFL3js9bXqBvBTbQIlUKZcaEui25cVrAPaMuQSTNtaCYzJBlhLPUX/AQ3Im4U/AVX/oIf4t70gdDWA4GTc27IPcePOVPacb6thcWl5ZXVzFp2fWNza9ve2a2qKJGEVkjEI1n3saKcCVrRTHNajyXFoc9pze9dDf3aHZWKReJWpzFthbgjWMAI1kby7P17r88KQgxQU0fo71JwPTvnFJ0R0DxxJyRXOsz/fD42T8qe/dVsRyQJqdCEY6UarhPrVh9LzQing2wzUTTGpIc7tD/ae4COjdRGQSTNERqN1Kk5HCqVhr6ZDLHuqllvKP7nNRIdXLT6TMSJpoKMPwoSjkzEYQmozSQlmqeGYCKZ2RCRLpaYaFNV1kR3Z4POk+pp0T0rujemg0sYIwMHcAR5cOEcSnANZagAgQd4hjd4t1LryXqxXsejC9bkzR5Mwfr4BT6nlRk=</latexit>

zi+nn ! zi+nn + 1
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Stochastic vs Abelian

sandpiles



Statistical Physics of Avalanche Phenomena

AVALANCHES

S



Statistical Physics of Avalanche Phenomena

UNIVERSAL SCALING

<latexit sha1_base64="7NT2HQ87iIYFhsP6RqkntBiwLOI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQUUriQl0W3biskD6gqWEynaRDJw9mJkII+QQ34p+4EXGjIPgL/RunTTdtPTBw5px7mTnHjRkV0jAmWmltfWNzq7xd2dnd2z/QD486Iko4Jm0csYj3XCQIoyFpSyoZ6cWcoMBlpOuO76Z+94lwQaPQkmlMBgHyQ+pRjKSSHP3CZij0GYGibp1BmxcXO+ZRLCNoPWa2j4IAOZmw8tzRa0bDmAGuEnNOas2qff46aaYtR/+1hxFOAhJKzJAQfdOI5SBDXFLMSF6xE0FihMfIJ9ksSw5PlTSEXsTVCSWcqQtzKBAiDVw1GSA5EsveVPzP6yfSuxlkNIwTSUJcPOQlDKqY02LgkHKCJUsVQZhT9UOIR4gjLFV9FRXdXA66SjqXDfOqYT6oDm5BgTI4AVVQBya4Bk1wD1qgDTB4Ae/gC3xrz9qb9qF9FqMlbb5zDBag/fwBXsWdgg==</latexit>

hs(T )i / T �sT

<latexit sha1_base64="3gG52CruiVA7jaJ51YVL3Mc5P1M=">AAACFHicbVDNS8MwHE3n15xfVY9egkNQxNEKfhyHgnic4HSwzvFrlnZhSVuSVBil/4V48V/xIiKIgvf9N2arF50PAo/3Xkje8xPOlHackVWamZ2bXygvVpaWV1bX7PWNGxWnktAmiXksWz4oyllEm5ppTluJpCB8Tm/9wfnYv72nUrE4utbDhHYEhBELGAFtpK595HGIQk7xxa4XCxrCHvZkoXiKCVyId9mBF4IQ0M3UdZ7jrl11as4EeJq4P6Ra3/b2H0b1YaNrv3u9mKSCRppwUKrtOonuZCA1I5zmFS9VNAEygJBmk1I53jFSDwexNCfSeKL+yoFQaih8kxSg++qvNxb/89qpDk47GYuSVNOIFA8FKcc6xuOFcI9JSjQfGgJEMvNDTPoggWizY8VUd/8WnSY3hzX3uOZemQ3OUIEy2kLbaBe56ATV0SVqoCYi6Am9oA/0aT1az9ar9VZES9bPnU30C9bXN5IhoMM=</latexit>

hF (!)i ⇠ !��sT

<latexit sha1_base64="XH5q2DyiyQW9JEMpuzBnxYEjP5g="></latexit>

hV (t, T )i = T �sT�1V(t/T )

Sethna et al. (2001)

<latexit sha1_base64="VY9ns+1XKr3TEIok0SyiU7qqGdE=">AAAB93icbVDLSsNAFL2pr1pfUTeCm9AitKg1caFuhKIuXHRRwdpC05bJdNIOnTyYmQgh1K9w70bEjYJ/4S/0b5w+Nm09MHA45wz33uOEjAppmkMttbS8srqWXs9sbG5t7+i7e08iiDgmVRywgNcdJAijPqlKKhmph5wgz2Gk5vRvR37tmXBBA/9RxiFpeqjrU5diJJXU1g8qeXFSLlyLVnJqSxQN3Lw4K7fuCm09ZxbNMYxFYk1JrpS1j1+HpbjS1n/tToAjj/gSMyREwzJD2UwQlxQzMsjYkSAhwn3UJcl474FxpKSO4QZcPV8aY3UmhzwhYs9RSQ/Jnpj3RuJ/XiOS7lUzoX4YSeLjySA3YoYMjFEJRodygiWLFUGYU7WhgXuIIyxVVRl1ujV/6CJ5Oi9aF0XrQXVwAxOk4RCykAcLLqEE91CBKmB4gXf4gm8t1t60D+1zEk1p0z/7MAPt5w+dmZQD</latexit>

P (s, L) = s�⌧f(s/LD)
<latexit sha1_base64="gibJ+ZovqvGCizTsG4nQM/UHoHw=">AAAB/nicbVDLSgMxFM3UV62vUZcuDC1Ci1pnXKgboagLF11UmNpCpy2ZNNOGZh4kGWEYCm78A7/BjYgbBT/BX+jfmD42bT0QOJxzwr33OCGjQhrGUEstLa+srqXXMxubW9s7+u7eowgijkkVByzgdQcJwqhPqpJKRuohJ8hzGKk5/duRX3siXNDAt2QckqaHuj51KUZSSW39sJK3TsqFa6uVnNqIhT006Oats3LLviNMokJbzxlFYwy4SMwpyZWy9vHrsBRX2vqv3Qlw5BFfYoaEaJhGKJsJ4pJiRgYZOxIkRLiPuiQZrz+AR0rqQDfg6vkSjtWZHPKEiD1HJT0ke2LeG4n/eY1IulfNhPphJImPJ4PciEEZwFEXsEM5wZLFiiDMqdoQ4h7iCEvVWEadbs4fukgez4vmRdF8UB3cgAnS4ABkQR6Y4BKUwD2ogCrA4AW8gy/wrT1rb9qH9jmJprTpn30wA+3nD19blqs=</latexit>

P (T, L) = T�↵g(T/L�)

Exponents and scaling functions should be 
UNIVERSAL

<latexit sha1_base64="93HwQNIFVTkQKcvE7uA8go4BZxA=">AAAB/XicbVDLSgMxFM3UV62vUZeChBahUiwzLtSNUHTjskJf0CnDnTRtQzMPkowwDMWNn+AvuBFxo+Av+Av9G9PHpq0HAodzTrj3Hi/iTCrLGhuZtfWNza3sdm5nd2//wDw8asgwFoTWSchD0fJAUs4CWldMcdqKBAXf47TpDe8nfvOJCsnCoKaSiHZ86AesxwgoLbnmqQM8GsAttkvY6YPvg5vK2qjoKIgv7HPXLFhlawq8Suw5KVTyTul1XEmqrvnrdEMS+zRQhIOUbduKVCcFoRjhdJRzYkkjIEPo03S6/QifaamLe6HQL1B4qi7kwJcy8T2d9EEN5LI3Ef/z2rHq3XRSFkSxogGZDerFHKsQT6rAXSYoUTzRBIhgekNMBiCAKF1YTp9uLx+6ShqXZfuqbD/qDu7QDFl0gvKoiGx0jSroAVVRHRH0gt7RF/o2no0348P4nEUzxvzPMVqA8fMHPGGWoA==</latexit>

↵ = 1 + �sT (⌧ � 1)
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QUESTIONS

• WHAT KIND OF CRITICAL POINT?

• WHY/WHEN IT IS CRITICAL?

• IS IT RELEVANT FOR REAL CRACKLING NOISE?



CONSTANT-DENSITY SANDPILES
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<latexit sha1_base64="ZEMsWZZAFaLf0wZq/+412tgh+8o=">AAAB5HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB5FLx4TMA9IQpid9CZDZh/M9AoxePTmRcSLgt+RT/AX/AZ/wkniJYkFA0VVDd3VfqKkIdf9djJLyyura9n13Mbm1vZOfnevauJUC6yIWMW67nODSkZYIUkK64lGHvoKa37/ZuzX7lEbGUd3NEiwFfJuJAMpOFmp1nxA4m3RzhfcojsBWyTeHylcHY7KP09Ho1I7/9XsxCINMSKhuDENz02oNeSapFD4mGumBhMu+ryLw8mSj+zESh0WxNq+iNhEncnx0JhB6NtkyKln5r2x+J/XSCm4bA1llKSEkZgOClLFKGbjxqwjNQpSA0u40NJuyESPay7I3iVnq3vzRRdJ9azonRe9sr3BNUyRhQM4hlPw4AKu4BZKUAEBfXiBd/hwAufZeXXeptGM8/dnH2bgfP4CBJGO6g==</latexit>

⇣c

<latexit sha1_base64="xkNd1J4nxbL/Q+6yQM5e9ku56OE=">AAAB43icbVDLSgMxFL1TX7W+qi4VCRbBVZnpQl0W3bhswT6gLSWT3mljM5MhyQildOnKjYgbBf+jn+Av+A3+hOlj09YDgcM5J9x7rh8Lro3r/jiptfWNza30dmZnd2//IHt4VNUyUQwrTAqp6j7VKHiEFcONwHqskIa+wJrfv5v4tSdUmsvowQxibIW0G/GAM2qsVG2qnmzTdjbn5t0pyCrx5iRXPB2Xf5/PxqV29rvZkSwJMTJMUK0bnhub1pAqw5nAUaaZaIwp69MuDqc7jsiFlTokkMq+yJCpupCjodaD0LfJkJqeXvYm4n9eIzHBTWvIozgxGLHZoCARxEgyKUw6XCEzYmAJZYrbDQnrUUWZsWfJ2OrectFVUi3kvau8V7Y3uIUZ0nAC53AJHlxDEe6hBBVg8Aiv8AGfDjovzpvzPoumnPmfY1iA8/UHPBqOcw==</latexit>⇢a

Driving rate (added of grains per unit time):
Dissipation rate (grains lost per unit time):

<latexit sha1_base64="UpwTKJ3tL8qVkcsR0K1HJmm9u5o=">AAAB4HicbVC7SgNBFL0bX3F9RS1tBoNgFWYt1CYYtLGMaB6QhDA7mU2GzD6YuSuEkN5GxEbB1o/RPxD/xsmjSeKBC4dzzmXuGT9R0iClv05mZXVtfSO76W5t7+zu5fYPqiZONRcVHqtY131mhJKRqKBEJeqJFiz0laj5/ZuxX3sU2sg4esBBIloh60YykJyhle57RdrO5WmBTkCWiTcj+asvt5h8/rjldu672Yl5GooIuWLGNDyaYGvINEquxMhtpkYkjPdZVwwnB47IiZU6JIi1nQjJRJ3LsdCYQejbZMiwZxa9sfif10gxuGwNZZSkKCI+fShIFcGYjNuSjtSCoxpYwriW9kLCe0wzjvZPXFvdWyy6TKpnBe+84N3RfOkapsjCERzDKXhwASW4hTJUgEMXnuEN3h3feXJenNdpNOPMdg5hDs7HH/BdjFs=</latexit>

h = 0
<latexit sha1_base64="9UazERDpRogSoRM7IZKSfc7y5zc=">AAAB53icbVDLSgMxFL1TX3V8VV26CRbBVZlxoW6KRTcuK9gHtqVk0kwbmklCkhFK6Te4EXGjIH6M/oH4N6aPTVsPXDiccy65J5HizNgg+PUyK6tr6xvZTX9re2d3L7d/UDUy1YRWiORS1yNsKGeCViyznNaVpjiJOK1F/ZuxX3uk2jAp7u1A0VaCu4LFjGDrpIcmVYZxKYpBO5cPCsEEaJmEM5K/+vKL6vPHL7dz382OJGlChSUcG9MIA2VbQ6wtI5yO/GZqqMKkj7t0OLlzhE6c1EGx1G6ERRN1LocTYwZJ5JIJtj2z6I3F/7xGauPL1pAJlVoqyPShOOXISjQujTpMU2L5wBFMNHMXItLDGhPrvsZ31cPFosukelYIzwvhXZAvXcMUWTiCYziFEC6gBLdQhgoQEPAMb/DuMe/Je/Fep9GMN9s5hDl4H39Xm4+P</latexit>

✏ = 0

Absorbing-state 
critical point

<latexit sha1_base64="VcFcYQHAQG69nnO6GMxYUlklkBY=">AAAB+XicbVDLSsNAFJ3UV62vqDvdDC2CIJTEhboRim5cVrAPaEqYTCft0MmDmRshDQU/wh9wI+JGwZ/wF/o3TtNu2npg4HDOGe69x4sFV2BZE6Owtr6xuVXcLu3s7u0fmIdHTRUlkrIGjUQk2x5RTPCQNYCDYO1YMhJ4grW84f3Ubz0zqXgUPkEas25A+iH3OSWgJdc8cUYMyC12BAn7guGRy7Ejc+6aFatq5cCrxJ6TSq3sXLxOamndNX+dXkSTgIVABVGqY1sxdDMigVPBxiUnUSwmdEj6LMs3H+MzLfWwH0n9QsC5upAjgVJp4OlkQGCglr2p+J/XScC/6WY8jBNgIZ0N8hOBIcLTGnCPS0ZBpJoQKrneENMBkYSCLqukT7eXD10lzcuqfVW1H3UHd2iGIjpFZXSObHSNaugB1VEDUfSC3tEX+jYy4834MD5n0YIx/3OMFmD8/AHWTpX+</latexit>

⇣ = hzii



SELF-ORGANIZATION TO CRITICALITY

Grain density
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<latexit sha1_base64="ZEMsWZZAFaLf0wZq/+412tgh+8o=">AAAB5HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB5FLx4TMA9IQpid9CZDZh/M9AoxePTmRcSLgt+RT/AX/AZ/wkniJYkFA0VVDd3VfqKkIdf9djJLyyura9n13Mbm1vZOfnevauJUC6yIWMW67nODSkZYIUkK64lGHvoKa37/ZuzX7lEbGUd3NEiwFfJuJAMpOFmp1nxA4m3RzhfcojsBWyTeHylcHY7KP09Ho1I7/9XsxCINMSKhuDENz02oNeSapFD4mGumBhMu+ryLw8mSj+zESh0WxNq+iNhEncnx0JhB6NtkyKln5r2x+J/XSCm4bA1llKSEkZgOClLFKGbjxqwjNQpSA0u40NJuyESPay7I3iVnq3vzRRdJ9azonRe9sr3BNUyRhQM4hlPw4AKu4BZKUAEBfXiBd/hwAufZeXXeptGM8/dnH2bgfP4CBJGO6g==</latexit>

⇣c

<latexit sha1_base64="xkNd1J4nxbL/Q+6yQM5e9ku56OE=">AAAB43icbVDLSgMxFL1TX7W+qi4VCRbBVZnpQl0W3bhswT6gLSWT3mljM5MhyQildOnKjYgbBf+jn+Av+A3+hOlj09YDgcM5J9x7rh8Lro3r/jiptfWNza30dmZnd2//IHt4VNUyUQwrTAqp6j7VKHiEFcONwHqskIa+wJrfv5v4tSdUmsvowQxibIW0G/GAM2qsVG2qnmzTdjbn5t0pyCrx5iRXPB2Xf5/PxqV29rvZkSwJMTJMUK0bnhub1pAqw5nAUaaZaIwp69MuDqc7jsiFlTokkMq+yJCpupCjodaD0LfJkJqeXvYm4n9eIzHBTWvIozgxGLHZoCARxEgyKUw6XCEzYmAJZYrbDQnrUUWZsWfJ2OrectFVUi3kvau8V7Y3uIUZ0nAC53AJHlxDEe6hBBVg8Aiv8AGfDjovzpvzPoumnPmfY1iA8/UHPBqOcw==</latexit>⇢a
DRIVING DISSIPATION

<latexit sha1_base64="VcFcYQHAQG69nnO6GMxYUlklkBY=">AAAB+XicbVDLSsNAFJ3UV62vqDvdDC2CIJTEhboRim5cVrAPaEqYTCft0MmDmRshDQU/wh9wI+JGwZ/wF/o3TtNu2npg4HDOGe69x4sFV2BZE6Owtr6xuVXcLu3s7u0fmIdHTRUlkrIGjUQk2x5RTPCQNYCDYO1YMhJ4grW84f3Ubz0zqXgUPkEas25A+iH3OSWgJdc8cUYMyC12BAn7guGRy7Ejc+6aFatq5cCrxJ6TSq3sXLxOamndNX+dXkSTgIVABVGqY1sxdDMigVPBxiUnUSwmdEj6LMs3H+MzLfWwH0n9QsC5upAjgVJp4OlkQGCglr2p+J/XScC/6WY8jBNgIZ0N8hOBIcLTGnCPS0ZBpJoQKrneENMBkYSCLqukT7eXD10lzcuqfVW1H3UHd2iGIjpFZXSObHSNaugB1VEDUfSC3tEX+jYy4834MD5n0YIx/3OMFmD8/AHWTpX+</latexit>

⇣ = hzii

<latexit sha1_base64="4F/vYbljLO5EtBf/suF548Ka0qg=">AAACGHicbVC7SgQxFM34dn2tWojYBEUQxGXGwkchiDaWCq4KzrLcyWTcYCYZkjvCOuyP2PgrNqI2Knba2PoZZne18HEgcHLOvSTnRJkUFn3/1evp7esfGBwaLo2Mjo1PlCenjqzODeNVpqU2JxFYLoXiVRQo+UlmOKSR5MfR+W7bP77gxgqtDrGZ8VoKZ0okggE6qV7eDBMDrIhpeMkRWkWMLbpFG3SFhjyzQmpFQ9PQdaDLNFQQSfi+18sLfsXvgP4lwRdZ2N54f555+5jdr5fvw1izPOUKmQRrTwM/w1oBBgWTvFUKc8szYOdwxotOsBZddFJME23cUUg76o85SK1tppGbTAEb9rfXFv/zTnNMNmqFUFmOXLHuQ0kuKWrabonGwnCGsukIMCPcDylrgGsKXZclFz34HfQvOVqtBGuV4MB1sEO6GCJzZJ4skYCsk22yR/ZJlTByTW7JI3nyrrwb78576I72eF870+QHvJdPxN+ilg==</latexit>

d⇣

dt
= h� ✏⇢a +r⇢a

<latexit sha1_base64="Urs7I6Wa1pVTXPd60IJ0j9bef7Q=">AAAB5HicbVDLSgMxFL1TX3V8VV26CRbBVZlxoW7EohuXFewD2lIyaaYNzcyE5I5QSv/AjYgbBTd+jP6B+DemnW7aeuDC4ZxzyT0JlBQGPe/Xya2srq1v5Dfdre2d3b3C/kHNJKlmvMoSmehGQA2XIuZVFCh5Q2lOo0DyejC4nfj1R66NSOIHHCrejmgvFqFgFK1U75MWJsTrFIpeyZuCLBN/RorXX+6V+vxxK53Cd6ubsDTiMTJJjWn6nsL2iGoUTPKx20oNV5QNaI+PpkeOyYmVuiRMtJ0YyVSdy9HImGEU2GREsW8WvYn4n9dMMbxsj0SsUuQxyx4KU0lssUlj0hWaM5RDSyjTwl5IWJ9qytD+i2ur+4tFl0ntrOSfl/x7r1i+gQx5OIJjOAUfLqAMd1CBKjAYwDO8wbsTOk/Oi/OaRXPObOcQ5uB8/AFlT43F</latexit>

h ! 0

<latexit sha1_base64="7KFihn/hPJvIT/JE66p2bcjlDzo=">AAAB63icbVDLSgMxFL3js46vqks3wSK4KjMu1I1YdOOygn1Ap5ZMmmlDM0lIMkIp/Qo3Im5U/Bb9A/FvTB+bth64cDjnXHJPYsWZsUHw6y0tr6yurec2/M2t7Z3d/N5+1chME1ohkktdj7GhnAlascxyWlea4jTmtBb3bkZ+7ZFqw6S4t31FmynuCJYwgq2THiKqDONSoMhKFLTyhaAYjIEWSTglhasv/1J9/PjlVv47akuSpVRYwrExjTBQtjnA2jLC6dCPMkMVJj3coYPxrUN07KQ2SqR2IywaqzM5nBrTT2OXTLHtmnlvJP7nNTKbXDQHTKjMUkEmDyUZR67YqDhqM02J5X1HMNHMXYhIF2tMrPse31UP54sukuppMTwrhndBoXQNE+TgEI7gBEI4hxLcQhkqQEDDM7zBu5d6T96L9zqJLnnTnQOYgff5B9hukPk=</latexit>

✏ ! 0

<latexit sha1_base64="ixZucvVeDecwxFhwVNLtWUG2bsM=">AAACCnicbVC9SwMxHM3Vr1q/Th1EXIJFEIRy56BdhKKLYwX7Ab1ScmmuDc0lR5ITynH/gYv/iouIi4KDo6surv4Zpr0ubf1ByMt7LyTv+RGjSjvOl5VbWFxaXsmvFtbWNza37O2duhKxxKSGBROy6SNFGOWkpqlmpBlJgkKfkYY/uBrpjTsiFRX8Vg8j0g5Rj9OAYqQN1bFPPIZ4jxHoyb7oILNlxwvoBRLhpJ8mHokUZYKnHbvolJzxwHngTkCxUv753Pv+3a927A+vK3AcEq4xQ0q1XCfS7QRJTTEjacGLFYkQHqAeScZRUnhkqC4MhDSLazhmp3woVGoY+sYZIt1Xs9qI/E9rxTootxPKo1gTjrOHgphBLeCoF9ilkmDNhgYgLKn5IcR9ZCrQpr2Cie7OBp0H9dOSe1Zyb0wHlyCbPDgAh+AYuOAcVMA1qIIawOABPIFX8GbdW4/Ws/WSWXPW5M4umBrr/Q+gQZ6L</latexit>

h⇢ai =
h

✏



Statistical Physics of Avalanche Phenomena

FIELD THEORY 
Vespignani A, Dickman R, Munoz MA, Zapperi S. Driving, conservation, and absorbing states in sandpiles. 
Physical review letters. 1998 Dec 21;81(25):5676.

FUNCTIONAL RENORMALIZATION GROUP
Le Doussal P, Wiese KJ. Exact mapping of the stochastic field theory for Manna sandpiles to interfaces in random media. 
Physical review letters. 2015 Mar 18;114(11):110601.

<latexit sha1_base64="KkFVTztEglA9LLBgGUuqeHbRpxc=">AAAB4nicbVBLSgNBFHwTfzH+ooIbN41BcBVmJKgbIcSNywScJJCE0NPTkzTp+dD9RgghF3Aj4kbBK3gLF17BjWex89kksaChqKrmvXpeIoVG2/6xMmvrG5tb2e3czu7e/kH+8Kiu41Qx7rJYxqrpUc2liLiLAiVvJorT0JO84Q3uJn7jkSst4ugBhwnvhLQXiUAwikZy/S67LXXzBbtoT0FWiTMnhfJJ7Vd8Vr6q3fx3249ZGvIImaRatxw7wc6IKhRM8nGunWqeUDagPT6arjgm50bySRAr8yIkU3UhR0Oth6FnkiHFvl72JuJ/XivF4KYzElGSIo/YbFCQSoIxmfQlvlCcoRwaQpkSZkPC+lRRhuYqOVPdWS66SuqXReeq6NTMDSowQxZO4QwuwIFrKMM9VMEFBgKe4Q3eLd96sl6s11k0Y83/HMMCrI8/1qKNkQ==</latexit>

dc = 4 e-expansion available for critical exponents



DEPINNING TRANSITION 
<latexit sha1_base64="VslJtiOwREo6bZSZAQVOzVn/Sr8="></latexit>

du(x, t)

dt
= F +

Z
dx0K(x� x0)(u(x0, t)� u(x, t)) + ⌘(x, u) + f(x, t)

Quenched
disorder

Thermal
noise



"SELF-ORGANIZED” DEPINNING 

v
<latexit sha1_base64="sXyS1gX8fPhXnlVs+kFY13c4db0=">AAAB8XicbVDbSkJBFN3HbmY3s8deBiVQKjknonoJpCB6NMgLqMiccbTBORdm9hFF/IteeonopaAf6Rf8m8bLi9qCgcVaa9h7bTeUQqNtj63Y2vrG5lZ8O7Gzu7d/kDxMlXUQKcZLLJCBqrpUcyl8XkKBkldDxannSl5xu/cTv9LjSovAf8ZByBse7fiiLRhFIzWTqQdyS7rZHpJzEmX7Z5jLNZMZO29PQVaJMyeZQrp++jouDIrN5G+9FbDI4z4ySbWuOXaIjSFVKJjko0Q90jykrEs7fDjdeEROjNQi7UCZ5yOZqgs56mk98FyT9Ci+6GVvIv7n1SJs3zSGwg8j5D6bDWpHkmBAJvVJSyjOUA4MoUwJsyFhL1RRhuZICVPdWS66SsoXeecqf/lkbnAHM8ThGNKQBQeuoQCPUIQSMOjDO3zBt6WtN+vD+pxFY9b8zxEswPr5Ay0ekNI=</latexit>

F = k(vt� u(x, t))



CLASSES OF CRACKLING NOISE

A. Tuned criticality:

B. Self-organized:

C. Swept towards critical point:

<latexit sha1_base64="sXyS1gX8fPhXnlVs+kFY13c4db0=">AAAB8XicbVDbSkJBFN3HbmY3s8deBiVQKjknonoJpCB6NMgLqMiccbTBORdm9hFF/IteeonopaAf6Rf8m8bLi9qCgcVaa9h7bTeUQqNtj63Y2vrG5lZ8O7Gzu7d/kDxMlXUQKcZLLJCBqrpUcyl8XkKBkldDxannSl5xu/cTv9LjSovAf8ZByBse7fiiLRhFIzWTqQdyS7rZHpJzEmX7Z5jLNZMZO29PQVaJMyeZQrp++jouDIrN5G+9FbDI4z4ySbWuOXaIjSFVKJjko0Q90jykrEs7fDjdeEROjNQi7UCZ5yOZqgs56mk98FyT9Ci+6GVvIv7n1SJs3zSGwg8j5D6bDWpHkmBAJvVJSyjOUA4MoUwJsyFhL1RRhuZICVPdWS66SsoXeecqf/lkbnAHM8ThGNKQBQeuoQCPUIQSMOjDO3zBt6WtN+vD+pxFY9b8zxEswPr5Ay0ekNI=</latexit>

F = k(vt� u(x, t))

<latexit sha1_base64="socZdO5HaLh2vzFRtdfD4MsefUE=">AAAB43icbVDJSgNBFHwTtzhuUY9eGoPgKcyIRC/BYEA8RjALJCH0dHqSNj0L3W+EEPIFXkS8KHjyY/QPxL+xs1ySWPCgqKpHv2ovlkKj4/xaqZXVtfWN9Ka9tb2zu5fZP6jqKFGMV1gkI1X3qOZShLyCAiWvx4rTwJO85vVLY7/2yJUWUXiPg5i3AtoNhS8YRSNVb0iBlLCdyTo5ZwKyTNwZyV592YX488cutzPfzU7EkoCHyCTVuuE6MbaGVKFgko/sZqJ5TFmfdvlwcuOInBipQ/xImQmRTNS5HA20HgSeSQYUe3rRG4v/eY0E/cvWUIRxgjxk04f8RBKMyLgw6QjFGcqBIZQpYS4krEcVZWi+xTbV3cWiy6R6lnPzufM7J1u8hinScATHcAouXEARbqEMFWDwAM/wBu8Wt56sF+t1Gk1Zs51DmIP18QdVvo0h</latexit>

F = Ct
<latexit sha1_base64="8/fgW7FmO7ycdZR7iR86iBk/jd4="></latexit>

P (s) =

Z
dFs�⌧f(s(Fc � F )1/�) ⇠ s�(⌧+�)

<latexit sha1_base64="RRutV9+jJdTeIVH0fOHCQCBIYMQ=">AAAB5nicbVDLSgMxFL1TX3V8VV26CRbBVZlxoW6KRUFcVrAPaUvJpJk2NDMZkjtCKf0FNyJuFAQ/Rv9A/BvTx6bVAxcO55xL7kmQSGHQ836czNLyyupadt3d2Nza3snt7lWNSjXjFaak0vWAGi5FzCsoUPJ6ojmNAslrQf9q7NceuDZCxXc4SHgrot1YhIJRtNL9NSkSpmKD7VzeK3gTkL/En5H8xadbTD6+3XI799XsKJZGPEYmqTEN30uwNaQaBZN85DZTwxPK+rTLh5MzR+TISh0SKm0nRjJR53I0MmYQBTYZUeyZRW8s/uc1UgzPW0MRJynymE0fClNJUJFxZ9IRmjOUA0so08JeSFiPasrQ/oxrq/uLRf+S6knBPy34t16+dAlTZOEADuEYfDiDEtxAGSrAIIIneIU3p+c8Os/OyzSacWY7+zAH5/0X6SaOrA==</latexit>

F = const
<latexit sha1_base64="3qaMEoYAutUtxIoo2t9+D9Kp3/I=">AAACCHicbVDLSgMxAMzWV62vVY9eQovQoq27HtSLUBSKxwr2Ad12yabZNjT7IMkKy7I/4MWLH+JFxIuCJ3+hf2P6uLQ6EBhmJiQzTsiokIYx1jIrq2vrG9nN3Nb2zu6evn/QFEHEMWnggAW87SBBGPVJQ1LJSDvkBHkOIy1ndDvxW4+ECxr4DzIOSddDA5+6FCOpJFsv1YvitFaC11D0krIlUZRCtyiKNRuXa6VeYp5Zgg48lJZsvWBUjCngX2LOSaGat05extW4bus/Vj/AkUd8iRkSomMaoewmiEuKGUlzViRIiPAIDUgyLZLCYyX1oRtwdXwJp+pCDnlCxJ6jkh6SQ7HsTcT/vE4k3atuQv0wksTHs4fciEEZwMkqsE85wZLFiiDMqfohxEPEEZZqu5yqbi4X/Uua5xXzomLeqw1uwAxZcATyoAhMcAmq4A7UQQNg8AzewCf40p60V+1d+5hFM9r8ziFYgPb9C1ZEmdk=</latexit>

P (s, F ) = s�⌧f(s(Fc � F )1/�)

<latexit sha1_base64="mO9IyQytAHodfMnRIcaOPxHfhxY=">AAACBXicbVDLSgMxAMzWV62vVY9eQovSotZdD+pFKHrxWMHWQrddsmm2DZt9kGSFZdmzF4/+hhcRLwpe/YX+jenj0taBwDAzIZlxIkaFNIyhlltaXlldy68XNja3tnf03b2mCGOOSQOHLOQtBwnCaEAakkpGWhEnyHcYeXS825H/+ES4oGHwIJOIdHzUD6hLMZJKsvWjelmceBV4DUU3PbUkijPolgX0uql5Zgna95HtZRVbLxlVYwy4SMwpKdWK1vHrsJbUbf3X6oU49kkgMUNCtE0jkp0UcUkxI1nBigWJEPZQn6TjFhk8VFIPuiFXJ5BwrM7kkC9E4jsq6SM5EPPeSPzPa8fSveqkNIhiSQI8eciNGZQhHE0Ce5QTLFmiCMKcqh9CPEAcYamGK6jq5nzRRdI8r5oXVfNebXADJsiDA1AEZWCCS1ADd6AOGgCDF/AOvsC39qy9aR/a5ySa06Z39sEMtJ8/U62ZaQ==</latexit>

P (s, k) = s�⌧f(sk1/�k)



BARKHAUSEN NOISE

CASE C

with Gianfranco Durin

CASE B



BARKHAUSEN NOISE
Demagnetizing field

with Gianfranco Durin

<latexit sha1_base64="NvHGg6JxJJu6x5qjUL/qqeuVd8U=">AAAB9XicbVDLSgMxFL1TX7X1MSq4cROsQl1YZkTUjVB0041QwT6gLUMmzbShmQdJplJqP8WNiBsFd/6AG3/BD9G16WPT1gOBwzkn3HuPG3EmlWV9G4mFxaXlleRqKr22vrFpbm2XZRgLQksk5KGoulhSzgJaUkxxWo0Exb7LacXtXA/9SpcKycLgTvUi2vBxK2AeI1hpyTF3C06fet4AXaJCVh2hY9RxmujGMTNWzhoBzRN7QjL5g5+Pz276t+iYX/VmSGKfBopwLGXNtiLV6GOhGOF0kKrHkkaYdHCL9kdbD9ChlprIC4V+gUIjdSqHfSl7vquTPlZtOesNxf+8Wqy8i0afBVGsaEDGg7yYIxWiYQWoyQQlivc0wUQwvSEibSwwUbqolD7dnj10npRPcvZZ7vRWd3AFYyRhD/YhCzacQx4KUIQSEHiAJ3iFN+PeeDSejZdxNGFM/uzAFIz3P/jik+I=</latexit>

Heff = H(t)� kdM

<latexit sha1_base64="kofWRFnAIk9PfClxDqQGOnDFvwc="></latexit>

K(r) = µ0M
2
s
1� 3(cos ✓)2

r3



BARKHAUSEN NOISE: POWER SPECTRUM

with Gianfranco Durin

SiFe

CoFeB

<latexit sha1_base64="7NT2HQ87iIYFhsP6RqkntBiwLOI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQUUriQl0W3biskD6gqWEynaRDJw9mJkII+QQ34p+4EXGjIPgL/RunTTdtPTBw5px7mTnHjRkV0jAmWmltfWNzq7xd2dnd2z/QD486Iko4Jm0csYj3XCQIoyFpSyoZ6cWcoMBlpOuO76Z+94lwQaPQkmlMBgHyQ+pRjKSSHP3CZij0GYGibp1BmxcXO+ZRLCNoPWa2j4IAOZmw8tzRa0bDmAGuEnNOas2qff46aaYtR/+1hxFOAhJKzJAQfdOI5SBDXFLMSF6xE0FihMfIJ9ksSw5PlTSEXsTVCSWcqQtzKBAiDVw1GSA5EsveVPzP6yfSuxlkNIwTSUJcPOQlDKqY02LgkHKCJUsVQZhT9UOIR4gjLFV9FRXdXA66SjqXDfOqYT6oDm5BgTI4AVVQBya4Bk1wD1qgDTB4Ae/gC3xrz9qb9qF9FqMlbb5zDBag/fwBXsWdgg==</latexit>

hs(T )i / T �sT

<latexit sha1_base64="3gG52CruiVA7jaJ51YVL3Mc5P1M=">AAACFHicbVDNS8MwHE3n15xfVY9egkNQxNEKfhyHgnic4HSwzvFrlnZhSVuSVBil/4V48V/xIiKIgvf9N2arF50PAo/3Xkje8xPOlHackVWamZ2bXygvVpaWV1bX7PWNGxWnktAmiXksWz4oyllEm5ppTluJpCB8Tm/9wfnYv72nUrE4utbDhHYEhBELGAFtpK595HGIQk7xxa4XCxrCHvZkoXiKCVyId9mBF4IQ0M3UdZ7jrl11as4EeJq4P6Ra3/b2H0b1YaNrv3u9mKSCRppwUKrtOonuZCA1I5zmFS9VNAEygJBmk1I53jFSDwexNCfSeKL+yoFQaih8kxSg++qvNxb/89qpDk47GYuSVNOIFA8FKcc6xuOFcI9JSjQfGgJEMvNDTPoggWizY8VUd/8WnSY3hzX3uOZemQ3OUIEy2kLbaBe56ATV0SVqoCYi6Am9oA/0aT1az9ar9VZES9bPnU30C9bXN5IhoMM=</latexit>

hF (!)i ⇠ !��sT



BARKHAUSEN NOISE: «NEGATIVE» MASS

Eddy currents

Zapperi, Castellano, Colaiori, Durin
Nature Phys 2005



BARKHAUSEN NOISE: THIN FILMS
EXPERIMENTS THEORY

Papanikolaou, …Durin, Zapperi, Sethna 
Nature Phys 2011

<latexit sha1_base64="a+BVUIlVXJK/+lfiZUov38INP1I=">AAAB5HicbVDLSgMxFL1TX3V8VV26CRbBVZlxoW7EohuXFewD2lIyaaYNzcyE5I5QSv/AjYgbBTd+jP6B+DemnW7aeuDC4ZxzyT0JlBQGPe/Xya2srq1v5Dfdre2d3b3C/kHNJKlmvMoSmehGQA2XIuZVFCh5Q2lOo0DyejC4nfj1R66NSOIHHCrejmgvFqFgFK1UD0gLE+J1CkWv5E1Blok/I8XrL/dKff64lU7hu9VNWBrxGJmkxjR9T2F7RDUKJvnYbaWGK8oGtMdH0yPH5MRKXRIm2k6MZKrO5WhkzDAKbDKi2DeL3kT8z2umGF62RyJWKfKYZQ+FqSS22KQx6QrNGcqhJZRpYS8krE81ZWj/xbXV/cWiy6R2VvLPS/69VyzfQIY8HMExnIIPF1CGO6hAFRgM4Bne4N0JnSfnxXnNojlntnMIc3A+/gBcT42/</latexit>

b ! 0



MICROPLASTICITY

D. M. Dimiduk et al., 
Science 312, 1188 (2006).



DISLOCATIONS



DISLOCATION 
DYNAMICS

Strain hardening

CASE B



GLASSES

localized shear
transformations

<latexit sha1_base64="Rf6OYV5yk5O7dY+m0/E0vAUJSmA=">AAACBnicbVA7SwNBGNyLrxhfUQsRm8UgRpBwF0TTCEELLSOYB+Ri2NvsJUv2Hux+J4QjvY1/xUbERsHS0lYbW3+Gm0cT48DCMDPL7owTCq7AND+NxMzs3PxCcjG1tLyyupZe36ioIJKUlWkgAllziGKC+6wMHASrhZIRzxGs6nTPB371lknFA/8aeiFreKTtc5dTAlpqpvcvsvIQ29BhQA7wKbZdSWhs00Dho5Haj+VNvt9MZ8ycOQSeJtaYZIqF74+tr5/tUjP9brcCGnnMByqIUnXLDKEREwmcCtZP2ZFiIaFd0mbxsEYf72mphd1A6uMDHqoTOeIp1fMcnfQIdNRfbyD+59UjcAuNmPthBMyno4fcSGAI8GAT3OKSURA9TQiVXP8Q0w7RQ4BeLqWrW3+LTpNKPmcd56wrvcEZGiGJdtAuyiILnaAiukQlVEYU3aNH9IJejTvjwXgynkfRhDG+s4kmYLz9An1zm40=</latexit>

G(r, ✓) =
cos 4✓

r2

Bonfanti, Guerra, Procaccia, Zapperi PRE 2019

SiO2



ELASTO-PLASTIC MODEL

( ) ( ) r'd'rrG'r=r ijij
3)( !!!!

-S ò xs

Budrikis, Castellanos, Sanfeld,
Zaiser, Zapperi 
Nature Comm 2017



UNIVERSAL SCALING

Budrikis, …Zaiser, Zapperi 
Nature Comm 2017



UNIVERSAL SCALING

Budrikis, Castellanos, Sanfeld,
Zaiser, Zapperi 
Nature Comm 2017



MARGINAL STABILITY

P (X) / X✓

H. G. E. Hentschel, Smarajit Karmakar, 
Edan Lerner, and Itamar Procaccia
Phys. Rev. E 83, 061101 – (2011)

Budrikis, Castellanos, Sanfeld,
Zaiser, Zapperi 
Nature Comm 2017



CRACK FRONTS Laurson, Santucci, Zapperi PRE 2010

Stress-intensity factor

CASE A

Maloy, Santucci et al. 2006

Avalanches is composed
by multiple clusters

<latexit sha1_base64="8EWy/E8JTB+berP6mO7LD5X3HgE=">AAAB73icbVBNS0JBFL3Pvsy+XgVt2gxJ0CZ5z0W1CcQ2LRXyA1Rk3jjq4LyPZu4TRPwdbSLaFLToX7ToL7TptzRP3agdGDicc4Z7z/UiKTQ6zo+VWlvf2NxKb2d2dvf2D+zDo6oOY8V4hYUyVHWPai5FwCsoUPJ6pDj1Pclr3uAu8WtDrrQIgwccRbzl014guoJRNFLbtptI4zYjtySfsEu3bWednDMFWSXunGQLJ+Vf8Vn8KrXt72YnZLHPA2SSat1wnQhbY6pQMMknmWaseUTZgPb4eLrvhJwbqUO6oTIvQDJVF3LU13rkeybpU+zrZS8R//MaMXZvWmMRRDHygM0GdWNJMCRJedIRijOUI0MoU8JsSFifKsrQnChjqrvLRVdJNZ9zr3Ju2dygCDOk4RTO4AJcuIYC3EMJKsBgCM/wBu/Wo/VkvVivs2jKmv85hgVYH386FpG0</latexit>

⌧c = 2⌧ � 1

Simulations



CANCER CELL FRONTS P (S) =
hSi
S⇤ p

✓
S

S⇤

◆

s =
S

S⇤

S⇤ =
hS2i
2hSi

Chepizhko, … Zapperi, La Porta  PNAS 2016



ROADMAP
Idealized 

sandpile models

Depinning
transitionField theory

Classes of 
crackling noise

Experiments

Origin of the observed scaling

Identification of control parameters

Prediction for scaling exponents

Predictions for scaling functions
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