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Turbulent dissipation 
along tracers
How to bridge dissipative 
anomaly and Lagrangian 
time irreversibility?



Turbulence vs. Euler inviscid dynamics
Incompressible Navier–Stokes equation
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To what extent can Euler equation be used to describe turbulent flows?

Inviscid dynamics gives a good 
handle on the inertial scales
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Eyink 1994; Hill 2002; Casciola et al. 2003;

Danaila et al. 2012; Yasuda & Vassilicos 2017

Scale-by-scale energy budget
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Large-Eddy Simulations: only 
fluxes are important



The turbulent dissipative anomaly
Limit of infinite Reynolds numbers:

             with     and     fixedL
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Jimenez et al. (1993)
Wang et al. (1996)
Yeung & Zhou (1997)
Cao et al. (1999)
Gotoh et al. (2002)
Kaneda et al. (2003)
Bitane, Homann & Bec (2012)

adapted from Ishihara et al. 2009

Breaks the time reversibility of 
the Euler equation

A finite dissipation is ensured by 
increasingly singular structures
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<latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit><latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit><latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit><latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit>



Singular (weak) solutions
Onsager’s criterion:                                           with|u(x+ `)� u(x)| ⇠ `h

<latexit sha1_base64="Lt908RxXOiA4h3ScQOAcJY4FfE4="></latexit>

h  1/3
<latexit sha1_base64="isplx61tuSd8QYNUFrIOofbaMys=">AAAB/3icdVDLSgMxFM34rPVVdekmWARXYzKttgUXBTcuK9gHtEPJpJk2NPMgyQhl6MJfcKt7d+LWT3Hrl5hpK2jRAxcO59zLvfd4seBKI/RhrayurW9s5rby2zu7e/uFg8OWihJJWZNGIpIdjygmeMiammvBOrFkJPAEa3vj68xv3zOpeBTe6UnM3IAMQ+5zSrSROqOeYBCfl/qFIrIdXEIVBJGNKzV8Wc6IU6uiC4htNEMRLNDoFz57g4gmAQs1FUSpLkaxdlMiNaeCTfO9RLGY0DEZsq6hIQmYctPZvVN4apQB9CNpKtRwpv6cSEmg1CTwTGdA9Egte5n4p+cFS5u1X3VTHsaJZiGdL/YTAXUEszDggEtGtZgYQqjk5nZIR0QSqk1keRPK9+fwf9JybFyyndtysX61iCcHjsEJOAMYVEAd3IAGaAIKBHgET+DZerBerFfrbd66Yi1mjsAvWO9fahGV+A==</latexit>

Constantin et al. 1994; Eyink 1994; Duchon & Robert 2000; Buckmaster 2015; Isett 2017

The Lagrangian flow is non-unique

Bernard et al. 1998; Pumir et al. 2000; Falkovich et al. 2001; 
Sawford 2001; Eyink 2008

⇒ largely explains anomalous dissipation and 
intermittency of advected passive scalars

Can Lagrangian statistics provide 
additional insight on admissibility?

space

tim
e

Lagrangian trajectories non-Lipschitz@tX(t;x0) = u(X(t;x0), t)

<latexit sha1_base64="04ltm6URgkQXrPYhxqQA2Vg8W7A=">AAACTXichVHLSgMxFM3UR2t9VV26CRahBSkzUlEQpeDGZQX7gLYMmUzaBjMPkjtiGeYH3Qju/As3LhQRM20XfQheCDmcew/35MQJBVdgmm9GZmV1bT2b28hvbm3v7Bb29psqiCRlDRqIQLYdopjgPmsAB8HaoWTEcwRrOQ83ab/1yKTigX8Po5D1PDLweZ9TApqyC243JBI4ETbgrhMIV408fcXtpASXs8RTYptlfDU3FCWl/zUnULYLRbNijgsvA2sKimhadbvw2nUDGnnMByqIUh3LDKEXp06pYEm+GykWEvpABqyjoU88pnrxOI0EH2vGxf1A6uMDHrOziph4KjWoJz0CQ7XYS8m/ep0I+he9mPthBMynk0X9SGAIcBotdrlkFMRIA0Il114xHRJJKOgPyOsQrMUnL4PmacWqVs7uqsXa9TSOHDpER6iELHSOaugW1VEDUfSM3tEn+jJejA/j2/iZjGaMqeYAzVUm+wslM7Ys</latexit>

⇒ However not enough to select physically admissible solution



Direct numerical simulations
LATU: LAgrangian TUrbulence: MPI spectral solver (Homann et al. 2007)
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<latexit sha1_base64="QkjMKzET8rSGfYrTtLAwpvgubrY=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCIqrghuXFewDmlgmk5t26GQSZiZCKfUn/AW3uncnbv0Ct36J0zQLbT1w4XDOvdx7T5ByprTjfFmlldW19Y3yZmVre2d3z94/aKskkxRaNOGJ7AZEAWcCWpppDt1UAokDDp1gdD3zOw8gFUvEnR6n4MdkIFjEKNFG6ttHHidiwMELgWuCs/u6J3Ohb1edmpMDLxO3IFVUoNm3v70woVkMQlNOlOq5Tqr9CZGaUQ7TipcpSAkdkQH0DBUkBuVP8g+m+NQoIY4SaUponKu/JyYkVmocB6YzJnqoFr2Z+K8XxAubdXTpT5hIMw2CzhdHGcc6wbN4cMgkUM3HhhAqmbkd0yGRhGoTYsWE4i5GsEza9Zrr1Nzb82rjqoinjI7RCTpDLrpADXSDmqiFKHpEz+gFvVpP1pv1bn3MW0tWMXOI/sD6/AEW3Z1o</latexit><latexit sha1_base64="QkjMKzET8rSGfYrTtLAwpvgubrY=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCIqrghuXFewDmlgmk5t26GQSZiZCKfUn/AW3uncnbv0Ct36J0zQLbT1w4XDOvdx7T5ByprTjfFmlldW19Y3yZmVre2d3z94/aKskkxRaNOGJ7AZEAWcCWpppDt1UAokDDp1gdD3zOw8gFUvEnR6n4MdkIFjEKNFG6ttHHidiwMELgWuCs/u6J3Ohb1edmpMDLxO3IFVUoNm3v70woVkMQlNOlOq5Tqr9CZGaUQ7TipcpSAkdkQH0DBUkBuVP8g+m+NQoIY4SaUponKu/JyYkVmocB6YzJnqoFr2Z+K8XxAubdXTpT5hIMw2CzhdHGcc6wbN4cMgkUM3HhhAqmbkd0yGRhGoTYsWE4i5GsEza9Zrr1Nzb82rjqoinjI7RCTpDLrpADXSDmqiFKHpEz+gFvVpP1pv1bn3MW0tWMXOI/sD6/AEW3Z1o</latexit><latexit sha1_base64="QkjMKzET8rSGfYrTtLAwpvgubrY=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCIqrghuXFewDmlgmk5t26GQSZiZCKfUn/AW3uncnbv0Ct36J0zQLbT1w4XDOvdx7T5ByprTjfFmlldW19Y3yZmVre2d3z94/aKskkxRaNOGJ7AZEAWcCWpppDt1UAokDDp1gdD3zOw8gFUvEnR6n4MdkIFjEKNFG6ttHHidiwMELgWuCs/u6J3Ohb1edmpMDLxO3IFVUoNm3v70woVkMQlNOlOq5Tqr9CZGaUQ7TipcpSAkdkQH0DBUkBuVP8g+m+NQoIY4SaUponKu/JyYkVmocB6YzJnqoFr2Z+K8XxAubdXTpT5hIMw2CzhdHGcc6wbN4cMgkUM3HhhAqmbkd0yGRhGoTYsWE4i5GsEza9Zrr1Nzb82rjqoinjI7RCTpDLrpADXSDmqiFKHpEz+gFvVpP1pv1bn3MW0tWMXOI/sD6/AEW3Z1o</latexit><latexit sha1_base64="QkjMKzET8rSGfYrTtLAwpvgubrY=">AAACEXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCIqrghuXFewDmlgmk5t26GQSZiZCKfUn/AW3uncnbv0Ct36J0zQLbT1w4XDOvdx7T5ByprTjfFmlldW19Y3yZmVre2d3z94/aKskkxRaNOGJ7AZEAWcCWpppDt1UAokDDp1gdD3zOw8gFUvEnR6n4MdkIFjEKNFG6ttHHidiwMELgWuCs/u6J3Ohb1edmpMDLxO3IFVUoNm3v70woVkMQlNOlOq5Tqr9CZGaUQ7TipcpSAkdkQH0DBUkBuVP8g+m+NQoIY4SaUponKu/JyYkVmocB6YzJnqoFr2Z+K8XxAubdXTpT5hIMw2CzhdHGcc6wbN4cMgkUM3HhhAqmbkd0yGRhGoTYsWE4i5GsEza9Zrr1Nzb82rjqoinjI7RCTpDLrpADXSDmqiFKHpEz+gFvVpP1pv1bn3MW0tWMXOI/sD6/AEW3Z1o</latexit>

kmax ⌘ ⇡ 1
<latexit sha1_base64="0lvTA/vXhmQ5g5OH5WAkgAKqgVA=">AAACFHicbVBNS8NAEN34WetX1GMvi0XwICURQfFU8OKxgv2AJoTJdtMu3U3C7kZaQg/+Cf+CV717E6/evfpL3LY5aOuDgcd7M8zMC1POlHacL2tldW19Y7O0Vd7e2d3btw8OWyrJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4c3Ubz9QqVgS3+txSn0B/ZhFjIA2UmBXhkHuSYEFjCbemUc1YA/SVCYj7AZ21ak5M+Bl4hakigo0Avvb6yUkEzTWhINSXddJtZ+D1IxwOil7maIpkCH0adfQGARVfj57YoJPjNLDUSJNxRrP1N8TOQilxiI0nQL0QC16U/FfLxQLm3V05ecsTjNNYzJfHGUc6wRPE8I9JinRfGwIEMnM7ZgMQALRJseyCcVdjGCZtM5rrlNz7y6q9esinhKqoGN0ilx0ieroFjVQExH0iJ7RC3q1nqw36936mLeuWMXMEfoD6/MHxcWePw==</latexit><latexit sha1_base64="0lvTA/vXhmQ5g5OH5WAkgAKqgVA=">AAACFHicbVBNS8NAEN34WetX1GMvi0XwICURQfFU8OKxgv2AJoTJdtMu3U3C7kZaQg/+Cf+CV717E6/evfpL3LY5aOuDgcd7M8zMC1POlHacL2tldW19Y7O0Vd7e2d3btw8OWyrJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4c3Ubz9QqVgS3+txSn0B/ZhFjIA2UmBXhkHuSYEFjCbemUc1YA/SVCYj7AZ21ak5M+Bl4hakigo0Avvb6yUkEzTWhINSXddJtZ+D1IxwOil7maIpkCH0adfQGARVfj57YoJPjNLDUSJNxRrP1N8TOQilxiI0nQL0QC16U/FfLxQLm3V05ecsTjNNYzJfHGUc6wRPE8I9JinRfGwIEMnM7ZgMQALRJseyCcVdjGCZtM5rrlNz7y6q9esinhKqoGN0ilx0ieroFjVQExH0iJ7RC3q1nqw36936mLeuWMXMEfoD6/MHxcWePw==</latexit><latexit sha1_base64="0lvTA/vXhmQ5g5OH5WAkgAKqgVA=">AAACFHicbVBNS8NAEN34WetX1GMvi0XwICURQfFU8OKxgv2AJoTJdtMu3U3C7kZaQg/+Cf+CV717E6/evfpL3LY5aOuDgcd7M8zMC1POlHacL2tldW19Y7O0Vd7e2d3btw8OWyrJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4c3Ubz9QqVgS3+txSn0B/ZhFjIA2UmBXhkHuSYEFjCbemUc1YA/SVCYj7AZ21ak5M+Bl4hakigo0Avvb6yUkEzTWhINSXddJtZ+D1IxwOil7maIpkCH0adfQGARVfj57YoJPjNLDUSJNxRrP1N8TOQilxiI0nQL0QC16U/FfLxQLm3V05ecsTjNNYzJfHGUc6wRPE8I9JinRfGwIEMnM7ZgMQALRJseyCcVdjGCZtM5rrlNz7y6q9esinhKqoGN0ilx0ieroFjVQExH0iJ7RC3q1nqw36936mLeuWMXMEfoD6/MHxcWePw==</latexit><latexit sha1_base64="0lvTA/vXhmQ5g5OH5WAkgAKqgVA=">AAACFHicbVBNS8NAEN34WetX1GMvi0XwICURQfFU8OKxgv2AJoTJdtMu3U3C7kZaQg/+Cf+CV717E6/evfpL3LY5aOuDgcd7M8zMC1POlHacL2tldW19Y7O0Vd7e2d3btw8OWyrJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4c3Ubz9QqVgS3+txSn0B/ZhFjIA2UmBXhkHuSYEFjCbemUc1YA/SVCYj7AZ21ak5M+Bl4hakigo0Avvb6yUkEzTWhINSXddJtZ+D1IxwOil7maIpkCH0adfQGARVfj57YoJPjNLDUSJNxRrP1N8TOQilxiI0nQL0QC16U/FfLxQLm3V05ecsTjNNYzJfHGUc6wRPE8I9JinRfGwIEMnM7ZgMQALRJseyCcVdjGCZtM5rrlNz7y6q9esinhKqoGN0ilx0ieroFjVQExH0iJ7RC3q1nqw36936mLeuWMXMEfoD6/MHxcWePw==</latexit>

⌫ = N3 �t R�

10�5 40963 6⇥ 10�4 730

<latexit sha1_base64="fFlyqtOCzYBa78GPbf95pAwV2C4="></latexit>

+1 billion tracer trajectories

L
<latexit sha1_base64="7auD1EEXsb2DPGQ3ctwRhxy2ywE=">AAAB+HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLBMwDkiXMTu4mQ2Znl5lZIS75Alvt7cTWv7H1S5wkW2jigQuHc+7lXE6QCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfh25rcfUWkeywczSdCP6FDykDNqrNS475crbtWdg6wSLycVyFHvl797g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n80fnZIzqwxIGCs70pC5+vsio5HWkyiwmxE1I73szcR/vSBaSjbhtZ9xmaQGJVsEh6kgJiazFsiAK2RGTCyhTHH7O2EjqigztquSLcVbrmCVtC6qnlv1GpeV2k1eTxFO4BTOwYMrqMEd1KEJDBCe4QVenSfnzXl3PharBSe/OYY/cD5/ANe9k3I=</latexit><latexit sha1_base64="7auD1EEXsb2DPGQ3ctwRhxy2ywE=">AAAB+HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLBMwDkiXMTu4mQ2Znl5lZIS75Alvt7cTWv7H1S5wkW2jigQuHc+7lXE6QCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfh25rcfUWkeywczSdCP6FDykDNqrNS475crbtWdg6wSLycVyFHvl797g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n80fnZIzqwxIGCs70pC5+vsio5HWkyiwmxE1I73szcR/vSBaSjbhtZ9xmaQGJVsEh6kgJiazFsiAK2RGTCyhTHH7O2EjqigztquSLcVbrmCVtC6qnlv1GpeV2k1eTxFO4BTOwYMrqMEd1KEJDBCe4QVenSfnzXl3PharBSe/OYY/cD5/ANe9k3I=</latexit><latexit sha1_base64="7auD1EEXsb2DPGQ3ctwRhxy2ywE=">AAAB+HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLBMwDkiXMTu4mQ2Znl5lZIS75Alvt7cTWv7H1S5wkW2jigQuHc+7lXE6QCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfh25rcfUWkeywczSdCP6FDykDNqrNS475crbtWdg6wSLycVyFHvl797g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n80fnZIzqwxIGCs70pC5+vsio5HWkyiwmxE1I73szcR/vSBaSjbhtZ9xmaQGJVsEh6kgJiazFsiAK2RGTCyhTHH7O2EjqigztquSLcVbrmCVtC6qnlv1GpeV2k1eTxFO4BTOwYMrqMEd1KEJDBCe4QVenSfnzXl3PharBSe/OYY/cD5/ANe9k3I=</latexit><latexit sha1_base64="7auD1EEXsb2DPGQ3ctwRhxy2ywE=">AAAB+HicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLBMwDkiXMTu4mQ2Znl5lZIS75Alvt7cTWv7H1S5wkW2jigQuHc+7lXE6QCK6N6345hbX1jc2t4nZpZ3dv/6B8eNTScaoYNlksYtUJqEbBJTYNNwI7iUIaBQLbwfh25rcfUWkeywczSdCP6FDykDNqrNS475crbtWdg6wSLycVyFHvl797g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n80fnZIzqwxIGCs70pC5+vsio5HWkyiwmxE1I73szcR/vSBaSjbhtZ9xmaQGJVsEh6kgJiazFsiAK2RGTCyhTHH7O2EjqigztquSLcVbrmCVtC6qnlv1GpeV2k1eTxFO4BTOwYMrqMEd1KEJDBCe4QVenSfnzXl3PharBSe/OYY/cD5/ANe9k3I=</latexit>

⌘
<latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit><latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit><latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit><latexit sha1_base64="Dci8uRj5xxqZTmrK/BoKo7FlfTc=">AAAB+3icbVA9SwNBFNyLXzF+RS1tFoNgFe5E0EoCNpYRTAwkR9jbvEuW7O4du++EEPIXbLW3E1t/jK2/xL3kCk0ceDDMvMc8JkqlsOj7X15pbX1jc6u8XdnZ3ds/qB4etW2SGQ4tnsjEdCJmQQoNLRQooZMaYCqS8BiNb3P/8QmMFYl+wEkKoWJDLWLBGeZSD5D1qzW/7s9BV0lQkBop0OxXv3uDhGcKNHLJrO0GforhlBkUXMKs0ssspIyP2RC6jmqmwIbT+a8zeuaUAY0T40Yjnau/L6ZMWTtRkdtUDEd22cvFf71ILSVjfB1OhU4zBM0XwXEmKSY0L4IOhAGOcuII40a43ykfMcM4uroqrpRguYJV0r6oB349uL+sNW6KesrkhJyScxKQK9Igd6RJWoSTEXkmL+TVm3lv3rv3sVgtecXNMfkD7/MHUeaU2g==</latexit>

"loc =
⌫

2
kru+ruTk2

<latexit sha1_base64="v7GRle1hUSDkVw3xdHkIu0C+o1I="></latexit><latexit sha1_base64="v7GRle1hUSDkVw3xdHkIu0C+o1I="></latexit><latexit sha1_base64="v7GRle1hUSDkVw3xdHkIu0C+o1I="></latexit><latexit sha1_base64="v7GRle1hUSDkVw3xdHkIu0C+o1I="></latexit>



Dissipation vs. dispersion
Local dissipation

"loc =
⌫

2
kru+ruTk2

<latexit sha1_base64="WiBcUpBbeKIrOsQY3c6IqITgzA0="></latexit>

Distance travelled by tracers

⌧ ⇡ ⌧L
<latexit sha1_base64="A5YWmIJ/WJDtdRZBgpllL8LCBaY="></latexit>

R� ⇡ 730
<latexit sha1_base64="1MZXkMKXdaO/UVnFTBOm6cNIcSs="></latexit>

|X(t,x0)�X(t� ⌧,x0)|

<latexit sha1_base64="U+dwqbM8ITKNhQOXBn2L1HzLNTA="></latexit>



Eulerian dissipation
"loc =

⌫

2
kru+ruTk2

<latexit sha1_base64="WiBcUpBbeKIrOsQY3c6IqITgzA0="></latexit>

"` =
1

|B`|

Z

B`

"loc(x, t) d
3x

<latexit sha1_base64="vM4nHhpbMGcA4hW7tK+ad++wKJc="></latexit>

 coarse-graining⇒
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K41: ζp = p/3
Modane wind tunnel (Arneodo et al. 1996)
Von Karman water (Saw et al. 2018)

Log-normal approximation 
with µ = 0.1

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

rather clean scaling/distribution


+ good link to velocity exponents
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"(X(t), t)
<latexit sha1_base64="CGZ1OtEw7I3fSs2+rKnnJdzKzCY=">AAACEHicbVDLSgNBEJyNrxhfqx48eBkMQgISdkXQkwS8eIxgHpCEMDuZJEPmscz0BkLIT/gLXvXuTbz6B179EifJHjSxoKGo6qa7K4oFtxAEX15mbX1jcyu7ndvZ3ds/8A+PalYnhrIq1UKbRkQsE1yxKnAQrBEbRmQkWD0a3s38+ogZy7V6hHHM2pL0Fe9xSsBJHf+kNSKGxZYLrQqtSOJGAYoXUOz4+aAUzIFXSZiSPEpR6fjfra6miWQKqCDWNsMghvaEGOBUsGmulVgWEzokfdZ0VBHJbHsyf2CKz53SxT1tXCnAc/X3xIRIa8cycp2SwMAuezPxXy+SS5uhd9OecBUnwBRdLO4lAoPGs3RwlxtGQYwdIdRwdzumA2IIBZdhzoUSLkewSmqXpTAohQ9X+fJtGk8WnaIzVEAhukZldI8qqIoomqJn9IJevSfvzXv3PhatGS+dOUZ/4H3+AP6tnCs=</latexit><latexit sha1_base64="CGZ1OtEw7I3fSs2+rKnnJdzKzCY=">AAACEHicbVDLSgNBEJyNrxhfqx48eBkMQgISdkXQkwS8eIxgHpCEMDuZJEPmscz0BkLIT/gLXvXuTbz6B179EifJHjSxoKGo6qa7K4oFtxAEX15mbX1jcyu7ndvZ3ds/8A+PalYnhrIq1UKbRkQsE1yxKnAQrBEbRmQkWD0a3s38+ogZy7V6hHHM2pL0Fe9xSsBJHf+kNSKGxZYLrQqtSOJGAYoXUOz4+aAUzIFXSZiSPEpR6fjfra6miWQKqCDWNsMghvaEGOBUsGmulVgWEzokfdZ0VBHJbHsyf2CKz53SxT1tXCnAc/X3xIRIa8cycp2SwMAuezPxXy+SS5uhd9OecBUnwBRdLO4lAoPGs3RwlxtGQYwdIdRwdzumA2IIBZdhzoUSLkewSmqXpTAohQ9X+fJtGk8WnaIzVEAhukZldI8qqIoomqJn9IJevSfvzXv3PhatGS+dOUZ/4H3+AP6tnCs=</latexit><latexit sha1_base64="CGZ1OtEw7I3fSs2+rKnnJdzKzCY=">AAACEHicbVDLSgNBEJyNrxhfqx48eBkMQgISdkXQkwS8eIxgHpCEMDuZJEPmscz0BkLIT/gLXvXuTbz6B179EifJHjSxoKGo6qa7K4oFtxAEX15mbX1jcyu7ndvZ3ds/8A+PalYnhrIq1UKbRkQsE1yxKnAQrBEbRmQkWD0a3s38+ogZy7V6hHHM2pL0Fe9xSsBJHf+kNSKGxZYLrQqtSOJGAYoXUOz4+aAUzIFXSZiSPEpR6fjfra6miWQKqCDWNsMghvaEGOBUsGmulVgWEzokfdZ0VBHJbHsyf2CKz53SxT1tXCnAc/X3xIRIa8cycp2SwMAuezPxXy+SS5uhd9OecBUnwBRdLO4lAoPGs3RwlxtGQYwdIdRwdzumA2IIBZdhzoUSLkewSmqXpTAohQ9X+fJtGk8WnaIzVEAhukZldI8qqIoomqJn9IJevSfvzXv3PhatGS+dOUZ/4H3+AP6tnCs=</latexit><latexit sha1_base64="CGZ1OtEw7I3fSs2+rKnnJdzKzCY=">AAACEHicbVDLSgNBEJyNrxhfqx48eBkMQgISdkXQkwS8eIxgHpCEMDuZJEPmscz0BkLIT/gLXvXuTbz6B179EifJHjSxoKGo6qa7K4oFtxAEX15mbX1jcyu7ndvZ3ds/8A+PalYnhrIq1UKbRkQsE1yxKnAQrBEbRmQkWD0a3s38+ogZy7V6hHHM2pL0Fe9xSsBJHf+kNSKGxZYLrQqtSOJGAYoXUOz4+aAUzIFXSZiSPEpR6fjfra6miWQKqCDWNsMghvaEGOBUsGmulVgWEzokfdZ0VBHJbHsyf2CKz53SxT1tXCnAc/X3xIRIa8cycp2SwMAuezPxXy+SS5uhd9OecBUnwBRdLO4lAoPGs3RwlxtGQYwdIdRwdzumA2IIBZdhzoUSLkewSmqXpTAohQ9X+fJtGk8WnaIzVEAhukZldI8qqIoomqJn9IJevSfvzXv3PhatGS+dOUZ/4H3+AP6tnCs=</latexit>

⌧L
<latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit><latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit><latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit><latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit>

Along 
tracers

⌧L
<latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit><latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit><latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit><latexit sha1_base64="ErALNh3XwKWZ98XaU7oITZq2N9w=">AAAB/XicbVC7SgNBFL0bXzG+opY2g0GwCrsiaCUBGwuLCOYByRJmJ7PJmJndZeauEJbgL9hqbye2foutX+Ik2UITD1w4nHMv53KCRAqDrvvlFFZW19Y3ipulre2d3b3y/kHTxKlmvMFiGet2QA2XIuINFCh5O9GcqkDyVjC6nvqtR66NiKN7HCfcV3QQiVAwilZqdpGmvdteueJW3RnIMvFyUoEc9V75u9uPWap4hExSYzqem6CfUY2CST4pdVPDE8pGdMA7lkZUceNns28n5MQqfRLG2k6EZKb+vsioMmasArupKA7NojcV//UCtZCM4aWfiShJkUdsHhymkmBMplWQvtCcoRxbQpkW9nfChlRThrawki3FW6xgmTTPqp5b9e7OK7WrvJ4iHMExnIIHF1CDG6hDAxg8wDO8wKvz5Lw5787HfLXg5DeH8AfO5w/GvZWp</latexit>

C(⌧) =
h�"(t+ ⌧) �"(t)i

h�"2i
<latexit sha1_base64="K40brmDZZyxbWQ0WIZEMd4t9L44="></latexit><latexit sha1_base64="K40brmDZZyxbWQ0WIZEMd4t9L44="></latexit><latexit sha1_base64="K40brmDZZyxbWQ0WIZEMd4t9L44="></latexit><latexit sha1_base64="K40brmDZZyxbWQ0WIZEMd4t9L44="></latexit>

�" = "�h"i
<latexit sha1_base64="38/upYfOQQGgBrGolOJmtv0HQsU=">AAACQ3icbVBNSwMxEM36bf2qevQSLYIXy64IelEEL+JJwapgSplNZ9tgNrsks0Ip/if/hH9B8KR49SZeBdPaQ60+GHh5b4bJvDjXylEYPgdj4xOTU9Mzs6W5+YXFpfLyyqXLCiuxJjOd2esYHGplsEaKNF7nFiGNNV7Ft8c9/+oOrVOZuaBOjvUUWkYlSgJ5qVE+FU3UBOIOLOZO6czwAz78EuvbYp0LjQkJDaalccgVVrXaJGxfb5QrYTXsg/8l0YBU2ABnjfKbaGaySNGQ1ODcTRTmVO+CJSU13pdE4TAHeQstvPHUQIqu3u3ffM83vdLkSWZ9GeJ9dXiiC6lznTT2nSlQ2416PfFfL05HNlOyX+8qkxeERv4sTgrNKeO9QHlTWZSkO56AtMr/ncs2WJDkYy/5UKLRCP6Sy51qFFaj893K0eEgnhm2xjbYFovYHjtiJ+yM1ZhkD+yJvbDX4DF4Dz6Cz5/WsWAws8p+Ifj6BiGCsn0=</latexit><latexit sha1_base64="38/upYfOQQGgBrGolOJmtv0HQsU=">AAACQ3icbVBNSwMxEM36bf2qevQSLYIXy64IelEEL+JJwapgSplNZ9tgNrsks0Ip/if/hH9B8KR49SZeBdPaQ60+GHh5b4bJvDjXylEYPgdj4xOTU9Mzs6W5+YXFpfLyyqXLCiuxJjOd2esYHGplsEaKNF7nFiGNNV7Ft8c9/+oOrVOZuaBOjvUUWkYlSgJ5qVE+FU3UBOIOLOZO6czwAz78EuvbYp0LjQkJDaalccgVVrXaJGxfb5QrYTXsg/8l0YBU2ABnjfKbaGaySNGQ1ODcTRTmVO+CJSU13pdE4TAHeQstvPHUQIqu3u3ffM83vdLkSWZ9GeJ9dXiiC6lznTT2nSlQ2416PfFfL05HNlOyX+8qkxeERv4sTgrNKeO9QHlTWZSkO56AtMr/ncs2WJDkYy/5UKLRCP6Sy51qFFaj893K0eEgnhm2xjbYFovYHjtiJ+yM1ZhkD+yJvbDX4DF4Dz6Cz5/WsWAws8p+Ifj6BiGCsn0=</latexit><latexit sha1_base64="38/upYfOQQGgBrGolOJmtv0HQsU=">AAACQ3icbVBNSwMxEM36bf2qevQSLYIXy64IelEEL+JJwapgSplNZ9tgNrsks0Ip/if/hH9B8KR49SZeBdPaQ60+GHh5b4bJvDjXylEYPgdj4xOTU9Mzs6W5+YXFpfLyyqXLCiuxJjOd2esYHGplsEaKNF7nFiGNNV7Ft8c9/+oOrVOZuaBOjvUUWkYlSgJ5qVE+FU3UBOIOLOZO6czwAz78EuvbYp0LjQkJDaalccgVVrXaJGxfb5QrYTXsg/8l0YBU2ABnjfKbaGaySNGQ1ODcTRTmVO+CJSU13pdE4TAHeQstvPHUQIqu3u3ffM83vdLkSWZ9GeJ9dXiiC6lznTT2nSlQ2416PfFfL05HNlOyX+8qkxeERv4sTgrNKeO9QHlTWZSkO56AtMr/ncs2WJDkYy/5UKLRCP6Sy51qFFaj893K0eEgnhm2xjbYFovYHjtiJ+yM1ZhkD+yJvbDX4DF4Dz6Cz5/WsWAws8p+Ifj6BiGCsn0=</latexit><latexit sha1_base64="38/upYfOQQGgBrGolOJmtv0HQsU=">AAACQ3icbVBNSwMxEM36bf2qevQSLYIXy64IelEEL+JJwapgSplNZ9tgNrsks0Ip/if/hH9B8KR49SZeBdPaQ60+GHh5b4bJvDjXylEYPgdj4xOTU9Mzs6W5+YXFpfLyyqXLCiuxJjOd2esYHGplsEaKNF7nFiGNNV7Ft8c9/+oOrVOZuaBOjvUUWkYlSgJ5qVE+FU3UBOIOLOZO6czwAz78EuvbYp0LjQkJDaalccgVVrXaJGxfb5QrYTXsg/8l0YBU2ABnjfKbaGaySNGQ1ODcTRTmVO+CJSU13pdE4TAHeQstvPHUQIqu3u3ffM83vdLkSWZ9GeJ9dXiiC6lznTT2nSlQ2416PfFfL05HNlOyX+8qkxeERv4sTgrNKeO9QHlTWZSkO56AtMr/ncs2WJDkYy/5UKLRCP6Sy51qFFaj893K0eEgnhm2xjbYFovYHjtiJ+yM1ZhkD+yJvbDX4DF4Dz6Cz5/WsWAws8p+Ifj6BiGCsn0=</latexit>

(law of large numbers, central-
limit, large deviations???)


A given fluctuation might 
influence the whole dispersion 
process.

Almost long-range !



Turbulent pair dispersion

Figure from

Scatamacchia et al. 2013
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Dissipative-range separations
Infinitesimal separation                     described by the tangent dynamics|R(t)| ⌧ ⌘
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Multiplicative ergodic theorem
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R(t) = A(X(t), t)R(t)
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Lyapunov exponents

Irreversibility:

Oseledets 1968
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Irreversible Lyapunov exponents
Asymmetry seems to mainly originate from asymmetric gradients:
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Link to dissipation
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stronger dissipative events
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Relation between this 
scaling and  intermittency?
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Central-limit / large deviations
Expected for sufficiently short-correlated gradients:            = convex rate function, 

with minimum at p(⇢1, ⇢2, ⇢3; t) ⇠ �(⇢1 + ⇢2 + ⇢3) e
�tH(⇢1,⇢2)

<latexit sha1_base64="rE6ERAUxZM+UQBAV3h8lkGGlEDU="></latexit>

(�1,�2)

<latexit sha1_base64="vGPJHqltNhzSe2oq9HKd2MCh5Do="></latexit>

Central-limit theorem:

H(⇢1, ⇢2) ⇡
1

2

✓
⇢1��1

⇢2��2

◆T
��1

✓
⇢1��1

⇢2��2

◆

<latexit sha1_base64="zVucrHvWXqghHxGrtgf6oq8bgZY="></latexit>

H � 0

<latexit sha1_base64="vMAN44Akpf/3FcauYwxyE0iluTk="></latexit>

101 102

t/τη

10-4

10-3

10-2

τ
2 η
Γ
i,
j

slope=−1/2

Var ρ1
Var ρ2
Covar (ρ1, ρ2)

-3 -2 -1 0 1 2 3
ρ1 (centred, normalised)

0

0.5

1

1.5

2

2.5

3

3.5

4

(m
ax

lo
g
p(
ρ
1
))
−
lo
g
p(
ρ
1
) T = 8 τη

T = 16 τη
T = 32 τη
T = 64 τη
T = 128 τη
T = 256 τη
T = 512 τη
Gaussian

No central-limit theorem?



Inertial-range separations
Irreversibility understood in the ballistic regime
⌦
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<latexit sha1_base64="pUkDl08nDwpOv92E3DKFKRkDbhg=">AAACtHicbVFLj9MwEHbCaymvAkcuhgqpFUuVlPI4gLQSB7jRBbq70rqNHGfSWuvYkT1BqrL5ZfwSrvwSnG4P25aRLH/zzevTTFoq6TCK/gThjZu3bt85uNu5d//Bw0fdx09OnKmsgKkwytizlDtQUsMUJSo4Ky3wIlVwml58buOnv8A6afRPXJUwK/hCy1wKjp5Kur+ZghyZ4nqhgF5SlhqVuVXhv/p708fB6x0mGlzOR5RZuV gis+uypLZJ1NBPFOcjdvgjGfW9P6CvvP+GHW4NYBko5NdbVg0TmcH9AG+2hvh2rOC4FFzV37yw+XiQdHvRMFob3QfxBvTIxiZJ9y/LjKgK0CgUd+48jkqc1dyiFAqaDqsclFxc8AWce6h5AW5Wr5fc0JeeyWhurH8a6Zq9XlHzwrXSfWar0+3GWvK/sbTYmYz5h1ktdVkhaHE1OK8URUPbC9JMWhCoVh5wYaXXTsWSWy7Q37njlxLvrmAfnIyG8Xj49njcO/q4Wc8BeUZekD6JyXtyRL6SCZkSETwPvgST4Dh8F7JQhHCVGgabmqdky0L9D/is1rU=</latexit>

t ⌧ t0 ⇡ "�1/3r2/30

<latexit sha1_base64="JCmEZAKxom7ytOKMqY5K8nX05Ao=">AAACJXicbZDLSgMxFIYz9VbrrerSTbAILrTO1IouXBTcuKxgL9Bph0yatqGZJCSZYhn6Er6Er+BW9+5EcCX4JKaXhbb+EPj5zzmcky+UjGrjup9Oaml5ZXUtvZ7Z2Nza3snu7lW1iBUmFSyYUPUQacIoJxVDDSN1qQiKQkZqYf9mXK8NiNJU8HszlKQZoS6nHYqRsVGQPTE+Y9AELvSRlEo8QH+AFJGaMsFbyal3dj5SgdtKCtYE2ZybdyeCi8abmRyYqRxkv/22wHFEuMEMad3wXGmaCVKGYkZGGT/WRCLcR13SsJajiOhmMvnVCB7ZpA07QtnHDZykvycSFGk9jELbGSHT0/O1cfhvLYzmNpvOVTOhXMaGcDxd3IktFQHHyGCbKoING1qDsKL2doh7SCFsLNiMheLNI1g01ULeK+Yv7oq50vUMTxocgENwDDxwCUrgFpRBBWDwCJ7BC3h1npw35935mLamnNnMPvgj5+sHH4akrA==</latexit>

= 2
�
TL

⌦
|u|2

↵
| {z }

De↵

+
�
t

<latexit sha1_base64="RhR8azsHLUgqRVOYchQAg1lbyw4="></latexit><latexit sha1_base64="RhR8azsHLUgqRVOYchQAg1lbyw4="></latexit><latexit sha1_base64="RhR8azsHLUgqRVOYchQAg1lbyw4="></latexit><latexit sha1_base64="RhR8azsHLUgqRVOYchQAg1lbyw4="></latexit> = �2 "

<latexit sha1_base64="ZaPJpy6hNnqF7Dh6JrGl5WmLoXE=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgutCSloguFghuXFewDmlAm05t26EwSZiaFEvoF/oJb3bsTt36FW7/EaZuFth64cDjnXs7lBAlnSjvOl7Wyura+sVnYKm7v7O7t2weHTRWnkkKDxjyW7YAo4CyChmaaQzuRQETAoRUM76Z+awRSsTh61OMEfEH6EQsZJdpIXdu+vah4596ISEgU41Op5JSdGfAycXNSQjnqXfvb68U0FRBpyolSHddJtJ8RqRnlMCl6qYKE0CHpQ8fQiAhQfjb7fIJPjdLDYSzNRBrP1N8XGRFKjUVgNgXRA7XoTcV/vUAsJOvw2s9YlKQaIjoPDlOOdYynteAek0A1HxtCqGTmd0wHRBKqTXlFU4q7WMEyaVbKbrV8+VAt1W7yegroGJ2gM+SiK1RD96iOGoiiEXpGL+jVerLerHfrY766YuU3R+gPrM8fRKSZtg==</latexit>

breaks time reversibility

Jucha et al. 2014; Drivas 2018
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Berg et al. 2006; Bragg et al. 2014; Bourgoin 2015

consistent with a negative skewness of 
longitudinal velocity increments but 
only understood at a qualitative level.
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Conditional statistics
Joint statistics

"`
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Fluctuations of the dissipation 
alter the nature of dispersion!
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Signature of intermittency on 
relative dispersion?

Pair separation conditioned on the 
local kinetic energy dissipation

BackwardForward

Stronger dispersion for stronger dissipative events


memory of initial/final turbulent state is kept
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Irreversibility and dissipation 
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Fluctuations of dissipation 
alter the nature of relative 
dispersion!

Joint statistics
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Signature of intermittency on 
relative dispersion?

Possible signature of 
intermittency on relative 
dispersion?
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Summary

The Pandora-box effect

As expected, intricate relations between dissipation and 
Lagrangian time irreversibility

The nature of dispersion seems itself affected by local fluctuations of 
dissipation.

Partial lack of “ergodicity” for both dissipative-range and inertial-range 
separations due to long-range correlations of dissipation


The power-law effect

Several non trivial scaling arise

Refined self-similarity? Possible interpretation from multifractal approaches 
or terms stemming from non-trivial cancellations (subleading)?


The still-a-lot-to-do effect

There is still a long way before interpreting observations in 
terms of conditions on physical admissibility.


in the realm of turbulence research…  


