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MOTIVATIONS
Nature Communications 518, (2015)

Schematic phase diagram for copper oxides



MOTIVATIONS
>> How do we consistently formulate such phases of matter? 

[dissipative effects, gradient expansion, no ad-hoc assymptions on field 
content or transport, etc]

>> How do we characterise such phases? 
[symmetries, how many transport coefficients, responses 
coefficients, etc]

>> How do we describe all equilibrium states? 
[effective action, partition functions, etc]

>> How do we incorporate in each phase various effects? 
[phase relaxation, topological defects, plasticity, magnetic fields, 
dynamical EM fields, impurities, (additional symmetry principles), etc]



Nature 597 (2021) Nature Communications 6, (2015)

Crystallization happens at various scales.

SPECIFIC MOTIVATIONS



SPECIFIC MOTIVATIONS

Science Vol 333 (2011)

Science  Advances Vol 5 (2019)
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Black brane

. Dualities between gravity and fluids
Relevant for holography, string theory,  
Kachru-Pearson-Verlinde constructions, etc

Fluid (MHD)



(1) CRYSTALS AND PLASTICITY [crystal geometry, symmetries, near-
equilibrium dynamics, topological defects] 

(2) PINNING AND PLASTICITY [explicit symmetry breaking, competing 
effects, signatures] 

(3) OUTLOOK

OUTLINE



I- CRYSTALS AND PLASTICITY



Taken from lecture notes of H. Foll



Crystal space

<latexit sha1_base64="hD+lZhfg4mDADEKfVEmX7+YwcpA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8LbsxJust6EVvEcwDkjXMTmaTMbM7y8ysEEL+wYsHRbz6P978GycPRI0FDUVVN91dQcKZ0o7zaS0tr6yurWc2sptb2zu7ub39uhKpJLRGBBeyGWBFOYtpTTPNaTORFEcBp41gcDnxGw9UKibiWz1MqB/hXsxCRrA2Ur2d9NnddSeXd+zzsldyz5AhXrF06iHXdqb4JnmYo9rJfbS7gqQRjTXhWKmW6yTaH2GpGeF0nG2niiaYDHCPtgyNcUSVP5peO0bHRumiUEhTsUZT9efECEdKDaPAdEZY99VfbyL+57VSHXr+iMVJqmlMZovClCMt0OR11GWSEs2HhmAimbkVkT6WmGgTUNaEsPDyIqkXbLdkF26K+crFPI4MHMIRnIALZajAFVShBgTu4RGe4cUS1pP1ar3NWpes+cwB/IL1/gXOU49M</latexit>

�I

Background

Spacetime
<latexit sha1_base64="8xV7MB13X7GCfpxxzrzL3EEaUVs=">AAACBHicdZDLSgMxFIYzXmu9jbrsJlgEV8NMrbXdFd24rGAv0BmGTJq2oUlmSDJCGbpw46u4caGIWx/CnW9jeqGo6A+Bw/efw8n5o4RRpV3301pZXVvf2Mxt5bd3dvf27YPDlopTiUkTxyyWnQgpwqggTU01I51EEsQjRtrR6Grqt++IVDQWt3qckICjgaB9ipE2KLQLgzDzeeqLdOIryn2i0RKEdtF1amW3WqlCz3FngoZ452c1b0mKYKFGaH/4vRinnAiNGVKq67mJDjIkNcWMTPJ+qkiC8AgNSNeUAnGigmx2xASeGNKD/ViaJzSc0e8TGeJKjXlkOjnSQ/Xbm8K/vG6q+9UgoyJJNRF4vqifMqhjOE0E9qgkWLOxKRCW1PwV4iGSCGuTW96EsLz9/6JVcryKU7opF+uXizhyoACOwSnwwAWog2vQAE2AwT14BM/gxXqwnqxX623eumItZo7AD1nvX3lsmUo=</latexit>gµ⌫ ⇠ ⌘µ⌫

Space and time
<latexit sha1_base64="0b8hUm646bDoEMIEtdt7lWduZMM=">AAAB+3icbZDLSgMxFIYz9Vbrrdalm2ARXMgwU2tbd0U3LivYC3SmJZOmbWgmMySZYhmmj+LGhSJufRF3vo3pBVHrD4GP/5zDOfm9kFGpLOvTSK2tb2xupbczO7t7+wfZw1xDBpHApI4DFoiWhyRhlJO6ooqRVigI8j1Gmt7oZlZvjomQNOD3ahIS10cDTvsUI6WtbjY37jh+ND2fDjuxBodHSTebt8yrcqVkX0INlWLpogJt05rrG/JgqVo3++H0Ahz5hCvMkJRt2wqVGyOhKGYkyTiRJCHCIzQgbY0c+US68fz2BJ5qpwf7gdCPKzh3f07EyJdy4nu600dqKP/WZuZ/tXak+hU3pjyMFOF4sagfMagCOAsC9qggWLGJBoQF1bdCPEQCYaXjyugQVr68Co2CaZfMwl0xX71expEGx+AEnAEblEEV3IIaqAMMHsAjeAYvRmI8Ga/G26I1ZSxnjsAvGe9fGTaVJg==</latexit>

vµ , hµ⌫

<latexit sha1_base64="U0LZ2vPPDBbVAmUecULf10tInyI=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXIWk1jYuhKIb3VWwD2himEwn7dDJg5mJUEI3/oobF4q49TPc+TdO2iJqPXDhcM69M/ceP2FUSNP81BYWl5ZXVgtrxfWNza1tfWe3JeKUY9LEMYt5x0eCMBqRpqSSkU7CCQp9Rtr+8DL32/eECxpHt3KUEDdE/YgGFCOpJE/fJx69uz53EsQlRcyj0EkGSvH0kmmc1eyqdQoVsSvVExtahjnBNymBGRqe/uH0YpyGJJKYISG6lplIN8ufxYyMi04qSILwEPVJV9EIhUS42eSAMTxSSg8GMVcVSThRf05kKBRiFPqqM0RyIP56ufif101lYLsZjZJUkghPPwpSBmUM8zRgj3KCJRspgjCnaleIB4gjLFVmRRXC3MnzpFU2rKpRvqmU6hezOArgAByCY2CBGqiDK9AATYDBGDyCZ/CiPWhP2qv2Nm1d0GYze+AXtPcvkQeWaQ==</latexit>

eIi = @i�
I

<latexit sha1_base64="nkX6+WTy4ZNgMF3+zgEwkeKutcQ=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgadmNMVlvQS96i2AekKxhdjKbDJmdXWZmhRDyDV48KOLVD/Lm3zh5IGosaCiquunuChLOlHacTyuzsrq2vpHdzG1t7+zu5fcPGipOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMhldTv/lApWKxuNOjhPoR7gsWMoK1keq0y+5vuvmCY19UvLJ7jgzxSuUzD7m2M8M3KcACtW7+o9OLSRpRoQnHSrVdJ9H+GEvNCKeTXCdVNMFkiPu0bajAEVX+eHbsBJ0YpYfCWJoSGs3UnxNjHCk1igLTGWE9UH+9qfif10516PljJpJUU0Hmi8KUIx2j6eeoxyQlmo8MwUQycysiAywx0SafnAlh6eVl0ijabtku3pYK1ctFHFk4gmM4BRcqUIVrqEEdCDB4hGd4sYT1ZL1ab/PWjLWYOYRfsN6/AP2FjtI=</latexit>

eIi

Homogeneous
<latexit sha1_base64="euj3oguv+JtpW/ri9Nietw3upV0=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiCEJIam3jrujG7irYVmjSMplO2qGTCzMTIYT6Km5cKOLWB3Hn2zi9IGr9YeDjP+dwzvxezKiQpvmp5VZW19Y38puFre2d3T19/6AtooRj0sIRi/idhwRhNCQtSSUjdzEnKPAY6Xjjq2m9c0+4oFF4K9OYuAEahtSnGEll9fWiE49or+HIaA6nqNfo6yXTuKjZVescKrAr1TMbWoY50zeUwELNvv7hDCKcBCSUmCEhupYZSzdDXFLMyKTgJILECI/RkHQVhiggws1mx0/gsXIG0I+4eqGEM/fnRIYCIdLAU50BkiPxtzY1/6t1E+nbbkbDOJEkxPNFfsKgjOA0CTignGDJUgUIc6puhXiEOMJS5VVQISx9eRnaZcOqGuWbSql+uYgjDw7BETgBFqiBOrgGTdACGKTgETyDF+1Be9Jetbd5a05bzBTBL2nvX4dflLU=</latexit>

�I ! �I + aI



Crystal space
<latexit sha1_base64="GiVjHUJf0QB0kAKAY7agDgncEQY="></latexit>

ds2crystal = hIJd�
Id�J

<latexit sha1_base64="VGctsH/fc1honIlZjf8GL99ceCE=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8EiuBpmam3HhVB0o11VsBdoxyGTZtrQzIUkI5RhwFdx40IRtz6HO9/G9IKo9UDIx/+fQ05+L2ZUSNP81BYWl5ZXVnNr+fWNza1tfWe3KaKEY9LAEYt420OCMBqShqSSkXbMCQo8Rlre8HLst+4JFzQKb+UoJk6A+iH1KUZSSa6+P7hLr2sZPIdEAc3UVXOpqxdM46xil61TqMAulU9saBnmpL6hAGZVd/WPbi/CSUBCiRkSomOZsXRSxCXFjGT5biJIjPAQ9UlHYYgCIpx0sn4Gj5TSg37E1QklnKg/J1IUCDEKPNUZIDkQf72x+J/XSaRvOykN40SSEE8f8hMGZQTHWcAe5QRLNlKAMKdqV4gHiCMsVWJ5FcLcl+ehWTSsslG8KRWqF7M4cuAAHIJjYIEKqIIrUAcNgEEKHsEzeNEetCftVXubti5os5k98Ku09y8peJT/</latexit>

hIJ = eIieJiInduced metric

<latexit sha1_base64="ReYhHSHzKD+PZLXZ6JDZKaLWI5s="></latexit>

ds2reference = href
IJd�

Id�JReference metric

Strain tensor
<latexit sha1_base64="dA7BQJVbuuHXhdx9tvMTKkCinLA="></latexit>

IJ =
1

2
(hIJ � href

IJ)



Physics should be invariant under redefinitions of lattice sites

Physical strain is invariant

<latexit sha1_base64="JqdOXNaP9VVcXbslpOJdZ160GUk="></latexit>

Di↵(�) : d�I ! ⇤I
J(�)d�

J , @[K⇤I
J] = 0,

<latexit sha1_base64="XGzVbnx2eSqG86HPYo1k1Sc1nFk="></latexit>

hIJ ! ⇤I
K⇤J

Lh
KL

<latexit sha1_base64="0PFFTMufyZjIiNllbAm0pR67+7s="></latexit>

href
IJ ! (⇤�1)KI(⇤

�1)LJh
ref
KL

<latexit sha1_base64="QSRbN/YCIUkbBbiugdVO8eka8fw=">AAACDHicbVDLSgMxFM34tr6qLt0Ei+BqmKna1oUgulFXFawW+hgy6R1Nm8kMSUYoQz/Ajb/ixoUibv0Ad/6N6UNR64HA4ZxzubnHjzlT2nE+rInJqemZ2bn5zMLi0vJKdnXtUkWJpFChEY9k1ScKOBNQ0UxzqMYSSOhzuPI7x33/6hakYpG40N0YGiG5FixglGgjedlcvUPimHgpa/cOoHnqMQzNM6+Nv/TTs55JOfZ+sVRw97Ahpd3CTgm7tjPAN8mhEcpe9r3eimgSgtCUE6VqrhPrRkqkZpRDL1NPFMSEdsg11AwVJATVSAfH9PCWUVo4iKR5QuOB+nMiJaFS3dA3yZDoG/XX64v/ebVEB6VGykScaBB0uChIONYR7jeDW0wC1bxrCKGSmb9iekMkodr0lzEljJ08Ti7ztluw8+e7ucOjUR1zaANtom3koiI6RCeojCqIojv0gJ7Qs3VvPVov1uswOmGNZtbRL1hvn69lm2g=</latexit>

ij = eIi e
J
j IJ

Crystal velocity
<latexit sha1_base64="NSlnuYifC2LpwvYUGSUIpfyRLPc=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AiuHGYqbWtC6Hoxu4q2FboZcikmTY0kxmSjFBK9258FTcuFHHrC7jzbcy0RdT6Q+DjP+ckOb8XMSqVbX8aqaXlldW19HpmY3Nre8fc3WvIMBaY1HHIQnHrIUkY5aSuqGLkNhIEBR4jTW94mdSbd0RIGvIbNYpIJ0B9Tn2KkdKWa2bjLnXb0YDCc3hMNFdhO0JCUcRclfjdqmvmbOusVC46p1BDuVA8KUPHsqf6hhyYq+aaH+1eiOOAcIUZkrLl2JHqjJNbMSOTTDuWJEJ4iPqkpZGjgMjOeLrLBB5qpwf9UOjDFZy6PyfGKJByFHi6M0BqIP/WEvO/WitWfrkzpjyKFeF49pAfM6hCmAQDe1QQrNhIA8KC6r9CPEACYaXjy+gQFlZehEbecopW/rqQq1zM40iDA5AFR8ABJVABV6AG6gCDe/AInsGL8WA8Ga/G26w1Zcxn9sEvGe9fJ9Kahw==</latexit>

ui
� = �eiI@t�

I

<latexit sha1_base64="lV9WeADMjrI5v4IGFn70gNu2FsU="></latexit>

(@t + ui
�@i)�

I = 0Local rest frame



What is an elastic crystal?
<latexit sha1_base64="ey9vRS4dK/kSj2JScX+RF5jxBRI="></latexit>

ḣref
IJ ⌘

�
@t + ui

�@i
�
href
IJ = 0

<latexit sha1_base64="zU2bD9xH94AMzXsXOngaNZVaSOU=">AAACBnicbVDLSgMxFM34rPVVdSlCsAh1U2ZqbeuuqAt3VrQP6JSSSTNtaOZBckcsQ1du/BU3LhRx6ze4829MH4haDwQO59zLzTlOKLgC0/w05uYXFpeWEyvJ1bX1jc3U1nZNBZGkrEoDEciGQxQT3GdV4CBYI5SMeI5gdad/NvLrt0wqHvg3MAhZyyNdn7ucEtBSO7VnA7uD+Jy77jBjhz1+aEOAry8nvJ1Km9mTYqlgHWNNSvnCUQlbWXOMb5JGU1TaqQ+7E9DIYz5QQZRqWmYIrZhI4FSwYdKOFAsJ7ZMua2rqE4+pVjyOMcQHWulgN5D6+YDH6s+NmHhKDTxHT3oEeuqvNxL/85oRuKVWzP0wAubTySE3ElgnHXWCO1wyCmKgCaGS679i2iOSUNDNJXUJM5FnSS2XtQrZ3FU+XT6d1pFAu2gfZZCFiqiMLlAFVRFF9+gRPaMX48F4Ml6Nt8nonDHd2UG/YLx/AZJ1mI4=</latexit>

Di↵(�) ! SO(�)
<latexit sha1_base64="z7Y2OaZOZgd12i8vNPmU/Cd8RMw=">AAACCnicbVDLSgNBEJz1bXxFPXoZDYKnsBtjEm+iF/WkYFTIxjA76U2GzD6Y6RXDsmcv/ooXD4p49Qu8+TdOYhBfBQ01Vd1Md3mxFBpt+90aG5+YnJqemc3NzS8sLuWXV851lCgOdR7JSF16TIMUIdRRoITLWAELPAkXXu9g4F9cg9IiCs+wH0MzYJ1Q+IIzNFIrv969Sl2EG0wV+FnWSo+OMxcjtw0S2fDVyhfs4m61VnF2qCG1cmW7Rp2iPcQXKZARTlr5N7cd8SSAELlkWjccO8ZmyhQKLiHLuYmGmPEe60DD0JAFoJvp8JSMbhqlTf1ImQqRDtXvEykLtO4HnukMGHb1b28g/uc1EvRrzVSEcYIQ8s+P/ERSjOggF9oWCjjKviGMK2F2pbzLFONo0suZEP6c/Jecl4pOpVg6LRf29kdxzJA1skG2iEOqZI8ckhNSJ5zcknvySJ6sO+vBerZePlvHrNHMKvkB6/UDIxub1A==</latexit>

href
IJ ! �IJ

What is a plastic crystal?
<latexit sha1_base64="iPMaJPC7srVfwH1Um2NYY4wrb1U=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSB4CrtRY7wFvainCMYEkhhmJ71myOyDmV4xLOuvePGgiFc/xJt/4yQGUWNBQ1HVTXeXG0mh0bY/rJnZufmFxcxSdnlldW09t7F5pcNYcajzUIaq6TINUgRQR4ESmpEC5rsSGu7gZOQ3bkFpEQaXOIyg47ObQHiCMzRSN5fvXydthDtMFHhp2k3OztNurmAXjw4rZeeAGlLZL+9VqFO0x/gmBTJBrZt7b/dCHvsQIJdM65ZjR9hJmELBJaTZdqwhYnzAbqBlaMB80J1kfHxKd4zSo16oTAVIx+rPiYT5Wg9913T6DPv6rzcS//NaMXqVTiKCKEYI+NciL5YUQzpKgvaEAo5yaAjjSphbKe8zxTiavLImhKmXp8lVqeiUi6WL/UL1eBJHhmyRbbJLHHJIquSU1EidcDIkD+SJPFv31qP1Yr1+tc5Yk5k8+QXr7RMYf5W5</latexit>

href
IJ evolves dynamically

(No assumptions on the microscopic origin of plastic deformations, ignored 
“bound-angle” plasticity)



What can you fix in a plastic crystal?

Distortion strain 

<latexit sha1_base64="iPMaJPC7srVfwH1Um2NYY4wrb1U=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSB4CrtRY7wFvainCMYEkhhmJ71myOyDmV4xLOuvePGgiFc/xJt/4yQGUWNBQ1HVTXeXG0mh0bY/rJnZufmFxcxSdnlldW09t7F5pcNYcajzUIaq6TINUgRQR4ESmpEC5rsSGu7gZOQ3bkFpEQaXOIyg47ObQHiCMzRSN5fvXydthDtMFHhp2k3OztNurmAXjw4rZeeAGlLZL+9VqFO0x/gmBTJBrZt7b/dCHvsQIJdM65ZjR9hJmELBJaTZdqwhYnzAbqBlaMB80J1kfHxKd4zSo16oTAVIx+rPiYT5Wg9913T6DPv6rzcS//NaMXqVTiKCKEYI+NciL5YUQzpKgvaEAo5yaAjjSphbKe8zxTiavLImhKmXp8lVqeiUi6WL/UL1eBJHhmyRbbJLHHJIquSU1EidcDIkD+SJPFv31qP1Yr1+tc5Yk5k8+QXr7RMYf5W5</latexit>

href
IJ evolves dynamically

<latexit sha1_base64="sbf8m0kLoQlIeEXuOC+WMtS5enI="></latexit>

"IJ =
1

2
(hIJ � href

IJ(t = 0)) =
1

2
(hIJ � �IJ)

<latexit sha1_base64="Ph13QmVgct3XxRP3Txjj0of1k6c="></latexit>

"̇IJ ⌘ (@t + ui
�@i)"IJ = (@t + ui

�@i)hIJ/2 = eiIe
j
J@(iu

�
j) .

“Time derivative” of distortion strain 

Controlling plasticity
<latexit sha1_base64="GNlqxar8d4Op51AZvaKRq8xwXy4="></latexit>

href
IJ = �IJ + ` IJ

<latexit sha1_base64="R31j9mr7FEjdpsKZop2zW/CNOLI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyGptY27oht3VrAPaEKZTCft0MmDmYlQQndu/BU3LhRx6y+482+ctEXUemDgcM69d+49XsyokKb5qeWWlldW1/LrhY3Nre0dfXevJaKEY9LEEYt4x0OCMBqSpqSSkU7MCQo8Rtre6DLz23eECxqFt3IcEzdAg5D6FCOppJ5+6BDGHEED6ARIDjFi6fWk5MSIS4rYSU8vmsZ5za5aZ1ARu1I9taFlmFN8kyKYo9HTP5x+hJOAhBIzJETXMmPpptk4zMik4CSCxAiP0IB0FQ1RQISbTu+YwGOl9KEfcfVCCafqz44UBUKMA09VZsuKv14m/ud1E+nbbkrDOJEkxLOP/IRBGcEsFNinnGDJxoogzKnaFeIh4ghLFV1BhbBw8iJplQ2rapRvKsX6xTyOPDgAR6AELFADdXAFGqAJMLgHj+AZvGgP2pP2qr3NSnPavGcf/IL2/gVRw5me</latexit>

` ⇠ O(@)



Free energy:

CRYSTALS IN EQUILIBRIUM

Thermodynamics:

Equations of motion:



Small strains:

CRYSTALS IN EQUILIBRIUM

Elasticity tensor:

Expansion coefficeints:



Equations of motion:

OUT OF EQUILIBRIUM

Conservation laws 
(Ward identities)

Second law  
of thermodynamics:



Parametrising corrections:

OUT OF EQUILIBRIUM

Solution:



Constraints Onsager:

OUT OF EQUILIBRIUM

Constraints entropy:

Galiliean symmetry: vanish

Relativistic symmetry: vanish



LINEARIZATION

Josephson equation:

Diffusion coefficients:



LINEARIZATION

Strain evolution:

Relaxation coefficients:



Interstials density and flux:

NOTE ON INTERSTIALS/VACANCIES

Local volume element:

Interstials conservation:



Corrections to interstial density and flux

NOTE ON INTERSTIALS/VACANCIES

Coefficients:



Glide constraint:

NOTE ON INTERSTIALS/VACANCIES

<latexit sha1_base64="VJs0oxdSsIT0fUqI7HQQm+H5KWw=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4GmZqbceFUOrGnRXsA9uhZNJMG5pkhiQjlKF/4caFIm79G3f+jekDUeuBC4dz7uXee4KYUaUd59PKrKyurW9kN3Nb2zu7e/n9g6aKEolJA0csku0AKcKoIA1NNSPtWBLEA0Zawehq6rceiFQ0End6HBOfo4GgIcVIG+m+e8PJAPVql04vX3Dsi4pXds+hIV6pfOZB13Zm+CYFsEC9l//o9iOccCI0ZkipjuvE2k+R1BQzMsl1E0VihEdoQDqGCsSJ8tPZxRN4YpQ+DCNpSmg4U39OpIgrNeaB6eRID9Vfbyr+53USHXp+SkWcaCLwfFGYMKgjOH0f9qkkWLOxIQhLam6FeIgkwtqElDMhLL28TJpF2y3bxdtSoVpbxJEFR+AYnAIXVEAVXIM6aAAMBHgEz+DFUtaT9Wq9zVsz1mLmEPyC9f4FB36Qgw==</latexit>

⌦B = 0



Glide constraint:

NOTE ON INTERSTIALS/VACANCIES

<latexit sha1_base64="VJs0oxdSsIT0fUqI7HQQm+H5KWw=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4GmZqbceFUOrGnRXsA9uhZNJMG5pkhiQjlKF/4caFIm79G3f+jekDUeuBC4dz7uXee4KYUaUd59PKrKyurW9kN3Nb2zu7e/n9g6aKEolJA0csku0AKcKoIA1NNSPtWBLEA0Zawehq6rceiFQ0End6HBOfo4GgIcVIG+m+e8PJAPVql04vX3Dsi4pXds+hIV6pfOZB13Zm+CYFsEC9l//o9iOccCI0ZkipjuvE2k+R1BQzMsl1E0VihEdoQDqGCsSJ8tPZxRN4YpQ+DCNpSmg4U39OpIgrNeaB6eRID9Vfbyr+53USHXp+SkWcaCLwfFGYMKgjOH0f9qkkWLOxIQhLam6FeIgkwtqElDMhLL28TJpF2y3bxdtSoVpbxJEFR+AYnAIXVEAVXIM6aAAMBHgEz+DFUtaT9Wq9zVsz1mLmEPyC9f4FB36Qgw==</latexit>

⌦B = 0



Solid regime:

MODE SPECTRUM

Transverse sound mode:

Coefficients:

Longitudinal sound  
and diffusion:



Liquid regime:

MODE SPECTRUM

Transverse shear mode:

Longitudinal sound:

Coefficients:
+ gapped modes



Current-current:

CORRELATION FUNCTIONS:



Strain-strain:

CORRELATION FUNCTIONS:



TOPOLOGICAL DEFECTS:

Crystal frame field:

Defect density:

Burgers vector:

Conservation law:



TOPOLOGICAL DEFECTS:

Split into smooth and singular parts:

Define strain:

Identify the formulations:



II- PINNING AND PLASTICITY



PINNING

Explicitly break translation symmetry:
<latexit sha1_base64="JtnWCO6CQFQ/7LZ0ylFeoXkUgm0=">AAAB8HicbVDLTgIxFO3gC/GFunTTSExwM5lBhHFHdKM7TORhYCSdUqCh7UzajpFM+Ao3LjTGrZ/jzr+xPGJUPMlNTs65N/feE0SMKu04n1ZqaXlldS29ntnY3Nreye7u1VUYS0xqOGShbAZIEUYFqWmqGWlGkiAeMNIIhhcTv3FPpKKhuNGjiPgc9QXtUYy0kW7b1QG9u8o/HHeyOcc+K3sl9xQa4hVLJx50bWeKb5IDc1Q72Y92N8QxJ0JjhpRquU6k/QRJTTEj40w7ViRCeIj6pGWoQJwoP5kePIZHRunCXihNCQ2n6s+JBHGlRjwwnRzpgfrrTcT/vFase56fUBHFmgg8W9SLGdQhnHwPu1QSrNnIEIQlNbdCPEASYW0yypgQFl5eJPWC7ZbswnUxVzmfx5EGB+AQ5IELyqACLkEV1AAGHDyCZ/BiSevJerXeZq0paz6zD37Bev8CRBmQEw==</latexit>

�I(x)

Transformations:
<latexit sha1_base64="TlFEFxDOSyanOaDcakfT3Z7UkRA=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlptZ23BXd2F0Fe4HOtGTStA3NXEgyYhkKbnwVNy4UcetLuPNtTC8Utf4Q+PjPOZyc3w0ZFdIwvrTE0vLK6lpyPbWxubW9o+/u1UQQcUyqOGABb7hIEEZ9UpVUMtIIOUGey0jdHVyN6/U7wgUN/Fs5DInjoZ5PuxQjqay2fmBX+rRVztyf2DKYMzxFrXJbTxvZi6JVMM+hAitfOLOgmTUmmkMazFRp6592J8CRR3yJGRKiaRqhdGLEJcWMjFJ2JEiI8AD1SFOhjzwinHhywwgeK6cDuwFXz5dw4v6ciJEnxNBzVaeHZF/8rY3N/2rNSHYtJ6Z+GEni4+mibsSgDOA4ENihnGDJhgoQ5lT9FeI+4ghLFVtKhbBw8iLUclmzkM3d5NOly1kcSXAIjkAGmKAISuAaVEAVYPAAnsALeNUetWftTXuftia02cw++CXt4xvpTZZt</latexit>

�I(x) ! �I(x) + aI

<latexit sha1_base64="4S3HSVPPf0X9mhJiqDnjjix/7h8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAjDTK3tuCu6sbsK9gK9kUkzbWjmQpIRy1Bw46u4caGIW1/CnW9jeqGo9YfAx3/O4eT8TsiokKb5pSWWlldW15LrqY3Nre0dfXevKoKIY1LBAQt43UGCMOqTiqSSkXrICfIcRmrO4Gpcr90RLmjg38phSFoe6vnUpRhJZXX0g2bYp+1S5v6kKYM5w1PULnX0tGlcFOy8dQ4V2Ln8mQ0tw5xoDmkwU7mjfza7AY484kvMkBANywxlK0ZcUszIKNWMBAkRHqAeaSj0kUdEK57cMILHyulCN+Dq+RJO3J8TMfKEGHqO6vSQ7Iu/tbH5X60RSdduxdQPI0l8PF3kRgzKAI4DgV3KCZZsqABhTtVfIe4jjrBUsaVUCAsnL0I1a1h5I3uTSxcvZ3EkwSE4AhlggQIogmtQBhWAwQN4Ai/gVXvUnrU37X3amtBmM/vgl7SPb07clq0=</latexit>

�I(x) ! �I(x) + aI

Pinning term:

<latexit sha1_base64="U+ZkaHfpp4xMAAfwqR/JU1k9yPQ=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHrJiS1tnFXdOPOCvYBTSiT6aQdOnkwMxFK6M6Nv+LGhSJu/QV3/o2TtohaDwwczrn3zr3HixkV0jQ/tYXFpeWV1dxafn1jc2tb39ltiijhmDRwxCLe9pAgjIakIalkpB1zggKPkZY3vMz81h3hgkbhrRzFxA1QP6Q+xUgqqasfOISxY0fQwAmQHGDE0utx0YkRlxSxk65eMI3zql2xzqAidrlyakPLMCf4JgUwQ72rfzi9CCcBCSVmSIiOZcbSTbNxmJFx3kkEiREeoj7pKBqigAg3ndwxhkdK6UE/4uqFEk7Unx0pCoQYBZ6qzJYVf71M/M/rJNK33ZSGcSJJiKcf+QmDMoJZKLBHOcGSjRRBmFO1K8QDxBGWKrq8CmHu5HnSLBlWxSjdlAu1i1kcObAPDkERWKAKauAK1EEDYHAPHsEzeNEetCftVXubli5os5498Ava+xdb6Zml</latexit>

`0 ⇠ O(@)



PINNING

Conservation laws:

Ansatz:

Solution:



PINNING | linearization

Josephson equation:

Strain evolution:



PINNING | linearization

Damping attenuation:

Pinning frequency:



PINNING | modes

Solid regime:

Transverse sound mode:

Coefficients 
(Pinning dominates):

Longitudinal sound  
and diffusion:



PINNING | modes

 Liquid regime:

Transverse sound mode:

Longitudinal sound  
and diffusion:



CORRELATION FUNCTIONS:

Plasticity, no pinning Pinning and plasticity



III- OUTLOOK



HOLOGRAPHY

Action variation

Ward identities



(1) What other regimes are there? 
(2) Can this be directly related to experimental setups? 
(3) Unidirectional (smectic) crystals? 
(4) Is there a symmetry understanding of topological defects? 
(5) How to simultaneously account for disclinations? 
(6) Combine it with dynamical EM fields? 
(7) Other phases of matter?

OUTLOOK
Conclusion


