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Overview

» Confinement in Quantum Chromodynamics

® Generated from topological structure
® Brief history: instanton liquid, fractional charge
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Overview

» Confinement in Quantum Chromodynamics

® Generated from topological structure
® Brief history: instanton liquid, fractional charge

» Direct analysis of topological charge density

® Numerical algorithm within Lattice QCD
e Evolution with temperature

» Quantified by nontrivial holonomy

® |nstanton-dyon model for vacuum structure
® Extension to general SU(N)
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Topological structure and confinement

» First models in terms of instantons

e Classical solutions to equations of motion on R*
® Possess integer topological charge

Figure: 2D slice of an instanton’s
topological charge profile
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Topological structure and confinement

» First models in terms of instantons

e Classical solutions to equations of motion on R*
® Possess integer topological charge

» Instanton Liquid Model: QCD vacuum as
ensemble of interacting semiclassical
instantons

® Generated chiral symmetry breaking
¢ Unable to reproduce confinement (carry no flux)

Figure: 2D slice of an instanton’s
topological charge profile
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Topological structure and confinement

» Fractional charge on twisted torus T*
e Topological configurations ~ 1/N in SU(N)
e Carry Zy flux = mechanism for confinement?

A. Gonzalez-Arroyo, On the fractional instanton liquid picture of the Yang-Mills vacuum and Confinement, arXiv:2302.12356 [hep-th]

O RGN Temperaturs dependence of fractional topological chargs objects U A Mickley 4


https://doi.org/10.48550/arXiv.2302.12356
https://doi.org/10.1016/S0370-2693(98)00799-0

Topological structure and confinement

> Fractional charge on twisted torus T* A

¢ Topological configurations ~ 1/N in SU(N)

e Carry Zy flux => mechanism for confinement? A““
» Different shapes by taking periods — oo /

e Solutions exist on R™ x T4=™ for each n

Figure: Profile of fractional instanton on
R? x T? in the various 2D planes

A. Gonzalez-Arroyo, On the fractional instanton liquid picture of the Yang-Mills vacuum and Confinement, arXiv:2302.12356 [hep-th]
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Topological structure and confinement

» Fractional charge on twisted torus T*

e Topological configurations ~ 1/N in SU(N)
e Carry Zy flux = mechanism for confinement?

» Different shapes by taking periods — oo

e Solutions exist on R™ x T4~™ for each n

» Calorons on R3 x T!: natural generalisation of
instanton to finite temperature
® Caloron profile comprises N constituent dyons Figure: SU(3) caloron decomposes into

® Dyon topological charges depend on holonomy its 3 dyons as the temperature increases

A. Gonzalez-Arroyo, On the fractional instanton liquid picture of the Yang-Mills vacuum and Confinement, arXiv:2302.12356 [hep-th]
T. C. Kraan and P. van Baal, Monopole constituents inside SU(n) calorons, Phys. Lett. B 435, 389 (1998)
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Lattice details

» Temperature determined by period of Ai i l
temporal dimension T' = (alN;) ™!

e Control temperature through N; (with a fixed)

e We work with 323 x N, pure gauge ensembles
at a =0.1fm

Ay

J. A. Mickley



Lattice details

» Temperature determined by period of
temporal dimension T' = (alN;) ™!

e Control temperature through N; (with a fixed)
e We work with 323 x N, pure gauge ensembles

ata=0.1fm
> Gauge field given by links U,(x) € SU(N)

® Related to continuum gauge field A, (x) by
Up(z) >~ etgadu(z)
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Topological objects
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////////////////////////////////////////////////////////////////////////////////
//
// (C) 2012--today, Alexander Grahn
//
// 3Dmenu.js
//
// version 20140923
//
////////////////////////////////////////////////////////////////////////////////
//
// 3D JavaScript used by media9.sty
//
// Extended functionality of the (right click) context menu of 3D annotations.
//
//  1.) Adds the following items to the 3D context menu:
//
//   * `Generate Default View'
//
//      Finds good default camera settings, returned as options for use with
//      the \includemedia command.
//
//   * `Get Current View'
//
//      Determines camera, cross section and part settings of the current view,
//      returned as `VIEW' section that can be copied into a views file of
//      additional views. The views file is inserted using the `3Dviews' option
//      of \includemedia.
//
//   * `Cross Section'
//
//      Toggle switch to add or remove a cross section into or from the current
//      view. The cross section can be moved in the x, y, z directions using x,
//      y, z and X, Y, Z keys on the keyboard, be tilted against and spun
//      around the upright Z axis using the Up/Down and Left/Right arrow keys
//      and caled using the s and S keys.
//
//  2.) Enables manipulation of position and orientation of indiviual parts and
//      groups of parts in the 3D scene. Parts which have been selected with the
//      mouse can be scaled moved around and rotated like the cross section as
//      described above. To spin the parts around their local up-axis, keep
//      Control key pressed while using the Up/Down and Left/Right arrow keys.
//
// This work may be distributed and/or modified under the
// conditions of the LaTeX Project Public License.
// 
// The latest version of this license is in
//   http://mirrors.ctan.org/macros/latex/base/lppl.txt
// 
// This work has the LPPL maintenance status `maintained'.
// 
// The Current Maintainer of this work is A. Grahn.
//
// The code borrows heavily from Bernd Gaertners `Miniball' software,
// originally written in C++, for computing the smallest enclosing ball of a
// set of points; see: http://www.inf.ethz.ch/personal/gaertner/miniball.html
//
////////////////////////////////////////////////////////////////////////////////
//host.console.show();

//constructor for doubly linked list
function List(){
  this.first_node=null;
  this.last_node=new Node(undefined);
}
List.prototype.push_back=function(x){
  var new_node=new Node(x);
  if(this.first_node==null){
    this.first_node=new_node;
    new_node.prev=null;
  }else{
    new_node.prev=this.last_node.prev;
    new_node.prev.next=new_node;
  }
  new_node.next=this.last_node;
  this.last_node.prev=new_node;
};
List.prototype.move_to_front=function(it){
  var node=it.get();
  if(node.next!=null && node.prev!=null){
    node.next.prev=node.prev;
    node.prev.next=node.next;
    node.prev=null;
    node.next=this.first_node;
    this.first_node.prev=node;
    this.first_node=node;
  }
};
List.prototype.begin=function(){
  var i=new Iterator();
  i.target=this.first_node;
  return(i);
};
List.prototype.end=function(){
  var i=new Iterator();
  i.target=this.last_node;
  return(i);
};
function Iterator(it){
  if( it!=undefined ){
    this.target=it.target;
  }else {
    this.target=null;
  }
}
Iterator.prototype.set=function(it){this.target=it.target;};
Iterator.prototype.get=function(){return(this.target);};
Iterator.prototype.deref=function(){return(this.target.data);};
Iterator.prototype.incr=function(){
  if(this.target.next!=null) this.target=this.target.next;
};
//constructor for node objects that populate the linked list
function Node(x){
  this.prev=null;
  this.next=null;
  this.data=x;
}
function sqr(r){return(r*r);}//helper function

//Miniball algorithm by B. Gaertner
function Basis(){
  this.m=0;
  this.q0=new Array(3);
  this.z=new Array(4);
  this.f=new Array(4);
  this.v=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.a=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.c=new Array(new Array(3), new Array(3), new Array(3), new Array(3));
  this.sqr_r=new Array(4);
  this.current_c=this.c[0];
  this.current_sqr_r=0;
  this.reset();
}
Basis.prototype.center=function(){return(this.current_c);};
Basis.prototype.size=function(){return(this.m);};
Basis.prototype.pop=function(){--this.m;};
Basis.prototype.excess=function(p){
  var e=-this.current_sqr_r;
  for(var k=0;k<3;++k){
    e+=sqr(p[k]-this.current_c[k]);
  }
  return(e);
};
Basis.prototype.reset=function(){
  this.m=0;
  for(var j=0;j<3;++j){
    this.c[0][j]=0;
  }
  this.current_c=this.c[0];
  this.current_sqr_r=-1;
};
Basis.prototype.push=function(p){
  var i, j;
  var eps=1e-32;
  if(this.m==0){
    for(i=0;i<3;++i){
      this.q0[i]=p[i];
    }
    for(i=0;i<3;++i){
      this.c[0][i]=this.q0[i];
    }
    this.sqr_r[0]=0;
  }else {
    for(i=0;i<3;++i){
      this.v[this.m][i]=p[i]-this.q0[i];
    }
    for(i=1;i<this.m;++i){
      this.a[this.m][i]=0;
      for(j=0;j<3;++j){
        this.a[this.m][i]+=this.v[i][j]*this.v[this.m][j];
      }
      this.a[this.m][i]*=(2/this.z[i]);
    }
    for(i=1;i<this.m;++i){
      for(j=0;j<3;++j){
        this.v[this.m][j]-=this.a[this.m][i]*this.v[i][j];
      }
    }
    this.z[this.m]=0;
    for(j=0;j<3;++j){
      this.z[this.m]+=sqr(this.v[this.m][j]);
    }
    this.z[this.m]*=2;
    if(this.z[this.m]<eps*this.current_sqr_r) return(false);
    var e=-this.sqr_r[this.m-1];
    for(i=0;i<3;++i){
      e+=sqr(p[i]-this.c[this.m-1][i]);
    }
    this.f[this.m]=e/this.z[this.m];
    for(i=0;i<3;++i){
      this.c[this.m][i]=this.c[this.m-1][i]+this.f[this.m]*this.v[this.m][i];
    }
    this.sqr_r[this.m]=this.sqr_r[this.m-1]+e*this.f[this.m]/2;
  }
  this.current_c=this.c[this.m];
  this.current_sqr_r=this.sqr_r[this.m];
  ++this.m;
  return(true);
};
function Miniball(){
  this.L=new List();
  this.B=new Basis();
  this.support_end=new Iterator();
}
Miniball.prototype.mtf_mb=function(it){
  var i=new Iterator(it);
  this.support_end.set(this.L.begin());
  if((this.B.size())==4) return;
  for(var k=new Iterator(this.L.begin());k.get()!=i.get();){
    var j=new Iterator(k);
    k.incr();
    if(this.B.excess(j.deref()) > 0){
      if(this.B.push(j.deref())){
        this.mtf_mb(j);
        this.B.pop();
        if(this.support_end.get()==j.get())
          this.support_end.incr();
        this.L.move_to_front(j);
      }
    }
  }
};
Miniball.prototype.check_in=function(b){
  this.L.push_back(b);
};
Miniball.prototype.build=function(){
  this.B.reset();
  this.support_end.set(this.L.begin());
  this.mtf_mb(this.L.end());
};
Miniball.prototype.center=function(){
  return(this.B.center());
};
Miniball.prototype.radius=function(){
  return(Math.sqrt(this.B.current_sqr_r));
};

//functions called by menu items
function calc3Dopts () {
  //create Miniball object
  var mb=new Miniball();
  //auxiliary vector
  var corner=new Vector3();
  //iterate over all visible mesh nodes in the scene
  for(i=0;i<scene.meshes.count;i++){
    var mesh=scene.meshes.getByIndex(i);
    if(!mesh.visible) continue;
    //local to parent transformation matrix
    var trans=mesh.transform;
    //build local to world transformation matrix by recursively
    //multiplying the parent's transf. matrix on the right
    var parent=mesh.parent;
    while(parent.transform){
      trans=trans.multiply(parent.transform);
      parent=parent.parent;
    }
    //get the bbox of the mesh (local coordinates)
    var bbox=mesh.computeBoundingBox();
    //transform the local bounding box corner coordinates to
    //world coordinates for bounding sphere determination
    //BBox.min
    corner.set(bbox.min);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //BBox.max
    corner.set(bbox.max);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    //remaining six BBox corners
    corner.set(bbox.min.x, bbox.max.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.min.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.min.y, bbox.max.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
    corner.set(bbox.max.x, bbox.max.y, bbox.min.z);
    corner.set(trans.transformPosition(corner));
    mb.check_in(new Array(corner.x, corner.y, corner.z));
  }
  //compute the smallest enclosing bounding sphere
  mb.build();
  //
  //current camera settings
  //
  var camera=scene.cameras.getByIndex(0);
  var res=''; //initialize result string
  //aperture angle of the virtual camera (perspective projection) *or*
  //orthographic scale (orthographic projection)
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov*180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('\n3Daac=%s,', aac);
  }else{
      camera.viewPlaneSize=2.*mb.radius();
      res+=host.util.printf('\n3Dortho=%s,', 1./camera.viewPlaneSize);
  }
  //camera roll
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('\n3Droll=%s,',roll);
  //target to camera vector
  var c2c=new Vector3();
  c2c.set(camera.position);
  c2c.subtractInPlace(camera.targetPosition);
  c2c.normalize();
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('\n3Dc2c=%s %s %s,', c2c.x, c2c.y, c2c.z);
  //
  //new camera settings
  //
  //bounding sphere centre --> new camera target
  var coo=new Vector3();
  coo.set((mb.center())[0], (mb.center())[1], (mb.center())[2]);
  if(coo.length)
    res+=host.util.printf('\n3Dcoo=%s %s %s,', coo.x, coo.y, coo.z);
  //radius of orbit
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var roo=mb.radius()/ Math.sin(aac * Math.PI/ 360.);
  }else{
    //orthographic projection
    var roo=mb.radius();
  }
  res+=host.util.printf('\n3Droo=%s,', roo);
  //update camera settings in the viewer
  var currol=camera.roll;
  camera.targetPosition.set(coo);
  camera.position.set(coo.add(c2c.scale(roo)));
  camera.roll=currol;
  //determine background colour
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('\n3Dbg=%s %s %s,', rgb.r, rgb.g, rgb.b);
  //determine lighting scheme
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+=host.util.printf('\n3Dlights=%s,', curlights);
  //determine global render mode
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      currender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      currender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      currender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      currender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      currender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      currender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      currender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      currender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      currender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      currender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      currender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      currender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      currender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      currender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      currender='HiddenWireframe';break;
  }
  if(currender!='Solid')
    res+=host.util.printf('\n3Drender=%s,', currender);
  //write result string to the console
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Copy and paste the following text to the\n'+
    '%% option list of \\includemedia!\n%%' + res + '\n');
}

function get3Dview () {
  var camera=scene.cameras.getByIndex(0);
  var coo=camera.targetPosition;
  var c2c=camera.position.subtract(coo);
  var roo=c2c.length;
  c2c.normalize();
  var res='VIEW%=insert optional name here\n';
  if(!(coo.x==0 && coo.y==0 && coo.z==0))
    res+=host.util.printf('  COO=%s %s %s\n', coo.x, coo.y, coo.z);
  if(!(c2c.x==0 && c2c.y==-1 && c2c.z==0))
    res+=host.util.printf('  C2C=%s %s %s\n', c2c.x, c2c.y, c2c.z);
  if(roo > 1e-9)
    res+=host.util.printf('  ROO=%s\n', roo);
  var roll = camera.roll*180/Math.PI;
  if(host.util.printf('%.4f', roll)!=0)
    res+=host.util.printf('  ROLL=%s\n', roll);
  if(camera.projectionType==camera.TYPE_PERSPECTIVE){
    var aac=camera.fov * 180/Math.PI;
    if(host.util.printf('%.4f', aac)!=30)
      res+=host.util.printf('  AAC=%s\n', aac);
  }else{
    if(host.util.printf('%.4f', camera.viewPlaneSize)!=1)
      res+=host.util.printf('  ORTHO=%s\n', 1./camera.viewPlaneSize);
  }
  rgb=scene.background.getColor();
  if(!(rgb.r==1 && rgb.g==1 && rgb.b==1))
    res+=host.util.printf('  BGCOLOR=%s %s %s\n', rgb.r, rgb.g, rgb.b);
  switch(scene.lightScheme){
    case scene.LIGHT_MODE_FILE:
      curlights='Artwork';break;
    case scene.LIGHT_MODE_NONE:
      curlights='None';break;
    case scene.LIGHT_MODE_WHITE:
      curlights='White';break;
    case scene.LIGHT_MODE_DAY:
      curlights='Day';break;
    case scene.LIGHT_MODE_NIGHT:
      curlights='Night';break;
    case scene.LIGHT_MODE_BRIGHT:
      curlights='Hard';break;
    case scene.LIGHT_MODE_RGB:
      curlights='Primary';break;
    case scene.LIGHT_MODE_BLUE:
      curlights='Blue';break;
    case scene.LIGHT_MODE_RED:
      curlights='Red';break;
    case scene.LIGHT_MODE_CUBE:
      curlights='Cube';break;
    case scene.LIGHT_MODE_CAD:
      curlights='CAD';break;
    case scene.LIGHT_MODE_HEADLAMP:
      curlights='Headlamp';break;
  }
  if(curlights!='Artwork')
    res+='  LIGHTS='+curlights+'\n';
  switch(scene.renderMode){
    case scene.RENDER_MODE_BOUNDING_BOX:
      defaultrender='BoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
      defaultrender='TransparentBoundingBox';break;
    case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
      defaultrender='TransparentBoundingBoxOutline';break;
    case scene.RENDER_MODE_VERTICES:
      defaultrender='Vertices';break;
    case scene.RENDER_MODE_SHADED_VERTICES:
      defaultrender='ShadedVertices';break;
    case scene.RENDER_MODE_WIREFRAME:
      defaultrender='Wireframe';break;
    case scene.RENDER_MODE_SHADED_WIREFRAME:
      defaultrender='ShadedWireframe';break;
    case scene.RENDER_MODE_SOLID:
      defaultrender='Solid';break;
    case scene.RENDER_MODE_TRANSPARENT:
      defaultrender='Transparent';break;
    case scene.RENDER_MODE_SOLID_WIREFRAME:
      defaultrender='SolidWireframe';break;
    case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
      defaultrender='TransparentWireframe';break;
    case scene.RENDER_MODE_ILLUSTRATION:
      defaultrender='Illustration';break;
    case scene.RENDER_MODE_SOLID_OUTLINE:
      defaultrender='SolidOutline';break;
    case scene.RENDER_MODE_SHADED_ILLUSTRATION:
      defaultrender='ShadedIllustration';break;
    case scene.RENDER_MODE_HIDDEN_WIREFRAME:
      defaultrender='HiddenWireframe';break;
  }
  if(defaultrender!='Solid')
    res+='  RENDERMODE='+defaultrender+'\n';

  //detect existing Clipping Plane (3D Cross Section)
  var clip=null;
  if(
    clip=scene.nodes.getByName('$$$$$$')||
    clip=scene.nodes.getByName('Clipping Plane')
  );
  for(var i=0;i<scene.nodes.count;i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd==clip||nd.name=='') continue;
    var ndUTFName='';
    for (var j=0; j<nd.name.length; j++) {
      var theUnicode = nd.name.charCodeAt(j).toString(16);
      while (theUnicode.length<4) theUnicode = '0' + theUnicode;
      ndUTFName += theUnicode;
    }
    var end=nd.name.lastIndexOf('.');
    if(end>0) var ndUserName=nd.name.substr(0,end);
    else var ndUserName=nd.name;
    respart='  PART='+ndUserName+'\n';
    respart+='    UTF16NAME='+ndUTFName+'\n';
    defaultvals=true;
    if(!nd.visible){
      respart+='    VISIBLE=false\n';
      defaultvals=false;
    }
    if(nd.opacity<1.0){
      respart+='    OPACITY='+nd.opacity+'\n';
      defaultvals=false;
    }
    if(nd.constructor.name=='Mesh'){
      currender=defaultrender;
      switch(nd.renderMode){
        case scene.RENDER_MODE_BOUNDING_BOX:
          currender='BoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX:
          currender='TransparentBoundingBox';break;
        case scene.RENDER_MODE_TRANSPARENT_BOUNDING_BOX_OUTLINE:
          currender='TransparentBoundingBoxOutline';break;
        case scene.RENDER_MODE_VERTICES:
          currender='Vertices';break;
        case scene.RENDER_MODE_SHADED_VERTICES:
          currender='ShadedVertices';break;
        case scene.RENDER_MODE_WIREFRAME:
          currender='Wireframe';break;
        case scene.RENDER_MODE_SHADED_WIREFRAME:
          currender='ShadedWireframe';break;
        case scene.RENDER_MODE_SOLID:
          currender='Solid';break;
        case scene.RENDER_MODE_TRANSPARENT:
          currender='Transparent';break;
        case scene.RENDER_MODE_SOLID_WIREFRAME:
          currender='SolidWireframe';break;
        case scene.RENDER_MODE_TRANSPARENT_WIREFRAME:
          currender='TransparentWireframe';break;
        case scene.RENDER_MODE_ILLUSTRATION:
          currender='Illustration';break;
        case scene.RENDER_MODE_SOLID_OUTLINE:
          currender='SolidOutline';break;
        case scene.RENDER_MODE_SHADED_ILLUSTRATION:
          currender='ShadedIllustration';break;
        case scene.RENDER_MODE_HIDDEN_WIREFRAME:
          currender='HiddenWireframe';break;
        //case scene.RENDER_MODE_DEFAULT:
        //  currender='Default';break;
      }
      if(currender!=defaultrender){
        respart+='    RENDERMODE='+currender+'\n';
        defaultvals=false;
      }
    }
    if(origtrans[nd.name]&&!nd.transform.isEqual(origtrans[nd.name])){
      var lvec=nd.transform.transformDirection(new Vector3(1,0,0));
      var uvec=nd.transform.transformDirection(new Vector3(0,1,0));
      var vvec=nd.transform.transformDirection(new Vector3(0,0,1));
      respart+='    TRANSFORM='
               +lvec.x+' '+lvec.y+' '+lvec.z+' '
               +uvec.x+' '+uvec.y+' '+uvec.z+' '
               +vvec.x+' '+vvec.y+' '+vvec.z+' '
               +nd.transform.translation.x+' '
               +nd.transform.translation.y+' '
               +nd.transform.translation.z+'\n';
      defaultvals=false;
    }
    respart+='  END\n';
    if(!defaultvals) res+=respart;
  }
  if(clip){
    var centre=clip.transform.translation;
    var normal=clip.transform.transformDirection(new Vector3(0,0,1));
    res+='  CROSSSECT\n';
    if(!(centre.x==0 && centre.y==0 && centre.z==0))
      res+=host.util.printf(
        '    CENTER=%s %s %s\n', centre.x, centre.y, centre.z);
    if(!(normal.x==1 && normal.y==0 && normal.z==0))
      res+=host.util.printf(
        '    NORMAL=%s %s %s\n', normal.x, normal.y, normal.z);
    res+=host.util.printf(
      '    VISIBLE=%s\n', clip.visible);
    res+=host.util.printf(
      '    PLANECOLOR=%s %s %s\n', clip.material.emissiveColor.r,
             clip.material.emissiveColor.g, clip.material.emissiveColor.b);
    res+=host.util.printf(
      '    OPACITY=%s\n', clip.opacity);
    res+=host.util.printf(
      '    INTERSECTIONCOLOR=%s %s %s\n',
        clip.wireframeColor.r, clip.wireframeColor.g, clip.wireframeColor.b);
    res+='  END\n';
//    for(var propt in clip){
//      console.println(propt+':'+clip[propt]);
//    }
  }
  res+='END\n';
  host.console.show();
//  host.console.clear();
  host.console.println('%%\n%% Add the following VIEW section to a file of\n'+
    '%% predefined views (See option "3Dviews"!).\n%%\n' +
    '%% The view may be given a name after VIEW=...\n' +
    '%% (Remove \'%\' in front of \'=\'.)\n%%');
  host.console.println(res + '\n');
}

//add items to 3D context menu
runtime.addCustomMenuItem("dfltview", "Generate Default View", "default", 0);
runtime.addCustomMenuItem("currview", "Get Current View", "default", 0);
runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);

//menu event handlers
menuEventHandler = new MenuEventHandler();
menuEventHandler.onEvent = function(e) {
  switch(e.menuItemName){
    case "dfltview": calc3Dopts(); break;
    case "currview": get3Dview(); break;
    case "csection":
      addremoveClipPlane(e.menuItemChecked);
      break;
  }
};
runtime.addEventHandler(menuEventHandler);

//global variable taking reference to currently selected node;
var target=null;
selectionEventHandler=new SelectionEventHandler();
selectionEventHandler.onEvent=function(e){
  if(e.selected&&e.node.name!=''){
    target=e.node;
  }else{
    target=null;
  }
}
runtime.addEventHandler(selectionEventHandler);

cameraEventHandler=new CameraEventHandler();
cameraEventHandler.onEvent=function(e){
  var clip=null;
  runtime.removeCustomMenuItem("csection");
  runtime.addCustomMenuItem("csection", "Cross Section", "checked", 0);
  if(clip=scene.nodes.getByName('$$$$$$')|| //predefined
    scene.nodes.getByName('Clipping Plane')){ //added via context menu
    runtime.removeCustomMenuItem("csection");
    runtime.addCustomMenuItem("csection", "Cross Section", "checked", 1);
  }
  if(clip){//plane in predefined views must be rotated by 90 deg around normal
    clip.transform.rotateAboutLineInPlace(
      Math.PI/2,clip.transform.translation,
      clip.transform.transformDirection(new Vector3(0,0,1))
    );
  }
  for(var i=0; i<rot4x4.length; i++){rot4x4[i].setIdentity()}
  target=null;
}
runtime.addEventHandler(cameraEventHandler);

var rot4x4=new Array(); //keeps track of spin and tilt axes transformations
//key event handler for scaling moving, spinning and tilting objects
keyEventHandler=new KeyEventHandler();
keyEventHandler.onEvent=function(e){
  var backtrans=new Matrix4x4();
  var trgt=null;
  if(target) {
    trgt=target;
    var backtrans=new Matrix4x4();
    var trans=trgt.transform;
    var parent=trgt.parent;
    while(parent.transform){
      //build local to world transformation matrix
      trans.multiplyInPlace(parent.transform);
      //also build world to local back-transformation matrix
      backtrans.multiplyInPlace(parent.transform.inverse.transpose);
      parent=parent.parent;
    }
    backtrans.transposeInPlace();
  }else{
    if(
      trgt=scene.nodes.getByName('$$$$$$')||
      trgt=scene.nodes.getByName('Clipping Plane')
    ) var trans=trgt.transform;
  }
  if(!trgt) return;

  var tname=trgt.name;
  if(typeof(rot4x4[tname])=='undefined') rot4x4[tname]=new Matrix4x4();
  if(target)
    var tiltAxis=rot4x4[tname].transformDirection(new Vector3(0,1,0));
  else  
    var tiltAxis=trans.transformDirection(new Vector3(0,1,0));
  var spinAxis=rot4x4[tname].transformDirection(new Vector3(0,0,1));

  //get the centre of the mesh
  if(target&&trgt.constructor.name=='Mesh'){
    var centre=trans.transformPosition(trgt.computeBoundingBox().center);
  }else{ //part group (Node3 parent node, clipping plane)
    var centre=new Vector3(trans.translation);
  }
  switch(e.characterCode){
    case 30://tilt up
      rot4x4[tname].rotateAboutLineInPlace(
          -Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(-Math.PI/900,centre,tiltAxis);
      break;
    case 31://tilt down
      rot4x4[tname].rotateAboutLineInPlace(
          Math.PI/900,rot4x4[tname].translation,tiltAxis);
      trans.rotateAboutLineInPlace(Math.PI/900,centre,tiltAxis);
      break;
    case 28://spin right
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            -Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(-Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 29://spin left
      if(e.ctrlKeyDown&&target){
        trans.rotateAboutLineInPlace(Math.PI/900,centre,spinAxis);
      }else{
        rot4x4[tname].rotateAboutLineInPlace(
            Math.PI/900,rot4x4[tname].translation,new Vector3(0,0,1));
        trans.rotateAboutLineInPlace(Math.PI/900,centre,new Vector3(0,0,1));
      }
      break;
    case 120: //x
      translateTarget(trans, new Vector3(1,0,0), e);
      break;
    case 121: //y
      translateTarget(trans, new Vector3(0,1,0), e);
      break;
    case 122: //z
      translateTarget(trans, new Vector3(0,0,1), e);
      break;
    case 88: //shift + x
      translateTarget(trans, new Vector3(-1,0,0), e);
      break;
    case 89: //shift + y
      translateTarget(trans, new Vector3(0,-1,0), e);
      break;
    case 90: //shift + z
      translateTarget(trans, new Vector3(0,0,-1), e);
      break;
    case 115: //s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1.01);
      trans.translateInPlace(centre.scale(1));
      break;
    case 83: //shift + s
      trans.translateInPlace(centre.scale(-1));
      trans.scaleInPlace(1/1.01);
      trans.translateInPlace(centre.scale(1));
      break;
  }
  trans.multiplyInPlace(backtrans);
}
runtime.addEventHandler(keyEventHandler);

//translates object by amount calculated from Canvas size
function translateTarget(t, d, e){
  var cam=scene.cameras.getByIndex(0);
  if(cam.projectionType==cam.TYPE_PERSPECTIVE){
    var scale=Math.tan(cam.fov/2)
              *cam.targetPosition.subtract(cam.position).length
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }else{
    var scale=cam.viewPlaneSize/2
              /Math.min(e.canvasPixelWidth,e.canvasPixelHeight);
  }
  t.translateInPlace(d.scale(scale));
}

function addremoveClipPlane(chk) {
  var curTrans=getCurTrans();
  var clip=scene.createClippingPlane();
  if(chk){
    //add Clipping Plane and place its center either into the camera target
    //position or into the centre of the currently selected mesh node
    var centre=new Vector3();
    if(target){
      var trans=target.transform;
      var parent=target.parent;
      while(parent.transform){
        trans=trans.multiply(parent.transform);
        parent=parent.parent;
      }
      if(target.constructor.name=='Mesh'){
        var centre=trans.transformPosition(target.computeBoundingBox().center);
      }else{
        var centre=new Vector3(trans.translation);
      }
      target=null;
    }else{
      centre.set(scene.cameras.getByIndex(0).targetPosition);
    }
    clip.transform.setView(
      new Vector3(0,0,0), new Vector3(1,0,0), new Vector3(0,1,0));
    clip.transform.translateInPlace(centre);
  }else{
    if(
      scene.nodes.getByName('$$$$$$')||
      scene.nodes.getByName('Clipping Plane')
    ){
      clip.remove();clip=null;
    }
  }
  restoreTrans(curTrans);
  return clip;
}

//function to store current transformation matrix of all nodes in the scene
function getCurTrans() {
  var tA=new Array();
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(nd.name=='') continue;
    tA[nd.name]=new Matrix4x4(nd.transform);
  }
  return tA;
}

//function to restore transformation matrices given as arg
function restoreTrans(tA) {
  for(var i=0; i<scene.nodes.count; i++){
    var nd=scene.nodes.getByIndex(i);
    if(tA[nd.name]) nd.transform.set(tA[nd.name]);
  }
}

//store original transformation matrix of all mesh nodes in the scene
var origtrans=getCurTrans();

//set initial state of "Cross Section" menu entry
cameraEventHandler.onEvent(1);

//host.console.clear();
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Lattice topological charge density

» Topological charge density defined in terms of 2
field strength tensor q(z)

® Measures alignment/winding of gluon field lines
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® Associated topological charge density ¢(™*™ (z)

Y
Y

» Operators encounter severe renormalisations

® Overcome by gauge smoothing
® We implement gradient flow with ¢ = 0.005
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Mode matching
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e Differences in g(z) value
e Differences in site allocation

» Mode matching: smooth until modes agree!

® Draw same conclusions from both operators
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Mode matching

» Define two perturbatively-improved topological
charge operators

® Improved F,, (x): linear combination of FL(LTX")

® Improved ¢(z): linear combination of ¢ B fmproved £(2)

[0 Improved g¢(z)

» Histogram modes disagree if renormalisation
effects still significant!
e Differences in extrema
e Differences in g(z) value
e Differences in site allocation

Number of objects (per config)

» Mode matching: smooth until modes agree!

® Draw same conclusions from both operators 0.0 05 10 15 20
Object charge
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Mode matching

» Define two perturbatively-improved topological
charge operators

® Improved F,, (x): linear combination of FL(LTX")
60

® Improved ¢(z): linear combination of ¢ B fmproved £(2)

. . . . . 50+ [0 Improved g¢(z)
» Histogram modes disagree if renormalisation

effects still significant!

e Differences in extrema

e Differences in g(z) value

e Differences in site allocation

Number of objects (per config)

» Mode matching: smooth until modes agree!
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Object charge
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Mode matching

» Define two perturbatively-improved topological
charge operators

® Improved F,, (x): linear combination of FL(LTX")
60

® Improved ¢(z): linear combination of ¢ B fmproved £(2)

. . . . . 50+ [0 Improved g¢(z)
» Histogram modes disagree if renormalisation

effects still significant!

e Differences in extrema

e Differences in g(z) value

e Differences in site allocation

Number of objects (per config)

» Mode matching: smooth until modes agree!

® Draw same conclusions from both operators 0.0 05 o e o
° FlOW tlme T 145 Object charge
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Finite temperature results

» Evolution of topological structure with temperature in SU(3)
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Ny T/T. Object charge mode
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Object charge
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Finite temperature results

» Evolution of topological structure with temperature in SU(3)
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Ny T/T. Object charge mode B Improved F, (z)
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Finite temperature results

» Evolution of topological structure with temperature in SU(3)
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Finite temperature results

» Evolution of topological structure with temperature in SU(3)
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Finite temperature results

» Evolution of topological structure with temperature in SU(3)
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Finite temperature results

» Evolution of topological structure with temperature in SU(3)
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Finite temperature results

» Evolution of topological structure with temperature in SU(3)

Ny

T/T. Object charge mode

64
1

= Ut Oy 00N

~0
0.609
0.913
1.218
1.461
1.827

0.336
0.338
0.312
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0.156
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» Mode near |Q] = 1/3 in confining phase,
but decreases in the deconfined phase
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Polyakov loop and holonomy

» Polyakov loop: product of links along temporal axis
® Free energy of single quark: (Tr P) ~ e~ Fa/T . %—+—+—%
e Order parameter for confinement: (Tr P) =0 in

confined phase, but # 0 in deconfined phase
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Polyakov loop and holonomy

| 2

Polyakov loop: product of links along temporal axis
® Free energy of single quark: (Tr P) ~ e~ Fa/T

e Order parameter for confinement: (Tr P) =0 in
confined phase, but # 0 in deconfined phase

Eigenvalues lie on unit circle

® Phases written as 2mp; with > p; =0
® Holonomy parameters defined as v; = ;1 — s

Vs

v2

H2

M1
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Polyakov loop and holonomy

» Polyakov loop: product of links along temporal axis
xT

® Free energy of single quark: (Tr P) ~ ¢~ Fa/T >
® Order parameter for confinement: (Tr P) =0 in
confined phase, but # 0 in deconfined phase ¢

» Eigenvalues lie on unit circle T
® Phases written as 2mp; with " p; =0

® Holonomy parameters defined as v; = ;1 — s

» One unspecified parameter in SU(3)

® Reduces to (Tr P) =1+ 2 cos(27v)
e Connection between holonomy and charges?

v

A .
)

M1

D. DeMartini and E. Shuryak, Deconfinement phase transition in the SU(3) instanton-dyon ensemble, Phys. Rev. D 104, 054010 (2021)
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Holonomy and topological charges
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Holonomy and topological charges
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Holonomy and topological charges
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Holonomy and topological charges

[0 Improved F),(z)
10 0 Improved g(z)
---  Holonomy Parameter

N, T/T. %(TrP) v
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Holonomy and topological charges

14

[0 Improved F),(z)
[0 Improved g(z)

---  Holonomy Parameter
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N, T/T. %(TrP) v
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Holonomy and topological charges

18
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[0 Improved g(z)
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Holonomy and topological charges

18

[0 Improved F),(z)
[0 Improved g(z)

---  Holonomy Parameter

—
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!

Ny, T/T. (Tr P) v
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—
>
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—
1S
!

—
o
1

Number of objects (per config)

4 1.827 0.8634(6)  0.1037(2) .

0 n T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Object charge

» Topological charge mode accurately described by free holonomy parameter!
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Holonomy and topological charges
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Instanton-dyons

» Dyon actions/topological charges divided up according to holonomy parameters

® |n SU(3), these are |Q1] = |Q2| =v and |Q3] =1 —2v
® Results consistent with presence of first two dyon types
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Instanton-dyons

» Dyon actions/topological charges divided up according to holonomy parameters

® |n SU(3), these are |Q1] = |Q2| =v and |Q3] =1 —2v
® Results consistent with presence of first two dyon types

» Finite temperature Yang-Mills vacuum: ensemble of interacting instanton-dyons?
¢ Models have already reproduced the phase transition in SU(2) and SU(3)

R. Larsen and E. Shuryak, Phys. Rev. D 92, 094022 (2015)

M. A. Lopez-Ruiz, Y. Jiang and J. Liao, Phys. Rev. D 97, 054026 (2018)
M. A. Lopez-Ruiz, Y. Jiang and J. Liao, Phys. Rev. D 99, 114013 (2019)
D. DeMartini and E. Shuryak, Phys. Rev. D 104, 054010 (2021)
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Instanton-dyons

» Dyon actions/topological charges divided up according to holonomy parameters
® |n SU(3), these are |Q1] = |Q2| =v and |Q3] =1 —2v
® Results consistent with presence of first two dyon types

» Finite temperature Yang-Mills vacuum: ensemble of interacting instanton-dyons?
® Models have already reproduced the phase transition in SU(2) and SU(3)

» Third dyon, with larger topological charge?

e Weighted by e=% == exponentially suppressed by its action
¢ Topological index of zero maintained by equal amounts of dyons/antidyons

R. Larsen and E. Shuryak, Phys. Rev. D 92, 094022 (2015)

M. A. Lopez-Ruiz, Y. Jiang and J. Liao, Phys. Rev. D 97, 054026 (2018)
M. A. Lopez-Ruiz, Y. Jiang and J. Liao, Phys. Rev. D 99, 114013 (2019)
D. DeMartini and E. Shuryak, Phys. Rev. D 104, 054010 (2021)
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General SU(N)

» Extension to SU(2) and SU(4)

® Expect modes near 1/2 and 1/4 at zero
temperature



General SU(N)

» Extension to SU(2) and SU(4)

® Expect modes near 1/2 and 1/4 at zero

temperature
N 7 v;  Object charge mode
2 125 1/2 0.502
3 145 1/3 0.332
4 162 1/4 0.250




General SU(N)

> Extension to SU(2) and SU(4)

® Expect modes near 1/2 and 1/4 at zero
temperature

N T v;  Object charge mode

2 125 1/2 0.502

Number of objects (per config)

25

20+

154

104

0.5

I Improved F,,(z)
[0 Improved g(z)

1.0
Object charge

1.5 2.0

J. A. Mickley

17



General SU(N)

> Extension to SU(2) and SU(4)

® Expect modes near 1/2 and 1/4 at zero

temperature
N T v;  Object charge mode
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General SU(N)

> Extension to SU(2) and SU(4)

® Expect modes near 1/2 and 1/4 at zero
temperature

N T v;  Object charge mode

4 162 1/4 0.250
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General SU(N)

> Extension to SU(2) and SU(4)

® Expect modes near 1/2 and 1/4 at zero

temperature

N T v;  Object charge mode
2 125 1/2 0.502

3 145 1/3 0.332

4 162 1/4 0.250

» So far, so good!
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Summary

» Numerical algorithm to break down topological
structure of QCD vacuum

e Below T, distinct topological objects ~ 1/3
® Above T, topological charges shift towards zero
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Summary

» Numerical algorithm to break down topological
structure of QCD vacuum

e Below T, distinct topological objects ~ 1/3
® Above T, topological charges shift towards zero

» Temperature evolution quantified by holonomy

e Consistent with instanton-dyon model for
vacuum structure

e Extends to SU(2) and SU(4) at zero temperature
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Summary

| 2

Numerical algorithm to break down topological
structure of QCD vacuum

e Below T, distinct topological objects ~ 1/3
® Above T, topological charges shift towards zero

Temperature evolution quantified by holonomy

e Consistent with instanton-dyon model for
vacuum structure

e Extends to SU(2) and SU(4) at zero temperature

Future work?

e Full QCD
e SU(2) and SU(4) at finite temperature
® Analyse action of distinct topological objects
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Summary

» Numerical algorithm to break down topological
structure of QCD vacuum Thank you!
e Below T, distinct topological objects ~ 1/3 3 '—. ‘

® Above T, topological charges shift towards zero

» Temperature evolution quantified by holonomy

e Consistent with instanton-dyon model for
vacuum structure

e Extends to SU(2) and SU(4) at zero temperature

» Future work?

e Full QCD
e SU(2) and SU(4) at finite temperature
® Analyse action of distinct topological objects But | like this.

J. A. Mickley
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Continuum limit: fixed lattice dislocation filter

> 323 x 64 lattice at @ = 0.100 fm

® Hypercubic dislocation filter
Flow time 7 = 1.45
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483 x 96 lattice at a = 0.067 fm
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Continuum limit: fixed scale

> 323 x 64 lattice at @ = 0.100 fm

® 2_unit radial filter
® Flow time 7 = 1.65

70

0 Improved F,(z)
[0 Tmproved g(z)

Number of objects (per config)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Object charge

483 x 96 lattice at a = 0.067 fm

® 3-unit radial filter
Flow time 7 = 3.71

80

0 Improved Fj,(z)
[0 Improved ¢(z)
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Object charge
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Object growing order

» Allocate sights in ascending peak value

® Points near edge of distribution have larger
relative weight

® For net charge of the same order, must
have a broader distribution

» Very important in classical limit

® Descending order histogram visibly less
clustered near integers

Number of objects

» Mostly inconsequential at the deduced
flow time

0.5 1.0 1.5 2.0 2.5 3.0

® ‘Boundary sites’ redistributed: some Object charge

charges slightly smaller, some larger
® Mode remains unchanged
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SU(N') smoothing comparison

N 2 3 4
up 0.9022 0.8863 0.8808
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Topological charge density improvement schemes

» O(a*)-Improved F,,(z) » O(a*)-Improved ¢(x)
Z k(mxn (m><n) (.’L‘) q(x) _ Z c(mxn)q(mxn) (32)
m,n

o k(XD =19/9 — 55 (3x3) o XD =19/9 — 55/9(3%3)

o k(%2 =1/36 — 16 k(3<% o (X2 =1/9 — 64/9c(3x3)

o k(1x2) = _32/45 4 64 k(3*3) o c(1x2) = _64/45 4 128/9 c(3%3)

° k<1><3) :1/15—6k(3><3) ° C(1><3) _1/5 203><3)
> 3-loop improved: k(*3) =1/90 > 3-loop improved: ¢(3%3) =1/10
> 5-loop improved: k(%3 =1/180 > 5-loop improved: ¢(3%3) =1/20

S. O Bilson-Thompson, D. B. Leinweber and A. G. Williams, Highly P. de Forcrand, M. Garcia Pérez and 1.-O. Stamatescu, Topology of
improved lattice field-strength tensor, Ann. Phys. 304, 1 (2003) the SU(2) vacuum: a lattice study using improved coollng
Nucl. Phys. B 499, 409 (1997)

~ XVith Quark Confinement and the Hadron Spectrum  Temperature dependence of fractional topological charge objects ~ J. A. Mickley 23


https://doi.org/10.1016/S0003-4916(03)00009-5
https://doi.org/10.1016/S0550-3213(97)00275-7

Improvement schemes comparison

> Investigate relative error between
improvement schemes

RE — 1|Ql — Q2
5(Q1+Q2)
» Larger discrepancy between improvement

schemes compared to varying the number
of loops within each improvement scheme

» Utilise 3-loop definition for each
improvement scheme

Relative Error (%)

40 ————————————————

—  3-loop vs 5-loop Improved F,, ()

==+ 3loop vs 5-loop Improved ¢(z)

"""" 3-loop Tmproved F,,(x) vs Improved ¢(x) ]

5-loop Improved F,(x) vs Improved g(z) E

Flow Time 7
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Holonomy

» Formally, the holonomy is the Polyakov loop at spatial infinity: Poo = lim P(x)

|x| =00

> It is a topological invariant, and up to gauge symmetry can be written

Py = exp [27”dlag(ﬂl> 000 MN)]:
N

pr1 <...<pn < pyy1=p1+1, ZMZO-
i=1

» Translation invariance: (L(x)) = (Tr P(x)) is independent of x

» On the lattice, we accordingly calculate L, as the expectation (L) of the

spatially-averaged Polyakov loop

—
L:VZL(X)

X

U AR e SRR FEaToN PSRl Temperature dependence of fractional topological charge objects U, A, Mickley
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Centre symmetry

» Pure gauge theory features an additional complication in the form of a centre
symmetry

e Action invariant under centre transformations: Uy(x,z4) — 2 Us(x, 24) for fixed x4

» Polyakov loop transforms nontrivially as P(x) — z P(x)
® Below T, centre symmetry preserved
® Above T, one of the IV centre phases is selected in spontaneous breaking of the symmetry
® In Full QCD, it is always the positive real phase selected

» Overcome by performing centre transformations on a per-configuration basis

® Rotate phase of Polyakov loop to bring dominant phase of each configuration to a phase of
zero

® Take real part to discard remnant imaginary part

® (Calculate ensemble average
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Renormalisation effects

> Lattice operators encounter severe renormalisations
; on- _ ; 2.2 42
® Link expansion: Uy, (z) = 1+igaA,(z) — g*a® A (x)
® Perturbative connection ruined at second order:

<Ai> = 1/(12 = 2nd order term ~ 0(92)

» Deviate significantly from continuum counterparts

J. A. Mickley
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Interactive 3D graphics

» Rendered in AVS Express Visualisation Edition

® http://www.avs.com/solutions/express/

» Exported as VRML

» Converted to U3D format via PDF3D ReportGen
® https://www.pdf3d.com/products/pdf3d-reportgen/

» Imported into IATEX via media9 package
® Viewed in Adobe Reader

J. A. Mickley
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