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OUTLINE:    

A. IR Phase of SU(3) Gauge Theories

B. Anderson Localization

C. Effective Dimension(s) [Hausdorff/Minkowski dimension for spaces w probabilities] 

D. The Role of Anderson-like Localization in IR Phase

Four talks really.  Blue parts will be flyovers. Have to proceed deductively.  
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Language: Nf=0        pure glue QCD of quenched QCD  ⇔ infinite quark masses
Nf=2        two flavors,  m1=m2
Nf=2+1    three flavors,  m1=m2 ≠ m3 
…

(1) Real-world QCD :      Nf=1+1+1+1+1+1      mf  =  physical quark-mass parameters 

Consider them at arbitrary temperature T:    1/T = Euclidean "time" extent 

[ fundamental quarks ]

A. SU(3)  Gauge Theories w Fundamental Quarks

Nf=2+1  at physical quark masses its precise representation 

D� ⌘ �µ(@µ +Aµ)� �(x) 2 C12
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[ gluons ]

[ Euclidean formulation ]

(2) Varied behaviors including conformality  

(3) For Nf < 16.5 we know how to take the concnuum limit  
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A. IR Phase of SU(3)  Gauge Theories…
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phase =

8
>><

>>:

B if p = 0

IR if p < 0

UV if p > 0

⇢(�) / �p , � ! 0

B = IR-broken
IR = IR-symmetric
UV = IR-trivial

AA & IH  1906.08047

Changes consistent with directions of arrows can
 induce transitions from B➞IR or from IR➞UV. 
See also 1502.07732  

Most known detail comes from B➞IR thermal case:    IR PHASE OF THERMAL QCD

Important also B➞IR light-flavor case (T=0):    IR PHASE =  STRONGLY COUPLED PART
              1405.2968, 1412.1777, 1906.08047                                         OF CONFORMAL WINDOW



I.   IR PHASE OF THERMAL QCD                                   Tc       <       TIR       <      T      <      TUV  
≈155 MeV 200-230 MeV perturb

II.  WHY  IR?     Power-law accumulacon of DOFs 
                             in the IR    AA&IH  1906.08047
                             Thermal QCD in IR phase: 
                             -highly unusual scales  Λ < 1 MeV
                             -parcal deconfinement  1502.07732

III.   WHY  PHASE?                                                   

At TIR : (i)    IR BECOMES AN AUTONOMOUS SUBSYSTEM  
         [IR-BULK decoupling,  from1-component to 2-component system]

(ii)   GLUE OF IR COMPONENT BECOMES SCALE INVARIANT

(iii)  NON-ANALYTICITIES APPEAR

(iv)  INFINITE GLUE SCREENING LENGTHS APPEAR

1906.08047

A. IR Phase of SU(3)  Gauge Theories…

1906.08047, 2404.12298, 2305.09459   
above/different from χ-crossover Tc  

λ

ρ

λ3λ-1

λ-1 ➝ λ-1+δ     
δ=δ(a) ➝ 0 ? 
          a ➝ 0



A. IR Phase:  Stories of Temperature & QCD 

0 T
c

TTH

hadrons something…
Hagedorn, 1965-71

0 T
c

T

hadrons quarks & gluons
QCD, 1971-73

Effects of Temperature: 

Scales Story:        thermal agitation erodes condensates and melts them upon T reaching Tc 

.…dynamically generated scales….

0 T
c

T

DOFs Story:        thermal agita$on reduces IR dof-s and depletes them when T reaches Tc

[energy scale]

[DOFs = quark & glue]



A. IR Phase:  Stories of Temperature & QCD… 

Scales Story:        thermal agita$on erodes condensates and melts them upon T reaching Tc 

DOFs Story:        thermal agitation reduces IR DOF-s and depletes them when T reaches Tc

BUT  IS THIS TRUE?     LATTICE PERFECT FOR UNAMBIGUOUS ANSWER [if lucky w scales].  

Need a construct that expresses the distribution of DOFs over scales:  

<latexit sha1_base64="LUJr8D2ZdHU7qROvsCrmR3Hmc4Y="></latexit>

⇢(�, V4) ⌘ #modes near�

V4 d�

Dirac 
spectral
density

<latexit sha1_base64="L3/MiO4UVBZf+fgnWGIthsRanQc=">AAACJnicbZDLSgMxFIYz9VbHW9Wlm2ARXJQyI95AClW7cFnBXqAzlEwm04ZmMmOSEcrQp3Hjq7hxURFx56OYXgTbeiDw8f/nJDm/FzMqlWV9GZml5ZXVtey6ubG5tb2T292ryygRmNRwxCLR9JAkjHJSU1Qx0owFQaHHSMPr3Y78xhMRkkb8QfVj4oaow2lAMVJaaudKFViClda1C53HBPnOlVMwK9CJJW07TF/jI+3TX3QKs1Y7l7eK1rjgIthTyINpVdu5oeNHOAkJV5ghKVu2FSs3RUJRzMjAdBJJYoR7qENaGjkKiXTT8ZoDeKQVHwaR0IcrOFb/TqQolLIferozRKor572R+J/XSlRw6aaUx4kiHE8eChIGVQRHmUGfCoIV62tAWFD9V4i7SCCsdLKmDsGeX3kR6idF+7x4dn+aL99M48iCA3AIjoENLkAZ3IEqqAEMnsErGIJ348V4Mz6Mz0lrxpjO7IOZMr5/AJIbotw=</latexit>

D = D[A] D � = i� �

1) DISTRIBUTION OF QUARK DOFs ACROSS ENERGY-LIKE SCALES

2) GAUGE-INVARIANT SCALE-DEPENDENT GLUE OPERATOR
       [Quan$fies contribu$ons to F2 from different energy-like scales.] 

Due to 2) we say since 1502.07732:  ``Give us your glue and we will tell you who you are.” 

This should tell us truth about the stories & it does!



λ

ρ

(A) confined
vχ broken

A. IR Phase:  Stories of Temperature & QCD… 

0 200 400 600 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

l@MeVD

r¥
10
0@M

eV
-
1 f
m
-
4 D T=0.98 Tc

203¥8
d=20 MeV

0 200 400 600 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

l@MeVD
r¥
10
0@M

eV
-
1 f
m
-
4 D T=1.02 Tc

363¥8
d=20 MeV

AA & IH 1502.07732  

T

λ

ρ

(C) deconfined
vχ symmetric

0 T
c

T

⟨ L ⟩ zero ⟨ L ⟩ non-zero
Nf=0  QCD ⟨ L ⟩ = Polyakov loop

1-st order transition

T

Well, perhaps some sort of an ar$fact?      Edwards et al, hep-lat/9910041
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NO ARTIFACT in Nf=0 
QCD. Strength of IR 
peak scales! 
AA & IH 1502.07732

A. IR Phase:  Stories of Temperature & QCD… 

0 T
c

T

dynamically generatedThermal agitation  
erodes <F2>  and melts
it upon T reaching Tc 

Thermal agitation 
reduces IR DOF-s and 
depletes them upon 
T reaching Tc . NOT TRUE

Removing scales was supposed to restore IR scale invariance trivially by removing IR DOF-s!

The reality is that IR DOF-s actually proliferate J. Thank you lattice! 

Stories: Nf=0 adaptation

Could it be that IR scale invariance is restored non-trivially??? AA & IH  1906.08047



Fits to ρ(λ) ∝ 1/l [ Nf=0, T=1.12 Tc ]
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Proposal:   THIS REFLECTS IR SCALE-INVARIANT GLUE:    IR PHASE    [ p<0 ]    1906.08047   
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Data:       (1) IR SCALE-INVARIANT DENSITY (λ < T) OVER 3 ORDERS OF MAGNITUDE IN SCALE  

A. IR Phase:  Stories of Temperature & QCD… 

(2)  NEGATIVE POWER-LAW ACCUMULATION OF DIRAC MODES IN IR:  ρ(λ) ∝ λp   p≳-1



quantum fluctuaaonsT=0 classically scale 
  invariant theory

scales generated 
  world of hadrons 

thermal fluctuaaonsscale-broken
   T=0 theory 

scale-invariant but 
only for  Λ < ΛIR < T 

thermal agitation

scale anomaly

increasing T

IR-BULK SEPARATION

INVARIANT

A. IR Phase:  Stories of Temperature & QCD…WHAT JUST HAPPENED HERE? 
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AT T=TIR THERMAL QCD BECOMES 2-COMPONENT SYSTEM:  IR MEDIUM AN AUTONOMOUS SUBSYSTEM

λ-1 ➝ λ-1+δ     
δ=δ(a) ➝ 0 ? 
a ➝ 0



=Tc

IR BROKEN  p = 0 IR SYMMETRIC  p ≈ -1 IR TRIVIAL  p ≫ 0

A. Phase Diagrams of Thermal QCD via IR Scale Invariance of Glue  AA & IH  1906.08047  

∎ Thermal phase diagram for Nf=0:    Polyakov line transition coincides w IR-phase transition

∎ Thermal phase diagram of Nf=2+1 ``real-world”:    chiral crossover below IR-phase transi$on

Tc≈

B0 BA IR UV

STRONGLY COUPLED  p = 0
           HADRON GAS

STRONGLY COUPLED  p ≈ -1
       NEAR-PERFECT FLUID?

PERTURBATIVE  p ≫ 0
WEAKLY-COUPLED QGP



o System in IR Phase a 2-component medium:  invariant IR and non-invariant bulk

o Tisza/Landau 2-component theory of liquid helium?  Maybe in some dual form.
      

A. IR Phase:  Connection to Near-Perfect Fluid?   AA & IH  1906.08047  

Hypothesis:   IR phase describes the near-perfect fluid [RHIC, ALICE] state of matter 
AA & IH  1906.08047Experimental signatures on ALICE3?
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Real-world QCD is Nf=2+1 at physical quark masses of stouted staggered quarks (Wuppertal-Budapest) here.

Nf=0

Nf=2+1

A. IR Phase: Real-World QCD 

AA & IH  1906.08047



A. IR Phase: Real-World QCD… 
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Real-world QCD is Nf=2+1 at physical quark masses of stouted staggered quarks here.

AA, Bonanno, D`Elia, IH  2404.12298

Lattice  Dirac operator = stouted staggered  [not overlap]

q IR structure exists in Dirac operator describing dynamical quarks

q not a laxce ar$fact

q IR medium is a quark-glue medium

q green light to study IR phase using overlap: correct & efficient 
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Conjecture:   

Conformal window has a strongly 
coupled  part with  p < 0.

A. IR Phase: Theories with Many Flavors?  

m

Lowering quark mass at sufficient number of flavors can generate IR phase

AA & IH  1906.08047

2 N
f

N
f

16.50

T
IR

T
UV

AF

B

IR

T

N
f

UV

IR UV

B-Z



B. Anderson Localizacon & Transicons  

Anderson localization

Quantum mechanics: eigenstates of quantum particle could be

bounded extended . . . and localized
[P. W. Anderson 1958]

E = 0

E
1

E
2

E
3

V(x)

Φ
1
(x)

E < 0 E > 0

Localization is a consequence of

I disorder

I wave character of particle

I �(~r) / exp [�r/�]

Localization-delocalization transition

I dimension (1d electron is always localized)

I symmetry (orthogonal, unitary, symplectic . . . )

3D Anderson model: phase diagram, density of state, mobility edge
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c

localized states 

delocalized states

Critical exponents:
conductivity: �(E ) ⇠ (Ec � E )s

localization length: �(E ) ⇠ (E � Ec)�⌫

s = (d � 2)⌫ . . . critical exponents.

W
c

disorder W

σ∼(W
c
-W)

s

λ
−1

∼(W-W
c
)

ν

Metal Insulator

courtesy of P.Markos

λ  is a localization length here 
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` / ⇠
density-density correlation
length within the mode

<latexit sha1_base64="6DZdu7AiF6+Lp4qIGkbf06VzWWE="></latexit>

h 2
loc(x) 

2
ext(y) ic �! 0 for L ! 1

(1)

(2)

Anderson-like transition in thermal QCD:
Disorder W  ⟶ Temperature T
Mobility edge λA ≠ 0 invoked for understanding chiral 
phase transition: aka metal-to-insulator picture   

Garcia-Garcia & Osborn   hep-lat/0611019 

Kovacs & Pitler    1006.1205 

Giordano, Kovacs & Pitler   1312.1179 

Shortly after AA & IH  1906.0804 we realized that λA is a very friendly feature to our claim and accepted it  J.   



Hint:  Given the existence of λA and its nature, focus on spatial IR dimensions of modes.

0 µ

g

g
*

Λ
IR

0 µ

g

g
*

Λ
IR

ΛIR = onset of scale invariance 

g(μ) non-analytic at ΛIR

Q:  Do non-analyticities exist and, if so, how do they arise?

B. Why is Anderson-Like λA Handy 

asymptoac vs exact

WHAT IS IR DIMENSION OF MODES? Concept didn’t exist.    

Their existence in λ-dependences would also facilitate IR-BULK decoupling!

IH, PM and RM  2205.11520 

IH & RM   1807.03995 effective-number theory

effective-dimension theory
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N / (L/a)D
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UV: N+(a, L) / a�dUV(L) , a ! 0
<latexit sha1_base64="B1CK1NdmGBLmStKAaWITpNRPSJY="></latexit>

IR: N+(a, L) / LdIR(a) , L ! 1

characterize fine [UV] and global [IR] features of fixed sets

C. Effeccve Dimensions  

all points/elements of regularized space:

points/elements covering Ω:    N+ 

➝

But how to proceed when instead of fixed Ω  we have P(x)? 

1) Count how many points                                                                  
     are effectively selected by P. 

<latexit sha1_base64="xYv/ddt1ywvUdzulIbf8k495OXw="></latexit>

N = N[P ] = N(p1, p2, . . . , pN )

2) Select Ωeff as       most probable points on the lattice
<latexit sha1_base64="21yNpJ7ZegbaAL9Uolw3J5LLv+o=">AAACDXicbVDNSgMxGMzWv1r/qh69BIvgqeyKoseiF09SwdbCdinZ9Gsbmk2WJCuUpc/gyas+hTfx6jP4EL6D2e0ebOtAYJj5vmQyYcyZNq777ZRWVtfWN8qbla3tnd296v5BW8tEUWhRyaXqhEQDZwJahhkOnVgBiUIOj+H4JvMfn0BpJsWDmcQQRGQo2IBRYqzkdyNiRpqq9G7aq9bcupsDLxOvIDVUoNmr/nT7kiYRCEM50dr33NgEKVGGUQ7TSjfREBM6JkPwLRUkAh2keeQpPrFKHw+kskcYnKt/N1ISaT2JQjuZR1z0MvE/z0/M4CpImYgTA4LOHhokHBuJs//jPlNADZ9YQqhiNiumI6IINbaluZuKaoIUEkp41o+32MYyaZ/VvYu6e39ea1wXTZXRETpGp8hDl6iBblETtRBFEr2gV/TmPDvvzofzORstOcXOIZqD8/ULem+dQw==</latexit>

N

3) Proceed as Minkowski/box-counting with N+
<latexit sha1_base64="6pTC00D4OKNLHmlxWYdYnFCZLZg="></latexit>

P (x) =) ⌦e↵

Consistent realiza$on of this program leads to unique effec$ve dimensions

IH & RM   1807.03995 

IH, PM and RM  2205.11520 
<latexit sha1_base64="qQYMLvu50eICYIgstg3/8E9GlOc="></latexit>

N?[P ] =
NX

i=1

n?(Npi) , n?(c) = min {c, 1}
<latexit sha1_base64="s89XsN11auVik6qricYtXy10wbs="></latexit>

Box: N �! N+ E↵ective: N �! N?[P ]



Nf=0,  a=0.085 fm,  T=1.12TIR 
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near-zero modes zero modes

<latexit sha1_base64="T6/+Et4auebJVhBglHXimf9QudA="></latexit>

�IR = 0
<latexit sha1_base64="rB0WjA3k6crfIkYONZy1uRIwSK8="></latexit>

�A ⇡ 750MeV

D. Anderson Localizacon in IR Phase 

Nf=2+1 physical point,  a=0.105 fm

Dirac spectral phase 
diagram of QCD AA & IH 2110.04833

v IR phase associated with Dirac non-analyacity

v Explains non-analyac running

v Entails IR-Bulk decoupling

v Second mobility edge λIR=0  [gives long-range physics]

v  Recall that λA facilitates decoupling  
        [see also model in Kovács 2311.04208 for support of decoupling]

v T=187 MeV is different from T=234 MeV as predicted

X. Meng et al  2305.09459 AA & IH 2103.05607



D. Anderson Localization in IR Phase… 

  

B

IR

UV

TUV0

dIR

1

2

3

TTIRTC

0

Clean representa$on 
of non-analy$city in
IR dimension: represents 
dIR of near-zero modes and
dIR of IR glue field strength

(i)    IR BECOMES AN AUTONOMOUS SUBSYSTEM            YES  
         [ IR-BULK decoupling,  from1-component to 2-component system]

(ii)   GLUE OF IR COMPONENT BECOMES SCALE INVARIANT     YES  

(iii)  NON-ANALYTICITIES APPEAR     YES 

(iv)  INFINITE GLUE SCREENING LENGTHS APPEAR     YES

In which aspects of IR phase are Anderson-like localization features relevant? 



Studies of Dirac Spectra in Other Contexts

Kovacs & Vig  1706.03562  

Dick et al  1502.06190 

Kaczmarek et al 2102.06136

UA(1) problem and other

Aoki et al 2011.0149

Ding et al  2010.14836  

Kaczmarek et al  2301.11610  

Glozman et al 2204.05083        

Rohrhofer et al  1902.03191   

Cardinali et al  2107.02745     

Kehr et al  2304.13617     Giordano  2404.03546      

Pandey et al  2407.09253       

Bonanno & Giordano  2312.02857       

and other…



SLIDES FOR QUESTIONS
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WHAT WE HAVE HERE IS THE LACK OF COMMUNICATION 

quantum fluctuationsT=0 classically scale 
  invariant theory

scales generated 
world of hadrons etc 

thermal fluctuaaonsscale-broken
   T=0 theory 

scale-invariant 
but only for 

T

scale anomaly

increasing T

NF=0 easier to communicate the point [ same in Nf=2+1 just more awkward.]

T

λ

ρ

λ3λ-1

λ

ρ

λ3λ∞

λ

ρ

λ3λ0



PHASE STRUCTURE OF THERMAL QCD IN TERMS OF GLUE IR SCALE INVARIANCE  

STRONGLY COUPLED
               p = 0

STRONGLY COUPLED
                 p ⪆ -1

PERTURBATIVE
          p > 0

HADRON GAS 
IR-broken

NEAR-PERFECT FLUID 
IR-symmetric

WEAKLY-COUPLED QGP
IR-trivial

“Tc”≈

Original talk:

WHAT WE HAVE HERE IS THE LACK OF COMMUNICATION…  

https://indico.cern.ch/event/764552/contributions/3420459/attachments/1865996/3068382/WuHan_jun_2019_infra.pdf

<latexit sha1_base64="ZgWHgZP4/P4+Uhc3pZ5/W8bukno="></latexit>

phase =

8
>><

>>:

B if p = 0

IR if p < 0

UV if p > 0

with ⇢(�) / �p for � ! 0

Useful talk: hkps://drive.google.com/file/d/1vZ0AY0WsZAfF9iV7-Br-E_2NiwaZzRGp/view

[AA & IH  1906.08047]

https://indico.cern.ch/event/764552/contributions/3420459/attachments/1865996/3068382/WuHan_jun_2019_infra.pdf
https://drive.google.com/file/d/1vZ0AY0WsZAfF9iV7-Br-E_2NiwaZzRGp/view


[ Tc ≈ 155 MeV,  crossover , Aoki et al, 2007 ]

Betting on Glue [ 1906.08047 ,  1502.07732 ]

Quarks won the popularity contest 

0 T
c

T

<latexit sha1_base64="+ocmuqWUpN0cZLNzTuIPdsRNvQM=">AAACGnicbVA9SwNBEN3z2/gVtbRZDIKFhDsVFWxEG8sIRoVcCHObSVzc2zt258Rw5HfY+FdsLBSxExv/jZvkCr8ezPB4b4bdeVGqpCXf//TGxicmp6ZnZktz8wuLS+XllQubZEZgXSQqMVcRWFRSY50kKbxKDUIcKbyMbk4G/uUtGisTfU69FJsxdLXsSAHkpFY5CBXorkIeRmDyMLWyzwedh6bQD8MtHhLeUa7AdLHfKlf8qj8E/0uCglRYgVqr/B62E5HFqEkosLYR+Ck1czAkhcJ+KcwspiBuoIsNRzXEaJv58LQ+33BKm3cS40oTH6rfN3KIre3FkZuMga7tb28g/uc1MuocNHOp04xQi9FDnUxxSvggJ96WBgWpniMgjHR/5eIaDAhyaZZcCMHvk/+Si+1qsFfdOdutHB0XccywNbbONlnA9tkRO2U1VmeC3bNH9sxevAfvyXv13kajY16xs8p+wPv4AjU9oP0=</latexit>

h ̄ i large
<latexit sha1_base64="PlpQ37phfp+/DhbDjlnZCaTw4as=">AAACGnicbVA9SwNBEN3z2/gVtbRZDIKFhDsVFWxEG8sIRoVcCHObSVzc2zt258Rw5HfY+FdsLBSxExv/jZvkCr8ezPB4b4bdeVGqpCXf//TGxicmp6ZnZktz8wuLS+XllQubZEZgXSQqMVcRWFRSY50kKbxKDUIcKbyMbk4G/uUtGisTfU69FJsxdLXsSAHkpFY5CBXorkIeRmDyMLWyzwedh6bQD8MtHhLeUW5jUKrfKlf8qj8E/0uCglRYgVqr/B62E5HFqEkosLYR+Ck1czAkhcJ+KcwspiBuoIsNRzXEaJv58LQ+33BKm3cS40oTH6rfN3KIre3FkZuMga7tb28g/uc1MuocNHOp04xQi9FDnUxxSvggJ96WBgWpniMgjHR/5eIaDAhyaZZcCMHvk/+Si+1qsFfdOdutHB0XccywNbbONlnA9tkRO2U1VmeC3bNH9sxevAfvyXv13kajY16xs8p+wPv4AkqmoQs=</latexit>

h ̄ i small
quark view:

0 T
c

T
glue view:

<latexit sha1_base64="1anWQNc2vnKgu/8fz5WwaDTKnc4=">AAACDHicbVC7SgNBFJ31GeMramkzGAQLCbsqKtgEbSwsIpgHZEOYndwkQ2Znl5m7YljyATb+io2FIrZ+gJ1/4+RRaOKBgcM553LnniCWwqDrfjtz8wuLS8uZlezq2vrGZm5ru2KiRHMo80hGuhYwA1IoKKNACbVYAwsDCdWgdzX0q/egjYjUHfZjaISso0RbcIZWaubyvmSqI4HeUF+PmX/hH1If4QFTEzIpBzblFtwR6CzxJiRPJig1c19+K+JJCAq5ZMbUPTfGRso0Ci5hkPUTAzHjPdaBuqWKhWAa6eiYAd23Sou2I22fQjpSf0+kLDSmHwY2GTLsmmlvKP7n1RNsnzdSoeIEQfHxonYiKUZ02AxtCQ0cZd8SxrWwf6W8yzTjaPvL2hK86ZNnSeWo4J0Wjm9P8sXLSR0Zskv2yAHxyBkpkmtSImXCySN5Jq/kzXlyXpx352McnXMmMzvkD5zPH76RmtI=</latexit>

hLi small
<latexit sha1_base64="VGVokmzeE5k9ycxDtaJXqTtMwRg=">AAACDHicbVC7SgNBFJ31GeMramkzGAQLCbsqKtgEbSwsIpgHZEOYndwkQ2Znl5m7YljyATb+io2FIrZ+gJ1/4+RRaOKBgcM553LnniCWwqDrfjtz8wuLS8uZlezq2vrGZm5ru2KiRHMo80hGuhYwA1IoKKNACbVYAwsDCdWgdzX0q/egjYjUHfZjaISso0RbcIZWaubyvmSqI4HeUF+PmX/hH1If4QFTyXQHBjblFtwR6CzxJiRPJig1c19+K+JJCAq5ZMbUPTfGRso0Ci5hkPUTAzHjPdaBuqWKhWAa6eiYAd23Sou2I22fQjpSf0+kLDSmHwY2GTLsmmlvKP7n1RNsnzdSoeIEQfHxonYiKUZ02AxtCQ0cZd8SxrWwf6W8yzTjaPvL2hK86ZNnSeWo4J0Wjm9P8sXLSR0Zskv2yAHxyBkpkmtSImXCySN5Jq/kzXlyXpx352McnXMmMzvkD5zPH6komsQ=</latexit>

hLi large

hadron gas quark-gluon plasma

NEED NEW IDEA! 

Point 1:

Point 2:

Point 3:           need glue probe that is sensicve to any scale by construccon

<latexit sha1_base64="8rmveooRuQRo2uHCF0t7T0bJLlk="></latexit>

h ̄ i is cleaner because it reflects deeper IR of glue

<latexit sha1_base64="GAXZzNo9OhUKhkKln+ustWvJEqQ="></latexit>

both h ̄ i and hLi are limited in terms of reflecting glue

object with explicit scale dependence

Standard approaches to phases:

Polyakov line

quark scalar
    density



TOPOLOGICAL ORIGIN AND NON-ANALYTICITY

A.A. & I.H. 2103.05607, 2110.04833, 2310.03621, 2305.09459  

dIR= effecave IR
        dimension 
        of modes

Nf = 2 + 1  at physical point T = 234 MeV a=0.105 fm     overlap mode-density glue operator 

2305.09459
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2-flavor theory:  trends, known from A.A & I.H. 1502.07732 and consistent with the following 

chiral crossovers IR phase boundary

o Note:  chiral limit not much closer to physical point than heavy limit

o Secret:  story of QCD phase transition is really a TIR story!

pure glue

physical point

Reconcile IR phase transicon with chiral transicon:
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Check this further & better…
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•  Peak in IR overlap spectrum upon crossing Tc  (pure glue) 

[ AA & IH, 1502.07732 ]•  Our version of it 

0 200 400 600 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

l@MeVD

r¥
10
0@M

eV
-
1 f
m
-
4 D T=1.12 Tc 323¥7

d=20 MeV

[ Edwards, Heller, Narayanan, Kiskis, 1999 ]

▪ knee-jerk reac$on was:    quenched chiral condensate may diverge in high-temperature pure glue

▪ knee-jerk reac$on should be:    what on earth is glue doing to produce this?  [1502.07732] 
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▪ didn’t know but went on with it, e.g., around chiral crossover we got this: 


