Transport at Large N



Transport at Large N
Unexpected New Results for Old Problems



Apologies: my talk entirely misses the topic of this workshop!



Specific viscosity for ordinary fluids (in k%)

« Water, standard conditions: I ~ 280
« Water near critical point: % ~ 2

Helium near critical point: 2 ~ 0.8



n
How low does _ get?



Ultracold Quantum Gases near Unitarity
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Graphene
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Quark-Gluon Plasma

Pion Momentum Spectra in AA Differential Anisotropic Flow in AA

ALICE Pb+Pb V5=2.76 TeV 0-5% Glauber N, +superSONIC mmmm
- ALIGE Pb+Pb Vs=2.76 TeV 30-40%
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Quark-Gluon Plasma

Pion Momentum Spectra in AA Differential Anisotropic Flow in AA

ALICE Pb+Pb V5=2.76 TeV 0-5% Glauber N, +superSONIC mmmm
- ALIGE Pb+Pb Vs=2.76 TeV 30-40%

o O
[SRC

. 2

o
>
)
S
=
o
=
I
S
=
&
©
o
=
P4
T

1~ 0.12

S



Black Holes




Black Holes

[Policastro, Son, Starinets]



Viscosity Olympic Games
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Black Holes:
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What makes viscosity so low in black holes?
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Recall  oc A is large when mfp A > 1 (weak coupling)



Black Holes:

L 71— 1008

What makes viscosity so low in black holes?
Recall  oc A is large when mfp A > 1 (weak coupling)

BHs are conjectured to be dual to a QFT at infinite coupling



Can we calculate transport at strong coupling without
conjectures?



Can we calculate transport at strong coupling without
conjectures?
(At least at large N7?)



Choosing wisely which QFT is important.
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Choosing wisely which QFT is important.
Consider “critical” O(N) model

= 20,8 06+ (3-8) . F=(61.60,...0m)

For N > 1, this QFT can be solved exactly using method of steepest
descent for all !
| could bore you with the details of how this works in practice...
...but I won’t



In 2+1 dimensions: “straightforward” results

Entropy density in O(N) model in 2+1d

S/sfree —

A=co
[Phys.Rev.Lett. 122 (2019)
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Curious finding: 3d O(N) model at infinite coupling
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https://arxiv.org/abs/hep-th/9305131
https://arxiv.org/abs/hep-ph/9708426

Curious finding: 3d O(N) model at infinite coupling
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Curious finding: 3d O(N) model at infinite coupling
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https://arxiv.org/abs/hep-th/9305131
https://arxiv.org/abs/hep-ph/9708426

In 241 dimensions: “straightforward” results

Shear viscosity in O(N) model in 2+1d

T /s x 1N =

[Phys.Rev. Lett. 127 (2021)] 7
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Down to which N does Large N work?



Ground State Energy in N-dimensional QM with quartic potential

Numerical fixed N
LO Large N
NLO Large N =
NNLO Large N 1

—"“‘

[2310.00048]



Is this approach limited to 3d?



Is this approach limited to 3d?
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Is this approach limited to 3d?
No, but....



Is this approach limited to 3d?
No, but....people say it doesn't work in 4d



| like people who do, not people who talk!
[Reinhold Messner]



Transport for O(N) model in 3+1 dimensions
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Transport for O(N) model in 3+1 dimensions
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Transport for O(N) model in 3+1 dimensions
= 20,895+ (5:8) . G=(6r6n....0n)

For N > 1, this QFT can be solved exactly using method of steepest
descent for all \!

Same method as for 2+1d

only difference: coupling \ gets renormalized



In 34+1 dimensions: “straightforward” results

3
L A€ | mT? S Ko(nBm)
6472 m> 272 — n? '

p(m)

where m is solution to saddle point equation

_ dp(m) m? | /\12\/Tse mT <= Ki(nfm)

0 —
dm? 3272 n m> 472 = n



Large N thermodynamics 4d: two phases

Pressure per component in O(N) model at large N

-



https://arxiv.org/abs/2211.15683

Large N transport 4d: shear viscosity

Shear Viscosity in O(N) model in 3+1d




transport 4d: matches “old” results

[Aarts & Resco, 2004]



Only difference between “old” and “new results”: express in terms of
physical observables, such as temperature T

(Aside: A(T) is not a physical observable)



Only difference between “old” and “new results”: express in terms of
physical observables, such as temperature T

(Aside: A(T) is not a physical observable)

(Neither is as; Caution! Heresy!)



Once you recognize that A is not a physical observable, then it can do
whatever it wants:

Running coupling for O(N) model at large N
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Large N Math: nothing bad happens to physical quantities, despite A < 0



Once you recognize that A is not a physical observable, then it can do
whatever it wants:

Running coupling for O(N) model at large N
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Large N Math: nothing bad happens to physical quantities, despite A < 0
Analytic Continuation!
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A bit like in cold quantum gases with Feshbach resonance where A ~ ag




But what about quantum triviality? Isn’t there a math proof that scalar
fields cannot give interacting QFTs in 4 dimensions?



tinuum.

proofs.

situations, in

I study multi-component

they do evade the apparently foregone conclusion of triviality. Instead, one finds a non-trivial inter-

There is a math proof for triviality, but it has loopholes!



Interaction becomes weaker at high energy

Running coupling for O(N) model at large N

Renormalized coupling



Interaction becomes weaker at high energy

Running coupling for O(N) model at large N

Renormalized coupling

This is asymptotic freedom! [Symanzik, 1973]



Large N scalar field theory is fully solvable non-perturbative 4d QFT
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+ Unexpected to those of traditional HEP upbringing

« Asymptotically free

« Old (established) results, new interpretation!

« Powerful tool for calculating non-perturbative transport

« No conjectures, just math



Large N scalar field theory is fully solvable non-perturbative 4d QFT

+ Unexpected to those of traditional HEP upbringing

« Asymptotically free

« Old (established) results, new interpretation!

« Powerful tool for calculating non-perturbative transport
« No conjectures, just math

Cutting edge: real-time system evolution solvable at large N!

new non-thermal fixed points? [Chun-Wei Su, 2508.18821]



If you want to hear more on the 4d scalar field theory story, | invite you to
look at my colloquium recording “Life on an Endless Hill" from Dec 2024:




Large N expansions for NR fermions

EoS for Low Density Neutron Matter

5
(]
=
=
=
L

Free Fermi Gas
LO Large N
Gezerlisetal. = v [llv ="
Lynn et al. A

lru etal. I

[ [
0.08 0.1 0.12
n [fm3]

[2310.00048]




Summary

« | advocate for a radical departure from textbook QFT wisdom

« Extraordinary claims, evidence: predict new Standard Model particle
(Higgs-Higgs bound state)

« Large N techniques more broadly applicable (e.g. cold quantum
gases, large N QCD)

« Lecture notes for 3-hour mini-course on this topic: 2310.00048



