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Spin i the intzined angular mementum of particks. Spin i given in units of I which is the
Quantum unit of snguldr momentum, whare Nl = N2 = §5810°7 Gav & = 1 05210 |

Electric charges aro given in units of the proton's change. In S units the efectric charge of
the groton i 1.60+10-'* coulombs

The energy unit of particie physics is the electrorwolt (eV), the energy gained by one efec
tron in crossing a potential difference of one voit. Masses are given in GeVic? fremember
£ » mec), where 1 GeY = 10% eV = 160« 107" jgule. The mass of the prozon is 0,938 Gevic?
- 167107 kg

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standar Model siemmar izes the current knowledge i Particle Physics. 1t is the quanitum theory that mdudes the theory of strong Interacticns (Quantum chvomodynamics o QCD) and the unified
thaory of weak and electramagnetic imteractions (ehectrowsak], Gravity i inciuded an this chart becauso it i ome of the fusdesmntal interactioes aven though oot part of the *Standard Modal

force carriers
BOSONS spin = 0, ;. v -

9

Structure within'
the Atom
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INTERACTIONS

Y

photon

w Color Charge

Each quark carries cne of theee types of
“strong Sharge,” ako called “color charnge ™
These charges have nothing to 0o with the
coloes of visitde Night. There are sight possible
types of color cnarge for ghuons. Just as electn-
callytharged particles interact by exchangng phatoos, in strong interaction: colorcharged par
tickes iInteract by esxchanging ghaors. Leptora, photons, and Wand Z botons have no strong
eractioos and hence no color charge

Quarks Confined in Mesons and Baryons

Oné tarwnt Bolate quieks and gluam, ey we cenfiew! i colar-niutral partiches calind
hadroas. This confinemant (inding) results from mutiple exchanges of ghaces smong the
Ccoloe-ANrgad Corstiuants. As colorchanged panicies (quarks and Gucns) mow &, the anes
gy I the color-force Tield Detwinn tham ecreres This energy oventually & converted o ada.
tonal quark-antguark pairs {see figure Delow). The quarks and atiguarks then combine o
hadrors; these are the partichs soen 1o emerge Two types of hadkons have been cbeerved in
natire: Mesons 93 and baryons 000

Residual Strong Interaction

The strong binding of cofor-neutral prosons and reutrons to form noclel is due to reskduy
$rong mteractions between ther colorcharged commtituents, It is ymiler to the residusl elec-
trical interaction that binds electrically neutral stoms 1o Sorm molecales, it can sho be
viewnd m the exchange of mesan between the hadrony

Mass - Energy Flavor Electric Charge Color Charge

All Quarks, Leptons Electrically charged Quarks, Gluons
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The Partide Adventure

Matter and Antimatter - Vis# the swardvanning web feature The Aarticle Admnture at
For avary particie type there is & cormsponding antiparticis type, denot . * .20 nttp/FarticleAdventure.org
od by a bar ower the particle symbol (udess + o — change Is shewn). hadrons
Particle and anmipamic have ideetical mass and e but opposite This chart has been made ible by the g ppoet of:
(h.\rq‘ei Same electrically neutral bowors (@9, 2% 4, and . » of, but not " -, US. Department of Energy
KO = 05) are thelr own antipartickes ol i U5 Netional Scence Foundation
) - v Lawrence Berkelfey N, o Laboratory
Figures ) ~~ -~ : hadrons Standoed Linoar Accelerator Centor

These disgrams are an srtaty conceptiaon of physical procesws. They are
not exsct and have no mwaningfl scale, Green shaded mum repeemant
the deud of gluons ar the ghoon fiekd and red brws the quark paths
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b( of taachers, oPwaicises, and educatorns. Seod mal 1o: CPER MS 50208 Lowrerce
kaley Navonal Laboratory, Bedieley. CA, 84720 For informato y chany, ton
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Prior work (classical simulation)

Mathematics: constructive QFT,
algebraic QFT, Segal QFT, SLE, ... [1]

Physics: “traditional QFT" [2],
lattice QFT [3], tensor networks
[4,9]

[1] M. R. Douglas, Proc. Symp. Pure Math., 85 (2012)

[2] see, e.g., M. E. Peskin and D. V. Schroeder, An introduction to quantum field theory (1995)
[3] see, e.g., M. Creutz, Quarks, gluons and lattices (1985)

[4] F. Verstraete and J. I. Cirac, Phys. Rev. Lett. 104, 190405 (2010)

[5] J. Haegeman, TJO, H. Verschelde, and F. Verstraete, Phys. Rev. Lett. 110, 100402 (2013)
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Z. Fodor, C. Hoelbling, Rev. Mod. Phys. 84, 449 (2012)



Statics of QFT can be "easily”
simulated (classically)

Dynamics of QFT?

Classically hard!
E.g., sign problem



Quantum information era:

Quantum simulation
evades the sign problem



Prior work (quantum simulation)

Gauge theories [1]

Gaugelike theories (e.g. link models) [2]
¢* theory [3]

Fermionic theories and beyond [4,5]

[1] T. Byrnes and Y. Yamamoto, Phys. Rev. A 73, 022328 (2006)
[2] M. C. Bariuls et al, Eur. Phys. J. D 74, 165 (2020)

[3] S. P. Jordan, K. S. M. Lee, J. Preskill, Science 336, 1130 (2012)
[4] S. P. Jordan, K. S. M. Lee, J. Preskill, arXiv:1404.7115 (2014)
[5] J. Preskill, LATTICE2018. arXiv:1811.10085 (2018)



What does It even mean to
“‘simulate” a QFT?

* Produce approx. to ground state?
» Approximate the S matrix?

» (Simulate Poincare/conformal
group with error bounds

J




Poincare group approx.:
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Simulate QFT with error

bounds ~
mathematically

rigourous QFT



Notoriously difficult!

... but not for the reasons
you might think

https://www.claymath.org/millennium-
problems/yang%E2%80%93mills-and-mass-gap



KINEMATICS
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Wilsonian QFT: adjust a regulated
theory by increasing cutoff while
preserving low-energy predictions

K.G. Wilson, The renormalization group: critical phenomena and the Kondo problem, Rev. Mod. Phys. 47, 4, 773 (1975)






Continuous (scaling) limit:

fix large-scale 7-pt correlation
functions

 Lete = 0, thus § — oo




= 20d grder quantum
phase transition




Effective QFT:

* Pick € as small as you can

* Regulated theory 1s in some
“convergent” sequence (which oner)

- (Universality)




Operator Algebralic
Renormalization (OAR)

[O] M. S. Zini and Z. Wang, arXiv:1706.08497 (2017)

[1] TIO, arXiv:1901.06124 (2019)

[2] A. Brothier and A. Stottmeister, arXiv:1907.05549 (2019)

[3] A. Stottmeister, V. Morinelli, G.Morsella, and Y. Tanimoto, arXiv:2002.01442 (2020)
[4] V. Morinelli, G.Morsella, A. Stottmeister, and Y. Tanimoto, arXiv:2010.11121 (2020)
[5] TJO and A. Stottmeister, arXiv:2107.13834 (2021)

[6] TJO and A. Stottmeister, arXiv:2109.14214 (2021)






This is important!
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H(e) — a seguence
of ground states
(depending on n and €):

a)e(') = (-Q'e‘ ' ‘-Q'e>



Choose dyadic sequence N
of scales, where n = 2¥+1

H") = H(e = 27M)



HH T UV

“Ultraviolet”

n = 2N+1

WN+1
————+—+—+—+—IN+1

“Infrared”




Continuum limit: need to
compare states at
different scales

(convergent sequence)



Coarse graining:

N
|




Renormalization Group (RG):

Schrodinger picture



Observables (at scale N):
Uy = (Md((c))@n

M ;(C): observable algebra at site |

\ n = pN+1




Heisenberg picture:




Renormalization Group (RG):

N> Ni _ Nip
where ay* o a = ay_ and

an = T5.
Heisenberg picture



Heisenberg picture RG:

{ 1}
29
2JN,>N;4

ay: and ay = Ty :

: N> Ny _

Inductive system of
operator algebras Uy



Continuum Limit Input:







Wilson's triangle of renormalization:

G N (L)
|
w4
I
8N+L w§N+L w§N+L a)goNH)
.
a)(()N) . wa) . wézv) . w?EN) . wgozv)



Scaling limit state (at scale N):



Invariance under RG:




Continuum limit:




Trivial example:

28"y = 10)]0) - |0)



Trivial example:



Trivial example:

« We find: Q") = |0)]0) -+ |0)
* Therefore scaling limit is pure:
1057) = 10)[0) - |0)



Scaling Limit (at scale N):

 Existence is hard

- Depends on H}"”, { ay }N )
2>

* Only proven (so far) for free
fermions, bosons, selected

spin systems



Nontrivial example:

[1] T.J. Osborne and A. Stottmeister, arXiv:2109.14214 (2021)



DYNAMICS



CFT Dream: find a unitary
action of conf(R)




conf(RY1) =
iff, (STyx diff (ST




diff, (S1): reparametrizations
ot circle under composition

f(x)



diff, (§*): conformal mapping
of disc

> o

f(x)




Virasoro (Witt) algebra:
infinitesimal reparametrizations

f(x) = x +€f'(x)



Virasoro (Witt) algebra:
infinitesimal reparametrizations

fx) = x + e(x)



Virasoro (Witt) algebra:
infinitesimal reparametrizations

) =i ) Py e



Virasoro algebra: (projective)
unitary representations

U:diff, (S1) - K

I . “
Ulx + ecos(nx)] = I — EE(L” + L_,)



Virasoro algebra: (projective)
unitary representations

C

[Zn» Z:‘m] = (n— 7’n)z\ln+m T 1?2

n(n* — 1)64mo



Nonuniform hamiltonians:

2TC
H :Jo h(x)dx

2TC
H[v] :f v(x)h(x)dx
0



Hamiltonian density modes:

2TC
H :Jo h(x)dx

2TC
h(k) :jo e ™ h(x)dx



Hamiltonian modes = Virasoro:



Virasoro algebra: shifts

f(x)=x+e

Ulx + €] = 1 — ieL,



Problem: diff, (S1) is
incompatible lattice

discretisation



Koo—Saleur:

L .
(V) kp,(N)
H, = Eno E e’ h,
Jj

1 TTE
10 == (H - e L +—5k0
2L sin(i ey k)

[1] W. M. Koo, H. Saleur, Nucl. Phys. B 426, 459 (1994).



Koo—Saleur action (scaling limit):

N4

{QIN Hy, H(N)}N {aNz }N2>N1

ltL(N) () P —itLg{N)

1 () =

O



* Kinematics of QFT (OAR)
* Simulating dynamics (contf)
* Realisation on the lattice

(Koo-Saleur)



