Solving the sign problem,
from “QZD” to QCD

The next, great frontier:

Moving down in energy
In AA collisions, down 1n T, out in u
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How an ugly duckling
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Turned into a
beautiful swan!




Hot stuft

In nucleus-nucleus (AA) collisions at very high energy:
atomic # A: 1 (p) = 200 (Au, Pb); mass nucleon = 939 MeV ~ 1 GeV
energy/nucleon: RHIC @ BNL: 200 GeV = LHC @ CERN: 3000 GeV

Qualitatively new state of matter ~ “Quark-Gluon Plasma” Tiyiw : 300-500 MeV
Coming down in T, ~ phase “transition” from QGP to confined phase.
Terossover = 136 MeV. No true phase transition, but rapid increase in pressure

Numerous distinctive signatures: “most ideal liquid on earth”, jet quenching+...

Before ‘99, an ugly ducking. After RHIC& LHC, a beautiful swan

From ‘99 on, the future was always going up in energy, to:

high temperature, T, ~ zero chemical potential, u at RHIC & LHC



Cartoon of AA collisions
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Forming a “Quark-Gluon Plasma” (QGP).

Experimental observation: # particles in AA collision ~ # experimentalists
RHIC @ BNL: 1,000. LHC @ CERN:10,000
Across all experiments, the cost is ~ $1,000,000/experimentalist

Theorists are cheap...



The future

Now go back down 1n energy, because that is down in T, and out to w # 0.
Beam Energy Scan @ RHIC (°19-’22), FAIR @ GSI (> 2030) + ...?
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Next great frontier

Atu = 0, T # 0, QCD can be simulated efficiently on classical computers.

Bedrock of our understanding of heavy 1on collisions @ RHIC & LHC.

Atu # 0, QCD has a sign problem.

Today: a toy model to solve the sign problem like QCD, “QZD” in 1+1 dim.’s

Why care about QCD at uw # 07?
Low T, w # 0: directly relevant to equation of state for neutron stars.
”Stifl”” EoS for heavy neutron stars, mass vs radius (LIGO, NICER)

At moderate T, u # 0: “moat” regime, Quantum m Liquids



TOy model for QCD3+1 — QZD1+1.

Sometimes toys take a life of their own...



QCD - QZD

Construct the simplest model with confined baryons that are fermions:

RDP, 2202.01086. vs. Schwinger model. Also, eventually, small # qubits
Z(3) gauge theory: Baryon with 3 fermions is a Z(3) singlet, fermion (not boson)

For one flavor, mesons easy: 7 =wu ; ud,u + ...

Baryons not simple: u?> = 0! Only excited states, B = u(9,u)(0u)
So take 3 flavors, u, d & s: baryon is simple: B = uds + ... plus excited
mesons = octet & singlet 7 = qt%q , n' = qq

“QZD” = 7Z(3) gauge + 3 massive, degenerate flavors of fermions in 1+1 dim.’s

Massive to avoid Goldstone bosons in 1+1 dimensions

Mass splitting between octet and singlet due to....anomaly?

Since baryons are fermions, at u# O there is a Fermi sea (& a sign problem!)



Continuum limit for Z(3) gauge theory
Krauss & Wilczek ‘89: interested in the hair of a black hole

U(1) gauge field + 3 degenerate flavors of massive fermions 1, charge one,

+ charged scalar x with charge three

Fiy/él +10,, —i3eA,)x|? + Z@fv“(ﬁu —ieA, ) Vs + Z ma by + V(x)
f f

Let ¢ get a v.e.v., <x>#0. Higgs effect = massive A,, so U(1) symmetry gone

Over large distances, as % has charge 3, it still has a local Z(3) symmetry:
Y — eSXZW@'/SX =y : w N 627Ti/3¢

Parameters can be tuned so that the m << e <y> , ¥ mass

Can also obtain Z(3) gauge theory from coupling to 2-form gauge field + ....



QZD: Z(3) gauge + 3 flavors

Kogut-Susskind fermions, 3 degenerate flavors, mass m and chemical potential w

lattice sites =1: 1...N, flavor = 1: 1,2,3 (u,d,s). lattice spacing = a

N 3
S 1 IL
Hy = > ~5 X Uiivaxty + e+ m(=1"% x! — i x]
i=1 f=1
X @, X O X O X
U U U U U U

Hgauge — —9—22 ZPZ- -+ P;r ~ ZEZQ

Links U and electric field operators P satisfy commutation relations for Z,(3)

P=eP;U=¢e"; PP=U?=1; UP = PU&™/?



QZD: after Jordan-Wigner

Use Jordon-Wigner transformation to go to spin variables;

(Si”’a i arising from nonlocal J-W transf.)

3
1+1,a
H = Z Z Z—|—1 fS Uz’,z’+1 -+ C.C.
=1 f=1
+o (~V)iof; — Lot + 9 g2
2 1, 2 ’L,f 6 (2

Need to impose Gauss’ law:

xp(E; ~ Bun + 3. = (07 +(-))/2)) =
f=1

In one dimension, can eliminate the E;’s by using Gauss’ law,
up to boundary termes.



Limits of QZD
Two limits:

Weak coupling, g* = 0, all particles weakly - ? - bound.

Mass octet (1) and singlet (1)’) mesons, masses m, & my, —>2 m + O(g?)

Mass baryon mg = 3 m + O(g?)

Strong coupling, g = c. On lattice, link costs energy ~ g?

Baryon light. Put u, d & s on same site, so mg —> 3 m. (only for three flavors)
Octet mesons: with KS fermions, split by one link, so: heavy, my ~ g — 0.
Singlet meson 1°? m, = 7?7 Light or heavy?

Solve with tensor networks for arbitrary g*:

A. Florio, RDP, S. Valgushev, A. Weichselbaum, arXiv: 2309.xxxxx



QZD: mass spectrum

# sites = 120 (finite size effects small)
mass = 1/(5 a), a = lattice spacing. Open BC’s, bond dimension = 4096
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QZD: strong coupling
Most states evolve naturally between weak and strong coupling.
Except for the singlet meson, the eta’:
Fermion + anti-fermion at weak coupling,
baryon + anti-baryon at strong coupling:
at g>= oo, (uds) on one site, and at any other site, anti-(uds)!
position of the (uds) and anti-(uds) are correlated at finite g*,
the (uds) start to move about, etc.
At one coupling, mg ~ 6 m,

baryon degenerate with singlet meson = “baryon + anti-baryon’

Does something special happen @ this point?



QZD: weak coupling

As g*>— 0, the energy of the bound state is not a power series in g°,
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QZD: to do
Real interest is to study cold, dense QZD as a toy model of QCD

Direct with tensor networks:; have verified silver blaze

(fermion # only jumps when W > Myaryon; NON-analytic behavior in g*)
With quantum computer: only need 2 x 3 qubits/site (2 KS fermions x 3 flavors)
Use Adapt VQE, with S. Economou at Virginia Tech.
Schwinger model with VQE: Farrell+... 2308.04481
Physics: non-ideal Fermi liquid? Directly measure quasi-particles in real time.

etc etc...



Neutron stars!

LIGO: gravitational wave astronomy
Nobel, 2017

GW170817:
first observation of neutron star merger

\ \

+ NICER @ NASA (radius)

Weiss Barish Thorne
Within 10 years: mass vs radius relation for neutron stars.

To date: huge spike in the speed of sound, c* ~ 0.6 > 1/3 for free quarks

Now M ~ 2.1 Mg ; if M > 2.5 Mg , Very exciting.

® ®

Inspiral: Merger: Post Merger:
Gravitational waves, Disruption, NS oscillations, ejecta GRB, Afterglows, and
Tidal Effects and r-process nucleosynthesis Kilonova




Neutron stars: T ~0, u # 0

Before 2010, most neutron stars had a mass ~ 1.44 Mgun.
2010: binary millisecond pulsar, J1614-2230, arXiv:1010.5788
Shapiro time delay, 1.97 = .04 M., Now candidates to 2.3 Myu,

Need very stiff Equation of State = speed of sound” > 1/3. “Spike” in c!
Both nuclear matter & quark matter have soft EoS
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Mass & radii of neutron stars

LIGO, GW170817: first gravitational waves from binary neutron stars
Obtain “chirp” mass from tidal deformability, helps fix mass
NICER: measure radii of neutron stars.

In 5-10 years will have mass/radii for many neutron stars!

3.5F max. R Nm = 2 Ngat -
X min. R(Mmax = 2.6 Mg)
3.0 F _ =
i min. B{Mmax = 2.0Mo) Drischler+
2009.06441

| R(km) —




How to “spike” the speed of sound?

Zeldovich ‘62 (!). Serot & Walecka, QHD +.... RDP, 2101.05813
Consider the w, meson (spin 1) to @ = (0, ) (spin 0):

Lo = (3 + K262 /2 + guBnr w,th + ..

Nuclear matter weakly bound, delicate balance
Between attractive o and repulsive w,

In vacuum, chiral symmetry breaks, <0> — 0¢ ; mi — ﬁli + %20(2)
so the sigma gets an expectation value
: — npg
Nonzero density: N~oN = np ; <w0> = Ju=>5 55
m< + k<o

As the density increases, chiral symmetry restored, <o>=00=0, lighter w,

EoS dominated by wo condensate, easy to increase the speed of sound
Hard to soften the EoS again: <o*> big, w, heavy from “Quantum mt Liquid”

Many other models with spike: e.g., quarkyonic matter, Fujimoto+...2306.04304



How to fall into a moat (regime)




Quarkyonic

In QCD, the chiral and deconfining transitions are not correlated:
Glozman, Philipsen & RDP, 2204.05083

Especially dramatic at
Low T, u#0

McLerran & RDP: 0706.2191. TT
For many colors,

deconfining and

chiral transitions decouple. T.

Quarkyonic:

Free energy 1s “quark-ish”,
Dominated by quarks & gluons, :
But baryonic near Fermi surface ronic

Consider a region
Which 1s confined
But chirally symmetric

Liquid-Gas

IVIN UB -
Adronic et al, 0911.4806



Chiral effective theories

For two light flavors, effective Lagrangian for O(4) vector, 5 = (o, 7)
L = (9u9)" +m?¢* + M¢?*)* + ()

As m?—= 0, if A > 0, 2nd order transition; A <0, 1st order.
A = 0: tricritical. Becomes critical endpoint when pions are massive

Consider a different generalization:

L

(B09)? + 1/M>(9?¢)% 4+ Z(0i9)? + m>¢? + \N(2)? + w(p?)?

When T, u#0, Lorentz non-invariant form.

Term with two spatial derivatives can be negative, Z < 0.

Need higher spatial derivatives for stability. Only valid for “small” momentum;
Approaches usual dispersion relation at high momentum!

Z. < 0: “moat” regime: does arise in soluble theories at u#0.



Moat regime, Z < 0

When Z < 0, energy at nonzero momentum:

E(p)® = p*/M? + Zp® +m’
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Goldstone bosons 1n a moat

RDP, Tsvelik, Valgushev, 2005.10259. (Almost) general Lagrangian
L = (009)° + X521 Zn¢(=07)" ¢ + cn(¢°)"

—

Assume chiral spiral: b = @p (COS(pmoat Z), Sin(pmoat Z), 6)

For ¢ = O(N) vector — N-2 Goldstone bosons from broken O(N) sym.
(+ phonons from broken translational symmetry)

But the GB’s are not at p =0, but p = pmoat! GB’s like to go with the flow...

For the GB’s, quadratic dispersion relation about pmoat:

EGB — (ﬁz — pmoat)2 1"6]5

Drvac ¥ p%

GB’s have zero energy on a shell in momentum space, at Pmoar.



Quantum pion liquids

Consider a self energy diagram from a GB:

1 op
om* N)\/dBpEéB N)\p?noat/(é*p)g , 0P = P — Pmoat

Linear infrared divergence! At large N, cured by dynamical mass generation.

For chiral spirals, mass gap —> Goldstone Bosons at pm..: disorder the system
Z. < 0 like quantum spin liquids (frustration)

No “pion condensate”, or any inhomogeneous state in nuclear matter

Analogous to glassy metals, etc.

Whenever E = 0 on a shell in momentum space, system disorders

Z.. Nussinov, M. Ogilvie, L. Panullo, RDP, F. Rennecke, S. Schindler,
M. Winstel, 2310.xxxxx



Disorder line

Explicit solution at large N shows detailed difference.

Ordinary Symmetric Phase: (P(x)P(0))gy00 ~ e "%
For sufficiently negative Z, o
times oscillatory function: (P(x)P(0)) 200 ~ cos(miz)e” "™
2
When mim,, #0 E :
= Quantum Pion Liquid. 7 1 gsyal _SY(;nmetrlc phase,
immag —
Disorder line:
when Mim, #0 (¢) =0
1} 0 Disorder
Fluctuations across <¢> # line =
disorder line are universal ; Quantum Pion
(mean field like) ' Liquid, Minse # 0
S. Chakrabarty & i
Z. Nussinov, 1008.2964 o=+~~~ <¢> =0 m2 s




Moat 1n coordinate space

Chakrabarty, Dobrosavljevic, Seidel, Z. Nussinov, cond-mat.stat-mech/1204.4191
Schindler, Schindler, Medina & Ogilvie, 1906.07288:

Boson with energy

2 2
E(p) = p* + m? I amZet 202+, Z=1-
P) = P74 g e + 2P m3

When m; = 0, Coulomb frustrated; m, # 0 more general (S°‘MO °19).
Moat regime with Z < 0. Spatially varying, but disordered condensates in space:

Coordinate space Momentum space

Moat:pmoat“ {:}

sphere 1n
momentum




A soluble model

Gross-Neveu model in 1+1 dim’s. — 5~ \9
Soluble as N = # fermion flavors -> infinity: L= ¢@¢ T g (wlb)

Three regimes: broken chiral symmetry, symmetric, and ““chiral kinks”:
spatially varying condensate. Basar, Dunne, & Thies hep-th/0903.1868
Only Z(2) broken, no Goldstone Bosons




Moat regime 1s HUGE

Koenigstein, Pannullo, Rechenberger, Winstel, Steil, 21120.07024:
Z.> 0, blue: minimum of E(p) @ p=0. Z <0, red: moat regime
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How to find a moat experimentally

Pion dispersion relation for a moat, Z < 0: Rennecke, RDP, Rischke, 2301.11484.

N.B. only for “small” p, = usual dispersion relation at large p

50-\ ! 'I T
- /
Ep)t w
. , ]
4 - |
p O ’ <moat
— I 1
S
23t )
Lul /
/
-/ ——=Z=1
20_- Z=05 ]
Z =-0.003 .
moat regime
. Prioat N2 ( £=-0.05 .
10 1 L 1 1 L L N 1 N N 1 L L 1 1 N 1
50 100 150 200
D —
p [MeV]

But we don’t measure pions in the medium, but on their physical mass shell.

Can’t use single particle distribution functions to detect a moat:
from correlations between particles at emission in moat regime?



How to find a moat: two particle correlations

Rennecke, RDP, Rischke, 2301.11484:

A

Cooper-Frye: emission from hypersurface |
at constant T, etc.

Compute for emission from system with arbitrary spectral representation,
including moat spectrum.

Basic quantity: ratio of two particle correlation function/single particle fnc’s

RQ(P, AP)

C(P’ AP) N n1(p1)n1(p2)

 P=

Developed general formalism for Hanbury-Brown-Twiss from LSZ type analysis.
Parameters funed to give minimum of moat at p = 100 MeV; only illustrative.

Assume emission 1s by “blast wave”



HBT 1in a moat: R _out

Define Hanbury-Brown-Twiss (HBT) radii from momenta where C falls

to half 1ts maximal size in relative momentum in AP, for a given P:

C(P,AP") =3/2; R(|P|) = 1/|AP*(|P|)]

| ——— normal
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HBT, R_side & R_long
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Ratios of C’s!
Ratios of 2-particle correlation functions especially interesting.
Three-dimensional plots in P and AP: useful experimentally
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FUTURE'S SO BRIGHT

A

(GOTTA WEAR SHADES
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