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QCD PHASE DIAGRAM

in nature/experiment:

Experiments:

heavy-ion collisions

quark-gluon plasma
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( e.g. gravitational waves
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MOAT REGIMES



A MOAT

[Caerlaverock Castle, Scotland (source:Wikipedia)]



A MOAT

energy dispersion of particle ¢:

E(p*) = \/ Z(p*H) p* +m* = \/ zp* +wp* + O(p®) + m?

—

particles are favored to have nonzero momentum
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WHAT DOES THE MOAT MEAN?

heuristic picture:

particle distribution for a deep moat: spatial oscillation in position space
ng(E(p*)) ~ 8(p—ky) FT|ng(E(p*))| ~ sin(2rkyx)

A

moat energy dispersion — spatial modulations
(minimal energy at k) (with wavenumber k)

® typical for inhomogeneous/crystalline phases or a quantum pion liquid (QzL)



WHERE CAN MOAT REGIMES APPEAR?

® many examples in low-energy models at large u
® first indications also in QCD:

[Fu, Pawlowski, FR, PRD 101 (2020)]
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—® indication for extended region with z < 0 in QCD: moat regime



IMPLICATIONS OF THE MOAT

The energy gap might close at lower T and larger up :
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IMPLICATIONS OF THE MOAT

BUT: formation of inhomogeneous phases depends on dynamics of soft (massless) modes.

—P fluctuation-induced instabilities of inhomogeneous phases

—P other types of phases possible (possibly without long-range order!)

inhom. phase liquid crystal quantum pion liquid

no instability Landau-Peierls instability PTV instability
(typical in mean-field) (Goldstones from spatial SB) (Goldstones from flavor SB)

(p(0)(0)) ~ sin(ky x) (p(X)h(0)) ~ sin(kyx) x ™ (p(X)p(0)) ~ sin(kyx) e
\ NN | \

J/\V,\VAV

[Fukushima, Hatsuda, RPP 74 (2010)] [Landau, Lifshitz, Stat. Phys. 1, §137] [Pisarski, Tsvelik, Valgushev, PRD 102 (2020)]
[Buballa, Carignano, PPNP 81 (2014)] [Lee et al., PRD 92 (2015)] [Pisarski, PRD 103 (2021)]
[Hidaka et al., PRD 92 (2015)] [Schindler, Schindler, Ogilvie (2021)]
either way...

the moat is a common feature of regimes with spatial modulations



THE MOAT REGIME

These phases are expected in the "unknown" region of the phase diagram

quark-gluon plasma

CBM at FAIR will cover this region

— search for moats in heavy-ion collisions!



SIGNATURES OF MOATS
IN HEAVY-ION COLLISIONS

[FR, Pisarski, Rischke, arXiv:2301.1 1484 (2023)]



PROBING THE PHASE DIAGRAM

Vary the beam energy to study the phase diagram different densities (smaller energy < lager p)
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PROBING THE PHASE DIAGRAM

Vary the beam energy to study the phase diagram different densities (smaller energy < lager p)
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What are the signatures of the the moat regime in heavy-ion collisions?



SEARCH FOR MOAT REGIMES

intuitive idea;:

Moats arise in regimes with spatial modulations
Characteristic feature: minimal energy at nonzero momentum

= enhanced particle production at nonzero momentum

—» |ook for signatures in the momentum dependence of particle correlations
(first proposed in [Pisraski, FR, PRL 127 (2021)])

® develop new formalism to study particle correlations in moat regime

To do:

® consider two-particle correlations: interferometry




HYPERSURFACES IN HEAVY-ION COLLISIONS

1=6.0 fm/c, ideal

10 12
® fixed thermodynamic conditions on ! 10
3 5 -
3d hypersurfaces 2 # R L g
E e
® freeze-out typically on fixed T (or €) = 0 6 E
hypersurface 4
-5
2
— HIC: evolution of nontrivial hypersurfaces 10 0

-10 -5 0 5 10

X [fm]
[Schenke, Jeon, Gale, PRL 106 (2010)]

instead of correlations on R? consider appropriate foliation of spacetime




A HYPERSURFACE

® hypersurface X defined through parametric equations:

x# = xH(w')
coordinates of ambient spacetime  intrinsic coordinates of 2 (i = 1,2, 3)

e.g., angles @, d on a 3-sphere

® define tangent and normal vectors of 2:

A X\

Wo— U =Hapy 5
e S % € €14€24€3, A

® decompose spacetime metric as

g = V" — Glel'e;
; : . . 7587
induced metric on X: Gl-j = =8¢ € >

e define 'time' and 'space': x;, = V¥x and x, = efx
| [ 1 2

— foliation of spacetime: {x} X X instead of {7} X R3



SPECTRA ON A HYPERSURFACE

[FR, Pisarski, Rischke, arXiv:2301.1 1484 (2023)]
experiments count particles == particle number correlations

nl(pl) — a)pl<Nl> — a)pl<aglapj_>

® compute particle spectra, e.g., A : .
n2(pJ_’ qJ_) = a)p lwq L<N1 N2> = a)Pla)(h<aPlaPLa(ha(h>

._ 1
® use ladder operators in foliated ap, = i[dZ“ e'’P™* (dﬂ — ipﬂ)gb(x)
spacetime (canonical quantization) f \/20p, '\
dX* =4/ | det G| d*w P on-shell momentum p = @,
® energy of an on-shell particle: Wy = \/Z(pi) p’ +m?

Insert expressions for ladder operators in terms of fields:

(af ay af a ) — {PpO)PODPO)P())

—P express n-particle spectra in terms of real-time correlations of 2n fields

Similar to LSZ reduction, but on 2 at (potentially) any time x; and for general dispersion @,



TWO-PARTICLE SPECTRUM

e interference from two-particle scattering: need n,(p,,q,) = a)pLa)ql<N1 N2>

® Gaussian approximation encodes relevant effects:

é , ; ; 2 2 )
(- 4.) ~ (af,ap ) ag,aq) + [ {a aq,) | + [ (ap,a,)|

=n(p)n(q,) + ‘m(Pl, ‘h)‘z + ‘ﬁl(pl’ ql)‘zj

-
particle-particle interference particle-antiparticle interference
(Hanbury-Brown Twiss correlation) (negligible here)

® interference in local thermal equilibrium (fluctuation-dissipation relation + sufficiently isotropic system)

: : single-particle distribution,
average and relative pair momentum /) eg Bose-Einstein

Vi / \

g / 1 N dP” — 2 11—
nl(P,AP)=5JdZX€_’ | [— (P +Py) —ZAPn]f(X;Pn’PL)P(XQ\PM’PL)
\_ J

27
S

average position

in-medium effects enter through P-dependence
of the spectral function p(x,y) = ([¢(x), p(V)])

® not most general expression: involves statistical function and gradients in X

® single particle spectrum for p = ¢ [FR, Pisarski, Rischke, arXiv:2301.1 1484 (2023)]



INTERFEROMETRY

fixed P direction
Compute two-particle spectrum in illustrative model

APout
® moat quasi-particle with k, = 100 MeV

beam direction
® hypersurface at fixed proper time

>

APlong
Remember: in-medium effects in P-dependence!

APside

[Pratt, PRL 53 (1984), PRD 33 (1986)]
normal phase: wp = \/P2 + m?

Nno [MGV4]

—P correlation peaksat |P| =0

y

(side- and long-correlations qualitatively the same)



INTERFEROMETRY

fixed P direction
Compute two-particle spectrum in illustrative model

APout
® moat quasi-particle with k, = 100 MeV

beam direction
® hypersurface at fixed proper time

>

APlong
Remember: in-medium effects in P-dependence!

APside
moat regime: wp ~ \/sz +wPt+m?, z<0

[Pratt, PRL 53 (1984), PRD 33 (1986)]

correlation peaks at
q P

IP|=k,>0

(related to the wave number of
underlying spatial modulation)

Nno [M GV'4]

signature of a

moat regime
%

y

(side- and long-correlations qualitatively the same)



NORMALIZED TWO-PARTICLE CORRELATION

ny(P, AP)
n, (P +<AP) n, (P — ZAP)

Usually measured in experiments: C(P,AP) =

We propose to look at ratios: C,,/Ciyper Coui/ Ciige aNd Cig/ Ciong

® normal phase:

® moat regime:




HANBURY-BROWN TWISS RADII

Original idea: use intensity interferometry to measure size of astronomical objects

original experiment in Narrabri, Australia

B3 -
A >~
Ay

A AV
..B'..

Figure 2. Picture of the two telescopes used in the HBT experi-
ments. The ﬁgllfc was extracted from Ref[1]. [GOIdhaber ( 199] )]

® interference term (approximately) the Fourier trafo of the emission function S(x, P )

n,(P, AP) ~ [d4x e IBPX Gy P)
® emission function: distribution of spacetime position x and momentum P, of particles

—p range of correlation in AP related to inverse size of the source



HBT RADII IN A MOAT REGIME

® define HBT radius R through range of correlation in AP

R

® yields R(|P|):

- —— normal
moat

| AP |

*

side
= normal
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R |
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—P HBT radii modified in moat regime



SUMMARY

Moats arise in regimes with spatial modulations

® expected to occur at ug 2 400 MeV

® precursors for inhomogeneous-, liquid-crystal-like
or quantum pion liquid phases

Signatures of a moat regime in particle interferometry

® developed new formalism that relates particle spectra to real-time correlation functions
® characteristic peaks at nonzero pair momentum in two-particle correlations
® also seen if thermodynamic fluctuations are taken into account [Pisraski, FR, PRL 127 (2021)]

® propose to measure ratios of normalized correlations to detect a moat regime
® in FAIR range!

Opportunity to discover novel phases with heavy-ion collisions

through measurement of particle correlations

® So far: basic description of qualitative effects at intermediate stage of collision
® To do: quantitative description of moat regimes & propagation of signal to the detector



BACKUP



INTERFERENCE IN FULL GLORY

1
X:E(x+y), AX=x-y

® introduce average and relative coordinates ;

P=5(p+q), AP=p—gq

® spectral and statistical function as Wigner transformed two-point functions

P-AX 1 :
p(X, P) = [dAXn [dZAX ¢ < [¢ <X " EAX> ¢ <X B EAX>] >
1 P-AX I :
FX,P) = EIdAX”JdZAXeZ <{¢<X+5AX),¢(X—5AX) }>

The particle-particle interference term then is general:

_1 d _iAP-X dP” 1 2 iA_ —\2 lA—z 1
m(PL.dy) = = [dZye 7%+ 7 Poy, + (P +P)) — 7 AP)| |FOGP) = —p(X, P)



AN ILLUSTRATIVE MODEL |

highlight qualitative effects

Particle in a moat regime:

® bosonic quasi-particle:

p(P) = 2ImDy(P) = —— [3(P} — wp,) — (P} + wp))|

a)PJ_

with wp = \/ Z(Pi) Pi + m?

—P puts the average pair momentum on-shell

® single-particle distribution: f(X; P||,Pi) = ”B(Pu) — T pIT

Wave function renormalization:

® moat spectrum, but well-defined large
momentum limit (free relativistic dispersion at large p?)

/12
ZPYH) =1 -
P> + M?
/12 /12 2 4
zl—M2+M4P + O(P”)
————

p>-coefficient z in dispersion

220}

200}

1

et —1




AN ILLUSTRATIVE MODEL 2

highlight qualitative effects

Parameters:

® interferometry measurements typically use pions: m = m_ = 140 MeV

® pions show indications for a moat dispersion in QCD for uz 2 450 MeV
[Fu, Pawlowski, FR, PRD 101 (2020)]

| = 100 MeV

® choose wavenumber (min. of the energy) O(m_): P,

Hypersurface: beam direction

e fixed T hypersurfaces in high-energy HICs approx. at fixed proper time 7 = 4 /Xg — X32

—P very successful in describing transverse momentum spectra

16 | |
fixes temporal and spatial coordinates on X
14 + N f/zf/:fffff/// 1 P P ,
e O T . Xy=1, X, =[-r
ug 8 L \\f}-‘ﬁ\'&\' X r | O
* f =3
=
6 % ' and the metric r= \/m
2l ) (20 0
0 ' . Gi=l0o 1 0
-10 -5 0 5 10 0 0 r‘2)



THERMODYNAMIC FLUCTUATIONS

rosce  (TInte) )~ |T1[e= [ anoum | (TTrwomein)
' i=1

i=1

/ Pisraski, FR, PRL 127 (2021
thermodynamic average [Pisraski (2021)]

e fluctuations, e.g., of thermodynamic quantities lead to fluctuations of £,

® consider small fluctuations in 7, ug, u

® normalized two-particle correlation (without interference):

normal phase moat regime
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