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Complex structure of effective descriptions1
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Variety of effective theories to describe aspects of QGP, but what

is the microscopic structure of QGP?

1Kurkela, Wiedemann, Wu 1905.05139
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How does analytic structure change near phase transitions?

Poles collide!

1Kurkela, Wiedemann, Wu 1905.05139
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Complex structure of effective descriptions1
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How does one mix effective descriptions?

Use a hybrid description, e.g. semi-holography, to see interplay
between effective descriptions of QGP.

1Kurkela, Wiedemann, Wu 1905.05139
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Colliding poles in chiral phase
transition
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Chiral phase transition

Approximate chiral symmetry SU(2)L × SU(2)R ∼ O(4)
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Chiral phase transition

Approximate chiral symmetry SU(2)L × SU(2)R ∼ O(4)
Formation of the chiral condensate:

⟨q̄q⟩ → ϕα = ( σ︸︷︷︸
order parameter

,

pions︷︸︸︷
φi )
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Model near O(4) critical point2

Describe O(4) physics via

H =

∫
x
p(T ) +

χ0

4
µ2
ab

− 1

2
∆µνDµϕaDνϕa +m2

0(T − Tc)ϕ
2 + λϕ4 − Hϕ

◦ O(4) vector: ϕa = (σ, φi )

◦ µab is the chemical potential

See also talk Friday at 16:10

2Rajagopal/Wilczek 9210253,Son/Stephanov 0204226
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Example of colliding poles: chiral phase transition3

Linearization leads to coupled EOM of pions and chemical
potential in mean field with ideal with dissipative corrections:

∂tφ = −µA + Γ(∇2 −m2)φ

∂tµA = v2(−∇2 +m2)φ+ D0∇2µA

Lattice from: Engels, Vogt 0911.1939, Engels, Karsch 1105.0584
3Grossi, AS, Teaney, Yan 2101.10847, Florio, Grossi, AS and Teaney

2111.03640
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Example of colliding poles: chiral phase transition3

Linearization leads to coupled EOM of pions and chemical
potential in mean field with ideal with dissipative corrections:
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Spectral density for axial charge density-density correlator
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Spectral density for axial charge density-density correlator
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T ≫ Tc diffusion of quarks

For z ≫ 0, ρAA/ω ∝ Dk2/(ω2 + (Dk2)2), diffusion of quarks.
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Spectral density for axial charge density-density correlator
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2 + (Γk/2)

2), propagating pions
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Spectral density for axial charge density-density correlator
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T ≫ Tc diffusion of quarks

T≪ Tc pions

Can see hadronization from QGP to soft pions in the propagator!
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Collision of poles!
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T ≫ Tc diffusion of quarks

T≪ Tc pions

Change of phase seen in collision of poles as temperature drops!
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Colliding poles in hybrid
description:
holography + scalar field
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Recap: quasinormal modes in holography

▶ QNMs describe dissipation of linearized perturbations around
equilibrium solutions

e iωt ∼ e−t Imωe it Reω
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Recap: quasinormal modes in holography
▶ QNMs describe dissipation of linearized perturbations around

equilibrium solutions
▶ EOM for a massless scalar field: ∇M∇MΦ = 0
▶ Choose a background, e.g. Eddington-Finkelstein

Schwarzschild-AdS4:

ds2 = −L2
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Recap: quasinormal modes in holography

▶ QNMs describe dissipation of linearized perturbations around
equilibrium solutions

▶ EOM for a massless scalar field: ∇M∇MΦ = 0

▶ Choose a background, e.g. Eddington-Finkelstein
Schwarzschild-AdS4:

ds2 = −L2
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Semiholography
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Use semiholography4 - framework that mixes holography in the IR
with dynamical perturbative degrees of freedom in the UV
Interactions via marginal deformations of couplings

4Faulkner, Polchinski 1001.5049; Iancu, Mukhopadhyay 1410.6448;
Mukhopadhyay, Preis, Rebhan, Stricker 1512.06445; Banerjee, Gaddam,
Mukhopadhyay 1701.01229; Kurkela, Mukhopadhyay, Preis, Rebhan, AS
1805.05213 Ecker, Mukhopadhyay, Preis, Rebhan, AS 1806.01850
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Semiholographic model4
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4Mondkar, Mukhopadhyay, Rebhan, AS: 2108.02788



11/17

Semiholographic model4

x Hydrodynamic

pole

Dk2+...

AdS/CFT

Non-hydodynamic

poles ω ~2πT(1+/- i)n

x

x

x

x + scalar field

S = WCFT[h(x) = −βχ]− 1
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∫
d3x∂µχ∂

µχ

EOMs: ηµν∂µ∂νχ = β δWCFT
δh = β H︸︷︷︸

vev of Φ

RMN − 1
2RGMN − 3GMN = κ(∇MΦ∇NΦ− 1

2GMN(∇PΦ)
2)

∇M∇MΦ = 0.
Φ has near boundary expansion: Φ = −βχ︸︷︷︸

source

+ . . .+ 3
κHr3 + . . .

4Mondkar, Mukhopadhyay, Rebhan, AS: 2108.02788
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Semiholographic model4

x Hydrodynamic

pole
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Non-hydodynamic

poles ω ~2πT(1+/- i)n

x

x

x

x + scalar field

S = WCFT[h(x) = −βχ]− 1

2

∫
d3x∂µχ∂

µχ

Stress tensor of the full system is conserved, ∂µT
µν = 0

Tµν = tµνχ + T µν

Study hybrid fluctuations of bulk dilaton Φ and the boundary
scalar field χ

4Mondkar, Mukhopadhyay, Rebhan, AS: 2108.02788
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Homogeneous QNM - varying β at k = 0
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▶ Saturation for β
√
T → ∞ and emergent conformality

▶ Unstable mode drives energy from holographic sector to
boundary scalar at early time
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Homogeneous QNM - varying β at k = 0

▶ Unstable mode drives
energy from holographic
sector to boundary scalar
at early time

▶ Total system has no
instability!
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Inhomogeneous QNM - β
√
T = 0.35
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Inhomogeneous QNM - β
√
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Inhomogeneous QNM - β
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Inhomogeneous QNM - β
√
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Inhomogeneous QNM - β
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Inhomogeneous QNM - β
√
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Emergence of k-gap
For β

√
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▶ k-gap is characteristic of systems with a diffusive to
propagating mode crossover

▶ Quasi-hydrodynamic framework5 relates this to a softly broken
global symmetry ω = − i

2τ (1±
√
1− 4Dτk2)

▶ Here, global shift symmetry of the theory is

χ → χ+ χ0, Φ → Φ− βχ0

5Grozdanov, Lucas, Poovuttikul, 1810.10016



16/17

Experimental observation of k-gap6
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6arXiv:2005.00470
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Summary and outlook

▶ Complex structure of the QGP is rich! Need more work to
understand theoretical structure better

▶ How does the quasinormal mode spectrum of a holographic
theory interplay with:
▶ Israel-Stewart hydrodynamics see arXiv:2208.XXXXX
▶ kinetic theory?

▶ How do branch cuts seen in kinetic theory interact with other
complex structure?


